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Abstract
Allylic substitution reactions offer some of the most practical methods for the synthesis of
enantiomerically enriched materials. The products formed by these transformations offer multiple functionalities for further elaboration. In the recent years the field has extended from the
original palladium catalysts, which preferentially forms new bonds at the less hindered site of
an allylic species, to other transition metals that typically react at the more hindered site. Iridium catalysts have played a predominant role in this revolution, as high regio- and
enantioselectivities for a great range of transformations are observed. Even though problems
still remain: substrates are linear, mono-substituted allylic carbonates, esters or halides, nucleophiles often have to be activated prior to addition, and while iridium catalysts preferentially
form the branched products, the selectivity is not perfect. Catalytic systems that allow for the
use of easily accessible branched unactivated allylic substrates and can directly employ benchstabil nucleophiles in highly regio- and enantioselective allylic substitution reactions would be
highly desirable.
Building on earlier reports from the group, we studied the allylic amination of branched
allylic alcohols with sulfamic acid in a highly enantiospecific manner. Easily accessible allylic
alcohols of high optical purity were converted under overall retention of configuration to primary allylic amines with enantiospecificity (Scheme I). A novel (P,alkene)-Ir complex was identified as the catalyst. Furthermore an enantioselective protocol for the allylic amination was
developed in the group.

Scheme I: (P,Alkene)-Ir catalyzed Enantiospecific Allylic Amination

Informed by preliminary mechanistic investigations from the allylic amination the (P,alkene)Ir catalyzed allylic substitution protocol was extended to alcohol nucleophiles. Here an
enantioselective allylic etherification of racemic allylic alcohols formed products in high yield

and enantioselectivity (Scheme II). The identification of another (P,alkene)-Ir complex was followed by the observation of a vast rate difference between the substrate enantiomers.

Scheme II: (P,Alkene)-Ir catalyzed Enantioselective Allylic Etherification

Finally, the direct use of thiols as nucleophiles for the (P,alkene)-Ir catalyzed enantioselective
allylic substitution was accomplished, based on a deeper understanding of the mechanism governing the enantioselective transformation of racemic substrates to single enantiomer products.
The use of phosphoric acid as promoter enabled the highly enantioselective allylic
thioetherification to occur (Scheme III). Extensive mechanistic studies unveiled an
enantioconvergent mechanism in which the substrate enantiomers are converted via two different mechanistic pathways to the same product enantiomers.

Scheme III: (P,Alkene)-Ir catalyzed Enantioselective Allylic Etherification

The distinguished features of the (P,alkene)-Ir catalyzed allylic substitution reactions are the
direct use of branched allylic alcohols and non-ionic hetero-nucleophiles, the high
regioselectivity and excellent enantioselectivity of the transformation, and the novel concept of
deracemization in allylic substitution.
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Zusammenfassung
Die allylische Substitution ist eine äußerst praktische Reaktion zur Darstellung
enantiomerangreicherter Bausteine. Die Produkte dieser Transformation weisen mehrere
Frunktionsgruppen auf, welche in Folgeschritten weiter umgesetzt werden können. In den
letzten Jahren hat sich dieses Forschungsfeld von den ursprünglichen Palladium Katalysatoren,
welche

bevorzugt

an

der

weniger

gehinderten

Stelle

reagieren,

zu

anderen

Übergangsmetalkatalysatoren weiter entwickelt, welche hauptsächlich an der sterisch
gehinderten Stelle reagieren. Diese Weiterentwicklung wurde wesentlich von IridiumKatalysatoren mitgetragen, da diese Reaktionen mit hoher Regio- und Enantioselektivität
ermöglichen. Trotzdem verbleiben noch einige Probleme: Ausgangsstoffe für die Substitutionen
sind lineare, einfachsubstitutierte allylische Carbonate, Ester oder Halogenide; die Nucleophile
müssen vor der Zugabe aktiviert werden; und obwohl Iridium-Katalysatoren vorzugsweise
verzweigte allylische Produkte bilden, ist ihrer Regioselektivität nicht perfekt. Es wäre äußerst
erstrebenswert, ein Katalisatorensystem zu entwickeln, welches einfach herzustellende
verzweigte allylische Substrate und stabile Nukleophile verwendet und diese mit hoher Regiound Enantioselektivität reagieren läßt.
Aufbauend auf vorangegangenen Berichten unserer Forschungsgruppe untersuchten wir die
allylische Aminierung von verzweigten Allylalkoholen. Diese Transformation sollte mit hoher
Enantiospezifität erfolgen. Optisch reine Allylalkohole reagierten unter Retention der
Stereochemie zu optisch reinen primären Allylaminen (Schema I). Als Katalysator wurde ein
neuartiger (P,Olefin)-Ir Komplex identifiziert. Außerdem wurde ein enantioselektives Protokol
für die allylische Aminierung entwickelt.

Schema I: (P, Olefin)-Ir katalysierte enantiospezifische allylische Aminierung

Vorläufige mechanistische Studien ebneten den Weg zur Entwicklung einer (P,Olefin)-Ir
katalysierten allylischen Substitution mit Alkohol Nukleophilen. Durch eine enantioselektive

xii
Allylethersynthese konnten Produkte in hoher Ausbeute und mit hoher optischer Reinheit
dargestellt werden. (Schema II). Die Identifizierung eines weiteren (P,Olefin)-Ir Katalystors
und die Beobachtung eines dramatischen Geschwindigkeitsunterschiedes der Substratenantiomere rundeten diese Forschungsprojekt ab.

Schema II: (P, Olefin)-Ir katalysierte enantioselektive Allylethersynthese

Auf Grund eines tieferen mechanistischen Verständnisses war es möglich den direkten
Gebrauch von Thiolen als Nukleophile in der (P,Olefin)-Ir katalysierten allylischen Substitution
zu erreichen. Die Verwendung von Phosphorsäure als Promoter ermöglichte eine äußerst
enantioselektive Allylthioethersynthese (Schema III). Ausführliche mechanistische Studien
offenbarten einen enantiokonvergenten Mechanismus.

Schema III: (P, Olefin)-Ir katalysierte enantioselektive Allylthioethersynthese

Die herausragenden Kenndaten der (P,Olefin)-Ir katalysierten allylischen Substitutionen sind
die direkte Verwendung verzweigter Allylalkohole und neutraler Hetero-Nukleophile, die hohe
Regioselektivität und ausgezeichnete Enantioselektivität und ein neuartiges Konzept zur
Derazemisierung in der allylischen Substitution.
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1 Introduction

2

Iridium-Catalyzed Allylic Substitution

1.1 Metal-Catalyzed Allylic Substitution
The pursuit for new efficient transformations to create ever more complex building blocks to
meet the increasing demand in pharmaceutical and agricultural applications has spawned many
elegant solutions. Transition metal-catalyzed allylic substitutions for the high yielding, regioand enantioselective formation of C-C and C-Y bonds via electrophilic allyl-metal intermediates
meet these demands.1 In general, an allylic substitution is where a substrate with a good allylic
leaving group I and a transition metal catalyst form an allyl-metal intermediate II which is subsequently attacked by a nucleophilic.

Scheme 1: General Scheme for Metal-Catalyzed Allylic Substitution

The newly generated allylic compound III can be of different geometry: linear, branched,
mono- or multiple-substituted; depending both on the substrate used and the catalyst employed.
The following pages will present a summary about this important allylic substitution reaction
in organic chemistry. General mechanistic aspects will be followed by an overview of the various metal catalysts, with a special focus on iridium catalysts, and their merit in dictating diverse
regio-, stereo- and substrate-selectivities.

1.1.1

General Mechanistic Aspects

Asymmetric allylic substitution reactions (AAS) have the unique characteristic that distinguishes it from most metal-catalyzed enantioselective processes, in that AAS reacts at a sp3 instead of an sp2 centre. Therefore achiral, meso or chiral allylic compounds are viable substrates
that can be transformed to products of high optical purity. Stereocontrol in AAS is generally

a) B. Sundararaju, M. Achard, C. Bruneau, Chem. Soc. Rev. 2012, 41, 4467. b) C.-H. Ding, X.-L. Hou, Topics
in Organometallic Chemistry, Vol. 36, Springer Berlin / Heidelberg, 2011, pp. 247. c) J.-M. Begouin, J. Klein, D.
Weickmann, B. Plietker, Vol. 38 (Ed.: U. Kazmaier), Springer Berlin / Heidelberg, 2012, pp. 269. d) B. M.
Trost, D. L. Van Vranken, Chem. Rev. 1996, 96, 395. e) B. M. Trost, M. L. Crawley, Chem. Rev. 2003, 103,
2921. f) P. Tosatti, A. Nelson, S. P. Marsden, Org. Biomol. Chem. 2012, 10, 3147. g) W.-B. Liu, J.-B. Xia, S.-L.
You, Vol. 38 (Ed.: U. Kazmaier), Springer Berlin / Heidelberg, 2012, pp. 155. h) A. Alexakis, J. E. Baሷckvall, N.
Krause, O. Pamies, M. Dieguez, Chem. Rev. 2008, 108, 2796. i) M. Johannsen, K. A. Jørgensen, Chem. Rev.
1998, 98, 1689. j) J. F. Hartwig, L. M. Stanley, Acc. Chem. Res. 2010, 43, 1461. k) B. M. Trost, C. Lee, in Catalytic Asymmetric Synthesis, John Wiley & Sons, Inc., 2005, pp. 593.
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attributed to the chiral environment of the transition metal catalysts, not the substrate stereochemistry. The stereo-deciding step in this transformation is generally considered to be the
nucleophilic attack on the allyl-metal intermediate II, which constitutes a reductive elimination
from the metal centre (Scheme 1). There are two general classes for this nucleophilic attack,
they are distinguished by the nature of the nucleophile. HARD nucleophiles, conversely those
derived from compounds with pKa > 25, favor an inner shell reductive elimination. This mechanism implies that the nucleophile is attached to allyl-metal intermediate IV prior to the reductive elimination step (Scheme 2). For SOFT nucleophiles, parent compounds with pKa < 25,
that react via an outer shell mechanism, the bond forming step is the direct attack of the nucleophile on the allyl moiety of complex II opposite to the metal centre (Scheme 2).

Scheme 2: Two General Reaction Classes for Transition Metal-Catalyzed Allylic Substitution Reactions

The electrophilic allyl moiety of complex II might be regarded as both η1 and η3 ligand. This
variable ligand behavior adds further demands on the catalysts to control the regio- and
stereoselectivity of the transformation (Scheme 3). The oxidative addition of the transition metal catalyst to the allylic substrate can proceed via both SN2 and SN2’-type reaction pathways,
which has a profound influence on the regio- and stereoselectivity of the formed allyl-metal intermediate (Scheme 3). Depending on the substitution type, SN2 or SN2’, regio-isomeric allylmetal complexes VI or VII are formed. For chiral substrates (R1≠H) this step proceeds with
inversion of configuration. For achiral substrates (R1=H) the chiral catalyst dictates the faceselectivity to the π-system and through this, ent-VI and ent-VII can also be formed, but are
excluded from Scheme 3 for clarity. The flexible allyl-ligand coordination allows for isomerization between the different η1-complexes VI and VII via η3-complexes VIII and XI. η1 and η3
describe the hapticity of the allyl moiety as a ligand to the metal center, another way of describing the complexation mode is as σ-allyl and π-allyl (Scheme 3). This isomerization process differs between transition metal catalysts, which is the reason for the deep roster of catalysts for
AAS.1b,c The reaction step that sets the new sterocenter is the reductive elimination. In Scheme
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3 the outer shell reductive elimination with SOFT nucleophiles is shown as this is the dominant
reaction pathway for the majority of the following discussion. The substitution can again be of
SN2 or SN2’-type which leads to regio-isomeric products XI and X, generally this process reacts
with inversion of configuration. For high regio- and enantioselectivity, the metal catalyst needs
to control which isomeric allyl-metal complex is attacked by the nucleophile and by which substitution type, SN2 or SN2’. Overall the transition metal-catalyzed AAS with SOFT proceeds via
double-inversions of configuration with a possible intermediate isomerization of the allyl-metal
complex. For example, allylic substrate V is attacked by the metal catalyst in SN2’ fashion to
form VI. Isomerization of the allyl-metal complex, controlled by the chiral ligand environment
leads to allyl-metal complex VII, which is attacked by the nucleophile with a SN2’ mechanism to
form allylic product X.

Scheme 3: Regio- and Stereoselective Considerations about Allylic Substitution Mechanism of SOFT
Nucleophiles

The three stereo-selecting steps in the AAS are regio- and stereoselective oxidative addition,
isomerization of the allyl-metal complex and regio- and stereoselective reductive elimination.
These steps are of different significance for different transition metal catalysts and offer the
possibility to choose the optimal catalyst system for a variety of available substrates and required products. For example, palladium catalysts show a fast allyl-metal isomerization but offer little regioselectivity for diversely substituted allylic substrates (R1≠R2), therefore being a
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good choice for the deracemization of meso compounds (1.2.1).1d,e Iron and rhodium catalyst do
not show isomerization in their respective allyl-metal complexes and are successfully employed
in stereospecific reactions that conserve the optical purity of the starting material (1.3.1, 1.3.2).
Iridium catalysts offer high regioselectivity for nucleophilic attack at the more hindered site
(1.5). The following paragraphs will present the most common allylic substitution catalysts.
They are organized by their mode of action, grouped into transition metal catalysts that react
via a distinct π-allyl species (1.2), or an σ-allyl species (1.3), or do not meet the criteria of the
aforementioned categories and are grouped under miscellaneous (1.4).

1.2 Allylic Substitution via π-Allyl Species
1.2.1

Palladium

Palladium catalysts represent the most important contribution to the field of allylic substitution reactions and have been reviewed extensively over the last years.1d,e,2 The importance of
palladium to the allylic substitution reaction is due to the wealth of applications that were discovered based on the initial isolation and application of allylpalladium dimer 1 (Scheme 4).3

Scheme 4: Initial Discovery of Allylpalladium and Allylic Carbonylation

The well documented strengths of palladium-catalyzed AAS will be exemplified in this paragraph by a few case studies.4 Trost used the palladium-catalyzed enantioselective allylic alkylation in his concise total synthesis of (-)-Oseltamivir, 5 marketed as anti-influenza medicine
Tamiflu.6 Commercially available lactone 2 was used as starting material for the synthetic route
to Tamiflu. The nitrogen source phthalimide could not be used as nucleophile directly, as it
would be repelled by an intermediate carboxylate anion. A TMS protected phthalimide 3 allowed silyl transfer to the carbonyl moiety of the allylpalladium intermediate. The cationic spe-

B. M. Trost, Org. Process Res. Dev. 2012, 16, 185.
a) J. Smidt, W. Hafner, Angew. Chem. 1959, 71, 284. b) J. Tsuji, J. Kiji, S. Imamura, M. Morikawa, J. Am.
Chem. Soc. 1964, 86, 4350.
4 For further information please refer to extensive reviews on the topic.1d,e,2
5 a) B. M. Trost, T. Zhang, Angew. Chem., Int. Ed. 2008, 47, 3759. b) B. M. Trost, T. Zhang, Chem.-Eur. J.
2011, 17, 3630.
6 a) C. U. Kim, W. Lew, M. A. Williams, H. Liu, L. Zhang, S. Swaminathan, N. Bischofberger, M. S. Chen, D.
B. Mendel, C. Y. Tai, W. G. Laver, R. C. Stevens, J. Am. Chem. Soc. 1997, 119, 681. b) J. C. Rohloff, K. M.
Kent, M. J. Postich, M. W. Becker, H. H. Chapman, D. E. Kelly, W. Lew, M. S. Louie, L. R. McGee, E. J.
Prisbe, L. M. Schultze, R. H. Yu, L. Zhang, J. Org. Chem. 1998, 63, 4545.
2
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cies XII could be attacked by the phthalimide anion to form alkene 4 in good yield and with
excellent enantioenrichment (Scheme 5). The chiral palladium catalyst deracemizes lactone 2 to
enantiomerically enriched alkene 4, as the intermediate allylpalladium species XII is a π-allyl
species that can freely isomerize to lowest energy conformer before nucleophilic addition
(Scheme 3). This deracemization process is called a dynamic asymmetric transformation
(DYKAT), as the racemic starting material is converted to optically pure product via an achiral
or isomerizing substrate-catalyst intermediate, in this case XII.7

Scheme 5: Palladium-Catalyzed Asymmetric Allylic Substitution En-Route to Tamiflu

For allylic substitution reactions of monosubsituted allylic compounds, palladium catalyst
preferentially will give the linear product. Although certain substrate bias will overwrite this
preference and branched products are accessible via palladium catalysis. To this avail, Trost and
coworkers reported on the palladium-catalyzed allylic amination of allylic epoxides.8 Upon formation of allylpalladium intermediate XIII from racemic epoxide 6, the alkoxide will direct the
phthalimide to the internal terminus of the allyl moiety to form branched allylic amine 4 in excellent yield and enantioenrichment (Scheme 6). To attain high enantioselectivity the Trost research group redesigned the ligand. In ligand 9 the conformational freedom of the amide carbonyl is restricted by switching to a naphtalene moiety.

7
8

K. Faber, Chem.-Eur. J. 2001, 7, 5004.
B. M. Trost, R. C. Bunt, R. C. Lemoine, T. L. Calkins, J. Am. Chem. Soc. 2000, 122, 5968.
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Scheme 6: DYKAT Transformation of Diene Monoepoxide

Scheme 7: COP-catalyzed Asymmetric Allylic Esterification
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Another example for branched selectivity was reported by Overman and coworkers.9 By employing a cobalt oxazoline palladacycle (COP) catalyst 12 they synthesized allylic esters with
high yields and enantioselectivities (Scheme 7). (Z)-allylic trichloroacetimidate 10 reacted efficiently with acetic acid to chiral ester 11 with high yield and enantioselectivity. Crucial for the
regioselectivity of the allylic esterification reaction was the trichloroacetimidate leaving group,
which acts as a directing group for the palladium catalyst. Careful mechanistic studies led
Overman and coworkers propose a mechanism in which the COP catalyst 12 is complexed by
the nitrogen of the trichloroacetimidate 13. Further complexation to the double bond, 14, sets
the stage for the attack by acetic acid (15). Reductive elimination and decomplexation then
gives allylic ester 11 and restarts the catalytic cycle.

1.2.2

Platinum

Platinum has often been the surrogate to investigate reaction mechanism of the more reactive
palladium catalysts.10 Nevertheless, platinum has found use in allylic substitution reactions with
reactivity that differs from palladium.11 Williams and coworkers reported on enantioselective
allylic alkylation catalyzed by a platinum phophino-oxazoline complex.12 Racemic allylic acetate
16 is enantioselectively transformed to diester 17 (Scheme 8). Control of the metal to ligand
ratio is crucial to prevent loss of enantioselectivity. It was suggested that ligand 18 can form
different catalytically active platinum complexes of varying activity and selectivity.13

Scheme 8: Platinum-Catalyzed Enantioselective Allylic Alkylation

9 a) S. F. Kirsch, L. E. Overman, J. Am. Chem. Soc. 2005, 127, 2866. b) J. S. Cannon, S. F. Kirsch, L. E. Overman, J. Am. Chem. Soc. 2010, 132, 15185. c) J. S. Cannon, S. F. Kirsch, L. E. Overman, H. F. Sneddon, J. Am.
Chem. Soc. 2010, 132, 15192.
10 a) T. M. Huang, J. T. Chen, G. H. Lee, Y. Wang, Organometallics 1991, 10, 175. b) A. R. Dick, J. W. Kampf,
M. S. Sanford, Organometallics 2005, 24, 482.
11 M. L. Clarke, Polyhedron 2001, 20, 151.
12 A. J. Blacker, M. L. Clark, J. M. J. Williams, M. S. Loft, Chem. Commun. 1999, 913.
13 A. J. Blacker, M. L. Clarke, M. S. Loft, M. F. Mahon, M. E. Humphries, J. M. J. Williams, Chem.-Eur. J.
2000, 6, 353.
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Ruthenium

Scheme 9: Regioselective Allylic Etherification with Ruthenium Catalyst

Ruthenium catalysts in allylic substitution reactions show a high selectivity for the branched
product independent of the substrate geometry,14 and isolable allyl-ruthenium complexes confirm the formation of η3-complexes.15 For this high regioselectivity, the presence of a Cp* ligand was crucial (Scheme 9).16 Both allylic chloride isomers, 19 and 20, react to preferentially the
branched allylic ether product, 21 and 23, indicating the intermediacy of a π-allyl-ruthenium
complex. Based on these Cp*-ruthenium complexes, enantioselective allylic substitution protocols have been developed. Initially, an enantioselective allylic etherification was developed that
employed a bisoxazoline ligand together with Cp*-ruthenium pre-catalyst (Scheme 10, a). 17
Chiral bisoxazoline ligand 26 facilitated the ruthenium-catalyzed enantioselective allylic etherification of cinnamyl chloride 19 with moderate enantioselectivity, favoring the formation of the
branched allylic ether 21. Switching the design of the ruthenium catalyst to a planar-chiral
cyclopentadienyl ruthenium complex 27, Onitsuka and coworkers were able to improve yield
and enantioselectivity in the allylic etherification reaction dramatically (Scheme 10, b).18 Phenol
was enantioselectively O-allylated with allylic chloride 19 in high yield. Based on crystallographic studies of the allyl-ruthenium complex 28 and synthetic studies, the authors propose an
inner shell reductive elimination step, in which the phenol nucleophile is bound to the allylruthenium complex 29 (Scheme 10, c).

14 The chemistry of ruthenium catalysts in allylic substitution reactions has recently been reviewed: a) S.-I.
Murahashi (ed) (2004) Ruthenium in organic synthesis. Wiley-VCH, Weinheim b) C. Bruneau, J.-L. Renaud, B.
Demerseman, Chem.-Eur. J. 2006, 12, 5178.
15 R. Hermatschweiler, I. Fernández, F. Breher, P. S. Pregosin, L. F. Veiros, M. J. Calhorda, Angew. Chem., Int.
Ed. 2005, 44, 4397.
16 a) T. Kondo, H. Ono, N. Satake, T.-a. Mitsudo, Y. Watanabe, Organometallics 1995, 14, 1945. b) N. Gürbüz,
I. Özdemir, B. Çetinkaya, J.-L. Renaud, B. Demerseman, C. Bruneau, Tetrahedron Lett. 2006, 47, 535.
17 M. D. Mbaye, J.-L. Renaud, B. Demerseman, C. Bruneau, Chem. Commun. 2004, 1870.
18 K. Onitsuka, H. Okuda, H. Sasai, Angew. Chem., Int. Ed. 2008, 47, 1454.
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Scheme 10: Enantioselective Allylic Etherification with Ruthenium Catalyst

1.2.4

Cobalt

Cobalt complexes are relatively new catalysts for allylation reactions, but cobalt’s low cost
and interesting mechanism for the allylic substitution makes it an attractive alternative to other
established transition metal catalysts.19 Although only limited mechanistic studies are currently
available, a few assumptions can be drawn. The intermediacy of an allyl-cobalt species is indicated by the regioconvergent reaction of both linear and branched allylic ether in the cobaltcatalyzed allylation of organomagnesium reagents (Scheme 11). The use of a Grignard reagent
constitutes the involvement of a HARD nucleophile and from this an inner shell reductive elimination is expected (Scheme 2).

19

G. R. Cahiez, A. Moyeux, Chem. Rev. 2010, 110, 1435.
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Scheme 11: Cobalt-Catalyzed Allylic Substitution of Allylether with Phenylmagnesium Bromide

A inner shell reductive elimination step was postulated in a related study of the cobaltcatalyzed allylation of 1,3-dicarbonyl compounds. Iqbal and coworkers reported a cobaltcatalyzed allylic alkylation protocol that, in contrast to other transition-metal based reactions,
does not employ basic but neutral conditions.20 Based on experimental results they proposed
that cobalt(II) together with allylic acetate 33 forms a π-allyl cobalt complex 34, which subsequently reacts with acetylacetone to cobalt-enolate 35. A reductive elimination will form the
allylated product 36.

Scheme 12: Cobalt-Catalyzed Allylic Alkylation with 1,3-Carbonyls

1.2.5

Nickel

The chemistry of nickel catalysts in allylic substitution has been reviewed recently in a monograph on organonickel chemistry.21 Nickel is considered to be a cheap and readily available
substitute for palladium, although some differences between the reactivity of the two transition
metals exist. Most striking is the difference in regioselectivity between nickel and palladium
catalysts. While palladium catalysts generally prefer to substitute at the less hindered terminus,
38, nickel gave the branched product 39 (Scheme 13, a).22 This trend for branched selectivity is

B. Bhatia, M. M. Reddy, J. Iqbal, Tetrahedron Lett. 1993, 34, 6301.
a) Y. Kobayashi (2005) Reactions of alkenes and allyl alcohol derivatives. In: Y. Tamaru (ed) Modern
organonickel chemistry. Wiley-VCH, Weinheim. b) R. Shintani, T. Hayashi (2005) Asymmetric synthesis. In: Y.
Tamaru (ed) Modern organonickel chemistry. Wiley-VCH, Weinheim.
22 C. Chuit, H. Felkin, C. Frajerman, G. Roussi, G. Swierczewski, Chem. Commun. 1968, 1604.
20
21
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common for nickel catalysts,23 although this trend can be reversed by certain substrate dependence.24 A potential conjugation to an existing aromatic substituent of the allyl moiety will override the normal selectivity observed for nickel catalysts and form the linear product 38 (Scheme
13, b).

Scheme 13: Difference in Regioselectivity between Palladium and Nickel Catalysts

Nickel-catalyzed allylic substitutions are mainly known with HARD nucleophiles, a few examples with SOFT nucleophiles were described. An intramolecular enantioselective allylic
amination was developed. 25 Chiral, bidentate phosphine 42 promoted the nickel(0)-catalyzed
allylic amination of carbonate 40 to vinylglycinol derivative 41 in good yield and moderate
enantioselectivity (Scheme 14). Furthermore, nickel-catalyzed allylic substitutions with thiols,26
phosphorus27 and boron28 have also been reported.

Scheme 14: Nickel-Catalyzed Enantioselective Allylic Amination

23 a) T. Hayashi, M. Konishi, K.-I. Yokota, M. Kumada, J. Organomet. Chem. 1985, 285, 359. b) T. Hayashi, M.
Konishi, K.-i. Yokota, M. Kumada, Chem. Commun. 1981, 313.
24 E. Wenkert, J. B. Fernandes, E. L. Michelotti, C. S. Swindell, Synthesis 1983, 701.
25 a) D. B. Berkowitz, M. Bose, S. Choi, Angew. Chem., Int. Ed. 2002, 41, 1603. b) D. B. Berkowitz, G. Maiti,
Org. Lett. 2004, 6, 2661. c) D. B. Berkowitz, W. Shen, G. Maiti, Tetrahedron: Asymmetry 2004, 15, 2845.
26 Y. Yatsumonji, Y. Ishida, A. Tsubouchi, T. Takeda, Org. Lett. 2007, 9, 4603.
27 X. Lu, J. Zhu, J. Huang, X. Tao, J. Mol. Catal. 1987, 41, 235.
28 S. Crotti, F. Bertolini, F. Macchia, M. Pineschi, Org. Lett. 2009, 11, 3762.
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1.3 Allylic Substitution via σ-Allyl Species
1.3.1

Iron

Iron catalysts for allylic substitution reactions can be divided into two groups.29 The first
category are Iron(III) salts, that act as Lewis acids, which coordinate the leaving group of the
allylic substrate. This activation of substrate promotes the nucleophilic attack in a SN2 mechanism. Meaning ipso attack is commonly preferred with iron(III) catalysts. This is a distinction to
palladium and iridium catalysts. The former prefers substitution at the least hindered side,
while the latter forms substitution products at the more hindered site. The second type of iron
catalysts are anionic iron complexes, for example ferrate complexes. These mainly found application as nucleophilic catalysts for substitution reactions. Here, the anionic iron complex substitutes a leaving group and is itself replaced by either an external nucleophile to form the substitution product or an inner shell mechanism leads to product formation.
Plietker disclosed an iron-catalyzed allylic amination reaction.30 In drawing comparison to
Rh-catalyzed allylic substitution reactions, the inexpensive and nontoxic anionic iron catalyst
[Bu4N][Fe(CO)3(NO)] enables the amination of allylic carbonates with high regioselectivity
(Scheme 15). The addition of substoichiometric amounts of piperidinium chloride as buffer prevented the amine-promoted catalyst decomposition. Plietker demonstrated the high
regioselectivity of the iron-catalyzed allylic amination by employing both allylic carbonate
regioisomers 43 and 44. Depending on the isomer used, opposite regioselectivity for the resulting allylic amine, 45 or 46, was observed (Scheme 15).

Scheme 15: Iron-Catalyzed Allylic Amination. Ipso-substitution via σ-allyl Mechanism

A complete overview of iron catalysts in allylic substitution was described in a recent review: B. Plietker
(ed) (2008) Iron catalysis in organic chemistry. Wiley-VCH, Weinheim
30 B. Plietker, Angew. Chem., Int. Ed. 2006, 45, 6053.
29
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In subsequent studies improvement to the iron-catalyzed allylic substitution process was
achieved by exchanging PPh3 with an N-heterocyclic carbene ligand (NHC). 31 A liganddependent mechanistic dichotomy was presented (Scheme 16). The commonly observed ipsosubstitution was promoted with the NHC ligand 50. The isomeric allylic carbonates 43 and 44
were alkylated regio-specific via a presumed σ-allyl mechanism. The SIMES ligand 49 on the
other hand promoted a π-allyl mechanism, which is manifested by the loss of configurational
information of the starting material. The authors speculate that this discovery will set the stage
for the development of iron-catalyzed stereoselective allylic substitutions, similar in mechanism
to palladium-catalyzed reactions.
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Scheme 16: Iron-Catalyzed Allylic Alkylation. Influence of NHC Ligands on Regioselectivity

1.3.2

Rhodium

In rhodium catalyzed allylic substitution reactions, the substrate configuration is determining the configuration of the product.32 This means, branched allylic substrates will react to form
branched products, while linear allylic substrates will predominantly form linear products. This
is opposite to palladium-catalyzed allylic substitution reactions, in which the product configuration is independent of substrate configuration and only determined by the catalyst’s preference
(1.2.1).
This stereospecificity was exploited by P. A. Evans and coworkers in enantiospecific reactions of non-racemic chiral allylic substrates. First, they reported on a rhodium-catalyzed allylic
31
32

B. Plietker, A. Dieskau, K. Möws, A. Jatsch, Angew. Chem., Int. Ed. 2008, 47, 198.
I. Minami, I. Shimizu, J. Tsuji, J. Organomet. Chem. 1985, 296, 269.
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alkylation reaction with conservation of absolute configuration.33 Their work provided mechanistic evidence that the σ-allyl species forms enyl 34 (σ+π) organorhodium intermediate XIV
(Scheme 17). This enyl complex is different to traditional σ-allyl species VI and VII, as rapid CC bond rotation is inhibited, but also different to π-allyl species VIII and IX, as the
regioselectivity is purely substrate dependent. These enyl complexes could be defined as η1,η2complexes that inhibit allyl-rhodium isomerization as shown in Scheme 3.34

Scheme 17: Rhodium-Catalyzed Allylic Alkylation via enyl-complex XIV35

Based on these mechanistic findings, Evans extended the application of rhodium-catalyzed
enantiospecific allylic substitution reactions to allylic aminations 36 and allylic etherifications
(Scheme 18).

37

Differentially protected allylamines were synthesized with excellent

regioselectivity and enantiospecificity, starting from allylic carbonates and base-activated
amines. The alkali counterion had a profound influence on solubility, turnover and selectivity.
For the allylic amination reaction lithium hexamethyldisilylazide proved to be optimal. The
counterion had to be adjusted for the stereospecific allylic etherification. Not only was sodium
hexamethyldisilylazide used to in situ for the alkali alkoxide, but also a transmetalation to copper chloride was required to attain high enantiospecificity.

P. A. Evans, J. D. Nelson, J. Am. Chem. Soc. 1998, 120, 5581.
Enyl complexes contain discreet σ- and π-metal carbon interactions within a single ligand. Enyl complexes
have been characterized by proton NMR, infrared, and X-ray crystallography: a) Sharp P. R. In Comprehensive
Organometallic Chemistry II; E. W. Abel, F. G. A. Stone, G. Wilkinson, Eds.; Pergamon Press: New York, 1995,
Chapter 2, 272. b) D. N. Lawson, J. A. Osborn, G. J. Wilkinson, Chem. Soc. A 1966, 1733. c) I. Tanaka, N. Jinno, T. Kushida, N. Tsutsui, T. Ashida, H. Suzuki, H. Sakurai, Y. Moro-oka, T. Ikawa, Bull. Chem. Soc. Jpn.
1983, 56, 657.
35 (e.s. = (ee
product/eesubstrate)•100) Enantiospecificity has been used to describe the conservation of optical purity
over the course of stereospecific reactions: S. E. Denmark, M. T. Burk, A. J. Hoover, J. Am. Chem. Soc. 2010,
132, 1232
36 a) P. A. Evans, J. E. Robinson, J. D. Nelson, J. Am. Chem. Soc. 1999, 121, 6761. b) P. A. Evans, J. E. Robinson, K. K. Moffett, Org. Lett. 2001, 3, 3269. c) P. A. Evans, K. W. Lai, H.-R. Zhang, J. C. Huffman, Chem.
Commun. 2006, 844. d) P. A. Evans, E. A. Clizbe, J. Am. Chem. Soc. 2009, 131, 8722.
37 a) P. A. Evans, D. K. Leahy, J. Am. Chem. Soc. 2000, 122, 5012. b) P. A. Evans, D. K. Leahy, J. Am. Chem.
Soc. 2002, 124, 7882.
33
34
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Scheme 18: Rhodium-Catalyzed Enantiospecific Allylic Amination and Etherification

The allylrhodium intermediate XI is formed presumably via an SN2’ mechanism and its enylconfiguration prevents isomerization. The above described SOFT nucleophiles will again substitute this allylrhodium complex via a SN2’ mechanism, leading to an overall retention of configuration. This is in agreement with the absolute configurations observed for the stereospecific
allylic alkylation (Scheme 17), amination and etherification (Scheme 18). Changing to HARD
nucleophiles, an alteration to overall inversion of configuration should be observable. This
overall inversion results from the inner shell reductive elimination of intermediate IV depictured in Scheme 2. Evans and Uraguchi reported on the regio- and enantiospecific rhodiumcatalyzed allylic arylation with inversion of absolute configuration (Scheme 19).38 The fluorinated leaving group of allylic carbonate 56 and lithium bromide additive were necessary to optimize the regiospecificity. A transmetalation of phenyllithium to zinc (II) bromide was crucial
for efficiency. The coupling product 57 was obtained in high yield and perfect enantiospecificity
with an overall inversion of configuration. This is consistent with an inner shell mechanism via
enyl XV.

38

P. A. Evans, D. Uraguchi, Journal of the American Chemical Society 2003, 125, 7158.
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Scheme 19: Rhodium-Catalyzed Enantiospecific Allylic Arylation with Inversion of Configuration

1.4 Miscellaneous Allylic Substitution
1.4.1

Gold

Gold(I) catalysts have been used by Widenhoefer and coworkers for the inter- and
intramolecular allylic amination of underivatized allylic alcohols.39 Mukherjee and Widenhoefer
recently reported on the enantioselective intramolecular allylic amination of allylic alcohols to
form five- and six-membered nitrogen heterocycles (Scheme 20).40 Allylic alcohol 58 was converted to heterocycle 59 by the catalysis of gold(I) phosphine complex (60)(AuCl)2. A πcomplexation of the gold catalysts to the double bond followed by an amine addition and water
elimination step forms the allylic amine product. This reaction does not proceed via an allylgold complex, similar to II, rather depends on the well documented π-acidity of carbophilic gold
catalysts.41

a) P. Mukherjee, R. A. Widenhoefer, Org. Lett. 2010, 12, 1184. b) P. Mukherjee, R. A. Widenhoefer, Org.
Lett. 2011, 13, 1334.
40 P. Mukherjee, R. A. Widenhoefer, Angew. Chem., Int. Ed. 2012, 51, 1405.
41 a) A. S. K. Hashmi, G. J. Hutchings, Angew. Chem., Int. Ed. 2006, 45, 7896. b) A. Fürstner, P. W. Davies,
Angew. Chem., Int. Ed. 2007, 46, 3410. c) N. D. Shapiro, F. D. Toste, Synlett 2010, 5, 675.
39

18

Iridium-Catalyzed Allylic Substitution

Scheme 20: Gold(I)-Catalyzed Enantioselective Intramolecular Allylic Amination

1.4.2

Copper

Allylic substitutions with copper catalysts does not constitute a allylic substitution via an
allyl-metal species and subsequent attack by a nucleophile, rather a transmetalation of Grignard, organozinc and organoaluminum reagents to the copper catalyst.42 This organocopper
species then attacks the primary allylic substrate via an SN2, for dialkylcuprate, or SN2’ mechanism, for monoalkylcopper species.43 Because of its mechanistic difference to the other described
allylic substitution catalysts, further discussion of this reaction is omitted from this introduction.44

1.4.3

Metal-Free

One novel example of a metal free allylic substitution by organic ion-pair catalysis was reported by the research group of Rueping.45 They reported on the intramolecular allylic etherification of phenol derivatives (Scheme 21). 2H-chromene derivative 62 was synthesized in good
yield and optical purity, by the aid of a chiral N-triflylphosphoramide 63. They propose a transition state ion-pair XVI as the stereodefining intermediate.

a) A. Alexakis, J. E. Baሷckvall, N. Krause, O. Pamies, M. Dieguez, Chem. Rev. 2008, 108, 2796. b) I. Ojima
Catalytic Asymmetric Synthesis; Wiley: New York, 2000.
43 a) E. Nakamura, S. Mori, Angew. Chem., Int. Ed. 2000, 39, 3750. b) C. C. Tseng, S.-J. Yen, H. Goering, J.
Org. Chem. 1986, 51, 2892. c) J.-E. Backvall, M. Sellen, Chem. Commun. 1987, 827. d) J. E. Baሷckvall, M. Sellen,
B. Grant J. Am. Chem. Soc. 1990, 112, 3321
44 For further reading, see: S. R. Harutyunyan, T. den Hartog, K. Geurts, A. J. Minnaard, B. L. Feringa, Chem.
Rev. 2008, 108, 2824.
45 M. Rueping, U. Uria, M.-Y. Lin, I. Atodiresei, J. Am. Chem. Soc. 2011, 133, 3732.
42
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Scheme 21: Chiral Organic Contact Ion-Pairs in Asymmetric Allylic Substitution

1.5 Iridium-Catalyzed Asymmetric Allylic Substitution
Iridium catalysts enjoy a special position in the field of asymmetric allylic substitution.1g,j,46
They offer remarkable generality for allylic substitution reactions with high levels of regio- and
enantioselectivity. A distinctive feature of iridium catalysts is that with mono- or unsymmetrically substituted substrates, they will preferentially substitute at the more hindered terminus
(Scheme 22). This is opposite to the selectivity of palladium catalyst. Following the first reported iridium-catalyzed allylic alkylation reaction by Takeuchi47 and Helmchen48 in 1997, the scope
of this reaction has expanded dramatically. Substrates for enantioselective allylic substitution
reactions catalyzed by iridium complexes are commonly mono-substituted allylic alcohol
derivates. The regio- and enantioselectivity is high over a range of transformations and the
product configuration is highly predictable. Helmchen and especially Hartwig have studied the
underlying mechanism extensively, culminating in the identification of a catalytically active
metallacyclic iridium complex and the stereo-determining steps in allylic substitution reactions.

Scheme 22: Complementary Regioselectivity for Palladium and Iridium Catalysts

J. Hartwig, M. Pouy, Vol. 34 (Ed.: P. G. Andersson), Springer Berlin / Heidelberg, 2011, pp. 169.
R. Takeuchi, M. Kashio, Angew. Chem., Int. Ed. 1997, 36, 263.
48 J. P. Janssen, G. Helmchen, Tetrahedron Lett. 1997, 38, 8025.
46
47
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1.5.1

Mechanistic Aspects

The foundation for iridium-catalyzed allylic substitution was laid by Takeuchi47 and
Helmchen48,49 by initial reports on allylic alkylation (Scheme 23). In these reports, Takeuchi
established that both branched and linear allylic acetates, 64 and 65, are converted by iridiumphosphite catalysts to the branched alkylated product with excellent regioselectivity. Helmchen
showed that a chiral phosphine-oxazoline ligand can be employed to induce enantioselectivity in
the allylic alkylation reaction of linear allylic acetate 69. Branched substrates like 68 react with
very low enantioselectivity, although in high yield and regioselectivity. These results put iridium catalysts in a special position compared to other, earlier described, transition metal catalysts. The regioselectivity for branched products, independent of substrate configuration, is
similar to the π-allyl-metal complexes assumed for palladium (1.2.1) and ruthenium (1.2.3). This
relationship is refuted by Helmchen’s observation of different levels of enantioselectivity. If an
isomerising π-allyl-iridium complex would indeed be the intermediate of this reaction, comparable levels of enantioselectivity would be expected. The fact that racemic branched allylic acetate 68 leads to nearly racemic product is more in line with an enyl complex observed in rhodium catalysis (1.3.2). The reasons for these seemingly contradicting observations were under
intense investigations in the recent years, which led to many important mechanistic discoveries.

Scheme 23: First Iridium-Catalyzed Allylic Alkylations by Takeuchi and Helmchen

49

B. Bartels, G. Helmchen, Chem. Commun. 1999, 741.
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In search for more general and higher yielding chiral iridium catalysts, a breakthrough discovery was reported by Ohmura and Hartwig,
phosphoramidite 77

51

50

who used a chiral Feringa-type

to accomplish the first enantioselective iridium-catalyzed allylic

amination reaction (Scheme 24). Reports by various groups followed that employed
phosphoramidite 77 for a multitude of allylic substitution reactions, inspired by the generality
and dependable selectivity of this catalytic system.

Scheme 24: First Enantioselective Iridium-Catalyzed Allylic Amination

Soon after reporting on the use of phosphoramidite ligand 77 in allylic substitution reactions,
Hartwig and coworkers disclosed the structure of a catalytically active (phosphoramidite)-Ir
complex.52 Initially the high enantioselectivity observed with a 1 to 1 mixture of monodentate
ligand and iridium was surprising, as commonly only bidentate ligands are known for such beneficial effects. Kiener et al. could establish that the iridium center had undergone a C-H insertion
into the amine moiety of the phosphoramidite ligand, converting 77 into a bidentate ligand
(Scheme 25). Initial complexation of ligand 77 formed complex 78, which is catalytically inactive. Only upon the addition of base a new complex 79 formed. Spectroscopic investigation indicated the structure as shown (Scheme 25) and a ligand swap to the stronger coordinating PMe3
allowed the confirmation of the structure for complex 80 by x-ray crystallography. With this
knowledge, ethylene complex 81 was synthesized and used by Hartwig to improve the efficiency of the allylic substitution protocol.53

T. Ohmura, J. F. Hartwig, J. Am. Chem. Soc. 2002, 124, 15164.
J. F. Teichert, B. L. Feringa, Angew. Chem., Int. Ed. 2010, 49, 2486.
52 C. A. Kiener, C. Shu, C. Incarvito, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125, 14272.
53 D. Marković, J. F. Hartwig, J. Am. Chem. Soc. 2007, 129, 11680.
50
51
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Scheme 25: Cyclometalated Active Catalysts for Allylic Substitution Reactions identified by Hartwig

Following the discovery of (phosphoramidite)-Ir complex 79, Hartwig and coworkers synthesized and characterized a long sought-after allyliridium intermediate (Scheme 26).54 Iridium
complex 79 was treated with allylic halide and a silver salt of a non-complexing counter-ion to
form allyliridium complex 82 in moderate yields. The structure of this complex was confirmed
by x-ray analysis. Studying the reactivity of allyliridium complex 82 indicated that this complex
is part of the catalytic cycle of iridium catalyzed allylic substitution. Yields, regioselectivities
and enantioselectivities with this complex were identical to the parent catalytic system. Comparing the absolute configuration of the allylic substitution product with allyliridium complex
82 shows that nucleophilic attack must take place at the more distant carbon from the metal
center and anti (SN2’) to iridium. Helmchen et al. recently reported an improved procedure for
the synthesis of allyliridium complexes like 82.55 Also You and coworkers have synthesized a
set of different allyliridium complexes and investigated their crystal structure.56

Scheme 26: Isolation, Characterization and Activity of Allyliridium Complex 82

With this information a catalytic cycle was proposed (Scheme 27).54 Complex ent-79 is an 18
electron complex and monodentate ligand ent-77 has to disassociate first to form coordinatively
unsaturated iridium intermediate XVII. This intermediate will then form allyliridium complex
S. T. Madrahimov, D. Markovic, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 7228.
a) S. Spiess, J. A. Raskatov, C. Gnamm, K. Brödner, G. Helmchen, Chem.-Eur. J. 2009, 15, 11087. b) J. A.
Raskatov, S. Spiess, C. Gnamm, K. Brödner, F. Rominger, G. Helmchen, Chem.-Eur. J. 2010, 16, 6601.
56 W.-B. Liu, C. Zheng, C.-X. Zhuo, L.-X. Dai, S.-L. You, J. Am. Chem. Soc. 2012, 134, 4812.
54
55
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XVIII, which is comparable to allyliridium complex 82, through SN2’ substitution of linear
allylic carbonate. Nucleophilic attack on the allyl moiety anti and on the more distant carbon
will form alkene adduct XIX. Dissociation of allylic product will regenerate coordinatively unsaturated iridium intermediate XVII.

Scheme 27: Catalytic Cycle of (Phosphoramidite)-Iridium-Catalyzed Allylic Substitution Reactions

Additional mechanistic studies have shown that an allyliridium isomerization of XVIII to
XX and XXI does not occur on the time scale of the substitution reaction.57 This observation is
important to understand the high level of regioselectivity for the branched product independent
of substrate configuration but low enantioselectivity for branched substrates (Scheme 23).
Allyliridium complex XVIII has a π-allyl ligand that is free to “slip” between the C1 and C3

57

S. T. Madrahimov, J. F. Hartwig, J. Am. Chem. Soc. 2012, 134, 8136.
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terminus. In contrast, isomerization onto another face is inhibited, contrary to π-allyl-palladium
complexes (1.2.1). This insight leads to the conclusion that enantioselectivity is primarily dependent on the face selectivity in the oxidative addition of iridium catalyst to the allylic substrates. High enantioselectivity with achiral linear substrates is a result of high face-selectivity
by the iridium catalysts. Contrary, for chiral branched allylic substrates the face-selectivity is
determined mainly by the substrate configuration.58 For this reason enantioselective iridiumcatalyzed allylic substitution has been dominated by the conversion of achiral linear substrates
(1.5.2), while branched substrates have been employed in other creative transformations (1.5.3).

1.5.2

Enantioselective Transformations with Linear Substrates

Allylic substitutions catalyzed by Iridium complexes have been reviewed extensively in the
last year, with review articles and book chapters dedicated exclusively to this transition metal
catalyst.1f,g,j,46 In the following paragraphs an overview of enantioselective allylic substitution
with linear substrates and important types of nucleophiles will be presented. Additionally, the
iridium-catalyzed transformations for chiral branched allylic substrates will be presented in the
last section of this introduction.
1.5.2.1 Carbon Nucleophiles
1.5.2.1.1 Stabilized Enolates
Helmchen and coworkers reported in 2004 on a highly enantioselective allylic alkylation reaction, employing an iridium metal catalyst with phosphoramidite ligand 77 (Scheme 28).59 Addition of tetrahydrothiophene (THT) and CuI dramatically accelerated the reaction rates.
Allylic alkylation reaction in intramolecular fashion60 and of dienyl ester61 in high regio- and
enantioselectivity was also accomplished by the group. Alexakis and coworkers also reported on
the same iridium-catalyzed allylic alkylation reaction, and they found that the addition of lithium chloride and the substitution pattern on the phosphoramidite ligand has a dramatic effect on
the regio- and enantioselectivity of the reaction as well as on the activity of the ligand-iridium
complex.62

For further discussion of the different reactivity of linear and branched allylic substrates, see: 5.1.1 & 5.5.4
G. Lipowsky, N. Miller, G. Helmchen, Angew. Chem., Int. Ed. 2004, 43, 4595.
60 S. Streiff, C. Welter, M. Schelwies, G. Lipowsky, N. Miller, G. Helmchen, Chem. Commun. 2005, 2957.
61 G. Lipowsky, G. Helmchen, Chem. Commun. 2004, 116.
62 a) A. Alexakis, D. Polet, Org. Lett. 2004, 6, 3529. b) D. Polet, A. Alexakis, K. Tissot-Croset, C. Corminboeuf,
K. Ditrich, Chem.-Eur. J. 2006, 12, 3596. c) D. Polet, A. Alexakis, Org. Lett. 2005, 7, 1621.
58
59
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Scheme 28: Iridium-Catalyzed Allylic Alkylation

The first salt-free version of the iridium-catalyzed allylic alkylation reaction was developed
by Helmchen and coworkers in 2007.63 They further improved on the reaction procedure by
developing a more stable cyclooctadiene derivative, which rendered the catalyst more stable to
air and moist.64 The use of malonates as pronucleophiles has been very fruitful and many research groups reported on their use in iridium-catalyzed allylic alkylation reactions, for example
Fuji, 65 Hamada 66 and Takeuchi. 67 Related pronucleophiles, for example nitro compounds, 68
malononitriles69 and glycine equivalents,70 have also been successfully employed in allylic alkylation reactions.

Scheme 29: Salt-Free Allylic Alkylation with Dimethyl Malonate

1.5.2.1.2 Ketone Enolates
The use of non-stablized ketone enolates possesses many challenges; for example the ketone
enolate must preferentially attack the π-allyl intermediate and not the carbonyl leaving group,
the ketone product must not reform an enolate, which would react with a second π-allyl intermediate, and enolate attack on the metal centre could lead to difficulties in enantioselectivity.
Graening and Hartwig were the first to report on a protocol to solve the problem.71 They deC. Gnamm, S. Förster, N. Miller, K. Brödner, G. Helmchen, Synlett 2007, 5, 790
S. Spiess, C. Welter, G. Franck, J.-P. Taquet, G. Helmchen, Angew. Chem., Int. Ed. 2008, 47, 7652.
65 a) K. Fuji, N. Kinoshita, T. Kawabata, K. Tanaka, Chem. Commun. 1999, 2289. b) N. Kinoshita, K. H. Marx,
K. Tanaka, K. Tsubaki, T. Kawabata, N. Yoshikai, E. Nakamura, K. Fuji, J. Org. Chem. 2004, 69, 7960.
66 T. Nemoto, T. Sakamoto, T. Fukuyama, Y. Hamada, Tetrahedron Lett. 2007, 48, 4977.
67 G. Onodera, K. Watabe, M. Matsubara, K. Oda, S. Kezuka, R. Takeuchi, Adv. Synth. Catal. 2008, 350, 2725.
68 A. Dahnz, G. Helmchen, Synlett 2006, 697
69 S. Förster, O. Tverskoy, G. Helmchen, Synlett 2008, 2803
70 a) T. Kanayama, K. Yoshida, H. Miyabe, Y. Takemoto, Angew. Chem., Int. Ed. 2003, 42, 2054. b) T.
Kanayama, K. Yoshida, H. Miyabe, T. Kimachi, Y. Takemoto, J. Org. Chem. 2003, 68, 6197. c) B. P. Bondzic,
A. Farwick, J. Liebich, P. Eilbracht, Org. Biomol. Chem. 2008, 6, 3723.
71 T. Graening, J. F. Hartwig, J. Am. Chem. Soc. 2005, 127, 17192.
63
64
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veloped an enantioselective α-allylation of unstabilized ketone enolates. Bifunctional γ,δunsaturated ketone 85 was prepared in optically active form from silyl enol ether 83 and Bocprotected allylic alcohol 84 (Scheme 30). Extending their work on ketone enolate nucleophiles,
Hartwig and coworkers demonstrated the application of ketone enamines to form the same
homoallylic ketones with similar levels of enantioselectivity.72

Scheme 30: Iridium-Catalyzed Allylation of Silyl Enol Ethers

You and coworkers chose a different approach to form the enolate nucleophile. They realized
an iridium-catalyzed asymmetric decarboxylative allylation (Scheme 31).73 Their protocol features an in situ generated nucleophile, mild reaction conditions, and high regio- and
enantioselectivity for the branched homoallylic ketone 87.

Scheme 31: Iridium-Catalyzed Decarboxylative Allylic Alkylation

1.5.2.1.3 Indoles
The indole moiety is among the most abundant heterocyclic heterocycles in nature and they
serve as core structures in many biologically active pharmaceutics and pesticides. Consequently,
methods for the enantioselective synthesis of indole derivatives are highly desirable. You and
coworkers reported on the iridium-catalyzed Friedel-Crafts-type allylic alkylation with indoles
as nucleophiles.74 Again the phosphoramidite-iridium catalyst system proved to be optimal for
the allylic substitution with indols, catalyzing the reaction with high regio- and
enantioselectivity (Scheme 32).

D. J. Weix, J. F. Hartwig, J. Am. Chem. Soc. 2007, 129, 7720.
H. He, X.-J. Zheng, Y. Li, L.-X. Dai, S.-L. You, Org. Lett. 2007, 9, 4339.
74 a) W.-B. Liu, H. He, L.-X. Dai, S.-L. You, Org. Lett. 2008, 10, 1815. b) W.-B. Liu, H. He, L.-X. Dai, S.-L.
You, Synthesis 2009, 10, 2076. c) Q.-F. Wu, H. He, W.-B. Liu, S.-L. You, J. Am. Chem. Soc. 2010, 132, 11418.
72
73
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Scheme 32: Iridium-Catalyzed Friedel-Crafts-Type Allylic Alkylation with Indoles

1.5.2.1.4 Organometalic
Alexakis and coworkers have applied nonstabilized carbon-nucleophiles such as Grignard or
organozinc reagents in iridium-catalyzed allylic substitution reactions. 75 The regioselectivity
was poor, commonly around 1 to 1, branched to linear ratio. Nevertheless, the iridium-catalyzed
allylic alkylation with HARD nucleophiles was employed by Alexakis and coworkers in a short
formal synthesis of (+)-sertraline (Scheme 33).75a

Scheme 33: Allylic Substitution with HARD Carbon Nucleophiles

1.5.2.1.5 Dearomatization
An interesting concept for the enantioselective formation of carbon-carbon bonds was reported by You and coworkers. They disclosed the iridium-catalyzed enantioselective allylic
dearomatization of phenols.

76

A one-step asymmetric dearomatization reaction for the

intramolecular allylic alkylation was achieved in good yields and with high enantioselectivities
(Scheme 34). Subsequently, You extended this protocol to the asymmetric dearomatization of
pyrroles.77

a) A. Alexakis, S. E. Hajjaji, D. Polet, X. Rathgeb, Org. Lett. 2007, 9, 3393. b) D. Polet, X. Rathgeb, C. A.
Falciola, J.-B. Langlois, S. El Hajjaji, A. Alexakis, Chem.-Eur. J. 2009, 15, 1205.
76 Q.-F. Wu, W.-B. Liu, C.-X. Zhuo, Z.-Q. Rong, K.-Y. Ye, S.-L. You, Angew. Chem., Int. Ed. 2011, 50, 4455.
77 C.-X. Zhuo, W.-B. Liu, Q.-F. Wu, S.-L. You, Chem. Sci. 2012, 3, 205.
75
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Scheme 34: Iridium-Catalyzed Intramolecular Asymmetric Allylic Dearomatization

1.5.2.2 Nitrogen Nucleophiles
Allylic amines are fundamental building blocks in organic chemistry. Therefore their efficient
formation is important for industrial and synthetic applications. The allylic amine moiety can be
encountered in natural products but more important is its facile transformation to a range of
other products via functionalization, reduction or oxidation of the double bond. Especially the
synthesis of optically active allylic amines is of great interest.1i
1.5.2.2.1 Aliphatic and Aromatic Amines
Allylic amination with iridium catalyst was first reported by Hartwig and coworkers
(Scheme 24).50 Hartwig and others subsequently showed that the use of phosphoramide-iridium
catalysis was generally applicable for the synthesis of secondary and tertiary allylic amines with
high regio- and enantioselectivity.61,78,79,80 The allylic substrates for these transformations were
linear achiral allylic carbonates or acetates and the ligand of choice was generally
phosphoramidite 77 (Scheme 35). Alexakis and coworkers found that phosphoramidite ligand
94 could offer slightly increased enantioselectivity compared to 77.81 Helmchen reported on the
intramolecular allylic amination.82

Scheme 35: Iridium-Catalyzed Allylic Amination

The direct application of allylic alcohol in the allylic substitution reactions was hampered by
its poor leaving group ability, which dictated the use high temperatures, neat conditions or an
B. P. Bondzic, A. Farwick, J. Liebich, P. Eilbracht, Org. Biomol. Chem. 2008, 6, 3723.
C. Shu, A. Leitner, J. F. Hartwig, Angew. Chem., Int. Ed. 2004, 43, 4797.
80 J. H. Lee, S. Shin, J. Kang, S.-g. Lee, J. Org. Chem. 2007, 72, 7443.
81 K. Tissot-Croset, D. Polet, A. Alexakis, Angew. Chem., Int. Ed. 2004, 43, 2426.
82 a) C. Welter, O. Koch, G. Lipowsky, G. Helmchen, Chem Commun, 2004, 896 b) C. Welter, A. Dahnz, B.
Brunner, S. Streiff, P. Dübon, G. Helmchen, Org. Lett. 2005, 7, 1239.
78
79
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activator. Nevertheless, two iridium-catalyzed allylic enantioselective amination reactions of
linear allylic alcohols were reported by Yamashita et al..83 Lewis acid activators Nb(OEt)5 and
BPh3 were required together with phosphoramidite ligand 113 to attain branched allylic amines
with moderate to good yields and good to high enantioselectivities (Scheme 36).

Scheme 36: Iridium-Catalyzed Allylic Amination of Allylic Alcohols

1.5.2.2.2 Amides84
The direct synthesis of branched primary allylic amines is complicated by the fact that a primary amine is more nucleophilic than its ammonia precursor. For secondary amines the steric
hindrance prevents over-alkylation. Therefore alternative ammonia equivalent nucleophiles
were developed that form primary allylic amine derivatives that can easily be converted to the
free amine. One such an ammonia derivative is the class of sulfonamides that were developed by
Helmchen and coworkers.85 Helmchen and others also developed carboxamides as nucleophiles
for the allylic amination reaction, for example phthalimide, succinimideand Boc-protected
amines.86
1.5.2.2.3 Nitrogen-Containing Heterocycles
An important expansion in the scope of nitrogen nucleophiles for the allylic amination was
the application of nitrogen-containing heterocycles. This reaction was achieved by Stanley and
Hartwig, with the N-allylation of indoles,

87

imidazoles, benzimidazoles and purine

heterocycles.88 Crucial for a successful reaction was the use of phosphoramidte-iridium complex
81 (Scheme 37) and additives, such as K3PO4 or alkyne, prevented undesired C=C double bond
isomerization to the corresponding enamine.

Y. Yamashita, A. Gopalarathnam, J. F. Hartwig, J. Am. Chem. Soc. 2007, 129, 7508.
An in depth discussion of amides and ammonia as nucleophiles in iridium-catalyzed allylic amination is reported in section 2.1.1
85 a) R. Weihofen, A. Dahnz, O. Tverskoy, G. Helmchen, Chem. Commun. 2005, 3541. b) R. Weihofen, O.
Tverskoy, G. Helmchen, Angew. Chem., Int. Ed. 2006, 45, 5546.
86 a) S. Spiess, C. Berthold, R. Weihofen, G. Helmchen, Org. Biomol. Chem. 2007, 5, 2357. b) O. V. Singh, H.
Han, Tetrahedron Lett. 2007, 48, 7094. c) M. J. Pouy, A. Leitner, D. J. Weix, S. Ueno, J. F. Hartwig, Org. Lett.
2007, 9, 3949.
87 L. M. Stanley, J. F. Hartwig, Angew. Chem., Int. Ed. 2009, 48, 7841.
88 L. M. Stanley, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 8971.
83
84
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Scheme 37: N-Allylation of Heterocycles

1.5.2.2.4 Guanidines
Takemoto and coworkers explored protected guanidines as nucleophiles for the iridiumcatalyzed allylic amination.89 They used a pybox ligand 100 to attain high enantioselectivities.
Also noteworthy was their use of allylic phosphate 97 as electrophile (Scheme 38). In the same
publication, the authors reported on the enantioselective double allylic substitution of tri-Bocguanidine for a broader application with their pybox-iridium complex in allylic amination.

Scheme 38: Enantioselective Allylation of Guanidines

1.5.2.2.5 Ammonia84
The direct use of ammonia for the synthesis of enantiomerically enriched primary allylic
amines had been a long thought after goal in the field of allylic substitution. Multiple problems
arise with the use of ammonia: First ammonia can coordinate to the transition metal catalyst,
potentially displacing the chiral ligand and forming an active achiral catalyst. Secondly,
monoallylation is difficult to control as primary amines are more nucleophilic then ammonia,
leading to an overalkylation. Iridium-catalyzed monoallation of ammonia was achieved by the
research groups of Hartwig.90 Their robust phosphoramidte-iridium complex 81 was stable in
the presence of ammonia and catalyzed the allylic amination with high regio- and
enantioselectivity (Scheme 39). To prevent overallylation, they used an excess of ammonia in a
THF solution.
89
90

H. Miyabe, K. Yoshida, V. K. Reddy, Y. Takemoto, J. Org. Chem. 2008, 74, 305.
M. Pouy; L. M. Stanley; J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 11312.
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Scheme 39: Iridium-Catalyzed Allylic Amination with Ammonia

1.5.2.3 Oxygen Nucleophiles
The enantioselective formation of allylic ethers is an efficient method for the generation of
optically active building blocks, which find application in organic synthesis.91 The field of iridium-catalyzed allylic etherification started with the use of phenolates as nucleophiles (1.5.2.3.1).
The oxygen nucleophile had to be activated as an alkali salt to promote reactivity. Alkoxides,
initially posed a problem as their higher basicity lead to complications (1.5.2.3.2). As was observed in the allylic amination, the direct use of a nucleophile under salt-free conditions is highly desirable and protocols were developed to satisfy this demand (1.5.2.3.5). The last part of this
paragraph will present methods to form branched allylic alcohols in high optical purity by
enantioselective allylic substitution with water or water equivalents (1.5.2.3.3, 1.5.2.3.5).
1.5.2.3.1 Phenolates
The use of phenolates as nucleophiles in the iridium-catalyzed allylic etherification was accomplished by Hartwig and coworkers.92 In their studies many factors had to be optimized. The
leaving group on the allylic carbonate for certain alcohol nucleophiles had to be changed to
ethyl carbonate to prevent transesterification. Alkali metal phenolates proved to be superior to
ammonium phenolates, and lithium phenolates was found to be optimal. Furthermore, the solvent was found to have an influence on the reaction outcome and THF proved to be optimal for
rate, regio- and enantioselectivity (Scheme 40).

Scheme 40: Allylic Etherification with Phenolates

91
92

V. Böhrsch, S. Blechert, Chem. Commun. 2006, 1968.
F. López, T. Ohmura, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125, 3426.
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1.5.2.3.2 Alkoxides93
In 2004, Shu and Hartwig reported the phosphoramidite-iridium-catalyzed allylic etherification of linear allylic carbonates with aliphatic alkoxides. 94 A transmetalation of the lithium
alkoxides to copper iodide was found to be crucial for high yield, regio- and enantioselectivity
(3.1.1).
1.5.2.3.3 Hydroxylamine derivatives
Hydroxylamine derivatives are interesting nucleophiles, as they can be used both as O- or Nnucleophiles, depending on the protection pattern.

95

Hydroxamic acids with electron-

withdrawing groups on the nitrogen act as O-nucleophiles and were employed in the pybox
100-iridium-catalyzed allylic etherification by Takemoto and coworkers.96 In a similar category,
oximes were also used as nucleophiles by Takemoto and coworkers in their pybox ligand 100iridium-catalyzed allylic etherification. 97 In this reaction the best results were obtained with
Ba(OH)2•H2O as base and arylallyl phosphates as electrophiles.
1.5.2.3.4 Silanolates

Scheme 41: Asymmetric Allylation of Silanolates

Potassium triethylsilanolate was employed by Lyothier et al. as a nucleophile in the iridiumcatalyzed allylic substitution of cinnamyl carbonate.98 The optically enriched allylic silyl ethers
could be further converted into the corresponding branched allylic alcohols (Scheme 41). Another entry into the enantioselective formation of branched allylic alcohols was reported recently. The first iridium-catalyzed allylic hydroxylation, that is the direct formation of optically enriched branched allylic alcohols, was reported by Helmchen and coworkers.99 The use of bicarbonate as nucleophile and linear allylic carbonate 73 as electrophile with a new single compo-

93 An in depth discussion of alkoxides and alcohols as nucleophiles in iridium-catalyzed allylic etherificaiton is
reported in section 3.1.1
94 C. Shu, J. F. Hartwig, Angew. Chem., Int. Ed. 2004, 43, 4794.
95 H. Miyabe, Y. Takemoto, Synlett 2005, 11, 1641.
96 H. Miyabe, K. Yoshida, M. Yamauchi, Y. Takemoto, J. Org. Chem. 2005, 70, 2148.
97 H. Miyabe, A. Matsumura, K. Moriyama, Y. Takemoto, Org. Lett. 2004, 6, 4631.
98 I. Lyothier, C. Defieber, E. M. Carreira, Angew. Chem., Int. Ed. 2006, 45, 6204.
99 M. Gaሷrtner, S. Mader, K. Seehafer, G. Helmchen, J. Am. Chem. Soc. 2011, 133, 2072.
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nent iridium catalyst 107 allowed for the allylic hydroxylation with excellent regio- and
enantioselectivity. The dbcot moiety100 on iridium complex 107 was developed by as an air stable alternative to the commonly used cod ligand.64

Scheme 42: Iridium-Catalyzed Allylic Hydroxylation

1.5.2.3.5 Alcohols and Silanols93
Allylic etherification with neutral alcohol nucleophiles offers advantages in milder reaction
conditions, reduction of synthetic steps and easier handling of reagents. Hartwig and coworkers
demonstrated that enantioselective allylic etherification can be conducted with allylic acetates
and alcohol.101 A base, K3PO4, was required to in situ activate the neutral alcohol nucleophile
(Scheme 43). Initially they observed an isomerization of the allylic ether to the corresponding
vinyl ether. This process could be inhibited through the addition of an alkyne additive. Ueno
and Hartwig presume that small amounts of a separate isomerization catalyst are present in the
reaction mixture and the alkyne acts as a poison. tert-Butyldimethylsilyl alcohol was also employed as nucleophile and the corresponding allylic silyl ether was isolated in good yield and
high optical purity.

Scheme 43: Allylic Etherification with Neutral Alcohols

100
101

dbcot=dibenzocyclooctatetraene
S. Ueno, J. F. Hartwig, Angew. Chem., Int. Ed. 2008, 47, 1928.
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Another chiral ligand for the allylic etherification of phenols was favored by Kimura and
Uozumi.102 Using P-chiral phosphorodiamidite 110 or 111 asymmetric allylic etherification of
cinnamyl carbonate with phenol both (S)- and (R)-product could be obtained in good
enantioselectivity, depending on the substitution on the N- and P-terminus (Scheme 44). They
explain the difference in absolute stereoselectivity by energy difference of the corresponding πallyliridium intermediates. Triethylamine was used as base to in situ activate the phenol nucleophile.

Scheme 44: Divergent Stereoselectivity in Iridium-Catalyzed Allylic Etherification

1.5.3

Transformations of Branched Substrates

Asymmetric allylic substitution of branched allylic alcohols and their derivatives with iridium catalysts would be particularly valuable because they are readily synthesized from various
aldehydes and Grignard reagents. However, as discussed above, the allylic substitution reactions of such branched allylic alcohol derivatives have so far been hampered by low
enantioselectivities.103 Hartwig and coworkers have circumvented this problem by employing a
tandem catalysis process.104 In their two-step process, a palladium-catalyzed isomerization of
the branched allylic carbonate 51 to its linear isomer 73 is followed by an iridium-catalyzed
enantioselective allylic substitution to allylic amine 114 in good yield with excellent
enantioselectivity (Scheme 45).

M. Kimura, Y. Uozumi, J. Org. Chem. 2006, 72, 707.
D. Polet, A. Alexakis, K. Tissot-Croset, C. Corminboeuf, K. Ditrich, Chem.-Eur. J. 2006, 12, 3596.
104 S. Shekhar, B. Trantow, A. Leitner, J. F. Hartwig, J. Am. Chem. Soc. 2006, 128, 11770.
102
103
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Scheme 45: Sequential Pd-Catalyzed Isomerization and Ir-Catalyzed Enantioselective Allylic Amination

Another approach for iridium-catalyzed allylic substitution reactions of branched substrates
is to employ a kinetic resolution reaction to attain high levels of enantiomeric enrichment for
the product. Fischer et al. have reported the iridium-catalyzed kinetic resolution of allylic carbonates.105 They employed a novel chiral diene ligand 115, which is conveniently synthesized
from inexpensive (R)- or (S)-carvone in four steps. 106 Enantiomerically enriched allylic carbonate 51 is isolated in moderate yield with good enantiomeric enrichment, while the allylic
ether product 21 is isolated in 40% yield and 66% ee (Scheme 46).

Scheme 46: Kinetic Resolution of Branched Allylic Carbonate with Chiral Diene-Iridium Catalyst

Hartwig and his group have taken the principle of kinetic resolution on step further by
isomerizing the remaining substrate enantiomer to a second product. They reported on the iridium-catalyzed kinetic asymmetric transformation of racemic allylic benzoates.107 This reaction,
in which one enantiomer of the allylic benzoate 116 is converted to enantiomerically enriched
allylic ether 21 with good yield and high enantioselectivity, while the other substrate enantiomer is isomerized to its linear conformer 117, can be described as a enantiodivergent transformation (Scheme 47).7

C. Fischer, C. Defieber, T. Suzuki, E. M. Carreira, J. Am. Chem. Soc. 2004, 126, 1628.
C. Defieber, H. Grützmacher, E. M. Carreira, Angew. Chem., Int. Ed. 2008, 47, 4482.
107 L. M. Stanley, C. Bai, M. Ueda, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132, 8918.
105
106
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Scheme 47: Iridium-Catalyzed Enantiodivergent Transformation of Racemic Allylic Benzoates

One enantioselective transformation of branched allylic alcohols catalyzed by an iridium
complex has been reported by Defieber et al..108 They demonstrated the first direct conversion
of allylic alcohol 118 into allylic amine 120 with the use of sulfamic acid as amine source.
Enantioselectivity was induced by a novel P,alkene ligand 119. The interesting features of this
reaction were the direct use of underivatized branched allylic alcohol, the use of sulfamic acid as
an amine source and the unpreceded high levels of enantioselectivity induced.

Scheme 48: Iridium-Catalyzed Allylic Amination of Allylic Alcohols with Sulfamic Acid

1.6 Conclusion
Transition Metal-catalyzed allylic substitution, particularly with Iridium catalysts, is a powerful tool to synthesize enantiomerically enriched building blocks that are of high value for
pharmaceutical and agricultural applications. The mechanism of iridium-catalyzed allylic substitution reactions is distinctly different from that other transition metal catalyst. This special feature shows the potential to be exploited to establish new reactions with even greater levels of
regio- and enantioselectivity, that show extended generality for both electrophile and nucleophile, and greater stability to outside influences. So far the substrates used in these transformations are linear allylic alcohol derivates. Branched allylic alcohols and their derivatives would
offer more economical substrate class but their transformations are currently hindered by low
levels of enantioselectivity.

108

C. Defieber, M. A. Ariger, P. Moriel, E. M. Carreira, Angew. Chem., Int. Ed. 2007, 46, 3139.
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2.1 Iridium-Catalyzed Synthesis of Primary Allylic
Amines
2.1.1

Introduction

Transition metal-catalyzed asymmetric allylic substitution reaction is one of the most convenient methods for generating optically active allylic amines. 109 Early reports on iridiumcatalyzed allylic amination utilized amide and carbamate salts 110 to overcome the low
nucleophilicity of ammonia.

111

These ammonia equivalents ranged from potassium

trifluoroacetamide to the more reactive lithium or sodium di-tert-butyliminodicarboxylate
(Scheme 49, a and b).112,113 It was later discovered that prior activation of the amide nucleophile
was not required, and in situ activation with added base was possible (Scheme 49, c and d).114,115
In this respect, the use of more acidic ammonia surrogates has been studied extensively.
Helmchen was the first to report on the use of acidic o-nosylamine as ammonia equivalent
(Scheme 49, e).113
The direct use of ammonia as the nucleophile was first reported by Pouy et al. including its
associated challenges of diallylation (Scheme 50, a).112 To overcome the problem of overalkylation on the formed primary amine, Kobayashi and co-workers resorted to a high dilution
of the allylic substrate in an aqueous ammonia/dioxane solvent mixture (Scheme 50, b).116 In
their palladium-catalyzed reaction primary allylic amine was formed in high yield with good
enantioselectivity. Shortly thereafter, the group of Hartwig reported on a related strategy for
their iridium-catalyzed allylic amination.117 They resorted to a large excess of ammonia, 100
equivalents in THF, to prevent the formation of diallylamines (Scheme 50, c).

For reviews on allylic amination, see: a) S.A. Godleski, in Comprehensive Organic Synthesis (Eds: B.M. Trost,
I. Fleming) Pergamon: Amsterdam, 1991, pp.585-633. b) M. Johannsen, K.A. Jørgensen, Chem. Rev. 1998, 98,
1689. c) B.M. Trost, D.L. Van Vraken, Chem. Rev. 1996, 96, 395. d) B.M. Trost, M.L. Crawley, Chem. Rev.
2003, 103, 2921 e) Z. Lu, S. Ma, Angew. Chem., Int. Ed. 2008, 47, 258.
110 P. Tosatti, A. Nelson, S. P. Marsden, Org. Biomol. Chem. 2012, 10, 3147.
111 S. A. Godleski, in Comprehensive Organic Synthesis (Eds.: M. T. Editor-in-Chief: Barry, F. Ian), Pergamon,
Oxford, 1991, pp. 585.
112 M. J. Pouy, A. Leitner, D. J. Weix, S. Ueno, J. F. Hartwig, Org. Lett. 2007, 9, 3949.
113 R. Weihofen, O. Tverskoy, G. Helmchen, Angew. Chem., Int. Ed. 2006, 45, 5546.
114 D. J. Weix, D. Markovic, M. Ueda, J. F. Hartwig, Org. Lett. 2009, 11, 2944.
115 S. Spiess, C. Berthold, R. Weihofen, G. Helmchen, Org. Biomol. Chem. 2007, 5, 2357.
116 T. Nagano, S. Kobayashi, J. Am. Chem. Soc. 2009, 131, 4200.
117 M. Pouy, L. M. Stanley, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 11312.
109
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Scheme 49: Iridium-Catalyzed Allylic Amination with Ammonia Equivalents

Scheme 50: Direct Use of Ammonia in Allylic Amination Reactions

39

40

Iridium-Catalyzed Allylic Substitution

Even though ammonia is the most atom-economical118 source of nitrogen, a few drawback of
its use encourage further development of ammonia equivalents. The need of a large excess of
ammonia relative to allylic substrate and the resulting high dilution of the electrophile lead to
excessive waste in this ostensibly “green” process. In addition, the use of ammonia synonymous
with a pungent odor is a nuisance in research laboratories.

2.1.2

Sulfamic Acid as Ammonia Equivalent

In search for other ammonia surrogates that circumvent the negative side effects of the direct
use of ammonia, the chemistry of sulfamic acid was investigated.119 Sulfamic acid is a crystalline
solid that is commonly employed in cleaning agents and as a disinfectant. In organic synthesis it
has found limited use, primarily as an acid catalyst,120,121 despite its many potential advantages:
inexpensive, non-toxic, stable, non-corrosive, mild acidity, non-odorous, low volatility and of
low molecular weight.122 Prior to reports by Carreira and co-workers, sulfamic acid had never
been employed as a nitrogen source.
Defieber et al. commenced their study of allylic amination with sulfamic acid on traditional
substrates for asymmetric allylic substitution. Employing linear allylic carbonates and Feringa
type phosphoramidite ligands, 77,123,124 no conversion to any amination product was observed.
In changing the nucleofuge to a branched allylic carbonate and subsequently mono-substituted
secondary allylic alcohol, the first promising results were achieved. The observation that a
branched allylic alcohol could directly be employed as the substrate was of great importance.
This substrate class streamlines the process considerably. Firstly branched substrates are easier
to synthesize than linear, through the simple addition of vinyl Grignard to aldehydes, and secondly no extra step of pre-activation of the alcohol is required.
The solvent of choice for these studies was N,N-dimethylformamide to dissolve the sulfamic
acid, which is only soluble in dipolar aprotic solvents such as DMF, DMA or DMSO. To further optimize the process, other ligand structures were investigated. Building on the interest in
alkene based ligands in transition-metal catalysis,125,126,127,128,129 P,alkene ligand 122 was invesB. M. Trost, Angew. Chem., Int. Ed. in English 1995, 34, 259.
C. Defieber, M. A. Ariger, P. Moriel, E. M. Carreira, Angew. Chem., Int. Ed. 2007, 46, 3139.
120 B. Wang, Y. Gu, C. Luo, T. Yang, L. Yang, J. Suo, Tetrahedron Lett. 2004, 45, 3369.
121 J. S. Yadav, H. Ather, P. P. Rao, R. S. Rao, K. Nagaiah, A. R. Prasad, Catal. Commun. 2006, 7, 797.
122 N. Nonose, M. Kubota, J. Anal. Atom. Spectrum. 1998, 13, 151.
123 B. L. Feringa, Acc. Chem. Res. 2000, 33, 346.
124 J. F. Teichert, B. L. Feringa, Angew. Chem., Int. Ed. 2010, 49, 2486.
125 C. Defieber, H. Grützmacher, E. M. Carreira, Angew. Chem., Int. Ed. 2008, 47, 4482.
126 C. Fischer, C. Defieber, T. Suzuki, E. M. Carreira, J. Am. Chem. Soc. 2004, 126, 1628.
127 C. Defieber, J.-F. Paquin, S. Serna, E. M. Carreira, Org. Lett. 2004, 6, 3873.
128 J.-F. Paquin, C. Defieber, C. R. J. Stephenson, E. M. Carreira, J. Am. Chem. Soc. 2005, 127, 10850.
118
119
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tigated in the substitution process (Scheme 51). The new (P,alkene)-Ir catalytic system allowed
for the full conversion of branched allylic alcohol to primary, branched allylic amine with complete regioselectivity (b/l: >99/1). Furthermore, no overalkylation to di- or triallylamine observed with only one equivalent of nitrogen source.

Scheme 51: First (P,Alkene)-Ir-Catalyzed Allylic Amination with Sulfamic Acid

P,alkene ligand 122 can easily be synthesized via different converging routes. Traditionally,
biphenol is reacted with phosphorous trichloride and the resulting chlorophoshite 123 is reacted with lithiated iminostilbene (Scheme 52, a). 130 Opposite to this, dichlorophosphineiminostilbene 124 can be synthesized first and subsequent addition of biphenol will equally
yield phosphoramidite-olefine ligand 122 (Scheme 52, b).131

Scheme 52 Synthesis of P,Alkene Ligand 122

The (P,alkene)-Ir-catalyzed allylic amination enabled the synthesis of differently substituted
primary branched allylic amines. A salient feature of the reaction was the ability to in situ “proJ.-F. Paquin, C. R. J. Stephenson, C. Defieber, E. M. Carreira, Org. Lett. 2005, 7, 3821.
C. R. Smith, D. Mans, T. V. RajanBabu, Org. Synth. 2008, 85, 238.
131 A. Alexakis, D. Polet, S. Rosset, S. March, J. Org. Chem. 2004, 69, 5660.
129
130
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tect” the primary amines as the hydrochloride salts, benzamides, Boc-carbamates or
trifluoroacetamides (Table 1). This protection simplifies the isolation of low-molecular-weight
products and the purification of the notoriously polar primary amines. Different racemic aliphatic and aromatic allylic amines in various protected forms were synthesized in good yields.
Additionally an asymmetric version with a BINOL derived P,alkene ligand was reported by
Defieber et al. with 70% yield and e.r. of 85:15 (Scheme 53).119
Table 1: (P,Alkene)-Ir-Catalyzed Synthesis of racemic Allylic Amination

This novel transformation offers many advantages over existing allylic substitution protocols. Sulfamic acid is an inexpensive efficient amine source and the new P,alkene ligand 122 enables the iridium-catalyzed allylic substitution of branched allylic alcohols with complete
branched/linear selectivity. The ability to directly use the easily accessible secondary allylic
alcohol instead of requiring linear allylic carbonates offers great advantages in light of step- and
atom economy.118,132

132

P. A. Wender, V. A. Verma, T. J. Paxton, T. H. Pillow, Acc. Chem. Res. 2007, 41, 40.
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Scheme 53: First enantioselective Allyic Amination with Sulfamic Acid

2.2 Studies on Enantiospecific Amination
with the initial aim of this study was to re-examine the (P,alkene)-iridium-catalyzed allylic
amination with sulfamic acid. Two orthogonal entries to enantiomerically enriched allylic
amines were sought. Taking advantage of the stereocenter in the allylic alcohol a stereospecific
transformation was pursued.133 In parallel, research on an efficient enantioselective version was
established (Scheme 53) (see 2.4).134
Only a few different general approaches have been developed to synthesize enantiomerically
enriched allylic amines. In addition to the enantioselective allylic amination reactions135 only
one other method had emerged for the synthesis of optically active allylic amines: the
enantioselective addition of organometallic reagents to imines yielding allylic amines in high
enantiopurity.136,137,138 The enantioselective allylic substitution processes rely on linear allylic
esters,139,140 alcohols,141 or carbonates142 as electrophiles. Conversely, numerous methods have
been reported that employ various catalysts and approaches for the asymmetric synthesis of
enantiomerically enriched allylic alcohols: addition and reduction reactions like the

M. Roggen, E. M. Carreira, J. Am. Chem. Soc. 2010, 132, 11917.
M. Lafrance, M. Roggen, E. M. Carreira, Angew. Chem., Int. Ed. 2012, 51, 3470.
135 M. Johannsen, K. A. Jorgensen, Chem. Rev. 1998, 98, 1689.
136 T. Kochi, J. A. Ellman, J. Am. Chem. Soc. 2004, 126, 15652.
137 A. A. Boezio, A. B. Charette, J. Am. Chem. Soc. 2003, 125, 1692.
138 P. Wipf, C. R. J. Stephenson, Org. Lett. 2003, 5, 2449.
139 T. Ohmura, J. F. Hartwig, J. Am. Chem. Soc. 2002, 124, 15164.
140 B. M. Trost, R. C. Bunt, J. Am. Chem. Soc. 1994, 116, 4089.
141 Y. Yamashita, A. Gopalarathnam, J. F. Hartwig, J. Am. Chem. Soc. 2007, 129, 7508.
142 a) C. A. Kiener, C. Shu, C. Incarvito, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125, 14272. b) L. M. Stanley, J.
F. Hartwig, J. Am. Chem. Soc. 2009, 131, 8971. c) S. Spiess, C. Welter, G. Franck, J.-P. Taquet, G. Helmchen,
Angew. Chem., Int. Ed. 2008, 47, 7652. d) T. Nemoto, S. Tamura, T. Sakamoto, Y. Hamada, Tetrahedron: Asymmetry 2008, 19, 1751. e) C. Shi, I. Ojima, Tetrahedron 2007, 63, 8563. f) O. V. Singh, H. Han, J. Am. Chem. Soc.
2007, 129, 774. g) J. W. Faller, J. C. Wilt, Org. Lett. 2005, 7, 633. h) K. Tissot-Croset, D. Polet, A. Alexakis,
Angew. Chem., Int. Ed. 2004, 43, 2426. i) D. B. Bekowitz, G. Maiti, Org. Lett. 2004, 6, 2661. j) Y. Matsushima,
K. Onitsuka, T. Kondo, T.-a. Mitsudo, S. Takahashi, J. Am. Chem. Soc. 2001, 123, 10405.
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enantioselective addition of vinyl-metal reagents to aldehydes143,144,145 or enantioselective ketone reduction;146 various substitution protocols for the multistep isomerisation of linear allylic
alcohols into enantiomerically enriched secondary allylic alcohols147,148 and lipase resolution as a
biological process149,150,151,152,153 all form enantiomerically enriched allylic alcohols in high efficiency.
With an imbalance between enantioselective syntheses for allylic amines and allylic alcohols
a new method to access enantiomerically enriched allylic amines via the stereospecific displacement of enantiomerically enriched allylic alcohols was envisioned. Optically enriched allylic alcohols can easily be accessed via biocatalysis 154 and should undergo (P,alkene)-Ir-catalyzed
allylic substitution with sulfamic acid to form primary, branched allylic amines with conservation of optical purity (Scheme 54).

Scheme 54: Proposed Stereospecific Allylic Amination-catalyzed by (P,Alkene)-Iridium Catalysis

2.2.1

Precedent of Iridium-Catalyzed Enantiospecific Allylic
Substitution

Transition metal-catalyzed stereospecific allylic substitutions have precedence in the literature. Allyliron and allylrhodium complexes are known to undergo slow isomerisation. There-

D. Tomita, R. Wada, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2005, 127, 4138.
I. Sato, N. Asakura, T. Iwashita, Tetrahedron: Asymmetry 2007, 18, 2638.
145 W. Oppolzer, R. N. Radinov, Tetrahedron Lett. 1988, 29, 5645.
146 N. Arai, K. Azuma, N. Nii, T. Ohkuma, Angew. Chem., Int. Ed. 2008, 47, 7457.
147 I. Lyothier, C. Defieber, E. M. Carreira, Angew. Chem., Int. Ed. 2006, 45, 6204.
148 M. Gaሷrtner, S. Mader, K. Seehafer, G. Helmchen, J. Am. Chem. Soc. 2011, 133, 2072.
149 C.-H. Wong, G. M. Whitesides, Enzymes in Organic Chemistry; Pergamon: Oxford, 1994.
150 K. Drauz, H. Waldmann, Enzyme Catalysis in Organic Synthesis; Wiley-VCH: Weinheim, 1995.
151 K. Faber, Biotransformations in Organic Chemistry, 5th ed.; Springer: Berlin, 2004.
152 A. Ghamen, H. Y. Aboul-Enein, Tetrahedron: Asymmetry 2004, 15, 3331.
153 K. Bogar, P. H. Vidal, A. R. A. Leon, J.-E. Baeckvall, Org. Lett. 2007, 9, 3401.
154 All allylic alcohols in this study were enantiomerically enriched by kinetic resolution by Novozyme 435. A
lipase acrylic resin from Candida antarctica.
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fore iron155 and rhodium156,157,158,159,160 catalysts with achiral ligand scaffold have been employed
in stereospecific substitution reactions (1.3). For iridium-catalyzed processes Helmchen reported in 1999161 that allylic alkylation of enantiomerically enriched allylic acetate proceeded with
an enantiospecificity (e.s. = (eeproduct/eesubstrate)•100)162 of 56% when achiral triphenylphosphate
was used as a ligand. This result indicates that the intermediate allyliridium complex isomerizes
slowly on the timescale of the allylic substitution process (1.5.1). Furthermore Helmchen163 and
P. A. Evans156 have demonstrated that with the right choice of phosphate ligand the isomerisation process can be inhibited for allyl-iridium and allyl-rhodium complexes, respectively.

Scheme 55: Schematic Representation of considered Isomerisation Process in Iridium-Catalyzed Allylic
Amination

In Scheme 55, considerations about a possible allyliridium isomerisation mechanism in the
allylic amination of alcohol 106 with sulfamic acid are depicted. This mechanism closely resembles the DYKAT mechanism164 of palladium-catalyzed allylic substitution reaction.165 The insight taken from Scheme 55 is that the rate of isomerisation had to be sufficiently slowed down
that it would not compete with the rate of nucleophilic attack by sulfamic acid; kNu(S) = kNu(R) >>
k1, k2, k3, k4. The rates of nucleophilic attack kNu(S) and kNu(R) will be identical as these π-allyl
Y. Xu, B. Zhou, J. Org. Chem. 1987, 52, 974.
P. A. Evans, J. D. Nelson, J. Am. Chem. Soc. 1998, 120, 5581.
157 P. A. Evans, D. K. Leahy, J. Am. Chem. Soc. 2000, 122, 5012.
158 P. A. Evans, J. E. Robinson, K. K. Moffett, Org. Lett. 2001, 3, 3269.
159 P. A. Evans, D. K. Leahy, J. Am. Chem. Soc. 2002, 124, 7882.
160 P. A. Evans, K. W. Lai, H.-R. Zhang, J. C. Huffman, Chem. Commun. 2006, 844.
161 B. Bartels, G. Helmchen, Chem. Commun. 1999, 741.
162 Enantiospecificity has been used to describe the conservation of optical purity over the course of stereospecific reactions: S. E. Denmark, M. T. Burk, A. J. Hoover, J. Am. Chem. Soc. 2010, 132, 1232
163 B. Bartels, C. García-Yebra, F. Rominger, G. Helmchen, Eur. J. Inorg. Chem. 2002, 2002, 2569.
164 K. Faber, Chem. – Eur. J. 2001, 7, 5004.
165 J. W. Faller, J. C. Wilt, Organometallics 2005, 24, 5076.
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species constitute enantiomers of each other. This is opposite to the diastereomeric allyliridium
complexes employed in enantioselective reaction. The difference arises from the use of racemic
ligand 122. The biphenol scaffold has such a low inversion barrier that the (P,alkene)-Ir complex can be treated as an achiral catalyst. The merit of this mechanistic proposal is discussed in
depth in 5.1, although for the subsequent optimization process it is a good mnemonic.

2.2.2

Effect of Ligand and Solvent on Enantiospecificity

To facilitate workup and to monitor the enantiospecificity of the process it was convenient to
in situ protect the allylic amine 131 as its benzamide 128. DMF was the solvent of choice for
the previously reported racemic version of the (P,alkene)-Ir-catalyzed allylic amination. In accordance with the proposed Vilsmeier-like-activation mechanism by Defieber et al.119 and to dissolve the sulfamic acid, DMF was always employed as a co-solvent when effects of other solvents were tested.
On the outset of the optimization study the effect of different ligands and solvents on the
enantiospecificity was investigated. As Helmchen163 and P. A. Evans156 had reported considerable ligand effects on enantiospecificity, different ligands were screened for their influence on
conservation of enantiomeric excess (Table 2).
Table 2: Ligand Effect on Enantiospecific Allylic Amination

Entry
1
2
3
4
5
6[c]

Ligand
122[a]
122
P(OPh)3
P(2-Fur)3
122 / P(OPh)3[b]
122

e.s. [%]
20
48
0
0
46
41

Yield [%]
70
60
13
13
33
20

[a] 5.0 mol% ligand. [b] 5.5 mol% of each ligand.
[c] [Rh(cod)Cl]2 used instead of [Ir(cod)Cl]2.

Initially 5 mol% of ligand 122 were used. This is in line with the reported conditions of the
initial work from our group119 and constitutes a metal to ligand ratio of one to one (M/L: 1:1).
Some conservation of enantiomeric ratio and good yields were observed (70%, e.s.: 20%; Table
2, entry 1). Changing the metal to ligand ratio to one to two (M/L: 1:2) a dramatic increase in
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enantiospecificity to 48% e.s. was observed (Table 2, entry 2). Testing other ligands, it became
apparent that the P,alkene ligand 122 is superior in promoting the allylic amination with
sulfamic acid. Triphenylphosphate, employed by Helmchen in his stereospecific allylic substitutions,163 when used as a ligand, did lead to complete racemization of the stereocenter and allylic
amide 128 was isolated as a racemate in very low yield (Table 2, entry 3). Krische reported that
tri-2-furylphosphine forms tight allyliridium complexes and it was reasoned that this could
have a positive effect on enantiospecificity. Again, 128 was isolated as a racemate in very low
yield (Table 2, entry 4). Having observed the unique ability of P,alkene ligand 122 to promote
the allylic amination with sulfamic acid, a ligand combination was investigated. Based on work
by Reetz,166 a ligand combination of 122 (M/L: 1:1); for its capability to promote the amination
reaction, and triphenylphosphate (M/L: 1:1); for its proven capacity to support
enantiospecificity, was envisioned to improve both the enantiospecificity and yield. However, on
inspection of the reaction outcome, no improvement in enantiospecificity was observed and the
yield suffered instead (33%, e.s.: 46%; Table 2, entry 5). Changing the pre-catalyst for
cyclooctadiene rhodium chloride dimer, inspired by work of P. A. Evans,156 did not show any
improvement to the system (20%, e.s.: 41%; Table 2, entry 6).
Having established that P,alkene ligand 122 in an iridium to ligand ratio of one to two is
crucial for the successful stereospecific allylic amination, other factors to the reaction outcome
were studies as handles for improvement. On close inspection of the mechanistic proposal
(Scheme 55), a solvent change for a nonpolar system was considered to have positive influence
on the enantiospecificity.
Table 3: Solvent Effect on Enantiospecific Allylic Amination

Entry
1
2
3
4

Solvent
THF
i
Pr2O
CCl4
PhMe

e.s. [%]
48
66
57
80

Yield [%]
60
33
19
61

To facilitate a stereospecific transformation of allylic alcohol into allylic amine the rate of
nucleophilic attack, kNu(S) or kNu(R), has to be faster than the isomerisation of the allyliridium
166

M. T. Reetz, O. Bondarev, Angew. Chem., Int. Ed. 2007, 46, 4523.
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complex, k1, k2, k3 and k4. Therefore a destabilization of these complexes should be beneficial.
The allyliridium complexes, η1 (σ-allyl) and η3 (π-allyl), are cationic species, which are stabilized
by polar solvents. A short solvent screen confirmed the assumption made above and indeed
apolar solvents improve the stereospecificity considerably. While polar nonprotic solvent THF
delivered allylic amide 128 with an e.s. of 48% (Table 3, entry 1) a change to nonpolar aprotic
di-iso-propyl ether or carbon tetrachloride improved the enantiospecificity to 66% and 57% respectively, although at diminished yields (Table 3, entries 2, 3). The best result was observed
with toluene as solvent (Table 3, entry 4). With comparable yields of 61% to the initial conditions now an e.s. of 80% was achieved. Using toluene as solvent the addition of 5 equivalents of
DMF as a co-solvent was required for the solvation of sulfamic acid.

2.2.3

Additive Effect

Having established that the P,alkene ligand 122 and nonpolar solvent toluene are optimal for
the iridium-catalyzed stereospecific allylic amination with sulfamic acid, further efforts to improve conditions for a better conservation of optical purity and higher yields were undertaken.
Remarkable anion effects on regio-167 and enantioselectivity168 have been reported for transition
metal-catalyzed allylic substitution processes. Thus the effect of various alkali halogen salts was
examined. Upon the addition of catalytic amounts of lithium iodide, an increase to an
enantiospecificity of 90% was observed (Table 4, entry 2). It was postulated that a nonpolar solvent environment was beneficial for the stereospecificity of the reaction. This was confirmed
with a test reaction that included the addition of water (Table 4, entry 3). The enantiospecificity
decreased to 70%. As sulfamic acid is hydroscopic the addition of water to the reaction setup
cannot be excluded. Therefore, the addition of molecular sieves for in situ water trapping was
explored for further additive screening. The addition of other lithium halogen salts, lithium
chloride and lithium bromide, did not have a profound influence on e.s. but were detrimental for
the overall yield of the reaction (Table 4, entries 4, 5). The addition of any iodine salt was advantageous to the enantiospecificity and lithium iodide was found to be the highest yielding additive in combination with molecular sieves (Table 4, entries 6 - 11). Crystallographic studies
show that the LiI leads to a halogen exchange on the iridium catalyst to form (P,alkene)-iodineiridium complex 253 (5.2.3.2 & 5.2.3.3).

167
168

M. Kawatsura, Y. Uozumi, T. Hayashi, Chem. Commun. 1998, 217.
U. Burckhardt, M. Baumann, A. Togni, Tetrahedron: Asymmetry 1997, 8, 155.
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Table 4: Additive Effect on Enantiospecific Allylic Amination

Entry
1
2
3
4
5
6
7
8
9
10
11

Additive
none
LiI
LiI / H2O[a]
LiCl[b]
LiBr[b]
NaI[b]
KI[b]
CsI[b]
Bu4NI[b]
AgPF6[b]
LiI[b]

e.s. [%]

Yield [%]

80
90
70
94
89
>98
>98
>98
>98
-->98

61
65
60
45
26
43
44
46
65
0[c]
70

[a] 1.0 equiv. of water. [b] 100 mg of 4 Å mol sieves added.
[c] Starting material recovered.

2.2.4

Byproducts

An observed yield of 70% allylic alcohol 106 at full conversion of encouraged the investigation of possible side products. Besides the desired allylic amine product the very apolar ether
132 was isolated (Scheme 56). This ether 132 is a dimer of allylic alcohol 106, and additional
experiments indicated that both stereocenters are of (S)-configuration. It was proposed that the
allylic alcohol substrate, competing with sulfamic acid, acted as a nucleophile on the presumed
allyliridium intermediate.

Scheme 56: Dimer Byproduct of Allylic Amination with Sulfamic Acid

From this consideration of competing nucleophiles, it was hoped that a reduction in allylic
alcohol concentration or increase in sulfamic acid concentration would have a beneficial influence on the yield of allylic amide 128. Unfortunately, using a syringe pump to slowly add of
allylic alcohol 106 or an increase of sulfamic acid up to 2.5 equivalents did not lead to any im-
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provement in the yield of allylic amide and/or reduction of dimer yield. Nevertheless, having
identified the dimer opened the possibility of using common alcohols as nucleophiles (3.1.2).

2.3 Substrate Scope
Using the optimized conditions shown in Table 4, entry 11, with 10 mol% of lithium iodide
and 100 mg of powdered molecular sieves and (P,alkene)-iridium catalyst in a DMF/toluene
solvent mixture, the scope of the reaction was investigated. A range of aromatic allylic alcohols
and some aliphatic allylic alcohols were tested on a 1 mmol scale (Table 5). For all tested substrates in the (P,alkene)-Ir-catalyzed allylic amination, no overalkylation of the intermediate
allylic amine was noted (i.e. no di- or triallylated amines were observed). Also no regioisomeric,
linear allylic amides were identified in crude reaction mixtures.
Table 5: Scope of (P,Alkene)-Ir-Catalyzed Allylic Amination of branched Allylic Alcohols

Me

NH3Cl

NHBz

NHBz

(S)-102[a]
yield: 67%
e.s.: >98%

(S)-128
yield: 70%
e.s.: >98%

(S)-133
OMe yield: 64%
e.s.: >98%

NHBz

NHBz

NHBz

(S)-135
yield: 61%
e.s.: >98%

(S)-136
yield: 60%
e.s.: 97%

(S)-137
yield: 70%
e.s.: >98%

O

NHBz

NHBz

(R)-134
yield: 64%
OMe e.s.: 94%
NHBz

S

(S)-138
yield: 63%
e.s.: >98%

NHBz

NHBz

(R)-139
yield: 46%[b]
e.s.: 84%

(R)-140
yield: 52%[b]
e.s.: 74%

Me
(R)-126
yield: 63%[b]
e.s.: 96%

[a] HCl work up instead of amide protection. [b] conducted at 50 ˚C.

A variety of aromatic allylic alcohols react at room temperature to the corresponding allylic
amides. Electron rich allylic alcohols reacted in good yields and excellent enantiospecificities to
the respective allylic amide (Table 5, 133, 134). Ortho-Toluene and heteroarenes also reacted
with good yields and excellent enantiospecificities (Table 5, 135, 137, 138). For aliphatic allylic
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alcohol substrates, the reaction temperature had to be raised to 50 ˚C to promote full conversion. The corresponding allylic amides were isolated in moderate to good yields with good to
excellent enantiospecificities (Table 5, 126, 139, 140). The free allylic amine was also isolated
as a hydrochloride salt in perfect enantiospecificity and good yield (Table 5, 102). This reaction
was performed on larger scale with 6.0 mmol of allylic alcohol 106.

2.4 Enantioselective Allylic Amination
This project was executed by Dr. Marc Lafrance, a postdoctoral researcher in the Carreira group. The
project ran simultaneously to the studies into enantiospecific allylic amination. The study uncovered interesting mechanistic results and is included for completion of the work into allylic amination.134
The previously reported enantioselective allylic amination using a chiral BINOL derived
P,alkene ligand 119 was re-evaluate (Scheme 53). Allylic alcohol 106 was chosen as test substrate. Similar to the optimization studies into enantiospecific allylic amination (2.2), the product was protected in situ with a benzoyl group to facilitate its isolation, increase the product stability and ease of analysis (Scheme 57). Using our previous conditions (Scheme 53): 2.5 mol%
[Ir(coe)2Cl]2, 5 mol% of ligand 119, 1.2 equiv. of sulfamic acid in DMF at room temperature for
24h; the desired product 128 was isolated in 69% yield and 76% ee (Table 6, entry 1). When
increasing the ligand loading to 10 mol% of 119, the enantioselectivity increased drastically to
96% ee and in 52% yield (Table 6, entry 2).

Scheme 57: Investigation into Enantioselective Allylic Amination

As noted before, the use of DMF was crucial to dissolve sulfamic acid. To study solvent effects on the enantioselective allylic amination reaction, a solvent mixture of 5 equivalents of
DMF and about 1 ml of co-solvent were used. These co-solvents had a profound influence on
both enantioselectivity and yield. With lower polarity solvents (Et2O and toluene) both lower
yields and enantioselectivity were measured (Table 6, entries 4, 11), a result in line with observation made for the enantiospecific allylic amination (2.2.2). Acetonitrile and acetone led to high
enantioselectivity but only in moderate yields (Table 6, entries 3 and 5). Better results were
obtained with chlorinated solvents (DCE, DCM and CHCl3), 1,4-dioxane as well as THF (Table
6, entries 7-10, 12). Industry preferred solvent such as isopropylethyl acetate and 2methyltetrahydrofuran were also suitable co-solvents giving the product in 75% yield, 97% ee
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and 77% yield, 99% ee, respectively (entries 6, 13). It was decided to employ the environmentally friendly 2-methyltetrahydrofuran as the preferred co-solvent for the remaining investigation.
Table 6: Solvent Effects on Enantioselective Allylic Amination
Entry
[a]

1
2
3
4
5
6
7
8
9
10
11
12
13

Co-Solvent
DMF
DMF
MeCN
PhMe
Aceton
i
PrOAc
DCE
DCM
CHCl3
1,4-Dioxane
Et2O
THF
2-MeTHF

ee [%]

Yield [%]

76
96
90
88
98
97
99
97
99
95
82
99
99

69
52
64
73
53
75
88
58
89
83
59
80
77

Conditions as described in Scheme 57. [a] 5 mol% of 119

The influence of different ligand scaffolds was also investigated and parallel to the
enantioselective allylic etherification (Table 11), the BINOL derived ligand 119 showed the best
performance (Table 7). The presence of the alkene moiety on the ligand was demonstrated to be
critical for this transformation. When the ligand was substituted for its saturated analogue 141,
only traces of the product was observed (Table 7, entry 2).
We initially explored different substitutions on the BINOL scaffold. Unfortunately, these
new ligands only gave lower reactivity and enantioselectivity. We decided to replace the chiral
(S)-BINOL backbone with a (R)-SPINOL 169 (142) as well as the more bulky (S)-10,10’dihydroxy-9,9’-biphenanthryl 170 (143) scaffold. Unfortunately, only moderate reactivity and
enantioselectivity were observed for these new ligands (Table 7, entries 3, 4). Finally, when the
ligand was replaced by the commercially available BINAP (144) or (S)-Monophos (145), little
to no products were isolated (Table 7, entries 5, 6). As it was noted for the enantiospecific allylic
amination no linear isomer or over-allylated amine was observed.

a) V.B. Birman, A.L. Rheingold, K.-C. Lam, Tetrahedron: Asymmetry 1999, 10, 125. b) J.-H. Zhang, J. Liao,
X. Cui, K.-B Yu, J. Zhu, J.-G. Deng, S.-F. Zhu, L.-X. Wang, Q.-L. Zhou, L. W. Chung, T. Ye, Tetrahedron:
Asymmetry 2002, 13, 1363.
170 a) C. Cortez, R.G. Harvey, Org. Synth., 1978, 58, 12. b) F. Toda, K. Tanaka, J. Org. Chem. 1988, 53, 3607
169
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Table 7: Ligand Effects on Enantioselective Allylic Amination
Entry

Ligand

ee [%]

1

99

Yield
[%]
77

2

---

<5[a]

3

70

30[b]

4

67

33[b]

5

---

<5[a]

6

93

12[b]

O
P N
O
141

Conditions as described in Scheme 57 with 2-MeTHF.
[a] Recovered starting material. [b] Incomplete conversion.

With the optimized conditions, the substrate scope was investigated (Table 8). Allylic aclohol
106 was reacted on 1 gram scale to give 128 in 68% isolated yield and 99% ee. The intermediate allyic amine could be differentially protected in situ. The free amine was trapped as a tosyl
(146), Fmoc (147) derivative or as a hydrochloric salt (102) in 74, 48 and 56% yield respectively. The enantioselectivity was unaffected. A variety of aromatic allylic alcohols participated in
the enantioselective allylic amination (Table 8). Electron neutral (148, 136, 154), electron rich
(133, 155) and also electron poor (149, 150, 151, 152, 153, 156) allylic amines could be formed
with good yields and good to excellent enantioselectivities from their corresponding allylic alcohol. Heteroaromatic allylic amines were also synthesized (137, 157, 138, 158).

54

Iridium-Catalyzed Allylic Substitution

Table 8: Scope of Enantioselective Allylic Amination for Aromatic Substrates

NH3+Cl-

NHFmoc

NHBz

NHTs

(S)-128
68% yield
99% ee

(S)-146[a]
48% yield
99% ee

(S)-147[b]
74% yield
99% ee

(S)-102[c]
56% yield
99% ee

NHBz

NHBz

NHBz

NHBz

Me

O2N

F3C

MeO2C
(S)-150
74% yield
96% ee

(S)-148
64% yield
97% ee

(S)-149
79% yield
96% ee

NHBz

NHBz

NHBz

NHBz

(S)-152
61% yield
90% ee

Br
(S)-153
67% yield
92% ee

(S)-136
74% yield
92% ee

NHBz

NHBz

NHBz

OMe
(S)-133
85% yield
89% ee

F

NHBz

Cl

O

O

O
(S)-154
58% yield
95% ee

(S)-151
83% yield
99% ee

(S)-155
55% yield
90% ee

(S)-156
62% yield
98% ee
NHBz

NHBz
O

(S)-137
44% yield
85% ee
NHBz

S
S

(S)-138
(S)-157
(S)-158
69% yield
58% yield
55% yield
80% ee
82% ee
81% ee
[a] Protection performed with 4 eq. NEt3 and 2 eq. of TsCl.
[b] Protection performed with 4 eq. NEt3 and 2 eq. of FmocCl.
[c] Treatment of the purified amine with 2M HCl in Et2O.

The above described conditions with a metal to ligand ratio of 1:2 were ineffective for aliphatic substrates. Aliphatic allylic alcohols reacted sluggishly to form products in good
enantioselectivity but low yield. A slight modification of the reaction protocol with a metal to
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ligand ratio of 1:1 improved the yield while still maintaining acceptable enantioselectivities
(Table 9).
Table 9: Scope of Enantioselective Allylic Amination for Aliphatic Substrates

[a] Protection performed with 4 eq. NEt3 and 2 eq. of TsCl.
[b] Protection performed with 4 eq. NEt3 and 2 eq. of FmocCl.
[c] Treatment of the purified amine with 2M HCl in Et2O.

In an attempt to elucidate the reaction mechanism, the reaction was followed by 1H NMR in
DMF-d7. Rapid conversion of the allylic alcohol 165 into the unknown species XXII was noticed, which then slowly converts to the protonated amine 166 as the stable end product
(Scheme 58). In order to understand the formation of XXII, we performed the reaction without
the [Ir(coe)2Cl]2 catalyst. The starting material was partially converted to the sulphate ester
167 after 96h at room temperature (Scheme 59, a). This suggests the formation of the intermediate 167 is iridium-catalyzed. When the allylic alcohol 165 is heated to 50oC in the presence of
DMF-SO3, complete conversion to the sulfonic acid 168 is observed within 1h (Scheme 59, b).
This result is incoherent with the formation of a Vilsmeier-like intermediate as the DMF-SO3
prefers to act at the sulphur as a sulfonating reagent rather than at the carbon. Further, when
substituting the sulfamic acid with potassium sulfamate (NH2SO3K), no product was obtained
and only the allylic alcohol 165 was observed after 24h (Scheme 59, c). These results suggested
the alcohol might be activated through a protonation mechanism171,172 and not through our previously proposed Vilsmeier-like intermediate from DMF-SO3 and the allylic alcohol.

171

S.-C. Yang, Y.-C. Hsu, K.-H. Gan, Tetrahedron, 2006, 62, 3949.
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OH
Ph

2.5 mo
ol% [Ir(coe) 2Cl]2
5 mol%
% 119
1.2 eq
quiv. NH 3SO 3
DMF-d
d7, rt, 24h
f ast
a

165

HSO
O4- NH3 +

Unknown
Intermediate
XXII

sl ow

Ph
166

70% conv.
after 3h

Scheme 58: Examination of allylic amination of 165 by 1H NMR in DMF- d7
a)
OH
Ph
165

5 mol% 119
1.2 equiv. NH 3 SO3
DMF-d 7, rt, 96h
23% conv.

b)
OH
Ph
165

c)
OH
Ph
165

NH 4 + OSO3

Ph
167
N ot observ ed
d ur ing the r eact ion
n

1.5 equiv. DMF-SO 3
DMF-d 7, 50 o C, 1h
100% conv.
2.5 mol% [Ir(coe) 2Cl]2
5 mol% 119
1.2 equiv. NH 2SO 3K
DMF-d7, rt, 24h
No Reaction

OSO3 H
Ph
168
N ot observ ed
d ur ing the r eact ion
n

HSO4- NH3+
Ph
169

Scheme 59:: Investigation into the Allylic Amination with Sulfamic Acid

For examples of transition-metal--catalyzed allylic substitution through activation of allylic alcohol by propr
tonation, see: a) H. Saburi, S. Tanaka, M. Kitamura, Angew. Chem., Int. Ed. 2005, 44,, 1730. b) A.B. Zaitsev, S.
Gruber, P.A. Plüss, P.S. Pregosin, L.F. Veiros, M. Wörle, J. Am. Chem. Soc. 2008, 130,
130 11604. c) A.B. Zaitsev,
S. Gruber, P.S. Pregosin, Chem. Commun. 2007, 4692.
172
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OH
Ph
165

2.5 mol% [Ir(coe)2Cl]2
5 mol% 119
1.2 equiv. NH3SO3

Unknown
Specie
XXII

DMF-d7, rt, 3h
70% conv.

1.2 eq.
NBS
31% yield
O O
S
HN
O
Ph
170

Br

Scheme 60: Chemical Trapping of Unknown Species

We speculated the intermediate to be unstable and opted to trap it chemically. At maximal
formation of the intermediate (3h of reaction time), we rapidly quenched the reaction with 1.2
equivalents of N-bromosuccinimide (NBS). The 1,2,3-oxathiazine 170 was isolated in 31% yield
(Scheme 5). The relative configuration of the 1,2,3-oxathiazine was established by X-ray analysis. This suggests XXII to be the result of the addition of sulfamic acid to the allyl species
through the nitrogen. Eventually it was possible to isolate unknown species XXII. As suggested it is allylic sulfamic acid 171 (Figure 1).

Figure 1: Isolation of Unknown Species XXII

2.5 Conclusion
This reaction demonstrates the first general Ir-catalyzed stereospecific allylic amination of
enantiomerically enriched allylic alcohols. The synthesized allylic amines were isolated as the
hydrochloride salt or in situ protected. This study demonstrated the unique reactivity of the
P,alkene ligand 122 in the allylic substitution of branched allylic alcohols. Lithium iodide was
identified as a moderator of enantiospecificity and spectroscopic studies identified iodide as a
ligand to iridium (5.2).
A by-product to the allylic amination was identified to be the ether product of a homocoupling. This dimer product is thought to arise by a nucleophilic attack of the allylic alcohol
106 on an allyliridium intermediate. This observed reactivity offers the opportunity for the extension of (P,alkene)-Ir-catalyzed allylic substitution to other nucleophiles (3.3 & 4.3).
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The allylic amination protocol was extended to an enantioselective version, employing a
BINOL derived P,alkene ligand 119. Preliminary mechanistic studies have shed light on the
involvement of possible intermediates in the allylic substitution reaction.
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3
3 Enantioselective
Allylic Etherification
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3.1 Iridium-Catalyzed Allylic Substitution with Oxygen
Nucleophiles
3.1.1

Introduction

Allylic etherification has been a difficult transformation to establish because alcohols are poor
nucleophiles for such substitutions. The basicity of aliphatic alcohols can lead to elimination processes and catalyst deactivation. Therefore, aromatic alcohols are employed as lithium
phenoxides in the iridium-catalyzed allylic substitution reaction. 173 Aliphatic alkoxides proved
problematic for the development of an enantioselective allylic substitution. The basicity hampered the reaction and had to be moderated by addition of copper salts.174 These softer copper
alkoxides were employed by Shu and Hartwig to enable allylic etherification of a variety of allylic
carbonates in high yields and enantioselectivities (Scheme 61, a). A different approach for allylic
etherification was chosen for this study. A highly enantioselective allylic substitution reaction
with potassium silanolates as nucleophiles was deceloped.175 These silyl ethers products can be
easily cleaved to access chiral allylic alcohols (Scheme 61, b).

Scheme 61: Iridium-Catalyzed Allylic Etherification under Basic Conditions

The direct use of alcohols as nucleophiles was reported by Ueno and Hartwig in 2008.176 In
their protocol, K3PO4 was used as a base to activate the alcohol group for nucleophilic attack.
Olefin isomerisation to a vinyl ether side product was prevented by the addition of an alkyne, a
F. López, T. Ohmura, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125, 3426.
C. Shu, J. F. Hartwig, Angew. Chem., Int. Ed. 2004, 43, 4794.
175 I. Lyothier, C. Defieber, E. M. Carreira, Angew. Chem., Int. Ed. 2006, 45, 6204.
176 S. Ueno, J. F. Hartwig, Angew. Chem., Int. Ed. 2008, 47, 1928.
173
174
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potential poison to isomerisation processes (Scheme 61, c). Nevertheless, base free allylic substitution reactions with alcohol nucleophiles has not been reported.

3.1.2

Side Product in (P,Alkene)-Ir-Catalyzed Allylic Amination

During the studies of the stereospecific allylic amination with sulfamic acid (2.2.4) it was observed that a by-product in the reaction was an ether dimer 132, resulting from attack of allylic
alcohol substrate 106 on the proposed allyliridium intermediate (Scheme 62). The amine formation could be suppressed and ether 132 was isolated as sole product when DMF was omitted
as a co-solvent. In the allylic amination, DMF had been used to dissolve the sulfamic acid in toluene.

Scheme 62: Observation of Allylether By-Product

Having observed that allylether formation is possible for the homo-coupling of allylic alcohol
106, a test reaction showed that the hetero-coupling of two different alcohols is also possible.
When using the standard conditions for stereospecific allylic amination, omitting the DMF cosolvent, and adding ten equivalents of methanol, methyl-allylether 30 was observed (Scheme 63).

Scheme 63: Observation of Allylic Etherification with Methanol

The observation of dimer 132, and the successful formation of allylic ether 30, prompted the
examination of the allylic etherification reaction. Such a reaction would be with little precedence
as the selective coupling of two unactivated alcohols under non-basic conditions has not been
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reported before. Furthermore, the use of branched allylic alcohol, without prior activation as its
carbonate or ester offers synthetic advantages over existing protocols.

3.2 Studies on Enantioselective Allylic Etherification
Iridium-catalyzed allylic etherification generally requires the use of activated linear allylic
electrophiles (carbonates, esters and chlorides) and activated alcohol nucleophiles.177 This activation can either be prior to addition173,174,178 (ROM: M = Li, Na, Cu and (RO)2Zn) or in situ with a
base additive176,179,180 (ROH + K3PO4, guanidine or Et3N). The direct use of alcohols as both electrophile and nucleophile under non-basic conditions constitutes a number of challenges. As described above, alcohols are commonly not good enough to act as nucleophiles for allylic substitutions. Even more important, selectivity problems arise. The allylic alcohol is designated to be the
electrophile but its alcohol group can also act as nucleophile, as it was observed in the seed experiment for this project (Scheme 62). Potentially, the optimization of the substrate equivalents will
be of assistance to force hetero-coupling. Initially, the role of sulfamic acid was not clear, but the
employed reaction conditions were non-basic in contrast to other reported procedures.

3.2.1

Brønsted Acid Promoter

As described in Scheme 63 the allylic etherification works best without the addition of DMF.
This result leads to the question of what role the sulfamic acid plays. Sulfamic acid does not dissolve in toluene, leading us to question if it might infignificant for the allylic etherification reaction. Although, when sulfamic acid was omitted no reaction was observed (Table 10, entries 1, 2).
We postulated that the sulfamic acid not only is the source of nitrogen for the allylic amination,
but also the activator of the allylic alcohol in any allylic substitution reaction. Consequently, a
range of Brønsted acids were screened as activators of allylic etherification, because tests had
shown that sulfamic acid acidifies the reaction mixture.

a) Trost, B. M.; Lee, C. in Catalytic Asymmetric Synthesis, 2nd Ed. (Ed.: I. Ojima) Wiley, New York,
2000, 593; b) Pfaltz, A.; Lautens, M. in Comprehensive Asymmetric Catalysis I-III (Eds.: E. N. Jacobsen,
A. Pfaltz, H. Yamamoto), Springer, Berlin, 1999, 833.
178 A. Leitner, C. Shu, J. F. Hartwig, Org. Lett. 2005, 7, 1093.
179 C. Welter, A. Dahnz, B. Brunner, S. Streiff, P. Dübon, G. Helmchen, Org. Lett. 2005, 7, 1239.
180 M. Kimura, Y. Uozumi, J. Org. Chem. 2006, 72, 707.
177
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Table 10: Identification of Brønsted Acid Promoter

Entry
1
2
3
4
5
6
7
8
9

Acid
H3NSO3
none
AcOH
ClCH2CO2H
BzOH
CSA
HCO2H
4-NO2C6H4CO2H
3-ClC6H4CO2H

pKa
1.0
--4.8
2.9
4.2
-2.6
3.8
3.4
3.8

Conv. [%]
75
0
<5
>95
0
decomp.
>95
>95
90

Ratio 30 / 132
2/1
n/a
n/a
6/1
n/a
n/a
>20 / 1
1/0
>20 / 1

Other Brønsted acids also promoted the allylic etherification reaction. Acids promoters were
found to be competent in the narrow pKa range of 3.4 to 3.9. Higher pKa values for acids, similarly to the absence of any acid, resulted in the lack of any transformation (Table 10, entries 3, 5).
When acids with low pKa values where used, in this case camphor-sulfonic acid, complete decomposition to unidentifiable compounds was observed (Table 10, entry 6). The best Brønsted acids
for the allylic etherification process were found to be formic acid, para-nitro benzoic acid and meta-chloro benzoic acid (Table 10, entries 7, 8, 9).

3.2.2

Enantioselective Allylic Substitution

For the current allylic etherificationm, an enantioselective transformation was pursued. In one
transformation, both the ether linkage and the stereocenter was set (Scheme 64). To enable an
enantioselective transformation, a chiral ligand for the (P,alkene)-Ir complex was introduced.
Building on the ligand design by Defieber et al.181, a BINOL derived ligand scaffold was used as
the stereogenic element of the ligand molecule.

181

C. Defieber, M. A. Ariger, P. Moriel, E. M. Carreira, Angew. Chem., Int. Ed. 2007, 46, 3139.
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Scheme 64: Enantioselective Allylic Etherification

In the following optimization studies, 5 equivalent of benzyl alcohol were used. The benzyl
allyl ether 108 is easier to analyze spectroscopically then methyl ether 30. Testing a range of
P,alkene ligands, early on a few conclusions could be drawn, for example that the alkene moiety
of the ligand was required for the reaction to proceed (Table 11). BINOL derived P,alkene ligand
119 gave the best result with 50% conversion and an excellent enantioselectivity (e.r.: 98:2)
(Table 11, entry 1). As was already observed in the (P,alkene 122)-Ir complex (5.2.3), the alkene
moiety is crucial for catalyst formation. No conversion was observed when reduced ligand 141
was used (Table 11, entry 2). Other BINOL derived backbones with bromine substitutents at various positions of the bicyclic ring system, 174 and 175, were found to lead to a decrease in rate
(Table 11, entries 3, 4). Substituting the alkene moiety inhibited the reaction dramatically (Table
11, entry 5). Other chiral backbones did not show any improvement over BINOL derived ligand
119 (Table 11, entries 6, 7). As a control experiment, the reaction was also tested without added
ligand. No conversion was observed and the starting material was re-isolated quantitatively.
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Table 11: Different Ligand Backbones for Enantioselective Allylic Etherification

Entry
1

Ligand

Conv. [%]
50

e.r.
98:2

2

0

n/a

3

<5

n/a

4

20

>99:1

5

<5

n/a

6

26

98:2

7

0

n/a

To further improve the conversion, yield and enantioselectivity, the ligand 119 was used in a
screen of different solvents with the most promising acid promoters (Table 12). The reactions
were conducted at 50 ˚C to enhance conversion.
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Table 12: Further Optimization of Reaction Conditions

Entry
1
2
3
4
5[a]
6[b]
7[c]
8
9
10

Acid
HCO2H
HCO2H
HCO2H
HCO2H
HCO2H
HCO2H
HCO2H
4-NO2C6H4CO2H
ClCH2CO2H
3-ClC6H4CO2H

Solvent
Toluene
THF
Et2O
DCE
DCE
DCE
DCE
DCE
DCE
DCE

Conv. [%]
60
50
0
73
60
0
0
74
39
>95

e.r.
92.5:7.5
81.5:18.5
n/a
87.0:13.0
87.5:12.5
n/a
n/a
89.5:10.5
97.0:3.0
98.5:1.5

[a] 10 mol% LiI added. [b] [Rh(cod)Cl]2 as pre-catalyst.
[c] RuCp*(CN)3PF6 as pre-catalyst.

Using formic acid to optimize the solvent system, DCE was identified as the best solvent to
promote high enantioselectivity at high conversion of allylic alcohol 106 (Table 12, entries 1 - 4).
The previously used LiI did not lead to a change in enantioselectivity (Table 12, entry 5). Other
transitions metals catalysts did not yield any product, further confirming the special properties of
the (P,alkene)-Ir complex (Table 12, entries 6, 7). Other acids positively influenced either yield or
enantioselectivity. Para-nitro benzoic acid slightly improved the yield of 74% (Table 12, entry 8).
Chloroacetic acid lead to a reduced yield for the allylic etherification of 39%, albeit with an improved enantioselectivity of e.r.: 97.0:3.0 (Table 12, entry 9). With DCE, meta-chloro benzoic acid
was the best promoter of the enantioselective allylic etherification, yielding product 108 in 98%
with an enantiomeric ratio of 98.5:1.5 (Table 12, entry 10).

3.2.3

Reaction Robustness

Having identified optimized conditions, employing meta-chloro benzoic acid as promoter in
DCE at 50 ˚C, with (P,alkene) ligand 119 and an iridium pre-catalyst, some selected conditions
were evaluated with a detailed study. The previously discussed selectivity problem between homo- and hetero-coupling prompted the use of 5 to 10 equivalents of alcohol nucleophile (Table
13). Using only 1.5 or 3 equivalents of benzyl alcohol, a significant amount of dimer 132 was observed (Table 13, entries 1, 2). When using a large excess of alcohol nucleophile (20 equivalents
of benzyl alcohol), the reaction was inhibited and allylic substrate was re-isolated (Table 13, entry 5). Using a syringe pump for slow addition of allylic alcohol to keep the concentration low
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relative to alcohol nucleophile did not fully suppress formation of dimer 132 (Table 13, entry 6).
Five equivalents was the optimal amount of alcohol nucleophile to prevent dimer formation
(Table 13, entry 4). Linear benzyl allyl ether was never observed in this study.
Table 13: Effect of Alcohol Equivalents on Selectivity

Entry
1
2
3
4
5
6[a]

BnOH Equiv.
1.5
3
4
5
20
1

Ratio 30 / 132
1 / 0.6
1 / 0.2
1 / 0.2
1/0
no reaction
1 / 0.1

[a] syringe pump addition of 106

Although the role of acid additive was not conclusively established in the allylic etherification
study (see 5.3 & 5.5 for explanation on the role of acid promoter), the ratio of required additive
was investigated. The amount of meta-chloro benzoic acid could be reduced to 50 mol% without
affecting reaction rate. Reactions with less acid then iridium catalyst proceeded at a slow rate,
unpractical for routine use. One or more equivalent of acid did yield product in comparable yields
but the excessive use of solid additive was dismissed under atom economical considerations. The
robustness of the allylic etherification was also investigated. The reaction is commonly executed
in oven-dried glassware under an Argon atmosphere with dried solvents. When using technical
grade solvents at ambient atmosphere, the reaction occured with minimal loss of
enantioselectivity (Scheme 65). Moreover, (P,alkene)-Ir complex 179 was independently prepared
using ligand 119 and [Ir(cod)Cl]2 pre-catalyst and crystallized prior to use.182 Employing complex 179 as the sole catalyst in the allylic etherification reaction led to identical yield and
enantioselectivity (Scheme 65). This result indicates that complex 179 is catalytically active.

182

See 5.2.2.4 & 5.2.3.4 for further characterization of complex 179.
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Scheme 65: Robustness and Catalytic Competence of (P,Alkene)-Iridium

3.3 Substrate Scope
Using the optimized conditions, the substrate scope was investigated (Table 14).183 Different
alcohol nucleophiles could be used in the reaction. All alcohol nucleophiles yielded their corresponding allylic ether product in high yield with excellent enantioselectivity (108, 180, 181).
Para-Methoxy benzyl alcohol formed the corresponding allylic ether 182 in high yield and
enantioselectivity, offering another entry to enantiomerically enriched allylic alcohols.175 A variety of allylic alcohol electrophiles proved to be excellent substrates for this transformation. Electron rich (185, 186), electron poor (189), sterically hindered (184) and heteroaromatic substrates
(187, 188) all reacted with good to excellent yields and generally high enantioselectivities. Aliphatic allylic alcohols also reacted well in the allylic etherification reaction (190, 191, 192). Ester
193 offers an alternative to enantioselective aldol addition reactions.

183

M. Roggen, E. M. Carreira, Angew. Chem., Int. Ed. 2011, 50, 5568.
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Table 14: Scope of (P,Alkene)-Ir-Catalyzed Allylic Etherification

Bn

Me

O

108, 98%
e.r.: 98.5:1.5
PMB

30, 36%
e.r.: 98.0:2.0
Bn

O

182, 97%
e.r.: 99.0:1.0
Bn

Bn

OMe
186, 99%
e.r.: 99.5:0.5
Bn
Bu
190, 98%
e.r.: 93.0:7.0

3.3.1

Bn

O

Me
184, 70%
e.r.: 99.5:0.5
Bn

Bn

O

Bn

O

O

F
189, 65%
e.r.: 98.0:2.0
Bn
O
O

O

Ph

O

OMe
185, quant.
e.r.: 97.0:3.0

188, 56%
e.r.: 96.0:4.0
Bn

O

181, 85%
e.r.: >99.5:0.5

N
Boc

187, 95%
e.r.: 97.5:2.5

O

Bn

O

O

iPr

O

180, 65%
e.r.: 99.0:1.0

O

183, 98%
e.r.: 99.5:0.5

O

Et

O

EtO
191, quant.
e.r.: 93.5:6.5

192, 99%
e.r.: 83.0:17.0

193, 44%
e.r.: 81.5:18.5

Substrate Limitation

Some allylic alcohols tested did not react (Table 15). The pyridine moiety in 194 inhibits the
iridium catalyst, consistent with observations made in 5.2.5. Steric hindrance by a neo-pentyl or
1,1-disubstituted double bond, 197 and 198, likely prevents allyliridium formation. Propargylic
alcohols also showed no conversion. Moreover silanols did not react as coupling partners.
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Table 15: Limitations of (P,Alkene)-Ir-Catalyzed Allylic Etherification

Another nucleophile that did not give the intended aromatic and aliphatic ether products 200
and 203 was tert-butanol (Scheme 66). Allyl alcohol dimers 132 and 201 were isolated from the
reaction mixture. From the reaction, allylic esters 199 and 202 were identified as by-products.
Although unknown at the time, this was an important discovery to understand the reaction
mechanism. Please refer to 5.3 for further information about these allylic esters and their role in
the allylic substitution mechanism.

Scheme 66: Initial Observation of an Allyl Ester
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3.4 Kinetic Resolution
During the optimization study we realized that the racemic allylic alcohol substrate, (rac)-106,
is enantiomerically enriched over the course of the reaction. Eventually the remaining enantiomer slowly converts to product. To get a closer look at the possible rate difference between the
substrate enantiomers, the reaction of each individual enantiomer was monitored via NMR spectroscopy. The two enantiomers, (S)-106 and (R)-106, were separately subjected to the reaction
conditions (Table 14). A rate difference was observed; the (S)-enantiomer reacted much faster
with (S)-(P,alkene)-Ir when compared to the (R)-enantiomer. However, both reacted to the same
product enantiomer (S)-108 (Scheme 67). Interestingly, the average of the enantioselectivities for
both 106 enantiomers is in good agreement with the enantioselective transformation of racemic
substrate.

Scheme 67: Reactivity of both Substrate Enantiomers

3.4.1

Kinetic Experiments

A NMR experiment was designed to investigate the rate difference in the enantioselective
allylic etherification reaction for both (S)-106 and (R)-106. As demonstrated above, the reaction
is robust to ambient conditions. This simplifies the NMR studies considerably. The optimal solvent for the reaction, dichloroethane, is commercially available in its deuterated form. The reagent ratios was kept the same, with 2.5 mol% [Ir(cod)Cl]2 pre-catalyst, 10 mol% of P,alkene 119,
0.5 equivalent m-chloro benzoic acid and 5 equivalents of benzyl alcohol. Only the solution was
more dilute (0.109 M) compared to 0.500 M, for reasons of spectrum quality. Moreover, an internal NMR standard, tetramethylsilane, was added for shimming and integration purposes. To
measure the 1H NMR spectra a Bruker DRX 600 spectrometer with a chamber temperature of 50
˚C was used. Spectra were measured at fixed intervals and saved as pseudo-2D spectra. The reaction was simple to monitor as the substrate and product proton signals are clearly resolved and
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separated from each other (Figure 2).184 The rate studies depicted below were executed at 52 ˚C
to closely resemble the conditions used to investigate the substrate scope (Table 14).

Figure 2: Pseudo-2D Spectrum of the Allylic Etherification of (S)-106 measured at 52 ˚C in d4-DCE
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Figure 3: Reaction Progress of Allylic Etherification for both Substrate Enantiomers

Figure 3 shows the reaction progress graphs for both (S)-106 and (R)-106. The graphs for the
consumed substrate are matched by the graphs of the allylic ether (S)-108 product. When overlying the reaction progress graphs for both substrate enantiomers, a vast rate difference is observable (Figure 4). (S)-106 leads to full conversion within one hour, while (R)-106 takes 24 hours to
be fully converted to product.185

184
185

See the supporting information in Chapter 7 for further detail
Please refer to 5.4 for a comprehensive discussion of the rate experiment.
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Figure 4: Comparison of Reaction Progress for (S)-106 and (R)-106

3.4.2

Kinetic Resolution of Allylic Alcohol

Observing such a vast difference in rate indicated the possibility of a kinetic resolution of
allylic alcohol 106. Previously, it was observed that the allylic etherification progressed at room
temperature. However, higher temperatures were required to facilitate full conversion of (rac)106. This observation led to executing the allylic etherification at room temperature and indeed a
kinetic resolution was achieved. Executing the allylic etherification reaction under standard conditions [BnOH (5 equiv.), [Ir(cod)Cl]2 (2.5 mol%), P,alkene (10 mol%), acid promoter (0.5 equiv.),
DCM, 22h] but at room temperature instead of 50 ˚C, racemic allylic alcohol 106 was resolved
into (R)-106 and (S)-108 with excellent yield and selectivities (Scheme 68).

Scheme 68: Kinetic Resolution at Room Temperature

A special feature of this kinetic resolution is the use of 5 equivalents of nucleophile. Normally,
the nucleophile or coupling partner is used as the limiting reagent to prevent the consumption of
the second enantiomer.186,187,188 Traditionally, the equivalents of coupling partner are adjusted to
form either enantiopure substrate or product.189 In the reported case (Scheme 68), the amount of
added alcohol nucleophile did not need to be adjusted. A reduction of nucleophile equivalents
could have led to dimer formation (3.2.3).
B. Bartels, G. Helmchen, Chem. Commun. 1999, 741.
V. S. Martin, S. S. Woodard, T. Katsuki, Y. Yamada, M. Ikeda, K. B. Sharpless, J. Am. Chem. Soc. 1981, 103,
6237.
188 John M. Keith, Jay F. Larrow, Eric N. Jacobsen, Adv. Synth. Catal. 2001, 343, 5.
189 L. M. Stanley, C. Bai, M. Ueda, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132, 8918.
186
187
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3.5 Phenol Nucleophiles
In 3.3 the use of aliphatic alcohols as nucleophiles was reported. Phenol nucleophiles also have
been studied. Phenols are more acidic190 and less nucleophilic191,192 than aliphatic alcohols. Substantial amounts of dimer by-product 132 were formed because of the low nucleophilicity of phenols (Table 16). This relationship can be seen using a Hammett plot of the product ratio versus
the pKa of the alcohols (Figure 5).
Table 16: Product Selectivity for different Alcohols

Entry
1
2
3
4
5
6
7
8
9
10

ROH
BnOH
MeOH
i
PrOH
p-Me-C6H4OH
p-OMe-C6H4OH
p-Cl-C6H4OH
p-CF3-C6H4OH
p-NO2-C6H4OH
p-CN-C6H4OH
2-naph-OH

Ratio Product / 132
1/0
1/0
1/0
1 / 0.5
1 / 0.6
1 / 66
1 / 1.3
1 / 1.25
1 / 0.96
1 / 0.28

pKa (DMSO)
26.9
29.0
30.3
18.9
19.1
16.7
15.3
10.8
13.2
17.2

p-Values
n/a
n/a
n/a
-0.17
-0.268
0.227
0.54
0.778
1
n/a

Table 16 shows that aliphatic alcohols react with complete selectivity and no homo-dimer 132
was formed. On the other hand, if phenols as nucleophiles the formation of dimer 132 cannot
prevented. The pKa and Hammett p-values are included in Table 16. From these values two
graphs were created that show the product/dimer ratio dependence on pKa (Figure 5).

pKA (H2O): BnOH = 15.4; PhOH = 9.95.
H. Mayr, A. R. Ofial, Pure Appl. Chem. 2005, 77, 1807.
192 H. Mayr, A. R. Ofial, J. Phys. Org. Chem. 2008, 21, 584.
190
191
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Figure 5: Product / Dimer Ratio related to pKa (left, including aliphatic alcohols) and p-Values (right) of
Nucleophiles

Extensive optimization studies have not provided a solution to the problem. Potentially the
creative use of a syringe pump or dibutyl phosphoric acid as promoter (4.2.6) might lead to the
selective formation of phenol ether products.

3.6 Intramolecular Allylic Substitution
The selective allylic etherification of a branched allylic alcohol with an alcohol nucleophile
without further activation offers easy access to chiral oxygen heterocycles. Traditionally, in the
intramolecular version, the two alcohols have to be activated differentially; one as nucleophile,
the other as part of the electrophile.179 Using the unique features of the (P,alkene)-Ir catalyst system, a different approach to chiral oxygen heterocycles could be performed. A simple diol synthesis to form allylic alcohol 194 would prepare for the iridium-catalyzed allylic substitution to close
the dihydrofuran ring. The resulting phthalan 195 offers an enantiomerically enriched chiral
group with a double bond for further elaboration. Using the standard conditions from Table 14,
195 was formed in quantitative yield with moderate enantioselectivity of e.r.: 86.5:13.5 (Scheme
69).

Scheme 69: Intramolecular Allylic Etherification
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Extensive screening for superior conditions did not yield satisfying improvements to the reaction system. The acid mediated background reaction could not be sufficiently suppressed to form
195 in high enantioselectivity.193

3.7 Conclusion
In summary, a robust, high yielding and highly regio- and stereoselective allylic etherification
has demonstrated. The substrates for this reaction are easily obtained non-activated allylic alcohols as electrophile, and aliphatic alcohols as nucleophiles. Also an enantioselective
intramolecular allylic etherification was demonstrated, yielding a phthalan derivative. The rate
difference for the conversion of the substrate enantiomers was demonstrated by NMR studies.
Consequential an adjusted protocol for the kinetic resolution of an allylic alcohol was tested, resolved products were isolated in good yield and with excellent enantiomeric enrichment. Phenols
were also established as nucleophiles, though selectivity problems still remain.

193 Johannes Boshkow has worked on the intramolecular allylic etherification as part of his Semester Arbeit in
Spring 2012
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4
4 Enantioselective
Allylic
Thioetherification
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4.1 Iridium-Catalyzed Allylic Substitution with Sulfur
Nucleophiles
Because of our research in iridium-catalyzed substitution of branched allylic alcohols with
unactivated heteroatom nucleophiles, such as sulfamic acid and alcohols, and the exceptional
stability of our P,alkene ligand 119194,195,196 we were intrigued to study the direct use of thiols
as nucleophiles. Thioethers and their derivatives, sulfoxides and sulfones, are used in the synthesis of natural products and pharmaceutical intermediates as chiral building blocks. 197 For
example, diallyl sulfides have shown in structure-activity relationship studies that they possess
potent anticancer properties.198
Metal-catalyzed racemic allylations of thiols and sulfinates have been well studied. 199
Enantioselective allylations of thiols and sulfones were only known in some cases with palladium catalysts (Scheme 70).200,201,202 Studies of iridium-catalyzed enantioselective allylation of thiols were disclosed only recently. In these reports the use of thiophenols,203 aliphatic thiols,204
sulfide,205 and triisopropylsilanethiol206 were disclosed (Scheme 70). In case of iridium-catalyzed
reactions, the respective thiol nucleophile was activated by converting it to the corresponding
sodium salt and the allylic nucleofuge was a linear carbonate.

C. Defieber, M. A. Ariger, P. Moriel, E. M. Carreira, Angew. Chem., Int. Ed. 2007, 46, 3139.
T. J. Hoffman, E. M. Carreira, Angew. Chem., Int. Ed. 2011, 50, 10670.
196 J. F. Teichert, B. L. Feringa, Angew. Chem., Int. Ed. 2010, 49, 2486.
197 a) P. L. Fuchs, T. F. Braish, Chem. Rev. 1986, 86, 903; b) D. W. Roberts, D. L. Williams, Tetrahedron 1987,
43, 1027; c) X.-F. Ren, E. Turos, C. H. Lake, M. R. Churchill, J. Org. Chem. 1995, 60, 6468; d) B. M. Trost, M.
G. Organ, G. A. O'Doherty, J. Am. Chem. Soc. 1995, 117, 9662; e) M. Teall, P. Oakley, T. Harrison, D. Shaw,
E. Kay, J. Elliott, U. Gerhard, J. L. Castro, M. Shearman, R. G. Ball, N. N. Tsou, Bioorg. Med. Chem. Lett.
2005, 15, 2685; f) B. M. Trost, Bull. Chem. Soc. Jpn. 1988, 61, 107.
198 a) A. Arunkumar, M. R. Vijayababu, P. Venkataraman, K. Senthilkumar, J. Arunakaran, Bio. Pharm. Bull.
2006, 29, 375; b) H. Sumiyoshi, M. J. Wargovich, Cancer Res. 1990, 50, 5084; c) M. J. Wargovich, C. Woods,
V. W. S. Eng, L. C. Stephens, K. Gray, Cancer Res. 1988, 48, 6872; d) A. Arora, I. A. Siddiqui, Y. Shukla, Mol.
Cancer Ther. 2004, 3, 1459; e) C. S. Yang, S. K. Chhabra, J.-Y. Hong, T. J. Smith, J. Nutr. 2001, 131, 1041S; f)
T. Ariga, T. Seki, BioFactors 2006, 26, 93; g) Y.-J. Surh, R. C.-J. Lee, K.-K. Park, S. T. Mayne, A. Liem, J. A.
Miller, Carcinogenesis 1995, 16, 2467.
199 a) T. Kondo, T.-a. Mitsudo, Chem. Rev. 2000, 100, 3205. b) A. B. Zaitsev, H. F. Caldwell, P. S. Pregosin, L.
F. Veiros, Chem. - Eur. J. 2009, 15, 6468. c) B. M. Trost, T. S. Scanlan, Tetrahedron Lett. 1986, 27, 4141. d) T.
Kondo, Y. Morisaki, S.-y. Uenoyama, K. Wada, T.-a. Mitsudo, J. Am. Chem. Soc. 1999, 121, 8657. e) M.
Jegelka, B. Plietker, Org. Lett. 2009, 11, 3462. f) S. Tanaka, P. K. Pradhan, Y. Maegawa, M. Kitamura, Chem.
Comm. 2010, 46, 3996. g) S. Chandrasekhar, V. Jagadeshwar, B. Saritha, C. Narsihmulu, J. Org. Chem. 2005,
70, 6506. h) F.-X. Felpin, Y. Landais, J. Org. Chem. 2005, 70, 6441.
200 M. Frank, H.-J. Gais, Tetrahedron: Asymmetry 1998, 9, 3353.
201 H.-J. Gais, N. Spalthoff, T. Jagusch, M. Frank, G. Raabe, Tetrahedron Lett. 2000, 41, 3809.
202 H.-J. Gais, T. Jagusch, N. Spalthoff, F. Gerhards, M. Frank, G. Raabe, Chem. - Eur. J. 2003, 9, 4202.
203 S. Zheng, N. Gao, W. Liu, D. Liu, X. Zhao, T. Cohen, Org. Lett. 2010, 12, 4454.
204 N. Gao, S. Zheng, W. Yang, X. Zhao, Org. Lett. 2011, 13, 1514.
205 S. Zheng, W. Huang, N. Gao, R. Cui, M. Zhang, X. Zhao, Chem. Comm. 2011, 47, 6969.
206 W. Huang, S. Zheng, J. Tang, X. Zhao, Org. Biomol. Chem. 2011, 9, 7897.
194
195
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Scheme 70: Enantioselective Allylation of Sulfur Compounds
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Under ‘step-economical’ considerations207 our (P,alkene)-Ir-catalyzed protocol could greatly
streamline this transformation. We thought that easily accessible, racemic, branched allylic alcohols would undergo allylic thioetherification catalyzed by our [Ir(cod)Cl]2 / 119 system to
form enantiomerically enriched allylic thioethers (Scheme 71). The nucleophile for this reaction
would be a simple thiol. This protocol would offer a faster entry to these valuable allylic
thioether building blocks. Secondly, the important role of an acid promoter, noted during the
investigation of the enantioselective allylic etherification (3.2.1) could be further investigated
with this new class of nucleophiles.

Scheme 71: Envisioned Allylic Thioetherification-Catalyzed by (P,Alkene)-Iridium Complex

4.2 Optimization of Enantioselective Allylic
Thioetherification
4.2.1

Transfer of Allylic Etherification Protocol

Scheme 72: Initial (P,Alkene)-Ir-Catalyzed Allylic Thioetherification Result

Our investigations of the enantioselective allylic thioetherification began by applying the optimized conditions used for the allylic etherification (3.3).208 Complete conversion with a disappointingly low enantioselectivity (e.r.: 86.5:13.5) was observed (Scheme 72). Furthermore, the
observation of linear thioether 213 came as a surprise, because the Ir-(P,alkene) catalyst had
shown outstanding regioselectivity for the branched product in allylic amination and etherification reactions (2.3 & 3.3).
207
208

P. A. Wender, V. A. Verma, T. J. Paxton, T. H. Pillow, Acc. Chem. Res. 2007, 41, 40.
M. Roggen, E. M. Carreira, Angew. Chem., Int. Ed. 2011, 50, 5568.
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4.2.2

Initial Optimization

The low enantioselectivity and the formation of linear byproduct dictated extensive optimization of the reaction protocol (Table 17). At first we focused on the use of different Brønsted
acid promoters. Building on the observations made during the optimization studies of the allylic
etherification (3.2) some protic acids were tested. Compared to the benchmark reaction with
meta-chloro benzoic acid as promoter (Table 17, entry 1), para-nitro benzoic acid and formic
acid offered better enantioselectivities (e.r.: 93.0:7.0 and 96.0:4.0 respectively) and excellent
branched linear selectivity (212 / 213: 20 / 1), although at the price of incomplete conversion
(70% and 60 %, respectively) (Table 17, entries 2, 3). Chloroacetic acid, when used as promoter,
led to full conversion with good branched linear selectivity (20/1) but low enantioselectivity
(e.r.: 88.0:12.0) (Table 17, entry 4). Slightly more acidic dichloroacetic acid decreased the
branched linear selectivity dramatically to 2 / 1 (Table 17, entry 5).
Table 17: Screening of Acid Promoter

Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Promoter
3-ClC6H4CO2H
4-NO2C6H4CO2H
HCO2H
Cl H2CCO2H
Cl2HCCO2H
CSA
MeSO3H
Sulfamic Acid
CeCl3
ZrCl4
Ti(iPrO)4
AlCl3
ZnCl2
ScTf3
SbCl5
BF3
YbTf3

Conv. [%]
>95
70
60
>95
>95
>95
decomp.
70
80
decomp.
75
decomp.
>95
>95
decomp.
decomp.
>95

Ratio 212 / 213
3/2
20 / 1
20 / 1
20 / 1
2/1
1/4
n/a
15 / 1
20/1
n/a
20/1
n/a
3/7
1/3
n/a
n/a
1/3

e.r.
86.5:13.5
93.0:7.0
96.0:4.0
88.0:12.0
93.0:7.0
86.0:14.0
n/a
97.5:2.6
88.0:12.0
n/a
90.0:10.0
n/a
45.0:55.0
64.5:35.5
n/a
n/a
69.5:35.5

Stronger, sulfur based acids did not lead to an improvement of the reaction outcome either.
In the case of CSA high regioselectivity for the linear allylic thioether 213 was observed (Table
17, entry 6). Methanesulfonic acid decomposed the substrate to unidentifiable compounds
(Table 17, entry 7). Using sulfamic acid as promoter, improved regio- and enantioselectivity
was observed but at only 70% conversion (Table 17, entry 8). Upon testing Lewis acids, to our
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surprise, a first promising result for cesium chloride was observed. Cesium chloride promoted
the reaction with 80% conversion, high branched linear selectivity (20/1) and low
enantioselectivity. Although the enantioselectivity was comparable to the best Brønsted acids
(e.r.: 88.0:12.0) (Table 17, entry 9). Encouraged by this result, a screen of various Lewis acids
did not yield any further improvement (Table 17, entries 10 - 17). Turning our attention towards solvent effects and other metal catalysts, again no improvement of conversion, branched
linear selectivity and enantioselectivity could be observed simultaneously. Using other solvents
than DCE only conversions of 50 to 65 % where observed, indicating a resolution (Table 18,
entries 1 - 4). Replacing iridium by other transitions metals as pre-catalysts led to a reverse of
branched linear selectivity to 1 / 3 and therefore were not studied further (Table 18, entries 5 8).
Table 18: Effect of Solvent and Metal Catalyst in Allylic Thiotherification

Entry
1
2
3
4
5
6
7
8

4.2.3

Pre-Catalyst
[Ir(cod)Cl]2
[Ir(cod)Cl]2
[Ir(cod)Cl]2
[Ir(cod)Cl]2
CuI
Ni(cod)2
[Rh(cod)Cl]2
Ru(cod)Cl2

Solvent
THF
t
BuOH
DMSO
PhMe
DCE
DCE
DCE
DCE

Conv. [%]
60
65
50
60
>95
>95
>95
>95

Ratio 212 / 213
1/0
20 / 1
3/1
1/0
1/3
1/3
1/3
1/3

e.r.
97.0:3.0
94.5:5.5
77.5:22.5
96.0:4.0
---------

Background Reaction

Thiols are more acidic than alcohols;209 therefore the possible reactivities without the addition of an acid promoter were investigated. And indeed, when no promoter was added the allylic
thioetherification proceeded to a maximum of 60% conversion with improved branched linear
selectivity and good enantioselectivity (Table 19, entry 1). Reversing the additive limitation,
upon addition of acid but omitting pre-catalyst and P,alkene ligand 119, full conversion predominantly to linear thioether 213 was observed after two days (Table 19, entry 2). This result
shows that an acid promoted background reaction is present during the allylic
thioetherification. This background reaction forms linear isomer 213 but also racemic branched

209

pKA(H2O): tBuSH = 11.05; tBuOH = 17.0
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thioether 212. Even under completely unpromoted conditions, omitting both iridium catalyst
and acid, a slow background reaction could be observed (Table 19, entry 3).
Table 19: Studies of Background Reaction

Entry
1
2[a,b]
3[a,c]

Promoter
--Cl2HCCO2H
---

Conv. [%]
60
>95
25

Ratio 212 / 213
8/1
1/4
0/1

e.r.
96.5:3.5
n/a
n/a

[a] No [Ir(cod)Cl]2 and 119. [b] 2 days. [c] 4 days.

4.2.4

Mechanistic Discoveries

A closer look at the acid free, P,alkene-iridium-catalyzed allylic thioetherification led to an
important mechanistic discovery that would prove crucial for further reaction optimization. The
allylic thioetherification without acid promoter showed an enantiomeric enrichment for the
allylic alcohol substrate 106 (Scheme 73, a). The kinetic resolution had already been observed
for the allylic etherification (3.4).

Scheme 73: Key Observation for Mechanistic Observation

Taking this enantiomerically enriched (R)-106 and submitting it again to the reaction conditions, this time with acid promoter but without thiol nucleophile, led to allylic ester (R)-214 and
its linear isomer 215. This enantiomerically enriched allylic ester (R)-214 can be transformed
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into allylic thioether (S)-212 under standard allylic thioetherification conditions without the
addition of acid. This implicates that only one substrate enantiomer reacts with good selectivity
to thioether product while the other enantiomer first needs to be converted to an ester, which in
a second step converts to product. This insight was used to further optimize the reaction conditions. 210

4.2.5

Alternative Strategies for Racemate Conversion

4.2.5.1 P,Alkene Ligand Screen
A range of P,alkene ligands were tested for their ability to improve upon the benchmark performance of ligand 119 (Table 20, entry 1). Ligands missing the alkene moiety in the
phosphoramidite ligand show no reactivity (Table 20, entries 2, 9, 10). Chiral backbones other
than simple BINOL led to decreased enantioselectivity (Table 20, entries 3 - 6). Changes on the
aromatic rings of the iminostilbene moiety had strongly favorable impact on the branched linear
selectivity but not on the enantioselectivity (Table 20, entries 7, 8). Changes in ligand architecture did not improve the reaction outcome of the allylic thioetherification; therefore other solutions to optimize regio- and enantioselectivity had to be sought.
Table 20: Different Ligand Backbones for Enantioselective Allylic Thioetherification

Conv. [%]
>95

Ratio 212 / 213
3/2

e.r.
86.5:13.5

2

0

n/a

n/a

3

80

2/1

48.5:51.5

Entry
1

210

Ligand

For extensive discussion of these observations and their mechanistic implications please refer to 5.5.
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Conv. [%]
>95

Ratio 212 / 213
3/1

e.r.
41.0:59.0

5

>95

1/1

38.5:61.5

6

>95

3/2

52.5:47.5

7

>95

1/0

88.0:12.0

8

77

1/0

82.5:17.5

9

0

n/a

n/a

10

0

n/a

n/a

Entry
4

Ligand

4.2.5.2 Exploiting Rate Difference
Considering that the substrates of the allylic thioetherification are alcohols and not, as in
other allylic substitutions,203-206 esters or carbonates a racemisation step could be envisioned to
improve overall yield and enantioselectivity. This would constitute a dynamic kinetic resolution
(Scheme 74).211

211

K. Faber, Chem. Eur. J. 2001, 7, 5004.
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Scheme 74: Proposed Dynamic Kinetic Resolution for Allylic Thioetherification.

Many ruthenium based catalysts are known to catalyze the racemization of secondary alcohols,212,213 with Shvo’s catalyst 222 being the most prominent.214 The special cases of allylic alcohol substrates have been addressed with special catalysts, e.g. by Bäckvall (224, 225).215 Unfortunately, all catalysts led to isomerisation of allylic alcohol 106 into phenyl ethyl ketone 221
(Scheme 75). The isomerisation results from a 1,4-reduction of the intermediate enone.

Scheme 75: Isomerisation of Allylic Alcohol to Ketone with racemization Catalysts

A. C. Marr, C. L. Pollock, G. C. Saunders, Organometallics 2007, 26, 3283.
J. Bosson, S. P. Nolan, J. Org. Chem. 2010, 75, 2039.
214 N. Menashe, Y. Shvo, Organometallics 1991, 10, 3885.
215 K. Bogár, P. H. Vidal, A. R. Alcántara León, J.-E. Bäckvall, Org. Lett. 2007, 9, 3401.
212
213
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4.2.5.3 in situ Formation of Allylic Ester

Scheme 76: Proposed Allylic Ester Intermediate for Allylic Thioether Formation

Having observed an allylic ester intermediate in the reaction of allylic thioetherification, we
hoped that faster ways to form this ester in situ would improve the regio- and enantioselectivity
of the reaction under study (Scheme 76). For an effective formation of allylic ester XXIII a
range of acid chlorides where tested (Table 21). A hindered pyridine base was added to facilitate
ester formation.
Table 21: Screening of Acid Chloride Promoters

Entry
1
2
3
4
5
6
7
8

Acid Chloride
(R-)
ClH2CCl3CMePh3-OMe-C6H43-F-C6H43-NO2-C6H4(ClAc)2O

Conv. [%]
>95
>95
>95
>95
>95
>95
>95
>95

Ratio
212/213/132
57 / 7 / 36
50 / 10 / 40
75 / 5 / 20
30 / 20 / 50
30 / 0 / 70
60 / 10 / 30
25 / 15 / 60
0 / 0 / 100

e.r. (212)
96.5:3.5
94.5:5.5
95.5:4.5
99.5:0.5
99.5:0.5
99.0:1.0
98.0:2.0
n/a

A range of acid chlorides were tested and excellent enantioselectivities were recorded. Disappointingly, the use of a hindered pyridine base resulted in formation of dimer 132 in considerable amounts. While the concept of in situ formation of an allylic ester showed to be a promising solution for high enantioselectivity, the amplified formation of side products prevented the
isolation of allylic thioether 212 in satisfying yields.

4.2.6

Phosphorous Promoter Screen

Helmchen and You’s in depth study of allylic substitution reactions of o-aminostyrenes
demonstrated that allyl phosphates are superior nucleofuges in iridium-catalyzed allylic substi-
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tution reactions (Scheme 77). 216 During their studies of allylic amination with orthoaminostyrenes 226, they observed that allylic carbonates 227 did not react via a standard
allyliridium complex XXV, as the aminostyrene was a competitive ligand to the iridium catalyst
forming a new complex XXIV. The use of a more labile allylic diethyl phosphate 228 proofed to
be the better precursor for allyliridium XXV formation. The higher lability of a dialkyl phosphate group compared to ester and carbonate groups was also noted in palladium-catalyzed
allylic substitutions.217,218,219

Scheme 77: Iridium-Catalyzed Allylic Vinylation and Asymmetric Allylic Amination depending on Allylic
Leaving Group216

We postulated that the use of a phosphoric acid as Brønsted acid promoter could increase
regio- and enantioselectivity (Scheme 78). We expected to in situ form an intermediate allylic
phosphate, which would then undergo transformation to allylic thioether 212 faster and with
higher enantioselectivity. To a large extend, the low regio- and enantioselectivity results from
the uncatalyzed background reactions described in 4.2.3. A rate increase in the iridiumcatalyzed allylic substitution reaction would reduce the amount of product formed by such
background reactions.

Scheme 78: Proposed Dialkyl Phosphate promoted Allylic Thiotherification

A variety of different phosphoric acids were tested (
Table 22). In these test reactions the phosphoric acid was added as promoter under otherwise
identical conditions (Scheme 72). Phosphoric acid chloride diester as promoter showed a first
promising result with improved regioselectivity (b/l: 92/8) and good enantioselectivity for (S)K.-Y. Ye, H. He, W.-B. Liu, L.-X. Dai, G. Helmchen, S.-L. You, J. Am. Chem. Soc. 2011, 133, 19006.
Y. Tanigawa, K. Nishimura, A. Kawasaki, S.-I. Murahashi, Tetrahedron Lett. 1982, 23, 5549.
218 S. Murahashi, Y. Taniguchi, Y. Imada, Y. Tanigawa, J. Org. Chem. 1989, 54, 3292.
219 B. M. Trost, L. C. Czabaniuk, J. Am. Chem. Soc. 2012, 134, 5778.
216
217
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212 (e.r.: 92.5:7.5) (Table 22, entry 1). Triphenyl phosphate facilitated high regio- and
enantioselectivities, although at only 60% conversion, indicating a resolution reaction (Table
22, entry 2). The use of different phosphoric acids generally led to full conversion. Of these
phosphoric acids, dibutyl phosphate showed the best regio- and enantioselectivity (Table 22,
entry 6). (S)-212 was formed with good branched linear selectivity of 96 to 4 and good
enantioselectivity (95.0:5.0). Having found an optimized promoter for

the allylic

thioetherification, a quick check of other reaction parameters showed that the temperature of 50
˚C is optimal for rate, regio- and enantioselectivity (Table 23).
Table 22: Screening of Phosphoric Acid Promoters

Entry
1
2
3
4
5
6

Promoter
P(O)(OEt)2Cl
P(O)(OPh)3
P(O)(OC16H33)2OH
P(O)(OPh)2OH
P(O)(S-BINOL)2OH
P(O)(OBu)2OH

Conv. [%]
>95
60
>95
>95
>95
>95

Ratio 212 / 213
92 / 8
95 / 5
97 / 3
64 / 36
91 / 9
96 / 4

e.r.
92.5:7.5
93.5:6.5
90.0:10.0
91.0:9.0
95.0:5.0
95.0:5.0

Table 23: Influence of Temperature on Rate and Selectivities

Entry
1
2
3

Temperature
r.t.
50 ˚C
80 ˚C

Time
4 days
24 hours
5 hours

Ratio 212 / 213
95 / 5
96 / 4
90 / 10

e.r.
97.0:3.0
95.0:5.0
92.5:7.5

Considering the prolonged reaction times, another result has to be considered. Subjecting
enantiomerically enriched allylic thioether 212 to the reaction conditions described in Table 23,
entry 2 shows that the product does not suffer from racemization or isomerisation under the
reaction conditions (Scheme 79).
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Scheme 79: Stability of Allylic Thioether to Allylic Substitution Condition

4.3 Substrate Scope
Investigations of the substrate scope showed that electron rich allylic alcohols participated in
the thioetherification at room temperature (Table 24, 231) while electron deficient substrates
needed elevated temperatures of 80˚C (Table 24, 236, 237). Sterically hindered (Table 24, 232)
and heteroaromatic (Table 24, 234, 235) thioethers could be formed from benzyl mercaptan in
good yields and good to excellent enantioselectivity.
Table 24: Substrate Scope of Enantioselective Allylic Thioetherification

Bn

Bn

S

S

Bn

S

Bn

S

Me
212, 84% (5%)
e.r.: 95.0:5.0
Bn

OMe
231,[a] 90% (3%)
e.r.: 97.5:2.5
Bn

S

O

S

232, 85% (2%)
e.r.: 96.0:4.0
Bn

S

233, 84% (5%)
e.r.: 98.0:2.0
Bn

S

S

234, 91% (4%)
e.r.: 92.5:7.5

S

208, 89% (8%)
e.r.: 95.5:4.5

Br
F
[b]
237,[b] 79% (15%)
235, 90% (5%) 236, 83% (15%)
e.r.: 98.0:2.0
e.r.: 96.5:3.5
e.r.: 94.5:5.5
HO
PMB

S

S

240, 86% (10%)
e.r.: 91.0:9.0

241, 87% (12%)
e.r.: 90.0:10.0

S

239, 92% (4%)
e.r.: 98.5:1.5

1

Yield of linear isomer in brackets as measured by H NMR analysis. [a] 23 ˚C. [b] 80 ˚C.
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Other thiols could also be employed as nucleophiles without prior activation. Thiophenol
gave thioether 208 in good yield and very good enantioselectivity and satisfying branched linear selectivity (Table 24, 208). p-Methoxy benzyl mercaptan formed the protected allyl thiol in
excellent e.r. of 98.5:1.5 and 92% yield (Table 24, 239). Aliphatic cyclohexanethiol was reactive
albeit with decreased enantioselectivity of 91.0:9.0 (Table 24, 240). Excellent selectivity for sulfur over oxygen nucleophiles was shown by 4-mercaptophenol (Table 24, 241). Some substrates
reacted with lower effectiveness and were not included in the original communication. 220
Methoxy substituted allylic thioethers 242 and 243 were synthesized in good yields with moderate enantioselectivities (Table 25). Electron deficient aryl substrates, 244 (p-CN), 245 (o-Br)
and 246 (C6F5) did not react to full conversion and consequently suffered from low isolated
yields. Absent from these substrate scope tables are aliphatic allylic alcohol substrates. They
posed additional challenges that are discussed in the section below.
Table 25: Additional Substrates for Enantioselective Allylic Thioetherification

1

Yield of linear isomer in brackets as measured by H NMR analysis. [a] 80 ˚C.

220

M. Roggen, E. M. Carreira, Angew. Chem., Int. Ed. 2012, DOI: 10.1002/anie.201202092
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4.4 “The Aliphatic Problem”
4.4.1

Condition Screening

Parallel to optimizing the reaction protocol for the allylic thioetherification of aromatic substrates (4.2) studies into the allylic thioetherification of aliphatic substrates were undertaken.
Aliphatic substrates, like 5-phenylpent-1-en-3-ol 165, behaved very differently compared to
their aromatic counterpart 106 in the optimization studies. Prior to identifying dibutyl phosphoric acid as the optimal promoter for the allylic thioetherification (4.2.6) no promoter was
able to facilitate the reaction of 165 to allylic thioether 229. The observation that for 106 an
acid free reaction leads to at least 60% conversion and resolution of starting material was not
mirrored for aliphatic substrate 165. Upon addition of dibutyl phosphoric acid a resolution of
allylic alcohol 165 was observed (Scheme 80).

Scheme 80: Allylic Thioetherification of Aliphatic Substrate, promoted by Dibutyl Phosphoric Acid

Aside from the observed, that dibutyl phosphoric acid promoted a resolution reaction; it was
interesting to note that no linear product was observed. As an explanation to this phenomenon
one can assume, that aliphatic substituents do not stabilize an adjacent charge as effectively as
aromatic groups. This prevents any uncatalyzed background SN2’ reaction or isomerisation of
ester group. The resolution reaction could be further optimized by adjusting the reaction temperature (Table 26). At various temperatures, the conversion of allylic alcohol 165 was always
around 50% and the remaining substrate was enantiomerically enriched with near perfect e.r.
(99.5:0.5). The enantioselectivity for the formation of allylic thioether 229 showed clear temperature dependence. Executing the allylic substitution at room temperature led to best e.r. values (96.5:3.5) and higher temperature of 80 ˚C showed diminished enantioselectivity (81.0:19.0).
Despite prolonged reaction times at elevated temperatures, no substantial conversion past 50%
was observed.
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Table 26: Influence of Temperature on Resolution of Aliphatic Allylic Alcohol
Entry
1
2
3

Temperature
23 ˚C
50 ˚C
80 ˚C

e.r. 229

e.r. 165

96.5:3.5
90.5:9.5
81.0:19.0

99.5:0.5
99.5:0.5
99.5:0.5

Conditions as in Scheme 80. Conversion: 50%

4.4.2

Kinetic Resolution

Aliphatic and some electron poor allylic alcohols did not react in the enantioselective allylic
thioetherification with full conversions. In these cases a phosphate promoted resolution was
observed. To optimize enantio- and regioselectivity, the resolution reactions of electron poor
and aliphatic allylic alcohols were performed at room temperature over 4 days (Table 26). The
resolution did stop at about 50% conversion despite 1.2 equivalents of thiol. Excellent isolated
yields and good to excellent enantioselectivities make this kinetic resolution protocol a viable
procedure for these challenging substrates. Racemic 5-phenylpent-1-en-3-ol 165 was resolved
to the corresponding (S)-thioether 229 in 48% isolated yield and good enantiomeric ratio (e.r.
96.5:3.5) (Table 27, entry 3). Two electronpoor aromatic allylic alcohols, that showed unsatisfactory performance in the enantioselective allylic etherification (Table 25), were successfully
resolved to their corresponding allylic thioethers with excellent isolated yields and good to excellent enantioselectivity (Table 27, entries 1, 2). Only the small n-butyl group for thioether
249 led to diminished enantioselectivity (Table 27, entry 4), although this result is in line with
You’s

crystallographic

investigations

on

(π-allyl)-Ir

complexes

(Figure

21).

221

1-

cyclohexylprop-2-en-1-ol 250 and ethyl 3-hydroxypent-4-enoate 251 did not react under the
standard resolution conditions, also at higher temperature no conversion was observed.
Table 27: Scope of Resolution of Allylic Alcohols with Allylic Thioetherification

Entry
1
2
3
4
5
6

221

R- (Product)
4-CF3C6H4 (248)
2-BrC6H4 (245)
PhCH2CH2 (229)
Bu (249)
Cy (250)
EtOC(O)CH2 (251)

Conv. [%]
49
51
50
52
0
0

Yield [%]
45
47
48
46
n/a
n/a

b/l
97 / 3
97 / 3
>99 / 1
>99 / 1
n/a
n/a

e.r.
96.5:3.5
99.0:1.0
96.5:3.5
87.0:13.0
n/a
n/a

W.-B. Liu, C. Zheng, C.-X. Zhuo, L.-X. Dai, S.-L. You, J. Am. Chem. Soc. 2012, 134, 4812.
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4.5 Resolution of Aromatic Substrates
Table 28: Scope of Aromatic Resolution

Entry

R(Product)

1

Yield [%]
e.r.
Thioether Thioether
47
95.0:5.0

Yield [%]
Allyl Alc.
25

e.r.
Allyl Alc.
>99.5:0.5

212
2

49

94.5:5.5

22

85.5:14.5

48

97.0:3.0

37

>99.5:0.5

50

89.0:11.0

44

---[a]

50

96.5:3.5

19

97.0:3.0

50

>99.5:0.5

34

>99.5:0.5

43

93.0:7.0

32

>99.5:0.5

50

95.5:4.5

22

>99.5:0.5

43

99.5:0.5

38

>99.5:0.5

242
3

231
4
243
5
232
6
233
7
234
8[b]

208
[c]

9

239
[a] No e.r. could be measured. [b] 1.2 equiv. of PhSH instead of BnSH.
[c] 1.2 equiv. of PMBSH instead of BnSH.

The observation that racemic aromatic allylic alcohol 106 is resolved when no acid promoter
is added prompted us to test the generality of this resolution reaction. All aromatic substrates
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had been resolved with excellent e.r. for both enantiomerically enriched allylic alcohol substrate
and thioether products. Isolated yields of allylic thioether are generally just below 50%.

4.6 Conclusion
In conclusion an enantioselective allylic thioetherification of racemic branched allylic alcohols employing a (P,alkene)-Ir catalyst and dibutyl phosphoric acid as promoter has been developed. Starting from aromatic allylic alcohols, allylic thioethers can be synthesized in good yields
and good to excellent enantioselectivities. Alternatively, a resolution reaction for these substrates has been demonstrated. For electron deficient and aliphatic allyl alcohols a kinetic resolution protocol with excellent selectivity was developed. The reactivity of these challenging
substrates is ensured by the special properties of dibutyl phosphoric acid. An allylic ester has
been identified as a potential intermediate in the conversion of allylic alcohol substrate to
thioether product. Further studies of this species and its implication for the underlying mechanism can be found in the next chapter.
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5 Mechanistic Studies
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5.1 Mechanism of Iridium-Catalyzed Allylic Substitution
Mechanistic investigations of iridium catalysts are scars as they entered the stage of allylic
substitution relatively late after the initial work with palladium.222 Palladium catalysts generally
show linear selectivity for monosubstituted allylic compounds. Only a few cases are known where
the formation of branched, enantiomerically enriched products is favored.223 The mechanism of
allylic substitution with palladium has been studied intensively and was found to proceeds via an
intermediate π-allyl complex which displays fast π-σ-π-rearrangement. Such a fast metal-allyl
rearrangement is also known for molybdenum224 and tungsten225 based catalysts, which, counter
to palladium catalysts, preferentially form branched products. Iron226 and rhodium227,228,229,230,231
complexes on the other hand form branched products with a slowly isomerising process via σallyl complexes. Consequently stereospecific reactions for enantiomerically enriched substrates
were designed, employing these metals and achiral ligands.
After initial discoveries by Helmchen and coworkers that iridium catalysts preferentially form
branched products in allylic substitution reactions, further mechanistic studies of iridiumcatalyzed allylic substitutions has only appeared recently. It was demonstrated that branched
substrates show a memory of the chiral sense, the enantiospecific allylic alkylation of branched,
enantiomerically enriched allylic acetates formed allylic product with 71% e.s.. 232 In further
mechanistic studies the group of Helmchen observed that branched allylic substrates reacted
slightly faster than linear. 233 In line with concurrent observations for rhodium-catalyzed reac-
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tions, this rate difference is attributed to a SN2’ mechanism in the oxidative addition step.227 Additionally Helmchen and coworkers showed that the iridium-catalyzed allylic substitution reaction
proceeds via a double inversion process. The oxidative addition of allylic substrate to iridium catalyst and the attack of nucleophile on this allyliridium complex both proceed via SN2 or SN2’
mechanisms. Their mechanistic proposal was inspired by other transition metal-catalyzed allylic
substitutions processes (Scheme 81). In this mechanism the regio- and enantioselectivity is controlled by the isomerisation process of the allyliridium complex and the attack of the nucleophile.
This proposal has been the widely accepted mechanism for iridium-catalyzed allylic substitutions
and many experimental observations could be explained by this model. Only the memory effect of
enantiomerically enriched branched allylic substrates offered some conflict, even if it was explained by a slower isomerisation compared to palladium and molybdenum-catalyzed reactions.

Scheme 81: Mechanistic Proposal of Iridium-Catalyzed Allylic Substitution by Helmchen232,233

5.1.1

Origin of Enantioselectivity investigated by Hartwig

Recently Madrahimov and Hartwig published an excellent study about the origin of
enantioselectivity during allylic substitution reactions catalyzed by metallacyclic iridium complexes. 234 Previously they had disclosed the crystal structure of an allyliridium complex that
served as an intermediate in the allylic substitution reaction.235 In the recent study they investi234
235

S. T. Madrahimov, J. F. Hartwig, J. Am. Chem. Soc. 2012, 134, 8136.
For in depth discussion of Hartwig’s allyliridium structure, see: 5.2
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gated the formation and consumptions of all diastereomeric allyliridium complexes by synthesis,
kinetic experiments and deuterium labeling studies. Of the four possible allyliridium
diastereomers both the endo-in and exo-in are not accessible due to the steric clash between the
allyl substituent and the chiral phosphoramidite backbone (Scheme 82). They found that the more
stable diastereomer, endo-out, forms the major product enantiomer. The less stable, accessible
diastereomer, exo-out, which forms the minor product enantiomer, is destabilized by steric clash
between the C2 of the allyl-species and the cyclooctadiene ligand on iridium. Reductive elimination is slower for the major allyliridium diastereomer, endo-out, then for exo-out. Therefore
enantioselectivity must already be controlled in the oxidative addition. It was found that the
isomerisation between the two accessible allyliridium intermediates is very slow and nucleophilic
attack on the respective diastereomer occurs faster, preventing such a process altogether.

Scheme 82: Origins of Enantioselectivity during Allylic Substitution Reactions234

Therefore if an epimerization of individual diastereomeric allyliridium complexes occurs, it
most likely happens via reversible oxidative addition. Of the two “stereo-recognizing” steps of the
iridium-catalyzed allylic substitution reactions, enantioselectivity is induced by the first step, the
diastereoselective oxidative addition of the allylic substrate to the iridium catalyst and not by the
second step, the reductive elimination from iridium or enantioselective nucleophilic substitution.
The following discussion in this chapter will present evidence that the allylic substitution reactions catalyzed by (P,alkene)-iridium complexes proceed via a very related pathway, where the
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stereo-deciding step for product selectivity is the oxidative addition and neither the allyliridium
isomerisation nor the reductive elimination.

5.2

(P,Alkene)-Iridium Complex: Structure, Reactivity

The iridium-catalyzed allylic substitution reactions have been dominated by an iridium complex formed from [Ir(cod)Cl]2 pre-catalyst and one equivalent of a phosphoramidite ligand first
reported by Feringa in 2000.236,237 The group of Hartwig identified in 2003 the structure of the
active catalyst.238 At first the monodentate ligand 77 and [Ir(cod)Cl]2 form a square planar Ir(I)
complex 78 which undergoes further cyclometalation to form catalytically active Ir(I) complex
79 (Figure 6). Catalyst 79 is an 18 electron complex and it could be shown that the second
monodentate ligand 77 is very labile and is easily substituted by more strongly coordinating dative ligands, such as PMe3 and PPh3. The isolated catalyst 79 showed increased rates, substrate
scope and turnover numbers compared to the original setup.

Figure 6: Cyclometalated Active Catalysts in Allylic Substitution Reactions identified by Hartwig238

Inspection of the catalyst structure points to a few important features of the complex 79. The
first observation is that all chiral information comes from the phosphoramidite ligand side, being
of (Sa, Sc, Sc) configuration. The cyclooctadiene ligand of the pre-catalyst is still present in the
active catalyst 79 but does not add to the chiral environment around the iridium center. A free
coordination side on the iridium is blocked by a second equivalent of ligand 77 and will free up
for an incoming allyl substrate. For the following discussion it is important to point out that the
above presented complex 79 used by the research group of Hartwig is very labile to air and moist
and has to be pre-formed in the glove box before transferring it into a sealed flask for substitution
reactions. The following pages will describe the identification of three catalytically active
(P,alkene)-Ir complexes by NMR spectroscopy and x-ray crystallography. Evidence will be preJ. F. Teichert, B. L. Feringa, Angew. Chem., Int. Ed. 2010, 49, 2486.
J. F. Hartwig, L. M. Stanley, Acc. Chem. Res. 2010, 43, 1461.
238 C. A. Kiener, C. Shu, C. Incarvito, J. F. Hartwig, J. Am. Chem. Soc. 2003, 125, 14272.
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sented about the stability of the catalysts towards air and moist. Furthermore studies into possible Ir-allyl complexes will be presented and compared to other iridium-allyl complexes in the
literature.

5.2.1

Ratio of (P,Alkene)-Ligand to Iridium

Early on in the studies of the allylic amination (2.2) it was realized that a two to one ratio of
ligand to iridium was beneficial for the rate, yield and enantiopurity of the amine product. A ligand to iridium ratio of one to one led to a slower reaction rate and decreased enantioselectivity or
enantiospecificity, respectively (2.2.2). In the section above, the active catalyst 79 also shows a
ligand to iridium ratio of two to one. Although in this case the second equivalent of ligand is very
labile and can be replaced by any other L-type ligand.238 If this would be the case for the complex
of study, a change in ligand to iridium ratio should not have a possitive influence on rate or
enantiopurity. Ligand 122 shows clear similarities to Feringa’s ligand 77, both are
phosphoramidites and have a bis-aryl backbone. The main distinction is on the amine side of the
molecules. While ligand 77 has a chiral amine with two stereocenters in addition to the chiral
diol, our ligand 122 includes an iminostilbene moiety with a double bond opposite to the nitrogen
in the seven-membered ring. Therefore all chiral information of the ligand has to come from the
diol part of the molecule, as described below.

Figure 7: Ligand to Metal Ratio of Allylic Substitution Catalyst

The double bond in ligand 122 and all other P,alkene ligands sprouted from the chiral diene
ligands established in our group. 239 Qualitative observations indicated that two equivalents of
ligand are bound to the iridium center. Only upon addition of more than two equivalents of ligand 122 was non-complexed ligand observed. The noted stability to air and moist of ligand, precatalyst and active catalyst allowed for facile spectroscopic studies.

239

C. Defieber, H. Grützmacher, E. M. Carreira, Angew. Chem., Int. Ed. 2008, 47, 4482.
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NMR Studies into Structure of (P,Alkene)-Iridium Complex

This section will present the findings about the solution state structure of the (P,alkene)iridium catalysts, including some notes about their stability. As a reference the spectral data of
two P,alkene ligands will be presented.
5.2.2.1 NMR Data of P,Alkene Ligand 122 and 119
The 1H NMR of achiral phosphoramidite ligand 122 shows a singlet at 6.94 ppm for the two
alkene protons of the iminostilbene moiety (Figure 8). The phosphorus NMR shows a singlet at
137.98 ppm (Figure 8). These two peaks in the proton and phosphorus NMR will be key to determine the structure of the below discussed iridium complexes. Following their shift and splitting pattern will demonstrate that the ligand is bound via phosphorus and the double bond to the
iridium center.

Figure 8: P,Alkene Ligand 122; 1H and 31P NMR Spectra in CDCl3

BINOL derived phosphoramidite ligand 119 has a 1H NMR spectrum that does not show a
singlet for the two alkene protons (Figure 9). The phosphorus has a pseudotetrahedral geometry,
described in section 5.2.3.1 and previously described for other phosphoramidite ligands, 240,241
leading to a ligand configuration that renders the alkene protons inequivalent. As shown in Figure 9 the alkene protons couple with J3 = 11.58 Hz forming two doublets at 6.99 and 6.95 ppm
with a strong roofing effect. Again the phosphorus of ligand 6 shows as a singlet at 137.88 ppm
(Figure 9).

240
241

L. Liang, R. W. Guo, Z. Y. Zhou, Acta Crystallogr. 2003, 59, O599.
M. Hölscher, G. Francio, W. Leitner, Organometallics 2004, 23, 5606.
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Figure 9: P,Alkene Ligand 119; 1H and 31P NMR Spectra in CDCl3

5.2.2.2 NMR Data of racemic (P,Alkene)-Chlorine-Ir Complex 252
To investigate the structure of iridium-ligand complex 252 NMR experiments were undertaken. For these [Ir(cod)Cl]2 and two equivalents (per Ir) of P,alkene 122 were dissolved in
deuterated chloroform and stirred for 20 minutes under an Argon atmosphere. The solution was
then used for NMR studies.

Figure 10: (P,Alkene)-Iridium 252; 1H and 31P NMR Spectra in CDCl3

To our delight high quality NMR spectra could be recorded (Figure 10). The first important
observations about the complex structure were of free cyclooctadiene in the 1H NMR and only
one singlet peak in the 31P NMR. These two results demonstrated that all cyclooctadiene ligands
had been substituted by two equivalents of ligand 122. The single peak in the phosphorus NMR
confirmes that all two equivalents of ligand 122 had been complexed, the peak signal shifted from
137.88 ppm for free 122 to a new signal at 140.26 ppm. A second interpretation of this new singlet in the phosphorus NMR is that the two ligands must complex the iridium with a high
amount of symmetry, presumably C2. Further inspection of the proton NMR reveals the absence
of the alkene peak of free ligand 122 at 6.94 ppm and presence of new prominent peaks downfield
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at 4.09 ppm and 4.82 ppm respectively. Their splitting pattern indicates a doublet of triplets. It is
assumed that these peaks show the double bond of ligand 122 complexed to iridium. Backbonding from iridium to the C=C double bond π* orbital will lead to an increase in sp3 character
and subsequent downfield shift of these signals. The signals in the aromatic region are not as
clearly resolved as for the isolated ligand but are not important to the following discussion of
structure elucidation. Turning to 2D-NMR measurements, the COSY spectrum showed that the
two prominent peaks at 4.09 ppm and 4.82 ppm couple to each other but to no other proton
(Figure 11).
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Figure 11: (P,Alkene)-Iridium 252; 2D-NMR Spectra in CDCl3: 1H-1H COSY (left), 1H-31P COSY (right)

The coupling pattern clearly shows a doublet of triplets and assuming that the JHH coupling
shown in the COSY spectrum leads to a doublet splitting pattern another heteroatom must be
responsible for the triplet splitting. Iridium has a spin of 3/2 and phosphorus has a spin of 1/2.
Even as both heteroatoms posses spin the high quadrupole moment of iridium will suppress any
observable coupling with hydrogen nuclei. As described above the two phosphorus atoms are
presumed to be in C2 symmetry, rendering them equivalent. This can explain the triplet splitting
for the proton peaks. And in fact a proton-phosphorus coupling can be observed in a HP-COSY
(Figure 11). Combining all the observations made a structure for the Ir(122)2Cl complex 252 is
proposed (Figure 12).
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Figure 12: Proposed Structure of Ir(122)2Cl 252 based on NMR Study.

The structure of iridium complex 252 depictured in Figure 12 includes the most important
features observed in the above described NMR investigations. The complex possesses C2 symmetry around the chlorine-iridium bond. The alkene double bond should be aligned roughly parallel with chlorine-iridium bond, that way the two alkene protons will be electronically
inequivalent resulting from their different proximity to the halogen atom. The described C2
symmetry renders the phosphorus atoms equivalent and therefore allows for a J3HP triplet splitting through the iridium center. This iridium complex 252 would be an 18-electron complex242 as
the d9 iridium is surrounded by one X-type ligand and four L-type ligands. This saturation of the
iridium valence shell should render complex 252 relatively stable and further purifications and
studies should be possible. In fact, the complex could be purified by column chromatography (silica gel / 30% Et2O/Hex) and crystals of sufficient quality for crystallographic analysis were obtained (5.2.3).
Having now identified the (P,alkene)-Ir complex 252 by NMR-spectroscopic means other iridium complexes that are used in the previously described allylic amination, etherification and
thioetherification studies will be investigated for their structures, reactivities and catalytic competences.
5.2.2.3 NMR Data of racemic (P,Alkene)-Iodine-Ir Complex 253
Repeating the above described procedure (5.2.2.2) for catalyst preparation of [Ir(cod)Cl]2 and
two equivalents (per Ir) of P,alkene 122 were dissolved in deuterated chloroform but this time
adding two equivalents (per Ir) of lithium iodide and stirred for 20 minutes under an Argon atmosphere produced a new (P,alkene)-Ir complex 253. This complex showed the same splitting
pattern as complex 252 in the 1H NMR but the characteristic alkene peaks were shifted from 4.09
ppm and 4.82 ppm to 4.26 ppm and 4.94 ppm, respectively (Figure 13). Also a shift in the phos242

I. Langmuir, Science 1921, 54, 59.
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phorus spectrum from 140.26 ppm to 136.83 ppm is observed. Another observation in the

31P

NMR is that multiple phosphorus peaks are observable in the spectrum. Aside from the major
peak at 136.83 ppm of the new iridium complex 253 some unreacted ligand 122 at 13.7.75 ppm
and very little iridium complex 252 at 140.26 ppm are present. The peak at 126.22 ppm could not
be identified but is presumed to be an iridium-ligand 122 complex with iridium to ligand ratio of
1 to 1. After column chromatography neither of the above mentioned phosphorus impurities were
present.

Figure 13: (P,Alkene)-Iridium 253; 1H and 31P NMR Spectra in CDCl3

The similarities between hydrogen and phosphorus NMR spectra support the assumption that
the only change between complex 252 and 253 is an exchange in halogen atom. This interpretation is supported by the lattice energies of lithium chloride and lithium iodide. Lithium facilitates
a ligand exchange at the iridium. LiCl has a lattice energy of 834 kJ/mol while that of LiI is 730
kJ/mol. The other alkali halides show the similar trends of forming the stronger salt with chloride but are overall lower in energy. This is in agreement of the observation that NaI and KI do
not work as good (2.2.3). Therefore the proposed structure of Ir(122)2I complex 253 is shown in
Figure 14.

Figure 14: Proposed Structure of Ir(122)2I 253 based on NMR Study.
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Complex 253 still shows C2 symmetry around the halogen-iridium bond just with iodine instead of chloride as the halogen X-type ligand. The two equivalents of ligand are still complexed
trans via both the phosphorus and the alkene part.243
5.2.2.4 NMR Data of (S)(P,Alkene)-Ir Complex 179
The BINOL derived ligand 119 formed a (P,alkene)-Ir complex 179 very similar to iridium
complexes 252 and 253, described above in 5.2.2.2 and 5.2.2.3. The alkene peaks show the characteristic doublet of triplet peaks at 4.89 ppm and 3.71 ppm and the phosphorus shows one singlet
at 141.07 ppm. The phosphorus peak above 140 ppm is in agreement with the 140.26 ppm observed for Ir(122)2Cl complex 252 as catalyst 179 also has a chlorine bound to the iridium center.

Figure 15: (P,Alkene)-Iridium 179; 1H and 31P NMR Spectra in CDCl3

5.2.3

Crystallographic Investigations of (P,Alkene)-Iridium
Complexes

The high stability of all (P,alkene)-Ir complexes allowed for purification via column chromatography and the growth of crystal of sufficient quality for crystallographic analysis. For all
(P,alkene)-Ir complexes crystals where grown by layering a chloroform solution with hexane and
slow diffusion of the solvents. No special care was taken to exclude air, moister or light.
5.2.3.1 Crystal Structure of P,Alkene Ligand 119
Ligand 119 could be crystallized from deuterated chloroform with hexane and investigated by
x-ray crystallography.244 On inspection of the crystal structure it can be seen that the alkene
double bond of the iminostilbene moiety is little if at all conjugated to the neighboring benzene
rings. The phosphorus is pseudo-tetrahedral; therefore the BINOL backbone introduces a twist
Please refer to 7.2 for further characterization and more spectra.
A x-ray structure of 119 was also reported by another group: R. Mariz, A. Briceno, R. Dorta, R. Dorta, Organometallics 2008, 27, 6605.
243
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into the phosphorus-nitrogen-alkene axes. This places one of the alkene protons closer to the aromatic system of BINOL then the other, which leads to the shift and splitting pattern observed in
the 1H NMR as described in 5.2.2.1.

Figure 16: Crystal structure of Ligand 119

The bond length will be of importance for the following discussion of (P,Alkene)-Ir complexes
252, 253 and 179 (Table 29). The alkene double bond is of standard length for this class at 1.342
Å. Also the bond angles at the double bond carbons show sp3 hybridization at 127.3˚ and 127.1˚,
respectively.
Table 29: Selected Bond Lengths and Angles of Ligand 119
Entry
1
2
3
4
5
6
7
8
9

Atoms
P1 – O2
P1 – O23
P1 – N24
C31 – C32
O2 – P1 – O23
O2 – P1 – N24
O23 – P1 – N24
C30 – C31 – C32
C31 – C32 – C33

Length (Å)
1.667
1.648
1.678
1.342

Angle (˚)

98.89
97.99
106.47
127.3
127.1

Comparing the bond length and bond angles of the free ligand 119 and the complexed version
in catalyst 179 will give insight into the strength of bonding between ligand and iridium. As no
crystal structure of ligand 122 could be measured for iridium complexes 252 and 253 only the
iminostilbene moiety of 119 will be compared.
5.2.3.2 Crystal Structure of racemic (P,Alkene)-Chlorine-Ir Complex 252
The crystal structure of (P,Alkene)-Ir 252 confirms all predictions made in the NMR analysis
(Figure 17). Two equivalents of ligand 122 are bond to the iridium center in a trans relationship
and all cyclooctadiene ligands have been replaced. The chlorine atom is still bound to the iridium
center and chlorine-iridium bond is the axis of symmetry (C2). Also two phosphorus and two car-
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bons (C8) of the alkene, one carbon from each double bond, together with the iridium center form
a near perfect plane. The trans relationship of the two ligands around the pentacoordinated iridium makes the complex per se chiral but the inversion barrier between both ligand enantiomers is
small enough to make both enantiomers of complex 252 accessible. As a comparison the torsion
barrier of parent biphenyl is 6.0 kJ/mol at 0 ˚C and 6.5 kJ/mol at 90 ˚C.245 Biphenyl is a good
comparison as it has an equilibrium torsion angle of 44.4˚, which is in good agreement with the
measured torsion angle of 46.6˚ for complex 252 (Table 30, entry 20).

Figure 17: Crystal Structure of (P,Alkene)-Ir 252

Table 30 shows selected bond length and angles of (P,alkene)-Ir 252, although due to its high
level of symmetry only one half of the complex will be presented. The above described plane and
symmetry axis are clearly visible in the table. The angles between the chlorine – iridium bond
and both the iridium – alkene (C8) and iridium – phosphorus bonds both are near 90˚ confirming
the plane (Table 30, entries 9 and 10). The close match between the two angles of the Ir – C8
bond with both Ir – P bonds of 88.5˚ and 91.4˚ (Table 30, entry 12) confirms the observations
from the NMR studies that the phosphorus are equivalent and lead to a triplet coupling for both
C8 and C9 (see 5.2.2.2). The strength of complexation of the alkene to the iridium center is
demonstrated by the carbon-carbon bond elongation of more than 0.98 Å from 1.342 Å in the free
ligand 119 to 1.427 Å in complex 252 (Table 29, entry 4 and Table 30, entry 8). This puts the
complexed bond at a length roughly between that of an alkene (1.34 Å) and an alkane (1.54 Å).246

M. P. Johansson, J. Olsen, J. Chem. Theory Comput. 2008, 4, 1460.
M. A. Fox, J. K. Whitesell, Organische Chemie: Grundlagen, Mechanismen, Bioorganische Anwendungen 1995,
Springer. ISBN 978-3-86025-249-9.
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Table 30: Selected Bond Lengths and Angles of Complex 252
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Atoms
Ir1 – P16
Ir1 – C8
Ir1 – C9
Ir1 – Cl31
P16 – O17
P16 – O30
P16 – N1
C8 – C9
P16 – Ir1 – Cl31
C8 – Ir1 – Cl31
C9 – Ir1 – Cl31
C8 – Ir1 – P16
C8 – Ir1 – C8
P16 – Ir1 – P16
O17 – P16 – O30
O17 – P16 – N1
O30 – P16 – N1
C7 – C8 – C9
C8 – C9 – C10
C18 – C23 – C24 – C29

Length (Å)
2.275
2.183
2.189
2.430
1.622
1.586
1.700
1.427

Angle (˚)

90.6
93.3
131.3
88.5, 91.4
173.5
178.8
104.3
104.3
98.9
125.8
125.0
46.6

5.2.3.3 Crystal Structure of racemic (P,Alkene)-Iodine-Ir Complex 253

Figure 18: Crystal Structure of (P,Alkene)-Ir 253

Crystallisation of complex 253 proved more difficult, nevertheless the crystal structure shown
below (Figure 18) verifies the above described (5.2.2.3) assumptions and show that the chlorine is
exchanged for iodine. Figure 18 shows that in this case the other enantiomer was measured. The
bond lengths are nearly identical between complexes 252 and 253 only the Ir – phosphorus bond
and Ir – C8 bonds are elongated by about 0.01 Å (Table 31, entries 1 and 2), which might arise
from the increased steric demand of the larger iodine atom.
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Table 31: Selected Bond Lengths and Angles of Complex 253
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Atoms
Ir31 – P16
Ir31 – C8
Ir31 – C9
Ir31 – I32
P16 – O17
P16 – O30
P16 – N1
C8 – C9
P16 – Ir31 – I32
C8 – Ir31 – I32
C9 – Ir31 – I32
C8 – Ir31 – P16
C8 – Ir31 – C8
P16 – Ir31 – P16
O17 – P16 – O30
O17 – P16 – N1
O30 – P16 – N1
C7 – C8 – C9
C8 – C9 – C10

Length (Å)
2.284
2.193
2.188
2.762
1.611
1.610
1.695
1.436

Angle (˚)

93.1
87.6
130.3
87.6, 92.1
175.9
173.8
103.0
104.5
98.2
125.4
123.5

Noticeably, the carbon – carbon bond of the complexed alkene is elongated by 0.01 Å (Table
31, entry 8) which indicates a stronger back-bonding from the iridium center. This observation is
important in explaining the beneficial influence of the iodine ligand on the stereospecific allylic
amination (ref amination chapter). Observing the Ir-I bond by x-ray crystallography and confirming its presence by high-res mass spectrometry (7.2) gives further credit to the claim that the
LiI has a profound influence on the enantiospecificity of the before described allylic amination
reactions by changing the active catalyst.
5.2.3.4 Crystal Structure of (S)(P,Alkene)-Ir Complex 179
Crystals of Complex 179 were grown by both Dr. Marc Lafrance and myself. The below presented crystal structure was measured with the crystals of Dr. Marc Lafrance as his were of better quality. The crystal structure of 179 has also been reported in 2010 by Linden and Dorta.247
Generally the structure parallels the architecture of complex 252 and bond lengths are not
changed by more than 0.01 Å, particularly the bond length of the complexed alkene stayed virtually unchanged at 1.427 Å compared to the racemic (P,alkene)-Ir 252 (Figure 19, Table 32, entry
8).

247

A. Linden, R. Dorta, Acta Crystallogr., Sect.C 2010, 66, m290.
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Figure 19: Crystal Structure of (P,Alkene)-Ir 179

The BINOL backbone led to a slight rearrangement of the ligand environment around the
iridium center, the phosphorus now sit slightly above the (P3 – C32 – Ir1) plane while the alkene
carbons (C32) sit slightly below this plane (Table 32, entries 9 and 10). The biggest change
comes in the torsion angle of the biphenyl backbone. For the racemic biphenol derived complex
252 the torsion angle around the single bond is 46.6˚, which increases significantly in the case of
BINOL derived 179 to 54.6˚ (Table 30, entry 20 and Table 32, entry 20).
Table 32: Selected Bond Lengths and Angles of Complex 179
Entry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Atoms
Ir1 – P3
Ir1 – C32
Ir1 – C33
Ir1 – Cl2
P3 – O4
P3 – O7
P3 – N25
C32 – C33
P3 – Ir1 – Cl2
C32 – Ir1 – Cl2
C33 – Ir1 – Cl2
C32 – Ir1 – P3
C32 – Ir1 – C32
P3 – Ir1 – P3
O4 – P3 – O7
O4 – P3 – N25
O7 – P3 – N25
C7 – C32 – C33
C32 – C33 – C10
C5 – C12 – C24 – C15

Length (Å)
2.277
2.184
2.160
2.414
1.613
1.611
1.696
1.427

Angle (˚)

89.2
93.6
131.9
88.0, 92.1
172.9
178.4
103.7
105.8
96.8
124.1
123.7
54.6
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Comparison to other Iridium Complexes employed in
Allylic Substitution Reactions

In the above structure discussions, the complexes 252, 253 and 179 have been termed catalyst.
That the complexes are indeed catalytically active was demonstrated for the respective reactions
they were employed for (3.2.3 & 4.2.5.1). For example complex 253 was used in the stereospecific
allylic amination as shown in Scheme 83. Standard conditions of in situ formed catalyst from
[Ir(cod)Cl]2, ligand 122 and LiI (Scheme 83, a) gave allylic amide 128 in 70% yield and
enantiospecificity of greater than 98%. Using instead the isolated complex 253 gave comparable
results of 65% yield and e.s. >98% (Scheme 83, b). It was also shown that re-isolated catalyst 253
showed only slightly diminished performance when used in a second run of allylic amination, 50%
yield and e.s. >98% of 128. Additionally complex 179 was used in the allylic etherification reaction. Stopping the reaction after 35% conversion an excellent enantioselectivity (e.r.: >99.5:0.5)
for allylic ether (S)-108 was measured and 1H and 31P NMR showed that catalyst 179 was still
present in the reaction mixture.

Scheme 83: Catalytic Competency of (P,Alkene)-Ir Complex 253

Phosphoramidites have been employed as ligands in a variety of transition metal-catalyzed reactions.236 Recently, multiple crystal structures have been reported of such phosphoramiditetransition metal complexes, giving us the opportunity to compare them to our above described
(P,alkene)-Ir complexes, and potentially extrapolate reactivity profiles of other metal catalysts of
similar structure to explain the special reactivity of catalyst 179. Phosphoramidite 119 has been
investigated as ligand for rhodium, 248 copper248 and palladium complexes, 249 and employed in
enantioselective conjugated additions to enones.244,248 In the reported copper and palladium complexes ligand 119 is a monodentate ligand, bound via phosphorus.248,249 For rhodium complexes
the ligand configuration around the Rh-center becomes more complicated. Ligand 119 can act as
248
249

E. Drinkel, A. Briceno, R. Dorta, R. Dorta, Organometallics 2010, 29, 2503.
A. Briceno, R. Dorta, Acta Crystallogr., Sect. E 2007, 63, m1718.
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a monodentate ligand, as for copper and palladium, or as a bidentate ligand, as described above
for iridium. In addition, when two P,alkene ligands act as bidentate ligands both a cis and trans
geometry are possible. For complexes 179, 252 and 253 trans geometry was exclusively observed
(Figure 19). In the crystallographic studies by Drinkel et al. the square-planar rhodium complex
254 with formula [RhCl(κ1 119)(κ2 119)] was investigated (Figure 20). One P,alkene ligand 119
is bond only via the phosphorus atom and the second ligand acts as a κ2 ligand via phosphorus
and alkene. The fourth quadrant of the square planar coordination sphere is occupied by a chlorine X-type ligand. Upon addition of silver tetrafluoroborate a cationic complex 256, [Rh( κ2
119)2][BF4] is formed, which possesses two bidentate ligands 119 in a cis-square planar geometry. On the other hand, when adding pyridine to complex 254 a new square planar rhodium complex 255 is formed with the general formula [RhCl(κ1 119)2pyr]. This result is important to note
as it shows that the alkene part of bidentate ligand 119 is more labile then phosphorus. A simple
addition of pyridine can lead to ligand exchange. These results inspired investigations into ligand
flexibility that will be described in part 5.2.5.

Figure 20: Hemilabile P,Alkene Ligand in Chiral Rhodium Complexes248

The identification of a catalytically active iridium complex by Hartwig was already described
initially (page 101). Furthermore, the crystal structure of a related iridium complex 80 is reported.238 The difference between complex 79 and 80 is a change in monodentate ligand to add stability to the complex. As described before, Hartwig’s iridium catalyst suffers from low stability towards air and moister. A comparison of the crystal structures of Ir-phosphoramidite complexes
179 and 80 is shown below (Table 33). Both iridium catalysts are 18 electron complexes with
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four L-type ligands, two phosphorus and two alkenes each, and one X-type ligand, chlorine for
179 and a cyclometalated methylene group for 80. Table 33 shows selected bond length of both
iridium catalysts 179 and 80. The atom numbering has been adopted from the previous description of complex 179 (Figure 19) and complex 80 was adjusted accordingly (Table 33). The comparison will focus on the difference in alkene-iridium bonds of both structures. In complex 179
the high level of symmetry, C2, renders the two alkenes equivalent and consequently all bond
lengths are identical for both. This is contrasted by the cyclooctadiene ligand in catalyst 80. The
two complexed alkenes exhibit different trans-effects, which lead to a closer bonding and higher
sp3 character for the alkene trans to the phosphorus (C32-C33) (Table 33, entries 2, 3, 8) and
higher sp2 character in the alkene trans to the methylene group (C32’-C33’) (Table 33, entries 2,
3, 8). The mean length of both carbon-carbon bonds is actually in very good agreement with the
lengths observed in complex 179 (Table 33, entries 2, 3, 8). The observation of a weaker
complexed alkene in 80 compared to the bond distances measured in 179 is of notice as the following discussion indicates that the cyclooctadiene of 80 actually remains bound to the iridium
centre during the reaction, while for 179 one alkene decomplexes during the reaction to free a
coordination site for the allylic substitution process.
Table 33: Selected Bond Lengths and Angles of Complex 179 and Hartwig’s 80

Entry
1
2
3
4
5
6
7
8

Atoms
Ir1 – P3
Ir1 – C32
Ir1 – C33
Ir1 – X
P3 – O4
P3 – O7
P3 – N25
C32 – C33

Length (179) (Å)
2.277
2.184
2.160
2.414 (Cl)
1.613
1.611
1.696
1.427

Length (80) (Å)
2.212
2.154 / ‘ 2.242
2.135 / ‘ 2.239
2.141 (C29)
1.658
1.658
1.648
1.443 / ‘ 1.403
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Following the report of a catalytically active iridium phosphoramidite complex 79 the group of
Hartwig reported the isolation and crystallographic characterization of an iridium-allyl intermediate for asymmetric allylic substitution reactions.250 Allyliridium complex 82 was formed by reacting 79 with allyl chloride and a subsequent counterion exchange with silver
hexafluorophosphate (Scheme 84). The crystal structure of 82 reveals a few important points.
The cyclooctadiene ligand is still complexed and it was the monodentate ligand 77 that freed the
coordination side. The steric demand of cyclooctadiene pushes the allyl species into an endo configuration. Most of the steric shielding that leads to the out orientation of the methyl group
comes from the chiral amine part of the phosphoramidite ligand and not the BINOL part. Also, it
was shown that the isolated allyliridium complex does react with a variety of nucleophiles to give
the expected allylic product.

Scheme 84: Isolation of Allyliridium Complex 82250

For the investigation of the allylic alkylation reaction by the You group a set of different
allyliridium complexes have been synthesized and their crystal structure investigated (Figure
21).251 In mechanistic studies that included DFT calculations and X-ray crystallographic analyses, they showed that the allyliridium complexes are formed via base promoted C(sp2)-H bond
activation. This differs from the crystal structure reported by the Hartwig laboratory, which features a C(sp3)-H bond activation.250 Aside from the cyclometalation the configuration of the allyl
species is important to note. Hartwig has described the relative stabilities of endo and exo configu-

250
251

S. T. Madrahimov, D. Markovic, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131, 7228.
W.-B. Liu, C. Zheng, C.-X. Zhuo, L.-X. Dai, S.-L. You, J. Am. Chem. Soc. 2012, 134, 4812.
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rations of the allyl species and demonstrated that the endo allyliridium complex is more stable and
leads to the correct stereochemistry in the product observed.234 The crystal structures obtained
by You and co-workers shows that for the cinnamyl complex (Figure 21, bottom left) the exo configuration is preferred by 4:1, which is in accordance with their experimental observations of low
enantioselectivity. This change in configurational preference might arise from the relative small
steric shielding of the cyclooctadiene ligand. C2 symmetry present in catalyst 179 might be best
equipped to overcome this selectivity problem.

Figure 21: Allyliridium Complexes with C(sp2)-H Activation251

Another change in configurational preference is observed in the crotyl alcohol derived iridium
complex (Figure 21, bottom right). The crotyl moiety is in an endo-in position, where the methyl
group faces inwards towards the shielding substituent on the chiral ligand. This probably results
from the relative small size of the methyl group. During the study of the (P,alkene)-Ir-catalyzed
allylic thioetherification similar observations were made (4.4.2); a small butyl substituent lead to
low enantioselectivity, which indicates a similar endo-exo selectivity problem. The main points for
this paragraph are that the (P,alkene)-iridium complexes 252, 253 and 179 are catalytically active, these are 18-electron complexes and one L-type ligand has to decomplex to free coordination space for an incoming allyl species. Evidence exists in the literature that for κ2 phosphorusalkene ligands like 119 the alkene is the labile part of this bidentate ligand. And finally the allyl
moiety of the allyliridium complex prefers an endo-out configuration, even as some examples to
the contrary were presented.

Mechanistic Studies

5.2.5

119

Catalyst Activity and Ligand Flexibility

Kiener et al.238 showed that labile κ1 ligands preferentially exchange at iridium with stronger
coordinating L-type ligands and Drinkel et al.248 showed that the alkene moiety of κ2 P,alkene
119 is substituted by pyridine on related rhodium complexes. This lead us to propose that for
(P,alkene)-Ir complex 179 one alkene is labile enough to free a coordination side and allow for
dissociative substitution by the allyl species. The stability of 179 and the ease of spectra recording led us to test this hypothesis of a labile alkene ligand. Using deuterated pyridine as solvent
for purified complex 179, new peak in the proton and phosphorus NMR gradually appeared over
the course of several hours. The 1H NMR spectrum shows the characteristic doublet of triplet
peaks of the C2 symmetric complex 179, only slightly shifted to 4.14 ppm and 5.28 ppm due to
the change in solvent (Figure 22). The 31P NMR also shows a singlet at 142.7 ppm demonstrating the presence of complex 179. The new peaks, both in the proton and the phosphorus NMR,
are shifted downfield. The 1H NMR spectrum shows a new set of broad doublets at 3.8 ppm and
5.1 ppm respectively. And in the 31P NMR two doublets at 111.9 ppm and 127.6 ppm appear that
couple to each other, J2PP = 45.9 Hz & 47.2 Hz.

Figure 22: NMR Spectra of proposed Pyridine-Iridium Complex 257

These observations lead to the proposed structure of iridium-pyridine complex 257 shown in
Figure 23. This structure incorporates many features to explain the observations made in the
above shown NMR spectra. As Dorta and coworkers demonstrated,248 the alkene moiety of
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P,alkene ligand 119 is more labile then the phosphoramidite moiety. That two phosphorus atoms
remain bound to the iridium centre is also indicated by the presencs of two doublets in the

31P

NMR that couple to each other. Only a J2 coupling along the P-Ir-P bonds will allow for this observation. The symmetry breaking, indicated by the different shift of the phosphorus peaks and
their coupling in the first place, can therefore be achieved only if one alkene is substituted by one
pyridine molecule. The presence of a pyridine ligand bound to iridium is also illustrated by the
downfield shift of both the proton and phosphorus peaks. Pyridine is a stronger donating L-type
ligand compared to an alkene. The resulting increase in electron density around iridium should
lead to stronger backbonding with the remaining alkene bond, indicative in more sp3 character,
and a downfield shift of the two phosphoramidite moieties.252 This is in accordance with the spectra presented above (Figure 22).

Figure 23: Proposed Structure of Pyridine-Iridium Complex 257

Isolation attempts of the newly formed 179-pyr adduct 257 all but failed, nevertheless the
spectroscopic result did motivate us to pursue the formation of an allyliridium complex similar to
Hartwig’s complex 79 (Scheme 84). Following protocols for allyliridium complex formation established by Hartwig238 and Helmchen233,253,254 efforts were undertaken to form such a complex
from catalyst 179 or 253 and a variety of allylic precursors. Various allylic esters, carbonates and
chlorides showed no reactivity under a range of conditions, including different solvents, temperature and promoters. In all cases the (P,alkene)-Ir complex was re-isolated unchanged. Despite
intensive efforts we were not able to observe any allyliridium complexes.
A downfield shift was also observed by Hartwig and coworkers in their study of phosphoramidite-iridium
complexes. A change of κ1 ligand to a more donating L-type ligand led to a downfield shift of cod alkene peaks
and of the phosphoramidite peak.238
253 S. Spiess, J. A. Raskatov, C. Gnamm, K. Brödner, G. Helmchen, Chem. – Eur. J. 2009, 15, 11087.
254 J. A. Raskatov, S. Spiess, C. Gnamm, K. Brödner, F. Rominger, G. Helmchen, Chem. – Eur. J. 2010, 16, 6601.
252
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5.3 Allyl Ester Intermediate
In the following paragraphs our studies into the allyl ester intermediate will be presented. The
initial isolation of an allylester is described together with studies into its formation and reactivity.
It will be shown that the allyl ester is a viable intermediate in the enatioconvergent allylic substitution presented in section 5.5.

5.3.1

Initial Observation

The first time an allyl ester was observed was during the investigations of the substrate scope
for allyl ether formation (see 3.3.1). Upon trying tert-butanol as a nucleophile for both aromatic
and aliphatic substrates no intended ether products 200 and 203 were observed (Scheme 66).
Allyl alcohol dimers 132 and 201 were formed instead. The important discovery was that the
dimers were accompanied by new products that were identified as the ester 199 and 202. Follow
up experiments established that the formation of ester 199 is indeed metal-catalyzed and the addition of tert-butanol is not required for product formation.255 In fact the presence of another alcohol in high concentration actually slowed the rate of conversion.
Cl
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Scheme 85: Initial Observation of an Allyl Ester

A test reaction with chiral P,alkene ligand 119 did not lead to any observable enantiomeric enrichment of ester 199. Although it could be shown that allyl ester 199 does participate in the

Reactions without iridium catalyst showed no conversion. Reactions without tert-BuOH lead to the same
product ratio as shown in Scheme 66.
255
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allyl ether formation, at the time the implications to the reaction mechanism were not realized.
Only the different rate orders of the two substrate enantiomers in the allylic etherification (see
5.4) hinted more complex mechanism for the (P,alkene)-Ir-catalyzed allylic substitution.

5.3.2

Different Esters and their Reactivity

Having identified allyl esters 199 and 202 in the allylic etherification reaction, it further could
be demonstrated that allyl ester 199 does participate in the allylic etherification under standard
conditions (Scheme 86, a). That such an ester could in fact be involved in the reaction process was
hinted by two experimental observations : Discovery that allylic thioetherification in the absence
of acid promoter only proceed to about 60% conversion and enantiomeric enrichment of the substrate for these reactions. By using ester 214 we demonstrated that iridium catalyst is obligatory
for the transformation to thioether product (Scheme 86, b, c).

Scheme 86: Reactivity of Different Allyl Esters

In realizing that the allylester could be a viable intermediate in the allylic substitution reaction, it opened up new directions to inquire about the mechanism. In this respect, different benzyl
allyl esters were tested for their rate of reaction (Table 34). Stopping the reactions after identical
times the relative conversion of different esters could be measured and together with their re-
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spective substitution constants a Hammett plot was produced (Figure
(Figure 24).256 Even though the
coefficient of determination, R2, is low the general trend clearly indicates the development of a
negative charge on the departing ester group and therefore a developing positive charge on the
allyl species.
Table 34:: Thioetherification of Different Benzyl Allyl Ethers
Ether

Conv. [%]

Entry

Ar-

1
2
3
4

PhpOMe-C6H4pNO2-C6H4pF-C6H4-

Substitution
Constant
0.000
-0.268
0.268
0.778
0.062

50
30
70
60

General conditions: allyl ester (100 µmol), BnSH (1.1 equiv.),
[Ir(cod)Cl]2 (2.50 mol%), ligand 122 (10.0 mol%),
1,2-dichloroethane
dichloroethane (0.300mL), 23 ˚C, 10 h.

This result is of no great surprise, it shows that the discussed allylic substitution process with
the (P,alkene)-Ir
Ir complex is mechanistically similar to other reported allylic substitution protocols. Nevertheless, realizing that a better stabilization of the departing negative charge could
have a positive effect on reaction rate and selectivity was of great importance.
80
70

Conversion

60

-0.5

-0.3

50
-0.1

0.1

0.3

0.5

40
y = 33.564x + 47.7
R² = 0.7714

30
20

Substitution constant

Figure 24: Hammett
ett Plot of Benzyl Allyl Ester Conversion (see Table 34)

256

0.7

L. P. Hammett, J. Am. Chem. Soc. 1937, 59, 96.

0.9
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To test the hypothesis, that a stabilized charge on the carboxylic anion will have an influence
on both the conversion and enantioselectivity, a few branched allylic esters were synthesized and
subjected to the reaction conditions of the enantioselective allylic thioetherification (Table 35).
Conversions around 50% indicate a resolution of racemic starting material. In many cases the
enantioselectivity is very high and a perfect branched linear selectivity is observed (Table 35, entries 1, 4, 5). All allylic esters with only 50 to 60 % conversion had ester groups with pKA (aq.)
values of 4.14 to 4.88. The ester of the more acidic para-nitro benzoic acid showed a higher conversion of 80 % with perfect branched linear selectivity but reduced enantioselectivity of e.r.
87:13 (Table 35, entry 2). And diethyl-phosphate with the lowest pKA (around 1.45 in H2O)
shows the best values in conversion, b/l selectivity and enantioselectivity (Table 35, entry 7) confirming our initial hypothesis.
Table 35: Reactivity and Enantioselectivity of different Allyl Esters

Entry
1
2
3
4
5
6
7[a]

RPhpNO2-C6H4pF-C6H4MeEtEtO(EtO)2P(O)O-

pKA (H2O) of
R-CO2H257,258
4.20
2.17
4.14
4.76
4.88
--≈1.45

Conv. [%]
50
80
60
60
57
80
>95

212 / 213
(b/l)
100/0
100/0
60/50
90/10
100/0
95/5
92/2

e.r. of 212
91.5:8.5
87.0:13.0
86.5:13.5
95.5:4.5
96.5:3.5
80.0:20.0
95.0:5.0

General conditions: allyl ester (100 µmol), BnSH (1.1 equiv.), [Ir(cod)Cl]2 (2.50 mol%),
ligand 119 (10.0 mol%),1,2-dichloroethane (0.300mL), 50 ˚C, 18 h;
[a] phosphate ester instead of carbonyl ester.

5.3.3

Mechanism of Allylic Ester Formation

Having identified allyl ester 214 and demonstrated its viability as an intermediate in the allylic
thioetherification reaction, the focus now turned to its mode of formation. Ester 214 was chosen
for these studies as any phosphate ester is not stable enough for the following investigations. Of
further importance was that ester 214 and the corresponding chloroacetic acid have demonstrated good performance in the allyl thioetherification (4.2). Additionally, ester 214 was easily
formed from chloroacetic acid chloride and phenyl allyl alcohol. Test reactions had demonstrated
257
258

D. H. Ripin, D. A. Evans, pKa Table, Chem 206.
R. Williams, pKa Data.
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that the ester 214 is only formed in the presence of iridium complex 179 (Table 36, entry 1 and
5.3.2).
Table 36: Enantioselectivity of Ester Formation

Entry
1[a]
2
3
4

e.r. of 3
50.0:50.0
50.0:50.0
>99.5:0.5 (S)
97.5:2.5 (R)

Conv. [%]
0
>95
>95
>95

b/l Selectivity
--65/35
60/40
50/50

e.r. of 1
--91.0:9.0 (R)
84.0:16.0 (R)
98.5:1.5 (R)

General conditions: alcohol 106 (100 µmol), acid 258 (1.2 equiv.),
[Ir(cod)Cl]2 (2.50 mol%), ligand 119 (10.0 mol%),1,2-dichloroethane (0.200mL),
50 ˚C, 18 h; [a] no [Ir(cod)Cl]2, ligand 119 used.

Having established that the ester 214 is only formed when iridium complex 179 is present; it
was interesting to note that the ester was formed enantioselectively but with the opposite selectivity compared to the allylic substitution reactions with amine, alcohol or thiol nucleophiles. The
later reactions show a (S)-product selectivity with (S)-phosphoramidite ligand 119, while ester
214 was formed as the (R)-isomer. Use of racemic substrate 106 led to the formation of (R)chloroacetic ester 214 in a low branched linear selectivity but good enantioselectivity (Table 36,
entry 2). When enantiomerically enriched allyl alcohol 106 was used, both enantiomers led to the
same product enantiomer, (R)- 106, in good to excellent enantioselectivity (Table 36, entries 3,
4). The branched to linear selectivity was low at best, but nevertheless, these results show that
the low branched to linear selectivity for the racemic substrate does not result from an
enantiodivergent reaction pathway.259,260 The linear ester could form by a [3,3]-sigmatropic rearrangement from 214, as the styrene moiety adds stability or via acid mediated SN2’ reactions resulting from the high acid concentration.
The next step in understanding its mechanism of formation was to investigate the origin of the
linking ester oxygen (Figure 25). Two scenarios are possible. First, formation of ester 214 by a
simple condensation of the allyl alcohol 106 and chloroacetic acid, in this case the linking oxygen
would originate from the alcohol 106. Considering the requirement of iridium complex 179 for
the ester formation and the observed enantioselectivity, a simple condensation is unlikely. A second alternative is an iridium-catalyzed substitution of allyl alcohol 106 by chloroacetic acid.

259
260

K. Faber, Chem. Eur. J. 2001, 7, 5004.
J. Steinreiber, K. Faber, H. Griengl, Chem. Eur. J. 2008, 14, 8060.
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This would lead to an oxygen link originating from the acid. To establish the origin of the ester
link a labeling experiment with oxygen-18 was designed.

Figure 25. Origin of Link in Ester 214

The oxygen-18 labeled substrates, namely phenyl allyl alcohol 106 and chloroacetic acid 258,
were synthesized by oxygen exchange reactions with oxygen-18 labeled water, H218O (Scheme
87).261 The labeled chloroacetic acid was formed by simply stirring chloroacetic chloride in 3
equiv. of H218O. It could be shown by mass spectrometry and 13C NMR analysis262 that the ratio
of non-labeled to mono-labeled and double-labeled chloroacetic acid was 1 : 3 : 6. The prolonged
stirring of oxygen exchange reaction on benzaldehyde was accompanied by the Tishchenko reaction to form benzyl benzoate.263

Scheme 87: Synthesis of Oxygen-18 labeled Compounds

A Grignard reaction with vinyl magnesium bromide gave oxygen-18 labeled allylic alcohol
18O-106.

and

13C

Again the presence of oxygen-18 in the compounds was proven by mass spectrometry
NMR analysis. With these labeled substrates in hand the iridium mediated ester for-

mation could be investigated. Combining labeled 18O-106 and non-labeled chloroacetic acid gave
allyl ester 214 without traces of oxygen-18 (Scheme 88, a). When non-labeled allyl alcohol 106
and labeled chloroacetic acid 18O-258 were combined, the 13C NMR and mass spectrometry clearly identified the presence of an oxygen-18 enriched ester link (Scheme 88, b). The

13C

NMR

showed four signals for the carbonyl carbon and two for the ether carbon; these signals arise from

M. Byrn, M. Calvin, J. Am. Chem. Soc. 1966, 88, 1916.
J. C. Vederas, J. Am. Chem. Soc. 1980, 102, 374.
263 V. Tishchenko, J. Russ. Phys. Chem. Soc. 1906, 38, 355, 482, 540, 547.
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the possible combinations non-, mono- and double-labeled acid 258 with allyl alcohol 106
(Figure 26).

Scheme 88: Labeling Studies into the Origin of the Ester Link Oxygen

Figure 26: 13C NMR of labeled Allyl Ester 214, showing all differentially labeled Forms

Combing all the above described information about the ester formation; the reaction is a substitution and not a condensation, is iridium-catalyzed, enantioselective but with opposite selectivity to other substitutions; a mechanism can be proposed that includes an inner shell bond forming
step (Scheme 89). First allylic alcohol 106 reacts with the catalytically active catalyst XXVII (see
5.2) to allyliridium complex XXVIII.264 To this intermediate acid 258 complexes, forming a new

264

for in depth discussion of allyliridium formation from racemic allylic alcohol, see 0
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complex XXIX.265 Reductive elimination would form ester 214 and regenerate catalyst XXVII.
Assuming that the oxidative addition to iridium-allyl complex XXVIII is enantioselective,264 the
elimination of ester 214 from complex XXIX would be a stereospecific process with retention of
configuration. This is opposite to what is observed in outer sphere substitution processes with
amine, alcohol and thiol nucleophiles. In sections 5.1 and 0 arguments are presented that iridiumcatalyzed allylic substitutions with hetero-nucleophiles are conventionally a double inversion
process. Although additional experiments are needed to gain more insight into the mechanism of
ester formation; the data presented in this section, combined with the mechanistic discussion in
the rest of this chapter, are consistent with this mechanistic proposal (Scheme 89).

Scheme 89: Possible Reaction Mechanism for Formation of Ester 106

5.4 Kinetic Experiments
During the investigations of the (P,alkene)-Ir-catalyzed allylic etherification (3.2) and allylic
thioetherification (4.2) it was observed that in the reaction progress the substrate was
enantiomerically enriched. In addition, reactive intermediates in form of allylic esters were isolated (5.3). These and other observations intrigued us to investigate the allylic substitution reaction
by spectroscopic means. It was chosen to use time resolved NMR spectroscopy as the main tool
for kinetic experiments as the catalyst complex is stable in NMR conditions (0), and the different
allylic substances are easy to identify by 1H NMR spectroscopy. Investigating the kinetics of the
reaction was seen as beneficial as it would offer the most information about reactivity, rate difference and activity for all reaction partners involved. However, classical kinetic experiments, pseuA similar Ir-acid complex was proposed in Krische’s iridium catalyzed allylation reactions:
I. S. Kim, M.-Y. Ngai, M. J. Krische, J. Am. Chem. Soc. 2008, 130, 14891.
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do-first-order analysis, in which a large excess of one or more reagents is used to investigate one
substrate of interest, could not be applied in our system as a change in nucleophile concentration
leads to changes in the reaction outcome (3.2). Using more than 10 equivalent of alcohol nucleophile leads to an inhibition of the allylic etherification reaction and the use of less than 3 equivalents leads to formation of significant amounts of byproduct. Therefore the “Reaction Progress
Kinetic Analysis” (RPKA) was chosen as the preferred kinetic probe.266 RPKA is used to monitor
the reaction progress throughout the whole reaction, monitoring consumption of starting material and production of product simultaneously. These kinetic investigations will be made with synthetically relevant conditions. The solvent of choice for both the allylic etherification and the
allylic thioetherification is 1,2-dichloroethane and this solvent was also used in deuterated form
for the kinetic NMR experiments.
The following investigations were done in collaboration with the NMR-service of the LOC,
ETH Zürich. The data analysis was aided by a code provided by PD Dr. Martin Klussmann of the
Max-Planck-Institut für Kohleforschung in Mühlheim, Germany.

5.4.1

Allylic Etherification: Different Substrates, Same Product

The first reaction investigated by RPKA was the enantioselective allylic etherification of racemic allylic alcohols. During the optimization phase of this reaction it was observed that the
substrate is enantiomerically enriched while the reaction progresses but eventually full conversion is observed. Therefore the initial motivation for NMR supported kinetic analysis was the
possibility to separately monitor the substrate enantiomers in the reaction. First it was shown
that both enantiomers of test substrate phenyl-allyl alcohol 106, under (S)-(P,alkene)-Ir catalysis,
indeed react to the same product enantiomer (S)-108 with enantioselectivities in agreement to
the overall reaction (Scheme 90). While testing the separate enantiomers it was observed that
(S)-106 reacted much fast, full conversion was achieved within 1 hour, then (R)-106, which required 24 hours to be fully consumed.

266

D. G. Blackmond, Angew. Chem., Int. Ed. 2005, 44, 4302.

130

Iridium-Catalyzed Allylic Substitution

Scheme 90: Enantioselective Allylic Etherification: Conversion of racemic and optically pure Substrate

A NMR protocol was created that would allow for the in-situ monitoring of all allylic compounds. As stated above, deuterated dichloroethane was used as the solvent to mimic the reaction
environment of the parent allylic etherification, as shown above and in 3.3. The reagent ratios
was kept the same, with 2.5 mol% [Ir(cod)Cl]2 pre-catalyst, 10 mol% P,alkene 119, 0.5 equivalent
m-chloro benzoic acid and 5 equivalents of benzyl alcohol. Only the solution was more dilute
(0.109 M) compared to 0.500 M, for reasons of spectrum quality. Also, an internal NMR standard, tetramethylsilane or hexamethyldisiloxane, was added for shimming and integration purposes. To measure the 1H NMR spectra a Bruker DRX 600 spectrometer with a chamber temperature of 50 ˚C was used. Spectra were measured at fixed intervals and saved as pseudo-2D spectra.267
5.4.1.1 Allylic Etherification of (S)-106
Part of the pseudo-2D spectrum of the allylic etherification of (S)-3 is shown in Figure 27
which emphasize the region of interest. The traces of a substrate proton signal and two product
proton signals were measured and converted into a graph showing fraction conversion versus
time (Figure 28). The graph already shows some important mechanistic points.

267

Please refer to the 7.8 for further detail.
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Figure 27: Pseudo-2D Spectrum of the Allylic Etherification of (S)-106

Figure 28 clearly shows that allylic ether product 108 is formed at the same rate as allylic alcohol (S)-106 is consumed. The shape of the graph indicates non-integer rate law. An induction
period over the first five data points (approx. first six minutes) is followed by a period, approximately from minute six to 30, where the rate is independent of concentration and finally the
graph flattens out at full conversion after about 45 minutes. From the data presented in Figure
28 a graphical rate law can be computed and presented as a rate versus substrate concentration
graph (Figure 29).266
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Figure 29: Graphical Rate Equation for (S)-106

The assumptions voiced above are validated as the observed induction period leads to a complicated, non-integer rate law. If the rate determining step of the catalytic cycle would lie after
the oxidative addition step and would be the transformation of an allyliridium complex as zeroorder rate dependence on substrate concentration would be expected (5.1). Therefore the observed non-zero-order and the inability to observe any allyliridium complex, either by synthesis
or by spectroscopic studies, leads to the proposal that the rate determining step in the allylic substitution of (S)-106 is the oxidative addition. This result alone cannot shed further light on the
mechanism operating in the allylic substitution catalyzed by an (P,alkene)-iridium complex but
the importance of this finding will establish itself when comparing to other graphical rate laws
(see below).
5.4.1.2 Allylic Etherification of (R)-106

Figure 30: Pseudo-2D Spectrum of the Allylic Etherification of (R)-106
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The pseudo-2D spectrum for the allylic etherification of (R)-106 is again shown (Figure 30).
The graph showing fraction conversion (F) vs. time (t) computed from the traces of one substrate
proton signal and two product proton signals is shown in Figure 31. The shape of the graph in
Figure 31 shows the synchronous consumption and formation of both substrate and product.
From the time scale it becomes apparent that the reaction is much slower than for the other enantiomer (5.4.1.1), taking more than 20 hours compared with one hours required by (S)-106. The
shape of the graph further indicates first order rate law for the transformation of (R)-106 into
(S)-106.
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Figure 31: Reaction Progress of Allylic Etherification of (R)-106
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Figure 32: Graphical Rate Equation for (R)-106
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Repeating the calculations for a graphical rate law with the data set of Figure 31 a clear sign
that the enantioselective allylic etherification of (R)-106 exhibits first-order kinetics, which is in
agreement with assumptions voiced above. Comparing the two graphical rate laws for both substrate enantiomers, (S)-106 (Figure 29) and (R)-3 (Figure 32) clearly shows that the two enantiomers react via different mechanisms.
5.4.1.3 Rate Comparison for Allylic Alcohol Enantiomers
Again, it is important to note, that both enantiomers of 106 form the same product enantiomer
(S)-108. When overlaying the substrate consumption graphs for both (S)-106 and (R)-106 the
huge rate difference becomes apparent. While (S)-106 is converted to (S)-108 within 1 hour, it
takes more than 20 hours for (R)-106 to be fully consumed under (S)-(P,alkene)-Ir catalysis
(Figure 33). The two enantiomers show different rate laws as discussed above. These different
rate laws indicate that two different mechanisms are in the works for the two enantiomers. Section 0 will discuss the implications of the described findings and a mechanistic explanation in detail. The first conclusion from the observed rate difference was to create a kinetic resolution protocol for allylic alcohols with benzyl alcohol, as described in chapter 3.4.
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Figure 33: Comparison of Fraction Conversion vs. Time for (S)-106 and (R)-106

5.4.2

Observation of Reactive Allylic Ester Intermediate

Lower loading of nucleophile and a simple change in solvent lead to the observation of allylic
ester 199 in the NMR rate study of the allylic etherification (Scheme 91). Both enantiomers of
allylic alcohol 106 were tested in this rate study and showed the intermediacy of allylic ester 199.
The rate of reaction for (R)-106 was considerably slower than for (S)-106, and therefore only the
later substrate will be discussed in the following.267
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Scheme 91: Observation of reactive Allylic Ester 199 in NMR Rate Experiment

Figure 34: Pseudo-2D Spectrum of the Allylic Etherification of (S)-106 with Observation of Allylic Ester
Intermediate 199

The pseudo-2D NMR spectrum clearly shows the disappearance of (S)-106 and the formation
of ester 199 and ether 108 (Figure 34). Also a very small amount of dimer 132 can be observed.
The graph in Figure 35 shows the consumption of substrate 106 and the formation of 108 but
with a marked difference in shape compared to the previous rate study in deuterated
dichloroethane (5.4.1.1). The dimer by-product 132 is observed as only one equivalent of benzyl
alcohol nucleophile was added. The most interesting part of this graph is the tracking of allylic
ester 199. It is formed fast initially but then plateaus at about 0.2 equivalents and holds steady
until the end of the measurement. Only then product ether 108 is formed in noticeable quantities
and it takes approximately ten hours for the ether to surpass the ester intermediate in fraction

136

Iridium-Catalyzed Allylic Substitution

conversion. The changed reaction conditions lead to a drastic slowing in reaction rate, compare
5.4.1.1, which unfortunately resulted in the termination of an incomplete reaction.
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Figure 35: Reaction Progress of Allylic Etherification of (S)-106 with Intermediacy of Allylic Ester 199

5.4.3

Allylic Thioetherification: Importance of Phosphoric Acid
Additive

The above described kinetic NMR experiments encouraged us to also investigate the allylic
thioetherification (Chapter 4) with these tools. During the optimization studies of the allylic
thioetherification it was observed that the two substrate enantiomers displayed very different
reactivity in their requirement for additives and in their rate of transformation. As was observed
before for the allylic etherification (5.4.1.3) the (S)-substrate enantiomer reacts much faster to (S)thioether product then does the (R)-substrate. The surprising difference between the enantiomers
was that (S)-106 reacts under (S)-(P,alkene)-Ir catalysis to (S)-212 without the addition of any
acid promoter (Table 37). (R)-106 requires the addition of an acid for reaction progress. To aid
the mechanistic discussion and to support the mechanistic proposal below, the allylic
thioetherification was also studied by NMR spectroscopy (Scheme 92).
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Scheme 92: Enantioselective Allylic Thioetherification: Different Conditions for each Enantiomer

5.4.3.1 Allylic Etherification of (rac)-106 with added Dibutyl Phosphoric
hosphoric Acid
To establish a benchmark for the following discussion the reaction conditions used for the
allylic thioetherification as reported in 4.3 were used in slightly adjusted
adjus
form for the kinetic
NMR studies (5.4.1). [Ir(cod)Cl
Ir(cod)Cl]2 pre-catalyst (2.5 mol%) and (S)-P,alkene
P,alkene 119 (10 mol%) were
dissolved in deuterated dichloroethane (0.55 ml, 0.14 M with respect to 106) and allow to form
(S)-(P,alkene)-Ir complex 179 in situ.
situ The addition of allylic alcohol 106 (10 µl, 76 µmol) was accompanied by the addition of dibutyl hydrogen phosphate (7.5 µl, 0.5 equiv.) and
phenylmethanethiol (11 µl, 1.2 equiv.).
equiv.) Moreover, an internal NMR standard, hexamethyldisiloxane,

was added for shimming and integration purposes. The 1H NMR spectra were measured with a
chamber temperature of 50 ˚C.267
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Figure 36:: Allylic Thioetherification from (rac)-106
(
with Phosphoric Acid Promoter: Fraction Conversion
and Rate vs. Concentration

Figure 36 shows on the left the conversion of racemic allylic alcohol 106 into thioether 212.
Dibutyl phosphoric acid was included as an additive to promote full conversion. On the right the
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relative rate of consumption is related to the substrate concentration. In this graph the reaction
progresses from right to left. The rate starts off high and slows considerably and finally convergconver
es to zero at about 90% conversion. On close inspection of this “graphical
“graphical rate law” two distinct
parts can be recognized. The first half of the reaction progress seems to follow first-order
first
kinetics
similar to previously observed graphical rate law (Figure
(
32).
). The rates for relative concentraconcentr
tions below 0.5 indicate a more complex rate law. Two important observations can be extracted
from these graphs. First, the reaction of racemic allylic alcohol does show conversion for both
enantiomers
iomers and second, the apparent change in rate law at about 50% conversion could indicate
a difference in mechanism for the two enantiomers.
5.4.3.2 Allylic Etherification of (S)-106 without Dibutyl Phosphoric
hosphoric Acid
The next step in investigating the kinetics of the allylic thioetherification of racemic allylic ala
cohols was to investigate the (S)-(P,alkene)
(P,alkene)-Ir complex 179-catalyzed conversion of the two enantiomers separately. First the conversion of (S)-106
(
was followed by NMR spectroscopy (Figure
(
37). This reaction was run without the addition of dibutyl
ibutyl phosphoric acid,
acid as earlier investigations had already shown that (S)-106
106 is indeed converted to (S)-212 without
thout added promoter
within one hour (Table 37).
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Figure 37: (S)-179-Catalyzed Allylic Thioetherification from (S)-106
(
without Phosphoric Acid Promoter:
Fraction Conversion and Rate vs. Concentration

The graph on the left of Figure 37 shows the conversion of (S)-106 into (S)-212.
(
The time
scale on the graph shows that the reaction was done within 4 hours. This is slower to what was
observed under standard experimental conditions and is mostly due to the higher dilution comco
pared to the standard 0.5 molar reaction setup. The shape of the graph already hints a first order
rate law and when plotting the relative rates versus the relative concentration of substrate (S)106, first-order
order kinetics for this transformation become apparent (Figure
(Figure 37, right). By visual
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inspection a resemblance to the graphical rate law for the first half of the previously mentioned
reaction is noted (Figure 36,, right).
5.4.3.3 Allylic Etherification of (R)-106 with added Dibutyl Phosphoric Acid
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Figure 38: (S)-179-Catalyzed Allylic Thioetherification from (R)-106
(
with Phosphoric Acid Promoter: FracFra
tion
ion Conversion and Rate vs. Concentration

The reaction of (R)-106 in the allylic thioetherification does not proceed without the addition
of an acid promoter (Table 37).
). It was shown earlier that dibutyl phosphoric acid is the optimal
acid promoter for this reaction (4.2.6). Therefore dibutyl phosphoric acid was used as an additive
in the above NMR investigation. It is important to note that this reaction was run
r with 0.5
equivalents of allylic alcohol, to mimic the conditions encountered by the slower reacting enantienant
omer in a racemic reaction. This means that the substrate concentration is now half to the reacrea
tions before and that the relative catalysts loading is now double to the two previous experiments
of this section. Although the graph showing the conversion of (R)-106
106 into (S)-212 has not
reached full conversion at the end of the measurement an “upward movement” of the product
graph is still present (Figure 38,
38, left). Again the higher dilution might account for the slower rate
compared to the reference reaction in 4.3.. Plotting the relative rates for this transformation a
“scatter” of data-points
points close to zero is noted (Figure
(
38,, right). Close inspection of all pseudo-2D
pseudo
1H-NMR
NMR

spectra for investigation of allylic thioetherification did not show any signs of phospho

phoric ester intermediates or hints of iridium complexes
complexes other then the previously described
(P,alkene)-Ir catalyst 179.
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5.5 Enantioconvergent Mechanism
In this final part of chapter 5 the mechanistic interpretation of the enantioselective (P,alkene)Ir complex-catalyzed allylic substitution reaction will be discussed. We propose that especially
the allylic thioetherification follows an enatioconvergent mechanism. To support the argument,
above presented observations will combine with additional experiments to back up the claimed
mechanism. Classically, substrates for enantioselective catalytic transformations are achiral, also
termed pro-chiral. A distinction has to be made from substrate controlled stereoselective reactions that form a new chiral non-racemic centre by diastereomeric control. This stereocontrol can
come from other chiral centers already present in the molecule or from temporary attached chiral
auxiliaries.268 In an enantioselective catalytic transformation the stereo-inducing moiety is part of
the catalyst, for example chiral architecture,269 ligands236,270,271 or counterions.272,273,274 Using such
chiral, non-racemic catalysts in enantioselective transformations of achiral molecules (Scheme 93,
A), diastereomeric substrate-catalyst complexes are formed that dictates the enantiomer of the
formed product (Scheme 93, B and C). The ratio of the two possible diastereomeric substratecatalyst complexes is dictated by the side- or face-selectivity of the catalysts. When using chiral
racemic substrates the mechanistic picture is more complicated. The two enantiomers of the substrate will experience different diastereomeric interactions with the chiral, non-racemic catalyst
(Scheme 93, D and E), leading to four possible isomeric substrate-catalyst complexes (Scheme 93,
F, G, H and J). This might lead to different reactivity patterns for the enantiomers, often expressed by markedly different rates and/or mechanism.
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Scheme 93: Enantioselective Transformations of Achiral and Chiral Substrates with Chiral Non-Racemic
Catalysts, Exemplified by 1,2-Diol Formation275,276,277,278

Commonly the resulting rate differences of the different isomers are exploited in kinetic resolutions, although these reactions have the limitations of a maximum yield of 50%. Therefore the
need of creative methods for the quantitative conversion of racemic substrates into a single
enantiomerically enriched product founded an inventive research area to develop relevant mechanistic concepts. Various concepts for transformation of racemic substrates into single
enantiomeric products will be presented and discussed by expulsion proceedings.
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Non-Sequential Processes for the Transformation of a
Racemate into a Single Stereoisomeric Product

The above mentioned rate difference between enantiomers in reactions with chiral nonracemic catalysts is employed in the kinetic resolution (KR). In this process preferentially only
one enantiomer reacts to product, resolving the racemic substrate into enantiopure product and
enantiopure substrate. The effectiveness of the KR is measured by the “stereoselectivity factor”
(s), which a measure of enantiopurity of substrate related to the reaction progress. The kinetic
resolution has the inherent limitation as the maximum yield of enantiopure substance that can be
obtained from a racemic mixture is 50%. Concepts to overcome this limitation will be present on
the following pages.259,260
5.5.1.1 Dynamic Kinetic Resolution (DKR)

Figure 39: Schematic Representation of Dynamic Kinetic Resolution (DKR)

The DKRs exploit the rate difference of enantiomers in a given reaction by coupling this
transformation to a second process that constantly racemizes the substrate. This racemization
prevents the gradual depletion of e.r. close to the 50% conversion mark normally observed in KR,
and allows for the complete transformation of a racemate into a single stereoisomeric substrate
(Figure 39). The strong rate difference for the allylic alcohol enantiomers has been demonstrated
for the enantioselective allylic etherification (5.4.1.3) and thioetherification (5.4.3). It could be
shown that a DKR was not the origin of the observed enantioselective thioetherification reaction.
In 4.2.5.2 the efforts into establishing a DKR protocol with the help of Shvo’s catalyst279 were
already discussed. Further confirmation that a racemization process is not in operation in the
allylic thioetherification was gained by following experiments. Observation of the e.r. of allylic
alcohol substrate during the course of a reaction showed that the e.r. increases towards an enrichment of (R)-106. This is expected as (R)-106 is the slower reaction substrate enantiomer in
allylic substitution reactions catalyzed by the (S)-179 complex. Secondly enantiomerically en279

N. Menashe, Y. Shvo, Organometallics 1991, 10, 3885.
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riched substrate (S)-106 showed no depletion of e.r. during the course of the etherification transformation. Even when exposing enantiopure (R)-106 to standard reaction conditions, without
thiol nucleophile, did not lead to any depletion of e.r. of (R)-106.

Figure 40: Dynamic Kinetic Resolution (DKR) is not a Mechanistic Explanation for Enantioselective Allylic
Thioetherification

5.5.1.2 Dynamic Kinetic Asymmetric Transformation (DYKAT)
At first sight DYKAT, might look almost identical to DKR. In fact the two terms have been
incorrectly used interchangeably, and much confusion has arisen about this concept. In short
DYKAT is a transformation of both enantiomers via a common achiral intermediate to one product enantiomer. Two subtypes of DYKAT have to be distinguished (Scheme 94). In DYKAT type
I, the substrate enantiomers form together with a chiral non-racemic catalyst two diastereomeric
complexes (S)-Sub.Cat. and (R)-Sub.Cat.. These substrate-catalyst complexes can interconvert,
via (achiral)-Sub.Cat., and subsequently form product. In DYKAT type II, both substrate enantiomers react via a single common compound, either an achiral intermediate or an enantiomeric
substrate-catalyst complex, (achiral)-Sub.Cat..

Scheme 94: Schematic Representation of Dynamic Kinetic Asymmetric Transformation (DYKAT)

For these processes to be dynamic transformations the rates of substrate-catalyst complex
formation and interconversion have to be faster than the product formation. Then product selectivity depends on the rate difference between kSC* and kRC*. As the rate limiting step in both these
processes is kSC* no rate difference between the two substrate enantiomers should be observed.
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Also, it is important to point out, that a DYKAT reaction is only dependent on a single catalytic
species, which in contrast to DKR, generally depends on two different catalysts.
5.5.1.2.1 DYKAT Type I
The concept of DYKAT type I was introduced by Trost for the palladium-catalyzed asymmetric allylic substitution of racemic substrates. 280 Taking the mechanism of palladium-catalyzed
allylic substitution as a model for iridium-catalyzed processes (5.1) this mechanism offers a feasible explanation for the reported allylic thioetherification. Although, as Hartwig already reported,
the fast isomerisation of allyl iridium complexes is not consistent with experimental observations
(Scheme 95).234 Additionally, results reported by us of an (P,alkene)-Ir-catalyzed stereospecific
allylic substitution281 supports and Hartwig’s findings strongly contradicts a substrate-catalysts
isomerisation (2.2 & 5.1.1).

Scheme 95: DYKAT Type I is not a Mechanistic Explanation for Enantioselective Allylic Thioetherification

Following Trost’s mechanistic picture of DYKAT type I,282 linear allylic substrates should also react. They would initially enter as a different substrate-catalyst complex, but isomerisation of
such a complex would lead to a loss of any stereoinformation from the substrate and no difference
to branched substrates should be observed. The use of linear substrates in enantioselective allylic
transformations is strongly precedented in the works of Helmchen, Hartwig and Alexakis. The
allylic thioetherification reaction has been extensively tested with linear substrates, and none of
the tested linear alcohol, esters, carbonates, chloride or phosphoric esters have shown any reactivity. Another observation that discourages a DYKAT type I process as a mechanistic explanation is that a stark rate difference between the substrate enantiomers is observed (5.4.3). For
DYKAT type I to be able to dictate enantioselectivity, the product forming step must be rate de-
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termining; therefore no rate difference of substrate-catalysts complex formation should be observed. Collectively our experimental observations strongly discourage a DYKAT type I mechanism as an explanation for the enantioselective allylic thioetherification.
5.5.1.2.2 DYKAT Type II
Most points of critic raised in 5.5.1.2.1 also contradict a DYKAT type II mechanism. For example, linear substrates should show similar reactivity, which is not in accordance with experimental results. Also, if a (achiral)substrate-(chiral)catalysts complex is formed, using an achiral or
racemic catalysts should lead to racemic products, even when employing enantiomerically enriched substrates.283 The enantiospecific allylic amination (2.2) strongly discourages the existence
of such complex. A second result discouraging a DYKAT type II mechanism is the memory of
the chiral sense observed for allylic alcohol enantiomers, (S)-106 and (R)-106 (0).
5.5.1.3 Enantiodivergent Process
The group of Hartwig reported an enantiodivergent allylic substitution.284 In this process, a
chiral non-racemic catalyst converts the substrate enantiomers into two different products. Stanley et al. used this process to convert (S)-allylic benzoate into (S)-allylic ethers and the other substrate enantiomer into the linear achiral allylic benzoate (Scheme 96). Considering the close relation of Hartwig’s iridium-catalyzed allylic substitution to Carreira’s iridium-catalyzed allylic substitution, it could be imagined that such a process is also present in the allylic thioetherification.
Again, the inability to convert any linear allylic compound into thioether product disproves such
mechanistic explanation (Scheme 95).

Scheme 96: Schematic Representation of Enantiodivergent Process and Example by Hartwig284

5.5.1.4 Direct Enantioconvergent Transformation (DET)
The direct enantioconvergent transformation (DET) makes use of two independent reactions
for the racemic substrate. Each substrate enantiomer reacts via an independent pathway to the
same product enantiomer. As both substrate enantiomers react with the same chiral catalyst, both
pathways must exhibit opposite enantiopreference and follow opposite stereochemical courses. In
283
284
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L. M. Stanley, C. Bai, M. Ueda, J. F. Hartwig, J. Am. Chem. Soc. 2010, 132, 8918.
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the below shown schematic representation, the (S)-substrate is converted to (S)-product with
overall retention of configuration, while the (R)-substrate reacts with overall inversion of configuration.

Scheme 97: Schematic Representation of the Direct Enantioconvergent Transformation (DET)

Such requirements are rather difficult to meet in practice and consequentially, reports on successful DET reactions are scarce. Nevertheless, recent reports by two groups on copper-catalyzed
allylic substitution reactions invoked a DET mechanistic explanation. Ito and co-workers reported the copper-catalyzed asymmetric allylic substitution of racemic allylic ethers for the formation
of enantiomerically enriched α-chiral allylboronates. 285 They showed with deuterium labeling
studies, that the substrate enantiomers are substituted either anti-SN2’ or syn-SN2’ (Scheme 98).
Based on computational investigations, Langlois et al. proposed an anti-SN2/anti-SN2’
enantioconvergent mechanism in their copper-catalyzed asymmetric allylic alkylation reaction.286
This enantioconvergent mechanism can explain many of the experimental observations in the
allylic thioetherification, and in 0 our experimental findings will be interpreted in light of a possible DET.

Scheme 98: Enantioconvergent Transformation of cyclic Allylic Ethers by Ito285

285
286

H. Ito, S. Kunii, M. Sawamura, Nat Chem 2010, 2, 972.
J.-B. Langlois, D. Emery, J. Mareda, A. Alexakis, Chem. Sci. 2012, 3, 1062.
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For the enantioselective allylic thioetherification we propose an enantioconvergent mechanism, were the allylic alcohol enantiomers react via two different pathways to form the same
allylic thioether enantiomer. In Scheme 99, a comprehensive picture of all putative intermediates
and their relationship to each other is presented. By investigating these potential reactive intermediates, a mechanistic picture will be developed, which is supported by additional studies. These
strongly hold up DET as a mechanistic basis for de-racemization.

Scheme 99: Proposed Enantioconvergent Allylic Thioetherification with all Putative Intermediates and
their Relation to Each Other

The (S)- and (R)-enantiomer of allylic alcohol 106 are both shown on the left of Scheme 99 and
arrows in bold, grey or red show the relationship to the other intermediates. In Table 37 selected
test reactions are presented, which form the basis for the above shown scheme. Allylic Alcohol
enantiomer (S)-106 reacts without the addition of acid promoter to thiol (S)-212, while (R)-106
does not react without acid promoter (Table 37, entries 1 - 3). This is shown in Scheme 99 by the
bold black or red line linking (S)-106 and (R)-106 via a possible allyliridium complex XXVIII to
allylic thioether (S)-212. Grey arrows link both substrate enantiomers (S)-106 and (R)-106 with
all possible linear intermediates XXXIV. These linear compounds can be linear allylic alcohol
260, linear allylic esters 215 and 261, and also linear allylic thioether 213. The connecting arrow
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is held in grey to emphasis that such a reaction is observed, often as side product, except from
linear allyl alcohol 260, but these reaction pathways do not contribute to the overall
enantioselective allylic thioetherification (Table 37, entries 4, 6 and 8). These linear species do
not contribute to the overall reaction, as none of these compounds react on to form allylic
thioether (S)-212 (Table 37, entries 11 - 14). This has already been discussed in the paragraph
about DYKAT type I and II mechanisms (see 5.5.1.2). Both allylic alcohol 106 enantiomers can
be converted by the (P,alkene)-iridium catalysis to branched allylic ester 214 and 259, dependent
on the acid promoter used (Table 37, entries 5 and 6). Phosphatester 259 has not been isolated
from any reaction setup, nor has it been spectroscopically observed, but all experimental observations strongly indicate its intermediacy. The formation and reactivity of these esters has been
discussed in detail in section 5.3. Table 37 again shows the reactivity of preformed esters 214 and
259 in both enantiomerically pure forms to give allylic thioether 212 (Table 37, entries 7 - 10).
As shown in Table 37, both (S)-106 and (R)-106 reacts with the respective acid promoter under
iridium catalysis to the corresponding allylic ester, which in turn reacts under iridium catalysis to
give (S)-212. For an enantioconvergent reaction it is imperative that the two enantiomers react
via two different pathways. In the given case, (S)-106 would react via the acid-free direct conversion to (S)-212, while (R)-106 first forms a branched allylic ester, which in a second step also
forms product (S)-212. As already stated above, (R)-106 does not convert to product in the nonpromoted reaction, therefore excluding this pathway. For (S)-106, seemingly both pathways (acid-free and via allylic ester XXXIII) are accessible (Table 37, entries 2 and 5), but a closer look
on the rates of reaction show that the acid-free direct conversion to (S)-212 is the faster reaction.
Additionally the substrate conversion for the acid-free and dibutyl phosphoric acid have been
monitored via NMR (Figure 41). These results confirm that the acid-free direct allylic
thioetherification will be the dominant pathway for (S)-106 and (S)-212.
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Table 37: Selected Reactions for Mechanistic Studies[a]

Entry

Substrate

Reagents

1

(rac)-106

[Ir(cod)Cl]2, 119, BnSH

Conversion
(%)
60

2[b]

(S)-106

[Ir(cod)Cl]2, 119, BnSH

>95

3

(R)-106

[Ir(cod)Cl]2, 119, BnSH

40

(rac)-106

BnSH, 258

>95

5

(S)-106

[Ir(cod)Cl]2, 119, 258

>95

6

(R)-106

[Ir(cod)Cl]2, 119, 258

>95

7

(S)-214

[Ir(cod)Cl]2, 119, BnSH

>95

8

(R)-214

[Ir(cod)Cl]2, 119, BnSH

>95

9

(S)-259

[Ir(cod)Cl]2, 119, BnSH

>95

10

(R)-259

[Ir(cod)Cl]2, 119, BnSH

>95

11

260

[Ir(cod)Cl]2, 119, 262, BnSH

0

n/a

n/a

12

215

[Ir(cod)Cl]2, 119, BnSH

0

n/a

n/a

13

261

[Ir(cod)Cl]2, 119, BnSH

0

n/a

n/a

14

261

BnSH

0

n/a

n/a

4[c]

Products
212,
50%
212,
>99%
212,
38%
212,
20%
214,
60%
214,
50%
212,
96%
212,
85%
212,
98%
212,
85%

213,
10%
213,
<1%
213,
2%
213,
80%
215,
40%
215,
50%
213,
4%
213,
15%
213,
2%
213,
15%

[a] According to General Procedure 3. [b] Reaction time one hour. [c] Reaction time 4 days.

e.r.
96.5:3.5 (S)
[>99.5:0.5 (R)-3]
>99.5:0.5 (S)
64.0:36.0 (S)
n/a
84.0:16.0 (R)
98.5:1.5 (R)
94.5:5.5 (S)
86.0:14.0 (S)
97.5:2.5 (S)
90.0:10.0 (S)
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Figure 41: Comparison of Fraction Conversion vs. Time for (S)-106 with and without Dibutyl Phosphoric
Acid Promoter

The above described experimental observations already build a strong case for the proposed
direct enantioconvergent transformation as the mechanism in play for the asymmetric allylic
thioetherification. In the following sections more data and arguments will be presented to further
strengthen the proposal.

5.5.3

Comparison of Rate Graphs for Allylic Thioetherification

In section 5.4.3, conversion of allylic alcohol 106 into allylic thioether 212 was monitored via
1H

NMR. The overall iridium-catalyzed reaction of (rac)-106 into (S)-212 with dibutyl phosphor-

ic acid was monitored (Figure 36), as well as the separate conversions of (S)-106 (Figure 37) and
(R)-106 (Figure 37), without and with the addition of acid promoter, respectively. The difference
in graphical rate law was discussed (page 136ff). If the proposed enantioconvergent mechanism is
indeed feasible then it could be anticipated that the rate graphs of the separate substrate enantiomers (Figure 37 and Figure 38) should, if superimposed, be congruent with the overall rate graph
(Figure 36).
Already described above, the substrate concentration for the acid promoted conversion of (R)106 was half the concentration of the parent reaction with (rac)-106. This was based on the reasoning that the slower reacting enantiomer, (R)-106, will, after all (S)-106 is consumed, experience a lower substrate concentration and higher catalysts equivalents before any appreciable conversion can be observed. Therefore, the rate of reaction for (R)-106 measured above should closely resemble the conversion of (R)-106 in the reaction of (rac)-106. For the conversion of (S)-3,
which was measured with equivalent concentration as the parent reaction, a “trick” has to be employed to ensure comparability. The concentration of (rac)-106 and of (S)-106 are both 0.14M in
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deuterated dichloroethane at the start of the reaction. At 50% conversion
conversion of (S)-106 the substrate
concentration will have decreased to 0.07M, which is identical to the initial concentration of (S)106 in the (rac)-106 reaction. Therefore, the rate graph after 50% conversion of (S)-106 should
be approximating the first 50% conversion of (rac)-106.. This is, of course, dependent on the asa
sumption that the (P,alkene)-Ir
Ir catalyst is not deactivated in the course of the reaction, or that
the product inhibits the reaction.266
If all these assumptions hold true, then a simple addition of the rate graphs for (S)-106 without
promoter and (R)-106 with promoter should closely resemble the rate graph of (rac)-106. Indeed,
this is the case (Figure 42).
). The color coding is the same as in section 5.4.3, overall reaction of
(rac)-106 is shown in orange {x},
{
product formation from (S)-106 is shown as blue {+}
{
and
product formation from (R)-106
106 is shown as red {o}.. Again the pronounced rate difference beb
tween (S)-106 and (R)-106 is apparent from the graph. Addition of values of fractional converconve
sion for both enantiomer rate graphs lead to the combined graph, shown as violet {∆}.
{
The good
agreement between the rate graph of (rac)-106 and the combined graph give additional support to
the proposed enantioconvergent mechanism.

Fractional Conversion

1

0.5

(rac)--Alcohol
(S)-Alcohol
Alcohol
(R)-Alcohol+Acid
Alcohol+Acid
Combined (S) & (R) Graph
0
0

20000

Time [s]

40000

60000

Figure 42:: Allylic Thioetherification: Combination of Separate
eparate Enantiomer Graphs and Overlay onto Racemic Reaction

The rate experiments were set up to only allow for the reaction pathway
pathw of interest. No
dibutyl phosphoric acid was added to (S)-106 and therefore no intermediate phosphate ester 259
could have formed. For the conversion of (R)-106 to thioether 212 acid was added and as any
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unpromoted reaction for this enantiomer was excluded before,287 the intermediacy of allylic phosphate ester 259 is expected.
The dibutyl phosphoric acid was the acid promoter of choice in the enantioselective allylic
thioetherification (4.3) as the phosphoric acid ester group has proven to be a superior leaving
group in allylic substitution reactions (4.2.6). Therefore it is not surprising that during the course
of these mechanistic studies no intermediacy of phosphate ester 259 was directly observed. As
argued before (5.4.1.1) the rate determining step of the (P,alkene)-Ir-catalyzed reaction is the oxidative addition of the allylic substrate to the iridium catalysts. Therefore, any species arising
downstream, including ester 259 or allyliridium XXVIII, will not be observable.

5.5.4

“Assisted Leaving”: Thoughts on Oxidative Addition to
(P,Alkene)-Iridium

Based on the experimental results of section 0, and observations made with aliphatic-allylic alcohol substrates (0), a putative mechanistic proposal for the oxidative addition step will be presented in this paragraph.

Scheme 100: Resolution of Aliphatic Allylic Alcohols in the Allylic Thioetherification Reaction

Allylic alcohol substrates show divergent reactivity dependent on the substituent on the
branched alcohol. If the alcohol is allyl-aryl di-substituted, for example phenyl allyl alcohol 106,
the (S)-enantiomer will react without added promoter and the (R)-enantiomer only converts to
product upon the addition of acid promoter. For allyl-alkyl di-substituted alcohols, for example
165, only the (S)-enantiomer will react to thioether product with the help of dibutyl phosphoric
acid promoter (Scheme 100). The (R)-enantiomer will stay untouched and can be re-isolated in
high optical purity (4.4.2).

287

see Table 37
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Scheme 101: Reactivity of Different Allylic Alcohol Enantiomers under Various Conditions

Scheme 101 summarizes the reactivity of aromatic and aliphatic allylic alcohols and its phosphate ester derivative in the iridium-catalyzed allylic substitution. Only aromatic (S)-106 undergoes allylic thioetherification without the aid of phosphoric acid promoter. The addition of promoter 262 enables the conversion of both aromatic allylic alcohol enantiomers, (S)-106 and (R)106, and the (S)-enantiomer of aliphatic allylic alcohol 165. (R)-106 shows no reactivity in the
allylic thioetherification reaction, even the preformation of the corresponding phosphate ester
(R)-263 does not facilitate conversion to allylic thioether 247. A closer examination on the stereochemistry and substitution pattern of the allylic alcohols related to their reactivity allows proposing a mechanism for the oxidative addition step (Scheme 102). Several previously described
observations form the base for this proposal. The development of a partial positive charge on the
allyl species is indicated by the above described Hammett Plot for the reactivity of allylic esters
(Figure 24). The different rates observed for substrate enantiomers reacting with a chiral, nonracemic catalyst are indicative of divergent diastereomeric interactions (Figure 33).259,260,286
In Scheme 102 the proposed allyliridium (III) intermediate XXXIX is shown as a η3-complex.
One of P,alkene 119 has become a κ1 ligand, only bond via phosphorus, as previously indicated by
NMR studies (5.2.5). This frees up coordination space for the allyl ligand. This allyliridium
XXXIX is common for all substrate enantiomers and its stereochemistry is determining the
stereochemical outcome of the allylic thioetherification, (S)-212 or (S)-247.251 To form the common intermediate XXXIX, the different substrates experience divergent reactivity. Phenyl allyl
alcohol (S)-106, which absolute stereochemistry presumably fits the chiral pocket of the
(P,alkene)-Ir catalysts 179 will react directly to XXXIX. A η2 pre-complexing of the iridium catalyst to the substrate double bond is required to assist in the departure of the alcohol group. The
involvement of iridium pre-complexation is indicated by the lack of non-catalyzed background
reaction (Table 37, entries 2, 4).
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Scheme 102: Mechanistic Proposal for Oxidative Addition Step

In complex XXXV, the departure of the alcohol group and the resulting positive charge on C3
(see numbering in XXXIX, Scheme 102) are aided by three factors ( ): 1) η2 complex; 2) the aryl
group; 3) the “attack” of the iridium centre on C3 to instantaneously form η3 complex XXXIX.
The opposite phenyl-allyl enantiomer, (R)-212, requires the assistance of the excellent phosphate
ester leaving group, as the steric hindrance in diastereomer XXXVI does not allow for iridium to
assist directly in the substitution. A positive charge on C3 can be imagined to have formed in a
SN1-type process and only from this carbocationic complex XXXVIII iridium will be able to form
η3 complex XXXIX. The slower reaction rate for the (R)-enantiomer (Figure 42) is a good indication that a higher energy intermediate has been formed in the rate determining step, which is
the case if a free carbocation species is formed en-route to η3 complex XXXIX. Aliphatic allylic
alcohol (S)-165 should fit into the chiral pocket of 179 and therefore closely resemble complex
XXXV. Due to the inferior stabilization for a developing positive charge from the alkyl group, a
phosphoric ester on the alcohol is required to assist in the substitution of complex XXXVII. Alt-
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hough allylic phosphoric ester (R)-263 was independently synthesized and subjected to the reaction conditions, no conversion to product was observed. This can be explained by the lack of “assistance” in η2 complex XL. While the η2 complex and the phosphate ester group support the
substitution at C3, the alkyl group cannot sufficiently stabilize a free positive charge and the stereochemistry on C3 does not allow for the “assistance” of iridium directly, as seen in complex
XXXV.
As described at the beginning of this chapter (5.1.1) the isomerization of an allyliridium complex is slow on the time scale of the substitution reaction. Our results in the stereospecific allylic
substitution (2.2) and the differences observed for rate and enantioselectivity of the substrate enantiomers strongly support this finding. Hartwig described in his seminal mechanistic study that
the enantioselectivity in iridium-catalyzed allylic substitutions results from the “stereorecognizing” step of diastereoselective oxidative addition.234 In the previous sections data was
presented that supports the interpretation that such a process is also the “stereo-recognizing”
step in the (P,alkene)-Ir-catalyzed allylic thioetherification. The chiral environment of catalysts
179 is determining for the face selectivity of the π-system and the phosphoric acid promoter aids
in overcoming the diastereomeric clash between the (R)-substrate and catalyst (S)-179.

5.6 Conclusion
The combined information about the structure and catalytic activity of (P,alkene)-Ir complex
179 (5.2.2.4, 5.2.3.4, 5.2.5), the identity and mechanism of formation of an allylic ester intermediate 214 (5.3.2, 5.3.3, 5.4.2) and most important the kinetic studies on allylic alcohol enantiomers
in different reaction environments (5.4.1.1, 5.4.1.2, 5.4.3.1, 5.4.3.2, 5.4.3.3, 5.5.3) forms a strong
basis for the postulation of an enantioconvergent mechanism for the enantioselective allylic
thioetherification (Scheme 103).288 Studies to probe the reactivity of postulated and excluded intermediates delivered results that are consistent with an enantioconvergent mechanism (5.5.1.1,
5.5.1.2, 0). In conclusion a structure for allyliridium complex XXXVII was proposed to sum up
all experimental observations (5.5.4).

288
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Scheme 103: (P,Alkene)-Ir-Catalyzed, Phosphoric Acid mediated Allylic Thioetherification of branched
Allylic Alcohols

The strongest efforts were undertaken to study the proposed enantioconvergent, but also
mechanistic alternatives, by synthetic and spectroscopic means accessible to us and all results are
consistent with the proposed mechanism. Nevertheless there is always room for improvement
and more work on this interesting reaction and its mechanism is needed to fully understand and
command it. More work in this area is currently in progress in the group.
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6.1 (P,Alkene)-Iridium Catalyzed Enantioselective
Allylic Amination, Etherification and
Thioetherification
In this work, we have demonstrated the first general Ir-catalyzed stereospecific allylic
amination of optically active, unactivated, allylic alcohols. The 1˚-allylic amine can be isolated
directly or protected in situ as part of the workup. The reaction is made possible because of the
unique reactivity of a complex generated from Ir(I) and a phosphoramidite-alkene ligand whose
reactivity is modulated in the presence of LiI. Given the availability of optically active allylic
alcohols through a variety of methods, the transformation we describe provides rapid entry to
optically active allylic amines. Spectroscopic studies have shed light on the catalyst structure.
The salient features of the method include the preparation of amine products through the displacement of the alcohols without the need for prior activation and without resorting to high
dilution or use of a protected amine. Additionally, the use of the racemic branched allylic alcohols as starting materials is convenient as a consequence of their ease of synthesis.
Extending on the range of suitable nucleophiles for the intermediate putative allylridium
species, we have developed a robust enantioselective allylic etherification reaction that employs
two alcohols, with allylic alcohols as electrophiles and aliphatic alcohols as nucleophiles. As part
of a preliminary mechanistic study, we have noted a difference involving the rate of the reaction
of the enantiomeric substrates, as demonstrated by 1H NMR spectroscopic studies. This inspired the development of a modified protocol for the kinetic resolution of an allylic alcohol,
allowing isolation of unreacted alcohol and the corresponding benzyl ether in high optical purity. The results we have described underscore the unique aspects of the Ir complex incorporating the P,alkene ligand, leading to considerable simplification in the preparation of optically
active allyl alkyl ethers. Moreover, the Ir catalyst is able to accept allylic alcohols directly as
substrates because of the ability of a Brønsted acid to serve as co-catalyst. This considerably
expands the activation options for these substrates beyond those previously described.
Finally, we developed an enantioselective allylic thioetherification of racemic branched allylic
alcohols employing thiols in the presence of an (P,alkene)-iridium catalyst and dibutyl phosphate as promoter. Allylic thioethers are synthesized with good yields and good to excellent
enantioselectivity. For some electron deficient and aliphatic allyl alcohols a kinetic resolution
protocol with high selectivity was developed. A collection of observations suggest the operation
of an underlying enantioconvergent mechanism for the transformation of racemic starting ma-
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terials into one product enantiomer. The use of a phosphate diester has been identified as key to
enabling the enantioconvergent pathways.
Special attention had been focused on mechanistic studies into the special features of the
(P,alkene)-iridium complex. Three (P,alkene)-iridium complexes haven been characterized by
NMR spectroscopy and x-ray crystallography. An allylic ester intermediate, indentified in the
studies of the allylic etherification and thioetherification, was investigated for its mode of formation and reactivity in the respective transformation.

18O-labeling

experiments showed that

the formation of the allylic ester from allylic alcohol and acid is a substitution and not as first
assumed a condensation. Hammett plots indicated the beneficial influence of an electron withdrawing ester group on yield and enantioselectivity of the allylic substitution reaction. Kinetic
experiments were employed to confirm the convergent reactivity of the substrate enantiomers,
shed light on the pronounced rate difference between them, and to monitor the allylic ester intermediate during the course of the reaction. Extensive synthetic studies have been undertaken
to confirm the operation of an enantioconvergent mechanism and to exclude other
deracemization mechanism. Combining all mechanistic information an enantioconvergent allylic
thioetherification, catalyzed by a (P,alkene)-iridium complex and promoted by dibutyl phosphoric acid, was proposed a putative allyliridium intermediate was discussed.

6.2 More (P,Alkene)-Iridium Catalyzed Transformations
The effect of phosphate as catalyst in combination with its properties as a leaving group as
observed by You and Helmchen opens up new avenues for the development of new
enantioselective transformations of racemic substrates. We expect the successful expansion of
the investigated (P,alkene)-iridium catalyzed allylic substitution protocol to new nucleophile
classes. In this work, exclusively heteronucleophiles, sulfamic acid, alcohols and thiols, have
been investigated, although preliminary investigations, not discussed in this thesis, have indicated the involvement of carbon based nucleophiles in the allylic substitution reaction. Moreover, a revision of the described low yielding allylic substitution with phenols and intramolecular
allylic substitutions should be more successful when using phosphoric acid as promoter.
Further testimony to the special features of the (P,alkene)-iridium complex is the successful
transformation of 1,3 disubstituted allylic alcohols, a class of electrophiles currently unavailable
for other iridium-catalyzed allylic substitution reactions. Additionally the (P,alkene)-iridium
complex was observed to catalyze the reduction of carbon-carbon double bonds under one at-
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mosphere of hydrogen. Further investigations into this reaction are currently unavailable, although might prove to be fruitful.
The enantioconvergent mechanism observed in the allylic thioetherification warrants further
investigation. The use of chiral substrates in the field of enantioselective transformations is underrepresented due to the difficulty the different diastereomeric interactions pose on the catalyst system. The indentified phosphoric acid promoted enantioconvergent mechanism offers a
new solution to this problem.
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7.1 General Methods
All non-aqueous reactions were carried out using oven-dried (90 °C) or heat gun dried glassware under a
positive pressure of dry argon unless otherwise noted. Acetonitrile, dichloromethane, diethyl ether,
tetrahydrofuran, and toluene were purified by passage over activated alumina under an argon atmosphere
(H2O content < 30 ppm, KARL–FISCHER titration). Triethylamine was distilled from KOH under an atmosphere of dry nitrogen. All other commercially available reagents were used without further purification. Except if indicated otherwise, reactions were magnetically stirred and monitored by thin layer
chromatography using Merck Silica Gel 60 F254 plates and visualized by fluorescence quenching under
UV light. In addition, TLC plates were stained using ceric ammonium molybdate, potassium permanganate, vanillin, 4-methoxybenzaldehyde, or ninhydrin stain. Chromatographic purification of products
(flash chromatography) was performed on Brunschwig or Fluka silica 32-63, 60 Å using a forced flow of
eluent at 0.3-0.5 bar. Concentration under reduced pressure was performed by rotary evaporation at 40 °C
at the appropriate pressure. Purified compounds were further dried under high vacuum. Yields refer to
chromatographically purified and spectroscopically pure compounds, unless otherwise stated.

NMR spectra: NMR spectra were recorded on a Varian Mercury 300 spectrometer operating at
300 MHz and 75 MHz for 1H and

13

C acquisitions, respectively, on Bruker DRX400 (or AV400) spec-

1

trometers operating at 400 MHz ( H) and 101 MHz (13C), or on Bruker DRX600 spectrometers operating
at 600 MHz (1H) and 151 MHz (13C). Chemical shifts (δ) are reported in ppm with the solvent resonance
as the internal standard relative to chloroform (δ = 7.26) or methanol (δ = 3.31) for 1H, and chloroform (δ
= 77.0) or methanol (δ = 49.0) for 13C. All 13C spectra were measured with complete proton decoupling.
Data are reported as follows: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, m =
multiplet, br = broad signal; coupling constants in Hz.

IR spectra: recorded on a Perkin Elmer Spectrum RX-I FT-IR (as thin film) or Perkin Elmer Spectrum
BX FT-IR (neat) spectrometer. Absorptions are given in wavenumbers (cm-1).

Mass spectra: recorded by the MS service at ETH Zürich. EI-MS (m/z): Waters Micromass AutoSpec
Ultima spectrometer. ESI-MS (m/z): Bruker Daltonics maXis spectrometer. MALDI-MS (m/z): Bruker
Daltonics UltraFlex II spectrometer.

Chemical names: generated with ChemBioDraw Ultra 12.0 (Cambridgesoft) and modified where appropriate.
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7.2 (P,Alkene)Ir Complex

5-(dibenzo[d,f][1,3,2]dioxaphosphepin-6-yl)-5H-dibenzo[b,f]azepine (122)
A Schlenk flask under argon was charged with the 2,2’-bisphenol (2.23 g, 12.0 mmol, 1.00 equiv.). PCl3
(15.8 ml, 180 mmol, 15.0 equiv.) and a catalytic amount of N-methylpyrrolidone (35.0 µl, 0.360 mmol,
0.03 equiv.) were added and the reaction mixture was heated at 50 °C during 30 min. The initially heterogeneous mixture turned into a brownish homogenous solution. After cooling to 23 °C, the excess PCl3
was evaporated into a cold-finger-trap in vacuo and quenched with saturated aqueous NaHCO3, 1 mL
toluene was added to azeotropically remove remaining PCl3. The resulting phosphorchloridite (air-and
moisture-sensitive!) was redissolved in 25 mL THF.
In a separate Schlenk flask under argon, the iminostilbene (3.48 g, 14.4 mmol, 1.20 equiv.) dissolved in
25 mL THF (0.5M) was deprotonated at -78 °C by the slow addition of n-BuLi (9.90 ml, 1.10 equiv, 1.6
M solution in hexanes). The resulting deep blue solution was stirred at -78 °C for 1 hour before the
phosphorchloridite solution was slowly added via cannula. The resulting mixture was stirred at -78 °C,
then warmed to 23 °C and continued to stir during 8 h. After completion of the reaction, as determined by
TLC, the solvents were evaporated in vacuo. Purification of the residue by flash chromatography on silica
gel using hexanes/toluene (1/1) as eluent afforded the desired product as a white powder. Yield: 2.24 g
(5.50 mmol, 36.7%). Keep under inert atmosphere for long-term storage.
1

H-NMR (300 MHz, CDCl3) d 7.29-7.36 (m, 2H), 7.21-7.24 (m, 4H), 7.08-7.18 (m, 8H), 6.96-6.99 (m,

2H), 6.94 (s, 2H); 31P-NMR (121 MHz; CDCl3): δ 137.99 (s, 1P).
For other spectroscopic data see: C. Defieber, M. A. Ariger, P. Moriel, E. M. Carreira, Angew. Chem. Int.
Ed. 2007, 46, 3139.

5-((11bS)-dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepin-4-yl)-5H-dibenzo[b,f]azepine (119)
A Schlenk flask under argon was charged with the (S)-BINOL (10.0 g, 14.9 mmol, 1.00 equiv.). PCl3
(45.8 mL, 524 mmol, 15.0 equiv.) and a catalytic amount of N,N-Dimethylformamide (81.0 µl, 1.05
mmol, 0.03 equiv.) were added and the reaction mixture was heated at 50 °C during 30 min. The initially
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heterogeneous mixture turned into a brownish homogenous solution. After cooling to 23 °C, the excess
PCl3 was evaporated into a cold-finger-trap in vacuo and quenched with saturated aqueous NaHCO3, 1
mL toluene was added to azeotropically remove remaining PCl3. The resulting phosphorchloridite (airand moisture-sensitive!) was redissolved in 206 mL THF.
In a separate Schlenk flask under argon, the iminostilbene (7.44 g, 38.5 mmol, 1.10 equiv.) dissolved in
206 mL THF (0.17M) was deprotonated at -78 °C by the slow addition of n-BuLi (21.6 mL, 1.05 equiv,
1.6 M solution in hexanes). The resulting deep blue solution was stirred at -78 °C for 1 hour before the
phosphorchloridite solution was slowly added via cannula. The resulting mixture was stirred at -78 °C,
then warmed to 23 °C and continued to stir during 8 h. After completion of the reaction, as determined by
TLC, the solvents were evaporated in vacuo. Purification of the residue by flash chromatography on silica
gel using hexanes/toluene (2/1) as eluent afforded the desired product as a white powder. Yield: 8.7 g
(17.1 mmol, 49.0%). Keep under inert atmosphere, in the dark, for long-term storage.
1

H-NMR (400 MHz; CDCl3): δ 7.99 (d, J = 8.8 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.76 (d, J = 8.1 Hz,

1H), 7.62 (d, J = 8.8 Hz, 1H), 7.45-7.34 (m, 3H), 7.30-7.15 (m, 9H), 7.12-7.09 (m, 1H), 7.01-6.90 (m,
3H), 6.85 (d, J = 8.8 Hz, 1H), 6.53 (td, J = 7.7, 1.5 Hz, 1H);

13

C NMR (101 MHz; CDCl3): δ 149.95,

149.86, 148.7, 143.1, 142.5, 136.5, 135.2, 132.9, 132.2, 131.53, 131.44, 131.34, 130.31, 130.20, 129.16,
129.07, 129.05, 129.00, 128.97, 128.90, 128.55, 128.40, 128.30, 127.9, 127.1, 126.80, 126.70, 126.15,
126.04, 125.6, 124.8, 124.3, 122.1, 121.5;

31

P NMR (162 MHz; CDCl3): δ 137.88 (s); IR (thin film) ν

3057, 3023, 1590, 1485, 1461, 1327, 1283, 1234, 1206, 1108, 1070, 983, 949, 819, 799, 749, 668, 558
cm-1; HR-MALDI-MS m/z calcd for C34H23NOP [M+H]+ 508.1466, found 508.1460.

Ir((rac)P,alkene)2I (253)
A round bottom flask under argon was charged with [Ir(cod)Cl]2 (100 mg, 0.150 mmol, 1.00 equiv.), the
phosphoramidite 122 (243 mg, 0.600 mmol, 4.00 equiv.) and lithium iodide (80.0 mg, 0.600 mmol, 4.00
equiv.). CDCl3 (15.0 ml, 9.9 mM) were added and the reaction mixture was stirred at 23 °C for 3 hours.
The solvent was removed under vacuo and purification of the residue by flash chromatography on silica
gel using hexanes/diethyl ether as eluent afforded the desired iridium complex 253 in 14% yield (48.0
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mg, 42.0 µmol) as a off white/yellow solid. X-ray quality crystals where obtained by recrystallization
from CDCl3 and hexane.
1

H-NMR (400 MHz; CDCl3): δ 8.34 (d, J = 8.2 Hz, 2H), 7.54-7.28 (m, 18H), 7.17-7.11 (m, 6H), 6.99 (td,

J = 7.5, 1.2 Hz, 2H), 6.80 (dd, J = 7.6, 1.3 Hz, 2H), 6.56 (dd, J = 7.4, 1.8 Hz, 2H), 4.93 (dt, J = 8.6, 4.1
Hz, 2H), 4.24 (dt, J = 9.2, 4.7 Hz, 2H).

13

C-NMR (400 MHz; CDCl3): δ 149.8, 149.6, 142.1, 141.1,

141.1, 140.1, 139.6, 131.5, 131.3, 130.7, 130.1, 129.8, 129.7, 129.6, 129.3, 129.0, 128.8, 128.1, 127.5,
126.7, 126.5, 126.1, 126.0, 122.7, 44.1, 43.6. 31P-NMR (162 MHz; CDCl3): δ 136.82; HR-MALDI-MS
m/z calcd for C52H37IIrN2O4P2 [M+H]+ 1135.0897, found 1135.0888.

Ir((S)P,alkene)2Cl (179)
A Schlenk tube under argon was charged with [Ir(cod)Cl]2 (100 mg, 149 µmol) and phosphorous-alkene
119 (302 mg, 596 µmol, 4.00 equiv.). d1-Chloroform (3.00 mL, 0.05 M) was added and the reaction mixture was stirred at 23 °C for 2 hours. The color of reaction mixture changed from light red to dark red and
31

P-NMR confirmed full complexation of the ligand 119. Addition of excess n-hexane crashed out the

iridium complex 179 as a white powder in 15.8 %yield (58.6 mg, 0.047 mmol).
1

H-NMR (400 MHz; CDCl3): δ 8.65 (d, J = 9.1 Hz, 2H), 8.08 (d, J = 9.1 Hz, 2H), 8.08 (d, J = 9.1 Hz,

2H), 8.01 (dd, J = 13.2, 8.3 Hz, 4H), 7.97 (d, J = 9.0 Hz, 2H), 7.53-7.45 (m, 4H), 7.37-7.29 (m, 10H),
7.22-7.17 (m, 6H), 7.08-7.03 (m, 4H), 6.95 (dd, J = 7.6, 1.5 Hz, 2H), 6.91 (d, J = 8.9 Hz, 2H), 6.31 (dd, J
= 7.6, 1.4 Hz, 2H), 4.90 (dt, J = 8.5, 4.1 Hz, 2H), 3.71 (dt, J = 9.1, 4.7 Hz, 2H); 31P-NMR (162 MHz;
CDCl3): δ 141.07 (s);

13

C NMR (101 MHz; CDCl3): δ 148.0, 147.7, 141.91, 141.87, 140.40, 140.36,

139.43, 139.27, 139.25, 132.7, 132.2, 131.7, 131.5, 130.6, 129.73, 129.68, 129.34, 129.18, 128.24,
128.20, 128.11, 127.6, 127.1, 126.38, 126.34, 126.18, 126.0, 125.58, 125.51, 122.5, 122.06, 121.87, 47.1,
42.8; HR-MALDI-MS m/z calcd for C68H44IrP2N2O2 [M-Cl]+ 1205.2377, found 1205.238.
For a discussion of the crystal structure validating our proposed confirmation, see: A. Linden, R. Dorta,
Acta Crystallographica Section C 2010, 66, m290
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7.3 Allylic Amination
General Procedure for Stereospecific Iridium-Catalyzed Allylic Amination with
Sulfamic Acid (GP1)
A round bottom flask under argon was charged with [Ir(cod)Cl]2 (17.0 mg, 25.0 µmol, 2.50 mol %), the
phosphoramidite 122 (41.0 mg, 0.100 mmol, 10.0 mol %), sulfamic acid (117 mg, 1.20 mmol, 1.20
equiv.), lithium iodide (13.4 mg, 0.100 mmol, 10.0 mol %) and 4 Å powdered molecular sieves (200 mg).
Solvent (2 ml, 0.5 M) and DMF (0.40 ml, 5.00 mmol, 5.00 equiv.) were added and the reaction mixture
was stirred at 23 °C for 15 min. A change to a yellow solution was observed. Allylic alcohol (1.00 mmol,
1.00 equiv.) was added via syringe. The resulting reaction mixture was stirred at 23 ˚C or 50 °C for 18
hours. Conversion was checked by disappearance of the starting material on TLC. Triethylamine (0.700
ml, 5.00 mmol, 5.00 equiv.) was added and the reaction mixture was cooled down in an ice / water bath.
Distilled benzoylchloride (0.230 ml, 2.00 mmol, 2.00 equiv.) in DCM (1 ml) was added slowly via syringe. The resulting mixture was stirred at 0 °C, then warmed to 23 °C and continued to stir during 3 h.
The solvents were removed under vacuo and purification of the residue by flash chromatography on silica
gel using hexanes/diethyl ether as eluent afforded the desired benzamide.

Aromatic Substrates at 23 ˚C:

(S)-N-(1-phenylallyl)benzamide (128).
Prepared according to GP1: Allylic alcohol 106 (134 mg, 1.00 mmol) (e.r. 95/5 determined by chiral
HPLC) afforded allylic amide 128 in 70% yield (167 mg, 0.700 mmol) as off-white powder. 95/5 e.r.
determined by chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm),
tr 11.7 (minor) tr 17.4 (major); [α]D: -48.3.
1

H-NMR (400 MHz; CDCl3): δ 7.81-7.79 (m, 2H), 7.53-7.28 (m, 8H), 6.41 (br, 1H), 6.12 (ddd, J = 17.3,

10.1, 5.3 Hz, 1H), 5.88-5.85 (m, 1H), 5.33-5.29 (m, 2H).
For other spectroscopic data see: M. J. Pouy, L. M. Stanley, J. F. Hartwig, J. Am. Chem. Soc. 2009, 131,
11312.
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(S)-N-(1-(2-methoxyphenyl)allyl)benzamide (133).
Prepared according to GP1: Allylic alcohol (164 mg, 1.00 mmol) (e.r. 81/19 determined by chiral HPLC)
afforded allylic amide 133 in 64% yield (170 mg, 0.640 mmol) as off-white powder. 81/19 e.r. determined by chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr
12.6 (major) tr 24.3 (minor).
1

H-NMR (400 MHz; CDCl3): δ 7.83-7.81 (m, 2H), 7.51-7.43 (m, 3H), 7.34-7.28 (m, 2H), 7.01-6.95 (m,

2H), 6.15 (ddd, J = 17.1, 10.2, 5.2 Hz, 1H), 6.02-5.99 (m, 1H), 5.23-5.16 (m, 2H), 3.92 (s, 3H); 13C NMR
(101 MHz; CDCl3): δ 166.2, 157.3, 137.7, 134.8, 133.1, 131.4, 130.1, 129.3, 129.0, 128.5, 128.3, 127.0,
121.2, 114.9, 111.5, 55.6, 53.9; IR (thin film) 1630, 1524, 1490, 1461, 1349, 1242, 1027, 990, 913, 751,
691 cm-1; HR-MALDI-MS m/z calcd for C17H18NO2 [M+H]+ 268.1338, found 268.1328.

(R)-N-(1-(3-methoxyphenyl)allyl)benzamide (134).
Prepared according to GP1: Allylic alcohol (76.0 mg, 0.460 mmol) (e.r. 99/1 determined by chiral
HPLC) afforded allylic amide 134 in 64% yield (79.0 mg, 0.300 mmol) as off-white powder. 96/4 e.r.
determined by chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm),
tr 14.4 (major) tr 20.6 (minor).
1

H-NMR (400 MHz; CDCl3): δ 7.82 (dd, J = 8.3, 1.3 Hz, 2H), 7.51-7.41 (m, 3H), 7.32-7.28 (m, 1H), 6.98

(dd, J = 7.6, 0.7 Hz, 1H), 6.94 (t, J = 2.0 Hz, 1H), 6.85 (ddd, J = 8.2, 2.6, 0.9 Hz, 1H), 6.56 (br d, J = 7.7
Hz, 1H), 6.12 (ddd, J = 17.1, 10.3, 5.4 Hz, 1H), 5.85 (dd, J = 7.6, 5.9 Hz, 1H), 5.35-5.30 (m, 2H), 3.81 (s,
3H); 13C NMR (101 MHz; CDCl3): δ 55.2, 55.5, 113.0, 113.2, 116.1, 119.5, 126.3, 128.3, 129.8, 130.1,
131.6, 133.3, 134.3, 137.1, 142.1, 159.9, 166.6; IR (thin film) 1634, 1601, 1528, 1487, 1261, 1043, 923,
746, 693 cm-1; HR-MALDI-MS m/z calcd for C17H18NO2 [M+H]+ 268.1338, found 268.1330.

(S)-N-(1-o-tolylallyl)benzamide (135).
Prepared according to GP1: Allylic alcohol (148 mg, 1.00 mmol) (e.r. 62/38 determined by chiral HPLC)
afforded allylic amide 135 in 61% yield (154 mg, 0.610 mmol) as off-white powder. 62/38 e.r. deter-
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mined by chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr
8.10 (minor) tr 10.2 (major).
1

H-NMR (400 MHz; CDCl3): δ 7.82-7.79 (m, 2H), 7.51-7.46 (m, 1H), 7.42-7.38 (m, 2H), 7.34-7.32 (m,

1H), 7.21 (d, J = 2.2 Hz, 3H), 6.60 (br d, J = 7.4 Hz, 1H), 6.12 (dddd, J = 17.0, 10.3, 4.7, 0.9 Hz, 1H),
6.06-6.03 (m, 1H), 5.32-5.22 (m, 2H), 2.43 (s, 3H); 13C NMR (101 MHz; CDCl3): δ 166.5, 138.5, 137.1,
136.6, 134.3, 131.6, 130.9, 130.6, 130.0, 128.9, 128.3, 127.8, 126.8, 126.3, 115.7, 52.3, 19.3; IR (thin
film) 1635, 1527, 1484, 1264, 995, 924, 749 cm-1; HR-ESI-MS m/z calcd for C17H17NO [M+H]+
252.1388, found 252.1393.

(S)-N-(1-(naphthalen-2-yl)allyl)benzamide (136).
Prepared according to GP1: Allylic alcohol (184 mg, 1.00 mmol) (e.r. 97/3 determined by chiral HPLC)
afforded allylic amide 136 in 60% yield (173 mg, 0.600 mmol) as pale yellow dens oil. 96/4 e.r. determined by chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr
14.0 (minor) tr 21.0 (major).
1

H-NMR (400 MHz; CDCl3): δ 7.85-7.82 (m, 6H), 7.50-7.47 (m, 4H), 7.42-7.38 (m, 2H), 6.76 (br d, J =

8.0 Hz, 1H), 6.20 (ddd, J = 17.3, 10.2, 5.4 Hz, 1H), 6.04 (dd, J = 7.4, 6.1 Hz, 1H), 5.38-5.33 (m, 2H); 13C
NMR (101 MHz; CDCl3): δ 55.2, 55.5, 113.0, 113.2, 116.1, 119.5, 126.3, 128.3, 129.8, 130.1, 131.6,
133.3, 134.3, 137.1, 142.1, 160.0, 166.6; IR (thin film) 1632, 1527, 1487, 1329, 1267, 923, 820, 748, 694
cm-1; HR-MALDI-MS m/z calcd for C20H18NO [M+H]+ 288.1388, found 288.1382.

(S)-N-(1-(furan-3-yl)allyl)benzamide (137).
Prepared according to GP1: Allylic alcohol (123 mg, 1.00 mmol) (e.r. 96/4 determined by chiral HPLC)
afforded allylic amide 137 in 63% yield (142 mg, 0.630 mmol) as off-white powder. 96/4 e.r. determined
by chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr 17.9 (minor) tr 19.6 (major).
1

H-NMR (400 MHz; CDCl3): δ 7.79 (dd, J = 8.3, 1.3 Hz, 2H), 7.51-7.38 (m, 5H), 6.40-6.36 (m, 2H), 6.08

(ddd, J = 17.1, 10.3, 5.4 Hz, 1H), 5.80 (ddd, J = 8.2, 5.5, 1.1 Hz, 1H), 5.37-5.26 (m, 2H) 13C NMR (101
MHz; CDCl3): δ 166.6, 143.6, 140.0, 136.3, 134.3, 131.7, 130.1, 128.6, 128.4, 127.0, 125.4, 116.2, 109.6,
47.9; IR (thin film) 1634, 1527, 1487, 1332, 1264, 1161, 1024, 926, 874, 749 cm-1; HR-ESI-MS m/z
calcd for C14H14NO [M+H]+ 228.1025, found 228.1007.
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(S)-N-(1-(thiophen-3-yl)allyl)benzamide (138).
Prepared according to GP1: Allylic alcohol (70 mg, 0.500 mmol) (e.r. 99/1 determined by chiral HPLC)
afforded allylic amide 138 in 70% yield (86 mg, 0.35 mmol) as off-white powder. 99/1 e.r. determined by
chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr 37.4 (major)
tr 43.6 (minor).
1

H-NMR (400 MHz; CDCl3): δ 7.82-7.79 (m, 2H), 7.51-7.41 (m, 3H), 7.33 (dd, J = 5.0, 3.0 Hz, 1H), 7.21

(td, J = 2.0, 0.9 Hz, 1H), 7.09 (dd, J = 5.0, 1.3 Hz, 1H), 6.44-6.41 (br, 1H), 6.14 (ddd, J = 17.1, 10.3, 5.5
Hz, 1H), 5.97-5.92 (m, 1H), 5.37-5.28 (m, 2H);

13

C NMR (101 MHz; CDCl3): δ 166.5, 141.6, 136.8,

134.3, 133.6, 131.6, 130.2, 128.62, 128.44, 126.99, 126.81, 122.2, 116.1, 51.4; IR (thin film) 1696, 1635,
1528, 1488, 1331, 1282, 1246, 929, 787, 712 cm-1; this compound was not stable to multiple HR-MS
techniques.

Aliphatic Substrates at 50 ˚C:

(R)-N-(5-phenylpent-1-en-3-yl)benzamide (126).
Prepared according to GP1: Allylic alcohol (162 mg, 1.00 mmol) (e.r. 95/5 determined by chiral HPLC)
afforded allylic amide 126 in 63% yield (167 mg, 0.630 mmol) as off-white powder. 93/7 e.r. determined
by chiral HPLC analysis (Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr 12.3 (major) tr 13.3 (minor).
1

H-NMR (400 MHz; CDCl3): δ 7.73-7.70 (m, 2H), 7.49-7.47 (m, 1H), 7.40 (dd, J = 8.1, 6.8 Hz, 2H), 7.29

(dd, J = 7.8, 6.9 Hz, 2H), 7.21 (m, 3H), 6.28 (br d, J = 8.4 Hz, 1H), 5.90 (ddd, J = 17.2, 10.4, 5.6 Hz,
1H), 5.28-5.17 (m, 2H), 4.80-4.73 (m, 1H), 2.75 (t, J = 7.9 Hz, 2H), 2.03-1.99 (m, 2H).
For other spectroscopic data see: I. Lyothier, C. Defieber, E. M. Carreira, Angew. Chem. 2006, 118, 6350;
Angew. Chem. Int. Ed. 2006, 45, 6204.

(R)-N-(but-3-en-2-yl)benzamide (139).
Prepared according to GP1: Allylic alcohol (72.0 mg, 1.00 mmol) (e.r. >99/1 as purchased from
Boehringer Ingelheim) afforded allylic amide 139 in 46% yield (81.0 mg, 0.460 mmol) as off-white nee-
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dles. 92/9 e.r. determined by chiral HPLC analysis (Chiralcel OD-H, 90:10 hexanes/i-PrOH, flow: 1
mL/min, 220 nm), tr 18.2 (major) tr 21.2 (minor).
1

H-NMR (400 MHz; CDCl3): δ 7.79-7.76 (m, 2H), 7.47-7.37 (m, 3H), 6.26-6.25 (br, 1H), 5.91 (ddd, J =

17.3, 10.4, 5.1 Hz, 1H), 5.21 (ddd, J = 17.3, 1.7, 1.1 Hz, 1H), 5.11 (ddd, J = 10.4, 1.5, 1.1 Hz, 1H), 4.804.75 (m, 1H), 1.33 (d, J = 6.9 Hz, 3H); 13C NMR (101 MHz; CDCl3): δ 166.9, 139.5, 134.8, 133.3, 131.5,
130.1, 128.59, 128.42, 114.4, 47.3, 20.3; IR (thin film) 1633, 1532, 1489, 1267, 990, 920, 750, 693 cm-1;
HR-ESI-MS m/z calcd for C11H14NO [M+H]+ 176.1075, found 176.1072.

(R)-N-(1-cyclohexylallyl)benzamide (140).
Prepared according to GP1: Allylic alcohol (68.0 mg, 0.500 mmol) (e.r. 96/4 determined by chiral
HPLC) afforded allylic amide 140 in 52% yield (62.0 mg, 0.260 mmol) as off-white powder. 84/16 e.r.
determined by chiral HPLC analysis (Chiralcel OD-H, 95:5 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr
16.8 (minor) tr 20.5 (major).
1

H-NMR (400 MHz; CDCl3): δ 7.81-7.65 (m, 5H), 6.19-6.17 (br, 1H), 5.84 (ddd, J = 17.1, 10.4, 6.3 Hz,

1H), 5.22 (dt, J = 17.2, 1.4 Hz, 1H), 5.16 (dt, J = 10.4, 1.4 Hz, 1H), 4.59-4.53 (m, 1H), 1.82-1.53 (m,
5H), 1.26-1.03 (m, 6H); 13C NMR (101 MHz; CDCl3): δ 166.9, 162.4, 136.9, 134.9, 134.5, 133.4, 131.4,
130.1, 128.9, 128.58, 128.39, 126.9, 115.8, 56.6, 42.2, 29.5, 28.9, 26.4, 26.15, 26.11; IR (thin film) 1786,
1724, 1630, 1533, 1451, 1266, 1213, 1040, 996, 750 cm-1; HR-ESI-MS m/z calcd for C16H22NO [M+H]+
244.1701, found 244.1696.

Iridium-Catalyzed Allylic Amination with Sulfamic Acid and Isolation as Hydrochloric Salt

(S)-1-phenylprop-2-en-1-amine hydrochloride (193).
A round bottom flask under argon was charged with [Ir(cod)Cl]2 (104 mg, 0.155 mmol, 2.50 mol %),
phosphoramidite 122 (253 mg, 0.620 mmol, 10.0 mol %), solid sulfamic acid (725 mg, 7.46 mmol, 1.20
equiv.), lithium iodide (83.0 mg, 0.620 mmol, 10.0 mol %) and 4 Å powdered molecular sieves (1.00 g).
Toluene (12.4 ml, 0.5 M) and DMF (0.241 ml, 31.1 mmol, 5.00 equiv.) were added and the reaction mixture was stirred at 23 °C for 15 min. A change to a yellow solution was observed. Allylic alcohol 106
(0.810 ml, 6.20 mmol, 1.00 equiv.) was added via syringe. The resulting reaction mixture was stirred at
23 ˚C for 24 hours. Conversion was checked by disappearance of the starting material on TLC. The solvent is removed under vacuo and the residue is partitioned between 1M HCl and DCM. The organic layer
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is removed and the aqueous layer is washed twice with DCM. The aqueous layer is cooled in an ice bath
and made basic with solid NaOH. The amine is extracted by washing the aqueous layer with DCM five
times. After drying the organic layer over Na2SO4 and reducing the volume to approx. 80% under reduced pressure, the remaining solution is treated with HCl (2M solution in Et2O). Evaporation of the volatile materials left the pure allylic amine hydrochloride as an off-white powder in 67% yield (703 mg,
4.14 mmol). The enantiomeric ratio after amidation with benzoyl chloride was determined to be 96/4 e.r.
(Chiralcel AD-H, 90:10 hexanes/i-PrOH, flow: 1 mL/min, 220 nm), tr 12.1 (minor) tr 18.3 (major).
1

H-NMR (400 MHz; DMSO): δ 8.97 (br, 3H), 7.81-7.79 (m, 2H), 7.53-7.28 (m, 3H), 6.12 (ddd, J = 17.3,

10.1, 5.3 Hz, 1H), 5.33 (ddd, J = 13.7, 1.0, 1.0 Hz, 1H), 5.30 (ddd, J = 6.9, 1.2, 1.0 Hz, 1H), 4.89 (t, J =
6.0 Hz, 1H). For other spectroscopic data see: M. J. Pouy, L. M. Stanley, J. F. Hartwig, J. Am. Chem.
Soc. 2009, 131, 11312.

7.4 Allylic Amination by Marc Lafranc
General Procedure C:
[Ir(coe)2Cl]2 (11.2 mg, 0.025 equiv.), Ligand 119 (26mg, 0.1 equiv.) and sulfamic acid (60 mg, 1.2
equiv.) was placed in a screw capped vial (2 mL) or round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. Dimethylformamide (5 equiv., 0.2 mL) was added followed by 2methyltetrahydrofuran (1.0 mL). The reaction was stirred vigorously for 10mins during which the solution turned dark red. The substrate (68 mg, 1.0 equiv.) was added as a solution in 2methyltetrahydrofuran (0.5 mL) to the reaction which turned yellow. The reaction was stirred at room
temperature for 24h. Triethylamine (0.3 mL, 4 equiv.) was then added followed by benzoyl chloride (0.11
mL, 2 equiv.) and the resulting mixture was stirred at room temperature for 4h. The reaction was then
purified by flash chromatography using diethyl ether/hexane mixture as the eluant through a dry pack
loading to give the resulting product as a white crystalline solid.

General Procedure D:
[Ir(coe)2Cl]2 (11.2 mg, 0.025 equiv.), Ligand 119 (13 mg, 0.05 equiv.) and sulfamic acid (60 mg, 1.2
equiv.) was placed in a screw capped vial (2 mL) or round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. Dimethylformamide (1.2 mL) was added and the reaction was
stirred vigorously for 10mins during which the solution turned dark red. The substrate (68 mg, 1.0 equiv.)
was added as a solution in DMF (0.5 mL) to the reaction which turned yellow. The reaction was stirred at
room temperature for 24h. Triethylamine (0.3 mL, 4 equiv.) was then added followed by benzoyl chloride
(0.11 mL, 2 equiv.) and the resulting mixture was stirred at room temperature for 4h. The reaction was
then purified by flash chromatography using diethyl ether/hexane mixture as the eluant through a dry
pack loading to give the resulting product as a white crystalline solid.

172

Iridium-Catalyzed Allylic Substitution

(S)-N-(1-phenylallyl)benzamide (128)289
The compound was prepared following the general procedure C using 1g of 1-phenylprop-2-en-1-ol in
67% yield: 1H NMR (400MHz, CDCl3, 293K): 5.29 (1H, ddd, J= 4.7, 1.7, 1.1Hz), 5.33 (1H, t, J= 1.5Hz),
5.86 (1H, ddt, J= 8.1, 5.3, 1.6Hz), 6.12 (1H, ddd, J= 17.4, 10.1, 5.3Hz), 6.41 (1H, d, J= 7.6Hz), 7.29-7.43
(8H, m), 7.78-7.81 (2H, m). The enantiomeric ratio was found to be 99.5:0.5 by HPLC analysis (Chiralcel AD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 19.7 (minor) tr 31.0 (major). [α]D22 = -52.4
(c = 1, CHCl3). The absolute configuration was assigned by comparing with the literature value.

(S)-4-methyl-N-(1-phenylallyl)benzenesulfonamide (146)290
[Ir(COE)2Cl]2 (11.2mg, 0.025 equiv.), Ligand 119 (28mg, 0.1 equiv.) and sulfamic acid (60mg, 1.2
equiv.) was placed in a screw capped vial (2mL) or round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. Dimethylformamide (5 equiv., 0.2mL) was added followed by 2methyltetrahydrofuran (1.0mL). The reaction was stirred vigorously for 10mins during which the solution
turned dark red. The substrate (68mg, 1.0 equiv.) was added as a solution in 2-methyltetrahydrofuran
(0.5mL) to the reaction which turned the solution yellow. The reaction was stirred at room temperature
for 24h. Triethylamine (0.3mL, 4 equiv.) was then added followed by p-toluenesulfonyl chloride (0.2g, 2
equiv.) and the resulting mixture was stirred at room temperature overnight. The reaction was then purified by flash chromatography using diethyl ether/hexane mixture as the eluant through a dry pack loading
to give the resulting product as a white crystalline solid in 48% yield: 1H NMR (400MHz, CDCl3, 293K):
2.39 (3H, s), 4.93 (1H, t, J= 6.6Hz), 5.08-5.20 (2H, m), 5.86 (1H, ddd, J= 17.0, 10.1, 5.9Hz), 7.07-7.20
(7H, m), 7.63 (2H, d, J= 8.2Hz). [α]D22 = -48.4 (c = 1, CH2Cl2).

289

Castagnolo, D.; Armaroli, S.; Corelli, F.; Botta, M. Tetrahedron: Asymmetry, 2004, 15, 941.

290

Shea, R.G.; Fitzner, J.N.; Frankhauser, J.E.; Spaltenstein, A.; Carpino, P.A.; Peevey. R.M.; Pratt, D.V.; Tenge, B.J.;

Hopkins, P.B. J. Org. Chem., 1986, 51, 5243.
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(S)-(9H-fluoren-9-yl)methyl 1-phenylallylcarbamate (147)
[Ir(COE)2Cl]2 (11.2mg, 0.025 equiv.), Ligand 119 (28mg, 0.1 equiv.) and sulfamic acid (60mg, 1.2
equiv.) was placed in a screw capped vial (2mL) or round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. Dimethylformamide (5 equiv., 0.2mL) was added followed by 2methyltetrahydrofuran (1.0mL). The reaction was stirred vigorously for 10mins during which the solution
turned dark red. The substrate (68mg, 1.0 equiv.) was added as a solution in 2-methyltetrahydrofuran
(0.5mL) to the reaction which turned the solution yellow. The reaction was stirred at room temperature
for 24h then evaporated to dryness. The residue was then diluted in dichloromethane (2mL) followed by
the addition of 10% aq. NaHCO3 (2.5mL). To this mixture was added fluorenylmethyloxycarbonyl chloride (0.27g, 1.1 equiv.) and the resulting mixture was stirred at room temperature overnight. The reaction
was then purified by flash chromatography using diethyl ether/hexane mixture as the eluant through a dry
pack loading to give the resulting product as a white crystalline solid in 74% yield: Rf = 0.27 (SiO2, 40%
Et2O/Hexane); IR (νmax /cm-1): 3315, 1690, 1528, 1244, 736; mp = 142-143 °C; 1H NMR (400MHz,
CDCl3, 293K): 4.22 (1H, t, J= 6.6Hz), 4.46 (2H, dd, J= 4.1, 6.7Hz), 5.10-5.39 (4H, m), 6.02 (1H, ddd, J=
16.3, 10.5, 4.8Hz), 7.30-7.43 (9H, m), 7.58-7.64 (2H,m), 7.77 (2H, d, J= 7.4Hz);

13

C NMR (100MHz,

CDCl3, 293K): 47.2, 56.9, 66.6, 115.8, 119.9, 124.9, 127.0, 127.0, 127.4, 127.6, 127.6, 128.7, 137.4,
141.2, 143.8, 155.5; HR-ESI-MS calcd for C24H21NO2 (M+Na) 378.1464; found: 378.1467; [α]D22 = -8.9
(c = 1, CH2Cl2).

(S)-N-(1-(4-methylphenyl)allyl)benzamide (148)
The compound was prepared following the general procedure C in 64% yield: Rf = 0.30 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3274, 1636, 1523, 694; mp = 136-137 °C; 1H NMR (400MHz, CDCl3,
293K): 2.35 (3H, s), 5.26 (1H, d, J= 1.6Hz), 5.31 (1H, dt, J= 5.2, 1.4Hz), 5.81 (1H, t, J= 7.3Hz), 6.10
(1H, ddd, J= 17.2, 10.1, 5.3Hz), 6.56 (1H, d, J= 7.4Hz), 7.17 (2H, d, J= 7.9Hz), 7.26 (2H, d, J= 8.0Hz),
7.38-7.51 (3H, m), 7.78-7.81 (2H, m);

13

C NMR (100MHz, CDCl3, 293K): 21.2, 55.3, 115.8, 126.9,
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127.2, 128.4, 129.4, 131.4, 134.3, 137.2, 137.3, 137.4, 166.3; HR-ESI-MS calcd for C17H17NO2 (M+Na)
274.1202; found: 274.1202; The enantiomeric ratio was found to be 98.5:1.5 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 12.2 (minor) tr 16.0 (major). [α]D22 = -58.5
(c = 1, CH2Cl2).

(S)-N-(1-(2-methoxyphenyl)allyl)benzamide (133)
The compound was prepared following the general procedure C but using chloroform rather than 2methyltetrahydrofuran as the solvent in 84% yield: Rf = 0.25 (SiO2, 30% Et2O/Hexane); IR (νmax /cm-1):
3303, 2940, 1636, 1523, 1489, 1245, 697; mp = 119-120 °C; 1H NMR (400MHz, CDCl3, 293K): 3.80
(3H, s), 5.06 (1H, dt, J= 10.3, 1.7Hz), 5.09 (1H, dt, J= 17.1, 1.6Hz), 5.88 (1H, ddt, J= 8.8, 5.2, 1.7Hz),
6.02 (1H, ddd, J= 17.1, 10.2, 5.2Hz), 6.82-6.89 (2H, m), 7.16-7.22 (3H, m), 7.29-7.42 (3H, m), 7.68-7.72
(2H, m); 13C NMR (100MHz, CDCl3, 293K): 53.8, 55.6, 111.2, 114.8, 121.0, 126.8, 128.0, 128.3, 128.9,
129.1, 131.2, 157.0, 165.9; HR-ESI-MS calcd for C17H17NO2 (M+Na) 290.1151; found: 290.1145; The
enantiomeric ratio was found to be 96.5:3.5 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH,
flow: 1 mL/min, 220 nm), tr 13.6 (minor) tr 18.4 (major). [α]D22 = -26.9 (c = 1, CH2Cl2).

(S)-N-(1-(4-(trifluoromethyl)phenyl)allyl)benzamide (150)
The compound was prepared following the general procedure C in 74% yield: Rf = 0.29 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3289, 1638, 1528, 1332, 1110; mp = 113-114 °C; 1H NMR (400MHz,
CDCl3, 293K): 5.25-5.35 (2H, m), 5.86 (1H, t, J= 6.7Hz), 6.07 (1H, ddd, J= 17.0, 10.3, 5.7Hz), 6.65 (1H,
d, J= 7.9Hz), 7.39-7.54 (5H, m), 7.60 (2H, d, J= 8.3Hz), 7.78-7.81 (2H, m); 13C NMR (100MHz, CDCl3,
293K): 55.3, 117.4, 125.6, 125.6, 126.9, 128.5, 131.7, 133.8, 136.3, 144.4, 166.5;

19

F NMR (377MHz,

CDCl3, 293K): -62.5; HR-ESI-MS calcd for C17H14F3NO (M+Na) 328.0919; found: 328.0917. The
enantiomeric ratio was found to be 98:2 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow:
1 mL/min, 220 nm), tr 15.9 (minor) tr 20.9 (major). [α]D22 = -15.7 (c = 1, CH2Cl2).
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(S)-N-(1-(naphthalen-1-yl)allyl)benzamide (154)
The compound was prepared following the general procedure C in 58% yield: Rf = 0.29 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3300, 1632, 1525, 781; mp = 165-166 °C; 1H NMR (400MHz, CDCl3,
293K): 5.39 (1H, ddd, J= 9.3, 1.9, 1.1Hz), 5.44 (1H, t, J= 1.8Hz), 6.31 (1H, ddd, J= 17.1, 10.6, 4.3Hz),
6.35-6.37 (1H, m), 6.61-6.67 (1H, m), 7.37-7.58 (7H, m), 7.75-7.79 (2H, m), 7.83-7.90 (2H, m), 8.178.20 (1H, m); 13C NMR (100MHz, CDCl3, 293K): 51.7, 115.9, 123.6, 125.2, 125.2, 126.0, 126.8, 127.1,
128.6, 128.8, 128.9, 131.4, 131.5, 134.2, 134.1, 136.1, 136.9, 166.4; HR-ESI-MS calcd for C20H17NO
(M+Na) 310.1202; found: 310.1205. The enantiomeric ratio was found to be 97.5:2.5 by HPLC analysis
(Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 14.2 (minor) tr 25.5 (major). [α]D22
= - 32.7 (c = 1, CH2Cl2).

(S)-N-(1-(naphthalen-2-yl)allyl)benzamide (136)
The compound was prepared following the general procedure C in 74% yield: Rf = 0.28 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3310, 1634, 1525, 1316, 698; mp = 109-110 °C; 1H NMR (400MHz,
CDCl3, 293K): 5.31-5.33 (1H, m), 5.37 (1H, dd, J= 3.2, 1.3Hz), 6.02 (1H, t, J= 7.6Hz), 6.20 (1H, ddd, J=
22.0, 9.8, 4.4Hz), 6.81 (1H, d, J= 7.9Hz), 7.36-7.51 (6H, m), 7.79-7.84 (6H, m);

13

C NMR (100MHz,

CDCl3, 293K): 55.6, 116.2, 125.3, 125.8, 125.9, 126.1, 126.9, 127.5, 127.8, 128.4, 128.4, 131.4, 132.6,
134.1, 136.9, 137.7, 166.4; HR-ESI-MS calcd for C20H17NO (M+Na) 310.1202; found: 310.1208 The
enantiomeric ratio was found to be 97:3 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow:
1 mL/min, 220 nm), tr 22.4 (minor) tr 42.0 (major). [α]D22 = - 65.1 (c = 1, CH2Cl2).

(S)-N-(1-(4-fluorophenyl)allyl)benzamide (152)
The compound was prepared following the general procedure C in 61% yield: Rf = 0.29 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3287, 1639, 1537, 1510, 1222; mp = 108-109 °C; 1H NMR (400MHz,
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CDCl3, 293K): 5.26 (1H, ddd, J= 17.0, 1.7, 1.0Hz), 5.31 (1H, ddd, J= 10.4, 1.6, 1.0Hz), 5.81 (1H, dd, J=
7.5, 6.0Hz), 6.08 (1H, ddd, J= 17.0, 10.4, 5.4Hz), 6.54 (1H, d, J= 7.1Hz), 7.03 (2H, ddd, J= 10.8, 5.9,
2.6Hz), 7.30-7.36 (2H, m), 7.38-7.44 (2H, m), 7.47-7.53 (1H, m), 7.77-7.80 (2H, m);

13

C NMR

(100MHz, CDCl3, 293K): 54.9, 115.5 (d, J= 21.6Hz), 116.4, 126.9, 128.5, 128.9 (d, J= 8.2Hz), 131.6,
131.6, 136.2 (d, J= 3.0Hz), 136.9, 162.0 (d, J= 245.8Hz), 166.4;

19

F NMR (377MHz, CDCl3, 293K): -

114.3 (1F, tt, J= 8.5, 5.3Hz); HR-ESI-MS calcd for C16H14FNO (M+Na) 278.0951; found: 278.0953. The
enantiomeric ratio was found to be 95:5 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow:
1 mL/min, 220 nm), tr 15.1 (minor) tr 18.4 (major). [α]D22 = - 39.4 (c = 1, CH2Cl2).

(S)-1-(4-fluorophenyl)prop-2-en-1-amine
[Ir(COE)2Cl]2 (11.2mg, 0.025 equiv.), Ligand (S)-119 (14mg, 0.05 equiv.) and sulfamic acid (60mg, 1.2
equiv.) was placed in a screw capped vial (2mL) or round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. Dimethylformamide (1.2mL) was added and the reaction was stirred
vigorously for 10mins during which the solution turned dark red. Allylic alcohol (79mg, 1.0 equiv.) was
added as a solution in DMF (0.5mL) to the reaction which turned the solution yellow. The reaction was
then extracted with a saturated solution of NaHCO3, dried and concentrated. The product was then purified by preperative TLC using 3% MeOH/DCM mixture as the eluant to give the resulting amine as a
pale yellow oil in 71% yield. 1H NMR (400MHz, CDCl3, 293K): 2.07 (2H, br), 4.52 (1H, d, J= 6.4Hz),
5.12 (1H, d, J= 10.2Hz), 5.23 (1H, d, J= 17.1Hz), 5.98 (1H, ddd, J= 17.1, 10.2, 6.3Hz), 6.98-7.04 (2H,
m), 7.26-7.33 (2H, m); [α]D22 = + 6.9 (c = 1, CHCl3). The absolute configuration was assigned by comparing with previously reported data.24

(S)-N-(1-(3-chlorophenyl)allyl)benzamide (156)
The compound was prepared following the general procedure C in 62% yield: Rf = 0.27 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3292, 1633, 1530, 694; mp = 99-100 °C; 1H NMR (400MHz, CDCl3,
293K): 5.31 (1H, dt, J= 17.0, 1.4Hz), 5.33 (1H, dt, J= 10.5, 1.2Hz), 5.09 (1H, dt, J= 17.1, 1.6Hz), 5.82
(1H, t, J= 5.9Hz), 6.07 (1H, ddd, J= 17.0, 10.4, 5.5Hz), 6.51 (1H, d, J= 7.9Hz), 7.26-7.27 (3H, m), 7.357.54 (4H, m), 7.79 (2H, dd, J= 7.1, 1.4Hz);

13

C NMR (100MHz, CDCl3, 293K): 55.0, 117.0, 125.5,
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126.9, 127.4, 127.8, 128.6, 130.0, 131.7, 133.9, 134.5, 136.4, 142.5, 166.4; HR-ESI-MS calcd for
C16H14ClNO (M+Na) 294.0656; found: 294.0662. The enantiomeric ratio was found to be 99:1 by HPLC
analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 17.0 (minor) tr 25.4 (major). [α]D22 = - 39.5 (c = 1, CH2Cl2).

(S)-N-(1-(2-bromophenyl)allyl)benzamide (153)
The compound was prepared following the general procedure C in 84% yield: Rf = 0.27 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3296, 1637, 1530, 1489, 1310, 754, 694; mp = 114-115 °C; 1H NMR
(400MHz, CDCl3, 293K): 5.21-5.33 (2H, m), 6.05-6.16 (2H, m), 6.73 (1H, d, J= 7.1Hz), 7.16 (1H, td, J=
7.5, 1.8Hz), 7.30 (1H, td, J= 7.6, 1.2Hz), 7.36-7.52 (4H, m), 7.59 (1H, dd, J= 7.9, 1.2Hz), 7.79-7.82 (2H,
m);

13

C NMR (100MHz, CDCl3, 293K): 55.6, 116.7, 123.7, 126.9, 127.6, 128.5, 129.2, 129.2, 131.5,

133.5, 134.0, 135.9, 139.2, 166.2; HR-ESI-MS calcd for C16H114BrNO (M+Na) 338.0151; found:
338.0154; The enantiomeric ratio was found to be 96:4 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 15.4 (minor) tr 27.5 (major). [α]D22 = + 24.1 (c = 1, CH2Cl2).

(S)-methyl 4-(1-benzamidoallyl)benzoate (151)
The compound was prepared following the general procedure C in 83% yield: Rf = 0.26 (SiO2, 50%
Et2O/Hexane); IR (νmax /cm-1): 3277, 1721, 1638, 1529, 1281; mp = 112-113 °C; 1H NMR (400MHz,
CDCl3, 293K): 3.88 (3H, s), 5.26 (1H, d, J= 17.2Hz), 5.29 (1H, d, J= 9.9Hz), 5.85 (1H, t, J= 6.7Hz), 6.06
(1H, ddd, J= 17.1, 10.1, 5.5Hz), 6.65 (1H, d, J= 7.9Hz), 6.81 (1H, d, J= 7.8Hz), 7.36-7.48 (5H, m), 7.79
(2H, d, J= 7.9Hz), 7.97 (1H, d, J= 7.8Hz); 13C NMR (100MHz, CDCl3, 293K): 52.2, 55.4, 117.1, 127.0,
127.1, 128.5, 129.3, 130.0, 131.6, 133.9, 136.4, 145.5, 166.5, 166.6; HR-ESI-MS calcd for C18H17NO3
(M+Na) 318.1100; found: 318.1094. The enantiomeric ratio was found to be 99.5:0.5 by HPLC analysis
(Chiralcel AD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 46.3 (minor) tr 72.2 (major). [α]D22
= -21.0 (c = 1, CH2Cl2).
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(S)-N-(1-(4-nitrophenyl)allyl)benzamide (149)
[Ir(coe)2Cl]2 (22.4mg, 0.025 equiv.), Ligand (S)-119 (52mg, 0.1 equiv.) and sulfamic acid (120mg, 1.2
equiv.) was placed in a round bottom flask with a magnetic stir bar. The reaction vessel was purged with
argon. Dimethylformamide (5 equiv., 0.4mL) was added followed by 2-methyltetrahydrofuran (2.0mL).
The reaction was stirred vigorously for 10mins during which the solution turned dark red. 1-(4nitrophenyl)prop-2-en-1-ol (184mg, 1.0 equiv.) was added as a solution in 2-methyltetrahydrofuran
(1.0mL) to the reaction which turned the solution yellow. The reaction was stirred at room temperature
for 24h. The reaction was then extracted with a saturated solution of Na2CO3 and DCM then purified using flash chromatography (100% EtOAc). The product was then dissolved in THF (5mL) and placed under argon. To this solution was added NaH (50mg, 1.1 equiv.) followed by benzoyl chloride (0.13mL, 1.2
equiv.) Triethylamine (0.3mL, 4 equiv.) was then added followed by benzoyl chloride (0.11mL, 2 equiv.)
and the resulting mixture was stirred at room temperature for 4h. The product was then purified by flash
chromatography (50% Et2O/Hexane) to give the resulting product as a white crystalline solid in 79%
yield: Rf = 0.57 (SiO2, 100% Et2O); IR (νmax /cm-1): 3281, 1636, 1516, 1348, 695; mp = 130-131 °C; 1H
NMR (400MHz, CDCl3, 293K): 5.16 (1H, d, J= 16.9Hz), 5.22 (1H, d, J= 10.3Hz), 5.73 (1H, t, J= 6.9Hz),
5.94 (1H, ddd, J= 17.1, 10.5, 6.2Hz), 7.00 (1H, d, J= 7.6Hz), 7.30 (2H, t, J= 7.6Hz), 7.37-7.42 (3H, m),
7.70 (2H, dt, J= 7.2Hz), 8.02 (2H, d, J= 8.8Hz); 13C NMR (100MHz, CDCl3, 293K): 55.4, 118.2, 123.8,
127.1, 128.0, 128.6, 132.0, 133.7, 135.9, 147.2, 148.1, 166.9; HR-ESI-MS calcd for C16H15N2O3 (M+H)
283.1083; found: 283.1081. The enantiomeric ratio was found to be 98:2 by HPLC analysis (Chiralcel
AD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 55.7 (major) tr 76.4 (minor). [α]D22 = +17.5 (c
= 1, CH2Cl2).

(S)-N-(1-(benzo[d][1,3]dioxol-5-yl)allyl)benzamide (155)
The compound was prepared following the general procedure C in 55% yield: Rf = 0.24 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3302, 1633, 1530, 1487, 1248, 1040; mp = 105-106 °C; 1H NMR
(400MHz, CDCl3, 293K): 5.25 (1H, dt, J= 10.2, 1.5Hz), 5.26 (1H, dt, J= 17.3, 1.6Hz), 5.91 (2H, s), 6.05
(1H, ddd, J= 17.3, 10.1, 5.3Hz), 6.70 (1H, d, J= 7.9Hz), 6.75 (1H, dd, J= 7.4, 1.1Hz), 6.80-6.83 (2H, m),
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7.35-7.41 (2H, m), 7.44-7.50 (1H, m), 7.77-7.80 (2H, m);

13

C NMR (100MHz, CDCl3, 293K): 55.4,

101.1, 107.8, 108.3, 115.9, 120.6, 127.0, 128.4, 131.5, 134.1, 134.4, 137.1, 146.9, 147.8, 166.4; HR-ESIMS calcd for C17H15NO3 (M+Na) 304.0944; found: 304.0946. The enantiomeric ratio was found to be
95:5 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 24.7 (minor) tr 33.2 (major). [α]D22 = -43.3 (c = 1, CH2Cl2).

(S)-N-(1-(benzofuran-2-yl)allyl)benzamide (157)
The compound was prepared following the general procedure C in 58% yield: Rf = 0.28 (SiO2, 40%
Et2O/Hexane); IR (νmax /cm-1): 3290, 1633, 1524, 1454; mp = 148-149 °C; 1H NMR (400MHz, CDCl3,
293K): 5.34-5.43 (2H, m), 6.07-6.11 (1H, m), 6.18 (1H, ddd, J= 17.0, 10.2, 5.3Hz), 6.67 (1H, s), 6.72
(1H, d, J= 8.2Hz), 7.20-7.30 (2H, m), 7.40-7.47 (3H, m), 7.49-7.55 (1H, m), 7.82-7.84 (2H, m);

13

C

NMR (100MHz, CDCl3, 293K): 50.0, 104.1, 111.2, 117.3, 121.0, 122.8, 124.2, 127.0, 127.9, 128.5,
131.7, 133.8, 134.3, 154.8, 155.2, 166.4; HR-ESI-MS calcd for C18H15NO2 (M+Na) 300.0995; found:
300.0993. The enantiomeric ratio was found to be 91:9 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 18.1 (minor) tr 24.9 (major). [α]D22 = -44.2 (c = 1, CH2Cl2).

(S)-N-(1-(furan-3-yl)allyl)benzamide (137)
The compound was prepared following the general procedure C in 44% yield: Rf = 0.25 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3303, 1638, 1530, 1489, ; mp = 87-88 °C; 1H NMR (400MHz, CDCl3,
293K): 5.30 (1H, dt, J= 17.2, 1.3Hz), 5.31 (1H, dt, J= 10.2, 1.1Hz), 5.83-5.88 (1H, m), 6.12 (1H, dddd,
J= 17.2, 10.1, 5.3, 1.1Hz), 6.44 (1H, d, J= 7.9Hz), 7.30-7.53 (6H, m), 7.78-7.81 (2H, m);

13

C NMR

(100MHz, CDCl3, 293K): 55.5, 116.1, 126.9, 127.2, 127.7, 128.5, 128.7, 131.5, 134.2, 137.0, 140.3,
166.3; HR-EI-MS calcd for C14H13NO2 (M+) 227.0946; found: 227.0941. The enantiomeric ratio was
found to be 92.5:7.5 by HPLC analysis (Chiralcel OD-H, 95:5 hexanes/iPrOH, flow: 1 mL/min, 220 nm),
tr 16.0 (minor) tr 20.5 (major). [α]D22 = - 33.9 (c = 1, CH2Cl2).
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(S)-N-(1-(thiophen-2-yl)allyl)benzamide (158)
The compound was prepared following the general procedure C in 62% yield: Rf = 0.24 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3284, 1636, 1530, 1490, 1328, 696; mp = 82-83 °C; 1H NMR (400MHz,
CDCl3, 293K): 5.34 (1H, dt, J= 10.1, 0.9Hz), 5.41 (1H, dt, J= 16.8, 1.0Hz), 6.07-6.13 (1H, m), 6.16 (1H,
ddd, J= 16.8, 10.1, 5.5Hz), 6.48 (1H, d, J= 7.0Hz), 6.99 (1H, dd, J= 5.0, 3.5Hz), 7.04 (1H, dt, J= 3.4,
1.0Hz), 7.27 (1H, dd, J= 5.0, 1.4Hz), 7.41-7.54 (3H, m), 7.80 (2H, dt, J= 8.3, 1.3Hz);

13

C NMR

(100MHz, CDCl3, 293K): 51.0, 116.4, 125.1, 125.3, 126.9, 127.0, 128.5, 131.6, 134.0, 136.3, 144.1,
166.5; HR-ESI-MS calcd for C14H13NSO2 (M+Na) 266.0610; found: 266.0610. The enantiomeric ratio
was found to be 90.5:9.5 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220
nm), tr 19.0 (minor) tr 20.8 (major). [α]D22 = - 39.8 (c = 1, CH2Cl2).

(S)-N-(1-(thiophen-3-yl)allyl)benzamide (138)
The compound was prepared following the general procedure C in 69% yield: Rf = 0.24 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3284, 1636, 1528, 1404, 1327; mp = 89-90 °C; 1H NMR (400MHz,
CDCl3, 293K): 5.28-5.36 (2H, m), 5.92 (1H, dd, J= 7.3, 6.3Hz), 6.12 (1H, ddd, J= 17.0, 10.2, 5.5Hz),
6.63 (1H, d, J= 8.0Hz), 7.07 (2H, dd, J= 5.0, 1.0Hz), 7.19 (1H, dt, J= 1.8, 1.1Hz), 7.31 (1H, dd, J= 5.0,
3.0Hz), 7.40 (2H, tt, J= 7.3, 1.5Hz), 7.46-7.52 (1H, m), 7.79 (2H, dt, J= 7.0, 1.4Hz); 13C NMR (100MHz,
CDCl3, 293K): 51.5, 116.0, 122.1, 126.4, 126.8, 127.0, 128.5, 131.5, 134.1, 136.6, 141.4, 166.4; HR-ESIMS calcd for C14H13NSO2 (M+Na) 266.0610; found: 266.0606. The enantiomeric ratio was found to be
90:10 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 17.1 (minor) tr 19.6 (major). [α]D22 = - 64.1 (c = 1, CH2Cl2).
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(R)-N-(but-3-en-2-yl)benzamide (139)291
The compound was prepared following the general procedure D in 66% yield: Rf = 0.29 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3304, 2975, 1632, 1537, 1338, 697; mp = 72-73 °C; 1H NMR (400MHz,
CDCl3, 293K): 1.34 (3H, d, J= 6.8Hz), 5.12 (1H, dt, J= 10.4, 1.1Hz), 5.22 (1H, dt, J= 17.2, 1.2Hz), 5.92
(1H, ddd, J= 17.2, 10.4, 5.0Hz), 6.18 (1H, s), 7.36-7.51 (3H, m), 7.27 (2H, dd, J= 6.9, 1.6Hz); 13C NMR
(100MHz, CDCl3, 293K): 20.4, 47.2, 114.3, 126.8, 128.4, 131.3, 134.5, 139.3, 166.5; HR-ESI-MS calcd
for C11H13NO (M+Na) 198.0889; found: 198.0885. The enantiomeric ratio was found to be 67:33 by
HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 11.8 (minor) tr 14.2
(major). [α]D22 = + 4.8 (c = 1, CH2Cl2).

(R)-N-(but-3-en-2-yl)-4-methylbenzenesulfonamide292
[Ir(COE)2Cl]2 (11.2mg, 0.025 equiv.), Ligand (S)-119 (28mg, 0.1 equiv.) and sulfamic acid (60mg, 1.2
equiv.) was placed in a screw capped vial (2mL) or round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. Dimethylformamide (1.2mL). The reaction was stirred vigorously for
10mins during which the solution turned dark red. The substrate (34mg, 1.0 equiv.) was added as a solution in DMF (0.5mL) to the reaction which turned the solution yellow. The reaction was stirred at room
temperature for 24h. Triethylamine (0.3mL, 4 equiv.) was then added followed by p-toluenesulfonyl
chloride (0.2g, 2 equiv.) and the resulting mixture was stirred at room temperature overnight. The reaction was then purified by flash chromatography using diethyl ether/hexane mixture as the eluant through
a dry pack loading to give the resulting product as a clear oil in 48% yield. 1H NMR (400MHz, CDCl3,
293K): 1.17 (3H, d, J= 6.8Hz), 2.42 (3H, s), 3.90 (1H, dddt, J= 6.8, 6.8, 6.8, 1.3Hz), 4.56 (1H, d, J=
7.6Hz), 4.97 (1H, dt, J= 10.4, 1.2Hz), 5.05 (1H, dt, J= 17.2, 1.2Hz), 5.64 (1H, ddd, J= 17.2, 10.4, 5.7Hz),
7.30 (2H, J= 8.0Hz), 7.75 (2H, J= 8.2Hz); [α]D22 = + 4.8 (c = 1, CH2Cl2). The absolute configuration was
assigned by comparing with the literature value.24

291
292

Annuziata, R.; Cinquini, M.; Cozzi, F.; Giaroni, P.; Raimondi, L. Tetrahedron Lett., 1991, 32, 1659.
Moriwake, T.; Hamano, S.; Saito, S.; Torii, S.; Kashino, S. J. Org. Chem., 1989, 54, 4114.
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(R)-N-(5-phenylpent-1-en-3-yl)benzamide (126)
The compound was prepared following the general procedure D in 63% yield: 1H NMR (400MHz,
CDCl3, 293K): 1.91-2.10 (2H, m), 2.74 (2H, t, J= 7.8Hz), 4.72-4.82 (1H, m), 5.20 (1H, dt, J= 10.4,
1.3Hz), 5.25 (1H, dt, J= 17.2, 1.3Hz), 5.91 (1H, ddd, J= 17.2, 10.4, 5.5Hz), 6.99 (1H, dd, J= 5.0, 3.5Hz),
7.17-7.32 (5H, m), 7.41 (2H, tt, J= 6.7, 1.7Hz), 7.47-7.53 (1H, m), 7.68-7.71 (2H, m); [α]D22 = +4.1 (c =
0.5, CHCl3).

(R)-5-phenylpent-1-en-3-amine (125)
[Ir(COE)2Cl]2 (11.2mg, 0.025 equiv.), Ligand (S)-119 (14mg, 0.05 equiv.) and sulfamic acid (60mg, 1.2
equiv.) was placed in a screw capped vial (2mL) or round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. Dimethylformamide (1.2mL) was added and the reaction was stirred
vigorously for 10mins during which the solution turned dark red. Compound 165 (82mg, 1.0 equiv.) was
added as a solution in DMF (0.5mL) to the reaction which turned the solution yellow. The reaction was
then extracted with a saturated solution of NaHCO3, dried and concentrated. The product was then purified by preperative TLC using 3% MeOH/DCM mixture as the eluant to give the resulting amine as a
pale yellow oil in 76% yield: 1H NMR (400MHz, CDCl3, 293K): 1.75 (2H, dd, J= 15.6, 6.9Hz), 2.01
(2H, br), 2.60-2.63 (2H, m), 3.31 (1H, dd, J= 12.0, 5.8Hz), 5.04 (1H, d, J= 10.3Hz), 5.12 (1H, d, J=
17.1Hz), 5.80 (1H, ddd, J= 17.1, 10.2, 7.0Hz), 7.15-7.18 (3H, m), 7.23-7.27 (2H, m); [α]D22 = +28.5 (c =
1, CH2Cl2).
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(R)-tert-butyl 5-phenylpent-1-en-3-ylcarbamate (127)293
Compound 125 (40mg, 0.025 equiv.), triethylamine (50mg, 2.0 equiv.) and di-tert-butyl dicarbonate
(108mg, 2.0 equiv.) in dichloromethane (6mL) were placed in a round bottom flask with a magnetic stir
bar. The reaction was then stirred overnight at room temperature. The reaction was then concentrated and
purified by flash chromatography on silica gel using 20% Et2O/Hexane mixture as the eluant to give the
resulting amine as a clear oil in 63% yield: 1H NMR (400MHz, CDCl3, 293K): 1.46 (9H, s), 1.73-1.91
(2H, m), 2.64-2.70 (2H, m), 4.16 (1H, s), 4.48 (1H, s), 5.12 (1H, dt, J= 10.4, 1.3Hz), 5.18 (1H, dt, J=
17.2, 1.3Hz), 5.79 (1H, ddd, J= 17.1, 10.4, 5.7Hz), 7.16-7.21 (3H, m), 7.25-7.31 (2H, m); [α]D22 = -25.3
(c = 1, CH2Cl3). The absolute configuration was assigned by comparing with previously reported data.24

(R)-N-(4-methylpent-1-en-3-yl)benzamide (163)
The compound was prepared following the general procedure D in 66% yield: Rf = 0.27 (SiO2, 25%
Et2O/Hexane); IR (νmax /cm-1): 3293, 1634, 1530, 1334, 693; mp = 94-96 °C; 1H NMR (400MHz, CDCl3,
293K): 0.90 (6H, dd, J= 6.8, 1.4Hz), 1.80-1.92 (1H, m), 4.48 (1H, ddt, J= 8.8, 5.9, 1.4Hz), 5.11 (1H, dt,
J= 10.3, 1.3Hz), 5.14 (1H, dt, J= 17.1, 1.4Hz), 5.77 (1H, ddd, J= 17.0, 10.4, 5.9Hz), 6.06 (1H, d, J=
7.1Hz), 7.33-7.44 (3H, m), 7.70-7.73 (2H, m); 13C NMR (100MHz, CDCl3, 293K): 18.3, 18.8, 32.2, 57.0,
115.9, 126.9, 128.6, 131.4, 135.0, 136.7, 166.9; HR-ESI-MS calcd for C13H18NO (M+H) 204.1388;
found: 204.1379. The enantiomeric ratio was found to be 86.5:13.5 by HPLC analysis (Chiralcel OB-H,
95:5 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 20.7 (major) tr 16.9 (minor). [α]D22 = -52.2 (c = 1,
CH2Cl2).

293
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(S)-N-(1-cyclopropylallyl)benzamide (164)
The compound was prepared following the general procedure D in 80% yield: Rf = 0.27 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3275, 1632, 1536, 697; mp = 104-105 °C; 1H NMR (400MHz, CDCl3,
293K): 0.32-0.65 (4H, m), 0.94-1.06 (1H, m), 4.09-4.17 (1H, m), 5.15 (1H, dt, J= 10.4, 1.4Hz), 5.28 (1H,
dt, J= 17.3, 1.5Hz), 5.92 (1H, ddd, J= 17.2, 10.4, 5.0Hz), 6.28 (1H, d, J= 6.1Hz), 7.35-7.52 (3H, m),
7.79-7.82 (2H, m); 13C NMR (100MHz, CDCl3, 293K): 3.0, 3.0, 55.5, 115.0, 126.8, 128.5, 131.3, 134.6,
137.2, 166.6; HR-ESI-MS calcd for C13H15NO (M+Na) 224.1046; found: 224.1044. The enantiomeric
ratio was found to be 88.5:11.5 by HPLC analysis (Chiralcel OB-H, 95:5 hexanes/iPrOH, flow: 1
mL/min, 220 nm), tr 19.7 (minor) tr 25.1 (major). [α]D22 = -11.1 (c = 1, CH2Cl2).

(S)-N-(1-cyclopentylallyl)benzamide
The compound was prepared following the general procedure D in 77% yield: Rf = 0.28 (SiO2, 30%
Et2O/Hexane); IR (νmax /cm-1): 3297, 1632, 1530, 695; mp = 114-115 °C; 1H NMR (400MHz, CDCl3,
293K): 1.29-1.43 (2H, m), 1.49-1.81 (6H, m), 2.07 (1H, sext., J= 8.2Hz), 4.55 (1H, dd, J= 14.6, 8.5Hz),
5.18 (1H, dt, J= 10.4, 1.3Hz), 5.22 (1H, dt, 17.2, 1.4), 5.86 (1H, ddd, J= 17.2, 10.5, 6.0Hz), 6.18 (1H, d,
J= 8.5Hz), 7.39-7.51 (3H, m), 7.76-7.79 (2H, m);

13

C NMR (100MHz, CDCl3, 293K): 25.3, 25.5, 29.2,

29.3, 44.3, 55.9, 115.1, 126.8, 128.5, 131.3, 134.8, 137.5, 166.7; HR-ESI-MS calcd for C15H19NO
(M+Na) 252.1359; found: 252.1365. The enantiomeric ratio was found to be 91:9 by HPLC analysis
(Chiralcel OD-H, 95:5 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 11.8 (minor) tr 13.4 (major). [α]D22 =
- 16.7 (c = 1, CH2Cl2).
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(S)-N-(1-cyclohexylallyl)benzamide (140)294
The compound was prepared following the general procedure D in 83% yield: 1H NMR (400MHz,
CDCl3, 293K): 0.95-1.30 (5H, m), 1.49-1.81 (5H, m), 4.53 (1H, dd, J= 14.6, 6.9Hz), 5.15 (1H, dt, J=
10.5, 1.2Hz), 5.20 (1H, dt, J= 17.2, 1.3Hz), 5.83 (1H, ddd, J= 16.8, 10.4, 6.2Hz), 6.24 (1H, d, J= 8.6Hz),
7.38-7.51 (3H, m), 7.77-7.80 (2H, m); The enantiomeric ratio was found to be 97:3 by HPLC analysis
(Chiralcel OD-H, 95:5 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 15.3 (minor) tr 18.1 (major). [α]D22 =
- 30.4 (c = 1, CHCl3). The absolute configuration was assigned by comparing with the literature value.

(S)-N-(1-(tetrahydro-2H-pyran-4-yl)allyl)benzamide (159)
The compound was prepared following the general procedure D in 87% yield: Rf = 0.36 (SiO2, 100%
Et2O); IR (νmax /cm-1): 3434, 1632, 1535; mp = 146-148 °C; 1H NMR (400MHz, CDCl3, 293K): 1.311.42 (2H, m), 1.54-1.60 (2H, m), 1.69-1.79 (1H, m), 3.27 (2H, t, J= 11.3Hz), 3.89-3.92 (2H, m), 4.49
(1H, dd, J= 15.4, 6.7Hz), 5.13 (1H, dt, J= 10.4, 1.2Hz), 5.17 (1H, dt, J= 17.2, 1.2Hz), 5.76 (1H, ddd, J=
17.0, 10.4, 6.4z), 6.23 (1H, d, J= 8.7Hz), 7.32-7.36 (2H, m), 7.40-7.44 (1H, m), 7.70-7.72 (2H, m); 13C
NMR (100MHz, CDCl3, 293K): 28.9, 29.5, 39.5, 56.2, 67.7, 67.9, 116.7, 126.9, 128.6, 131.5, 134.7,
136.0, 167.0; HR-ESI-MS calcd for C15H20NO2 (M+H) 246.1494; found: 246.1490. The enantiomeric
ratio was found to be 97:3 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min,
220 nm), tr 23.8 (minor) tr 44.3 (major). [α]D22 = -52.9 (c = 1, CH2Cl2).

O
Ph

O

NH

N
O

(S)-tert-butyl 4-(1-benzamidoallyl)piperidine-1-carboxylate
The compound was prepared following the general procedure D in 71% yield: Rf = 0.57 (SiO2, 100%
Et2O); IR (νmax /cm-1): 3302, 2939, 1692, 1636, 1534, 1426, 1155; mp = 114-115 °C; 1H NMR (400MHz,
294
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CDCl3, 293K): 1.14-1.21 (2H, m), 1.37 (9H, s), 1.61-1.66 (2H, m), 2.57 (2H, t, J= 11.5Hz), 4.05 (2H, br),
4.50 (1H, dd, J= 13.8, 6.5Hz), 5.12 (1H, dt, J= 10.4, 1.2Hz), 5.16 (1H, dt, J= 17.2, 1.2Hz), 5.75 (1H, ddd,
J= 17.0, 10.4, 6.6Hz), 6.29 (1H, d, J= 8.8Hz), 7.31-7.44 (3H, m), 7.69-7.72 (2H, m); 13C NMR (100MHz,
CDCl3, 293K): 28.4, 30.3, 40.5, 43.8, 56.0, 79.5, 116.8, 126.9, 128.6, 134.6, 136.0, 154.8, 167.0; HRESI-MS calcd for C20H29N2O3 (M+H) 345.2178; found: 345.2174. The enantiomeric ratio was found to
be 99:1 by HPLC analysis (Chiralcel OD-H, 90:10 hexanes/iPrOH, flow: 1 mL/min, 220 nm), tr 13.0
(minor) tr 16.8 (major). [α]D22 = -20.8 (c = 0.5, CH2Cl2).

(S)-N-(1-(tetrahydro-1,1-dioxido-2H-thiopyran-4-yl)allyl)benzamide
The compound was prepared following the general procedure D in 70% yield: Rf = 0.26 (SiO2, 75%
EtOAc/Hexane); IR (νmax /cm-1): 3308, 1631, 1531, 1290, 1125; mp = 168-170 °C; 1H NMR (400MHz,
CDCl3, 293K): 1.84-1.93 (3H, m), 2.06-2.11 (2H, m), 2.82-3.02 (4H, m), 4.58-4.63 (1H, m), 5.21 (1H, d,
J= 10.3Hz), 5.22 (1H, d, J= 17.2Hz), 5.77 (1H, ddd, J= 17.2, 10.3, 6.9Hz), 6.35 (1H, d, J= 8.3Hz), 7.36
(2H, t, J= 7.5Hz), 7.45 (1H, t, J= 7.3Hz), 7.71 (2H, d, J= 7.4Hz);

13

C NMR (100MHz, CDCl3, 293K):

26.2, 26.4, 39.3, 50.7, 50.8, 55.1, 118.2, 127.0, 128.7, 131.9, 134.1, 134.9, 167.2; HR-ESI-MS calcd for
C15H20NO3S (M+H) 294.1164; found: 294.1157. [α]D22 = -37.7 (c = 0.5, CH2Cl2).

1,2,3-Oxathiazine, tetrahydro-5-(bromo)-4-(phenethyl)-, 2,2-dioxide, (4R,5R) (170)
[Ir(coe)2Cl]2 (22.4mg, 0.03mmol, 0.025 equiv.), Ligand 119 (28mg, 0.05mmol, 0.05 equiv.) and sulfamic
acid (240mg, 2.4mmol, 2.4 equiv.) was placed in a round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. DMF (3mL) was then added and the reaction was stirred vigorously
for 10mins during which the solution turned dark red. 5-phenylpent-1-en-3-ol (164mg, 1.0mmol, 1.0
equiv.) was added as a solution in DMF (0.5mL) to the reaction which turned yellow. The reaction was
stirred at room temperature for 3h then the reaction was quenched with N-bromosuccinimide (221mg,
1.2mmol, 1.2 equiv.) and the reaction was stirred for 15 mins. The reaction was then extracted with
Et2O/water and purified by chromatography on column (40% Et2O/Hexane) to give the product in 30%
yield as a white solid: Rf = 0.36 (SiO2, 50% Et2O/Hexane); IR (νmax /cm-1): 3435, 1641, 1426, 1363, 1191,
972, 775; mp = 148-149 °C; 1H NMR (400MHz, CDCl3, 293K): 1.71 (1H, dddd, J= 14.4, 10.2, 8.9,
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4.7Hz), 2.35 (1H, dddd, J= 14.3, 9.3, 8.0, 2.9Hz), 2.62 (1H, dt, J= 13.9, 8.4Hz), 2.81 (1H, ddd, J= 14.0,
9.3, 4.7Hz), 3.69 (1H, qd, J= 10.2, 2.8Hz), 3.81 (1H, td, J= 10.3, 4.8Hz), 4.46 (1H, d, J= 10.3Hz), 4.52
(1H, dd, J= 11.8, 4.8Hz), 4.62 (1H, dd, J= 11.7, 10.6Hz), 7.13-7.19 (3H, m), 7.23-7.27 (2H, m);

13

C

NMR (100MHz, CDCl3, 293K): 30.7, 34.4, 44.0, 60.3, 73.3, 126.5, 128.4, 128.7, 139.8; HR-ESI-MS
calcd for C11H13BrNO3S (M-H) 317.9800; found: 317.9811. [α]D22 = +49.1 (c = 1, CH2Cl2).

5-phenylpent-1-en-3-yl hydrogen sulfate (168)
To a solution of 5-phenylpent-1-en-3-ol (219mg, 1.4mmol, 1 equiv.) in DMF-d7 (2mL) was added sulfur
trioxide N,N-dimethylformamide complex (414mg, 2.7mmol, 2 equiv.) and the resulting solution was
heated to 50oC for 1h. The product was used without purification. Note: The product would start
racemizing after 1h until it reached an equilibrium to a 2:1 mixture of 5-phenylpent-1-en-3-yl hydrogen
sulfate and (E)-5-phenylpent-2-enyl hydrogen sulfate: Rf = 0.27 (SiO2, 15% MeOH/DCM); IR (νmax /cm1

): 3442, 1634, 1227; mp = 121-123 °C; 1H NMR (400MHz, DMF-d7, 293K): 1.76-1.85 (2H, m), 2.54-

2.59 (2H, m), 4.61-4.67 (1H, m), 4.98 (1H, dt, J= 10.6, 1.3Hz), 5.13 (1H, dt, J= 17.3, 1.5Hz), 5.83 (1H,
ddd, J= 17.3, 10.6, 5.8z), 7.01-7.18 (5H, m);

13

C NMR (100MHz, DMF-d7, 293K): 30.5, 36.5, 76.7,

114.3, 125.3, 128.0, 128.0, 138.6, 142.0 ; HR-ESI-MS calcd for C11H14O4S (M-H) 241.0535; found:
241.0537.

Ammonium 5-phenylpent-1-en-3-yl sulfate (167)
To a solution of 5-phenylpent-1-en-3-ol (219mg, 1.4mmol, 1 equiv.) in DMF-d7 (2mL) was added
sulfamic acid (263mg, 2.7mmol, 2 equiv.) and the resulting solution was heated to 50oC for 8h. The
product was used without purification: Rf = 0.25 (SiO2, 15% MeOH/DCM); IR (νmax /cm-1): 3469, 3063,
1704, 1454, 1242, 1057, 944; mp = 120-122 °C; 1H NMR (400MHz, DMF-d7, 293K): 1.78-1.87 (2H, m),
2.57-2.62 (2H, m), 4.68 (1H, qt, J= 9.1, 1.3Hz), 5.01 (1H, ddd, J= 10.6, 1.9, 1.4Hz), 5.17 (1H, ddd, J=
17.4, 1.5, 1.5Hz), 5.86 (1H, ddd, J= 17.3, 10.6, 5.8z), 7.03-7.20 (5H, m);

13

C NMR (100MHz, CDCl3,

293K): 32.2, 38.3, 77.4, 115.0, 126.6, 129.3, 129.5, 140.7, 143.8; HR-ESI-MS calcd for C11H14O4S (MNH4) 241.0535; found: 241.0533.
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(R)-5-phenylpent-1-en-3-ylsulfamic acid hydrate (171)
[Ir(coe)2Cl]2 (33.6mg, 0.04mmol, 0.025 equiv.), Ligand 119 (42mg, 0.08mmol, 0.05 equiv.) and sulfamic
acid (180mg, 1.9mmol, 1.2 equiv.) was placed in a round bottom flask with a magnetic stir bar. The reaction vessel was purged with argon. DMF (4mL) was then added and the reaction was stirred vigorously
for 10mins during which the solution turned dark red. 5-phenylpent-1-en-3-ol (246mg, 1.5mmol, 1.0
equiv.) was added as a solution in DMF (1mL) to the reaction which turned yellow. The reaction was
stirred at room temperature for 3h. The reaction was then purified by chromatography on column (100%
DCM gradually increased to 10%MeOH/DCM) to give the product in 53% yield as a white solid. Rf =
0.24 (SiO2, 10% MeOH/DCM); IR (νmax /cm-1): 3470, 3298, 1642, 1236, 1181, 1062; mp = 226-228 °C;
1

H NMR (400MHz, DMF-d7, 293K): 1.76-2.01 (2H, m), 2.68 (2H, ddd, J= 9.7, 6.4, 3.2Hz), 3.59 (3H,

br), 3.85 (1H, q, J= 5.9Hz), 4.67 (1H, br), 5.00 (1H, ddd, J= 10.4, 1.8, 1.4Hz), 5.16 (1H, ddd, J= 17.4,
1.8, 1.5Hz), 5.97 (1H, ddd, J= 17.4, 10.5, 6.4Hz), 7.16-7.18 (1H, m), 7.24-7.30 (4H, m);

13

C NMR

(100MHz, DMF-d7, 293K): 32.7, 38.3, 56.9, 114.2, 126.5, 129.2, 129.5, 142.8, 144.1; HR-ESI-MS calcd
for C11H14NO3S (M-H) 240.0694; found: 240.0699. [α]D22 = +6.4 (c = 1, MeOH)

7.5 Allylic Etherification
General Procedure for Stereoselective Iridium-Catalyzed Allylic Etherification
(GP2)
A round bottom flask under argon was charged with [Ir(cod)Cl]2 (8.40 mg, 13.0 µmol, 2.50 mol%), the
phosphorous-alkene 119 (25.4 mg, 0.05 mmol, 10.0 mol%) and m-chlorobenzoic acid (39.1 mg, 0.25
mmol, 0.50 equiv.). Dichloroethane (1 mL, 0.5 M) was added and the reaction mixture was stirred at 23
°C for 15 min. Alcohol (2.50 mmol, 5.00 equiv.) was added via syringe, followed by allylic alcohol (0.50
mmol, 1.00 equiv.). The resulting reaction mixture was stirred at the indicated time and 50 °C. Conversion was checked by disappearance of the starting material on TLC. The reaction mixture was washed
with sodium carbonate (10.0 mL). The aqueous layer was extracted with dichloromethane (2x 5.00 mL)
and the combined organic fractions dried with magnesium sulfate. The solvent was removed under vacuo
and purification of the residue by flash chromatography on silica gel using hexanes/ethyl acetate as eluent
affordedthe desired allylic ether.

189

Experimental Part

(S)-(1-(benzyloxy)allyl)benzene (108).
Prepared according to GP2: Allylic alcohol 106 (67.1 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50
mmol, 5.00 equiv.) at 50 ˚C for 24 hours, afforded allylic ether 108 as clear oil in 98% yield (110 mg,
0.49 mmol). e.r.: 98.5 : 1.5 (OJ-H; flow: 3.00 mL/min; 24.5 min (major), 26.4 min (minor); 100% CO2 at
100 bar, 25 ˚C), [α]D22.9: -2.16 (c=0.1 in CHCl3); Reaction conducted at 80 ˚C on a 0.30 mmol scale: 90%
yield, e.r.: 80 : 60;
1

H-NMR (400 MHz; CDCl3): δ 7.43-7.28 (m, 10H), 6.02 (ddd, J = 17.1, 10.4, 6.7 Hz, 1H), 5.33 (dt, J =

17.2, 1.4 Hz, 1H), 5.27-5.24 (m, 1H), 4.87 (d, J = 6.6 Hz, 1H), 4.56 (s, 2H);

13

C NMR (101 MHz;

CDCl3): δ 141.0, 138.9, 138.5, 128.5, 128.3, 127.7, 127.5, 127.0, 116.5, 82.0, 70.1; IR (thin film) 3063,
3029, 2860, 1640, 1602, 1496, 1453, 1199, 1088, 1066, 1028, 991, 914, 843, 743, 699 cm-1; HR-Magnet
EI+ m/z calcd for C16H16O [M]+ 224.1196, found 224.1195.

(S)-(1-methoxyallyl)benzene (30).
Prepared according to GP2: Allylic alcohol 106 (67.1 mg, 0.50 mmol) and methanol (101 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 5 days, afforded allylic ether 30 as clear oil in 36% yield (27.0 mg, 0.182 mmol).
e.r.: 98.0 : 2.0 (OJ-H; flow: 2.00 mL/min; 15.88 min (minor), 16.52 min (major); 100% CO2 at 100 bar,
25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.35-7.30 (m, 5H), 5.93 (ddd, J = 17.2, 10.3, 6.8 Hz, 1H), 5.28 (dt, J =

17.2, 1.4 Hz, 1H), 5.21 (ddd, J = 10.3, 1.6, 1.1 Hz, 1H), 4.62 (d, J = 6.7 Hz, 1H), 3.33 (s, 3H); 13C NMR
(101 MHz; CDCl3): δ 141.0, 138.9, 128.6, 127.8, 127.0, 116.5, 84.9, 56.6; IR (thin film) 3065, 2927,
1640, 1479, 1435, 12449, 1200, 1096, 1042, 992, 918, 756, 701 cm-1; HR-ESI-MS m/z calcd for
C10H12AgO [M+Ag]+ 253.9934, found 254.9931.

(S)-(1-ethoxyallyl)benzene (180).
Prepared according to GP2: Allylic alcohol 106 (67.1 mg, 0.50 mmol) and ethanol (146 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 5 days, afforded allylic ether 180 as clear oil in 65% yield (53.0 mg, 0.327
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mmol). e.r.: 99.0 : 1.0 (OJ-H; flow: 2.00 mL/min; 4.06 min (minor), 4.53 min (major); 98% CO2, 2%
MeOH at 100 bar, 25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.34 (d, J = 4.4 Hz, 5H), 5.95 (ddd, J = 17.1, 10.3, 6.7 Hz, 1H), 5.25 (dt,

J = 17.2, 1.4 Hz, 1H), 5.18 (ddd, J = 10.3, 1.6, 1.1 Hz, 1H), 4.74 (dt, J = 6.7, 1.0 Hz, 1H), 3.53 (dq, J =
9.2, 7.0 Hz, 1H), 3.44 (dq, J = 9.2, 7.0 Hz, 1H), 1.23 (t, J = 7.0 Hz, 3H); 13C NMR (101 MHz; CDCl3): δ
141.5, 139.4, 128.6, 127.7, 126.9, 116.1, 83.0, 64.1, 15.5; IR (thin film) 3060, 3024, 2971, 2926, 1640,
1501, 1478, 1434, 1249, 1200, 1096, 1042, 992, 918, 799, 755, 701 cm-1; HR-ESI-MS m/z calcd for
C11H14AgO [M+Ag]+ 269.0090, found 269.0077.

(S)-(1-isopropoxyallyl)benzene (181).
Prepared according to GP2: Allylic alcohol 106 (67.1 mg, 0.50 mmol) and iso-propanol (193 µl, 2.50
mmol, 5.00 equiv.) at 50 ˚C for 5 days, afforded allylic ether 181 as clear oil in 85% yield (75.0 mg,
0.426 mmol). e.r.: >99.5 : 0.5 (OJ-H; flow: 1.00 mL/min; 13.68 min (minor), 14.35 min (major); 100%
CO2 at 100 bar, 25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.35-7.28 (m, 5H), 5.95 (ddd, J = 17.1, 10.3, 6.7 Hz, 1H), 5.23 (dddd, J =

17.2, 1.7, 1.2, 0.5 Hz, 1H), 5.16 (dddd, J = 10.3, 1.6, 1.1, 0.5 Hz, 1H), 4.87 (d, J = 6.6 Hz, 1H), 3.67 (7, J
= 6.1 Hz, 1H), 1.18 (dd, J = 20.3, 6.1 Hz, 6H);

13

C NMR (101 MHz; CDCl3): δ 141.9, 139.8, 128.4,

127.4, 126.9, 115.7, 80.0, 68.7, 22.5, 22.1; IR (thin film) 2971, 2917, 1640, 1501, 1478, 1435, 1249,
1201, 1116, 1096, 1047, 992, 918, 756, 701 cm-1; HR-ESI-MS m/z calcd for C12H16AgO [M+Ag]+
283.0247, found 283.0241.

(S)-1-methoxy-4-((1-phenylallyloxy)methyl)benzene (182).
Prepared according to GP2: Allylic alcohol 106 (65.7 µL, 0.50 mmol) and anise alcohol (310 µl, 2.50
mmol, 5.00 equiv.) at 50 ˚C for 2 days, afforded allylic ether 182 as pale yellow oil in 97% yield (123
mg, 0.49 mmol). e.r.: 99.0 : 1.0 (AS-H; flow: 2.00 mL/min; 4.29 min (major), 4.75 min (minor); 98%
CO2, 2% MeOH at 100 bar, 25 ˚C).
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1

H-NMR (400 MHz; CDCl3): δ 7.37-7.36 (m, 4H), 7.31-7.28 (m, 2H), 6.90-6.86 (m, 2H), 5.98 (ddd, J =

17.1, 10.4, 6.7 Hz, 1H), 5.27 (dt, J = 17.2, 1.4 Hz, 1H), 5.22 (ddd, J = 10.3, 1.6, 1.1 Hz, 1H), 4.82 (dt, J =
6.6, 1.1 Hz, 1H), 4.46 (s, 2H), 3.81 (s, 3H); 13C NMR (101 MHz; CDCl3): δ 159.3, 141.2, 139.1, 130.7,
129.4, 128.6, 127.8, 127.1, 116.5, 113.9, 81.8, 69.9, 55.4; IR (thin film) 2930, 2835, 1612, 1582, 1512,
1452, 1301, 1245, 1172, 1059, 1034, 924, 819, 757, 699 cm-1; HR-ESI-MS m/z calcd for C17H18AgO2
[M+Ag]+ 361.0352, found 361.0366.

(S)-2-(1-(benzyloxy)allyl)naphthalene (183).
Prepared according to GP2: Allylic alcohol (92.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 5 days, afforded allylic ether 183 as clear oil in 98% yield (135 mg, 0.49 mmol).
e.r.: 99.5 : 0.5 (IC; flow: 2.00 mL/min; 9.43 min (major), 10.33 min (minor); 98% CO2, 2% MeOH at 100
bar, 25 ˚C); [α]D25.3: -24.67 (c=0.1 in CHCl3).
1

H-NMR (400 MHz; CDCl3): δ 7.88-7.85 (m, 4H), 7.54-7.49 (m, 3H), 7.41-7.35 (m, 4H), 7.33-7.31 (m,

1H), 6.10 (ddd, J = 17.2, 10.3, 6.4 Hz, 1H), 5.37 (ddd, J = 17.2, 1.5, 1.4 Hz, 1H), 5.28 (ddd, J = 10.3, 1.6,
1.2 Hz, 1H), 5.03 (d, J = 6.4 Hz, 1H), 4.59 (s, 2H);

13

C NMR (101 MHz; CDCl3): δ 138.9, 138.56,

138.47, 133.4, 133.2, 128.51, 128.47, 128.1, 127.84, 127.67, 126.24, 126.05, 125.1, 116.7, 82.2, 70.3; IR
(thin film) 3059, 3029, 2859, 1601, 1496, 1362, 1304, 1088, 1066, 927, 856, 820, 744, 698 cm-1; HRESI-MS m/z calcd for C20H18NaO [M+Na]+ 297.1250, found 297.1254.

(S)-1-(1-(benzyloxy)allyl)-2-methylbenzene (184).
Prepared according to GP2: Allylic alcohol (74.1 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 6 days, afforded allylic ether 184 as clear oil in 70% yield (83.4 mg, 0.350
mmol). e.r.: 99.5 : 0.5 (IC; flow: 1.00 mL/min; 12.71 min (major), 13.44 min (minor); 99% CO2, 1%
MeOH at 100 bar, 25 ˚C); [α]D26.8: -1.30 (c=0.1 in CHCl3).
1

H-NMR (400 MHz; CDCl3): δ 7.50 (dd, J = 7.5, 1.5 Hz, 1H), 7.37-7.36 (m, 4H), 7.32-7.16 (m, 4H), 6.00

(ddd, J = 17.2, 10.3, 6.4 Hz, 1H), 5.26 (dt, J = 12.9, 1.4 Hz, 1H), 5.22 (dt, J = 6.0, 1.4 Hz, 1H), 5.06 (d, J
= 6.4 Hz, 1H), 4.54 (d, J = 11.8 Hz, 1H), 4.51 (d, J = 11.9 Hz, 1H), 2.30 (s, 3H); 13C NMR (101 MHz;
CDCl3): δ 138.80, 138.61, 138.0, 135.9, 130.6, 128.5, 127.8, 127.62, 127.60, 126.9, 126.4, 116.5, 79.2,
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70.3, 19.3; IR (thin film) 3028, 2863, 1488, 1455, 1210, 1065, 990, 926, 755, 728, 697 cm-1; HR-ESI-MS
m/z calcd for C17H18NaO [M+Na]+ 261.1250, found 261.1252.

(S)-1-(1-(benzyloxy)allyl)-2-methoxybenzene (185).
Prepared according to GP2: Allylic alcohol (82.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 2 days, afforded allylic ether 185 as clear oil in quantitative yield (127 mg, 0.50
mmol). e.r.: 97.0 : 3.0 (IB; flow: 3.00 mL/min; 7.30 min (major), 8.08 min (minor); 99.5% CO2, 0.5%
MeOH at 100 bar, 25 ˚C); [α]D24.0: -23.60 (c=0.1 in CHCl3).
1

H-NMR (400 MHz; CDCl3): δ 7.50 (dd, J = 7.6, 1.8 Hz, 1H), 7.39-7.28 (m, 6H), 7.01 (t, J = 7.5 Hz,

1H), 6.90 (dd, J = 8.2, 0.4 Hz, 1H), 6.01 (dddd, J = 17.2, 10.4, 6.0, 0.8 Hz, 1H), 5.36-5.29 (m, 2H), 5.16
(d, J = 10.3 Hz, 1H), 4.53 (s, 2H), 3.83 (s, 3H);

13

C NMR (101 MHz; CDCl3): δ 157.0, 138.9, 138.4,

129.5, 128.6, 128.4, 127.8, 127.47, 127.41, 121.0, 115.4, 110.7, 75.7, 70.5, 55.5; IR (thin film) 30.29,
2940, 2836, 1640, 1601, 1490, 1463, 1342, 1241, 1095, 1065, 1028, 922, 753, 697 cm-1; HR-ESI-MS m/z
calcd for C17H18AgO [M+Ag]+ 361.0352, found 361.0362.

(S)-1-(1-(benzyloxy)allyl)-3-methoxybenzene (186).
Prepared according to GP2: Allylic alcohol (82.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 2 days, afforded allylic ether 186 as clear oil in 99% yield (126 mg, 0.495
mmol). e.r.: 99.5 : 0.5 (IC; flow: 2.00 mL/min; 5.02 min (major), 5.43 min (minor); 98% CO2, 2% MeOH
at 100 bar, 25 ˚C); [α]D24.6: -16.57 (c=0.1 in CHCl3).
1

H-NMR (400 MHz; CDCl3): δ 7.38-7.33 (m, 4H), 7.31-7.26 (m, 2H), 6.98-6.95 (m, 2H), 6.86-6.83 (m,

1H), 5.99 (ddd, J = 17.1, 10.4, 6.7 Hz, 1H), 5.31 (dt, J = 17.2, 1.4 Hz, 1H), 5.23 (ddd, J = 10.3, 1.6, 1.1
Hz, 1H), 4.82 (d, J = 6.6 Hz, 1H), 4.54 (s, 2H), 3.82 (s, 3H);

13

C NMR (101 MHz; CDCl3): δ 160.0,

142.8, 138.9, 138.6, 129.6, 128.5, 127.81, 127.64, 119.5, 116.6, 113.3, 112.5, 82.0, 70.2, 55.4; IR (thin
film) 3030, 2937, 2835, 1600, 1586, 1489, 1454, 1264, 1065, 928, 736, 699 cm-1; HR-ESI-MS m/z calcd
for C17H18NaO2 [M+Na]+ 277.1199, found 277.1192.
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(S)-3-(1-(benzyloxy)allyl)furan (187).
Prepared according to GP2: Allylic alcohol (62.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 1.5 days, afforded allylic ether 187 as a pale yellow oil in 95% yield (102 mg,
0.476 mmol). e.r.: 97.5 : 2.5 (OJ-H; flow: 2.00 mL/min; 6.93 min (major), 7.61 min (minor); 98% CO2,
2% MeOH at 100 bar, 25 ˚C); [α]D27.0: +10.85 (c=0.1 in CHCl3).
1

H-NMR (400 MHz; CDCl3): δ 7.42-7.40 (m, 2H), 7.36-7.28 (m, 5H), 6.41 (dq, J = 1.4, 0.4 Hz, 1H), 6.00

(ddd, J = 17.2, 10.3, 6.8 Hz, 1H), 5.33 (ddd, J = 17.2, 1.5, 1.3 Hz, 1H), 5.28 (ddd, J = 10.3, 1.5, 1.1 Hz,
1H), 4.82 (dd, J = 6.8, 0.7 Hz, 1H), 4.56 (d, J = 12.0 Hz, 1H), 4.53 (d, J = 12.0 Hz, 1H); 13C NMR (101
MHz; CDCl3): δ 143.5, 140.2, 138.5, 137.9, 128.5, 127.84, 127.67, 125.7, 117.2, 109.4, 74.6, 69.9; IR
(thin film) 3029, 2859, 1594, 1500, 1454, 1159, 1063, 1025, 875, 735, 698, 601 cm-1; HR-ESI-MS m/z
calcd for C14H14NaO2 [M+Na]+ 237.0886, found 237.0894.

(S)-tert-butyl 3-(1-(benzyloxy)allyl)-1H-indole-1-carboxylate (188).
Prepared according to GP2: Allylic alcohol (137 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 2.5 days, afforded allylic ether 188 as clear oil in 56% yield (102 mg, 0.281
mmol). e.r.: 96.0 : 4.0 (OJ-H; flow: 2.00 mL/min; 11.45 min (major), 13.42 min (minor); 98% CO2, 2%
MeOH at 100 bar, 25 ˚C); [α]D26.4: -4.21 (c=0.1 in CHCl3).
1

H-NMR (400 MHz; CDCl3): δ 8.16-8.14 (m, 1H), 7.66-7.64 (m, 1H), 7.58 (s, 1H), 7.36-7.22 (m, 7H),

6.16 (ddd, J = 17.1, 10.4, 6.6 Hz, 1H), 5.42 (dt, J = 17.2, 1.4 Hz, 1H), 5.30 (dt, J = 10.3, 1.3 Hz, 1H),
5.11 (dq, J = 6.5, 1.0 Hz, 1H), 4.58 (s, 2H), 1.68 (s, 9H); 13C NMR (101 MHz; CDCl3): δ 149.9, 138.5,
137.5, 136.1, 128.9, 128.5, 128.0, 127.7, 124.7, 124.0, 122.7, 120.50, 120.43, 117.2, 115.4, 83.9, 75.7,
70.2, 28.4; IR (thin film) 2979, 1734, 1452, 1371, 1254, 1158, 1086, 767, 746, 698 cm-1; HR-ESI-MS m/z
calcd for C23H25NNaO3 [M+Na]+ 386.1727, found 386.1720.
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(S)-1-(1-(benzyloxy)allyl)-3-fluorobenzene (189).
Prepared according to GP2: Allylic alcohol (76.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 5 days, afforded allylic ether 189 as clear oil in 65% (78.4 mg, 0.324 mmol).
e.r.: 98.0 : 2.0 (OJ-H; flow: 2.00 mL/min; 6.23 min (major), 6.82 min (minor); 98% CO2, 2% MeOH at
100 bar, 25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.36-7.29 (m, 6H), 7.14-7.12 (m, 2H), 6.98 (s, 1H), 5.94 (ddd, J = 17.1,

10.3, 6.8 Hz, 1H), 5.31 (dt, J = 17.2, 1.3 Hz, 1H), 5.26 (dt, J = 10.3, 1.3 Hz, 1H), 4.82 (d, J = 6.8 Hz,
1H), 4.55 (d, J = 11.9 Hz, 1H), 4.52 (d, J = 11.9 Hz, 1H); 13C NMR (151 MHz; CDCl3): δ 163.2 (d, 1JCF
246.0 Hz, C-F), 143.9 (d, 3JCF 6.8 Hz, Ar-C), 138.40, 138.29, 130.1 (d, 3JCF 8.1 Hz, Ar-C), 128.6, 127.82,
127.77, 122.6 (d, 4JCF 2.9 Hz, Ar-C), 117.3, 114.6 (d, 2JCF 21.2 Hz, Ar-C), 113.9 (d, 2JCF 22.0 Hz, Ar-C),
81.4 (d, 4JCF 1.9 Hz, C-O), 70.4; 19F NMR (376 MHz; CDCl3): δ -113.02 (td, J = 9.2, 5.8 Hz).; IR (thin
film) 3031, 2924, 2859, 1614, 1590, 1487, 1447, 1248, 1089, 1066, 930, 776, 736, 697 cm-1; HR-ESI-MS
m/z calcd for C16H15AgFO [M+Ag]+ 349.0152, found 349.0151.

(R)-((hept-1-en-3-yloxy)methyl)benzene (190).
Prepared according to GP2: Allylic alcohol (57.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 1 days, afforded allylic ether 190 as clear oil in 98% yield (100 mg, 0.489
mmol). e.r.: 93.0 : 7.0 (OJ-H; flow: 2.00 mL/min; 2.58 min (major), 3.00 min (minor); 98% CO2, 2%
MeOH at 100 bar, 25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.35-7.30 (m, 5H), 5.74 (ddd, J = 17.1, 10.4, 7.8 Hz, 1H), 5.24-5.22 (m,

1H), 5.20 (ddd, J = 13.0, 1.8, 0.8 Hz, 1H), 4.60 (d, J = 11.8 Hz, 1H), 4.36 (d, J = 11.9 Hz, 1H), 3.72 (q, J
= 7.0 Hz, 1H), 1.65 (td, J = 4.1, 1.9 Hz, 1H), 1.54-1.48 (m, 1H), 1.33-1.27 (m, 4H), 0.92-0.86 (m, 3H);
13

C NMR (101 MHz; CDCl3): δ 139.4, 139.0, 128.4, 127.9, 127.5, 117.1, 80.8, 70.1, 35.3, 27.7, 22.8,

14.2; IR (thin film) 3065, 3031, 2956, 2930, 2859, 1726, 1496, 1455, 1379, 1322, 1205, 1097, 1069,
1028, 993, 925, 733, 697 cm-1; HR-Magnet ESI m/z calcd for C14H24NO [M+NH4]+ 222.1852, found
222.1852.

Experimental Part
Bn

195

O

(R)-(3-(benzyloxy)pent-4-enyl)benzene (191).
Prepared according to GP2: Allylic alcohol (81.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 3 days, afforded allylic ether 191 as clear oil in quantitative yield (126 mg, 0.499
mmol). e.r.: 93.5 : 6.5 (OJ-H; flow: 2.00 mL/min; 14.47 min (major), 15.37 min (minor); 98% CO2, 2%
MeOH at 100 bar, 25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.39-7.15 (m, 11H), 5.80 (ddd, J = 17.1, 10.5, 7.7 Hz, 1H), 5.28-5.26 (m,

1H), 5.24 (ddd, J = 12.8, 1.7, 0.8 Hz, 1H), 4.62 (d, J = 11.8 Hz, 1H), 4.36 (d, J = 11.8 Hz, 1H), 3.77 (td, J
= 7.6, 5.5 Hz, 1H), 2.77 (ddd, J = 14.3, 9.4, 5.4 Hz, 1H), 2.68 (ddd, J = 13.9, 9.6, 6.5 Hz, 1H), 2.01
(dddd, J = 13.6, 9.6, 7.6, 5.9 Hz, 1H), 1.83 (dddd, J = 13.7, 9.8, 6.5, 5.5 Hz, 1H); 13C NMR (101 MHz;
CDCl3): δ 142.2, 139.00, 138.88, 128.60, 128.49, 128.45, 127.9, 127.6, 125.9, 117.5, 79.9, 70.3, 37.3,
31.8; IR (thin film) 3028, 2925, 2860, 1946, 1869, 1806, 1723, 1603, 1496, 1454, 1095, 1069, 927, 736,
698 cm-1; HR-ESI-MS m/z calcd for C18H20AgO [M+Ag]+ 359.0560, found 359.0556.

(S)-((1-cyclohexylallyloxy)methyl)benzene (192).
Prepared according to GP2: Allylic alcohol (70.0 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 7 days, afforded allylic ether 192 as clear oil in 99% yield (114 mg, 0.495
mmol). e.r.: 83.0 : 17.0 (IA; flow: 2.00 mL/min; 4.08 min (minor), 4.35 min (major); 99% CO2, 1%
MeOH at 100 bar, 25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.34-7.26 (m, 5H), 5.72 (ddd, J = 17.2, 10.3, 8.2 Hz, 1H), 5.27 (ddd, J =

10.3, 2.0, 0.6 Hz, 1H), 5.16 (ddd, J = 17.2, 2.0, 0.8 Hz, 1H), 4.59 (d, J = 12.0 Hz, 1H), 4.32 (d, J = 11.9
Hz, 1H), 3.43 (t, J = 7.6 Hz, 1H), 1.97 (dt, J = 12.7, 1.6 Hz, 1H), 1.75-1.62 (m, 4H), 1.55-1.45 (m, 1H),
1.28-1.11 (m, 3H), 1.02-0.86 (m, 2H); 13C NMR (101 MHz; CDCl3): δ 139.2, 137.9, 128.4, 127.9, 127.4,
118.1, 85.5, 70.2, 42.5, 29.4, 29.1, 26.8, 26.30, 26.24; IR (thin film) 2925, 2852, 1645, 1496, 1453, 1270,
1026, 734, 697 cm-1; HR-ESI-MS m/z calcd for C18H20AgO [M+Ag]+ 337.0716, found 337.0708.
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(R)-ethyl 3-(benzyloxy)pent-4-enoate (193).
Prepared according to GP2: Allylic alcohol (72.1 mg, 0.50 mmol) and benzyl alcohol (260 µl, 2.50 mmol,
5.00 equiv.) at 50 ˚C for 5 days, afforded allylic ether 193 as clear oil in 44% yield (51.3 mg, 0.219
mmol). e.r.: 81.5 : 18.5 (IC; flow: 2.00 mL/min; 4.41 min (major), 4.85 min (minor); 98% CO2, 2%
MeOH at 100 bar, 25 ˚C).
1

H-NMR (400 MHz; CDCl3): δ 7.35-7.27 (m, 5H), 5.79 (ddd, J = 17.2, 10.3, 7.6 Hz, 1H), 5.32 (ddd, J =

17.2, 1.5, 1.0 Hz, 1H), 5.27 (ddd, J = 10.3, 1.5, 0.8 Hz, 1H), 4.59 (dd, J = 11.7, 0.3 Hz, 1H), 4.40 (d, J =
11.6 Hz, 1H), 4.27 (dddt, J = 8.3, 7.5, 5.4, 0.8 Hz, 1H), 4.19-4.14 (m, 1H), 4.13-4.08 (m, 1H), 2.67 (dd, J
= 15.0, 8.3 Hz, 1H), 2.50 (dd, J = 15.0, 5.4 Hz, 1H), 1.24 (t, J = 7.1 Hz, 3H);

13

C NMR (101 MHz;

CDCl3): δ 14.36, 41.38, 60.67, 70.69, 118.22, 127.70, 127.91, 128.45, 137.39, 170.98; IR (thin film)
2920, 1736, 1456, 1372, 1275, 1183, 1067, 1028, 930, 736 cm-1; HR-ESI-MS m/z calcd for C14H18NaO3
[M+Na]+ 257.1148, found 257.1144.

7.6 Allylic Thioetherification
General

Procedure

for

Enantioselective

Iridium-Catalyzed

Allylic

Thioetherification (GP3)
A round bottom flask under argon was charged with [Ir(cod)Cl]2 (8.40 mg, 13.0 µmol, 2.50 mol%) and
the P,alkene 119 (25.4 mg, 50.0 µmol, 10.0 mol%). Dichloroethane (1.00 mL, 0.500 M) was added and
the reaction mixture was stirred at 23 °C for 15 min. Thiol (0.300 mmol, 1.20 equiv.) and Dibutyl hydrogen phosphate (52.6 mg, 0.250 mmol, 0.500 equiv.) were added via syringe, followed by allylic alcohol
(0.500 mmol, 1.00 equiv.). The resulting reaction mixture was stirred at the indicated temperature and
time. Conversion was checked by disappearance of the starting material on TLC. The reaction mixture
was washed with sodium carbonate (2.00 mL). The aqueous layer was extracted with dichloromethane
(2x 2.50 mL) and the combined organic fractions dried with magnesium sulfate. The solvent was removed under vacuo and purification of the residue by flash chromatography on silica gel using hexanes/ethyl acetate as eluent afforded the desired allylic thioether.

Experimental Part
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(S)-benzyl(1-phenylallyl)sulfane (212).
Prepared according to GP3: Allylic alcohol (134 mg, 1.00 mmol) and benzyl mercaptan (141 µl, 1.20
mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 212 as clear oil in 83.6 % yield (201
mg, 0.836 mmol). e.r.: 95.1 : 4.9 (IC; flow: 2.00 mL/min; 6.34 min (major), 6.83 min (minor); 99% CO2,
1% MeOH at 100 bar, 25 ˚C); [α]D26.7: -64.3 (c=1.00.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3):δ 7.33-7.26 (m, 10H), 6.05 (ddd, J = 16.9, 10.0, 8.4 Hz, 1H), 5.18 (ddd, J =

10.0, 1.3, 0.7 Hz, 1H), 5.12 (ddd, J = 16.9, 1.1, 0.7 Hz, 1H), 4.28 (d, J = 8.4 Hz, 1H), 3.66 (d, J = 13.5
Hz, 1H), 3.63 (d, J = 13.5 Hz, 1H); 13C NMR (101 MHz; CDCl3): δ 140.3, 138.3, 137.9, 129.2, 128.75,
128.60, 128.1, 127.5, 127.1, 116.4, 52.1, 36.1; IR (thin film) 3060, 3027, 1633, 1600, 1493, 1452, 1414,
1239, 1071, 1029, 989, 918, 840, 697 cm-1; HR-Magnet EI+ m/z calcd for C16H16S [M]+ 240.097, found
240.0928

(S)-benzyl(1-(3-methoxyphenyl)allyl)sulfane (231).
Prepared according to GP3: Allylic alcohol (82.0 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at r.t. for 48 hours, afforded allylic thioether 231 as clear oil in 89.8% yield (121 mg,
0.449 mmol). e.r.: 97.5 : 2.5 (IC; flow: 2.00 mL/min; 7.09 min (major), 7.45 min (minor); 98% CO2, 2%
MeOH at 100 bar, 25 ˚C), [α]D28.5: -75.5 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.31-7.31 (m, 4H), 7.25-7.21 (m, 2H), 6.92-6.87 (m, 2H), 6.79 (ddd, J =

8.2, 2.6, 0.9 Hz, 1H), 6.03 (ddd, J = 16.9, 10.0, 8.4 Hz, 1H), 5.17 (ddd, J = 10.0, 1.3, 0.8 Hz, 1H), 5.12
(dt, J = 16.9, 1.1 Hz, 1H), 4.25 (d, J = 8.4 Hz, 1H), 3.80 (s, 3H), 3.66 (d, J = 13.5 Hz, 1H), 3.63 (d, J =
13.5 Hz, 1H);

13

C NMR (101 MHz; CDCl3): δ 159.9, 141.9, 138.2, 137.8, 129.7, 129.2, 128.6, 127.1,

120.5, 116.4, 113.7, 113.0, 55.4, 52.2, 36.1; IR (thin film) 3065, 2969, 1600, 1493, 1454, 1264, 1218,
1152, 1049, 993, 918, 876, 756, 697cm-1; HR-Magnet EI+ m/z calcd for C17H18OS [M]+ 270.1078, found
270.1073
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(S)-benzyl(1-(o-tolyl)allyl)sulfane (232).
Prepared according to GP3: Allylic alcohol (74.1 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 232 as clear oil in 85.2 % yield (108
mg, 0.426 mmol). e.r.: 96.2 : 3.8 (IC; flow: 2.00 mL/min; 4.45 min (minor), 4.73 min (major); 98% CO2,
2% MeOH at 100 bar, 25 ˚C), [α]D27.4: -12.8 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.44 (dd, J = 7.7, 1.1 Hz, 1H), 7.30-7.11 (m, 8H), 6.07 (ddd, J = 16.9,

10.0, 8.2 Hz, 1H), 5.19 (ddd, J = 10.0, 1.4, 0.8 Hz, 1H), 5.12 (ddd, J = 16.9, 1.4, 1.1 Hz, 1H), 4.39 (d, J =
8.2 Hz, 1H), 3.67 (d, J = 13.5 Hz, 1H), 3.65 (d, J = 13.6 Hz, 1H), 2.10 (s, 3H).;

13

C NMR (101 MHz;

CDCl3): δ 138.3, 138.0, 137.3, 136.0, 130.7, 129.2, 128.6, 127.5, 127.24, 127.10, 126.5, 116.3, 47.7,
36.2, 19.1; IR (thin film) 2973, 1493, 1453, 1219, 1072, 916, 769, 700 cm-1; HR-Magnet EI+ m/z calcd
for C17H18S [M]+ 254.1129, found 254.1128
Bn

S

(S)-benzyl(1-(naphthalen-2-yl)allyl)sulfane (233).
Prepared according to GP3: Allylic alcohol (92.0 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 233 as off-white solid in 83.8 % yield
(122 mg, 0.419 mmol). e.r.: 98.0 : 2.0 (AS-H; flow: 2.00 mL/min; 20.4 min (major), 22.1 min (minor);
98% CO2, 2% MeOH at 100 bar, 25 ˚C), [α]D26.4: -100 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.77 (dd, J = 9.0, 6.4 Hz, 3H), 7.68 (s, 1H), 7.46-7.42 (m, 3H), 7.28-7.21

(m, 5H), 6.11 (dddd, J = 16.9, 10.0, 8.3, 1.5 Hz, 1H), 5.19 (dd, J = 10.1, 0.8 Hz, 1H), 5.14 (dd, J = 16.9,
1.2 Hz, 1H), 4.43 (d, J = 8.2 Hz, 1H), 3.64 (d, J = 13.5 Hz, 1H), 3.59 (d, J = 13.3 Hz, 1H); 13C NMR (101
MHz; CDCl3): δ 138.2, 137.7, 133.5, 132.9, 129.6, 129.2, 128.62, 128.56, 127.96, 127.79, 127.1, 126.8,
126.31, 126.29, 126.1, 116.7, 52.3, 36.1; IR (thin film) 2973, 1463, 1276, 1222, 1059, 750, 676 cm-1;
HR-Magnet EI+ m/z calcd for C20H18S [M]+ 290.1129, found 290.1126
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(S)-3-(1-(benzylthio)allyl)furan (234).
Prepared according to GP3: Allylic alcohol (62.1 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 234 as brown oil in 91.4 % yield (105
mg, 0.457 mmol). e.r.: 92.7 : 7.3 (OJ-H; flow: 2.00 mL/min; 11.03 min (major), 12.47 min (minor); 98%
CO2, 2% MeOH at 100 bar, 25 ˚C), [α]D27.1: 21.6 (c=0.1 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.38-7.37 (m, 1H), 7.33-7.23 (m, 6H), 6.39 (dq, J = 1.4, 0.4 Hz, 1H), 5.93

(ddd, J = 16.9, 10.0, 8.5 Hz, 1H), 5.19 (ddd, J = 10.0, 1.3, 0.7 Hz, 1H), 5.13 (dt, J = 16.9, 1.1 Hz, 1H),
4.21 (d, J = 8.5 Hz, 1H), 3.68 (d, J = 13.5 Hz, 1H), 3.66 (d, J = 13.5 Hz, 1H);

13

C NMR (101 MHz;

CDCl3): δ 143.4, 139.9, 138.2, 137.2, 129.1, 128.6, 127.1, 124.7, 116.5, 110.1, 43.2, 35.8; IR (thin film)
2974, 1600, 1494, 1454, 1222, 1070, 1022, 957, 918, 872, 770, 698 cm-1; HR-Magnet EI+ m/z calcd for
C14H14OS [M]+ 230.0765, found 230.0760

(S)-3-(1-(benzylthio)allyl)thiophene (235).
Prepared according to GP3: Allylic alcohol (70.1 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 235 as clear oil in 89.8 % yield (111
mg, 0.449 mmol). e.r.: 98.0 : 2.0 (OJ-H; flow: 2.00 mL/min; 10.1 min (major), 10.3 min (minor); 98%
CO2, 2% MeOH at 100 bar, 25 ˚C), [α]D28.3: -19.7 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.32-7.26 (m, 6H), 7.13 (ddd, J = 3.0, 1.3, 0.8 Hz, 1H), 7.08 (ddd, J =

5.0, 1.3, 0.4 Hz, 1H), 6.01 (ddd, J = 16.9, 10.0, 8.6 Hz, 1H), 5.20 (ddd, J = 10.0, 1.3, 0.7 Hz, 1H), 5.12
(ddd, J = 16.9, 1.3, 1.0 Hz, 1H), 4.39 (d, J = 8.6 Hz, 1H), 3.68 (d, J = 13.5 Hz, 1H), 3.65 (d, J = 13.5 Hz,
1H); 13C NMR (101 MHz; CDCl3): δ 140.8, 138.2, 137.5, 129.1, 128.6, 127.4, 127.1, 126.1, 122.0, 116.4,
47.4, 36.0; IR (thin film) 2980, 2911, 1493, 1452, 1415, 1217, 1071, 918, 837, 753, 700 cm-1; HRMagnet EI+ m/z calcd for C17H18OS [M]+ 246.0537, found 246.0532
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(S)-benzyl(1-(4-bromophenyl)allyl)sulfane (236).
Prepared according to GP3: Allylic alcohol (107 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 80 ˚C for 36 hours, afforded allylic thioether 236 as clear oil in 82.6 % yield (132
mg, 0.413 mmol). e.r.: 96.7 : 3.3 (IA; flow: 2.00 mL/min; 12.8 min (minor), 13.8 min (major); 98% CO2,
2% MeOH at 100 bar, 25 ˚C), [α]D27.2: -66.2 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.46 (t, J = 2.3 Hz, 1H), 7.43 (t, J = 2.3 Hz, 1H), 7.32-7.25 (m, 5H), 7.20

(t, J = 2.1 Hz, 1H), 7.18 (t, J = 2.1 Hz, 1H), 5.99 (ddd, J = 16.9, 10.1, 8.2 Hz, 1H), 5.20 (dt, J = 10.0, 1.0
Hz, 1H), 5.11 (dt, J = 16.9, 1.1 Hz, 1H), 4.23 (d, J = 8.2 Hz, 1H), 3.65 (d, J = 13.6 Hz, 1H), 3.61 (d, J =
13.6 Hz, 1H);

13

C NMR (101 MHz; CDCl3): δ 139.4, 138.0, 137.3, 131.8, 129.9, 129.1, 128.6, 127.2,

121.3, 116.9, 51.4, 36.1; IR (thin film) 2973, 2908, 1487, 1401, 1220, 1073, 923, 771, 698 cm-1; HRMagnet EI+ m/z calcd for C17H18OS [M]+ 318.0078, found 318.0073

(S)-benzyl(1-(4-fluorophenyl)allyl)sulfane (237).
Prepared according to GP3: Allylic alcohol (107 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 80 ˚C for 36 hours, afforded allylic thioether 237 as clear oil in 79.6 % yield (102
mg, 0.395 mmol). e.r.: 94.4 : 5.6 (OB-H; flow: 2.00 mL/min; 10.8 min (minor), 12.1 min (major); 98%
CO2, 2% MeOH at 100 bar, 25 ˚C), [α]D227.0: -48.5 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.33-7.24 (m, 7H), 7.02-6.98 (m, 2H), 6.05-5.93 (m, 1H), 5.19 (dt, J =

10.0, 1.0 Hz, 1H), 5.11 (dt, J = 16.9, 1.2 Hz, 1H), 4.26 (d, J = 8.3 Hz, 1H), 3.65 (d, J = 13.5 Hz, 1H),
3.61 (d, J = 13.6 Hz, 1H);

13

C-NMR (101 MHz; CDCl3): δ 162.07 (d, J = 246.3 Hz), 138.07, 137.66,

136.05 (d, J = 3.1 Hz), 129.65 (d, J = 8.1 Hz), 129.10, 128.61, 127.14, 116.55, 115.64, 115.43, 51.24,
36.11;

19

F NMR (282 MHz; CDCl3): δ -114.7 (m); IR (thin film) 2972, 1601, 1506, 1453, 1408, 1222,

1157, 1070, 988, 918, 835, 766 cm-1; HR-Magnet EI+ m/z calcd for C17H18OS [M]+ 258.0878, found
258.0873
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(S)-phenyl(1-phenylallyl)sulfane (208).
Prepared according to GP3: Allylic alcohol (67.1 mg, 0.500 mmol) and thiophenol (66.1 mg, 0.600
mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 208 and non-separable linear isomer
4i as a clear oil in 97.0 % yield (110 mg, 0.485 mmol). The branched linear ratio is 92/8 (by crude 1HNMR analysis. e.r.: 95.3 : 4.7 (IA; flow: 2.00 mL/min; 6.10 min (minor), 7.01 min (major); 98% CO2,
2% MeOH at 100 bar, 25 ˚C), [α]D27.3: -74.2 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.39-7.25 (m, 13H), 6.15 (ddd, J = 16.9, 10.1, 8.0 Hz, 1H), 5.11 (dt, J =

10.1, 0.8 Hz, 1H), 5.07 (dt, J = 16.9, 1.0 Hz, 1H), 4.82 (d, J = 8.0 Hz, 1H); 13C NMR (101 MHz; CDCl3):
δ 140.2, 137.6, 132.7, 128.84, 128.73, 128.1, 127.58, 127.39, 126.48, 116.6, 56.8; IR (thin film) 2972,
2915, 1588, 1480, 1452, 1413, 1220, 1067, 919, 835, 740, 691 cm-1; HR-Magnet EI+ m/z calcd for
C15H14S [M]+ 226.0816, found 226.0812

(S)-(4-methoxybenzyl)(1-phenylallyl)sulfane (239).
Prepared according to GP3: Allylic alcohol (65.8 mg, 0.500 mmol) and (4-methoxyphenyl)methanethiol
(93.0 mg, 0.600 mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 239 as clear oil in
92.4 % yield (125 mg, 0.462 mmol). e.r.: 98.4 : 1.6 (IA; flow: 2.00 mL/min; 15.7 min (minor), 16.1 min
(major); 98% CO2, 2% MeOH at 100 bar, 25 ˚C), [α]D28.4: -61.5 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.32 (d, J = 4.4 Hz, 4H), 7.26-7.24 (m, 1H), 7.22 (t, J = 2.4 Hz, 1H), 7.20

(t, J = 2.6 Hz, 1H), 6.86 (t, J = 2.6 Hz, 1H), 6.84 (t, J = 2.6 Hz, 1H), 6.04 (ddd, J = 16.9, 10.0, 8.4 Hz,
1H), 5.17 (ddd, J = 10.0, 1.4, 0.8 Hz, 1H), 5.11 (dt, J = 16.9, 1.2 Hz, 1H), 4.27 (d, J = 8.4 Hz, 1H), 3.80
(s, 3H), 3.61 (d, J = 13.4 Hz, 1H), 3.58 (d, J = 13.5 Hz, 1H);

13

C NMR (101 MHz; CDCl3): δ 158.7,

140.4, 137.9, 130.21, 130.16, 128.7, 128.1, 127.4, 116.3, 114.0, 55.4, 52.1, 35.5; IR (thin film) 3062,
2907, 1610, 1511, 1463, 1301, 1248, 1175, 1034, 1034, 920, 831, 747, 698 cm-1; HR-Magnet EI+ m/z
calcd for C17H18OS [M]+ 270.1078, found 270.1076
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(S)-cyclohexyl(1-phenylallyl)sulfane (240).
Prepared according to GP3: Allylic alcohol (67.1 mg, 0.500 mmol) and cyclohexanethiol (69.7 mg, 0.600
mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 240 as clear oil in 86.0 % yield (100
mg, 0.430 mmol). e.r.: 90.9 : 9.1 (IB; flow: 2.00 mL/min; 4.7 min (major), 5.0 min (minor); 99% CO2,
1% MeOH at 100 bar, 25 ˚C), [α]D28.1: -49.6 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.38-7.23 (m, 5H), 6.05 (ddd, J = 16.9, 10.0, 8.5 Hz, 1H), 5.14 (ddd, J =

10.7, 1.3, 0.9 Hz, 1H), 5.11-5.10 (m, 1H), 4.52 (d, J = 8.5 Hz, 1H), 2.59-2.54 (m, 1H), 1.93 (dt, J = 12.6,
1.1 Hz, 2H), 1.74 (dd, J = 4.2, 1.2 Hz, 2H), 1.58 (dt, J = 3.0, 1.4 Hz, 1H), 1.36-1.24 (m, 5H); 13C NMR
(101 MHz; CDCl3): δ 141.1, 138.8, 128.7, 127.9, 127.3, 115.4, 51.3, 43.2, 33.7, 33.5, 26.20, 26.02,
25.99; IR (thin film) 2930, 2853, 1449, 1410, 1218, 1074, 916, 756, 697 cm-1; HR-Magnet EI+ m/z calcd
for C17H18OS [M]+ 232.1286, found 232.1281

(S)-4-((1-phenylallyl)thio)phenol (241).
Prepared according to GP3: Allylic alcohol (67.1 mg, 0.500 mmol) and 4-mercaptophenol (63.1 mg,
0.600 mmol, 1.20 equiv.) at 50 ˚C for 24 hours, afforded allylic thioether 241 as white solid in 86.6 %
yield (105 mg, 0.433 mmol). e.r.: 90.2 : 9.8 (IC; flow: 2.00 mL/min; 9.0 min (minor), 9.5 min (major);
95% CO2, 5% MeOH at 100 bar, 25 ˚C), [α]D26.8: -55.5 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.30-7.23 (m, 8H), 6.78-6.70 (m, 2H), 6.11 (ddd, J = 16.9, 10.1, 8.4 Hz,

1H), 5.04 (dt, J = 10.1, 1.0 Hz, 1H), 4.95 (dt, J = 16.9, 1.2 Hz, 1H), 4.60 (dt, J = 8.4, 0.9 Hz, 1H); 13C
NMR (101 MHz; CDCl3): δ 155.3, 136.5, 134.9, 132.7, 128.6, 128.1, 127.6, 126.4, 125.6, 116.0, 39.4; IR
(thin film) 3059, 3029, 1598, 1583, 1493, 1428, 1255, 1219, 965, 815 cm-1; HR-Magnet EI+ m/z calcd for
C17H18OS [M]+ 242.0765, found 242.0760
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(S)-benzyl(1-(4-(trifluoromethyl)phenyl)allyl)sulfane (248).
Prepared according to GP3: Allylic alcohol (101 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 23 ˚C for 72 hours, afforded allylic thioether 248 as clear oil in 44.8 % yield (69.1
mg, 0.224 mmol). e.r.: >98 : 2 (OJ-H; flow: 2.00 mL/min; 6.3 min (minor), 6.8 min (major); 98% CO2,
2% MeOH at 100 bar, 25 ˚C), [α]D26.4: -49.8 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.58 (d, J = 8.1 Hz, 2H), 7.43 (dd, J = 8.1, 0.6 Hz, 2H), 7.35-7.24 (m,

5H), 6.02 (ddd, J = 16.9, 10.1, 8.3 Hz, 1H), 5.23 (dt, J = 10.1, 1.0 Hz, 1H), 5.14 (dt, J = 16.9, 1.1 Hz,
1H), 4.32 (d, J = 8.3 Hz, 1H), 3.68 (d, J = 13.6 Hz, 1H), 3.63 (d, J = 13.5 Hz, 1H); 13C NMR (101 MHz;
CDCl3): δ 144.5 (q, J = 1.31 Hz), 137.8, 137.5, 137.0, 129.6, 129.1, 128.68, 128.62, 128.52, 127.6,
127.3, 125.7 (q, J = 3.78 Hz), 117.2, 51.6, 43.4, 36.1;

19

F NMR (376 MHz; CDCl3): δ -62.5; IR (thin

film) 3029, 1617, 1494, 1325, 1164, 1123, 1068, 1018, 923, 830, 766, 699 cm-1; HR-Magnet EI+ m/z
calcd for C17H18OS [M]+ 308.0847, found 308.0841

(S)-benzyl(1-(2-bromophenyl)allyl)sulfane (245).
Prepared according to GP3: Allylic alcohol (107 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 23 ˚C for 72 hours, afforded allylic thioether 245 as clear oil in 47.4 % yield (75.6
mg, 0.237 mmol). e.r.: 98.7 : 1.3 (IB; flow: 2.00 mL/min; 10.1 min (major), 10.7 min (minor); 99% CO2,
1% MeOH at 100 bar, 25 ˚C), [α]D26.6: -14.0 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.56 (ddd, J = 13.6, 7.9, 1.5 Hz, 2H),7.33-7.23 (m, 6H), 7.10 (ddd, J =

8.0, 7.3, 1.7 Hz, 1H), 5.99 (ddd, J = 16.9, 10.1, 7.8 Hz, 1H), 5.22-5.14 (m, 2H), 4.83 (d, J = 7.8 Hz, 1H),
3.67 (s, 2H);

13

C NMR (101 MHz; CDCl3): δ 139.4, 137.8, 136.5, 133.1, 129.7, 129.5, 129.2, 128.8,

128.6, 127.9, 127.1, 124.4, 117.2, 50.7, 36.4; IR (thin film) 2973, 1464, 1400, 1261, 1220, 766, 675 cm-1;
HR-Magnet EI+ m/z calcd for C17H18OS [M]+ 318.0078, found 318.0073

(R)-benzyl(5-phenylpent-1-en-3-yl)sulfane (247).
Prepared according to GP3: Allylic alcohol (107 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 23 ˚C for 72 hours, afforded after HPLC purification, allylic thioether 247 as clear
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oil in 48.0 % yield (64.5 mg, 0.240 mmol). e.r.: 96.7 : 3.3 (IA; flow: 2.00 mL/min; 7.1 min (minor), 8.1
min (major); 98% CO2, 2% MeOH at 100 bar, 25 ˚C), [α]D27.7: -17.6 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.27 (d, J = 11.0 Hz, 13H), 5.69 (ddd, J = 17.0, 10.0, 9.3 Hz, 1H), 5.16

(ddd, J = 10.0, 1.6, 0.4 Hz, 1H), 5.00 (ddd, J = 17.0, 1.6, 0.7 Hz, 1H), 3.67 (d, J = 13.4 Hz, 1H), 3.62 (d,
J = 13.4 Hz, 1H), 3.11-3.05 (m, 1H), 2.73-2.61 (m, 2H), 1.95-1.79 (m, 2H);

13

C NMR (101 MHz;

CDCl3): δ 141.7, 139.2, 138.7, 129.1, 128.59, 128.58, 128.48, 127.0, 126.0, 116.0, 47.8, 35.8, 35.0, 33.4,
29.9; IR (thin film) 2971, 2922, 1494, 1453, 1216, 1072, 916, 749, 698, 668 cm-1; HR-Magnet EI+ m/z
calcd for C18H20S [M]+ 268.1286, found 268.1283

(R)-benzyl(hept-1-en-3-yl)sulfane (249).
Prepared according to GP3: Allylic alcohol (107 mg, 0.500 mmol) and benzyl mercaptan (70.4 µl, 0.600
mmol, 1.20 equiv.) at 23 ˚C for 72 hours, afforded allylic thioether 249 as clear oil in 45.6 % yield (50.2
mg, 0.228 mmol). e.r.: 86.8 : 13.2 (OJ-H; flow: 2.00 mL/min; 4.3 min (major), 4.9 min (minor); 98%
CO2, 2% MeOH at 100 bar, 25 ˚C), [α]D26.8: 30.7 (c=1.00 in CHCl3)
1

H-NMR (400 MHz; CDCl3): δ 7.34-7.23 (m, 5H), 5.62 (dt, J = 16.9, 9.7 Hz, 1H), 5.11 (dd, J = 9.9, 1.6

Hz, 1H), 4.97 (ddd, J = 17.0, 1.6, 0.6 Hz, 1H), 3.60 (s, 2H), 3.07-2.99 (m, 1H), 1.56-1.50 (m, 2H), 1.361.20 (m, 6H), 0.86 (t, J = 7.1 Hz, 3H);

13

C NMR (101 MHz; CDCl3): δ 139.6, 129.6, 129.1, 128.63,

128.55, 127.6, 126.9, 115.5, 43.5, 35.1, 33.9, 29.5, 22.6, 14.1; IR (thin film) 2972, 2901, 1455, 1261,
1075, 766 cm-1; HR-Magnet EI+ m/z calcd for C16H22S [M]+ 220.1286, found 220.1278

7.7 Mechanistic Studies

Labeled chloroacetic acid (258).
2-chloroacetyl chloride (0.399 ml, 5.00 mmol, 1.00 equiv.) was stirred in an ice bath with H218O (0.320
ml, 16.0 mmol, 3.20 equiv.) for 1h. Then warmed to 23 ˚C and stirred for 48h. Removal of water and HCl
under reduced pressure (<1 mmHg) afforded acid 258 as colorless crystalline solid in quantitative yield
(0.492 mg, 5.00 mmol, 1.00 equiv.).
1

H-NMR (400 MHz; CDCl3): δ 4.14 (s, 3H);

13

C NMR (101 MHz; CDCl3): δ 173.31, 173.29, 173.27,

40.6; HR-Magnet EI+ m/z calcd for C2H3ClO2 [M]+ 93.9816, found 93.9825, calcd for C2H3ClO18O
[M]+ 95.9858, found 95.9859, calcd for C2H3Cl18O2 [M]+ 97.9900, found 97.9887
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Labeled benzaldehyde.
Benzaldehyde (1.02 ml, 10.0 mmol, 1.00 equiv.) was dissolved in THF (10.0 ml) and H218O (0.300 ml,
15.0 mmol, 1.00 equiv.) and hydrogen chloride in THF (3.65 µg, 0.100 µmol) were added. The mixture
was stirred for 48h at 23 ˚C. The mixture was evaporated under vacuum and benzaldehyde was extracted
with ether (2.00 ml).
Benzaldehyde was formed as a clear oil together with benzyl benzoate, a colorless crystalline solid in
combined quantitative yield (1.08 g, 10.00 mmol, 1.00 equiv.).
1

H-NMR (400 MHz; CDCl3): δ 10.03 (s, 1H), 8.15-8.12 (m, 2H), 7.90-7.88 (m, 2H), 7.66-7.60 (m, 2H),

7.56-7.46 (m, 4H);

13

C NMR (101 MHz; CDCl3): δ 192.59, 192.55, 136.6, 134.6, 133.9, 130.4, 129.9,

129.5, 129.1, 128.6; HR-Magnet EI+ m/z calcd for C7H5O [M-H]+ 105.0335, found 105.0334, calcd for
C7H518O [M]+ 107.0377, found 107.0374

Labeled 1-phenylprop-2-en-1-ol (106).
In a two-neck round-bottom flask labeled benzaldehyde (1.00 g, 9.25 mmol. 1.00 equiv.) was dissolved in
THF (9025 ml) and cooled to 0°C. Vinyl magnesium bromide solution 1M THF (1.86 ml, 13.9 mmol.
1.50 equiv.) was added slowly. The reaction mixture was stirred for 2 hours at 23°C. The reaction mixture was concentrated, concentrated ammonium chloride solution was added and extracted with Et2O.
The aqueous phase was washed with Et2O. The combined organic layers were dried with sodium sulfate
and concentrated under reduced pressure. After column chromatography allyl alcohol 106 was recovered
in 6.03 % yield (76.0 mg, 0.558 mmol).
1

H-NMR (400 MHz; CDCl3): δ 7.39-7.34 (m, 4H), 7.30 (m, 1H), 6.10-6.02 (m, 1H), 5.36 (dd, J = 17.1,

0.3 Hz, 1H), 5.21 (dt, J = 10.4, 1.3 Hz, 2H); 13C NMR (101 MHz; CDCl3): δ 142.7, 140.4, 128.7, 127.9,
126.5, 115.3, 75.53, 75.51; HR-Magnet EI+ m/z calcd for C9H10O [M]+ 134.0732, found 134.0717, calcd
for C9H1018O [M]+ 136.0774, found 136.0731, calcd for C2H3Cl18O2 [M]+ 97.9900, found 97.9887

1-phenylallyl 2-chloroacetate (214).
A round bottom flask under argon was charged with [Ir(cod)Cl]2 (5.04 mg, 7.50 µmol, 2.50 mol%) and
the phosphorous-alkene 119 (15.0 mg, 30 µmol, 10.0 mol%). Dichloroethane (0.600 mL, 0.500 M) was
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added and the reaction mixture was stirred at 23 °C for 15 min. chloroacetic acid (34.0 mg, 0.360 mmol,
1.20 equiv.) was added, followed by labeled allylic alcohol 106 (41.0 mg, 0.300 mmol, 1.00 equiv.). The
resulting reaction mixture was stirred at 23°C for 18h. The reaction mixture was washed with sodium
carbonate (2.00 mL). The aqueous layer was extracted with dichloromethane (2x 2.50 mL) and the combined organic fractions dried with magnesium sulfate. The solvent was removed under vacuum and purification of the residue by flash chromatography on silica gel using hexanes/ethyl acetate as eluent afforded the desired allylic ester 214 as clear oil.
1

H-NMR (400 MHz; CDCl3): δ 7.39-7.32 (m, 5H), 6.33 (dt, J = 6.0, 1.3 Hz, 1H), 6.03 (ddd, J = 17.1,

10.5, 6.0 Hz, 1H), 5.35 (dt, J = 17.2, 1.3 Hz, 1H), 5.30 (dt, J = 10.4, 1.2 Hz, 1H), 4.12 (d, J = 14.8 Hz,
1H), 4.09 (d, J = 14.8 Hz, 1H);

13

C NMR (101 MHz; CDCl3): δ 166.4, 138.1, 135.5, 128.82, 128.70,

127.4, 118.0, 78.2, 41.2; HR-Magnet EI+ m/z calcd for C11H11ClO2 [M]+ 210.0442, found 210.0439

Labeled 1-phenylallyl 2-chloroacetate (214).
A round bottom flask under argon was charged with [Ir(cod)Cl]2 (5.04 mg, 7.50 µmol, 2.50 mol%) and
the phosphorous-alkene 119 (15.0 mg, 30 µmol, 10.0 mol%). Dichloroethane (0.600 mL, 0.500 M) was
added and the reaction mixture was stirred at 23 °C for 15 min. chloroacetic acid (35.0 mg, 0.360 mmol,
1.20 equiv.) was added, followed by labeled allylic alcohol 106 (40.0 mg, 0.300 mmol, 1.00 equiv.). The
resulting reaction mixture was stirred at 23°C for 18h. The reaction mixture was washed with sodium
carbonate (2.00 mL). The aqueous layer was extracted with dichloromethane (2x 2.50 mL) and the combined organic fractions dried with magnesium sulfate. The solvent was removed under vacuum and purification of the residue by flash chromatography on silica gel using hexanes/ethyl acetate as eluent afforded the desired allylic ester 214 as clear oil.
1

H-NMR (400 MHz; CDCl3): δ 7.38-7.33 (m, 5H), 6.33 (dt, J = 6.0, 1.2 Hz, 1H), 6.03 (ddd, J = 17.1,

10.5, 6.1 Hz, 1H), 5.35 (dt, J = 17.1, 1.3 Hz, 1H), 5.30 (dt, J = 10.5, 1.2 Hz, 1H), 4.12 (d, J = 14.8 Hz,
1H), 4.09 (d, J = 14.8 Hz, 1H);

13

C NMR (101 MHz; CDCl3): δ 166.41, 166.39, 166.38, 138.1, 135.5,

128.82, 128.70, 127.4, 118.0, 78.23, 78.19, 41.2; HR-Magnet EI+ m/z calcd for C11H11ClO2 [M]+
210.0442, found 210.0448, calcd for C11H11ClO18O [M]+ 212.0484, found 212.0477, calcd for
C11H11Cl18O2 [M]+ 214.0526, found 214.0518
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1-phenylallyl 3-chlorobenzoate (199).
Allylic ester 199 was isolated from the reaction mixture of multiple reactions as minor product. Purification was not possible and the 1H NMR spectrum in the appendix represents this.
1

H-NMR (400 MHz; CDCl3): δ 8.06 (t, J = 1.7 Hz, 1H), 7.98 (ddd, J = 7.8, 1.5, 1.2 Hz, 1H), 7.54 (ddd, J

= 8.0, 2.2, 1.1 Hz, 1H), 7.46-7.31 (m, 6H), 6.51 (d, J = 5.9 Hz, 1H), 6.13 (ddd, J = 17.1, 10.5, 5.9 Hz,
1H), 5.39 (dt, J = 17.1, 1.3 Hz, 1H), 5.32 (dt, J = 10.5, 1.2 Hz, 1H); HR-Magnet EI+ m/z calcd for
C16H13ClO2 [M]+ 272.0604, found 272.0611

5-phenylpent-1-en-3-yl 3-chlorobenzoate (202).
Allylic ester 202 was isolated from the reaction mixture of multiple reactions as minor product. Purification was not possible and the 1H NMR spectrum in the appendix represents this.
1

H-NMR (400 MHz; CDCl3): δ 8.00 (t, J = 1.8 Hz, 1H), 7.92 (dt, J = 7.8, 1.3 Hz, 1H), 7.54 (ddd, J = 8.0,

2.2, 1.1 Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.30-7.27 (m, 2H), 7.20-7.16 (m, 3H), 5.92 (ddd, J = 17.1, 10.6,
6.4 Hz, 1H), 5.55-5.49 (m, 1H), 5.34 (dt, J = 17.3, 1.2 Hz, 1H), 5.26 (dt, J = 10.5, 1.2 Hz, 1H), 2.74 (td, J
= 7.9, 2.2 Hz, 2H), 2.20-2.02 (m, 2H); 13C NMR (101 MHz; CDCl3): δ 164.7, 141.3, 136.1, 134.7, 133.1,
132.4, 129.83, 129.80, 128.64, 128.50, 127.9, 126.2, 117.5, 75.5, 36.0, 31.6; HR-Magnet EI+ m/z calcd
for C18H17ClO2 [M]+ 300.0917, found 300.0908

7.8 NMR Rate Studies
Rate Studies of Allyl Etherification
From a stock solution a NMR tube was charged with [Ir(cod)Cl] 2 (1.28 mg, 1.90 µmol, 2.50 mol%), the
phosphorous-alkene 119 (3.86 mg, 7.61 µmol, 10.0 mol%) and m-chlorobenzoic acid (5.96 mg, 38.0
µmol, 0.500 equiv.). Deuterated dichloroethane (0.700 mL, 0.109 M) was added and the reaction mixture
was stirred at 23 °C for 15 min. Benzyl alcohol (39.6 µl, 0.380 mmol, 5.00 equiv.) and tetramethylsilane
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(1.05 µl, 1.90 µmol, 0.100 equiv.) were added via syringe and the resulting mixture was transferred into a
NMR tube. Enantiomerically pure (99.5 : 0.5) allylic alcohol 106 (10.0 µl, 76.0 µmol, 1.00 equiv.) was
added and the tube was inserted into a Bruker Ultrashield 600 MHz NMR machine that was preheated to
52 ˚C. 1H-NMR spectra were measured at regular intervals.
While the preparation of the catalyst was executed in dry conditions under an atmosphere of argon no
special precautions were undertaken for the NMR experiment itself.
For (S)-Allylic alcohol (S)-106: 1H-NMR spectra were measured with 2 scans (10 sec.) with 60 sec.
breaks in between. The first spectrum was measured 1 min. after mixing the substrate with the reagent
solution.
For (R)-Allylic alcohol (R)-106: 1H-NMR spectra were measured with 8 scans (40 sec.) with 15 min
breaks in between. The first spectrum was measured 4 min. after mixing the substrate with the reagent
solution.
Integrals of characteristic proton signals were monitored and corrected for by the tetramethylsilane peak.
After the sample were retrieved from the NMR machine the e.r. of allylic ether 2a was measured from
the crude reaction mixture.
For the allylic ether product (S)-108 resulting from (S)-Allylic alcohol 106: e.r.: >99.5 : 0.5
For the allylic ether product (S)-108 resulting from (R)-Allylic alcohol 106: e.r.: 97.0 : 3.0

Rate Studies of Allyl Etherification in Chloroform
From a stock solution a NMR tube was charged with [Ir(cod)Cl] 2 (1.28 mg, 1.90 µmol, 2.50 mol%), the
phosphorous-alkene 119 (3.86 mg, 7.61 µmol, 10.0 mol%) and m-chlorobenzoic acid (5.96 mg, 38.0
µmol, 0.500 equiv.). Deuterated chloroform (0.700 mL, 0.109 M) was added and the reaction mixture
was stirred at 23 °C for 15 min. Benzyl alcohol (7.91 µl, 76.0 µmol, 1.00 equiv.) was added via syringe
and the resulting mixture was transferred into a NMR tube. Enantiomerically pure (99.5 : 0.5) allylic alcohol 106 (10.0 µl, 76.0 µmol, 1.00 equiv.) was added and the tube was inserted into a Bruker Ultrashield
600 MHz NMR machine that was preheated to 50 ˚C. 1H-NMR spectra were measured at regular intervals.
While the preparation of the catalyst was executed in dry conditions under an atmosphere of argon no
special precautions were undertaken for the NMR experiment itself.
For (S)-Allylic alcohol (S)-106: 1H-NMR spectra were measured with 8 scans (40 sec.) with 15 min
breaks in between. The first spectrum was measured 3 min. after mixing the substrate with the reagent
solution.
For (R)-Allylic alcohol (R)-106: 1H-NMR spectra were measured with 8 scans (40 sec.) with 15 min
breaks in between. The first spectrum was measured 4 min. after mixing the substrate with the reagent
solution.

Experimental Part
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Rate Studies of Allyl Thioetherification
From a stock solution a NMR tube was charged with [Ir(cod)Cl] 2 (1.28 mg, 1.90 µmol, 2.50 mol%), the
phosphorous-alkene 119 (3.86 mg, 7.61 µmol, 10.0 mol%). Deuterated dichloroethane (0.550 mL, 0.138
M) was added and the reaction mixture was stirred at 23 °C for 15 min. 1,1,1,3,3,3-hexamethyldisiloxane
(1.62 µl, 7.60 µmol, 0.100 equiv.) was added via syringe and the resulting mixture was transferred into a
NMR tube. Allylic alcohol 106 (10.0 µl, 76.0 µmol, 1.00 equiv.) and phenylmethanethiol (10.7 µl, 91.0
µmol, 1.20 equiv.) were added and the tube was inserted into a Bruker Ultrashield 600 MHz NMR machine that was preheated to 50 ˚C. 1H-NMR spectra were measured at regular intervals.
While the preparation of the catalyst was executed in dry conditions under an atmosphere of argon no
special precautions were undertaken for the NMR experiment itself.
For (rac)-Allylic alcohol (rac)-106: Addition of dibutyl hydrogen phosphate (7.54 µl, 38.0 µmol, 0.500
equiv.). 1H-NMR spectra were measured with 2 scans (10 sec.) with 60 sec. breaks in between. The first
spectrum was measured 3 min. after mixing the substrate with the reagent solution.
For (S)-Allylic alcohol (S)-106 (99.5 : 0.5): 1H-NMR spectra were measured with 2 scans (10 sec.) with
60 sec. breaks in between. The first spectrum was measured 3 min. after mixing the substrate with the
reagent solution.
For (R)-Allylic alcohol (R)-106 (99.5 : 0.5): Allylic alcohol 106 (5.00 µl, 38.0 µmol, 0.500 equiv.) and
phenylmethanethiol (5.35 µl, 46.0 µmol, 0.600 equiv.). Addition of dibutyl hydrogen phosphate (3.77 µl,
19.0 µmol, 0.250 equiv.). 1H-NMR spectra were measured with 2 scans (10 sec.) with 60 sec. breaks in
between. The first spectrum was measured 4 min. after mixing the substrate with the reagent solution.
Integrals of characteristic proton signals were monitored and corrected for by the hexamethyldisiloxane
peak.
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