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Abstract

ABSTRACT

Over the past two decadesrganocatalytic asymmetric transfer hydrogenatifnalkeneshas seen
significant advances. Inspired bpzymeschemists have developed catalytic strategies that employ small
organicchiralmolecules as catalysts and biomimelittydrogen donors as reducing agetdschieve high
levels of enantioselectivityBeyond classical steric and electronic effedtss now well recognized that
noncovalent interactionsuch as hydrogen bondinign pairingand London dispersiomlay adecisive

role in determining reactivity and selectivitfhis understanding has opened new avenues for rational

catalyst design in asymmetric transfer hydrogenation reactions.

The first part of his dissertation investigatésefirst report ofasymmetricounteraniordirected catalysis
(ACDC) describingthé r ans f er hy d-unsaueatecaldehgdes. Rarfticular erbphasis is placed
on the ole of noncovalent interactions, especially London dispersiongoverning stereocontrol.
Computational studgerevealed that an isopropyl group in the reducing agent engages in key aiispersi
interactions, contributing significantly to enantioselectivity. Building on this insigbécandgeneration
catalystwas designedncorporating analogoudispersion eneng donorsinto the catalyst scaffoldlhis
modified systenmvercame limitations of the original, and mechanistic analysis confirmed that the enhanced

enantioseledtity resulted directly fromintendeddispersiorinteractions.

The secontp ar t of this work focuses on the dalkyel op me
styrenes. While activated al ke-@bywroxyphenyl)stareneseana | s ,
be reducedenantioselectivelyusing established organocatid methods, analogoussymmetric
transformations oless functionalized substratesmain underdeveloped. Here, a Brgnsted-aatdlyzed,
chemeand enanti osel ect i v alkyl styrries waksyaldlishedgsme sildnésam o f
combination with benzoic acid. Mechanistic investigations support a pathway proceeding via a stabilized
carbocation intermediate and a transient silylated catalyst species, with catalyst turnover dependent on the
presence of a protic additivBensity functional theorhighlights key noncovalent interactions, including

catoi i nteractions, that govern enantioselectivit

Vi






Kurzzusammenfassung

KURZZUSAM MENFASSUNG

In den letzten zwei Jahrzehnten wurden bedeutende Fortschritte bei der organokatalytischen
asymmetrischen &ansferhydrierung von Alkenen erzielt. Inspiriert von Enzymen haben Chemiker
katalytische Strategien entwickelt, bei denen kleine organische chirale Molekile als Katalysatoren und
biomimetische Wasserstoffdnatoren als Reduktionsmittel eingesetzt werden, eme hohe
Enantioselektivitat zu erreichen. Uber klassische sterische und elektronische Effekte hinaus ist heute
allgemein anerkannt, dass nichtkovalente Wechselwirkungen wie Wasserstoffbriickenbindungen,
lonenpaarbildung und Londdbispersion eine entscitende Rolle bei der Bestimmung der Reaktivitat

und Selektivitat spielen. Dieses Verstandnis hat neue Wege fur das rationale Katalysatordesign in
asymmetrischen Transferhydrierungsreaktionen eroffnet.

Der erste Teil dieser Dissertation befasst sich nmt éesten Bericht Gibeasymmetrische Gegenanion
vermittelte Katalyse (asymmetric counterantirected catalysis, ACDC)n dem die Transferhydrierung

v 0 n -ulijeshttigten Aldehyden beschrieben wB@ésonderes Augenmerk wird dabei auf die Rolle
nichtkovalenter Wechselwirkungen, insbesondere der Lobdspersion, bei der Steuerung der
Stereokontrolle gelegt. Computergestitzte Studien zeigten, dass eine Isopropylgruppe im Reduktionsmittel
an wichtigen Dispersionswechselwirkungen beteiligt istenmeblich zur Enantioselektivitat beitragt. Auf
dieser Erkenntnis aufbauend wurde ein Katalysator der zweiten Generation entwickelt, der analoge
Dispersionsenergiedonatoren in das Katalysatorgertist integriert. Dieses modifizierte System iberwand die
Einschrankungen des Originals, und eine mechanistische Analyse bestatigte, dass die verbesserte

Enantioselektivitat direkt auf die beabsichtigten Dispersionsvedshikungen zuriickzufihren war.

Der zweite Teil dieser Arbeit konzentriert sich auf die Entwickleimgr enantioselektiven Reduktion von

UAl kyl styrol en. W& hr end aktivierte Al k e(@-e Wi €
Hydroxyphenyl)styrole mit etablierten organokatalytischen Methoden enantioselektiv reduziert werden
kdnnen, sind analoge asymmetrisddemwandlungen von weniger funktionalisierten Substraten noch
unterentwickelt. Hier wurde eine BrgnstBdurekatalysierte, chemound enantioselektive ionische

Hy dr i er wAlkydstyrelenuntdd Verwendung von Silanen in Kombination mit Benzoes&urésgtabl
Mechanistische Untersuchungen stiitzen einen Reaktionsweg uber ein stabilisiertes Carbokation
Intermediat und eine voriibergehende silylierte Katalysatorspezies, wobei der Katalysatorumsatz von der
Anwesenheit eines protischen Additivs abhéngt. DicimieionaltheorieBerechnungen heben wichtige
nichtkovalente  Wechselwirkungen hervor, darunter KatiWechselwirkungen, die die

Enantioselektivitat bestimmen.
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Introduction

1 INTRODUCTION

Owing to the development of hydrogenation, margarine became spreadable, fossil and biofuels, available
and lifesaving medicines a reality. From the breakfast table to the pharmacyhgiedfgenation reactions
subtlyshapeour everyday lies.

What became a cornerstone in chemical synthesis, started in the latent9ry, when Paul Sabatier
discoveredthe addition of hydrogen gas to unsaturated molecules in the presence of freshly reduced
nickel!¥! Only shortly thereafter, the first transfer hydrogenation (the addition of hydrogen fromHy non
source)involving a disproportionation of 1;dihydroterephthalatayas reportecdby Emil Knoevenage¥!

Both generalktrategies offer practical access to hydrogenated compounds, each with its own strengths and
limitations. While hydrogenations provideclean and atoreconomic transformations, trsier
hydrogenationsisually do not requirehigh-pressureexperimental seipsand use readily available and
easyto-handle hydrogen sources. The first half of thé' 2@ntury was characterized bgportant
developmenti bothfields. The HabeiBosch proce$d (ammonia synthesi4905),the Bergius proce&s

(coal liguefaction,1913) and the FisherTropsch proce$$” (conversion of CO/ksyngas into liquid
hydrocarbons1922) represent selected milestonésitt significantly influenced human lif&he key to
unlockingall of these powerful transformatiohiss in a wellknown conceptcatalysis

The termcatalysiswas first introducal by Jons Jakob Berzelius in 1835 and later established as a
fundamentaprinciple by Wilhelm Ostwald#:®! Substachiometric amounts of a catalyst can accelerate a
chemical reaction by providing an alternative reaction pathwitly a lower activation energy barrier
While the catalyst interacts with the substrates and forms intermediatesititmiately regenerated and
remains unchanged after the reactibnese inherentharacteristics make catalysipawerful anchighly
soughtaftertechnologyin industry,asreflected bythe fact that approximately 90% of chemical processes
and 60% of industrial products rely on the use of a cattglsiy!*"

In the mid19" century, whilecatalysis was still in its infangypreviausly unrecognized thregimensional
complexity of chemical structurebecame apparenChemistsmade the puzzling observatiahat
compoundswith identical molecular formula@nd constitutionshow different optical activit}}!! As
Jacobus Henricuga n 6 t Hof f  wofiiHe dheoly éstbmught into actoed:with the facts if we
consider the affinities of the carbon atom directed toward the corners of a tetrahedron of which the carbon
atom itself occupies the centér.é When the four affinitiesfahe carbon atom are satisfied by four
univalent groups differing among themselves, two and not more than two different tetrahedrons are
obtained, one of which is the reflected image of the other, they cannot be superposed; that is, we have here
to deal vith two structural formulas isomeric in spad&” This structural insight, independently proposed

in 1874 by v anAghHillele 8dl, dfferadnadthealetical bagihifor the existenanahtiomers
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(from the Greekenantios meaning "opposite", ancheros meaning "part")and their differing optical
behavior’® The geometric propertpf being nonsuperposable oa mirror image wadater termed
chirality. It explains how enantiomers, despgtkaringscalarphysical propertigsmay exhibit distinct
interactiongn chiral environmentssuchas biological systems, or, most crucially, chiral catalysts.

Despite early attempts at asymmetric heterogeneous hydrogenation of alkenes, no groundbreaking
discovery in enantioselective catalysis was made until the 1'96Pmneering work on homogeneous-Rh
and Rucatalyzed hydrogenatiorspngwith the development of chiral phosphine ligands by éeesnsuch

as Wikinson, HornerandMislow, among otherspaved the way for a major breakthrodtthin 1968,
William S. Knowles reported the Reatalyzed asymmetric hydrogenation of unsaturated carboxylic acids
using chiral phosphiné¥! Although low enantioselectivities were initially obtained, continued efforts
culminated in the development of the Monsantd-JOPA process, in which the key step is the
enantioselective hydrogenatiohan enamide precursor to thetected-amino acid*” The foundational
work by Knowle$ and later by Ryoji Noyori on Roatalyzed asymmetric hydrogenation of ket&fiés

was recognized with the Nobel Prize in Chemistry in 200dether with Sharples&r their contributions

to catalytic asymmetriblydrogenation reactiorts.

These developmenfemly establishecasymmetric metal catalysés a powerful tool for enantioselective
synthesis, providing an alternative to earlier stoichiometric approaches such as the chiral pool and auxiliary
based methad Around the same timbiocatalysisemerged as a complementary paradigm, with enzymes
offering exceptional stereoselectivity through wagffined active sites and simple functional group
activation!*® Drawing inspiration frommature researchers began to explore whether similar control could
be achieved using small organic molectifesThis ultimately led to the rise ofganocatalysi§ thethird

pillar of asymmetric catalysisbased on the ability of simple functional groups to mediate both reactivity
and steeoselectivity?>??l Following the seminal reports byBenjamin List??®! and David W. C.
MacMillan®¥ in the early 200Qsrariousbioinspired asymmetric reductiongunsaturated molecul&sve

been explored?2% Utilizing small molecule catalystas enzyme mimigstogetherwith dihydrogen
surrogaes resembling NA[P)H co-factors organocatalytic transfer hydrogenatigevide a mild and

practicalplatform for reductive transformatiomgthout the ned for metals

1 The 2001 Nobel Prize in Chemistry was shared witB#try Sharpless, who was awarded for his work on catalytic
asymmetric oxidation reactions.




Introduction

1.1 Fundamentals and Transition State Differentiation in Asymmetric

Organocatalysis

Catalysis plays a central role in accelerating chemical reactiahsm@abling otherwise inaccessible
transformations. Thehanges a catalyst induces in a chemical reaction can be visualized sisipdjfaed
model readion coordinate diagrapwhere the Gibbs free energy is plotted against the progress of the

reaction(Figurel.1).
a. b.

catalyst

10 TS2 N\ Y \ﬂm E2
>
<
2 AG? (catalyzed)
§ [T83]¢ catalytic cycle [TS1]¢
w | E1,E2
ol AG Int2 Int1
O]
[rs2p*

reaction coordinate

Figure 1.1 Catalysis: a. Energy diagram of a(n) (un)catalyzed reaction. b. Schematic representation of a catalytic cycl

In the absence of a catalyst, the reactants (E1, E2) must overcome a singleehightransition state (TS)

to form the product (PJnder thermodynamic control, the reaction outcasrgroverned by the Gibbs free
energy difference betweethe reactants andhe product ( @), whereas under kinetic contrahe
determining factor is the activation free enefg@). Catalysis isnherenty a kinetic phenomenon: while

the overall Gibbs free energy difference remains unchanged, the catalyst lowers the activation energy by
providing an alternative reaction pathwdais typically involves the formation of a substifatatalyst
complex, followa by a sequence of lowenergy transition statggS1i TS3) and intermediates (Intl,

Int2), which ultimately lead to product formation and catalyst regeneration.

In asymmetric catalysighe origin of enantioselectivity lies in energetically differeidistereomeric
transition states thadrise from a common substrathiral catalyst complex andvolve to opposite
isoenergetienantiomergFigure 1.2). The difference in Gibbs freenergybetween competing transition
states leading to maj¢®)-P and minor(R)-Pis defined asp ¢®’, and it directly correlates with the relative
rate constantls of the reaction pathwaysccording to equatiofi.1), and thus with the product distribution.
The ratio of the molar fractiortgg andF ) is defined as thenantiomeric ratider), while their difference

corresponds tthe enantiomeric excegge)r’
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(S)-P
E1, E2

major minor
- ’%'AAGJ‘. diastereomeric diastereomeric
T [TSsl reaction catalyst* reaction  [Tg
pathway pathway

toward (S)-P toward (R)-P

potential energy

(S)-P E1, E2

(R)-P

reaction coordinate

Figure 1.2 Asymmetric catalysis: a. Energy diagram of an asymmetric catalyzed (blue) and an uncatalyz
reaction. b. Schematic representation of diastereoipatiovays of an enantioselective catalytic reaction.

Q "0 _Qw d (1.2)
N O
O (1.2)
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| "O
NQ 0 O (13

The relative stability ofcompeting transition states cdre influenced by a varietgf interactions.
Destabilizingeffects may arise frorstericor electronicepulsion, leading to an increase e tactivation
energy barrier, while stabilizing contributiongy includeattractive nonovalent interactions that lower

the transition state energiFigure 1.3). In well-defined, covalently bound substriadeganaatalyst
complexes, conformational freedom is restricted, making steric repulsion a particularly effective guiding
element for stereocontrd his behavior is consistent with the Lenndahes potential, which models steric
interactions as highly distanceependenf! In contrast, nonavalently bound substrédtergan@atalyst
complexes retain greater conformational flexibility and can undergo minor reorganizations to alleviate
destabilizing effects. While n@ovalent interactions are individually weaker, they are alsssstive to
distance and caamctcooperatively. A transition state that benefits from multiple attractive interactions may
achieve significant stabilization, and even small cumulative energy differences can result in high
enantioselectivitie§?

The balace betweerepulsion and flexible nawovalent stabilization is reminiscent of enzymatic catalysis.

A network of weakprecisely oriented na@ovalent interactions guides the geometry of transition states and

enables high levels of enantiocontiuidugh coperative binding mode
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Figure 1.3 Representative n@ovalent interactions that can stabilize transition states in organocatalyzed reactiepsisior

1.2 Historic Milestones in Asymmetric Organocatalysis

Asymmetric organocataly€isthe use of small chiral organic molecules as catalysts for enantioselective
transformationd emerged as a fundamental strategy to accesal ¢holecules, alongside metal and
enzymatic catalysidn 2021, two decadesfter their seminal contributionBenjamin List and David W.

C. MacMillan were awardethe Nobel Prize itChemistryfor ther development ofhe field®3 Although
earlier examples of (asymmetric) organocatalyzed reactions had been reported in the literature prior to their
publicationsin 2000(Figure 1.4), it wasthese two chemistsvho established organocatalysis a distinct
concept, recognized itgoadpotential, andntroducedthetermitself.?4

In 1860,Justus von Liebigeported the dicgn hydrolysis to oxamide in the presence of acetaldéhtiue
earliest documented example of achiral organocatalysis known t8%a@te role of acetaldehyde, which
remainedunclear at the time, was recognizeshrly 70 years lateby Wolfgang Langenbeck. Heferred

to forganische Katalysatorén ( eomyanic catalystsand compared their effetd that of enzyme§®

The first example of iminium ion activatiordates backo 1896, whenEmil Knoevenagelemployed
secondary amine® catalyzethe condensation of benzaldehywlith acetoacetaté’”! Although notfully
recognized at the time, this transformation reflects a mestiamrinciple central to modern iminium

catalysis.
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Figure 1.4 Selected historic milestones in organocatalysis: Achiral precedents (black), early asymmetric exampl
renaissance of asymmetric organocatalysis (red).

The first asymmetriorganocatalyticeactionis attributed tdGeorg Bredig and Paul S. Fiskehoin 1912
exploredthe use o€inchona alkaloids as catalysts floe additiorof hydrogen cyanid® benzaldehydg®

Although enantiomeric excesses were not directly reported, later estimates based on optical rotation suggest
low levels of enantioinduction (<10% e&Jearly four decades later, Horst Pracejus reported one of the
first highly enantioselective ganocatalytic reactions, also using a Cinchona alkaloid to catalyze the
additionof methanol tgohenyl(methylketene(87:13 er)*® These pioneering studies exemplifyow the
inherent structural complexity of natural products like alkaloidssgame as a platform for asymmetric
catalysis.Cinchonaalkaloid derivatives, in particulahave since emerged psvileged chiral scaffolds

aaoss multiple catalytic modes, serving as Brgnsted bases, nucleophilic catalysts, and chitedpéfase
agents in a wide raegof asymmetric transformatiafi$*!! In the eary 1970s, the prolineatalyzed
intramolecular aldol cyclization was independently reported by Eder, Sauer, and Wiechert at Schering, and
by Hajos and Parrish at Hoffmarm Roche*>*? These studies mark foundational milestones in
asymmetric organocatalysis, representing the first synthetically useful enantioselective syntheses of
bicyclic ketoned key intermediates in steroid hormone production. Notably, Hajos and Parrish observed
that(L)-proline functioned analogously to an enzyme, yet this biomimetic strategy was not gurtherd

at the time.

It was not until 2000 that List, Lerner, and Barbas rediscovered p(8)ias a highly effective catalyst for

the asymmetric intermolecad aldol reaction of aceton@) and isobutyraldehyd€?) via enamine
activatior?® (Figure 1.5). In parallel, MacMillan introduced a complementary mode of organocatalysis
(iminium ion activation) reporting the highly selective Diéllder reaction olJbi unsaturated aldehydes

and diems catalyzed by a phenylalaniderivedimidazolidinone catalyst.?* Following the foundational
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breakthroughs 2000, numerous asymmetric organocatalreactions were developed over the next two

decades by the chemical community. These advancements ultimdtelgated in the Nobel Prize 2021
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Figure 1.5 Seminalreports by List and MacMillan.

The two complementary activation modes described above fall under the category of covalent
organocatalysis. Upon enamine formation between kdtand ()-proline, thehighest occupied molecular

orbital HOMO) of the resulting intermediate is elevatedhtive to the HOMO of ketong, facilitating
nucleophilic attack. Simultaneously, the electrophilic reaction pag&risractivated via Brgnsted acid
catalysis by the carboxyl group of prolinepresentingone of the earliest examples of bifunctional
cataysis* In contrast, iminium ion formation with catalygtliowers thelowest unoccupied molecular

orbital (LUMO) of enal 6, enhancing its electrophilici§?! Beyond these twalassc mechanisms,
numerous other organocatalytic strategies have been developed. To systematically describe this growing
field, various classification schemes have been introduced, focusing on catalyst functionality, activation
mode, and reaction type. Notabltameworks include distinains such as covalent versus covalent

catalysis, and Brgnsted acid/base versus Lavitbase mechanisnt:*¢!

1.3 Evolution of Chiral Brensted Acids

1.3.1 Early Developments: From Hydrogen Bond Donors to Chiral Phosphoric Acids

Chiral Brgnsted acid catalysis represents onth@fmost versatile strategies for enabling stereoselective
transformations across a wide range of substrates. This approach typically involves activatingretbctron
functional groups through hydrogen bonding or proton transfer. The mode of acid@ciiwafluenced

by the K. difference between catalyst and substrate: when hydrogen bonding occurs within -the rate
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determining transition state, the mechanism aligns with general acid catalysis; full substrate protonation
prior to the key transformatias characteristic of specific acid catalyéig'®l In the early developmenf o
asymmetric organocatalysis, diverse chiral hydrogen bond donors were intr§fluéeduding
thiourea8”, squaramidé®-°2, and diols such as TADDO115% and1,1-bi-2-naphthol BINOL)-derived

scaffold$¥ (Figure1.6).
Q Ph. Ph
fBu

OH
W I

\n/\N ><O‘“ -
1998 Jacobsen

N
Ph Ph
11
2003 Rawal

201 0 Rawal
Figure 1.6 Early examples of wédy acidic chiral hydrogen bond donor catalysts.
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Since théndependentievelopment of BINOtderivedchiral phosphoric acidéCPAs)by Akiyama>! and

Terad&® in 2004,powerful chiral Bransted acid catalysts featuring rigid and-defined stereochemical
environments have become central to asymmetric organocatagsiater revealed by further studies,
howevert he i ni ti al reports were in fact catalyzed by
Acidification of the metal phosphate precatalysts was shown to be necessary to generate the free Brgnsted
acid form of the cataly$t” % In addition to donating a proton, the phosphoryl oxygen can coordinate to
substrates, imparting bifunctionality. Moreover, the-8i8stituents on the BINOL scaffold provide high
modularity, allowing for customized catalyst design across a broad rahgenantioselective
transformationgFigurel.7). TRIP (15), a privileged BINOLderived chiral phosphoric acid bearing 2;4,6
triisopropylphenylgroups at the 3,3Jositions, has been successfully applied to a wide range of asymmetric
transformations, including Mannich reactions, Frie@ehfts alkylations, and transfer hydrogenati6hs.
Introduced by List in 20057 it is widely regarded as a benchmark CPA for the development and
comparison of new cral Brgnsed acid catalysts.
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Figure 1.7 Early examples afoderately acidic BINOiderived chiral phosphoric acids.
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1.3.2 Toward Superacidity and Confinement

A. BINOL backbone modifications and alternative diols
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Figure 1.8 Representative strategies to modulate acidity and stereocontrol in chunatdt acids.
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The further development of Bnsted aciccatalyss was gidedby two interrelatedprinciples: enhancing
acidity andimproving stereocontrolVarious structural strategies have been pursued to modutlate

catalystfunction Figurel1.8).

The BINOL scaffold offers multiple handles for modificatiofFigure 1.8A): substitution of the 3;&ryl
groups with electrondonating (EDG), electronwithdrawing (EWG) or neutralsubstituentscan
significantly influence both acidity andstereoselectivity’®! Additional modifications to the BINOL
backbone have also been reported, including padtaration®¥ fluorination!®>¢” and substitution at the
6,6-positions’® Although BINOL derived phosphoric acidemain the most widely usedatalysts
featuringalternativediol backbonegsuch as SPINOIL6) havein some cases outperformed BINOL analogs
in terms ofenantiocontral®® 7t Other examples includatructurally more distinctliols, such awaulted
biaryls 171727 and18757%, and lesscommonly, TADDOL 1177,

Beyond t unsubstjfuentsharthe 8iol 3ddffold, a complementary approach has focused on
modifying the acidic funonal group itsel{Figure1.8B). A prominent example is th@ifmalsubstitution
of one oxygen atom iBINOL -derivedCPAswith a strongly electrovithdrawingN-trifly | group yielding
N-triflyl phosphoramide (NTPAS), as first reportethy Yamamoto in 20088 Repla@ment of bottoxygen
atams was later achievedy List in 2016,resulting inhighly acidic phosphoramidimidate@PADis)."®!
These acigstrengthening modifications follow the Yagupolskii principleich provides a theoretical basis
for the substantial acidificatioenhancemerdachieved through replacement of oxygen atoms Mttiflyl
groupste.sl

Another strategy explored by Yamamatwolvedexchanginghe oxygeratomwith sulfur or seleniunf?

In the context oEnantioselective protonation of enol ethers,dhservedeactivity trendcorrelates with
the Ka values in DMSO of achirabnalogs:PhOH pK. = 18.0), PhSH K. = 10.3), and PhSeH
(PKa= 7.2)83.

A similar trend isobserved amongiflate-type acidsin MeCN: TfOH (pKa = 0.7), Tfo2NH (pKa=0.3), and
TfsCH (pKa =1 3.7)84. Penget al.synthesize®INOL -derivedvariantsof theOH (CPA), NH (NTPA) and
CH acid BINOL-derived phosphoryl bis((trifluoromethyl)sulfonyl) methaB&TM) and compeed their
performance. Supporteldy computational studieshe CH acidic 3,3-diphenytsubstituted BPTMwas
shownto be the most acidic of the three catalyst classégN@CN) = 1.3)®! Another chiral CH acid
motif wasintroducedby List, who developedinaphthytallyl-tetrasulfones (BALT) akighly activechiral
acidse®

In addition to these modificationshe phosphategroup itself has been exchanged Ibther acidic,

predominantlysulfur-basedmoieties Disulfonimides (DS$), reported by List” and later by Giernot¥,
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exhibit higherBrgnsted aciditythancorresponding CPAs. Even more acjdiat generally less effective
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in inducing stereocontrolare binaphthyR,2-bis(sulfuryl)imides (JINGLE)® and binaphthyR,2-
disulfonic acids (BINSA)©®5 98],

More than a decade adast introducedC,-symmetricconfinedBransted acids based on two binaphthol
units (Figure 1.8C). Inspired by enzymes, imidodiphosphates ([[@Pfeaturing a weldefined chiral
environment formed bthetwo BINOL backbones and four sterically demanding-8®istituentd were
developedo enableenantiocontrol over smalkstructurally unbiased molecul&%.In contrast to classical
CPAs (pKa(MeCN) & 13)8, which possess relatively open active sithese confined cdfgts restrict
substrateconformational freedomthereby enhancingnantioselectivity However, the acidity of IDPs
remains moderate Ka(MeCN) a 11)°? limiting their applicability. To address this, the Yagupolskii
principle was appliedreplacing the catalyst oxygeby one or twoN-triflyl groups yieldedmore acidic
iminoimidodiphosphaté$? (iIDPs, pK{(MeCN) & 9)®% and highly acidic imidodiptrephorimidate&§°!
(IDPis, pK{(MeCN) & 7 to < 214 respectively Beyond thebackbone and 3:3ubstituents, the
incorporation ofN-perfluoroalkylor -aryl sulfonyl group(s)nto the catalystoreprovidgs) a additional
handle for finetuning steric and electronic propertiebheseconfined Bensted acidfhiaveemerged as
highly privileged systemsfor achieving unprecedentéevels ofreactivity and selectivit{#? 16! Among
these, IDPi8 combining spatial confinement with superaciébtyare consideredsome ofthe most

powerful chiral Brgnstedcid catalysts developed to dgfégure 1.9).[52:107:108]

A complementary but less widely adopted strategy invdlesgs acidassisted Brgnsted aciditwherein
an achiral Lewis acid transiéntenhances the acidity of a chiral Brgnsted dEidure 1.8D).%°! While
this approach can be effectiv&' 1%lit carries an inherent risk of neselecive background reactivity and

has seen more limited application.

Together, these advances have expanded the scope of Brgnsted acid catalysis from earlydomitogen
donors to highly acidi spatially engineered systeragjing the foundatiofor reactivty modes that exploit

chiral anions as key elements in enantioinduction.

1.4 Asymmetric Counteranion-Directed Catalysis

In 2006, List reported aatalytic transfer hydrogenation reaction bb-unsaturated aldehydesing a

Hantzsch estei2g) as a biomimetitiydrogen sourceFgure1.10).14 Centralto this transformation was

2 A superacid is defined as any acid stronger than pure sulfuri€s&dThis concept was later expanded by Olah,

using the Hammett acidity dluhgtdehil®d )as wHt h<superacidi

12
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the use ofan iminium phosphate saformed from achiral phosphoric acid5 and a achiral secondary
amine30, andthe underlying catalytiprinciple Upon condensation oénal27 with aminea, a cationic
iminium intermediate is generated, thaims a tighton pair with the chiral phosphag@ion(Figurel.11a).
Duringtheenantiodeterminingydridetransferfrom 28, the stereochemical information fisansferredrom

the chiral counteranion to the substraternishing products with high enantioselectivity.

— List 2006
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Figure 1.10 Pioneering example of ACDC: Transfer hydrogenatiobpfunsaturated aldehydes.

This catalytic mode diverged from earlier asymmetric organocatalytic stratedjiee enantioinduction
typically arose from chiral covalent intermediates formed between catalyst and substrate. In contrast, this
reaction featured a neaomplete decoupling of reactivity and selectivity: the achiral amine generated the
reactive intermeidte, while the chiral phosphate anion controlled stereoselectivity via ion pairing. This

concept was termed asymmetric counterawiimacted catalysis (ACDC) and later defined as follows:

fAsymmetric counteraniedirected catalysis refers to thaduction of enantioselectivity in a reaction
proceeding through a cationic intermediate by means of ion pairing with a chiral, enantiomerically pure
anion provided by the catalygt!dl

Although the definition of ACDC centers on ion pairing, the precise nature of the stereodetermining
interactions remains complex, and trdsutions fromother norovalent interactionssuch ashydrogen
bonding or London dispersipare typically required

Shortly after the pioneering report by Ljsthe concept was extended to transition metal catalysis,
demonstrating the broad applicalyilibf ACDC. Toste and cworkers reported an intramolecular
hydroalkoxylation of allenols using achiral cationic Au(l) complexes in combination with a chiral TRIP
counteraniort*®l In contrast to traditional asymmetric transitimetal catalysis, emtioinduction in this

system arises not from a chiral ligand bound to the metal, but from the chiral phosphaté@-yimn

13
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1.11b). The concept praad particularly appealing compared to traditional approaches, as the linear
coordination geometry of gold typically places chiral ligands in a distal position, limiting their influence on
stereocontrol.

Less acidic hydrogen bond donors, such as thiouaeadjighly effective at binding small anions and are
thus classified aanionbinding catalyst&'”! In this role, they can be viewed asgamolecular chiral
anionsthat form ion pairs with cationic intermediates, thereby transferring stereochemical inforration.
early demonstration of this concefhipugh notecognized as such atthetimeas Jac o Pgtein 6 s acy |
Spengler reaction ofytptamine(Figure1.11c) 'l

With advancements in Brgnsted acid catalyst design toward superacidity, a new ctatgty emerged.

The use of highly acidic disulfonimide (DSI) catalysts in the Mukaiyama aldol reaction of small, unbiased
aldehydes introducegilylium ACDG and with it, Lewis acidype reactivity into the domain of
organocatalysigFigure 1.11d). Building on this foundation, the development of superacidic BALT and
confined IDPi catalysts enabled the rapid expansion of this approach to a ranger@flgamsformations.

The aforementioned conceptual examples illustrate the versatility of ACDC across distinct catalytic

platforms, highlighting its broad applicability in asymmetric synthesis.

( + j L\ N

O‘ /,O N O\ /,O AU\ s
* /P\O _— * /P\O —_ \o
',’// O H l'/,/o \f

Ph OH
c d.
i 0
o ® n_0
NTON . i S +__SiMe,
AcN - (0]
H\ /H §| NH * ,N
\_/_ l"//S\
Cl nCsHy4 wO 2-nap H

Figure 1.11 Key conceptual advances in ACDC: @nceptual introductionsing chiral phosphateminium ion pairing (List
2006); (b) extension to metal catalysis via chiral phosjlgatd complex (Toste, 2007); (c) supramolecular chiral anion forn
through aniorbinding thiourea catalysis (Jacobsen, 2004); (hGDC endled by highly aidic DSI catalysts (List, 2009
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2 DISPERSIONi DRIVEN DESIGN OF A TRANSFER HYDRO-
GENATION C ATALYST

2.1 Background

2.1.1 Asymmetric Organocatalytic Transfer Hydrogenations ofCi C -Bonds

a. Nature b. Organocatalysis
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Figure 2.1 Comparison of transfer hydrogenation strategiebta t u r e ach usimgepzynoes and cofactdrsOrganocatalyti
approach employing smatholecule catalysts and biomimetic dihydrogen surrogates.

The development of asymmetric organocatalytic transférdgenations of unsaturated compounds gained
momentum in the early 2000s, coinciding with the emergence of iminium catalysis as a powerful tool for
conjugate awns atiwrnast éd darbbonyl compounds and cyc
enzymes and organic hydride cofactors such as NAD(BPH31), chemists adopted biomimetic strategies
involving smaltmolecule catalysts and dihydrogen surrogates that emulabeolbgical systens. These
cofactormimics, which feature a hydride and atpmm can formally deliver dihydrogen to reduce a variety

of unsaturated substrates bearing CEEN or C=0moieties?>1% Aromatization of the reducing agents

which occurs upon transfer of both hydride and proton, serves as the thermodynamic driving force of the

reaction.Among these surrogate$iantzsch esteysharacterized by 1,4dihydropyridine core, have

15



Background

become the most widelytilized?”! These often symmetric heterocycles are readily accessible via a one
potcondensatin of an al dehy deketoestey,aandamnuohia; asffirst reposed byfArthar b
Rudolf Hantzsch in 1881, after whom they are nalt@¢Additional, though less commonly employed,
surrogates include scaffolds such asindolinegt??, benzahiazoineg!?3124] and
dihydrophenanthridinég>2¢(Figure2.1).

The first example of an asymmetric organocatalytic transfer hydrogenation was reportaaley al.in
2004121 Using the hydrochloridesdt of a chiral MacMillartype imidazolidinone cataly8and Hantzsch
ester33, the authors achieved the chemand enantioselective tréduction of an enal via iminium ion
activation The steric environment provided by the substituents of imidazohdiBé effectively shields

one face of the iminium intermediate, directing the nucleophilic hydride attack from HantzscBBaster
the opposite face and thereby achieving enantiodifferenti¢figanre2.2).

— List 2004
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O2N i, 12 h O2N H,{ P—CO,Et  Wih3
32 35,81% yield L -

90.5:9.5er

Figure 2.2 The first asymmetric organocatalytic transfer hydrogenatiortetdction of arb-unsaturated aldehyde via imini
activation.

In the following years, a plethora of transfer hydrogenation methods were developed éafuttieon of

C=C and C=N bonds$eterocycles, and for the applicatiorcascade reactio€? In this work, however,

we specifically focus on the reduction of C=C double bonds and provide an overview of the various catalytic
strategies developed for different substrate cla@Sgsre2.3). Electronrpoor alkenes, such as enals and
enones, are typically activated via iminium ion formation. Depending on the source of chirality, one
distinguishes étween iminium ion catalysis, which employs chiral amines as catalysts, and ACDC, in
which a chiral counteranion forms a stereodefining ion pair with the activated iminium species. Electron
poor nitroolefins are most effectively reduced using chiral tiei@watalysts. Owing to their ability to act

as strong hydrogen bond donors to nitro groups, thioureas have proven to be highly effective for this class
of Michael acceptors, simultaneously providing a chiral environment for hydride delivery. Elactron

1,1-diaryl alkenes, on the other hand, are optimal substrates for chiral phosphoric acid catalysis. Upon
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protonation, these substrates form stabilized quinone metiilenediates that can undergo subsequent

enantioselective reduction.
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Figure 2.3 Representative substratasses fodifferent organocatalytiasymmetric transfer hydrogenatistmategies.

Iminium -Catalyzed Reduction of Enals and Enones

Shor tl y pidneeeng single exangplshe MacMillan group disclosed a general method for the
conjgyat e r e du-unsatuated allghydés using Hantzsch &3eand imidazolidinone catalyst

36.12% The transfer hydrogenation proved applicable to a broad range of aromatic and aliphatic substrates
and was found to be an enantioconvergentgss, delivering the same pumd enantiomer from either the

E- or Z-enal isomer.Around the same timethe List group developed a similar protocol for the
enantioconvergerreduction of aromatic enals, employing imidazolidin@7ewhich bears an additiah

benzyl substituerdt®® Although MacMillan reported that cataly87 gave inferior enantioseleutty
compared t@6, the use of an unsymmetalc more elaborated Hantzsch es@8)(enabled the List group

to achieve excellent enantioselectivities nonethel€msnpared to enals, enones are sterically and

— MacMillan 2005 List 2005 MacMillan 2006 Kudo 2008
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electronically less favorable for iminium ioorfnation. Consequently, a more reactive catalyst was required

to facilitate their transfer hydrogenation. The application of fangdstituted imidazolidinon@8 ultimately

enabled the reduction of cyclic enones with very good yields and excellent eslactiviies!'3!! Further

examples of conjugate enal reductions emerged in subsequent years. For instance, the group of Kudo
reported a resisupported peptide cataly@9) effective in aqueous med{&igure 2.4).1**? Tiefenbacher

et al. demonstrated that proline can induce enantioselectivity, which was further enhanced when the
reaction was conducted within a supramoleccégosulé®®® Most recently, in 2024, Appayee synthesized
bicyclic secondary amines for the asymmmsaturatedc tr ans
aldehydeg'3

Asymmetric Counteranion-Directed Reduction of Enals

As previously discussed Bectionl.4, the List group demonstrated tHe€DC is an effective strategy for
the conjugate reduction of enals using the chiral T&ifRzed morpholinium phosphatibaand Hantzsch
ester28*'4 Aromatic enals as well as sterically nonreéned natural productgitral and farnesal were
efficiently reduced with high enantioselectivity. In contrast, sterically demanding enals beérieg-a
butyl substituent proved challenging in terms of reactivitlye concept was subsequently extendethto

r edu ct i-umsaturatéd kdibnds, which pose a greater activation ch&lf&ngey to overcoming this
was the use of a less bulky primary ammonium salRpiTRIP. Specifically, theQ)-valine estederived
satenabl ed access t o -dnimltkétoneswithlexcelenbenahtioselecyivijgure b
2.5). Notably, the authors observed a pronodngeatched/mismatched effect depending on the
stereochemical combination of the cation and chiral phosphate counteraiidierent ACDC approach
was reported fronthe field of material science in 2024)-TRIP was coupled withraachiral nitrogen
doped carbon dotfunctionalized withbutylenediamine residuggnablingthe conjugate reduction of

— List 2006 ' List 2006

Figure 2.5 Selected chiraACDCc at al yst s for the enant i-orsauraeddarbong compoung
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aromatic enal83% Thesenanoparticlesizedcarbon dots, which play a prominent role in nanotechnology,

are gaining attention as emanrg platforms for organocatalysis.

Thiourea-Catalyzed Reduction of Nitroolefins

In 2007, the List group identified thioure#0 as an effective catalyst for the asymmetric transfer
hydrogenation of nitroolefing*”! Shortly tereafter, they demonstrated that the methodology could be
extended t o-nimmacrdates usiagthe samecatélyst under reduced reaction tempét&tures.
Notabl vy, t faraino ra@ds colld bie acgessed via a simple palladatalyzed hydrogenation
without erosion of enantiopurityin an alternative approach, an amino alcedeiived thiourea wa
employed for the reduction of nitroolefité? This bifunctional catalyst was proposed to coordinate both
the nitroolefin and the Hantzsch ester via hydrmobgending within a ternary complex. However, only
moderate to good enantioselectivities were achieved with this sy#te®015, thioureaatalyzed
reductions wer e f urQFhe rnietkédanhddehdilongooolefimst’|enabling b

downstream transformations into synthetically useful building bl¢ekgire2.6).

— List 2007/ 2008 ———  Paradies 2011 Bernardi, Fochi 2015

Et< _Et Bn. .Me
N ‘\\fBU N

iBu HO/\ ~iBu
o) N__S o
Y

//H/N\fs 9/ B CF, //H,NYS

0~ _N v -1 0~ _N CF4
Ne AT "o N
o 0
N R™ R CFy

Figure 2.6 Selected chirathioureacatalysts for the enantioselective conjugate reductianitiaf olefins.

CPA-Catalyzed Reduction of ElectronRich Styrenes

Zhu, Lin,Sunet al.reported a Brgnsted aetétalyzed transfer hydrogenation of-tljaryl alkenes bearing
either anortho-hydroxyphenyl or a 3ndolyl substituent*3! Enantioselective reduction of these electron
rich substrates was achieved using chiral phosphoric4gigroceeding vidighly electrophilicortho-
quinone methide or-Bidolylmethide intermediates, respectively. Both a Hantzsch ester deri{@gj\and
abenzothiazolinevere employed as hydride sources, ultimately affordingliadyl ethanes with generally

high toexcellent enantioselectiviti€sigure2.7).
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— Zhu, Lin, Sun 2015

Ph3Si Ph,Si
Ar O Ar
| N O P O -— Z —o\\p’o OO
--0~ \ X/ H--O/ \
/P~oH 0 E ¥ o~ el G ‘
PhsSi Ph;Si
(43)

Figure 2.7 Chiral phosphoric acid for the enantiosgtiee conjugate reduction &f(2-hydroxyaryl) styrenes

2.1.2 London Dispersion

The remarkable ability ofegkos to adhere to various surfabasintriguedscientists for many years, but
is now understood to arise fromoncovalent interactionsAmong these, an der Waaldorces, acting
between millions of setae @ngeckds toes and the surfadeave been identifieds contributorso gecko
adhesior!*41%5 vVan der Waals interactionsccur between uncharged closed shell molecules aned

composeadf three contributiongFigure2.8).

== Keesom Interactions == == Debye Interactions == == London Dispersion ==
<> <S
dipole—dipole dipole—induced induced dipole—induced
interactions dipole interactions dipole interactions
temperature-dependent temperature-independent

Figure 2.8 Overview of van der Waals interactions.

Keesom interactions desbe attractivedipole dipole interactiondetweenrotating polar molecules and

are typically temperaturdependentDebye interactionsby contrastare temperaturandependentind
arisewhen apermanendipole induces a dipole inreeighboringpolarizalle molecule London dispersion
interactions refer to the attractive forces between transiently induced dipoles in nonpolar molecyles. The
occur due to fluctuations in electron distribution within a molecule, creating an instantaneous dipole
moment (¢) and an associated electric field capable of polarizing a nearby molédkge Debye
interactionsL.ondon dispersion forcesre essentially insensitive to temperatéihough van der Waals
interactionsare individually weak compared to ionic or covalelonds, it is noteworthy that London

dispersiordominates among the three tyfEgure2.9a).14¢!
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Dispersion becomes especially significant for large, polarizable molecules, sinagrtherrof pairwise
atomic interactions scales superlinearly with molecular&Z¥8 The potential of attractive dispersion
interactions can be illustrated by comparthem to electrostatic interactions in simple model systems. Two
point charges separated byASgenerate the same interaction ene(§y60 kcalmol) as two neutral
molecular fragments, each comprising approximately di@@nicatoms, at the same distan@&gure
2.9b).14° Consequentlydispersion interactions aret to be neglected in molecular chemistry and can
influence structures, reactivity, and selectiVify148

a. b.
Coulomb interactions
Interaction Typical energy between two point charges
(kcal/mol) 5 A
covalent bond 48-120 e g
(C-X, o)
ion—ion 60 E =~ 60 kcal/mol
ion—dipole 36
Keesom 0.14 London dispersion interactions
Debye 0.19 between two fragments (100 HCNO atoms)
London dispersion 0.48 5A
H-bonding 4.8

Figure 2.9 a. Interaction potential energié%b. Comparison of electrostatic vs. dispersion interactions. Adapted The
Chemical Bondp. 47744,

2.1.3 Rethinking Steric Effects Through Dispersion

Even though intermolecular interactions were already defined in 1873 by Johannes Diederik van der
Waal$'*®, and London dispersion was found to contributénéattractive forces in 19364, its importance

in practical organic chemistry remained largely underappreciated until the early Paddis.epul®n,

arising from the overlap of electron clouds, was Wwidecepted as the dominant wormalent factor guiding
reactivity and selectivity. Only with growing experimental evidence and the development of modern density
functional theory (DFT) methodsncluding dispersion correctiofi$215% did this view begin to shift
significantly, enabling the recogniticend quantificatiorof attractive dispersion interactions in a broad
range of chemical systemieedlesgo say,steric repulsion and attractive dispersion are not mutually
exclusive; they coexist and can even counterbalance each othemt&htayis well illustrated by the
Lennard Jones potentiala model to approximate ghinteractions between unchadgelosal-shell

molecules that are not chemically bon#é8The potential energy as a function of the interatomic distance
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consists of a repulsive ter(Rauli repulsion) and an attractive tefbondon dispersion)with the energy

minimum () occurringbetweerthe two regimesnot at maximaseparationKigure2.10).

total = repulsion +
Epot E pot

Figure 2.10Lennard Jones potential: potential enerd@pot) as a function of the distan¢e between two closedhell species. Tt
overall curve (black) represents the sum of shamge repulsive interactions (red, dotted) and J@mge attractive dispersi
forces (blue, dotted).

In this context, several examples illustrate how dispersion has previously been underestimated in systems
where sterics were assumed to govern reaction outcomes. One suchteseleivity model originally
proposed for MacMil | afb*YsedSeniiodl 2 Figurel.4), whicb was laterat al yst s
evaluatedn light of growing awareness of dispersion interactiéiisimidazolidinones, primarily used to

act i v-ansaturated afilehydes or ketones via formation of reactive iminium intermediates, are thought

t o st er i c alaceyof thelimintum ibn, eaviag the nucleophile to approach from the opposite

side. In thg9-phenylalaninederived heterocycl@, this shielding is attributed to the benzyl group at C(5)
(Figure2.11a, conformer A) However, based on-Kay crystallography and higlevel dispersiorcorrected

computations, an alternative confornfB)o featuring a stabilizing interaction between the benryug

and the cignethyl group at C(2) was found to be energetically favorled 1i 2 kcal/mol, depending on

the computational method usdg8ecause of small energy differences and low rotational barriers between

these conformers, the steric shielding is betescribed as dynamic, resembling@veindshield wipeo.

Another example is the wdlihown asymmetric Coréakshi Shibata (CBS) reduction of ketonaghich
employsanoxazaborbdine catalystn combination witlBH; asthereductanf'®**®'Ac cor di ng t o Cor e
mechanistic rationalestereoselection is guidemblely by steric repulsiopfavoring a six-membered boat

like transition state in which the ketonedsordinatedo minimizesteric interactions between targer

substituent and thizgoron substituent of theatalyst Figure2.11b, top.*%? This steremodel accoustfor

most of the observed enantioselectivity outcarkriEsvever,severalsubstrates lead to unexpectedults

Trichloroacetophenone, for instanggelds the opposite enantioménan predictedf the phenyl groups
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assumed to blarger tha the trichloromethyl group®® Similarly, ketones with sbstituents of similar size,
such as Zyclopropyt2-methylproparl-one, or4-methoxy4'-nitrobenzophenone, afford products with
high enantioselectivity, despitthe expectation opoor steredifferentiation*sy The group of Peter R.
Schreinelinvestigatedhe originof enantioselectivityn CBS reductionsind found that a comprehensive
mechanistic pictureequires consideration of all noavalent interaction&4 Their detailed computational
studies revealed thatteactive London dispersn interactiond rather than steric repulsidndetermine the
enantiosedctivity (Figure 2.11b, botton). On the basis dtfhis revised understandintheywere able to
design improved catalysts for the reduction of challenging substrates.

b.
Steric repulsion-based rationale (Corey)

B OF r 1%
P P tradict.
contradicts
®'O\ P @'O\ P // formation of:
~ B B
AN N

P \ \O\ vs. Ph
HzB‘--H/

“Ar)

CCl3
major minor

a.

conformer A

Non-covalent interaction model (Schreiner)

B It mE:

o(CH)-= Ph E; Ph E;
-0 -0
o) @ N~ —CHj, O N~\, —CHj
! '21-27A A Ky
N Nz . H,B ! 4 H-B V3.4 A
H N— Lo, vs| Oy
Y
conformer B H H
major N N minor N

Figure2.11Sel ect ed exampl es for reconsidered st eTranstorostate mald
for the CBS reducti drasedonraydonatl er ivstabilizZ8qotdaisiton staees. 6 s d

2.1.4 Leveraging London Dispersion

Molecular Structures

London dispersion has not only been used retrospectively to explain phenomena that could not be fully
accounted for by steric hindrance alone, but has also been increasingly harnessed to stabilize unusual
structures and influence chemical e@ty. In this context, polarizable moieties introduced to exploit
dispersion have been termdispersion energy dono®EDs) by Stefan GrimmiéSl. Incorporation of

such groups into molecular frameworks has pushed the boundaries of structural design by enhancing

23



Background

thermodynamic stabilityFigure 2.12). Hexaphenylethane (HRE4) itself is highly unstable and readily
dissociates into trityl radicals, which can rearrange to form the more stable quinoid [i§bifféin
contrast, its almetatert-butyl-substituted derivatr 45 forms a stable crystalline solid, stabilized by
extensive London dispersion interacti®i$1% The labile central OC bond is engasulated within a dense
shell of tert-butyl group® a phenomenorreferred to as the "corset effe€f® Moreower, molecules
exhibiting extreme covalent bond lengths have been synthesized, including a diamondo#bduitiea

Ci C bond of> 1.7 A% and adispiro[dibenzecycloheptériene}type HPE derivativéd7 with a bond length
approaching 1.8 &72 Remarkably, incorporation ¢ért-butyl groups into the latter syste@8) leads to
bond contraction, attributed to attractive intramolecular dispersion coRtélctsiditionally, the aimeta
tert-butyl triphenylmethane scaffol@9) displays the shortest known intermolecular CH---HC contact to
date, underscoring the structural sequences of cumulative dispersion for¢és.

b. c.

) tBu_ BUYABY By
2 Q@ YA

tBu ‘",
BN w ) (S
\\ /4
=H 47 & a
=H 44 unstable
=tBu 45 crystalline solid ={Bu 48

Figure 2.12 Selected examples ohusual structurestabilized by London dispersioa: Hexafhenylethane (HPE) derivatives
Exceptionally long €C bonds in diamondoidimers, and dispiro[dibenzocycloheptatriertgpe HPEderivative with bonc
contraction observed upon incorporatiorD#Ds. c.Shortest known intermolecular CH---HC contact.

49

Transition Metal Catalysis

Dispersion interactionhave also been shown to modulate transition state geometries and energies. In
asymmetric catalysi where small differences in transition state energies can lead to large effects on
selectivity, London dispersion can be particularly influedtiaspecially in polarizable transition states
characterized by looser bondifty!

In the field oftransitionmetal catalysighe useof sterically encumbered ligands that bury the active metal
center deep withitheir framework has beamrrelatedvith enhanced catalytic activity>! However, this
increase in reactivity cannot be attributed to Pauli repulsion, which is inherently destabilizing artigaises
transition stateenergy. Instead, the origin of the rate enhancement must lie in stabilizing noncovalent
effects A compellingexampleof this principle is theenantioselectiveoppercatalyzed hydroboration of

1,1-disubstituted alkenes utilizing chirebisphosphine ligandsy Liu, Hartwig and ceworkers

24



Dispersiofi Driven Design of a Transfer Hydrogenation Catalyst

Bisphosphine$eaturing3,5-bis(trimethytgermanyl)phenyl groupsere foundo afford superiorccatalytic
activity and enantioselectivitgompared tatheir silyl or tert-butyl analoguesComputational tsidies
attributed this improvemerb favorabledispersion interactionsetween the substituents and the alkene
substrateRigure2.13a).[78!

A further proofof-principle was demonstratdxy the Firstner grouip a [2+1] cycloaddition catalyzed by

a chiral heterobimetallic BRh paddlewheel complexn this system, e active conformation of the
catalystwas locked in place by attractive dispersion interactions arising from triisopropylsiltgraaty!
substituentgFigure 2.13b). The new catalyst outperformexther heterobimetallic complexes lacking
effective DEDs both in terms of catalytic efficiency and selecti¥ity.

a. L*Cu-H b,
HBpin ? . (o) A .\O
_— Bpin Ar o — —.,
' A AN O
' ol RhBi(L*), r
L* . ) desirable confor-
' reactive Rh mation locked in
0] ' site in chiral place by dispersion
( n=0,1 ! pocket interactions
(0] P ) E
(0] P. . ] i
o 5
2 .
() =GeMe; '
increase of .
O = SiMe3 volume, !
dispersion,
O = {Bu enantioselectivity

Figure 2.13 Selected examples of asymmetric transition metal catalysis where London dispersion interactions col
stereocontrola. Cu-catalyzed hydroboration of alkenés Enantioselective [2+1] cycloaddition catalyzed byesehobimetalli
Bii Rh paddlewheel complex

Although not exhaustive, the selected examples underscore how dispersion interactions are increasingly
leveraged as a strategic design element in metal catalysis. Several other contributions in the field similarly
highlight the utility of these interactiofg% 184l

Organocatalysis

Similarly, dispersion intections have begsurposefully leverageith organocatalytitransformatios 8%

1931 In the Brgnsted acidatalyzed transfer hydrogenation of imines, the group of Ruth M. Gschwind
demonstrated that substrates beabtPs such as 3;bis(tert-butyl)phenyl groups, shift thE/Z-imine

equilibrium toward the more sterically corsgedZ-isomer Using advanced NMR techniques, they showed

25



Background

that this conformational preference is preserved in both the binary (icaitadyst) and ternary (imiiie

catalyst Hantzsch ester) complexes, and directly correlates with the observed enantiosel(Eatjuity

2.14a). Across a set of ten catalysts, a consistent selectivity trend was observed for three imines with varying
DED substitution patterns that modulate the population oZdisemer!*°4

The DakiiWe st r eacti on en aeddylsamihdeo skyenttohressiso afidogian o r i mar
reaction with an acid anhydride under basic coonti Due to the involvement of two achiral intermediates
during the reaction pathway, complete racemization is typically observed. Employing peptide catalysis, the
Schreiner group reported the first enantioselective variant of the iDEkst reaction. Steocontrol in the

final reprotonation step was achieved through a dual interaction mechanism: enolate binding between the
achiral intermediate antthe synthetic tripeptide catalyst, and stabilizing London dispersion interactions
between a polarizable cycletx y | S ubst i tsideechain ofattre caminto raedriglre 2.14b).
Although only moderate enantioselectivity was obtained, this study elegamigndtrates the catalytic
significance of attractive dispersion forces, even in the presence of electrostatic intef4dtions.

a. tBu Yy

Zimine

favored E London CO,Me
' dispersion HN—
: interactions r~ _§ -
(—\ / O(L
: HN + N—
! 04 \—_AO H/N\/
E N—H -/\ 0] stereoselective
: _ N reprotonation
: o/
. H OtBu
E enolate binding

™ DEDs shi S
equilibrium toward
S syn-syn conformer HNJJ\NH
A ——
g Q2
O O

syn-anti (O

anti-anti inactive Syn-syn
active anion-binding catalyst inactive

Figure 2.14 Selected examples in organocatalysis where London dispersion interactioesdeflteactivity or selectivit
a.DED-substituted imines and catalyst enhancing enantioselectivity in Brgnstezhtadygred transfer hydrogenatjdn Enantie
selective DakinWest reaction supported by polarizable cyclohexyl groups facilitatargoselective reprotonatian Dispersior
stabilized inactive conformer in an anibmding catalyst.

In addition to modlating stereocontrol, London dispersion interactions can @foence catalytic
reactivity. A recent studyby the Schreiner groupevealed that, counterintuitively, such attractive

interactions may inhibit rather than promote catalysis. Thioureas aleestablished anichinding
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catalysts; effective anion recognition requires adoption oatitiéanti conformation out of three possible
conformerd!® Investigation of thioureas bearilEDsat the 3 and 5positions of théN-aryl substituents
showed that the sterically more crowdsgri anti and syri syn conformationd both catalytically
inactived were preferentially populated due to stabilizing dispersion fo(Eagire 2.14c).'%1 These

findings are consistent with the observation that such thiouredgpacally poor anion bindefs®!
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2.2 Objectives

As evident fromthe examplesn SectionLeveraging London Dispersiaipp. 24i 25), dispersion energy
donorscan serve as powerfalements in catalyst designfluencing both eactivity and selectivit#*® In

this context, wénaverevisited theseminal2006report on asymmetric coweraniondirected catalysighe
enantioselective transfer hydrogenation bgff-disubstituted enal$!¥ Utilizing a chiral TRIRderived
morpholinium phosphate, the reaction afforded chiral aldehydes with highagnaity (seeFigure1.10,

p. 13). However, this method presents several limitations: (I) a narrow substrate scope limited to aromatic
and stericallynonhinderedaliphatic enals, (II) high catalyst ldegs and (lll) the reliance on a

sophisticatedcommercially unavailable Hantzsch e28r Replacement with the more readily available

— a. Limitations of the original ACDC system

(R)- or (S)-TRIP »
H morpholine (20 mol%) H
28 or 33 (1.1 equiv.)

1,4-dioxane (0.1 M)
Br 50 °C Br

96%

Original > CO,Me Desirable $
system system 60%
tedious
synthesis 28 commercial 33
98:2 er 80:20 er

— b. Design of a superior catalyst leveraging dispersion

Current hypothesis .
on 2006 system

Dispersion-guided “+,
catalyst design

Introduction
of DEDs

iPr group
as DED?

reagent-induced dispersion? |:> catalyst-induced dispersion

Figure 2.15a. Comparison of enantioselectivities in the transfer hydrogenatidb-ahsaturated aldehydes with Hantzsch e
28and37. b. Objective of thisttagter: Exploration of thé&r group as BED andcatalyst desigharnesing dispersion interactiot
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ester3d3 lacking the isopropyl groupasresulted in a pronounced drop in enantioselectifigm 96% ee

to 60% edor 294 Figure2.15a).

This preliminary finding has led to a new hypothesis: the isopropyl group of rez8eontributes to
stereocontrol through key dispersion interactions. Given the lack of experimental tools to directly probe
transition states, we propose to explore the system asimgutational method#\ qualitative analysis of

the full transition stateresemble, including major and minor diastereomeric pathways, is expected to
provide mechanistic insight into relevant noncovalent interactions, particutarjon dispersioand the
stereochemical role of the isopropyl group. To this end, we envision wmpld ocal Energy
Decomposition (LED) analysis to break down interfragment interactions into physically meaningful
contributions (e.g., electrostatics, dispersion), and the Independent Gradient Model based on Hirshfeld
partitioning (IGMH) to distinguish itna- and intermolecular noncovalent interactions. Furthermore, IGMH
analysis would allow us to decompose stabilizing interactions into individual atomic pair contributions,
offering a means to quantify the influence of the isopropyl group on stereocontrol.

With a deeper understanding of the 2006 system, we aim to overcome its limitations by developing a next
generation transfer hydrogenation method using the commercially availabl83dRather than relying

on reagentnduced dispersion effects, our apach proposes the introduction of new DEDs directly into

the catalyst scaffold to promote favorable noncovalent interactiéigaré 2.15b). Both the mrpholine

moiety and the chiral phosphoric acid framework offer multiple sites for structural modification to enable
such interactions. By providing an alternative interaction handle, this design is expected to address the key
limitations of the original ystem. A more active catalyst could allow for reduced catalyst loadings, while
improved selectivity could enable access to enantioptrkiral aldehydes using a readily available
Hantzsch ester. Finally, computational analysis of the redesigned systers ad to elucidate the origin

of stereocontrol and to evaluate the validity of our disperdioren catalyst design hypothesis.
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2.3 Results and Discussion

2.3.1 Computational Analysis of the 2006 System

All computational studies presented in this chapterewaarried out in collaboration with Dr. Benjamin
Mitschke, who performed the calculations andtdbuted to data analysis.

Transition State Analysis

We initiated our investigations by analyzing the transition states of the 2006 system using density functional
theory (DFT) andab initio methods Figure 2.16). These transition states are derived from ternary
complexes comprising the chiral phosphate anion, which binds both the iminium cation, and the

nucl eophilic Hantzsch est er ;posiian sfithe activatesidnalt o del i ver
TS-1 TS-2
- (R) > - (S)

major minor

LED:

+7.4 kcal/mol

AAEno-disp
—6.6 kcal/mol
AAEdisp oO—o0

98.5:1.5 er (exp.)

+ =
AAG . 2.6 kcal/mol

. i . 98.5:1.5 er . . i .
polarity-matched orientation DLPNO-CCSD(T) polarity-mismatched orientation
HE 0 HE o
- . )
—00 . 3 H
S o} r S H N a 230 A \s_o\ p s H N\ a 2.04 A
',3—0\>H b= 2.04A \\, POX /! b= 225A
I C=— 248A o N, C=— 237A
H
H

Figure 2.16 Computed transition states leading to the major and minor enantiomers in the 200@1sirsge® TRIP-morpholini
(15a): DFT transition state evaluation with Gibbs free enthalpies computed at the CP@idkgde)D L P NOT CCSH{
pVTZ/IPBE-D3(BJ)/def2SVP level of theory at 323 K/M. Key CH contactare indicated. Energies are given in keeil.

In thelowestenergy transition stafES-1, leading to the majoR)-enantiomerthe cationic iminium adopts
an E-configuration. It coordinates to the phosphate counteranion via three nonclassic@ Gyirogen
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bonds, consistent withthe interaction mode origilly proposed in 20064 This polaritymatched
orientation of the iminium likely serves as a substratognition element for the chiral phosphate.
Moreover, it aligns with the webstablished mechanistic scenario that endbléssomerization and thus
st er eoc on v-deprgtenationeto form a diemamine intermedi&fIn the transition stat&S-2,
leading to the minorg)-enantiomer, thd&-configured iminium undergoes a complete enantiofdtijal
relative to the phosphate counteranion. This polaniymatched orientation results in three weaker, less
polarized CH--O hydrogen bads within the chiral ion pair, suggesting diminished electrostatic
complementarity. The overall destabilizatiopastially mitigated by shortened GHO contacts (a: 2.38
in TS-1vs. 2.04A in TS-2, ¢: 2.48A in TS-1vs. 2.37A in TS-2). Furthermore, in contrast f6S-1, the
b-phenyl substituent irTS-2 is oriented toward the phosphate counteranion, potentiathagng in
attractive noncovalent interactions.
We identified an additionatransition state leading to the mind®)-€nantiomer Eigure 2.17), which
resembles a structure reported in a prior computational study of the 26€8683%In that study, however,
the Hantzsch ester nucleophile bearing the igpgrgroup was simplified to a symmetric ketone, and the
assignment of the resulting product enantiomer appears to be inco®eiv. is characterized by 2-
configured iminium, which coordinates to the phosphate via two polarized @Hydrogen bonds. h
b-phenyl substituent is marginally twisted compared$e2.

TS-2b

- (S)
minor

2.00 A

P=OL b= 311A
0

98.5:1.5 er (exp.)

+ =
AAG . 4.6 kcal/mol

>99.5:0.5er
DLPNO-CCSD(T)

Figure 2.17 Additional, higherenergy transition ate leading to the minor enantiom€@omputaional details as in Figure 2.!

Crucially, the experimentally observed enantiomeric ratio (98.5:1.5) is well reprodu@&ibgndTS-2
(o’ =2.6kcal/mol), while TS-2b is energetically disfavored and thus inconsequential
(o’ =4.6kcal/mol), as calculated at the CPCM(dibxane)D L P N O 1SB(T)/ccpVTZ//PBE
D3(BJ)/def2SVP level of theory.
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Local Energy Decomposition (LED) Analysis

Local energy decomposition analysis enables a breakdown of interfragment interactions into meaningful
contributions includingrepulsive electronic preparation, electrostatics, exchange, dispersion, and
nondispersive correlatn2°%2%°1 When applied to the 2006 system, the differential analysisSef and

TS-2 reveals thaf'S-1 is dominantly stabilized by nondispersion interactiapsfi, o « ¢4 kcal/md).

This relative stabilization mainly arises from stronger electrostatic interactions between Hantzsz® ester
and the phosphate anion T5-1. Additionally, the polaritymatching orientation of the iminium and
phosphate fragments contribute to over#dbgization. In contrast, the transition state energyl 82
benefits more from attractive dispersion interactiapsfgisp = i 6.6 kcal/md), particularly between the
iminium ion and the phosphate counteranion. The proximity of the imibipimenylsubstituentind the
morpholine U-CH. group to the phosphate 3sibstituents likely promotes these favorable dispersion

interactions.

IGMH Analysis of Key Noncovalent Interactions

Despite our finding thalS-2 is stabilized through dispersion interac8do a greater extent thas-1, the

specific noncovaleninteractions thafavor TS-1 and thus contribute to enantiocontrol, warrant further
investigation. In particular, the role of the isopropyl group in Hantzsch2&tex a potential DED has not
yetbeen clearly definedut remains at the centafrour design strategy to enable the use of the simplified
Hantzsch este33.

To probe this, we employed the Independent Gradient Model based on Hirshfeld partition?tf3MH
implemented irthe Multiwfn prograrft*?'2lusingelectrondensities derived froB3LYP-D3(BJ)/def2
TZVPPsingle points of th€BE-D3(BJ)/def2SVP structuresThe IGMH method enables visualization of
noncovalent interfragment interactions between the combined Hantzsélingisiem ion system and the

chiral phosphate counteranjams well as their quantitative decomposition at the atomic. lesesurface

plots revemultiple stabilizing contacts in bofhS-1 and TS-2 (Figure 2.18, top) with no evidence of
repulsive contact$-or a more quantitative assessment, atomic contributions to the interfragment interaction
are visualized via a colaroded scal¢Figure2.18, bottom).

Consistent with outransition state andED analysis, the IGMH maps show that stabilizing interactions in
TS-2 are slightly enhanced atthmi ni omefm y | substitu€Ht gndumocpmpar a:
t he corr esHp o nathHin gly b @$+Ip Howdvar, a key differentiator lies in the isopropyl
group of the Hantzsch ester: it contributes 21.8% to the interfragment interactiSeljrbut only 11.5%

in TS-2. This difference substantiates our hypothesis that attractive dispersion between the isopropyl group
and the 3,35ubstituents of the phosphate catalyst selectively stabil@€s reinforcing its role as a DED

contributing tostereocontrol
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TS-2
- (S)
minor

iPr: 11.5%

interfragment
interaction

iPr: 21.8%
(0] H O,
morpholine a-CH,:  9.4% H><—;> morpholine a-CH,: 12.4% ’>
+
formyl-CH:  6.3% H a-CH: 4.9% /
H
B-CH5: 13.4% (H B-Ph: 19.0%

H Ph
Figure 2.18 IGMH analysis using B3LYMD3(BJ)/def2TZVPP densities, highlighting key noncovalent interactionsSrql anc
TS-2as i s os ugh vt ansisovaltdie ofli0.0Q4with color-coded atoms according to their contribution to the o

interfragme@®%(%) (dttem).act i on U
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2.3.2 Development of a Superior Transfer Hydrogenation Catalyst

Reaction Optimization

Table 2.1 Screeing catalysts with DEBmodified phosphates and morpholines for the transfer hydrogenatifB)-8f(4-
bromophenyl)bu-enal(278) usingHantzsch este33.

Q 33 (1.1-1.5 eq.)
H CPA + amine (20 mol%) H
1,4-dioxane (0.1 M) *
temperature, 1 d
Br Br
27a 29a
' 4 0
iPr: iPr jpr tBu iPr O iPr.
o0 o ¢
e, 7T AP
o )
iPr iPr iPr iPr
15 50 51 52 O =Me
53 O =iPr
H H H H H H
H N N N N N N
S OO G0 O O C
(0] (0] () (0] (0] (0]
amine a b c d e f
entry CPA amine temperature conversion er
1 15 a 50°C 100% 80:20
2 15 a 30°C 100% 79.5:20.5
3 (R)-50 a 50°C 100% 21:79
4 (R)-51 a 50°C 100% 9.5:90.5
5 52 a 50°C 100% 91:9
6 53 a 50°C 100% 93:7
7 53 b 50°C 45% 62:38
8 53 C 50°C 100% 83:17
9 53 d 50°C 100% 96:4
10 53 e 50°C 96% 97.52.5
11 53 f 50°C 94% 98:2
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Following the computational analysis of the 2006 system and confirmation of our hypothesis, we set out to
develop an improved transfer hydrogenation method. By incorporating DEDs into the catalyst scaffold, we
ai med to enabl e t he-unsatutateccaldehydes usirggdhe commeramlly aviailable, b
Hantzsch esteB3, with the goals of reducing catalyst loadings and expanding the substrate scope to
sterically hindered aliphatic enals. We initiated our studies by examining the transfer hydoogei{&-
3-(4-bromophenyl)bu-enal (278 as our model substrate, usiBg as the reductant under previously
established reaction conditionBaple2.1). The morpholinium salt of§-TRIP (158) gave full conversion

but only modest enantioselectivity (80:20 er), which remained unchanged upon reducing the temperature
(entries 1 and 2)We next explored the influence of different '&8bstituents on thphosphoric acid
catalyst, aiming to optimize stereoselectivity through noncovalent interad®eptacing the 4sopropyl
groupsof the arenavith bulkier tert-butyl substituentsesulted in slightly lower enantioselectivity (21:79

er, entry 3). In conti, introducing a second phenyl risggnificantly improvedhe enantiomeric ratio to
9.5:90.5, possibly due stabilizingCHi “ interactionsn the stereodetermining transition sta& 1 (entry

4). Further modification byricorporatingalkyl groups athe 2,4,6positions of the distal g ring, which

may enhancalispersion interactions asportedn previous studié$>1°4 |ed to additional improvements

in enantioselectivity (entries and .

Table 2.2 Screening of catalyst loading and solvent fortthasfer hydrogen#n of (E)-3-(4-bromophenyl)buR-enal(27g) using
Hantzsch este33.

O 33 (1.1-1.5 eq.) 0

H (S)-53f H

solvent (0.1 M)
temperature, 1 d

Br Br
27a 29a
entry catal.yst solvent temperature conversion er
loading
1 20mol% 1,4dioxane 50°C 94% 98:2
2 5 mol% 1,4-dioxane 50°C 92% 98:2
3 2.5 mol% 1,4dioxane 50°C 100% 98:2
4 5 mol% CHCls 50°C 60% 88:12
5 5 mol% THF 50°C 92% 93.5:6.5
6 5 mol% EtO rt 100% 97.5:2.5
7 5 mol% PhMe 50°C 100% 96.5:3.5
8 5 mol% CyH 50°C 100% 97.5:2.5
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Next, different morpholine derivatives bearing DEDs were evaluated. Introductigeofdimethyl group

at the 3position led to a substantial decrease in reactivity, likely due to steric hindrance impeding iminium
ion formation with enaR7a and resulted in reduced enantioselectivity (entry 7). Use of benzomorpholine
(c) in combination withphosphoric acid3 restored high reactivity, but the enantiomeric ratio was lower
than that obtained with unmodified morpholine (entry 8). Remarkably, geminal alkyl substitution at the 2
position significantly improved enantioselectivity (entrié¢d ). Utimately, catalys63f emerged as the
optimal system, bearing multiple alkglodifications relative to the parent catalysSa

We next tried to reduce the catalyst loadilgl{le2.2). Fortunately, both reactivity and enantioselectivity
were maintained upon reducing it from 2@1% down to 2.5nm0l% (entries 13). Screening of alternative
solvents led to inferior resulterftries 48). With an efficient and selective system in hand, we next turned
to evaluating the substrate scope.

Reaction Scope and Limitations

In 2006, only a few examples bfaryl-b-methyl disubstituted enals, mostly wipara-substituents, were

shown b be compatibl&vith the transfer hydrogenation protoclml.contrast, our improved catalyst system
exhibited a broad s wbsatdrated aldehydes with @wide tange & elexttonioagd U, b
steric featuregFigure2.19).

For e x arapched aldeydex/a c bearing electrowithdrawing groups (Br, G were obtained

in very good yields and wi-Arfyl eralg bagingteieareneutral @ nant i os
electrondonating groups at thertho, meta or para-positions were effectively reduced with excellent
enantioselectivities2di h). The styrenyl derivativ@7i also proved to be a compatible substrate for our

met hodol ogy | eaving the benzylic vinayleg2dup ful |\
containing both a nitro and a methoxy group, afforded the desired product in high yield and
enantioseletivity. Notably, heteroaromatic aldehyd2gk and 271 were also weltolerated, delivering

products in excellent yields and enantiomeric ratios.

Although aldehyde29m bearing anortho-Cl substituentwas obtained with excellent enantioselectivity

(99:1 e}, the yield was limited to 32%. Reduced reactivitg @i was identified as one contributing factor.

Additionally, the formation ofl-(2-chlorophenyl)ethari-one as a side product suggested that an oxa

Michael retro-aldol sequence in the presence of watay have occurred as a competing pathway. When

boronic acid pinacol est@7nwas subjected to the reaction conditions, aldel2@tevas obtained in 30%

yield with excellent enantioselectivity, but was accompanied by the protodeborylated @#8dwas a

major side product.
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EtO,C CO,Et
XX
N

H
33 (1.5 equiv.) O

53f (5 mol%) H

I s
I
\ 4

1,4-dioxane (0.1 M)

27 50°C 29

& = 2,6-(iPr)p-4-[2,4,6-(iPr)3-CgH2]-CeH,

0
: Q/&H

3,
9,
SN

Br F3C
Br
29a, 85% 29b, 84 % 29c, 89% 29d, 72%
97.5:25er 97.5:2.5er 98:2 er 97:3 er
(0] (0]
TIPSO
29e, 93% 29f, 82% 299, 63% 29h, 83%
96.5.3:5 er 95545er 98.5:11.5 er 97.5:2.5er
(0] (0] (0] (0]
H H H H
O2N i X S
\
= S
X MeO N
29i, 87% 29j, 86% 29k, 80% 291, 78%?2
97:3 er 96.5:3.5 er 97:3 er 94:6 er
(0] (0]
Cl [ H /@/&H
Bpin
29m, 32% 29n, 30%
99:1 er 98:2 er

Figure 2.19 Scope ob-aryl-b-methyldisubstituted enals. All reactions were conducted on anfh@l scale. Yields are repor
as isolated yields after column chromatografify. ratios for all starting materials were between 2:1 and >2Bdaction wg
performed in CyH at rt.
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Finally, we

previously proven challengingrigure2.20) .

e x amsatunated aldahydes) ihctudinig sterithlly lindered substrates that had

E n a | scycloadkgl substitgentdof varying ring sizes

were efficiently reduced to aldehyd28d g in very good yields and with excellent enantioselectivities.
Sterically demandingubstrate27r (previously <5%}'4 and 27swere converted in nearly quantitative

yields and similarly hgh enantioselectivities. Notably,-rBethylperi2-enal @7f), a particularly

challenging substrate due to the minimal steric differentiation between methyl and ethyl groups, was

reduced to aldehyd29t under reoptimized reaction conditiongh avery goodenantiomeric ratio of 91:9.
E x t e n d i-athgl chiaifby onle or two methylene uni28y,v) restored the excellent enantioselectivity
observed for all other aliphatic substrates. Finally, the enals difal< 3:1) and farnesal underwent
smooth reductin to furnisatural product§S)-citronellal 9w) and §)-dihydrofarnesalZ9x), each with

high yield andexcellentenantiomeric excess.

EtO,C CO,Et
X
N

H
0 33 (1.5 equiv.)
H 53f (5 mol%) ./6
1,4-dioxane (0.1 M)
27 50 °C
& = 2,6-(iPr)y-4-[2,4,6-(iPr)3-CgHy]-CgH2
0O 0]
’ ’ D/iL Xi‘\ \(ij\
290, 73% 29p, 77% (87%) 294, 38% (84%)  29r, 63% (96%) 29s, 34% (99%)
98.5:1.5 er 98.5'15er 97:3 er 99.5:0.5 er 97:3 er
0 )

(0] (0]
0]

H
29t, 66%°° (89%) 29u, 73%2° (99%)  29v, 52% (99%) 29w, 89%? (93%)
919 er 97.5:25er 95:5 er 97:3 er
28%2 (99%) 20x, 81%2
97.5:2.5 er 97.5:2.5 er

Figure 2.20 Scope ob-alkyl-b-methytdisubstituted enals. All reactions were conducted on enthd scale. Yields are report
as isolated yields after column chromatograpgfyr some volatilesubstrates'H NMR yields, reported in parentheses, v
determined using mesitylene as an internal stanB&£datios for all starting materials were between 2:1 and >2Relaction wa
performed in CyH at rPReaction was performed in Cytdpentane (9:1) 4t10 °C. “Product was isolated aftier situ derivatizatiol
with 2,4-dinitrophenylhydrazine as the corresypling hydrazine.
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Remarkably, when the transfer hydrogenation of farnesal was scalednoI5the catalyst loading could
be reduced to mnol%, yielding ©-dihydrofarnesal in improved vyield of 93% and excellent

enantioselectivity (97:3 eFigure2.21).

EtOzC CO,Et
N
H
o) 33 (1.5 equiv.)
53f (1 mol%)
H
CyH (0.1 M)
rt, 1d
29x
farnesal (S)-dihydrofarnesal
5 mmol 1.03 g, 93%, 97:3 er

Figure 2.21 Upscaled transfer hydrogenation of farnesal (5 mmusilg 1 mol% catalyst.

The explored substrate -metolpel foralse dwiothh db stulb sai
subst it ue n-nathyl gidlp eas extehded tdlonger alilyhins, as i27yand27z a pronounced
decrease in both reactivity and enantioselectivity was obséfigure?2.22). Based orour understanding

of the 2006 systemhis limitationlikely stemsrom weakened interacti@betweert h ealkybsubstituent

of the iminium internediate and the chiral phosph#&té. Transtion State Analysisp. 30). The reduced
performance of the bulkier analogs may arise from weakened CH---O intesaditi®to lower polarization

or from steric hindrance interfering with close transition state cont&tige the major transition state may

be destabilized relative fmmethyl enals, the minor transition stamntinues to benefit from stabilizing

interections withthe b-phenyl group overallleading to reducednantioselectivity for these substrates.

0] 0] 0]
H H H ©
HE +
' H" N
o /
\\_O /
S p=o<-H
] S~
\\,o A
29d, 72% 29y, 39% 29z, 25% R A
97:3 er 85:15 er 69:31 er
weakened catalyst interaction
reactivity and enantioselectivity decrease for p-CH,R enals?

Figure 2.22 Transfer hydrogenation df-CHz2R cinnamaldehydes under standard conditish®wing reduced reactivity a
enanti osel ect i vsubstyuenvsizé.h i ncreasing b

In summary, relative to the 2006 catalytic system, the substrate stdizeibstitutech-methyl enalhas

been significantly broaden&drom mostly para-substituted aromaticsubstratesto include diverse
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substitution patterns at tlwtho, metaand para positions, encompassing functional groups with varied
electronic properties as well as heteroaromatic substrBtah. sterically hindered and noimdered
aliphatic enals were efficiently reduced under the new transfer hydrogenation prexoeellingprevious
performance. The effectiveness at reduced catalyst loadings suggests thatx@htialysotre reactive than
the original catalyst5a a hypothesis that will be further explored in the followsggctions

Mechanistic Studies
For organocatalytictransfer hydrogenation reactions bfb-unsaturated aldehydes that proceed via

condensation with an aminedeneratéhe more activated iminium ion intermediate, it is vestablished
that the same major antiomer is obtained regardless of thmuble bondconfiguration E or Z) of the
starting enalThis phenomenon, known as enantioconvergence, is attributed to a rapid equilibrium between

the E- and Z-iminium ions via a common dienamine intermediate formeld r o weptotonation. As

Enantioconvergence:
0]
® =rPh 29d [
97:3 er from (E)-27d
97:3 er from (Z2)-27d

-HX* +HX*
0] 0O
+HX* -HX*
H H
H,0 o O
o === [ ()Y —=— o=
¥ N \ +
X*
o EO
ltl X \/—/ ltl X
H, : H,
40f 36 k(E) > k(z) 36 40f
Y
H H H' 29aa
"1y, Ph CF3
29 71:29 er from (E)-27aa
89:11 er from (Z)-27aa

Figure 2.23 Mechanistic rationale for enantioconvergencebahethyl enals viagE/Z-iminium ion equilibration andselectivt
hydride transfer.
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hydride transfer from the Hantzsch ester typically occurs preferentially with one ingteu@dsomer, the
enantiomeric ratio of the product is largely independent oEtAeatio of the starting materi&g°213l

To investigatethis phenomenonstereoisomerically pur€E)- and @)-3-phenylbut2-enal @7d) were
subjected individually to the reaction cdtiwhs. In both cases, produ2®d was obtained with an identical
enantiomeric ratio of 97:3, confirming enantioconvergent behavior under the optimized catalytic system
(Figure2.23).

Subjecting thé-CDjs variant of27d to the transfer hydrogenation reaction revealed deuterium scrambling
between thd) and o-positions in producR9d. This observation is consistent withe formation of a
dienamine intermediate, supporting the propds@dminium equilibration pathway.

Finally, we examined the transfer hydrogenation of 4tdflioro-3-phenylbut2-enal(27ag), an enathat

| a c Jrsetons and is therefore unable to ergb dienaminenediatede/Z isomerization. Pur&- andZ-

isomes of 27aawere subjected separately to the reaction conditions. In contrast to the enantioconvergent
behavior observed fa27d, the two isomers o27aayielded products with distinct enantiomeric ratios,
although the same major enantiomer was obtained in both (@ds29 er fromE-27aa 89:11 er froni¥Z-

27ag. In addition, in bothcases,incomplete conversion of the starting material was observed and
exdusively the E-isomer remained unreacted. Thesbservations indicate that slower, alternative
isomerization process is operaiwunder the reaction condition®ne plausible pathway involves a
reversibleoxa-Michael additionof the chiral phosphate the iminium ion, followed by bond rotation and
subsequent retroxaMichael elimination While thismechanismmay beirrelevant forb-methyl enalsit
becomes more likely in the case of eBd@hadue to its increased electrophilicity. Additionallgach

iminium ion could react independently with different levels of facial selectivity.

It is worth noting that in our system, the unsymmetrical nature of the morpholine permits an addifional
isomerism about the C=N double bond of the iminium ion. Basadsights from the 2006 system, one

can envision two analogous major transition state geometries: one in which the morpholine substituents
point toward the chiral phosphaten@econfiguration), and another where they are oriented away from it
(excconfiguration). These scenarios may be rationalized either by attractive dispersion interactions in the
endocase or by steric repulsion favoring@marrangementFigure2.24, top). To obtain a first indication

of which configuration may be preferred, we conducted two comparative experiments: one using
unsymmetrical Jyemdimethyl morpholine (d) and the other using symmetrical 33,5
tetramethyinorpholine(g). If the endeconfiguration with53d were favored, a similar transition state
geometry would be expected wii3g, as the additionajemdimethyl group ing projects away from the

reactive center and should radtect the overall structur€onversely, isteric repulsion were the dominant
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factor favoring anexcorientation in53d, the bulkier morpholinggy would likely lead to a different
stereochemical outcome.

Indeed, when the experimaniverecarried out, the same enantiomeric ratio of pro@9etwas obtained

in both casesAlthough this observation should not be taken as definitive evidence, it prowideiscation

that the endceconfiguration may bestabilized by attractive dispersion interactions in unsymmetrical
morpholines such a$ e, andf (Table2.1). This hypothesis will be further evaledtby DFT calculations

to probe the underlying transition state geometries.

endo-orientation of morpholine
substituents via
or exo-orientation driven by
steric repulsion?

0 (d) 0 (9)
J\H 53d (2.5 mol%) H 539 (2.5 mol%) J\H
33 (1.5eq.) 33 (1.5€eq.)
1,4-dioxane (0.1 M) 1,4-dioxane (0.1 M)
27a 50°C,1d 29a 50 °C,1d 27a
70% conv., 90% conv.,
95.5:4.5er 95.5:4.5er

Figure 2.24 Conceptual rationale f@ndovs. exoorientation of unsymmetrical morpholine substituents, guided by either att
dispersion or steric repulsiafop); transfer hydrogenation of enalFa catalyzed by53d or 53g used to probe the prefer
transition state geomet(ipottom)

Relative Rate Experiments

Thekineticstudies presented in thigctionwere carried out in collaboration with DMarkus Leutzsch.

The high reactivity observed across various substateguding sterically hindered enals such2dsd
even at reduced catalyst loadingsggestethat the newly developed catal{g promotes fastareaction

rates than the parent catalf&ia To determine whether this enhanced performance arises from structural
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modifications to the chiral phosphoric acid or the morpholine component, we conducted a comparative rate
analysis To this end, catalystkbaand53f, as well as the crosombinationsl5f and53a, were evaluated

in the transfer hydrogenation Bf27d using Hantzsch est8B. The reactions were monitored over tibye
singlescan tH NMR speabscopy(Figure2.25, left).

catalyst

0 33 (1.5eq.) Q 0 P
H catalyst (5 mol%) - H P:O_ 15 a
Ph 1,4-dioxane Ph

(0.025 M), 50 °C

(E)-27d 29d Pr O j
H Pr
N’ - I O

3
=
3
=

ZT

+ 1
R*+ R Pro ]
25 1 15a m 15f 25 1
® 53a A 53f ]
20 o 20 -é
i
— 15 - 15 A
s 5 _
3 S
© 10 Ep.
o
5 5
0 T T T " 0 T T
0 10 20 30 40 50 0 10 20 30 40 50
t(h) t(h) T Kk,

Figure 2.25Left: conversion oE-27dover timeusing different catalystsionitored by singlscan *H NMR spectroscopy (29M
inl4di oxhaneé 0 A @lative rate agdiysis: via variabiene normalization (VTNA), using catalyst séba as referenc
(kiza=1.0)

As evident from the plothe reaction catalyzed paproceeds the slowest among the catalysts te$ied.
furthercompare the reaction profiles without determining detailed reaction orders for this multicomponent
system, we employed a variattlme normalization approach (VTNA)* In this method, time was scaled

by a relative rate constafie = ki/kees), Using the slowest reaction (catalyi§ia) as the reference. The
optimalk.e values were determined by visually identifying the best overlap of each normalized curve with
the reference pffile (Figure2.25, right).

We also conducted a second kinetic analysis using the initial rates method. For this, the 5%t ©8

conversion waapproximated to follow zerorder kinetics, and the slope of the linear region was taken as
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the rate constant. To obtain these values, both the consumption of the starting néatdriahd the
formation of the produc29d) were monitored over time foraeh reaction X5a, 15f, 53a, 53f). The
resulting slopes were averaged, and standard deviations were cal(tigted2.26). Relative rates were

then determined with resgieto catalystl5a as the reference.

237 15a m 15f 7
® 53a A 53f
22 \¢ 6 -
y = 39,927x + 0,6337
5 4 R2 = 0,9832
21 |
y = 30,663x + 0,4494
s S 49 R2 = 0,9907
= 20 - = )
E = 4 y = 26,541x + 0,3148
| >

© y = -28,251x + 22,327 © R2=0,9914

19 1 R? = 0,984 ,

y = -34,508x + 22,134
; R? = 0,9944
18 y = -33,704x + 21,872 1 -
Rz =0,99
17 ' ' y 04 . . X
0,0 0,2 0,4 0,6 0 0,2 0,4 0.6
t (h) t (h)

Figure 2.26 Initial rates analysis based on the firsi 183% of conversion fothe transfer hydrogenation &27dat 5 C
1,4d i o xhalrefe enal consumption over time; right: product formation over tlrimear fits were used to determine the ave
rate for each catalyst. Relative rates were extracted with respect to cHalyst

Table 2.3 Relative reaction rates for different catalysts, obtained Wa@iNA and initial rates analysis.

catalyst relative rate Krei = ky/Kisa (VTNA) relative rate krel = kx/Kisa (initial rate)
15a 1.0 1.0
15f 5.6 54+£0.3
53a 4.0 45+0.2
53f 6.0 56+£04

The relative rates obtained by the two methods follow the same kiendksza < kis < ksz, corresponding

to an approximately sifold increase in rate from catalybato 53f (Table2.3). Both the phosphoric acid

and the morpholine modifations promote faster reaction rates, with the morpholine having the greater
impact. Notably, the effects are not additive, suggesting that the two catalyst components influence different

elementary steps to varying exténtsotentially resulting in a shifif the ratedetermining step
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2.3.3 Computational Analysis of the Improved System

All computational studies presented in this chapter were carried out in collaboration with Dr. Benjamin

Mitschke, who performed the calculations andtdbuted to dataanalysis.

Transition State Analysis

TS-3 TS-4
- (R) - (S)
major minor
LED:
&——® +2.9 kcal/mol
AAEno-disp

. —6.9 kcal/mol

A AAEdisp o—eo
97:3 er (exp.)
T =
AAG 323 k = 2-2 kcal/mol
97:3 er

DLPNO-CCSD(T)

HE 0
- H > HE o)
+
s“_O\P'O_Oab N =0 0 A
a=—— 234A P00y a=— 213A Pen=H N
] o ¥ ] O
b—— 199A H b=—— 222A o H
c 249 A H
H Ph Ph

Figure 2.27 Computed transition states leading to the major and minor enantiomers impitoved systemusing 53f. DFT
transition state evaluation with Gibbs free enthalpies computed &RE&1(1,4dioxane}DL P NOT CC S BYTE/JPBE
D3(BJ)/def2SVP level of theory at 323 KMI. Key CH contactare indicated. Energies are given in koail.

Following the successful development of a seegaderation transfer hydregation catalyst, we
computationally investigated the origin of its exceptional stereocontrol and the role of London dispersion.
DFT calculations identified S-3 andTS-4 as the relevant transition states leading to the major and minor
enantiomers, respeetly (Figure2.27). Interestingly, transition states featuringeardcorientation of the
spiro functionality were found to be energetically preféroger theirexaconfigured counterparts. This
computational result supports our hypothdsiat stabilizing attractive interactions, rather than steric
repulsionplay a key role irstereocontro{cf. Figure2.24, p.42). The methyl groups of Hantzsch ess&r

are deeply embedded within the chiral phosphate gipeffectively compensating for the absence of the
isopropyl group. StructurallyTS-3 resemblesTS-1 of the 2006 systemhé iminium ion adopts thE-
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configuration of the C=C double bond, enabling three polan@yched CH---O contacts. This
configuration is consistent with the proposed enantioconvergence via a deprotonated dienamine
intermediatdsee p40).

In contrast, TS-40 leading to the minor enantiondediffers from TS-2 of the 2006 system and more
closely resemblesTS-2b. The Z-configured iminium ion enables two polartyatched CH---O
interacti ons: -GHnoetheimorpholinesandapothertfrem the formyl GHh e-phdnyl

group is oriented toward the phosphate pocket, albeit slightly twisted.

TS-4b

- (S)
minor
HE
1=
09 a 2.08 A
N =%
\\, P=0~= b == 2.38 A
o C=—— 250A

97:3 er (exp.)

T =
AAG o 2.5 kcal/mol

98:2 er
DLPNO-CCSD(T)

Figure 2.28 Additional, higherenergy transition ate leading to the minor enantiom€omputéional details as in Fige 2.26

An additional lowlying transition stateTS-4b, was also locate¢Figure 2.28). Here, theiminium ion
adopts thee-configuration and resembles a flipped version 83 (cf. TS-2). However,TS-4b is less
stabilized thaTS-4 (qp @@ = 2.2 kcal/mol fofTS-4 vs.p ¢’ = 2.5kcal/molfor TS-4b), rendering it dess
likely pathway.

Local Energy Decomposition Analysis

Differential local energy decomposition analysisT#-3 and TS-4, allowing the disassembly of the
interfragment interactions, revealds-3 to be dominantly stabilized by nondispersion interactions
(pdno o= 2.9 kcal/md). However, this contribution isot as pronounced dsat observed in the 2006
system. This reduction can be attributed toAtunfiguration of the iminium i S-4, which enables two
favorable electrostatic CH-:-O interactions with the phosphate, thereby diminishing the difference in

electrostatic stabilization betwe&®-3 andTS-4.
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In contrast, TS-4 experiences greater overall stabilization from dispersion interactigut®ais, =
6.9 kcal/md), primarily due to contacts between the iminium and the phosphate. In particular, close spatial
pr oxi mi tpheny droup th the 3BuUbstituents of the phosphate likely accounts for this enhanced

dispersion contribution.

IGMH Analysis of Key Noncovalent Interactions

Visualization of noncovalent interfragment interactions between the combined Hantzsamesten ion

system and the chiral phosphate counteranion reveals multiple stabilizing corf&®&andTS-4 (Figure

2.29, top). The colorcoded structured-{gure2.29, bottom) illustrate the atomic contributions to the overall
interfragment interaction. In alignment with the transition state geometries and LED analysis, the IGMH
maps indicate enhanced stabilizing interaction§SMat t h e -phenylsubstitment Bompared to
the corr €dHpomgdTsmdep 6H n

To assess whether the modified catalyst stru&8fraelative tal5a enhances stereocontrol, the additional
structural moieties introduced B8f were examined with respect to their conttibns to transition state
stabilization. InTS-3, stronger contacts between the morpholine spiro ring and the phosphate counterion
result in greater stabilization than observed 84 (23.9% vs. 19.5% atomic contribution). Tis-4, the

close contacts bete e n  t h e -phemjl group amd the phosphate displace the spmpentyl
fragment from the catalyst pocket, likely accounting for the observed difference in stabilization. Regarding
the second ar e rgbstituentd the 20 Biriisoplgyiphehyl rdjipd TS-3 is more
stabilized tharT S-4, with the two 6isopropyl groups contributing 13.4% and 12.4% 83, versus 11.3%

and 8.3% inrS-4.

Overall, he new catalyst design preferentially stabiliZ&3, which leads to the major enantiomeven

TS-4. Favorable dispersion interactions compensate for the absence of the isopropyl group in the original

Hantzsch este28, demonstrating the success of our structural catalyst modifications.
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2nd Ar: 11.3%

interfragment
interaction
6-iPr of 6-iPr of
2nd Ar: 12.4% 2nd Ar: 8.3%
O,
morpholine a-CHy:  4.9% H _> morpholine a-CHy:  5.4%
H +N
formyl-CH:  4.9% H formyl-CH:  3.5%
H
B-CH;:  9.5% (H B-Ph: 22.2%
H Ph

Figure 2.29 IGMH analysis using B3LYHD3(BJ)/def2TZVPP densities, highlighting key noncovalent interactionE33 anc
TS-4as i s os ughefwatlt am ssovalue of ©.004 (top), and with cetmded atoms according to their contribution tc
overallintef r ag me nt G (%) (batom)istouctured are rotated relative to the top view to enhance visualiza

critical interactions
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2.4 Summary and Outlook

1st Generation ACDC (2006): _ 2nd Generation ACDC:
Reagent-Induced Dispersion Catalyst-Induced Dispersion

[in depth computational analysis] [dispersion-driven catalyst development] [mechanistic investigations]

dominating
electrostatic interactions

London dispersion as a
stereocontrolling element

24 examples
up to 99% yield and 99.5:0.5 er

Figure 230Summary of this chapter: Rational design of a
unsaturated aldehydes by shifting dispersion control from reagent to catalyst through incorpor&teidsosupported k
computational analyssnd mechanistic studies.

The pioneering 2006 report adhe ACDC-e na bl ed tr ansf e rundatyrdteda@ldehydest i o0 n
provi ded -chiral@ldehysles with exgellent enantioselectiviti& However, the transformation
facedseveral limitations, includinthe reliance on an engineerddntzsch estei2g), a narrow substrate
scope, and high catalyst loadings. Notably, replacement of 28tefith the commercially available
Hantzsch este33 led to a significant drop in enantioselectivity. This observation prompted a new working
hypothesis: that the isopropylayp in esteP8 contributes tetereocontrol via attractive London dispersion
interactions As demonstted in preceding literature, stabilizidgspersion interactions casignificantly
influence both reactivity and selectivil§®2>!Motivated by this insight, we revisited the 2006 systsing
catalystl5athrough indegh computational analysighe studies revealdtiat electrostatic interactions
dominate the transition state geometry. Remarkalhhngaide threekey hydrogen bonds between the
iminium cation and the chiral phosphate counteramimpersim interactions involving the isopropyl group

of the Hantzsch esterere found to contribute significantly to transition state stabilizatitvese findings
providedthe conceptual foundation for a new design stratdggmally shifting the role of stabiling
dispersion interactions frothereagent to the catalyst itséFigure2.30).

By incorporating dispersion energy donors (DEDSs) directly intcaiteyst, a new cataly&3f, comprising
achiral2 , 3 Nj;pentaiSopljop@ll , -dipNen4 -Misubstituted phosphagenda spirefusedcyclopentani

morpholiniumscaffold, was developed that overcomes the limitations of the previous sygiphcation
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of 53 in the transfer hydrogenation of various enals using the commercially available Hantzs@3 ester
enabled a broadened substrate scope, including diversely substituted aromatic enals asatiell as
sterically hindered and nbimdered examples,lat reduced catalyst loadinggomputational studies of
the new gstem again revealed dominatielgctrostatic interactioriavolving hydrogen bonding. Analysis

of the newly introduced structural elements confirmed that the DEDs stabilize the transiideataig

to the major enantiomer, thereby contributitog stereocontrol as intendellechanistic experiments,
including probing enantioconvergence, deuterlabeling stidies, and NMR kinetic analysigjrther
support these findings and demonstthteexent to whichcatalysts3f exhibits superior activity compared

to 15a

Access to f-CH,R/CHR, aldehydes Bioactive targets

0
o Et 0
H
(&H R :/\N/go "
R H H
R —_—> 0o

Potential catalyst design strategy

54, Ramelteon 55
treatment of isomnia

56, Terikalant 57
antiarrhythmic agent

Figure2310ut | ook of this chapter: Expandi ng -driveneatlygstdesign Sirate
enabling thesynthesis of valuable building blocks for bioactive compounds

Whil e a br oenaed hrydngeenadfs fproved amenable to our trat
cinnanaldehydes, such &y and 27z presented challenges in achieving high lewdlseactivity and
enantioselectivity Figure 2.22). Based on our transition state analysis, this diminished performance may

stem froma weakened CH-O© interactiondue to reduced polarization or steric hindrance that interferes

with close contacts. Neverthel ess, the resulting b
bioactive compounds such as Rameltéa®) &nd Terikalant§6), making them highly desirable targets.

Catal yst optimization could potentially wundl ock acc
proton, a polaritynatched orientation of the iminium intermediate may still be achievable, allowing for the

charactenstic three hydrogen bonds observed in the original systalthough electrostatic interactions
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may be attenuated by t fpesition,nhisrcald Beecampendated by desidnind k ¢
catalysts with 3,3substituents on the phosphoric addpable of engaging in stabilizing dispersion
interactionswith the b-alkyl substituentSystematically varying the isopropslibstitution pattern on the
3,3-biaryl backbone may provide a promising starting pfiintsuch catalyst optimizatiodlternatively,

less bulky and more flexible-alkyl groups could beexploral as DEDs. n addi ti on to
cinnamal dehydes, the methodol ogy may be (Figuret her
2.31).

Moving beyond the original catalyst clas#ternative chiral anionsuch as more confined IDPs, ilDRs

IDPis may also be considere@iheseoften enzymelike Brgnsted acidoffer multiple tunablestructural
parameters and may provitilored solutios for thesemore demandingnd substrates
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Catalytic Asymmetric lonic Hydrogenatianf -Alkyl Sytrenes

3 CATALYTIC ASYMMETRIC
U-ALKYL SYTRENES

IONIC HYDROGENATION OF

3.1 Background

3.1.1 Organocatalytic Transfer Hydrogenation: From Activated to Unbiased Alkenes

As previously discussed iBection2.1.1(p. 15), various organocatalytic strategies have been developed
for the transfer hydrogenation dafistinct classes of C=C double beoodntaining substrates using
biomimetic dihydrogen donorgFigure 3.1). For i n-snsatunatede carbomyl, dompnds are
typically reduced via iminium ion catalysis or ACDC, while nitroolefins are -auiled for thiourea
catalysis. In the case of electrdoh 1,X-diaryl dkenes, Brgnsted acid catalyspa(ticularly with chiral
phosphoric acigshas proven effeite. Across all these transformations, the employed substrates share a
common feature: activation of the C=C bond by elecetrithdrawing or resonanegtabilizing groups. This
renders the

activation cat al yt i-postion, rot a thenlgedzyliat e s

position in the case afrtho-quinone methiddype systems, facilitating subsequent hydride transfer.

Fatte

Iminium lon
Catalysis

biomimetic
H2 source Q
NO,
Ar —catalyst*—> R, or | or | Ny A
* -" * //
R OH

Thiourea Catalysis CPA Catalysis

X .--. X*.--.

CJ\)OLR‘

R

o, e ?
H
‘\'G/. ‘\ﬁ/. O// \? Ny + CAr 2 Ar
v, HNe I// S
Niq- OH R 0]
| |
|

I -
X*

*

Figure 3.1 Organocatalytic asymmetric transfer hydrogenations of activated C=C double bonds.

On the other hand, stereoselective, mits transfer hydrogenations of electronically and structurally
unbiased alkené@ssud as aliphatic 1 tisubstituted olefind remain, to the best of our knowledgearce

Styrenes, although somewhat electronically activated through resonance stabilization of the benzylic
position, also present a significant challenge in this contextiThis p ar t i ¢ u-dlkglssubstitutédr ue f
c 0 n s i-aytanaldguey. The absence ftaddhiondl i z e

activating substituents, such&sethoxy or-hydroxyl groups, further increases the difficulty, as céd

styrenes, which are

by the very limited number of reported stereoselective transfer hydrogenations for such sib%tates.
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Among potential strategies, Brgnsted acid catalysis stands out as a particularly promising approach.
Brensted acids function as broadly applicable catalysts, requiringtumlyresence of electron den8ity

an inherent feature of (unbiased) alkenes. Upon protonation, such alkenes can generate carbocation
intermediates, which may then undergo hydride transfer from a suitable reductant. Two critical challenges
must be addresséd realize this transformation asymmetrically: (I) identifying dihydrogen surrogates that

are compatible with acidic conditions, and (ll) introducing a chiral element capable of exerting stereocontrol
during hydride deliveryRigure3.2).

%%A&]—.ﬁo

[Chirality Source]

|

Substrate Control Reagent Control Catalyst Control

Figure 3.2 Strategic requirements for asymmettiansferhydrogenatiorof unactivated alkenescidcompatible dihydroge
surrogates ansterea@ontrol during hydride transfer.

3.1.2 Dihydrogen Surrogates under Acidic Conditions

Biomimetic dihydrogen surrogates (such as Hantzsch esters, benzothiazolines, indolines, and
dihydrophenanthridines) bear basic secondary amino groups eaydbiming hydrogen bonds, a feature
often critical for stereocontrol in the transition states of asymmetric transfer hydrogefétfoh&!
However, when applying a Brgnsted abmked strategy to activate electronically or structurally unbiased
alkenes, strongly acidic conditions are typically reegli Under such conditions, these nitrogentaining
reductants are more likely to interfere with the selective activation of the alkene and undergo protonation
themselves. This incompatibility is reflected in the lack of reports ormaeitiated alkeneeductions using

these types of hydrogen don&?! In contrast, acidolerant reductants, such as silanes, cyclohexadiene
derivatives, ketones, and hydrazine have been successfully emptolggdragen sources under strongly

acidic conditionsalbeit predominantly imon-asymmetridransformationgFigure3.3)217:218222226]

H 0

H 02 H

Figure 3.3 Successfully applied dihydrogen surrogatesatcidmediated transfer hydrogenations: silanes, cyclohexe
derivatives, ketones, and hydrazine.
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In the 1960s, Kursanov and Parnes introduced the concegtiofhydrogenatiorfor the reduction of a

variety of unsaturated bonds (e.g., C=C, C=0, C=b8ljyeall as single bonds such asdH and G X (with

X = halogen). Utilizing hydrosilanes in the presence of excess trifluoroacetic acid (TFA), they demonstrated
efficient reduction of several tdisubstituted alkend®€3??4IThe proposed mechanism involves reversible
protonation of the unsaturated bond to generate a carbocation intermediate, which may be trapped by
trifluoroacetate, forming a transient alkyl trifluoroacetate species. This intermediate can revert to the
carboation, followed by hydride transfer from the silane, ultimately affording the reduced product along
with silyl trifluoroacetate as a byproduétigure3.4). Upon neutralization of the reaction mixture, the silyl

ester often hydrolyzes to give silanols and disiloxanes.

—— Kursanov, Parnes 1969

« referred to as

|
Si
il |
R TFA (exc.)
‘[I 20-50 °C, 10-24 h ]: » typically Et3SiH as hydride source
« applicable to C=C, C=0, C=N,
O C-OH, C-X bonds

b.

Figure 3.4 lonic hydrogenation of 1;dlisubstituted alkenes using hydrosilanes and excess trifluoroacetic acid.

This strategy highlights the compatibility of silanes with strong Bregnsted acids such as TFA, as no
dihydrogen forms under the reactiamditions. Notably, other hydride donérgarticularly hydrocarbon
based speciéswere also investigated. Among them,-tljdydronaphthalene and 9;tithydroanthracene
emerged as a promising alternative, especially under more acidic conditions whereaséapese to
protolytic degradation. Frardt al.recently developed a catalytic ionic hydrogenation using silanes for the
selective reduction of furans to Zjthydrofurans or tetrahydrofurans, with the reaction outcome governed
by the choice of Binstedacid catalyst (TFA or TfOH). The utilization of HFIP as the solvent proved crucial
in order to suppress undesired polymerizafith.

The group of Main Oestreich revisited the concept of hydrocarbased dihydrogen surrogates and
developed a bistriflimideatalyzed transfer hydrogenation of alkenes employing-irjg)&thylcyclohexa
1,4-diene 68) under ambient conditiongigure 3.5, left).??2 Analogous to biomimetic hydride donors
such as Hantzsch esters, the driving force of thiduction arises from the aromatization to the
corresponding benzene derivative. Notably, weaker Brgnsted acids such as triflic acid (TfGid) and

toluenesulfonic acidt TsOH) were also found to be effective catalysts.
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More recently, Zhou, Yang, and -@mrkers disclosed a related Tf@tatalyzed hydrogenation of
Usubstituted styrenes using ketones as dihydrogen déftbis. particular, itetralone $9) enabled
efficient reduction of a broad range of unbiased styrefigsife 3.5, right). However, the transformation
required relatively high catalyst loadings and elevated temperatures. Interestingly, the proposed driving
force is again aromatization, though not to the expectedphhol. Instead, the reaction proceeds via
dimerization to form a dinaphtho[1;B: 1 MNijfuriNgtructure.

— Oestreich 2016 Zhou, Yang 2024
: o]
: H
: H
H H : H
58 (1.3 eq.) I 59 (1.5 equiv)
R. R. _H ' R. R._H
Tf,NH (5 mol%) ; /[LO TfOH (30 mol%) J:O
@& O CH,Cl, @ () . Ph n-hexane Ph
rt, 12 h ' 110 °C, 10 h
9 examples ' 25 examples
41-99% yield | 42-92%

Figure 3.5 Bistriflimide-catalyzed transfer hydrogenationIg-disubstitutedalkenes using 1;4yclohexadiene as a dihydrog
surrogates (left). Triflic aci¢atalyzed transfer hydrogenation of styrenes usitegralone as a dihydgen surrogate (right).

Additionally, hydrazine has been employed as a reductant for olefins in aerobic transfer hydrogenations.
While guanidine or flavin-derivedorganocatalysts are commonly used to mediate diimide forniéfon,

2331 a Brgnsted acidatalyzed variant was reported by the Imada gfSfipp-Toluenesulfonic acid
reversibly protonates hydrazine, which is irreversibly oxidized to diimide under an oxygen atmosphere.
The acidcatalyst facilitates isomerization betwegans and cis-diimide, with the latter serving as the
active reducing species. Reduction of the olefin proceeds via a conggmaddition mechanism. Thus,

both mone and disubstituted olefins were efficientgduced (15 examples, i7¥0% yield), with nitrogen

and water as the only ndaxic byproducts.

3.1.3 Strategies for Stereoselective Trapping of Carbocations in Olefin Reductions

Upon protonation of the olefin, a carbocation intermediate is generated. Dependithe origin of
chirality, distinct modes of stereocontrol can be distinguished during the subsequent trapping event. In
substrate contrgl al k e n e s -sterecgenic oegter anable Wiastereofacial discrimination of the
planar carbocation. Ireagent contro] a chiralH-nucleophile facilitates enantioselective hydride delivery.
Finally, catalyst controinvolves the use of a chirehtalystthat exerts enantiofacial diffemtiation through

ion-pairing and other navalent interaction@rigure3.6).1234
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SUBSTRATE CONTROL
[catalyst]

@

REAGENT CONTROL

R< [catalyst]

+ R. H
I : _Hl / <0 I ‘H R-{ H
d ;

CATALYST CONTROL

R. [catalyst™] H
|| ‘H R-«{ H

Figure 3.6 Stereoselective reducticstrategies using Bnsted acids for unactivated alkenes: Substrate, reagent, and
control.

In 2019, Gagosz, Chiba, and-sorkers reported a diastereoselectivetiyfiride transfer under Brgnsted
aci d cat alsedagsnic mathylistyrenéstil tertiary alcoho)sas precursors, they generated
carbocation intermediates that underwent-Hy8ride delivery fromtethered alkyl ethers via a

six-membered, chaidike transition staté¢Figure 3.7).21% Although the process is formally redaeutral,

it exemplifiesa substrag-controlled stereoselective hydride transfer to a carbocation intermediate.

— Gagosz, Chiba 2019

H
OMHe TsOH (5 mol%) Q H
Ph - Ph
H ° — -
CF3CH,0H, 50°C Jia: !
60 61, 94%, >99:1 dr
Tf,NH (5 mol%)
then
OMe (HOCH,), (5 eq.) <\ L i
i Ph CF3CH,OH, 50° c
62 63, 85%, 98:2 dr

Figure 3.7 Substrate control: Diastereoselective intramoleculahgdide transfer.
An early example of reagenbntrolled enatioselective alkene reduction dates back to the 1970s, when
Fry employed a Sétereogenic hydrosilan6%)®%1t o r e-athyl stgrenéRigure3.8, top)2'8 Although
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the enantiomeric excess was close to the detection limit in this ionic hydrogenation (51:49 er), this study
likely represents the first of its kind.

More recently, in 2023, Qu, Oestreich, andwmrkers advanced this concept by developing an
enantiosel ecti ve t-akglstwehes usingchidilrcywlghesadalienesas dihgdroge
surrogates Higure 3.8, bottom)?'” Building on their previous work with achiral cyclohexadiene
derivative&??%%] they introduced chirality into the hydride donor framework. The reaction is initiated by

a trityl salt catalyst, which abstracts a hydride from diéf¢o generate a Wheland intermediate. This
cationic arenium species actdlas active Brgnsted acid, promoting olefin protonation and setting the stage
for stereoselective hydride transfer from the cyclohexadiene. The products are obtained in good yields and
moderate to good enantioselectivities. However, the substrate scepenésvhat limited, with most
examples containing @ara-methoxy group, which electronically activates the styrene.

— Fry 1978
. H
65 R Ph\S,
, 1.02 eq. i
( q.) , o
CH,CI,/TFA
(84:16 viv, 0.6 M)
64 0°C, 20 min 66, 19%, 51:49 er 65
— Qu, Oestreich 2023
R*
R H_ .R
(67, 1.3 eq.) nPent
” 7 COynHex
[PhsCI[B(CeFs)a] o
. (5 mol%) .
MeO PhMe, rt, 24 h  MeO Y COznHex
15 examples 67
43-90%
50:50-95:5 er

Figure 3.8 Reagent controlSi-stereogenic silanes for the enantioselective ionic hydrogenatibretblyl styrene (top). Chir
cyclohexal,4-diene for the enantioselectivansfer hydrogenation afalkyl styrenes (bottom).

To the best of our knowledge, catalgsintrolled enantioselective reductions of unstabilized carbocations
generated by olefin protonationJeanot yet been realized. Nonethelesdew related transformations
involving Bragnsted acid activation of olefins and subsequent stereocontrolled trappigNbyand O-
nucleophiles have been develogetjure3.9).

O-nucleophiles:In 2018, the List group reported a highly enantioselective-tlaRilyzed intramolecular
hydroalkoxylation of terminal olefing\dditionally, a single intermolecular example of styrene and benzyl
alcohol was demonstrated, albeit with moderate enantioselectivity (76.5:28%5 €je same group later

reported an intramolecular hydrolactonization under similar condifi&hs.
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C-nucleophiles: Terada demonstrated that azlactones serve as eff€:tiveleophilesn a Fig-BINOL-
derivedNTPA-catalyzed addition to styrenes, enabling the construction of quaternary stereocenters with
moderate to high enantioselectivit§?! In their study about the nerlassical 2norbornyl cationthe List
group applied IDPi catalysis to the Friedetafts alkylation of 1,3 rimethoxybenzene using norbornene
as a substraté*® An intramolecular hydroarylation of terminalefins with tethered indoles was also
achieved under IDPi catalydtd!! Additionally, asymmetric WagnéMeerwein shifts of alkenyl
cydoalkanes to cycloalkenes via adidtalyzed carbocation intermediates have been discf§3ed.
N-nucleophiles:A single example of an enantioselective intramolecular-C&aly2d hydroamination of

a terminal olefin was reported by the Ackermann group, albeitmitiestenantioselectivity (58.5:41.5
er)2#21 Tan and Liu achieved significantly improved enantioselectivity by empdpMTPA catalysis and
selecting thioureas as tethemdahucleophiles?*3245 However, in both cases, the substrates relied on the
Thorpéd Ingold effect, limiting the scope. In 2024, Hennecke al. disclosed an IDPtatalyzed

hydroamination of both unbiased terminal and internal alkenes, furnishing pyrrolidines with high
enantioselectivity?*6!

— List 2018 ——— Terada 2019 List 2021 — Hennecke 2024 —
l}ls
2,

rgz?\ TNy 2, : .’Q\

\ R_I ]

=
1-2
21 examples 16 examples 22 examples 27 examples
41-94% vyield 53-92% vyield 67-97% yield 20-99% vyield
92:8-98.5:1.5 er 76.5:23.5-96.5:3.5 er 84:16-98:2 er 50:50—>99:1 er

Figure 3.9 Selectecexamples ofcatalytic enantiofacial control over carbocations formed via olefin protonation with vabi

N- andO-nucleophiles.
These examples highlight the feasibility of catalysttrolled trapping of carbocation intermeeém with
variousC-, N-, andO-nucleophiles. However, analogous transformations involving hydride donorki{i.e.,
nucleophiles) remain unprecedented. The predominance of intramolecular variants over intermolecular

reactions further illustrates the inherehallenge of achieving high reactivity and selectivity in bimolecular
processes.
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3.2 Objectives

As outlined inSection2.1.1(p. 15), numerous organocatalytic biomimetic strategies have been developed
for the enantioseleste transfer hydrogenation afefin substrates. Depending @he alkenesubclass
distinct catalytic approaches have proven effective. For eledebaent alkenegenals, enones, and
nitroolefing iminium ion catalysis, ACDC, and thiourea catalysis hetv@wvn particularly high efficiency.

In contrast, electronich U-(2-hydroxyaryl) styrenesiave been reduced using chiral phosphoric acid
catalysis. Despite their diversity, acommon feature of these methodologies is their reliance on
electronically activeedolefin substrates.

Stereoselective, metédee transfer hydrogenations of electronicaltysterically unbiased alkenes remain
rare and typically equire eithersubstrate controthrough pe-installed stereogenic centeos reagent
control via the use of chiraH-nucleophiles.To the best of our knowledge, no example of an
enantioselective, catalysbntrolled transfer hydrogenation has yet been reported for either electronically
unactivated 1 Hialkyl-s u b st i t ut ealkyl atyrereesn € sa-dagor slibstitients.

Motivatedby this gap, we envisioned an ionic hydrogenatiosimple U-alkyl styrens enabled by a chiral
Brensted acid cataly@tiX*, Figure3.10). Although these substrates benefit from some degree of resonance

stabilizati on, -ddmnainga@roupsandtlee linited cariocation gtabilization relative to
>
70
o}

) S+ ROH !
i RO
o : o |
() alOR el >
X*
68 p 69
a-alkyl styrenes -H*| 68 .,Sl-OR

7

Figure 3.10 Objective of this chapter: Development of a chiral Brensted-catialyzed ionic hydrogenation for -
enantioselectiveeduction ofU-alkyl styrenes.
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U-aryl analogs rake them particularly demanding. We reasoned that developing a successful protocol for
these systems could establish a foundation for extending the strategy to fully unbiased alkenes, such as
purely aliphatic 1,disubstituted olefins.

Upon protonation ofin U-alkyl styrene(68), a chiral ion pair consisting of a benzylic carbocation and a
chiral counteranion may be generated. This intermediate could then undergo nucleophilic attack by a
hydrosilane, furnishing a chiral alkylbenzene prodi®8). The use ofa stoichiometric oxygebound

proton source (ROH) not onlyensuregatalyst turnover but also provides a thermodynamic driving force
through the formation of a strongi&l bond. A central challenge associated with the proposed
carbocationic intermediaties in its propensity for unproductive side reactions. One major pathway
involves the isomerization of the double bond, leading to the thermodynamically more stable trisubstituted
styrene70. While this transformation may be reversible under certain tiondj reprotonation of the
internal alkene is expected to be less favorable due to its reduced reactivity. Additionally, the carbocation
can undergo reaction with another equivalent of styré8g yielding dimer71. The formation of higher
oligomers canot be entirely excluded, although it is considered less likely due to sterics and reduced
nucleophilicity of the dimer.

The key to achieving an efficient and enantioselective ionic hydrogenatidalkyl styrenes lies in the
identification of a chiralBrgnsted acid catalyst that can both suppress competing isomerization and
dimerization pathways and induce enantiocontrol. This control is hypothesized to arise fratafinel
noncovalent interactions within the ion pair and the silane during the edatetimining hydride transfer

step.
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3.3 Results and Discussion

3.3.1 Reaction Development

Catalyst Optimization
The synthesis of selected catalysts was carried outletbooation with Michael Merher.

We initiated our investigations by screening different ¢iBransted acids for the ionic hydrogenation of

the model substrate hdxen-2-ylbenene §8a) using dimethylphenylsilane as a hydride donor and benzoic
acid as a proton sourc@&gble 3.1). As discussed irBection1.3.2 (p. 9), the selected BINOiderived
catalysts span a range of Brgnsted acidities, enabling an assessment of how acid strength influences the
reactivity and selectivity of the transformation. After three days 4€C8Rith CPA72or IDP 73 (pKa> 10,

in MeCNY, less than 10% conversion exclusively to the undesired istbaavas observed (entries 1, 2).

More acidic DStL9and NTPA74* (8.40pK, > 5, in MeCN) lead to higher conversions (>90%), albeit still

only furnishing the douklbond isomer (entries 3, 4). Finally, the use of confined TBR{pK.=17.4, in

DCE®¥; 45> pK, > 2, in MeCN) afforded the reduced alkylbenze@®ain 74% yield, with modest
enantioselectivity (44.5:55.5 er), alongthwil5% isomei7Oaand traces of dimefla(entry 5. With the
presumably more acidic PAD, the desired produ@awas obtained in 90% vyield. However, the open
active site of the catalyst likely impairs enantioselection, resulting in an almost racetnienb0.5:49.5

er, entry 6).

Based on the initial Brgnsted acid screening, IDPi catalysts emerged as a promising platform for further
optimization. Under preliminary conditions, this catalyst class already afforded the desired alkylbenzene
69ain encouwaging yield and enantioselectivitifurthermore, eir structural framework offers tunable
steric and electronic properties through variation of the'-a8y8 substituents and theN-
perfluoroalkylsulfonyl moiety.

We next examined a series of IDPi cattdyisearing different substituentBaple 3.2). Although catalyst

754, featuring electrotwithdrawing 3,5bis(trifluoromethyl)phenyl groups, already providg@ain good

yield, several other IDPis exhibited reduced reactivity and preferentially led to the formation ofi®amer
Substitution of thé-triflyl group with a petafluorophenylsulfonyl group resulted in a decrease in yield of
69a but notably improved enantioselectivity across all tested variants. This trend is consistent with recent
findings that | DPi catalysts beadi mgiancS®h@nFt hmoi
analogues, thereby rationalizing the observed reduction in reaéiliynong the catalysts evaluated, we

were pleased to find that the highly acidic, electtich heteroaromatic IDPi82aand82b delivered69a

3 The exact fa values of the acids are not known, but are estimated based on structurally related catalysts (cf. Section
1.3.2p.9).
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in synthetically useful yields (37% and 19%, respectively), 8&h achieving a significantly improved

enantiomeric ratio of 74:26 (entries 11, 12).

Table 3.1 Initial screening of chiral Bnsted acid catalysts for the asymmetric ionic hydrogenatibeef-en2-ylbenzeng68a)
using dimethylphenylsilane and benzoic acid.

HX* (2 mol%) \
PhMe,SiH (5.0 eq.) Ph

M PhCO,H (1.2 eq.) )\/\/ /gﬁ
Ph > ph * Ph ~ 7

CyMe (0.5 M)
60 °C, 3 d Ph
68a 69a 70a 71a

& 3.5-(CF3),CeH;
O SO0,CF,4

entry HX* conversion  yield (69a) er (69a) yield (70a) yield (71a)
1 CPA 72 4% 0% - 4% 0%
2 IDP 73 7% 0% - 7% 0%
3 DSI 19 91% 0% - 91% 0%
4 NTPA 74 95% <1% n.d. 94% 0%
5 IDPi 75a 99% 74% 44 5:55.5 15% 1%
6 PADI 76 100% 90% 50.5:49.5 1% 0%
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Table 3.2 Screening of $9)-IDPi catalysts for the asymmetric ionic hydrogenationhef1-en2-ylbenzene(68a) using
dimethylphenylsilane and benzoic acid.

IDPi (2 mol%) \
PhMe,SiH (5.0 eq.) Ph

J\/\/ Pheon 12 ea), J\/\/ /K,w
Ph ~

Ce oS o
68a 69a 70a 71a
& CF,
Bu @\ ©\
/© /©/ ol Ph -~ CF3
75
0.0 O 0 , ,~ ,E’ S
o X ¥, RO s
A 12
a b 80 81 82
entry IDPI conversion  vyield (69a) er (69a) yield (70a) yield (71a)
1 77a 60% 4% 58:42 55% 0%
2 78a 25% 0% - 21% 0%
3 78b 31% 0% - 31% 0%
4 79a 93% 4% 59.5:40.5 89% 0%
5 79b 96% 9% 68.5:31.5 87% 0%
6 75a 99% 74% 44.5:55.5 15% 1%
7 75b 67% 9% 46.5:53.5 58% 0%
8 80a 48% 2% 57.5:42.5 46% 0%
9 8la 96% 11% 63:37 85% 0%
10 81b 66% 2% 67.5:32.5 64% 0%
11 82a 98% 37% 57.5:42.5 60% 1%
12 82b 97% 19% 74:26 77% 0%

With these key findings in mind, we proceeded to explore additional IDPi catalysts bearing heteroaromatic

3,3-substituents andll-pentafluorophenylsulfonyl groups, aiming to further enhance both the yield and
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enantioselectivity of the ionic hydrogenation @8a Guided by the insights gained from the previous
screening Table 3.2), our catalyst design focused on two key observations: (I) Polyaromatic 3,3
substituents appeared to benefit enantioselectivity, as seen in entries 9 and 10 (63:37 er and 67.5:42.5 er,
respectively); () Electronwithdrawing Ck groups were associated with higher reactivity and yield (cf.

entry 6). Compared to benzothiopk2yl substituted IDPB2b, its benzofuras2-yl analogue (Ka=4.1in

MeCN?®¥) afforded higher yield but lower enantioselectivitble3.3, entry 1). As anticipated, extension

of the” -system tanaphtho([2,ib]furan2-yl in 84b significantly improved the enantiomeric ratio (entry 2).

Table 3.3 Screening of heteroaromati§ §)-IDPi catalysts witiN-SO:CesFs core for the asymmetric ionic hydrogenatiorhef
1-en-2-ylbenzend684a) using dimethylphenylsilane and benzoic acid.

IDPi (2 mol%) \
PhMe,SiH (5.0 eq.) Ph

J\/\/ PhCO,H (1.2 eq.) J\/\/ /K,f
Ph > ph * Ph ~

CyMe (0.5 M)
60 °C,3d
68a 69a 70a 71a

/r' \_ I \ S I \
| JFs | .

278 78
b 88 89
F,C
FsC CF, . CFs
< CF,
DS N\ —s I N\—s I N\—s I N\—s
90 91 92 93 94
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entry IDPI conversion yield (69a) er (69a) yield (70a) yield (71a)
1 83b 97% 33% 70:30 64% 0%
2 84b 98% 36% 80:20 61% 0%
3 85b 100% 98% 73:27 0% 0%
4 86b 100% 98% 69:31 0% 0%
5 87b 100% 81% 70.5:29.5 18% 1%
6 88b 98% 43% 82.5:17.5 54% 1%
7 89b 98% 29% 73.5:26.5 69% 1%
8 90b 99% 65% 84.5:15.5 33% 1%
9 91b 97% 20% 76.5:23.5 75% 1%
10 92b 100% 99% 83.5:16.5 <1% <1%
11 93b 96% 8% 70:30 88% 0%
12 94b 99% 79% 78:22 20% 1%

Remarkably, introduction of perfluoroalkyl aiidryl groups in the §osition of benzofuranyl resulted in
yields of69aexceeding 80%, with IDR35b (bearing a 8CF; group) showing a promising enhancement in
enantioselectivityfentries3i 5). Given that IDPis containing sulfirased heteroaromatic substituents had
previously shown superior enantiodiscrimination, we next evaluated IDPi va8Bimend89b featuring
berzothienothiophet2-yl groups (entries 6 and 7). The electrash IDPi 88b, bearing a
benzop]thieno[3,2d]thiophen2-yl moiety, furnished69a in a notable enantiomeric ratio of 82.5:17.5,
along with asurprisingly high yield of 43%. Finally, additionaiflmoromethyl substituents at various
positions of the heteroarene were introduced to further improve the yield (erittiés 8Vhereas
regioisomer®1b (5-CF;) and93b (7-CFs) delivered the product with reduced yield and selectivity, IDPis
90b (4-CFs) and92b (6-CFs) outperformed all previously tested catalysts. Nota®il furnished69ain
almost quantitative yield with an enantiomeric ratio of 83.5:16.5 (entry 10). However, further substitution
with a fluorine atom at the-gosition (DPi 95b, ently 12) resulted in inferior performance in both yield
and selectivity.

Given that IDP©B2b furnished alkylbenzen@9awith a promising balance of yield and enantioselectivity,
it was selected for further optimization studies. Key reaction parametersgatedtincluded temperature,

the nature and stoichiometry of the silane, the proton source, and the reaction solvent.
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Temperature Optimization
We began optimizing additional reaction parameters by incrementally lowering the reaction temperature

(Table3.4). As anticipated, a trend of increasing enantioselectivity was observed at lower temperatures.
However, the reactivity decreased in parallel, withagrted isomerization té0a and a corresponding
reduction in the yield o69aa t 2 0 A Q3).(Lewering theetempetature furtherit@ 0 AC | e d
consistent yields of approximately 80% &%a along with diminished formation of isoméda(entries 3

5). We attribute this trend to a temperatdependent equilibrium between styref68aand70a mediated

by a carbocation intermediate. At el evated tempe
Reprotonation of the lessactivetrisubstituted alken@0aremains feasible, allowing for nequantitative
conversion with only trace amounts of unreactéd I n contrast, at 20 AcC, t
stable70ais less likely to be efficiently reprotonated to form the reaatanbocation intermediate required

for hydride transfer. As a resultDaaccumulates and the formation@8ais suppressed. At even lower
temperatures (entrie$ @), the isomerization fror8ato 70abecomes increasingly disfavored, leading to
reduced fomation of the isomer.

Interestingly, dimerization is promoted at lower temperatures, with difrereaching a maximum of 7%

ati40 AC (entry 6). I n addi6fawasmbhsernaddgrOo rAcCu n Bad edir @y
resultsi2 0 A C otesl sis the edtimal temperature for further optimization studies, furni§Banig

79% yield with 92.5:7.5 er.

Table 3.4 Screening of different temperatures for the asymmetric ionic hydrogenatibaxdfen2-ylbenzene(688) using
(S9-IDPi 92b as the catalyst, dimethylphenylsilane and benzoic acid.

(S,5)-92b (2 mol%) \
PhMe,SiH (5.0 eq.) Ph

J\/\/ PhCO,H (1.2 eq.) )\/\/ /l\,m
Phi > ph * ph ~

CyM_s 2065 M) Ph
68a 69a 70a 71a
entry temperature conversion yield (69a) er (69a) yield (70a) vield (71a)
1 60°C 100% 99% 83.5:16.5 1% 1%
2 40°C 100% 84% 86.5:13.5 8% 2%
3 20°C 100% 79% 89:11 14% 5%
4 0°C 100% 82% 91:9 9% 5%
5 i20°C 98% 79% 92.5:7.5 3% 5%
6 140°C 62% 48% 94:6 0% 7%
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Evaluation of Silane Reductants and Stoichiometry

Next, various silanes were evaluated as hydride donbabld 3.5). Use of the secondary silane
methylphenylsilane resulted in both reduced yield and enantioselectivity, along with significantly increased
dimer formation (entry 2). Similarly, methyldiphenylsilane, bearing two aromatic substituents and one
methyl group, gave poor results and was therefore excluded from further consideration (entry 3). In contrast,
the use of ethyldimethylsilane, a purely aljib silane, led to an excellent enantiomeric ratio of 95.5:4.5,
albeit with a slightly reduced vyield of 62% (entry 4). Further elongation of the alkyl chains, as in
triethylsilane, resulted in lower yields due to increased formation of isomer and dipnedibgts, and also
diminished enantioselectivity (entry 5).

Based on this outcome, ethyldimethylsilane was selected for further evaluation of silane stoichiometry. A
clear trend was observed: reducing the amount of silane led to diminished yi€lfla aid a higher
proportion of unproductive dimerization. Notably, the enantioselectivity remained largely unaffected across

the tested range (entries%j.

Table 3.5 Screening of different silane reductants #meir stoichiometry in the asymmetric ionic hydrogenation of hex-2-
ylbenzene§8a) using §S)-IDPi 92bas the catalyst and benzoic acid as the proton source. The total active concentration was kept
constant at 0.5 M (Mane+ Vsolvent= CONSt.).

(S,5)-92b (2 mol%) \

silane (x eq.) Ph
J\/\/ PhCO,H (1.2 eq.) J\/\/ /gﬂ_p
Ph > pn’ * Ph ~
CyMe (0.5 M) Ph
-20°C, 3d
68a 69a 70a 71a
_ ) yield yield yield
entry silane eq. conversion er (69a)
(69a) (70a) (71a)
1 PhMeSiH 5.0 eq. 98% 79% 92.5:7.5 3% 5%
2 PhMeSiH 5.0 eq. 70% 26% 89.5:10.5 9% 17%
3 PhMeSiH 5.0 eq. 85% 43% 88.5:11.5 8% 17%
4 EtMe,SiH 5.0eq. 62% 51% 95.5:4.5 2% 5%
5 Et:SiH 5.0 eq. 67% 32% 94:6 5% 15%
6 EtMe.SiH 4.0 eq. 73% 57% 95:5 5% 6%
7 EtMe.SiH 3.0 eq. 62% 46% 95.5:4.5 3% 7%
8 EtMe.SiH 2.0eq 75% 50% 95.5:4.5 5% 10%
9 EtMe.SiH 1.2 eq. 74% 35% 95:5 5% 17%
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Effect of OxygenBound Proton Sources

Given the high bond dissociation energy ofGi bonds ( ~ #0 &eirkocnaalioh pnavides a
strong thermodynamic driving force ftire reaction. To exploit this, various oxygeound proton sources

were evaluated, as their conjugate bases are expected to trap the silyl group after hydrideTadtesfer (
3.6). Since benzoic acid had already delivered promising results (entry 1), acetic acid was tested as a
representative aliphatic carboxylic acid. However, it showed poor reactivity, affd@@aim only 15%

yield (entry 2). The us of mesitol gave a comparable yield to benzoic acid (57%), though with slightly
reduced enantioselectivity (92.5:7.5 er, entry 3). Aliphatic alcohols were then investigated.
Hexafluoroisopropanol (HFIP) led to increased reactivity, affor88an 68% yeld along with 12% dimer
formation; however, enantioselectivity dropped significantly to 79:21 er (entry 4). In contrast, isopropanol
was found to be ineffective as a proton source, with no product formation observed (entry 5). Water
similarly failed to pomote catalyst turnover (entry 6).

Table 3.6 Screening of differenproton sources the asymmetric ionic hydrogenation of kikyen-2-ylbenzene §8a) using §,5)-
IDPi 92b as the catalyst arethyldimethylsilane as the hydride donor.

(S,S)-92b (2 mol%)
PhMe,SiH (5.0 eq.)
)

Jj\/\/ H* source (1.2 eq.
Ph

CyMe (0.5 M)

.

Ph)w + Ph)\,m\/ +

-20°C, 3d Ph
68a 69a 70a 71a
entry H* source conversion Yyield (69a) er (69a) yield (70a) yield (71a)

1 PhCQH 60% 55% 95.5:4.5 2% 5%
2 AcOH 22% 15% 95:5 1% 3%
3 MesOH 79% 57% 92.5:7.5 4% 8%
4 HFIP 100% 68% 79:21 3% 12%
5 iPrOH traces traces - 0% 0%
6 H2O traces traces - 0% 0%

According to our initially proposed mechanism, the proton source is not involved in the enantiodetermining
step, serving only to scavenge the silyl graffer product formationand enable catalyst turnover
However, the variation in enantiomeric ratiosG¥a observed with different proton sources raises the
possibility that a trimolecular enantiodetermining transition &tateolving the ion pair (carbocation
intermediate and IDPi counteranion), the silane, and the proton 8oona&g be operative. Alternatively,

the proton source may act as a spectator ad-diti ve
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bonding environment, thereby indirectly idincing enantioselectivity. This question will be investigated

in more detail in future studies (sefluence of a Chiral Proton Source on Stereoconpo82).

Solvent and Reaction Concentration Effects

Finally, various solvents were evaluated for the ionit hyo g e n a-h-butylstyreaefTablg3.7). While
chlorinated solvents furnish&9ain comparably good yields, the enantioselectivity was reduced in both
CDClI and CD CI (-eomigtinmg solsentsl shaaveddoooP reactivitie THFeled to no
product formation (entry 3), and diethyl ether affor@8din only 28% yield (entry). Aromatic solvents

such as toluene and xylene gave moderate yields but with diminished enantioselectivity (entries 5 and 6).
Hydrocarbon solvents hexane and pentane provided the highest enantiomeric ratios observed, yet at the
expense of increased dimérmation (entries 8 and 9). In contrast, methylcyclohexane suppressed
dimerization to just 5% and deliveré®ain the highest yield observd81%), along with an excellent

enantiomeric ratio of 95.5:4.5 (entry 7). Based on these results, methylcyeleh&aa selected as the

solvent for subsequent studies.

Table 3.7 Screening of different solvents in the asymmetric ionic hydrogenation ef-eex2-ylbenzene §8a) using §9-IDPi
92bas the catalyst, ettgilmethylsilane and benzoic acid.

(S,5)-92b (2 mol%) \
PhMe,SiH (5.0 eq.) Ph

M PhCO,H (1.2 eq.) /k/\/ /K,w
Phi > ph * ph ~

sohent 0310 2
68a 69a 70a 71a
entry solvent conversion yield (69a) er (69a) yield (70a) yield (71a)
1 CDCls 68% 51% 90.5:9.5 7% 6%
2 CD:Cl2 73% 48% 86:14 9% 8%
3 THF 0% 0% - 0% 0%
4 ELO 45% 28% 93.5:6.5 7% 5%
5 PhMeds 58% 38% 92:8 6% 8%
6 m-xylene 43% 29% 93.5:6.5 6% 4%
7 CyMe 62% 51% 95.5:4.5 2% 5%
8 hexane 67% 36% 95:5 3% 14%
9 pentane 50% 27% 95.5:4.5 2% 10%
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Subsequently, the effect of reaction concentration was investigdigble(3.8). Decreasing the
concentration from 0.5 M to 0.1 M primarily 1ed
desired produdi9aas well as diminished formation of the dinfdma In contrast, isomerization #aand

the enantioselectivity remained largely unaffected (entfi&3. Notably, performing the reaction under

neat conditiond using 10 equivalents of ethyldimethylsilanebash reagent and solvéntafforded69ain

72% vyield with excellent enantioselectivity (95:5 er), while minimizirtg groduct formation (entry 6).

With these results, we established optimal reaction conditions and concluded the method development,

enablingus to proceed with evaluating the scapel practicalityof the transformation.

Table 3.8 Screening obolvent concentratioria the asymmetric ionic hydrogenation of kien2-ylbenzene §8a) using §,9)-
IDPi 92b as the catalyst, ethyldimethylsilane and benzoic acid.

(S,5)-92b (2 mol%) \
PhMe,SiH (5.0 eq.) Ph

J\/\/ PhCO,H (1.2 eq.) /k/\/ /K,.w
Phi > ph * ph ~

C_yzl\:l)eoéc’o;c;.) Ph
68a 69a 70a 71a
entry conc. conversion vyield (69a) er (69a) yield (70a) yield (71a)
1 05M 62% 51% 95.5:4.5 2% 5%
2 04M 61% 41% 95.5:4.5 2% 7%
3 0.3 M 50% 41% 95.5:4.5 3% 3%
4 0.2M 53% 36% 96:4 2% 4%
5 0.1M 34% 24% 96:4 3% 1%
neat,
6 in 10 eq. 80% 72% 95:5 3% 3%
EtMe:SiH

3.3.2 Reaction Scope

The synthesis of selected styrene substrates was carried out in collaboration with Michael Merher.

To evaluate the applicabil ity o-flkyotyrenes wasekaminddy dr o
Based on structural variations of the model subs@@aewe categorized the modifications into two classes:

changes to the aryl moiety and chasmgethe alkyl substituent.
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Aryl Modifications

(S,S)-92b (2 mol%) \
EtMe,SiH (10.0 eq.)

ArJ]\/\/ PhCORH (1.2 €q.) /'\/\/ &»\/ )

r

o

neat
—20°C, 3d Ar
68 69 70 71
69a 69b? 69cP gj/s:/\/
44%, 95:5 er 62%, 93.5:6.5 er 76%, 96:4 er 70%, 96:4 er
(67% 69a, 3% 70a, 3% 71a) (76% 69b, 1% 70b, 10% 71b) (79% 69c¢, 3% 70c, 6% 71c) (95% 69d, 4% 70d, 1% 71d)
9}\/\/ E/k/\/ F/©)\/\/
69e*P 69f*¢ 69g° 69h¢
91.5:85er 82:18 er 69%, 95.5:14.5 er 89%, 95.5:4.5 er
(56% 69e, 4% 70e, 4% T1e) (84% 69f, 3% 70f, 9% 71f) (88% 699, 3% 709, 5% 71g) (90% 69h, 1% 70h, 4% 71h)
® @*N
@ ’
Br OMe
69i¢ 69j° 69k 691
72%, 95:5 er 77%, 973 er 76%, 98:2 er 63%, 97:3 er
(83% 69i, 17% 70i, 0% 71i)  (98% 69j, 2% 70j, 0% 71j)  (82% 69k, 1% 70k, 9% 71k) (80% 691, 0% 701, 11% 711)
O
N\
69m*P
89.5:10.5 er

(27% 69m, 17% 71m)

Figure3.11Substrate scope of -ak¥siyrenes bearing ahylyrbdifioatjosi raactiors were conduct
on a 0. mmol scale. Yields are reported as isolated yields after column chromatoditaftiyiR yields, reported in parenthe
(gray), were determined using GBIz as internal standaréReaction performed at50 °C.PUsing EtMeSiH (5.0 eq.) in CyM
(0.5 M).°Using PhMeSiH (5.0 eq.) in CyMe (0.5 MyReaction performed at 10 °C using PhBiél (100 eq.)under neat reacti
conditions *Reactions conducted on a 0.028nol scale.
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The ionic hydrogenation was applied to various-ang d i f-alked &t yrenes on a 0. 2
product isolationKigure3.11). In parallel, crude reaction mixtures were analyzetHiMR spectroscopy

to detemine accurate yields of the desired (sometimes volatile) pro@Aesd side productd0 and71,

allowing for a comparative assessment of substrate reactivity.

With model substraté8a, the alkylbenzené9awas isolated in moderate yield and excellent enantiomeric
ratio (95:5 er). Electroneutral analogue€8b and68¢ bearing methyl substituents, afforded improved
yields (~80% H NMR yield), with the metasubstituted derivative69c providing excellent
enartioselectivity (96:4 er). In contrast, theara-substituted compound required adjusted reaction
conditions ati50 AC to achieve high enantioselectivity
dimerization (10%).

Increasing the steric bulk of teetasubdgituent from ethyl 68d) to isopropyl 686 andtert-butyl (68f)

led to diminished reactivity and enantioselectivity, with the latter requiring the more reactive
dimethylphenylsilane to furnish acceptable yields. This trend suggests that increasedhstemnced may

interfere with efficient hydride transfer. Notably, the disubstituted progRgtvas obtained in very good

yield and with excellent enantioselectivity.

Halogenated styrene$8h and 68i) and themetamethoxylated derivativé8j were also weltolerated

using dimethylphenylsilane. The electrdeficient metabromo substrate required slightly elevated
temperature (10 AC) to achieve satisfactory conv
Electronrich polyaromatic substrates also participated well, with the naphthyl dee@&tk/furnishing

the product in very good yiel(B2% NMR vyield) and the highest enantioselectivity observed across the
series (98:2 erfigure 3.11). In the case of heteroaromatic styrenes, the position of substitution proved
critical: 691 (from 5-substituted benzofuran) was isolated in very good yield and excellent enantioselectivity
(97:3 er), wherea9m (from 6-substituted benzofuran) was obtainedawer yield and with reduced
selectivity (89.5:10.5 er). Notably, electrooh substrates 68kim) showed increased levels of
dimerization, in contrast to electraieficient styrenes, for which dimer formation was minimal or absent.

This observatiosuggests a possible correlation between electron density and dimerization propensity.

To evaluate the scalability of the method, the ionic hydrogenation of mesiuisyituted styrené8j was
performed on a 5.0 mmol scduceed Tthoe I1c amoall %,s ta n do atd!
over seven days, delivering results comparable to those obtained on small scale. The reaction furnished
712 mg of t h e 69jdire &% riselated yialdowdthu exc¢ellent enantioselectivigr:@ er).
Furthermoe, catalysB2bwas recovered after the reaction and reisolated in 88% Yigjdré3.12, top).

For determination of the absolute configuratié®j was further derivatized via a twsiep sequence:

demet hyl ati on wi t h BB r4-bromophenyllisocyaeate florysh carbeameat®5i on  wi
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Recrystallization 0f95 enabled structure elucidation by singlystal Xray diffraction Figure 3.12,

bottom).
(S,S)-92b (1 mol%)

PhMe,SiH (5.0 eq.) 88% of
PhCO,H (1.2 eq.) recovered
> IDPi 92b
CyMe (0.5 M)
OMe 220°C,7d OMe
68j 69j
712 mg (75%)
5.0 mmol 97:3 er
1) BBr3 (93%)
>, 0._0
2) 4-Br-CgH4NCO,
OMe NEt; (62%) : NH
69 Br 95

Figure 3.12 Upscaled ionic drogenation of styrené8j (5 mmol) using 1 mol% catalyst (topywo-step derivatization
alkylbenzene69j to carbamated5, enabling unambiguous determination of absolute configuration -bgyXcrystallograph
(bottom)

Alkyl Modifications

We next explored various alkyl substituents and were pleasedtofindt b ot h salkgchaine ni n
to ann-propyl group 68n) and extending it te-pentyl 6809 andn-hexyl 68p) resulted in comparable
reactivity (with higher yields for the larger substrates) and excellent enantioselectivity in allRigaes (
3.13). The cyclized styrené8q, which also serves as amtho-functionalized example, furnished the
hydrogenation product in good yield (63%) with slightly reduced but still very good enartdiosgle
(92.5:7.5 er), accompanied by more pronounced isomerization (36% NMR yi&d)of

Next, we investigated substrates bearing functional groups that are potentially reactive under reductive
conditions. Remarkably, the chlorobutyl derivatBr wasobtained in high yield (76% yield) and good
enantioselectivity. Although alkyl halides are often susceptible to reduction under standard ionic
hydrogenation conditioni&®! the chloroalkyl group i69r remained intact, offering a synthetically useful
handle for further derivatization. The methyl estentaining styrené8swas also well tolerated, furnishing
69sin very good yield (72% yield) and excellent enarglestivity (97:3 er).

To further assess the chemoselectivity of the ionic hydrogenation, we examined diene s\@@taamies

68u. In both cases, selective reduction of the benzylic double bond was observed. H6®&&wehjch
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contains a terminal olefinunderwent additional undesired cyclization, yieldingnéthyt1,2,3,4
tetrahydrel , -dipRgnyl as a side product that could not be separatedd@nThis side reaction could
likely be suppressed by shortening or lengthening the alkyl tether to didfi@vfartation of a favorable
ring size during cyclization. Whilg9dt was obtained with high enantioselectivity (93:7 er), the trisubstituted
olefin in 68uled to reduced enantioselectivity68u (82:18 er).

(S,S)-92b (2 mol%)
EtMe,SiH (10 0 eq

J\/. PhCO,H (1.2 eq.) /'\/. /J\ﬁ.
Ph

neat

-20°C, 3d Ph
68 69 70
69p
25% 94.555er 62% 95:5 er 75%, 95.5:4.5 er 63% 92575er
(68% 69n, 4% 70n, 3% 71n)  (86% 690, 3% 700, 2% 710) (84% 69p, 3% 70p, 3% 71p)  (64% 69q, 36% 70q 0% 71q)
©/k/\/\ ©/k/\/COZMe ©/k/\/\ ©/k/\)\
69r2 69s? 69t° 69u*@

76%, 90:10 er 72%, 93:7 er 93:7 er 82:18 er

(85% 69r, 6% 70r, 5% 71r) (84% 69s, 4% 70s, 8% 71s) (45% 69t) (68% 69u, 2% 70u, 13% 71u)

Figure3.13Substrate scope of -akyhsgyreneshearinglkyhnyodificatigneA seactionsmere donduct
on a 0.2 mmol scale. Yields are reported as isolated yields after column chromatottaldMR yields, reported in parenthe
(gray), were determined using GBIz as internal standar8lJsing PhMeSiH (5.0 eq.) in CyMe (0.5 M}Reactions conducted
a 0.025mmol scale.

3.3.3 Limitations

During our exploration of various styrenes, we encountered several substrates for which the ionic
hydrogenation protocol proved ineffective or suboptinkagire 3.14). The electrofrich para-methoxy
styrene68v is one such example. The corresponding alkylbenzene was obtained in moderate yield (44%)
due to competing dimerization (19%), and with amigdest enantioselectivity (75.5:24.5 er). However, as

our approach primarily targets simple styrenes lacking activatidgnors, this limitation may be
considered of limited relevance. Moreover, other established methodologies have successfully addressed
such electromich system&!” At the opposite end of the electronic spectrum, the strongly electron

deficient para-trifluoromethyl styrene68w failed to undergo ionic hydrogenation. Instead, exclusive
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isomerization to70w was observed (42%rtho-substituted styrené8x bearing a methyl group also

proved unreactive under both standard and more forcing conditions using dphettysilane, despite

successful conversion of the structurally related bicy6Bg. These observations suggest that steric
congestion near the reactive site can critically impair reactivity. An attempt to access the natural product
curcumene@9y) under optimized conditions gave only moderate enantioselectivity (78:22 er), falling short

of synthetic utility.

Reduci ng t halkyl substitaentdofan ethlgl group@8zled to a substantial drop in both yield

(16%) and enantiosel ecti vi tpubditfed stysencsdgaadndalab) . Si mi
showed poor enantioselectivity, underscoring the sensitivity of the chiral environment to alkyl substitution

patterns.
(S,S)-92b (2 mol%)

EtMe,SiH (10.0 eq.) Ar
JK/. PhCO,H (12 eq.) /k/. I . ,
Ar ~ Ar A . ¥ ®
o Ar .
71 @

! neat !
® -20°C, 3d ®
68 69 70
» y @5\/\/ /@)\/\)\
69v 69w? 69xP 69y°
75.5:24.5 er - - 78:22 er
(44% 69v, 0% 70v, 19% 71v) (0% 69w, 42% 70w, 0% 71w) (0% conv.) (65% 69y, 2% 70y, 11% 71y)
69z 69aa¢ 69ab®d 69ac® (n = 1) 69aebd
64.5:35.5 er 65.5:34.5 er 63:37 er (0% conv.) -
(16% 69z, 0% 70z, 1% 71z2) (28% 69aa) (92% 69ab) 69ad® (n=2) (0% conv.)
(0% conv.)
I
= N
n OMe
o) from purely

aliphatic, unbiased
1,1-disubstituted

69af° (n = 2) 69ah? alkene 69ai°
(0% conv.) - <57:43 er
69ag® (n = 3) (0% conv.) (<5% 69aj)

(0% conv.)
Figure 3.14 Scopelimitations All reactions were conducted on @2 mmol scale!H-NMR yields, reported in parenthe
(gray), were determined using GBIr2 or mesityleneas internal standardUsing EtMeSiH (5.0 eq.) in CyMe (0.5 M)Using
PhMesSiH (5.0 eq.) in CyMe (0.5 M¥Reaction performed &80 °C.%Reaction performed at.
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Styrenes68ad 68ag failed to undergo conversion under the reaction conditions, most likely due to
excessivesteric hindrance in the case@fad 68ae Likewise, for the Weinreb amide substrég&ah no
conversion was observed. This may be attributed to deactivation of cagilyst the basic amide moiety.
Finally, we subjected a purely aliphatic Hisubstiuted alkene@8a) to the ionic hydrogenation protocol

to evaluate whether the methodology could be extended beyond aromatic systems. However, only poor
reactivity was observed under the reaction conditions, affording less than 5% of the correspl@admg

(69a)) with low enantioselectivity56.5:43.5er). These results indicate that extension to purely aliphatic
alkenes will require a redesigned catalyst and further optimization of the reaction conditions.

In summary, we demonstrated that a broagjesofsimpleU-alkyl styrenes are amenable to our developed
ionic hydrogenation protocol. Both electronh ard electrordeficient substratessithin defined electronic
boundarieswere successfully reduced in very good yields and with excellent eredatitigty in most
cases. High chemoselectivity was achieved, with resgmsitive functional groups such as esters, alkyl
chlorides, and aliphatic double bonds remaining intact. Additionally, the limitations of the method were
systematically evaluated,vealing key steric and electronic constraints thatlefuture applications and

catalyst design.

3.3.4 Mechanistic Studies

Mechanistically, we envisioned a catalytic cycle initiated by protonation of the styrene substrate by IDPi
92b, forming an ion pair intenediate comprising a highly reactive benzylic carbocation and the chiral IDPi
counteranionKigure3.15). This ion pair can follow three distinct patays:

(I) Deprotonation to form the isomerized alkéftk a process that may be reversible depending on
the substrate and reaction conditions;
(1) Electrophilic addition to another molecule of styrefi8)( leading to formation of diméet1,

(1) Hy dride transfer from the silane, affording the desired alkylaé&ne

The productive hydride transfer (lll) would generate a silylated IDPi species as a catalytic intermediate,
which is subsequently protodesilylated by benzoic acid to regenerat®2bBnd form silyl benzoate as
a byproduct. Alternatively, the enantiodetermining hydride transfer may proceed via a trimolecular

transition state involving the ion pair, the silane, and benzoic acid, directly furnishing pé8dsdy!
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benzoate, and regentgd IDPi92bin a single step. In this section, we set out to investigate the mechanism

of this ionic hydrogenation in greater detail.

1§ o
td I\
Ph™ O IDPi—H

68
&
O
Ph)J\OH
e

\
S|\—IDP|

IDPi )
_H"'
S{ o \\
(111
‘5” ’

Figure 3.15 Plau5|blemechan|sm of the asymmetric catalytic ionic hydrogenation of unbiased styrenes using
reductant and benzoic acid as a proton source.

@

i

@%
2 )

Convergent Reactivity of Styrene Isomers

If the ionic hydrogenation proceeds via a benzylic carbocation intermediate, a similar enantioselective
outcome should be expected from both stereoisoofettse styrenee-70 andZ-70, asthe intermediate

loses its stereochemical informatidriqure3.16). Moreover, investigating the reactivity of these isomers
provides insights into the reversibility of the isomerization betve@amd70. To this end, stereochemically
pureE-70aandZ-70awere synthesized and subjected to the standard reaction conditions over five days at
various temperature3 ¢ble3.9).

A clear tend emerged: thE-isomer was significantly more reactive than thésomer At E70a A C,
furnished69a in 95% vyield, whereas th&-isomerproduced only 49% of the product under identical

conditions (entry 1). At 40 AcC, n e i tdmisomerizaiom,me r
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Figure 3.16 Convergent ionic hydrogenation of isomeric styrenes to form alkyl&@w@ a common carbocation intermedii

indicating that reprotonation af0ais no longer feasible at lower temperatures for thasabstituted

alkenes (entry 3). These results suggest that the isomerizatior6&®to 70ais irreversible under the

standard reaction coitibns (2 0 AC) . Not abl y, t6Rambtaineddront botEnaadr i ¢ r «
Z-70a were nearly identical, supporting the involvement of a common carbocation intermediate in the

enantiodetermining step.

Table 3.9 lonic hydrogenation of tridastituted alkeneg- andZ-70a at elevated temperatures. Reactions were performed on a
0.025 mmol scale.

from E-70a from Z-70a
entry temperature _ yield _ yield
yield (69a) er (69a) yield (69a) er (69a)
(Z-709 (E-709)
1 80 °C 95% 79.5:20.5 0% 49% 79.5:20.5 27%
2 60 °C 64% 81.5:18.5 8% 12% 81:19 12%
3 40 °C traces n.d. traces traces n.d. 0%
4 20°C traces n.d. 0% traces n.d. 0%
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