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Abstract

Reactions that proceedha carbocations plag big role in various chemical transformations for
over a century. Their applications range from drug discovery, commercial compounds to petroleum
industry. Despite their vast reactions in chemical synthesis, taming carbocations in asymmetric
synthesis israther limited. Hydrocarbebased carbocations lack polarized bonds, which

diminishes possible interactions with catalysts.

The mainobjective of this thesis is reaction development, optimization, design and sgmthes
enantiomerically pure Brgnsted dsj which are capable of generating and stabilizing benzylic

carbocations from the corresponding racemicssarting materials.

The developed methodology provides a general approach to the synthesis of chiral benzylic
compounds with high enantioselectivi The use of confined counteranions allows for the
stabilization of the carbocation intermediate, which is crucial for achieving high enantioselectivity
in the subsequent-C-, C- O- and G N-bond forming reactions. The highly reactive cationic

intermedide can be accessed from different precurgiarewis- or Brgnsted acid catalysis.

In conclusion, this work represents a significant contribution to the field of asymmetric synthesis
and has the potential to impatte development of new drugs and materials. The design and
synthesis of enantiomerically pure Brgnsted acids capable of generating and stabilizing benzylic
carbocations has opened up new possibilities for the synthesis of enantioenriched benzylic
compound. The use of confined counteranions has proven to be a highly effective strategy for
catalytic asymmetric reactions with excellent enantioselectivity. This research has significant

implications for the development of new drugs and compounds in the plearticatindustry.

Kurzzusammenfassung

Reaktionen, die Uber Carbokationen ablaufen, spielen seit tiber einem Jahrhundert eine grof3e Rolle
bei verschiedenen chemischen Umwandlungen. Ihre Anwendungen reichen von der
Arzneimittelentwicklung Gber kommerzielle Kendungen bis hin zur Erdolindustrie. Trotz ihrer
umfangreichen Reaktionen in der chemischen Synthese ist die Z&hmung von Carbokationen in der
asymmetrischen Synthese eher begrenzt. Carbokationen auf Kohlenwasserstoffbasis weisen keine

polarisierten Bindogen auf, was mdgliche Wechselwirkungen mit Katalysatoren verringert.



Das Hauptziel dieser Arbeit ist die Reaktionsentwickluagtimierung, das Design und die
Synthese von enantiomerenreinen Brgn&adren, die in der Lage sind, benzylische
Carbokationa aus den entsprechenden racemisch&Aspgangsmaterialien zu erzeugen und zu

stabilisieren.

Die entwickelte Methodik bietet einen allgemeinen Ansatz zur Synthese chiraler
Benzylverbindungen mit hoher Enantioselektivitdt. Die Verwendung begrenzter Gegema
ermdglicht die Stabilisierung des Carbokatidmischenprodukts, was fur das Erreichen einer
hohen  Enantioselektivitat in  den  nachfolgenden -CE€ C-O- und GN-
Bindungsbildungsreaktionen entscheidend ist. Das hochreaktive kationische Zwischenprodukt
kann aus verschiedenen Vorlaufern durch Levader BrgnstedaureKatalyse gewonnen

werden.

Zusammenfassend lasst sich sagen, dass diese Arbeit einen bedeutenden Beitrag auf dem Gebiet
der asymmetrischen Synthese darstellt und das Potenzial hat, diekitmw/iceuer Medikamente

und Materialien zu beeinflussen. Das Design und die Synthese enantiomerenreiner Brgnsted
Séauren, die benzylische Carbokationen erzeugen und stabilisieren kénnen, haben neue
Maglichkeiten fur die Synthese enantiomerenangereichegtenytischer Verbindungen eréffnet.

Die Verwendung begrenzter Gegenanionen hat sich als dul3erst effektive Strategie fiir katalytische
asymmetrische Reaktionen mit ausgezeichneter Enantioselektivitat erwiesen. Diese Forschung hat
erhebliche Auswirkungen aufied Entwicklung neuer Medikamente und Verbindungen in der

Pharmaindustrie.
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1. Introduction

Benzylic stereocenters are highly prevalent in a wide range of natural products afY drajsg

their asymmetric construction a topic of great interest. Numerous methods have been reported for
the asymmetric for mat i oniXoX=hetareatom)rhand, inadudingb en z y
the use of chiral auxiliaries, metal catalysts, orgambysis, and enzymes, among otke¥s

However, a more general approach would be the catalytic enantioselective reaction of a nucleophile

with in situgenerated benzylic cations, where enantiocontrol is provided by the chiral catalyst.

Benzylic cations aabe generated from readily available and cheap starting materials like styrenes
or benzylic alcohols (andorresponding derivativsipon protonatiorby strong chiral Brgnsted
acids By effectively controlling benzylic cationsing this approacit would be possible to access

readily these crucial (sub)structures by selecting suitable nucleogtigesg 1.1).

Biologically Active and Commercially Important Compounds

F

Me
AcHN . Me
H
N,
i T,
Y C

Frondosin B

. e

iBET-BD2 biological activities Florhydral (S)-(+)-Curcumene
BD2 bromodomain inhibitor anti-inflammatory, anticancer .
of the BET proteins and HIV therapy fragrance antiinflammatory

Figure 1.1: Important representative structures containing benzylic sterecgenter

The development of this approach would also rep@icatiors in the field of drug discovergind
development. Many natural products and drugs contain berstglieocenters, and the ability
construct efficiently and selectively these stereocentergdiacilitate the synthesis @&nalogs
and derivatives for structwativity relationship studies.his could lead to the discoveo§ nen

and improved pharmaceuticals.

Overall, the development of this approach would fill a significantigaipe syntheti¢oolbox and
provide a powerful methofibr the construction of benzylic se®centers. Despite tip@tential of
this approach as a general method for conshgicbenzylic stereocenters, theatalytic
enantioselective reaction of a nucleophile with a beazghtion was underdeveloped thie

beginning of my doct@l work.



2. Background

2.1Chiral Acids in Asymmetric Catalysis:

In the arly in 20" centuryBranste®! and Lowry’! independently reported a theory in which acids

are defined as proton don@nsd bases are defined as proton acceptasording to the IUPAC
definition, a a Bolddulas ¢ndtyd capaldeifd diosnaid i ng a . pr ot ot
Historically, acidshave beertlassified into two major groups: Brgnsted acids and Lewis acids
IUPAC def i nes dneoledular erdity thab an eledronfia i r a cThepotbror s . 0
itself is the simplest Lewis acidVhen an acid interagtwith the Lewis basic moiety of the

substrateit changeghe electronic nature of the substratddwering theLUMO, thusincreasng

the electrophilic character of the substrate or activation of substhatds have been used as

catalysts in organic reactions by explogithese acibase interaction®epending on the acidity

of the catalyst and théasicity of the substrate, the adidse iteractions vary. Based on

thesénteractions, acid catalysis is divided into two subcla@Sesire2.1).

HX*
. . ® x©
v HX Y YH
)J\ > )]\ or
activation of
substrate
general specific
acid catalysis acid catalysis
weak acid-base strong acid-base
interaction interaction
___________________________________________________ it sttt
general i specific
acid catalysts ! acid catalysts
1
Z 1
o] 0 |
OH R* R - 0
G \NJJ\N, | f \P:/o
H H R- ~R* | y OH

OH z=0,8 NN !
H H !

Figure 2.1: General and specific Brgnsted acid catalysis

In 1998, Jacobsemnd Sigman developed {thurea catalysts for an asymmetr&trecker
reaction’® This work laid the foundation for the development of hydrogen bond donors (HBDs) as
general catalysf®!% An enantioselective hetero Diellder reactioncatalyzed by TADDOL
derived diolwasreported by Rawal in 200%" Despite severaluccessesf HBDs as asymmetric

organocatalysts, this strategy presant inherent limitation. Due tthe weak substrateatalyst



interaction, these catalysts could onlstigate imines and carbonyl groups. To achieve better

activation of less basic substrates, a gracidbase interaction needed.

Il n 2004, Akiyama and Ter ada i-bmndpbtippemd,edidd) | v de

derived chiral phosphoric acig€PA9, and their use as catalysts for enantioselective Mannich
reactions between aromatic imines and carbon nucleopiiisvas kter revealed that the actual
catalyst in the case of Terada whe calcium salt of the phosphoric acid, however reaction still
could be catalyzd by using phosphoric agidlbeit with giving the opposite enantioselectivity of

the productNeverthelessthesereports laicthe foundation fothe development of several stgp

chiral Brgnsted acidswWith numerous reports of different CPAs, mainly based on BINOL
backbones or similar chiral biphenols, such asBHNOL, SPINOL, SPHENOL, VANOL,
TADDOL, planar chiral diols (ferroceAeased or cyclophargased) and among othel&hile
strongly Lewis basic substrates such as imines were successfully activated by phosphoric acid
catalysts for the addition of highly deophilic silyl ketene acetatd phosphoric acids remained
insufficiently acidic for less basic substrates suchldshgdes, ketones, unsaturated carboxylic
acid derivatives, and olefin§he List group developed one of the most general CPA catalysts with
broad applications in asymmetric organocatalysis in #G0%\Ithough the ability to impart
stereochemicahformation can be attributed to the catalyst structure, the propensity to initiate the
reactions and modulate their rates lies mainly on the acidity of the catalyst. Thus, the focus shifted
toward stronger organic Brgnsted aoidt as precatalysts for glium ion based Lewis acédas

potential catalysts for activating such substrates.
2.2 Development of Strong Asymmetric Brgnsted Acid Catalysts:

In 2002, Yagupolskiet al.showed that the replacement of oxygen atoms by NTf groups in benzoic

acid dramatially increases the acidity?



Yagupolskii et al. 2002:

(0] O NTF
acid ©)kOH @NHH ©)J\NHTf
pKain CH3CN 21.5 111 6.2

0 0,0 g
conjugate base ){@ )-{@ N\ O.—./IS%

Ph” O NEEN g’ "N _0 0

Ph N™ CF3 )'{@ N

Ph” N7 "CF;

Figure 2.2: Application of Yagupolskii principle on benzoic acid
Yamamoto applied the Yagupolskii principle to BIN@Erived phosphoric acids to develop

N-triflyl -phosphoramide (NTPAS). The acidity of this phosphoramid23 was suficient to
promote the catalytienantioselective DielfAlder reaction ofa,b-unsaturated keton22 with
silyloxydienes2.1 (Scheme2. 19

Yamamoto et al. 2006:

- 0
) o 2.3 (5 mol%) ~ \o‘“\
N _ Et
MesSiO H)kEt PhMe, 78 °C, 12h  MesSi0”
R! R’
2.1 2.2 2.4

35-99% yield
91:9-96:4 er

Scheme2.1Showcas@f Yagupolskii principle on BINOtderived phosphoric acids.

Applying the similar concept towards stronger acids, the List group repbr@tbsphiny
phosphoramides (NPPAS) replacing the acidic hydroxyl group in the CPA structure with the
phosphinylaminogroup!'® Several other strategies have been applied to achieve higher acidic
catalysts such as introducing electron withdrawing group on the BINOL baékhaeelacement

of oxygen atoms with sulfur/selenium in the CPAs or NTPAs translate into stracigef-59

Later, the List group extended the Yagupolskii concept to the sectyigegn atom of the BINOL
derivedphosphoramide and synthesized highly acidic phosphidiaidic acid2.6.29 Its high
acidity allows the diastereoselective addition aoh&thylhydroquione2.4 to (7R, 11Rjisophytol



2.5, to givea-tocopherol2.7, albeit with low diastereoselectivigrobably due to the open active

site of the catalygiScheme 2.2)

List et al. 2015:

HO AN 2.6 (5 mol%) HO
+ r
HO *
OH \7LR* CH,Cl,, 25 °C, 23 h R
24 (7R,11 R)-iosphytol 2.7
2,5 33% vyield
66:34 dr

Scheme 2: Showcase of Yagupolskarinciple on BINOL-derived phosphoric acids.

In search for stronger chiral acid catalysts, moving to sulfur as central element, several chiral
sulfonic acidsand derivatives have been developed, which display higher reactivity and selectivity
compared to €A. In 2009, List¥ and Giernoti? independently reported a new class of more
acidic chiral Brgnsted acids, disulfonimides (DSI). lastal. demonstrated an enantioselective

Mukaiyama aldol reaction between aromatic aldel®@dend silyl ketene acdt2.8 to give the



List et al. 2009:

o) o-SMes 2.9 (2 mol%) o o
H + \%\OMe Et,0, rt, 12 h - OMe
* * 2.10
98% yield
97:3 er

7 \\O
0
Me;Si (0]
€3 I\C:) o \\Sf\ Ar)J\H

~ *  N—SiMey

OMe 4

/7 \\O

2.10 1

\\ //

<\®®SIM63
P A

o\\// Me3 o//\
o ®/SI
« N 0 0SiMe; 2
0 MeO Ar
_SiM
3 o 1vVies
OMe
2.8

Scheme 2.3A Mukaiyama aldol reaction between silyl ketene acetals and aldehydes catalyzed
by DSI. Proposed catalytic cycle.

corresponding product in excellent yield and enantioselectivity using2¥Shs precatalyst.
Mechanistically, the reaction proceeds through silylation of 2$by silyl ketene aceté.8 to
generate active Lewis acid catalystewis acidl then activates aldehyde to form ion ggiwhich

is attacked by nucleophil2.8 to give intermediate8. The catalytic cycle is completed by the

liberation of produc.10and the regeneration of active cataly§echeme2.R DSI catalysts have



proven to be powerful Brgnsted and Lewis acids that can effectively catalyze variouseaisgmm
transformations, including alkylations, condensations, cyclizations, cascade reactions, reductions,

and morg2324

Several limitations remained in spite of the numerous applications of DSI catalysts in both Brgnsted
and Lewis acid catalyzeabactions. For example, due to their lower reactivity and challenging
enantiofacial discrimination, the transformation of small, unbiased aliphatic aldehydes proceeded
with significantly diminished efficiency and enantioselectivity compared to aromatioyald<?*!

By substituting the disulfonimide functionality with analogous bis(sulfuryl)imides (JINJLE),
introduced by Berkesset al.!?®!, a higher catalytic efficiency was achievédternatively, Listet

al. used disulfonic acid (BINSA¥%?"l The nost acidic catalysts of this class have not found
application with high enantioselectiit§), although BINSA has been used in asymmetric
transformations, either as its pyridinium salt, as reported by Istehalé&®, or as a ligand in the
presence ofewis acidic metal&®® The spatial discrimination that these catalysts provide around
the active site in the absence of additional interactions with the substrate is likely to be insufficient
to allow for efficient enantiodifferentiatio breakthroughn this regard, which also limited the
applicability of BINOL-derived phosphoric acids in Brgnsted acid catalysis, was subsequently
achieved byL o rand List by the developing imidodiphosphate (IDP) Brgnsted [&8idEhey
increased the confinement around the catalytically active site by linking two units of BINOL
derived phosphateia a R N- P bridge. IDPs are sterically highly confined acids with the active
core buried within two 3,3disubstituted BINOL units, alloing for exceptionally high levels of
stereoinduction even with unfunctionalized, aliphatic substf4tdsin contrast to the open active

site of both BINOLbased phosphoric acids and DSIs. The newly synthesized Bié@ted
dimeric catalysts have sonkey features; they are modular in nature with tunable acidity and
functionality, in addition to having a confined structure. The spiroacetalization of electronically
and sterically unbiased substr&d1in high yield and enantioselectivity demonstratgdthe
potential of the confined ID®. The Nargony group achieved the same transformationhigth
enantioselectivity usingRIP 2.14. However, in contrast to the IDP system, they modified the
substrate for enhancing the Threlpgold effect (two gernmal phenyl groups) and possilge

interactions between aromatic groups and the ca@gsieme 2.1



List et al. 2012:

0 2.12 19 00
- =N~
OH MTBE, —25°C, 12 h CO R QO

\
2.11 213 OoHoO
77% yield
98:2 er Etj@/Et
Et
212
Nagorny et al. 2012:
Ph 9 Ph
0 2.14 (5 mol%)
| Ph > OO0 Ph
OH pentane, -35 °C, 40 h \
213 215
92% vyield
96:4 er

Scheme 2.4Comparisorof IDP with (S)-TRIP for the enantioselectispiroacetalization.

In spite of the fact that IDPs addressed some of the previous limitations of an open active site and
therefore insufficient space discrimination of DSI, which solved several reactions with
unfunctionalized, aliphatic substradfés¥ nevertheless other limitations of DSIs like insufficient
catalytic activity for less Lewis basic substrates remained. The reduced acidity of K2Rsf.3

in MeCN) as compared to DSIsKa = 8.5 in MeCN) limited their applicability in Brgnsted acid

catlysis and made them incompatible for silylium Lewis acid catalysis as*%ell

Successful efforts were made to increase the acidity of the IDP catalyst by installing an-electron
withdrawing group (N@) into the BINOL backbone, which was able to provitle tequired
reactivity as well as control the enantioselectivity for olxePictetSpenglemreaction Scheme

2.5).B%7 However this increase iactivity still was not sufficient for less basic substrates.



List et al. 2012:

0 -
A o
H 216  HO
HO\©/\/OH 2.17 (5 mol%) . 0
. o |‘3$N\F§
5 A, MTBE, 50 °C, 3 d O,N CO SAAS QO

215

218

87% yield
97:3 er
Et Et

Scheme 2.5oxaPictetSpengler reaction: modification of BINOL backbone.

Within the dimeric architectural framework, the List and coworkers applied the Yagupolskii
principle for the next generation of confined and highly acidic catalirgplacement of one

oxygen @om with NTf group in IDP led to iminémidodiphosporic acidsiiDPs)*® bifunctional
catalyst with i mpr oved9 aompadcd to yDPY. Pukstitutionndbiet CH 3 CN
second oxygen atom led toiiodiphosphorimidic acids (IDPi), highly confineehd acidic chiral

organic acids. (gain CHSC N - 5)3% Due to the lack of a basic site in IDPis, they can act not

List et al. 2016:

OH
o) 2.20 or 2.21 (5 mol%) :

: OH
R»]JJ\H + /\/SIMe:‘} ’ \ \/M
PhMe, -78 °C
2.18 2.19 2.22 2.23
with 2.20, 92% vyield with 2.21, 70% vyield
96:4 er 95.5:14.5 er

1]
\
\

Scheme 2.6Silylium Lewis acidcatalyzed Hosom&akurai reactions with aromatic.

only as Brgnsted acid catalysis but also as precursors for silylium Lewis acid catalysis. In 2016,

List et al. reported Hosombakurai allylation of aromatic and aliphatic aldehydes with excellent



10

yields and enantioselectivities using very poorly reactiveltathethylsilane as nucleophile

overcoming the limitations of the DSI catalysts in both reactivity and seled@dtyeme 2 5149

As a result of the increase in acidity and confinement, IDPis have been able to activate and

enantiodiscriminate several hiased and extremely unreactive functionalitiedragnstedacid

3941

2.3Bronsted Acid Catalysis:

BINOL-derived chiral Brgnsted acid catalysts have evolved into a catalyst class that successfully

enables the spatial discrimination of several cationic intermediates. Lee and coworkers

demonstrated that is an effective Bransted acid catalyst  for
Bronsted Acid Catalysis
©

© H.®_so,R

DSI
addition of indole to
sulfonyliminium ion

®

x*e s
OH
7
IDP

spiroacetalization
via cyclic aliphatic
oxocarbenium ion

S)
X*

i
R
10

IDPi
hydrofunctionalizations
via carbocation

MeO

DSl
Torgov cyclization
via oxocarbenium ion

®H O
O X*

IDPi
Nazarov cyclization
via oxocarbenium ion

1\ @
/@\ x*
1"

IDPi

control of the non-classical
2-norbornyl cation

IDP, IDPi
addition
via oxocarbenium ion

S
g X
H’N%/R
9

IDPi
addition to
N-acyliminium ion

Figure 2.3: Overviewof representative examples of controlled cationic intermedvates

Brgnsted acid catalysis.
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the addition of indoles to sulfonyliminium ioff*Z. In 2014, List et al. reported an efficient
asymmetricTorgov cyclization, an example of acid catalyzed cascade regcationtrolling the
intramolecular Prins reaction of oxocarbenium ®f. In this case, an additional increase in
acidity was achieved by introducing N@roups at the 5,5)0sitions of thé8INOL backbone. The
increased confinement in the IDP catalyst allowed the control of oxocarbeniu@ iforan
acetalization reactidtf, the Prins cyclizatiof¥. IDP catalyst could also have a controlled of
cyclic, aliphatic oxocarbenium iof in an irtramolecular spiroacetalizatiS¥. The combined
effect of high acidity and confinement in the IDPi catalysts enables high diastneb
enantioselectivitiewia oxocarbenium ior6 in a vinylogous Prins cyclizatiéff and ahetere

Dielsi Alder reactiort*d Furthermore, the confinement effect of IBRias also observed in the
Nazarov cyclization with catioB as intermediatsiaan 6i nduc e d % Sincdtheme c har
reaction takes place in the confinement space, the catalyst enforces the highhe, rédamtigh
thermodynamically disfavored-trangs-trans conformation of 8. In addition, a less basic
counteranion of IDPi could control the highly reactNsacyliminium ion9 for the PictetSpengler
reactioff™ and the addition of less nucleophilic agen (like tduene or benzene) for
Friede} Crafts reaction&!! The high acidity of IDPi catalysts enables the activation of less basic
substrates like olefins. Generated under amdditions,carbocationslO were engaged with
multiple nucleophiles, including intramolecular hydroalkoxyldfiBnhydrolactonizatiofi'®!, and
hydroarylation%'? with indoles. The potential of IDPi catalysis was further shown by controlling
the nonclassical 2norbornyl cationl1in an arylation reactidoti®. The authors showed that this
cation could be accessed via different precursors, like the choice of suitable leaving group,
activating G C p-bond, G C s-bond, and catiop cyclization in Brgnsted acid catalysis andrC
bond activation,forming the same major enantiomer with almost same enantioselectivity of the

product.
2.4Lewis acid Catalysis:

To employ both silyl activation and ion pairing, List and coworkers envisioned the use of chiral
disulfonimides (DSIs) as uniquely active Lewis acid catalysts. Aromatic aldehydes and imines
were utilized in addition reactions with various silyl nucleomhiléist et al. reported an
enantioselective Mukaiyama aldol reaction of silyl oxocarbeniuml&#¥. Forthe Mukaiyama

aldol methodology, the authors extended the applicability of DSI not only to silyl ketene acetals

but also to vinylogod®, bis-vinylogous*®, and alkynylogou#” variants. Other examples include
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a hetereDiels-Alder reactiof??, their alkynylogous analo§¥, a cyanosilylatioli¥, allylation

(HosomiSakurai reaction) with methallyl silad&s and the Abramov reacti&d with silylated

phosphites to forma-hydroxyphosphonates. As previously discussed, DSI catalysts could not be

Lewis Acid Catalysis

S) .
X* %/SIRS
R1JJ\H
12

DSI, IDPi
additions to
silyl oxocarbenium ion

@ P
e) O/SIRS

MeoJ\/\Ph
15

X*

IDPi
Mukaiyama-Michael
addition/Diels-alder cycloaddition
via silyl oxocarbenium ion

o
X*  OTBS
N
~="oTBS
18

IDPi
addition of silyl ketene acetals
to bis(siloxy)iminium ion

©
X* PG%/SiRg
R1JJ\H
13

DSl
additions

to silyl N-acyliminium ions

O ® gj
X* O/S|R3

Ar R
16
IDPi
Mukaiyama aldol
addition via silyl
oxocarbenium ion

S)
X*

@
9
n

=1-3
: 19

Ac

IDPi
addition to
N-acyliminium ion

0] X*
o,
n

14 n=1-3

IDPi
addition of silyl ketene acetals
to cyclic aliphatic
oxocarbenium ion
S)
X*
Rasi\%/SiH2R3

N

H” H
27
IDPi
Mukaiyama Mannich
addition via bis-silyl
iminium ion

IDPi
C-H insertion
via vinyl cation

Figure 2.4: Overviewof representative examples of controlled cationic intermediées

silylium Lewis acid catalysis.

used for the addition of poorly nucleophilic allyltrimethylsilane to silyl oxocarbeniuni2mand

required morecidic IDPi catalysté?. It is worth mentioning that the confinedIB®iPi system also

enables the use of ahptic silyl oxocarbenium iorl2. The simultaneous generation of a

stereocenter and a-C bond formation is an attractive endeavor in the Mukaiy®raanich

reaction between imines and silyl ketene acetals; however, the facile decomposition ofianines

hydrolysis often inhibits the application of this method. List et al. reported the dsBad- amino

sulfones as electrophile and timesitu generation of silyN- acyliminium ion13 for the addition

of silyl ketene acetals to circumvent the decompositidnintines® Expansion of this
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methodology to its vinylogous variant to access ashmifk@toesterS® as well as an aza
Hosomi Sakurai allylation with allyltrimethylsilane as nucleopkffe in which Fmoc as a
protecting group is required to achieve hgantioselectivities were also successfiile high
reactivity and confinement of IDPi enable the enantiodiscrimination of several small and unbiased
substrates. Due to the lack of Lewis basic site or aromatic sites, it is challenging to
enantiodiscriminge oxocarbenium iod4. The IDPi enables the addition of silyl ketene acetals,
vinylogous, and silyl enol ethers to cyclic, aliphatic oxocarbeniun4bd. Aside from differently
substituted THFs, substituted tetrahydropgraxepang and chromarscould also be accessed.
While the addition of silyl ketene acetals to cyclic, aliphatic oxocarbenium ions was challenged by
their enantiofacial discriminationa,b-unsaturated esters additionally suffer from low
electrophilicity in enantioselective MukaiyaMichael reaction$¥. Silylated methyl cinnamate
cation15 was controlled in both Mukaiyamlichael®® and in the DielsAlder®? reactions with
excellent enantioselectivity. The high catalytic activityttod IDPi was further demonstrated for

the addtion of silyl ketene acetals to silyl oxocarbenium idhin the MukaiyamaAldol reaction,

where as little as 2.8 ppm diie catalyst completely converted the substrate to the desired
producty. The enzymdike confinement properties of IDPi catalystene highlighted in the
single aldolization of silyl oxocarbenium idt? with acetaldehydeerived enol silane for the
Mukaiyama aldol reactio§? Another success for IDPi catalysis was the control of thesilyjils
imniumionl7gener ated from silylated amindammhyl et
acids with bissilyl ketene acetals as nucleophité& Some other examples of success of IDPi
include the control of bis(siloxy)iminium ions84% and N-acyliminium ions 194" for the
addition of silyl ketene acetals and silyl enol ethers, respectively. Furthermore, Nélabn
showed that IDPi catalysts could generate and control highly reactive vinylic carb@tHtoman
enantioselective intramolecular B inserton reactioff™; however, this method limited to only

six membered substrates.
2.5Modularity of BINOL -derived Dimeric Catalysts(IDP, iIDP, IDPi):

The key features @INOL-deriveddimeric catalyst$DP, iIDP, IDPiare their modular structure

with tunable acidity, which is highly required for the success of each particular transformation. To
demonstrate the modularity of these catalysts, the List group modified thpo8jBon of the
BINOL backbone in the IDP anthtroduceda NO. group to achieve higher reactivity and

selectivity for the oxePictetSpengler reactidfl. A similar effect was observed when the
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perfluororisopropyl group was introduced at the gésition of the BINOL backbone in the IDPi

for the addition of acetorgerived silyl enol ether tdl-acyliminium ions19“M. To increase the
acidity of IDPi even further, the List group applied the Yagupolskii principle to replace both the
oxygen atomsn the NTf group with the NTf group to give the next generation of highly acidic

IDPiil®3 catalysts.

IDP X=Y=0
iIDP  X=NTf,Y=0
IDPi X =Y =NTf

Figure 2.6: Showcase of modularity of BINOderived dimeric catalysts.

Lewis acidity of this catalyst was powerful egiufor thea-methylation of silyl ketene acetal with
methanol as an electrophileyhich was previously impossible usingre-Lewis Acid
Organocatalysts. Another example of catalyst modification on the requirement of the reaction
conditions is replacing th#& 3"-position of the BINOL backbone with perfluoronaphthalene in the
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iIDP catalyst. The generated catalyst was confined and active enough for cyclization of neral to

isopiperitenaf4
2.6 Asymmetric Counteranion-Directed Catalysis (ACDC):

The concept oasymmetric counteraniedirected catalysis involves the use of a chiral anion to

direct the enantioselectivity of a reaction by forming an ion pair with a cationic species. The List
group coined the term asymmetric counterasdorcted catalysis (ACDC) i2 0 0 6 , stating
induction of enantioselectivity in a reaction proceeding through a cationic intermediate by means

of ion pairing with an enanti omé%Oneathékey pur e
advantages of ACDC is its ability to coolt the stereochemistry of reactions involving cationic
intermediates. The subsequent transformation can be made enantioselective by the use of chiral
enantiopure counteranions with sufficient ion pair aséon. According to Anslyn and
Dougherty,thetem i on pair defined OAn i on pair is de

close enougim space that the energy associated with their electrostatic attraction is larger than the

reagent(s) =}

ACDC  cat'X™

S

Figure 2.7: Schematic representatiaf asymmetric counteraniedirected catalysis (ACDC)."P

= enantioenriched product; X= enantiopure anion; ¢at achiral cation.

thermal energy (RT) [ivaaditibnaditie Eoulorabicsteaotiamythet € t h e |
attractiveinteractions between cation and anion may be involved in the context of AICBC

proof of concept on the feasibility of ACDC as a powerful strategy for asymmetric catalysis beyond
Brgnsted acid catalysis was provided by List and coworkers in 2006 tugtilg enantioselective

transfer hydrogenations of enals using a Hantzsch ester asdihetant $cheme 2.Y[671 The
morpholinium salt of (R)-3,-Bid®,4,6triisopropylphenydl , -dindphthyt2 , -@AyN;j

hydrogenphosphal@RIP) 2.22 forms a chiral ion @ir upon condensation with the enal substrate.
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The chiral anion directs the approach of the hydride source to the reactive iminium intermediate by
enantiofacial steric shielding. The ACDC concept has become a powerful tool for achieving
enantioselective ansformations in an expanding range of catalytic fields, including

aminocatalysi§”, transition metal catalys?€®¥, and aniorbinding catalysi€?, among many

others.
MeOzcj\/\/Econe o
e e)
Me” N7 ipr [ﬁ] O\P/OD
I—21.1 equiv.) o o
CHO 2.22 (20 mol%) CHO :
—— | e
R dioxane, 50 °C, 24 h R™ via chiral ion pair
8 examples
63-90% vyield
95:5-99:1 er

Scheme 2.7The catalytiasymmetric transfer hydrogenation of enals with the salt of

morpholine and TRIP phosphoric acid.

Strong organic Brgnsted and Lewis acids catalyze reactions also find application in ACDC by
formation of chiral ion pair intermediat&®¢% By applyingthe ACDC concept various highly
reactive cationic intermediates could be controlled in asymmetric catakisig strong organic

Bragnsted and Lewis acids, which were were discussed earlier in this chapter.
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2.7 Taming Benzylic Carbocations:

During thepast decade, early attempts towards the enantioselective reaction of a nucleophile with
a benzylic cation typically involved oxygenated arenes, stabilizing the corresponding benzylic

cation a®rtho- or para-quinone methideg 7

Braun et al. 2004:

TMS ”\ Bu
oTMS N S
Ti—complex (10 mol%) =
~ @A | Bu
CH,Cly, ~78 °C to 0 °C over 12 h N O
0°Cfor6h _ Ph \T/.F
62% vyield o ''F2
95:5 er Ph”:
Ph
Ti—complex

Scheme 2.8Titaniumcatalyzed control of secondary benzylic carbocation in asymmetric

catalysis.

In 2004, the Braun group reported Titankeomplex as Lewis acid for allylation of TM@otected
secondary benzylic alcohasimg allyltrimethylsilane asucleophile 8cheme 2.8[78. The authors
achieved remarkable selectivity for the desired products; however, gpifdf&ted substrate was
required for the catalytic cycle to complete as thedmplex decomposes when free bdit
alcohol was used as a substrate, requiring the equivalent amount@hplex. It is also worth

mentioning that the authors showed only one example for controlling secondary benzylic cation.

A decade later, Tostt al.reported solvolysis of-phenylethyl 2,2 Arichloroacetimidate derived
from benzylic alcohol using supramolecular hgsestcatalysis Scheme 2.97°. While the
authors achieved good yield, enantioselectivity suffered, and kinetic resolution wasdlzdhe

beginning of the reaction.
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Toste et al. 2014: R 12—
NH

PS OCD3 Q )
0~ >CCl. AAAA-2 (2.5 mol%) 0 O o Bu
NS I o N

CD40D, 25 °C, t HN" "CCls | O

O =Ga
t=124h 85% yield, 42.4:57.5 er
t=72h 48% yield, 42:58 er o
0

46:54 er of SM

R AAAA-2

Scheme 2.9Supramoleculahostguest catalysis for control of secondary benzylic carbocation

in asymmetric catalysis.

Jacobsen et al. 2018: — _
. 0 )
~_-TMS  TMSOTf (1 equiv.) via: j f
o O CF3 R*\N N-Ar
tBU | |-I|
Me = j;/( (10 mol%) \ '
Ph N\(\” N o2 0
/)
AcO —R ~ Y CFs - / N
)Q Ph 5 FsC %
Ar N > R
N Ar N
TMS Et,0, -78 °C, 24 h A ™S
Ar’® %
14 examples ™S
40-95% yield L _
80:20-99:1 er

Scheme 2.10anionbindingcatalysis for control of tertiary benzylic carbocations in asymmetric

catalysis.

The advancement came from the Jacobsen group for controlling the tertiary benzylic carbocation
in an intermolecular reaction. The Jacobsen group reported an allylatiorneoy teenzylic cations

to construct quaternary stereogenic centers using dommating hydrogen bordonor catalysis
(Scheme2.1§#% for several different substrates. Although the reaction gave moderate to excellent
enantioselectivity and vyield, the sucsed the reaction was achieved by using TMS protected
alkyne substituent as the substrate, which additionally stabilized the carbocation. Subsequently, the

Sun group explored tertiary benzylic cations as intermediates in asymuoatigsis $cheme
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2.11).84 However, the authors mainly employeebxygenated substituents to one of the arene

substituentss substrate.

Sun et al. 2018:

0,
O oH F A11 (5 mol%)
HO O O DCE, 25 °C, 12 h

94% yield CF4
94.5:5.5 er
aRO=W

Scheme 2.11Brgnstedacid catalyzed control of tertiary benzylic carbocations in asymmetric

catalysis.
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2.8 Chiral b- branched Esters:

Chiral b- branched esters are prevalent moieties in pharmaceuticals, fragrances, materials, and
agrochemicals and esters themselves serve as versatile synthetic handles for further
functionalization to access importastructure®$ (figure 2.8). Early efforts toweds accessing

chiral b-branched esters rely on chhalxiliaries or chiral additives which require stoichiometric
reagents and potentially an additional deprotection step of -chixdiary®¥. In an effort to
diversify the pool ob- branched esters that are easily accessible, chemist have utilized three main

strategies to access such structures in enantiomerically pure forng fsteomsaturated esters by
small molecule catalysis.

F O Et | O
F O)J\/l\©\ FsC O o~
F (J
F

Pyrethroid compound Precursors to AMG 837
insecticide GRP40 agonist Florhydral

Figure 2.8: Biologically active and commercially important compounds

e Asymmetric Conjugate Reduction

¢ Asymmetric Conjugate Addition 0
X 0 DKR : -
LAsymmetrlc Hydrogenation
e Hk - <
Y R1 RZ
Challanges: Control of E/Z

secondary carbocations . substrate synthesis required/
under basic/nucleophilic conditions. non-commercially available substrate

Different approaches for substrate synthesis:

e Horner—Wadsworth—-Emmons
e Knoevenagel Condensation

¢ Wittig Reaction

e Grubbs Reaction

O
X' Q o Alkene cross-couplings Q ;; Egr?Bdro enation LG
Jj\ + ‘)J\ e other olefination methods - - ydrog
rRR2 L B D
\4 R1” “R2 R" "R?
E/Z

Figure 2.9 Strategiesowards synthesis of chirbl branched esters
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Asymmetric Conjugate Reduction
Asymmetric Conjugate Addition
Asymmetric Hydrogenation
2.8.1Asymmetric Conjugate Reduction:

Asymmetric conjugate reduction bfb-disubstituteda,b-unsaturated esters a very important
practical synthetic method, leading to a variety optically active compounds bearing an
asymmetric centeait theb-position.In order toresolve thisssue,severalchiral transitioametal
catalysts in combination with hydridnors, such as borohydride or hydrosilanes, have been de
veloped to demonstrate their higfiiciency.®4. Some of these methods were also applied in total
synthesid® 8l In 1989 Pfaltzet al. reported first example of catalytic asymmetric conjugate
reduction ofa,b-unsaturated esters to obtain enantioenridivedanchedesters(Scheme 2.1p

The authorgound that cobalt complex of the ligandwas effective in the reduction bfb-dialkyl
substrate using sodium borohydride as reduétdi@n theother hand, as for copper catalystiral
coppethydride species generated by reaction ©fiCl/NaOBu/tolBINAP and PMHS
(PMHS=polymethyhydrosiloxane) was reported by Buchwald et al. in 1998how higher
enantioselectivity for estef®! Development of chiral phosphineopper catalysts, modified on the
basis of Stryker’s discovery for coppleydride complg [(PhsP)CuH} and its application to the
conjugate reduction. In these processes, hydrosilane derivatives such as poly(methylhydrosilane),
phenylsilane or tetramethyldisiloxane are preferably used as efficient hydrogen dooonsl the

same timel.ipshutz et al. also reported that copper catalysts bearing a chiral bisphosphine; DTBM
SEGPHOS, were effective in the asymmetric conjugate reduction of esters with excellent
enantioselectivity?® Hydrosilane derivatives such as poly(methylhydrosilargjuire a high
amount of silanes (4 equiv.) compared to substiatasoppefphosphinebased catalytic system.
Nishiyama et al. adopted RHPheboxbased catalytic system for the asymmetric conjugate
reduction ofa,b-unsaturated esters in the combinatiothwihoxymethylsilane as hydrogen donor,
which requires only slight excess compared to the substrate and delivered the product with high
catalytic efficiency® Although excellent results were achieved employaigral ligands in the
Cu-cailyzed asymmet 1,4reduction,only a few diphosphine ligand types, such as BINAP,
DTBM-SEGPHOS, have been found to be efficient for this important transformatibie. search



Pfaltz et al. 1989:

0]
NaBHy,, CoCl, (1 mol%)
OEt >
L1* (1.2 mol%), EtOH/DMF
Ph Me

25°C,48h

Buchwald et al. 1999:

(o]
CuCl (5 mol%), L* (10 mol%)
OEt o
1 0 i
Ph Me NaO'Bu (5 mol%), PMSH (4 equiv.)

25°C

Lipshutz et al. 2004:

o]
PhsPCuH (1 mol%), L* (0.3 mol%)
OEt - OFEt
t o X
PH Mo PMSH, ‘BUOH, 0 °C

Ph Me
er =99.5:0.5

Nishiyama et al. 2004:

O
Rh-Phebox (1 mol%), (EtO),MeSiH (1.5 equiv.)
OEt
PhMe, 60 °C, 1 h
Ph Me

Zheng et al. 2011:

(0]

Ph Me
THF, 24 h, 25 °C

Zhou et al. 2016:

CuF(PPhs)3e2MeOH (5 mol%), L* (6 mol%)
OFEt - OEt
'BUOH (4 equiv.), PMSH (4 equiv.) P

o NiBr,(DME) (4 mol%), (R)-Me-DuPhos (4 mol%)
OEt
DMF:H,0(3:1), AlMes (2 equiv.)
Ph™ Me 110 °C, 24 h

Scheme 2.120verviewof Asymmetric Conjugate Reduction

)"

er =95.5:4.5

(R)-Me-DuPhos

for new chiral ligands for Caatalyzed asymmetric yéduction, Zhengt al.reported PPFAPhos

ligand for Cucatalyzed asymmetric 2iductionl® In 2016 Zhotet al.reported the symmetric
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transfer hydrogenation df ,-umsatwated esters using a k&/bisphosphine catalyst aridjN-
dimethylformamide (DMF) as theydride source§cheme 2.1p!°2

2.8.2Asymmetric Conjugate Addition:

While remarkablg@rogresdas been madevith asymmetric 1,4additions to enonefgctones, and
nitroalkenes, progresisas been limitedh the case of acyclia,b-unsaturated esterdespite the

enormous synthetic potential of the resulting enantioptgebstituted esters as building blocks

Hayashi et al. 1999:
o Rh(acac)(CoHy)2 (3 mol%) PN
(S)-BINAP (3 mol%) Ar O 2
2 >
R1/\)J\O,R +  ArB(OH), - - 1J\)J\O/RZ PPh,
dioxane/H,0, 100 °C, 3 h
er =93:7-99:1
(S)-BINAP
Miyaura et al. 2000:
o Rh(acac)(C,Hy), (3 mol%) oPh
(S)-BINAP (4.5 mol%) Ar O 2
2 >
P S il e i
di /H,0, 100 °C, 16 h
oxaneia er = 88.5:11.5-99:1
(S)-BINAP

Feringa et al. 2005:

CuBreSMe; (5 mol%) PC
Y2

o (R,S)-josiphos (6 mol%) RZ O
2 : -~ ' PPh
Ayt ReMger - A A Fe PPh2
t 5o S
BuOMe, 75 °C, 2h er = 87.5:12.5-99:1 <

(R,S)-josiphos

i

Carreira et al. 2005: L* = MeO
o [RhCI(C3H4)o]o (1.5 mol%) ) Me
L* (3.3 mol%), KOH (0.5 equiv.) Arc O
+  Ar?B(OH >
ArV\)J\OIBU o MeOH/H,0 (10:1), 50 °C AHJ\)J\OtBU L Me
eOH/HZ0 (10:1), ' er=94.5:5.5-96.5:3:5 Me
75 min.

Me

Loh et al. 2007:
Cul (1 mol%)

0] _Tol- 0 RZ 0O I l PAr,
\)J\ .+ ReucEs (R)-To-BINAP (1.5 mol%) NS
R0 9 TR o~ OO r -

'BuOMe, —40 °C

er = 85:15-99:1

L* = (S)-p-tol-BINAP

Scheme 2.130verviewof Asymmetric Conjugate Adition
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for natural product synthesis. This paucity of versatile methods may be due to the lower intrinsic
reactivity ofa,b-unsaturated estecempared to enon@sd the challenge to contliag thevarious
conformers present in acyclic unsaturated systeims1997, Miyauraet al. showed that
organoboronic acids could be used for conjugate additith,tdmsaturated ketones catalyzsd

a rhodium(l) phosphine complex in an aqueous solutfdnBased on the findings of Miyaura,
Hayashiet al.reported in 999the rhodiungl) catalyzedl,4-addition of arylboronic acids ta,b-
unsaturated aliphatic esters using the BINAP ligand with excedieamtioselectivity $cheme
2.13.94 Around the same time the Miyaura group also reported similar reaction conétitiding
1,4-addition of arylboronic acid ta,b-unsaturated estef8! Although only a few reports on 1,4
addition for a,b-unsaturated estensere already published, in 2005 Feringh al. reported
inexpensivecopper based catalytic system for the conjugate additiaeydlic a,b-unsaturated
methyl esterausing readily available Grignard reageft8 A limitation of this method is the
addition of the relatively unreactive methyl Grignard reagent which gavedmversion albeit
high enantioselectivity. In the same year, the Carreira group repdroeilim catalyzed 1,4
addition of arylboronic acids ta,b-unsaturated esters usingiral dienesas ligands with good
enantioselectivity?”! In 2007, Loh and cavorkers reported eomplementary and efficient catalyst
system for the conjugate addition of Grignard reagerdsstainsaturated esterS¢heme 2.1p!%8!
The catalyst is based on Cul complexed with-BINAP. was reported by coppeatalyzed

asymmetric conjugate addition of Grignard reagendstieunsaturated esters using BINAgand.
2.8.3Asymmetric Hydrogenation:
Although many methods were already developed to access enantioebrlofzedthed esters these

Pfaltz et al. 2012:

C1 (1 mol%) C1= ‘ BAr,F
u 50barH, J\/\?\ 07 NS
Ph OEt B} Ph OEt BusP | N A
|

CH,Cly, rt., 2 h

er = >99.5:0.5 cod Ph

Chirik et al. 2016:

Ni(OAc), (5 mol%) L= %
u L* (5.25 mol%), BugNI (10 mol%) : 0 = =

Ph OEt B} Ph/\)J\OEt

500 psi Ho, MeOH, 50 °C, 18 h
er=96.5:3.5 (5.5)-Me-DuPhos

Scheme 2.140verview ofAsymmetric Hydrogenation
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methods requires multiple chemicals for the transformation. Probably another better approach
would be the asymmetric hydrogenatiorbdi-disubstitutecesters using hydrogen gas which is an
inexpensive, readily available, and atom economical reagent that produces no waste. Many reports
have been published on the asymmetric hydrogenatidmbedisubstitutedesters with excellent
enantioselectivity, howear,only a limited numbeof substrées havéeen investigatedith these
methodd®®! Pfaltz et al. reported Ir complewith chiral N,P ligand in the asymmetric
hydrogenation of a wide rangeab-unsaturated esters with excellent enantioselectiSitydme
2.14).12%1 Moving away from precious metal catalysts based on rhodium, ruthenium, or iridium,
Chirik et al.reported a nickel based catalyst for the asymmetric hydrogenation of a ramfge of

unsaturated esterS¢heme 2.131104

In addition to these three general approaches, there are more other methods haotiedtt!,

which are not discussed in this thesis. However, it is worth mentioning two other approaches for

the synthesis of chir&l-branched esters.

The Arnold groupeported enzymeatalyzed carbene-@l insertion to construct-G bondd'°3
Although this method is of great importance, asgi®onds are ubiquitous and this method enables
the direct synthesis of chirbtbranched esters, neverthelesHdnsertion isreported only with

electron rich €H bonds(Scheme 2.15)

Arnold et al. 2016:

g CO,Et E. coli harbouring P411-CHF _~COzEt
ROR2 & [ S :

L.
? o

N2 M9-N buffer, r.t. R1T R2
er =69:31- >99:1

Scheme 2.15CarbeneC- H insertionto chiral,b-branched esters
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In 2018, the Hull group reported the conversion of allylic amines to chitanched esters under

rhodium catalysis in the presence of alcohol nucleophfi@sThe authors used an isomerization

[Rh(cod)Cl], (2 mol%), (R)-BINAP (4 mol%) OO
NaBAr, (4 mol%) 2 o PPh,

Rz\l/\/NEtz
+  RP°OH >

R Na3PO, (50 mol%), styrene (3 equiv.) R’

| O
H,O, DMF, 80 °C, 24 h er =90:10-99.4:0.6

(R)-BINAP

Hull et al. 2018:

n

¢

Scheme 2.16isomerizatiorof allylic amines to chirab-branched esters

strategythat allowed enantioinduction that was not limited by the steric differentiation of the

substituents at the stereogenic cefaened(Scheme 2.16)
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3. Objectives

Comparing the hydride ion affinity of various catiBffs® (which also represents stability of
carbocationshonclassical 2norbornyl cation an@ simple secondary benzylic carbocation have
similar hydride ion affinity Figure 3.1). Since IDPi catalysts could control nolassical 2
norbornyl catioff'?l and are highly modulasince our group previously demonstrated the IDPi
catal ystso abi |l -4lassical 2rwrbomy nation,onle wdreheagernto test their
potential regarding the control slecondary benzylicarbeations for various bonfbrming
reactionsAs benzylic stereocenters are ubiquitous in numerous natural products, pharmaceuticals,
and agrochemicals producssymmetric catalysis of reactionsqeeeding through unstabilized
secondary benzylic cations has previously been repoytéttetBraurt’® and the Tosté’! groups,

albeit each with only a single example

(+991) (+1054)  (+1132)

(+34°) (+1314)
(+966) W®/ ® H +
6 PN YON ®

@ CH3
800 \ 900 \ oloo 11oo 1200 1300 1400

least stable
Hydride ion affinity (HIA)

kJ/mol
/\© (+1071) ©
/\© (+1002) (+119

(+921) (+942)

more stable

/

Figure 3.1: Hydride ion affinity of various carbocations.

Initially, we expectd three fundamental challengesvard applying our design tenstabilized

secondary benzylications:

0] The differentiation between two faces of an only hydrocaftmsed planar cationic
intermediate

(i) The exclusion of unproductive reaction pathways, such as deprotonation or
rearrangement, and

(i)  Potential catalyst deaetation by alkylation from the benzylic cation.
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We postulated thag¢ssentl cation stabilization coulthe achieved using a less basic, weakly
coordinating anion, which #ihe same time can also provigehiral microenvironment for further
nucleophilic athick to achieve high enantiocont{@cheme 3.1 We hypohesized that engaging
unbiasedsecondary benzylic carbocationic intermediates with a wide rangecteophiles could

provide ageneral solution to the problem of constructing benzylic stereocentesim of this

LG
H-X* H Nu—H
I <N -~
T - H-LG - H-X* o

Asymmetric Sy1
platform

Scheme 3.1confined counteranions tame secondary benzylic cations for asymmetric catalysis

PhD thesis is tdesign and develogn IDPtcatalyzedSyl platform that enables tloenversion of
racemicsp® starting materials into valuable enantioenriched benzylic stereoaamtining

products in a dynamic kinetic asymmetric transformation.
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4 Results and Discussion:

4.1 Results and Discussion for-® Bond formation:

4.1.1 Reactiondevelopment and optimization studiegC- O bond formation):

Our investigation started with an intermolecular reaction between trichloroacetidhitidteas a
cation precursor and acetic adid..2aas a nucleophile. When testing different Brgnsted adids, t
desired acetaté.1.4aproduct formation was observed only in the case of DPBa with 85%
NMR vyield albeit moderate enantiomeric ratio (61:3¢Heme 4.1.1

NH O

O)J\CCIs i catalyst (2.5 mol%) _ QJ\ N
+ - = +
OH °

CHCI; (0.25 M), =20 °C, 36 h
(4 equiv.)

4.1.1a 4.1.2a 4.1.4a 4.1.5a
" L ™Y
O‘ _OH O\ ~N- /
Ordo O gt (D
(OXNe] OH 0O
Ar
Ar = 3,5-(CF3)2CGH3 Ar = 3 5 CF3 2CGH3
CPA IDP
<5% conversion <5% conversion
L L Y2
SO, (0]
\ \ N /
L) L s o 8D
O SO, O NH N, 0 Q
Ar
Ar = 3,5-(CF3)2CGH3 Ar = 3 5 CF3 2CGH3
DsSI IDPi 4.1.3a
o . >95% conversion
<5% conversion 86% yield; er = 61:39

Scheme 41.1: Initial catalyst screening of chiral Brgnsted acid catalysts
With this initial promising result, we focused on improving the enantioselectivity of the reaction.

Subsequently, the solvent effect and amount of acetic acid were investigated. The result of th
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solvent studyshowed that thesther was the best solvent in order to achieve high yield and
selectivity(Table 4.1.1)

Table 4.11: Solvent and equivalents screening for the reaction between trichloroacetimidate
4.1.1aand nucleophild.1.2a

NH O

O)J\CCIs i IDPi 4.1.3a (2.5 mol%) QJ\ ©/\
+ > B +
OH

solvent, T, t
(x equiv.)

41.1a 41.2a 4.1.4a 4.1.5a
entry | X equiv. solvent T (°C) | time (t) | %Yield(conv.) er
1. 1 CHCls ¢20 36 h 60(>95%) |61.5:38.5
2. 2 CHCls 20 36 h 75(>95%) 61:39
3. 3 CHCls i20 36 h 85(>95%) | 60.5:39.5
4. 4 CHCls 20 36 h 85(>95%) 61:39
5. 4 CHCls 180 3d 90(>95%) 69:31
6. 4 CHCIs:EtO (1:1) | 180 3d 81(>95%) | 71.5:28.5
7. 4 CHCIs:MeCy (1:1)| 180 3d 88(>95%) 72:28
8 4 EtO i 80 3d 92(>95%) | 71.5:28.5

To see the effect of the choice of nucleophile has on the enantioselectivity, we tested different
carboxylic acids as a nucleophile; however, it turned out that acetic acid was still the best
nucleophile for the enantiomeric ratio.

Table 4.12: Effect of nucleophiles on enantioselectivity:

NH j.l\
O)J\CCIg, 0 IDPi 4.1.3a (2.5 mol%) 0" "R
YN - :
R™ OH Et,0 (0.25 M), 3 d, —80 °C
(4 equiv.)
41.1a 41.2a 41.4a

o)
o) o) CI%OH o o)
)J\OH CI\)J\OH cl’ cl %OH Ph\)J\OH

er= 71.5:28.5 55.5:44.5 n.d. 70.5:29.5 64.5:35.5
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er = 85.5:14.5
4.1.3b

er =91.5:8.5
er4—19:(3)j.10 413K
R = Nf O OO
er=90:10 er = 88:12 O - O
4.1.3l 4.1.3m - er =90:10
er=92.5:7.5 4.1.30
O 4.1.3n !
OO OOO O‘ e
er=92.5:7.5 er=91.5:8.5 er=92.57.5 3 er=92.5:7.5
1 a
4.1.3p 4.1.3q 4.1.3r | 4.1.3s

er = 84.5:15.5
4.1.3c

Ph

4 i
-

er = 84.5:15.5

4.1.3d
F

FlF
F F

- g
-

er =68.5:31.5

4.1.3h

S
éé

er = 82:18
4.1.3e

- ]

er=87:13
4.1.3i

-
-

Figure 4.11: Selected overview of tested catalysts for the reaction between trichloroacetimidate

4.11a and nucleophild.1.2a, Tf = SQCRs, Nf = SQCysFe, Hdf = SQCgF17. 2IDPi 4.1.3s was
chosen for further optimization due to better solubilityost temperature
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Encouraged by the initial results, we turned our attention to catalyst screening-twnfirgethe
3,3-substituents of the BINOL framework and the active core of the catalyst. We investigated the
effect ofm-substituents of the phenyl ring using our group’s internal catalyst library. Irrespective
of the steric (4.1.3b4.1.3h), no increase in enantioselectivity was observed, with the highest
enantioselectivity being obtained only faretabiphenyl substituentNevertheless, a gradual
increase in enantioselectivity was observed when polyaromatic groups-(4.1.3k) (Figure
4.1.1)were introduced at thmetaposition of the phenyl substituent. We believe that the cgbion
interaction is stabilizing the carbat@on inside the catalyst core and the carbocation is not
accessible to nucleophilic attack from another side. Next, we focused on investigating the inner
core of the catalyst. To our delight, a noticeable improvement in enantioinduction was observed
when moving to a longer perfluoroalkyl chain (4.4431.3s). Yet, no improvement in
enantioselectivity was observed when moving from thi® @ the GF17 core (4.1.3s). With this
promising enantioselectivity, we turned our attention to reinvestigating thet effsolvents.

Table 4.1.3 Solvent screening for the reaction between trichloroacetimidaiela and
nucleophile4.1.2awith IDPi 4.1.3scatalyst:

NH O

)J\ o IDPi 4.1.3s (2.5 mol%) )J\ X
+ > +
OH solvent (0.25 M), -80 °C, 3d

(4 equiv.) ©/\

mnQ

41.1a 4.1.2a 4.1.4a 4.1.5a
entry solvent %Yield(conv.) er
1. EtO 85(>95%) 92.57.5
2. EtO:MeCy(1:1) 56(>95%) 94:6
3. EtO:CyH (1:1) 50(>95%) 94:6
4, Et,O:MeCyclopentane (1:1)| <10(>95%) n.d.
5. EtO:pentane (1:1) <10(>95%) n.d.
6. EtO:hexane (1:1) <10(>95%) n.d.

Investigation of solvents showed that hydrocarbased solvents in combinatiarith EtO were

good for enantioselectivity, but it was not good for the yield of the desired product. We
hypothesized that in the presence of hydrocaidimsed solvents, the interaction between cation

and anion is much stronger, leading to higher enamgictsaty. In addition to the ionic interaction
between the cation and the catalyst counteranion, solvent interaction also takes place when a Lewis

basic solvent is used, distorting the ion pairing and leading to slightly lower enantioselectivity.
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Table 4.1.4: Effect of temperature on enantioselectivity for the reaction between

trichloroacetimidatel.1.1aand nucleophild.1.2ausingIDPi 4.1.3scatalyst:

Y

O)J\CCI3 0) IDPi 4.1.3s (2.5 mol%) Q)J\ ©/\
+ = +
)J\OH Et,0 (0.25 M), t, T

(4 equiv.) ©/\

41.1a 4.1.2a 4.1.4a 4.1.5a
entry T (°C) time (t) %Yield(conv.) er
1. ¢80 3d 85(>95%) 925:7.5
2. 90 5d 85(>95%) 955

Having failed to improve enantioselectivity and yield, we decided to lower the reaction temperature
further. Lowering the reaction temperature (freB0 °C to- 90 °C) increased the enantiomeric
ratio from 92.5:7.5 to 95:bTable 4.1.4) With these optimal conditions, we turned our attention
toward the scope of the reaction.

Preliminary substrate scope:For the preliminary scope of the substralB®i 4.1.3r was chosen

for convenience, as the result does not change (Fglrg).

Several electronically substituted substrates were tested and we found that all of them gave good
to excellent yields (630% vyield). However, the enantioselectivity was highly dependent on the
steric and electronic properties of the arene rirfge @nantioselectivities decreased significantly
when electrondonating groups were introduced at pla@a position (entry 4.1.404.1.4d; Scheme
4.1.2). We believe that the electraonating groups stabilize the cation, loosening the ion pair and
exposing he cation to the nucleophile. When the electdmmating groups were introduced at the
meta position, no change in enantioselectivity was observed, amétasubstituents have no
stabilizing or destabilizing effect on the benzylic cation (entries 4.4.4gih). A substrate with a
substituent at thertho position gave good yield with poor enantioselectivity (entry 4.1.4i).

From this preliminary screening, two main challenges were realized:

i) electrondonating groups at the para position hampers the enantioselectivity.

i) The presence of substituent close to the reactive center also hampers enantioselectivity.
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From this preliminary screening, we also concluded that substituentsrattaposition do not

affect enantioselectivitfScheme 4.1.2).

NH 0
L o IDPi 4.1.3r (2.5 mol%) OJ\ NN
o “CcCly | )J\ O |
> z + au
O OH Et,O (0.25 M), -80, 3 d X =
L (4 equiv.) L
4.1.1b-i 4.1.2a 4.1.4b-i 4.1.5b-i

A L L

N

4.1.4b 4.1.4c 4.1.4d 4.1.4¢
90% 86% 83% 90%
88:12 er 85.5:14.5 er 75:25 er 87:13 er

0}

L:))J\ Q)?\ (_))(J)\ Me O

) D/\ Me\©/:\ MeO\O/:\

/Eo

Q

4.1.4f 4.1.49 4.1.4h 4.1.4i
83% 73% 63% 78%
81.5:18.5 er 91.5:8.5er 92.5:7.5 er 53.5:46.5 er

Scheme 4.1.2Preliminary substrate scope of different carbocation precursor iB#gt.1.3r
Sincethe electrordonating groups dhe paraposition hamper thenantioselectivity, we decided
to reinvestigate the catalysts to improve the enantioselectivity for these subktratder b find
out the best catalyst for substrates having elealmrating groups at thgara position, we tested
several of our gnap’s internal catalyst libraryve elaborated on the effect of tmeta-substituents
on the phenyl ring and spiro fluorene type as-8ibstituents. When we tested sevenata
subgituents on the phenyl ring, wibund that these catalysts were not fruitfol higher
enantioselectivity and ga moderate enantioselectivity (4.1.8t1.3aa)Scheme 4.1.3f-or the
3,3"-substituted spiro fluorene type catalysts, the enantioselectivity increased with increasing ring
size (4.1.3ab4.1.3ad). Finally, enantioselaaty was further improved (4.1.3ad.1.3af) by a
phenyl substitution at £bf thespiro fluorenewing and modification of the active core improves.
We decided to investigate the effect of nucleophile on enantioselectivity with this promising

enantioselectivity.
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e 1) catalyst (2.5 mol%) o)J\ X
s + )J\ > B + /©/\
OH Et,0 (0.25 M), -80 °C, 3 d
(4 equiv.)
4.1.1c 4.1.2a

4.1.5¢c

O Cy
er=79:21 er=79:21
4.1.3t

4.1.3u

er=79.5:20.5
4.1.3v 4.1.3w
OMe ‘
er=78:22 er = 80:20 er=77:23 /er - 70:30
4.1.3x 4.1.3y 4.1.3z 4.1 3aa

er = 64.5:35.5
4.1.3ab

er=70:30
4.1.3ac

er=75.5:24.5
4.1.3ad

er=91.5:8.5
4.1.3ae

er =92.5:7.5
4.1.3af

Scheme 41.3: Selected overview of tested catalysts for the reaction between trichloroacetimidate
4.1.1cand nucleophild.1.2a, Tf = SQCFs, Hdf = SQCgF17
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Table 4.1.5 Effect of nucleophiles on enantioselectivity:

NH o)
O)J\CC|3 j.j\ IDPi 4.1.3af (2.5 mol%) . Q)J\R . /@/\
+ > :
R™ "OH Et,0 (0.25 M), =80 °C, 3d
(4 equiv.)
41.1c¢ 4.1.2a-b 4.1.4c-4.1.6¢c 4.1.5¢
entry R %Yield(conv.) er
1. Me 85(>95%) 92.5.7.5
2. Et 86(>95%) 95.5:4.5

The effect of nucleophile on the enantioselectivity was investigated by testing ditfereoxylic

acids as nucleophile, and it turned out that propionic acid was the best compared to acetic acid for
the enantioselectivity, giving 95.5:4.5 enantiomeric rdli@able 4.1.5) With this promising
selectivity, we turned our attention to the scopéhe reaction with electremonating groups at

the para position.

NH 0
L o) IDPi 4.1.3af (2.5 mol%) OJ\/
0~ “CCl, \)J\ _ O
+ > z
T OH Et,0 (0.25 M), —80 or —90 °C N
! _ (4 equiv.) 3or5d U _—
41.1¢c-1 4.1.2b 4.1.6-4.1.9¢c
0 0

I o’ o’

e g

4.1.6¢ 41.7¢c 4.1.8¢c 4.1.9¢c
85% 82% 78% 85%
96:4 er 93.5:6.5 er 93.5:6.5 er 95:5 or®

Scheme 4.1.4Scope for substrates having Electrdonating group at theara-position using

IDPi 4.1.3af deaction was performed a0 °C for 5 d.
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Severalpara-alkyl substituted as well asieta, para-disubstituted substrategere testedThe
desired products were yielded with a good to excellent enantiomeric ratigc{4.1.9¢ (Scheme
4.1.4)

Fine-tuning of the scope:After screening several ciyats and reaction conditions to find which

substrates were tolerated in this developed methodology to get the desired reactivity and selectivity,
improved results are summarizeddoheme 4.1.5

NH o}
o)J\ccg o IDPi 4.1.3s or 4.1.3af (2.5 mol%) Q)J\R
- A -
S R™ "OH Et,0 (0.25 M), —80 to —90 °C N
= (4 equiv.) 3to5d >
4.1.1a-1 4.1.2ao0r4.1.2b 4.1.4a-4.1.9¢c
o o) o)

Y QJJ\ PN j\

mQ
mQ

F
4.1.4a 4149 4.1.4h 4.1.4b
73% 78% 53% 77%

(95:5 er) (93.5:6.5 er) (94.5:5.5 er) (93.5:6.5 er)
(with IDPi 4.1.3s) (with IDPi 4.1.3s) (with IDPi 4.1.3s) (with IDPi 4.1.3s)
-90°C,5d -90°C,5d -90°C,5d -90°C,5d

o O ]

"o
"o
"o
"o

4.1.6¢ 4.1.7c 4.1.8c 4.1.9¢
85% 82% 78% 85%
(96:4 er) (93.5:6.5 er) (93.5:6.5 er) (95:5 er)
(with IDPi 4.1.3af) (with IDPi 4.1.3af) (with IDPi 4.1.3af) (with IDPi 4.1.3af)
-80°C, 3d -80°C, 3d -80°C,3d -90°C,5d

Scheme4.1.5: Scope for IDPi catalyzed-©® bond formation reaction.
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NH 0
O)J\CCIS 0 IDPi 4.1.3b or 4.1.3r (2.5 mol%) QJ\
N o -
Ny Et,0 (0.25 M), -80 °C, 3 d i
O (4 equiv.) ' e/
4.1.10a-h 4.1.2a 4.1.11a-h
o] 0 o j\
O)J\ oJ\ oJ\ 0
=
A /©)\
F4C
4.1.11d
41.11a 4.1.11b 4.1.11c conv. = <5%
conv. = 15% conv. = <5% conv. = <5% : __ o0
yield = 10% yield = <5% yield = <5% yield = <5%
er = 36:64 er=n.d. er=n.d. er =n.d.
o)
OJ\
0 0 0
Br s OJ< 0 o—/< s o—-<
41.11e 41.11f 41.11g 4.1.11h
— —ro — <o conv. = >95% conv. =>95%
cgnv. <5°/o cc?nv. <5°/o yield = 35% yield = 32%
yield = <5% yield = <5% er = 39:61 er =29:71
er=n.d. er =n.d.

(with IDPi 4.1.3b)

(with IDPi 4.1.3b)

Scheme4.1.6: Limitations of scope for IDPi catalyzed O bond formation reaction.
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4.2 Results and Discussion for-ON Bond formation:

The work presented in this section was performed in cooperation with Dr. Chandra Kanta De and
Dr. Raja Mitra.

4.2.1 Reaction development and optimization studies:

We were inspired by the promising results on th®©®ond formation, where we used external
nucleophiles to trap the reactive benzylic carbocation intermediate. We wonder whether
generated trichloroacetamide can recombine with generated carbocation to form the corresponding
C- N rearrangement producSuch a transformation might be an attractive approach to the
enantioselective formation of benzylic 8 bonds from benzylic alcohols or derivativE€11%
However, the availability of nucleophiles will always be equivalent in amount to the generated
cation. In addition, styrend.1.5acannot regenerate carbocation on protonation at such a low

temperature.

NH 0}

O)J\CCI3 IDPi (2.5 mol%) HNJ\CC|3 ©/\
B +
Et,0 (0.5 M)
T,3d

4.1.1a 4.2.3a 4.1.5a

(]

3 e

R=Tf
4.1.3a 4.1.3b 4.2.2a 4.2.2b
>95% conv. <10% conv. >95% conv. >95% conv.
70% vyield <5% yield 16% yield 30% vyield
76:24 er 92.5:7.5er 88:12 er 51:49 er

Scheme 4.1: Initial catalyst screening of chiral Brgnsted acid catalysts fot Bond
formation.
Upon testingvarious IDRc at al ysts from our groupé6és internal
the acidic catalyst.1.3a(electronwithdrawing group at the substituents of 3p@sition) gave a

good vyield of the desired produtP.33 albeit with moderate enanselectivity. When less acidic
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catalysts4.1.3h 4.2.2aand 4.2.2b were tested, they gave poor yield with moderate to good
enantiomeric ratioWe hypothesize that more Lewis basic cowmers (electron neutral or
electronrich 3,3-substituentsdeprotonte thein situgenerated cation faster, leading to significant
styrened.1.5aformation.With these preliminary results, we investigated the effect of temperature,
3,3 -substituentson the BINOL backbone, and active core for desired product formation and
enantioselectivity (Table 4.2.1). With extensive screening of the catalysts (Table 4.2.1) and
lowering the reaction temperature (frori0 °C to-80 °C), we did not observe a signditt
improvement in the selectivity. It is worth noting that longer perfleadkyl chains in the active

core of the catalyst.1.3limprove the enantioselectivity, although with poor yield of the product.

Table 4.2.1 Effect of temperature, 3,3ubstituatsand active core :

4.1.3a 4.1.3b 4.2.2a 4.2.2b
95% conv. <10% conv. <10% conv. <5% conv.
90% yield <5% yield <5% vyield <5% yield
76:24 er 94.5:5.5er 89:11 er 42:58 er

O R = Nf O

4.2.2¢ 4.2.2d 4.2.2e 4.1.3l

50% conv. <10% conv. 25% conv. 65% conv.

10% yield <5% yield 11% yield 16% yield
96:4 er 64.5:35.5 er 72.5:27.5 er 97:3 er

We decided to move forward by developing more acidid k2®alysts to enhance the yield of the
desired product, however, without changing the microenvironment of the active core of the catalyst.
Previously, we have shown that electwithdrawing groups on the BINOL backbone enhance the
acidity of the IDPi catigst.*'"l Therefore, attempts to modulate the electronic properties of the
catalyst were made to diminish the deprotonation pathway.

Based on the repofts!! for the sibstitution of hydrogens bfjuorinesat the5 , BNy, 67,, 7 Nj,
a n d poditiNps Fs-BINOL) for substituted BINOL derivatives, we used the corresponding F
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BINOL for the synthesis of IDRJerivatives4.1.3band4.1.3l When we tested these two catalysts
(4.2.2f 4.2.29 in the reaction, we found improved conversion and NMR yield forddssred
product although, a decrease in the enantiomeric ratio was obg¢8chezine 4.2.2)We believe
substituting hydrogens with fluorines at 8, 8" of BINOL changes taabie, making the catalyst

core more open.

NH O

o)J\ccb IDPi (2.5 mol%) HN™ >CCly | _ O
Et,0, -80 °C, 3 d ©/\ ! ‘
41.1a 4.23a ;
| IDPi
R, = Tf; R, = Tf (4.2.2f) R, = Nf; R, = Nf (4.2.29)
>95% conv. >95% conv.
91% yield 71% yield
9.5:90.5 er 13:87 er

Scheme 4.2.2Effect of perfluorinated IDPi catalysts for @ bond formation
The improved vyield hinted the correct direction for the catalyst development. To improve the
enantioselectivity in addition to the better yield, we decided to replace one gf FINGL with
BINOL in the IDR catalyst(Scheme 4.2.3)

1
- L C
1
O)J\CC,3 IDPi (2.5 mol%) HN™ “CCls i =
> H !
Et,0,-80 °C, 3 : O
1
E _’
1
1
41.1a 4.2.3a i IDPi
R = Tf; Ry, = Tf (4.2.2h) R; = Nf; R, = Tf (4.2.2i) Ry = Tf; R, = Nf (4.2.2j)
>95% conv. >95% conv. >95% conv.
72% vyield 70% vyield 75% vyield
90.5:9.5 er 92.5:7.5er 95:5 er

Scheme 4.2.3Effect of different electronically substituted BINOL derived IDPi catalysts for

C- N bond formation



42

After systematic finduning of the active core, webtained 75% yield with 95:5 er of the desired

product using catalyst.2.2j (Scheme 4.2.3)Using these conditions, we turned our attention

toward the scope of-Q\N bond formation.

I X
o)J\cms 4.2.2j (2.5 mol%) - HN™ el
O Et,0 (0.5 M), —80 °C, 3 d AN
= S =
4.1.1b,c,g
4.21a 4.2.3b-e
(0] o]
i M i M
e " o "
F Cl
4.2.3b 4.2.3c 4.2.3d 4.2.3e
56% 35% 62% 16%
(97:3 er) (93:7 er) (92:8 er) (95:5 er)

Schemed.2.4: Preliminary substrate scope for € bond formation.
Preliminary screening of substrates showed that substratenveith substituent gave slightly
increased enantiomeric ratdy:3 with moderate yield for produet.2.3h While for substrates
(4.1.1b,4.1.1c) having electrerdonating group apara position the enantioselectivity dropped.
The corresponding produét2.3ewas obtained with the same enantioselectivityitytoor yield

when the electromvithdrawing group at thpara position was used aslsstrate(Scheme 4.2.4).

NH j\
O)J\CCI?, 4.2.2.i (2.5 mol%) . H[;j CCl,
S Et,0 (0.5 M), -80 to 90 °C AN
T 3to5d ag
41.1b,c,g _
P 4.2.3b-e

mz
mzZ

Hj\ Hj\ Hj\ HJ\

mzZ
mz

4.2.3b 4.2.3c 4.2.3d 4.2.3e
75% 60% 75% 57%
(95.5:4.5 er) (96:4 er) (92.5:7.5 er) (95:5 er)
-80°C, 3d -90°C,5d -90°C,5d -80°C, 3d

Schemed.2.5. Scope of different electronically substituted substrates for IDPi catalyzsd C

bond formation reaction.
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In order toimprove the enantioselecivity and yield we further optimized the reaction conditions.
On optimization of the reaction conditions, we found that subs#dtdd, 4.1.164.1.1g & 4.2.1a
bearing alkyl groups anldalogen atoms at thmetaor para positionsprovided the corresponding
productswith good toexcellent enantioselectivities and moderate to good yields using catalyst
4.2.2i(Scheme 4.2.p

Fine-tuning of the scope:After screening several catalysts and reaction conditions to find which
substratewvere tolerated in this developed methodology to get the desired reactivity and selectivity,

improved results are summarizeddoheme 4.6.

iy X
o “cal, IDPi 42.2.i or 4.2.2 (25 mol%) HN ccl,
N Et,0 (0.5 M), —80 to ~90 °C AN
> 3to5d A
4.1.1a-c,g
4.21a 4.2.3a-e

? 0

B U U U |

o o O o O

m2z

mz
mz

4.2.3a 4.2.3b 4.2.3c 4.2.3d 4.2.3e
75% 75% 60% 75% 57%
(95:5 er) (95.5:4.5 er) (96:4 er) (92.5:7.5 er) (95:5 er)
(with IDPi 4.2.2j) (with IDPi 4.2.2i) (with IDPi 4.2.2i) (with IDPi 4.2.2i) (with IDPi 4.2.2i)
-80°C, 3d -80°C, 3d -90°C,5d -90°C,5d -80°C, 3d

Scheme4.2.6. Scope for IDPi catalyzed-@l bond formation reaction.
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4.3 Results and Discussion for €C Bond Formation:
4.3.1 Result and discussion:

After the successful implementation of the Brgnsted-eatdlyzed asymmetric-© and CN

bondforming S1 reactions, we were keen on exploring the exciting potentiaétde CC bonds
via a similar pathway. We envisioned tpeeviously unknown reactioof secondary benzylic
alcohol derivatives with silyl ketene acetalsward the formationof b-branched esters as
particularly attractive targefA somewhat related ppercatalyzed enantioselectigebsitution of
benzylic propargyli@cetates usingjlyl ketene acetdlas been describétf. However,only 10%
yield and no enantioingction was achievedith silyl ketene acetal. Similarlyur initial attempts
at reacting trichloroacetimidate 1.1awith silyl ketene acetals (SKAsing IDPi catalgts did not
lead to the desire@ T C  bfarmirdy product, and only the substratel.lawas recovered. We
speculate thadtidate4.1.1aenga@s in a deprotosilylatié®!, the product bwhich, however, is
unreactivetoward ionkation to the reactive benzylearbocationThe List grouphad previously
shown that heteroatorrstabilized cations (oxocarbeniunons and minium ions) could be
generatedunder (oxophili¢ silylium Lewis acid catalysisonditions vihen acetate was used as

leaving groupg®’l. We therefore commenced our investigation with commercially avaitkble

O)J\ OTBS IDPi (2 mol%) E)J\OMe AN

+ > : +
/I\OMe Et,0 (0.5 M), —20 °C, 1 d
(2 equiv.)

4.31a 4.3.2a 4.3.4a 4.1.5a

4.2.2d 4.1.3b 4.1.3a
>95% conv. >95% conv. >95% conv. .
55% yield 60% yield yield = 71% IDPi
26:74 er 19.5:80.5 er 32:68 er

Scheme 43.1: Initial catalyst screening for-@ bond formation.
phenylethyl acetatel.3.1a as electrophile andertbutyl((1-methoxyvinyl)oxy)dimethylsilane
(SKA) 4.3.2aas nucleophile. On initial catalysts screening using our group’s internal catalyst
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library we were pleased to find desired produBt4aformation inmoderate yield with promising
er (Scheme 4.3.1

Initial investigation revealed a strong decline in the yield of the desired prédudaand upon
closer examination; we found that product was being used as a starting matéiakéoyama
Claisentype condensation reactioas the catalyst could not sterically discriminate between
structurally similar starting material and prod(@theme 4.3.2)0Owing to this reactivity, kinetic
resolution was observddading to increased er of the product. In order to avoid such kinetic
resolution, we decided to use bulkier esterived SKA, the product of which would not be the
part of the MukaiyameClaisentype condensation reaction. For this purpose we decidadeto
((1-(benzyloxy)vinyl)oxy)(tertbutyl)dimethylsilanet.3.2b (SKA) as nucleophile. To our delight,
when we used SKAL.3.2h we didn't observe any Mukaiyar@laisentype product from the
crude NMR as the produdt3.7awas sterically bulky compared to te&arting material and the
catalyst was able to discriminate between the starting material and the gi®cheme 4.3.3)
After the realization of these initial results, our focus was on the optimization of the reaction

conditions in order to improve tlenantioselectivity of the reaction.

o) O O
OMe OTBS IDPi (2.5 mol%) OMe
. -
p OMe Et,0 (0.5M),—-20°C, 1d .
4.3.4a 4.3.2a 4.3.6a

O CF4
B //© - ‘ -7 CF3

4.2.2d 4.1.3b 4.1.3a
25% vyield 23% vyield 19% yield
59.5:40.5 er 71:29 er 95:5 er IDPi

Scheme 43.2 Initial catalyst screening for<& bond formation.
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o] o
OJ\ OTBS IDPi (2 mol%) _)J\osn ©A\
+ > : +
%\OBn Et,0 (0.5 M), =20 °C, 1 d
(2 equiv.)
43.1a 4.3.2b 4.3.7a A.

4.2.2d 4.1.3b 4.1.3a
>95% conv. >95% conv. >95% conv. .
60% yield 70% yield 70% yield IDPi
22:78 er 21.5:78.5 er 27:73 er

Scheme 43.3 Initial catalyst screening for<& bond formation
A temperature study showed that @mantiomeric raticncreased from 21.5:79.5 to 15.5:84.5 when
the reactioriemperaturavas lowered from 20 °C to- 60 °C.
Table 4.32: Effect of temperature on enantioselectivity:

] (0]

O)J\ oTBS 4.3.3b (2 mol%) )J\an

K AN
¥ %I\OBn Et,0 (0.5M), T, 3d - : ' OA
(2 equiv.) ©/\

4.3.1a 4.3.2b 4.3.7a 4.1.5a
entry T(°C) %Yield(conv.) er
1. -20 70(>95%) 21.5:79.5
2. -30 75(>95%) 21:79
3. -40 95(>95%) 18:82
4. -50 95(>95%) 16.5:83.5
5. - 60 95(>95%) 15.5:84.5

Next, we wanted to investigate the effect of concentration nonetheless, almost identical
enantiomeric ratios were observed and only a change in yield of the desired product was observed
(Table 4.3.3)
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Table 4.3.3 Effect of concentration on enantiosdleity:

0 o]
OJ\ OTBS 4.1.3b (2 mol%) :)J\OBn §
' /I\OBV‘ Et,O (X M), -60 °C, 3 d - ' EjA
(2 equiv.)
4.3.1a 4.3.2b 4.3.7a 4.1.5a
entry X (M) %Yield(conv.) er
1. 0.1 63(>95%) 15.5:84.5
2. 0.2 74(>95%) 15.5:84.5
3. 0.25 84(>95%) 14.5:85.5
4. 0.5 89(>95%) 15.5:84.5

As the concentration was gradually increased (from 0.1 M to 0.5 M) the yield of the desired product
gradually increased (from 63% to 89%). At this pows, turned our attentioto optimizing the
catalys structure by finduning the3,3 -substituents ofite BINOL frameworlof the catalystWe

tested several catalysts using our group’s internal catalyst library, while the polycyclic aromatic
hydrocarborsubstituted IDPi (4.3.3&.3.3c) gave moderate enantioselectivities (352@578),

the polycyclic aromati unit attached with thiophene as a 358bstituent4.3.3d gave poor
enantiomeric ratio 41:59. Catalyst with polycyclic aromatics groups as substituentsratéhe
position of the phenyl ring (4.3.3¢.3.3)), as we observed previously (for @ & C- N bonds
formation),were good to achieve high enantiomeric réfigure 4.3.2)
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24.5:75.5 er
4.3.3e

/g /g
- -

19:81 er 18.5:81.5 er 10:90 er 7.5:92.5er?
4.3.3g 4.3.3h 4.3.3i 4.3.3j

Figure 4.3.2 Selected overview of tested catalysts for th€ Bond formation, Tf = SETFs,
dreaction was performed a65 °C for 4 d.

Moving from 2-position substitution (4.3.3e4.3.3h) to 1position substitution (4.3.3#4.3.3)) of
the polycyclic aromatic group, gradual incrasein enantioselectivity was observegiving a
satisfactoryenantiomeric ratio of 7.5:92.5 for catalys8.3]j (Figure4.3.2) With these optimized
conditions, we turned our attention to the scope of the reaction.

As we previously observed for © bond formation, the enantioselectivity for€bond formation
was also highly dependent on the steaid electronicpropertieson the arene ringSeveral
electronically substituted substrates were tested, and we tbandill of them gaveood to
excellent yield (80- 96%). The enantioselectivity dcreasesignificantly with the introduction of
the electrondonating groupst thepara position (entry 48.7b 4.3.7d; scheme 4.3)4When the

electron donating groups were introducatithemetaposition almost identicanantioneric ratio
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was observed as the substituentsnataposition does not stabilize or destabilize theZyéa

cation(entry 43.78.

0 0
OJ\ oTBS IDPi 4.3.3] (2 mol%) :)J\OBn
+ > :
N )\OBH Et,0 (0.5 M), 70 °C, 4 d N
L~ (2 equiv.) 2
43.1b-e 4.3.2b 43.7b-e

....yo
~,

O
OBn OMe OBn )J\OBn

4.3.7b 4.3.7c 4.3.7d* 4.3.7e
89% 93% 96% 80%
(26.5:73.5 er) (37:63 er) (33:67 er) (9:91 er)

"OMe group in place of acetate was used as the leaving group

Scheme 4.3.4Preliminary substrate scope for Cbond formation
At this point, we resumed the exploration of the catalysts to improve the enantioselectivity for
substrates with electredonating groups. We decided to use substta&ab as a model substrate
and tested several IDPis catalysts. Neverthetzdalyss only with spro fluorene type as 3,3"
substituentswere fruitful to give high enantioselectivity (4.3f8) and giving a d#sfactory
enantiomeric ratio (95.5:4.5) for catalys3.3 (Scheme 4.3.5)Under these conditions, other
substrates with alkydubstituents at thgara position, linear or branched and with éifént chain
lengths were tested, givingroducts4.3.7ij (scheme 4.3.6)n 84i91% yields with high
enantiomeric ratios (95:96.5:3.5)usng the fluorenyl substituted 4.3.8atalyst Substrate.3.1]
with metg para disubstitutionafforded product.3.7jin 92% yield with95:5 er.
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o) o)
OJ\ OTBS IDPi (2 mol%) _)J\OBn
+ - :
/I\OBn Et,0 (0.5 M), =60 °C, 3 d
(2 equiv.)
4.3.1b 4.3.2b 4.3.7b
4.3.3k 4.33| - !
4.3.3m
89% yield 90% yield
53:47 er 89:11 er 93% yield
91:9 er

4.3.3n 4.3.30 4.3.3p
93% vyield 90% vyield 93% vyield
90.5:9.5 er 93.5:6.5 er 95.5:4.5er

Scheme 43.5. Selected overview of tested catalysts for the reaction betigeaylic acetate
4.3.1band SKA4.3.2h

o} o}
OJ\ OTBS IDPi 4.3.3p (2 mol%) .)J\osn
+ > é
i OBn Et,0 (0.5 M), -60 °C, 3 d X
O (2 equiv.) .
4.3 4.3.2b 4.3.71-

e
o

0 o) o)
E)J\OBn OBn OBn E)J\OBn E)J\OBn

43.7f 4379 43.7h 4.3.7i 4.3.7)
85% 91% 84% 91% 92%
(96.5:3.5 er) (96.5:3.5 er) (96:4 er) (95:5 er) (95:5 er)?

@ reaction was performed at -70 °C for4 d

Scheme 4.3.6Scope okubstrates having Electratonating group gbara-position using IDPi

4.3.3p %reaction was performed a0 °C for 4 d.
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Fine-tuning of the scope:After screening several catalysts and reaction conditions to find which

substrates were tolerat@dthis developed methodology to get desired reactivity and selectivity,

improved results areummarized irscheme 4.3.7

o) o)
OJ\ OTBS IDPi 4.3.3j or 4.3.3p (2 mol%) :)J\osn
+ > H
X OBn Et,O (0.5 M), =60 to -70 °C A
oL 2 . ) - |
- (2 equiv.) 3to4d -
4.3.1a-] 4.3.2b 4.3.7a-j
o) 0
o) o)
. . ove ~0n Ao
O/\ /©/\ MeO OMe Et/©/\
4.3.7a 4.3.7b 4.3.7d 4.3.7f
85% 86% 96% 85%
(7.5:92.5 er) (95.5:4.5 er) (33:67 er) (96.5:3.5 er)
(with IDPi 4.3.3) (with IDPi 4.3.3p) (with IDPi 4.3.3)) (with IDPi 4.3.3p)
-65°C, 4d -60°C,3d -70°C, 4d -60°C,3d

3,
5.

"Pr "Bu
4.3.79 4.3.7h
91% 84%
(96.5:3.5 er) (96:4 er)
(with IDPi 4.3.3p) (with IDPi 4.3.3p)
-60 °C, 3 d -60 °C, 3 d

OBn

Q%O

4.3.7i
91%
(95:5 er)
(with IDPi 4.3.3p)
-60 °C, 3 d

OBn

8

4.3.7j
92%
(95:5 er)
(with IDPi 4.3.3p)
-70°C,4d

Scheme 4.3.7Scope for IDPi catalyzed-@ bond formation reaction.
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44  Results andiscussion:
4.4.1 Mechanistic Investigation

In order toelucidate the mechanism of the reacteomd our benzylication Sy1- hypothesis, we
carried out adetailed experimental and computational stu#g a model reaction for our
mechanistic study, we cke G O bond formation reaction. First, the optimized reaction conditions
were applied individually toac- 4.1.1aand either of the enantiopure starting materigis4.1.1a
or (R-4.1.1a It was found tht all three reactions gawame major enantiomer of the product
4.14ain nearly equal NMR yieldsScheme 4.4.)1 These results suggest the formation of common
benzylic carbocation intermediate

NH

PN

0~ >cely

rac-4.1.1a

IDPi 4.1.3s (2.5 mol%)

85% vyield
95:5 er Et,O (0.25 M), -90 °C, 5 d

o]

)J\OH (4 equiv.)

0
)J\ (4 equiv.) ' 0
NH OH : i NH
)J\ o )J\OH (4 equiv.)
O” "CCl3  IDPi 4.1.3s (2.5 mol%) OJ\ IDPi 4.1.3s (2.5 mol%) 0" CCl3
Et,0 (0.25 M), -90°C, 5d ©/\ Et,0 (0.25 M), -90 °C, 5d ©/\
86% yield 85% yield
(S)-4.1.1a 95:5er 4.1.4a 94.5:5.5 er (R)-4.1.1a

Scheme 4.4.1Enantioselectivity and NMR yield comparisonrat-4.1.1a with andcenantiopure
4.11a substrate

We then monitor the progress of the reactioAHbNMR at- 60 °C (Figure 4.4.1) for racemic and

enantiopure substrates separately and found that they reauilat sates, with very little to no

kinetic resolution. Wavent onestep further andecided to characterize the ipair or covalent

adduct between benzylaarbocation and the catalyst anidttempts to chacterize either an ion

pair ora covalentadduct in the reaction of substratd.lawith IDPi 4.1.4swere unsuccessful,

yielding onlyproduct
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100 100 -
80{ ™., 80
601 . i 60 1
40 A AA::’{:‘A 40 A
20 ., 20
oo, (S-411a
0 : , SR 0 . . o
0 20 40 60 0 20 40 60
Time (min) Time (min)
100 1 100 - « . (94.1.1ato4.1.4a
(R-4.1.1ato 4.1.4a
80 1 801 “ (rag-4.1.1ato 4.1.4a
60 sod e et
401 40 b
20 - ol ]
0 ' ! N 0 ’“’m“”’x'{:"‘m,
0 20 40 60
Time (min) 0 2056 (m\rﬁo 60

Figure 4.41: Reactivity measurements @c-4.1.1a and enantiopudel.la
4.2.3aandstyrene under the reaction conditiolmsleed, these highly reactive, shtived reaction
intermediates arenlikely to be detectable undexperimental conditiongjiven the sensitivity
limitations of the spectroscopic method emplay&tierefore,a series of substratgbenzyl
alcohols)featuring different substitution patterwere investigatedlhese substrategere ionized
with HNTf, asa strong achiral acitb gain further insight into the cationigtermediates and their

lifetime.
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4.4 .2 Interaction of Various Substrates with HNTf;

Reaction of :(4-methoxyphenyl)ethanl-ol with HNTf2: No ion pair formation was detected
only decomposition of starting material was observed.

OH O
@ NTh
+  HNTf, > /©/\
CD,Cl, (0.1 M), —80 °C
MeO (3 equiv.) Ze MeO
441a 4.4.2a 4.4.3a

not detected

after reaction i

_— ~ — —

OH

OMe
U | n ] j

T T T T T T T T
14 13 12 11 10 9 8 7

6
f1 (ppm)
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Reaction of }(2,4-dimethoxyphenyl)ethanl-ol with HNTf2: No ion pair formation was
detected only decomposition of starting material was observed.

OMe OH OMe ® ©

NTY,
+  HNT, >
CD,Cl, (0.1 M), =80 °C
MeO (3 equiv.) 2z MeO
4.4.1b 4.4.2a 4.4.3b

not detected

after reaction

o [ |

\
|| \
[N I\ \
D Ml ,JJ Nl VAN W'

OH
OMe

OMe
) .

L L,

r T T T T T T T T T T T T T T T T T T T T T T T T T T T
3.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 85 80 75 7.0 65 60 55 50 45 40 35 30 25 20 1.5 10 0.5 0.0 -0.5
f1 (ppm)
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Reaction of }(2,6-dimethoxyphenyl)ethanl-ol with HNTf2: No ion pair formation was
detected only decomposition of starting material was observed.

OMe OH OMe

S)
e NTf,
+ HNTf, >
CD,Cl, (0.1 M), 60 °C OMe

OMe (3 equiv.)

4.4.1c 4.4.2a 4.4.3c
not detected

after reaction

OH
MerE/D/OMe

A;l | I ] A.l

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
.0 13.5 13.0 12.5 12.0 11.5 11.0 105 10.0 9.5 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05

f1 (ppm)
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Reaction of 1(2,6-dimethoxy-4-methylphenyl)ethan-1-ol with HNTf2: Formation of the ion
pair was detected however it was decomposing slowly over the tind@® &4C.
OMe OH OMe

S)
@ NTh
+  HNTf, >
CD,Cl, (0.1 M), =60 °C oM

OMe (3 equiv.) e

4.4.1d 4.4.2a 4.4.3d
detected

OMe

o2
OMe

new species

V

2% £ 5y
14.0 13.5 13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 85 80 7.5 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05 00 -05 -1
f1 (ppm)

Decomposition of ion pair 4.4.3dver time:

t=0 min L Lg
t=35min J r7
e L JJ\/\,\"LJ "

Ha
t =113 min J\\ M

F3
t=143 min

F2
t=173 min

F1
t =211 min

3.0 125 120 115 110 105 100 95 9.0 85 80 7.5 70 65 60 55 50 45 40 35 3.0 25 20 15 10 05 00 -05
f1 (ppm)
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We anticipated the ion pairgelting from the reaction of-(2,4,6trimethoxyphenyl)ethaii-ol
(4.4.1¢9 and HNT% would have a sufficiently long lifetime tallow its characterization. Indeed,
when4.4.1ewas treated with HNBf(3 equiv.) in DCMd. ati 60 °C in an NMR tube, the formation
of the ion pair was observed and characterized by NMR spectrostep’¢, and 2D NMR
experiments).

Reaction of }(2,4,6trimethoxyphenyl)ethan-1-ol with HNTT 2:

OMe OH OMe o

® NTf,
+ HNTf, >
CD,Cl, (0.1 M), -60 °C
MeO OMe (3 equiv.) MeO OMe
4.4.1e 4.4.2a 4.4.3e
detected

1H{off},1D, 499.87 MHz,CD2CI2,213.0K, pulse sequence: zg30

g NN N~ - M < 0 W0 o n
© DN~ © < © N @ © O ™
o ©©©Q SRS Qo © o
— € 00 0 © © © < S < N N
N N N N

5'(s) 8 (s)

6.02 4.07
XH (s) 2 (a) 5(s) 7 (s) 1(d)
10.64 8.67 6.06 4.18 2.62

»@
o~
SR

T T T T T T T
120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05



13C{1H},1D, 125.70 MHz,CD2CI2,213.0K, pulse sequence: zgdc30

2
2
2
2
2

gsgs g gdggg
— = ) P

@ NE: DR & crzRdgoan
< <N S DO ND - =2204000
[52d MmN M < O < 0 © NN O o mw©
- NO® DONN© I NOw-~g T NO
w OO YN N< ~ MOONG®O O
X NNO AN« o LRI ke
- ce PR S ) LOVLWVLWLY WY

<
©
N
N

2,
NE,
\
a Q
e NN N 7
Il \
=5
5\‘6/ )
a_ 5 8
7 N
On N ~©
F| o o E
-
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T T T T T T
250 240 230 220 210 200

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
13C (ppm)

1H{13C},HSQC-EDITED, 499.87 MHz,CD2CI2,213.0K, pulse sequence: hsqcedetgpsisp2.3

w
]

il

2 5 7 88
5

M I\

T T T T T
-10 -20 -30 -40 -50

DCM

- -

; 88

20

30

L40

50

60

70

80

90

100

110

13C (ppm)

120

130

F 140

150

160

170

180

190

200

T 7 T T T T T T
8.5 8.0 6.0 5.5 5.0 4.5 4.0 3.5 3.0

H (ppm)

Figure 4.4.2:Characterization of ion pair 4.4.3¢&i 60 °C

2.5
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Next, we wanted to gain insight into tlséability of this ion pair. We gradually increased the
temperature from60 °C to- 20 °C, and found that the ion pair was stable in this range, and only

started to decompose at higher temperatures.

298.1K

283.7K

273.0K

263.0K

253.0K

243.0K

233.0K

223.0K

213.0K
7+

T T T T T T T T T T T T T T T T T T T T T T T T T
120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05
1H (ppm)

|

Figure 4.4.3:Variable Temperatee NMR experiments of ion pair 4.4.8em 160 °C to room
temperature
Next, we were interested in whether one can generate the same ion pair in silylium Lewis acid
conditions. To generate this ion pair, we ude8l,5trimethoxy2-(1-methoxyethyl)bazeneas
substrate and, 1, -trifluoro-N-((trifluoromethyl)sulfonyl}N-(trimethylsilyl)methanesulfonamide
(TMSNTT?) as Lewis acid and reacted both species in same reaction conditions. We found that the
same iorpair 4.4.3ecould dso be generatednder silyliumLewis acid conditionsand a similar

behavior was observed in this case
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Formation of ion pair 4.4.3eunder Lewis acid conditions:

OMe OMe OMe ® o
NTf,
+  TMSNTf, -~ /@f\
CD,Cl, (0.1 M), 60 °C
MeO OMe (3 equiv.) zre MeO OMe
4.4.1f 4.4.2b 4.4.3e
detected
4.4.0e + HNTS N ‘ég
NN Ny
l \
L
N

\
A A 10

4.4.1f + TMS-NTf

T T T T T T T T T T T T T T T T T T T T T T T T T T
1.5 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0

1H (ppm)

Figure 4.44: Comparison of the ion pair 4.4.3e formed under Lewis and Brgnsted acid
conditions
Since this cation has a significant lifetimes wondeedif this cation could also be generated and
characterized using our IDPi catalyst. When we treated IBHi.3a with 1-(2,4,6
trimethocyphenyl)ethari-ol, indeed, weound the formation of aion pair.A shift in the'H and
13C NMR (benzylic proton from 8.7 to 8.5 ppm and benzylic carbon from 173.8 to 172.8 ppm) was

observed clearly indicating different countanions in the close proximity tdhe cation.
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Decomposition of this iompair species4.4.3 was observed at 60 °C presumably due to the

relatively higher basicity of the IDPi counteranion compared to the &hion.

OMe OH OMe o
NTf,
+ HNTf, -
CD,Cl, (0.1 M), 60 °C
MeO OMe (3 equiv.) 7z MeO OMe
4.4.1e 4.4.2a 4.4.3¢
detected
OMe ©
QMe QH ® IDPi
/@fk +  IDPi >
CD,Cl, (0.1 M), 60 °C
MeO OMe (3 equiv.) 2re MeO OMe
4.4.1e 4.1.3a 4.4.3f
detected
H-2
- 168
- 169
170
=171 X'
8.5,172.8 172 2
{ ® ' e
{8.7,173.8} 173 E |
& 174 & NN N,
175 © I |
I . 6/5'
176 |
- 177 SN .
4.4.3e: substrate4.4.1e + NTE -178
4.4 3f. substrate4.4.1.e + IDPi '_179
- 180

9.2 9.1 9.0 8.9 8.8 8.7 8.6 8.5 8.4 8.3 8.2 8.1
TH (ppm)
Figure 4.45: Comparison of heteronuclearsingle quantum coherence (HSQC) spectrum for
bistriflimide and IDPi(4.1.3a) anions
Tothebest of our knowledge, this is the fisgtectroscopicharacterization of an ion pair consisting

of a highly reactive carbocationic intermediate with a chiral counteranion
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In addition, density funanal theory (DFT) was used toptimize the iorpair structure (see
supplementary materials for details). Ada number of conformers was initially generated at
various levels of GFN#irF/XTB theory, and the lovenergy structures were refined at the PBE

D3 level. Analysis of the electrostatic potential surfaces reveals that the ion pair structure is held
together by directional electrostatic interactions between the IDPi anion and the benzylic
carbocation

(B)

Figure 4.46: (A) DFT-optimized ionpair structure.B) Electrostatic potentiahap (MEP) of the

ion pair. C) Topographic steric map of the ion pair
The computed association free energy between
slightly negative2 . 3 kcal / mol ), however2235tkéalémol) nt er nal e
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Figure 4.4.7: Graphic of theon pair showing crucial interactions between the benzylic cation
and the IDPi anion. The distances for the cafoimteraction were chosen so that the atoms of

substrate and catalyst are in a as parallel as possible arrangement.

demonstrating that the stegm is held together by strong and attractive noncovalent interactions.
While the interaction between the anion and the cation is clearly electrostatically dominated, the
decomposition of @&Eint into disperéeiEset éeEdl 8
shows that dispersion alone plays a crucial role in favoring the formation of the chiral ion pair,
contributing with-18.46 kcal/mol to the overall interaction energy. The negative interaction is at
least partially counterbalanced by: (i) #reergy penalty required to distort the catalyst to maximize
the electrostatic interaction with the cation, (ii) entropy and temperature efMesisnotably, the

cation resides between theb®henyl substituents of the BINOL skeleton @A and 3.2 A,
respectively) that aid in stabilizing the reactive intermediate by virtue of gatinteractions.
Additionally, the benzylic CH group clearly interacts with a sulfonyl oxygen atom (2.2 A), as well
as the phenyl -€H with an innercore nitrogen atom (2.34) (Figure 4.4.7). It is plausible to
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assume that all of these interactions can be expected to play a vital role in the stabilization of the

respective transition states leading to the major enantiomer.
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5 Summary:

Benzylic stereogenic centers are whiqus in natural products and pharmaceuticals. A potentially
general though challenging approach toward their selective creation would be asymgietric S
reactions that proceeithrough highly reactive benzylic cations. We have developed a broadly
applicabé solution to this problem by identifying chiral counteranions that pair with secondary
benzylic cations to engage in catalytic asymmetri€C C- O-, and G N-bond forming reactions.

The reactions proceed through highly reactive benzylic cations, whidieadrallenging to control

in terms of selectivity. However, our method has demonstrated excellent enantioselectivity, making
it a promising solution to this problefihese transformations benefit from the ability of IDPi
catalysts to either function & gnsted acids or as precatalysts for silyliumbased Lewis acid
catalysisOverall, our work provides a new and effective strategy for the asymmetric synthesis of
benzylic stereogenic centers.

NH
o” >cc, H™X
D Y
i _
Z H,N~ >CCly Nu
H Nu—R :
PN -
- R-X* -
j\ (R = H, R3Si) Z
R4Si—X*
0 et 7 Asymmetric Sy1 Nu=[O],[N],[C] 21 examples
AN . latform 52-96% yield
s — R4Si0Ac P H-X*= IDPi er up to 96:4

Schemeb.1: IDPi catalyzed &1 platform for creation of benzylic stereocenters
High levels of enantioselectivity across a broad range of substrates and nucleophiles have been
achieved. This methodology demonstrates versatility and potential usefulness of this imethod
creation of benzylic stereocenters. In addition to that, we have used different benzylic cation
precursors to generate benzylic carbocation in different reaction conditions.
We did extensive experimental and computational analysis to understand thanisrachf the
reaction. At first, substrat@c-4.1.1a or either of the enantiopure starting materids4.(.1a or
(R)- 4.1.1a were individually subjected to the optimized reaction conditions. Consistent with the

ion pair formation followed by nucleoptu attack on the benzylic cation in a3Slike mechanism,
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we found that all three reactions delivered the same major enantiomer of product 4.1.4a with
essentially identical yield (85%, 86%, and 85% by NMR) and enargicisaty (95:5, 95:5, and
94.5:5.5 er). Interestingly, when the progress of th® 6ond forming reaction was monitored by

4 NMR at-60 °C for each substrate separatelc{4.1.1a, enantiopureSf-4.1.1a, and R)-

4.1.1a), both enantiomers were founddact with similar rates showing very little to no kinetic
resolution. Moreover, we characterized the achiral as well as the chiral ion pair and gained insight
into the lifetime of the ion pair by NMR spectroscopy.

Based on the above experimental and cdatpnal data, we propose a reaction mechanism where
the substrate gets ionized in the presence of a catalyst to form the ion pair in either Brgnsted acid
or Lewis acid conditions followed by nucleophilic attack on the benzylic cation to deliver the

produd.
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6 Outlook:

6.1 Other nucleophiles

Having disclosed the catalytic, asymmetric silyl ketene acetal addition to benzylic carbocations,
we envisioned expanding the scope of this transformation to othersalpbkttuted silyl ketene
acetals (E/Z) adton, giving acyclic carboxylic acid derivatives wittontiguous stereogenic
centerswith vicinal-dialkyl groups as products in a estep. The development of efficient methods

to access complex molecules with multistereogenic centers has been a substantial challenge.

Corey et al. 1991:
0 OBR*Z-‘ [3,3]-sigmatropic o

R*;BBr rearran

gement .
8 | D -
”Pr/\») = "Pr/\) J npr N

OH l l RXJ\//\

NH,
. Conjugate addition
Chiral Pool
Tetrahedron:Asymmetry 1999, 10, 841 JACS 2001, 123, 9472
R, O
/'\:)LXR
Ry
AN~ T T i
//E R/\KJ\DG
Y R
Reductive Claisen Asymmetric
Rearrangement C-H activation
Org. Lett. 2002, 4, 2743 ACIE 2020, 59, 20455

Scheme6.1.1: Different approaches towards syrdgiseof acyclic aliphatic carboxylic acid
derivatives with contigous stereogenic centers with vickaadlkyl groups
Current strategies rely on the multiple transformations from the use of chiral ré&gentsral
pool precursof$¥, asymmetric conjgate additioR'¥, reductive Claisen rearrangeméift, and
enantioselective desymmetrizing 8 activation*!”, These methods rely on substrate design, the

use of enantioenriched starting materials/reagents, or expensive metals.
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As a proof of concept, we used benzylic acetate 4.2.1a as an electrophile and silyl ketene acetal
6.1.2a as a nucleophile. On initial catalyst screening, it was found that most of the catalysts gave
the desired product formation in moderate to good eth. moderate diastereomeric ratio (d.r.).

(0]
OJJ\ OTBS IDPi (2 mol%) Q
+ > OBn + OBn
OBn Et,0, 60 °C, 4 d
E/Z =6.25:1 >95% conv. syn*
4.3.1a 6.1.2a 6.1.4a

/ / ,
- - -

R = \ // \ 7/ \ 7/

N SN N
- CF3 © C4Fg © CgFy7
413b 413 6.1.3a IDPi
dr=1.6:1 dr=1.6:1 dr=1.6:1
8.5:91.5 er (syn) 8.5:91.5 er (syn) 8:92 er (syn)
85.5:14.5 er (anti) 86.5:13.5 er (anti) 86.5:13.5 er (anti)

\\ // \\ /7 O\\ //o O\\ //O \ 7/
/S\CSFﬂ //S\CF:; /S\CF3 /S\CF3 /S\CF3
4.1.3af 4.3.3a 4.1.3a 4.1.3i 4.3.3j
dr=1:24 dr=1:15 dr=1.13:1 dr=2:1 dr =2.25:1
36.5:63.5 er (syn) 31.5:68.5 er (syn) 23:77 er (syn) 10:90 er (syn) 7.5:92.5 er (syn)
86.5:13.5 er (anti) 74.5:25.5 er (anti) 72.5:27.5 er (anti) 83:17 er (anti) 86:14 er (anti)

* relative stereochemistry is given

Scheme 6.1.2Initial catalyst screening for enartiand diastereoselective synthesis of acyclic
aliphatic esters with contiguous stereogenic centers
Although these are very eangsults, preliminary results indicate that the diastereomeric ratio is
possible to control, which will enable us to synthesize of enaautioh diastereoselective synthesis
of acyclic aliphatic esters with contiguous stereogenic centers. The improventieatesfantio

and diastereoselective variant of this reaction has proven challenging and requires further work.
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6.2 Tertiary benzylic carbocations (for creation of quaternary stereocentres)

Organic compounds containing-akrbon quaternary stereogenic centers are important structural
motifs in natural products, and biologically active compounds endow with valuable structural,
conformational, and metabolic properties. Due to its high impoetaih has received significant
attention for its synthesis in recent dec&d®sNotable examples include cycloadditiB43, a-
andb-alkylation, and arylation of carbon{#€’, 3,3-addition$?Y, S\2 reaction8?? and Heck

type crosscoupling$'?l. However, these methods rely on enantiofacial addition across a prochiral
substrate and, therefore, require the synthesis of stereochemicaijefiedid starting materials.

Since we already could control secondary benzylic carbocations using our 2Rstsa we

thought about the addition of carbon nucleophiles to tertiary (benzylic) carbocations. Previously
on quaternary stereocentres formation, BY&umnd Jacobséi! using carbon nucleophiles
reportedvia Syl like pathway. Despite that, these hwts could only solve tertiary benzylic
carbocations, or heteroatom stabilized cations. Therefore, we decided to explore this area using our
methodology developed for-€ bond formation.

To commence our study, we decided to use tertiary benzylic aéeétataas an electrophile and

silyl ketene aceta#.3.2bas a nucl eophil e. On testing some
catalyst library, we found that most of the catalysts gave the desired product with a promising
enantiomeric ratio. The combinatioh metg para-substitution pattern (spiro fluorene), gara-
substitution pattern was fruitful for the enantioselectivity. We furthettfine the 3,3substitution

to improve the enantioselectivity; however, it does not lead to any significant impnolveme

enantioselectivity.
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OBn
A
OAc OTBS IDPi (2 mol%) ©
+ > + + isomers
OBn  Et,0(0.5M), T, 3d .
(2 equiv.)

6.2.1a 4.3.2b 6.2.4a
t=-60°C

3

CF3
@ ”©\CF
4.1.3a

4.2.2b 4.2.2a 4.2.2e
er = 35:65 er =63:37 er = 47:53 er = 38.5:61.5
CF5
4.2.2b 4.1.3b 6.2.3a 6.2.3b
er=22.5:77.5 er =41:59 er = 36.5:63.5 er=82.5:17.5

t=-50°C

0

- :
-

6.2.3c
er = 64:36

6.2.3e 4.3.3p 6.2.3f 6.2.3g
er = 65.5:34.5 er=71.5:28.5 er = 66.5:33.5 er=78:22

Scheme 6.2.1Initial catalyst screening for creation of quaternary stereocentres
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To extend this methodology further to aliphatic tertiary cations, we used subs&gas cation
precursors and silyl ketene acdda?.6aas a nucleophile. Initial results suggest that it is possible
to form a G C bond to generate quaternary stereageenters for aliphatic substratas an Sl

like pathway.

OMe

OAc oTBS IDPi (2 mol%) 0
/\>§/ + %I\ > + /\)J\/ + isomers
Ph OMe Ph
Ph .

Et,0 (0.5 M), -40 °C, 3d
(2 equiv.)
6.2.1b 4.3.2b 6.2.4b

(]
.1 N

4.1.3b

>95% conv. .
74% vyield IDPi
52:48 er

Scheme 6.2.2Initial catalyst screening for creation of quaternary stereocefoiresiphatic
substrate
These initial experiments show promising results and the potential of this methodology compared
to other existing methodologies on the creation of quaternary stereogenic eerrisreaction.
Furthermore, reaction optimization is required to achiewtebeesults, and mechanistic studies
could be beneficial to gain insight into the reaction mechanism.
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7  Experimental Section

7.1 General Information

Unless otherwise stated, all reactions were magnetically stirred and conduaieenidried

(80 °C) or flamedried glassware in anhydrous solvents under argon, applying standard Schlenk
techniques. Solvents and liquid reagents, as well as solutions of solid or liquid reagents were added
via syringes, stainless steel or polyethylenenoéas through rubber septa or through a weak argon
countefflow. Solid reagents were added through a weak argon cellmierCooling baths were
prepared in Dewar vessels, filled with ice/wd@rC), cooled acetone 8 °C), ethanol/liquid
nitrogen (<i 78 °C) or dry ice/aceton&{8 °C). Heated oil baths were used for reactions requiring
elevated temperatures. Solvents were removed under reduced pressure at 40 °C using a rotary
evaporator, and unless otherwise stated, the remaining compound was Higgohviacuum (16

mbar) at ambient temperature. All given yields are isolated yields of chromatographically and
nuclear magnetic resonance (NMR) spectroscopically pure materials, unless otherwise stated.

Chemicals Unless otherwise statedhemicals werepurchased from commercial suppliers
(SigmaAldrich, ABCR-GmbH, TCI, Acros, Alfa Aser and fluorochem) and used without further

purification.

Solvents Solvents (dichloromethane, diethyl ether, tetrahydrofuran, toluene, chloroform and
benzene) were dried laystillation from an appropriate drying agent in the technical department of
the MaxPlanckInstitut fir Kohlenforschung and received in Schlenk flasks under argon. Other
anhydrous solvents (tdioxane, dimethyl sulfoxide, ethyl acetate, ethanol, acetieninethanol,
methyltert-butyl ether, and hexane and pentane) were purchased from commercial suppliers and

dried over molecular sieves.
Inert Gas Dry argon was purchased from Air Liquide with > 99.5% purity.

Thin Layer Chromatography Thin-layer chromatography (TLC) was performed using silica gel
pre-coated glass plates (SIL-Z5, with fluorescent indicator UV254; Macheriagel) and
aluminium oxide precoated plastic sheets (Polygram Alox N, 0.2 mm, with fluorescent indicator
UV254; MachereyNagel), which were visualized by irradiation with UV ligl&£ 254 or 366
nm), basic KMnQ@, phosphomolybdic acid (PMA) and/or anisaldehyde. Preparativeatyén
chromatography was performed on silica gelquated glass plates SIL-T®0, with fuorescent
indicator UV254 (MachereiNagel).
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Nomenclature Nomenclature follows the suggestions proposed by the computer program
ChemBioDraw (15.0.0.106) of CBD/cambridgesoft.

Nuclear Magnetic Resonance (NMR) Spectroscopy, 1°C, 1°F, 3P NMR spectravere recorded

on a Bruker AVIII 500 MHz, Bruker AVIII HD 300 MHz or Bruker AVNeo 600 MHz spectrometer

in a suitable deuterated solvent. The solvent employed and respective measuring frequency are
indicated for each experiment. Chemical shifts are repavitd MesSi serving as a universal
reference of all nuclides and with two or one digits after the comma. The resonance multiplicity is
described as s (singlet), d (doublet), t (triplet), g (quadruplet), p (pentet), hept (heptet), m
(multiplet), and br. (brad). All spectra were recorded at 298 K unless otherwise noted, processed
with the program MestReNova 14.1.2, and coupling constants are reported as observed. The
residual deuterated solvent signal relative to tetramethylsilane (TMS) was used as tla¢ intern
reference ifH NMR spectra (CDGIli 7.26, CDCI 115.32), and are reported as follows: chemical

shift U in ppm (multiplicity, coupling constant J in Hz, number of protoh®). NMR spectra
reported in ppm from tetramethylsilane (TMS) with the solvesbnance as the internal standard
(CDClz i 77.16, CRCI2 u53.84).

Mass Spectrometry (MSElectron impact (EI) MS was performed on a Finnigan MAT 8200 (70
eV) or MAT 8400 (70 eV) spectrometer. Electrospray ionization (ESI) MS was conducted on a
Bruker ESQ3000 spectrometer. High resolution mass spectrometry (HRMS) was performed on a
Finnigan MAT 95 (EI) or Bruker APEX Ill FTMS (7T magnet, ESI). The ionization method and
mode of detection employed is indicated for the respective experiment and all masspsded

in atomic units per elementary charge (m/z) with an intensity normalized to the most intense peak.

Specific Rotation Specific rotations| were measured with a Rudolph RA Autopol IV
Automatic Polarimeter at the indicated temperature (T) with a sodium lamp (sodium B-dine,
589 nm). Measurements were performed in an acid resistant 1 mL cell (50 mm length) with

concentrations (g/100 mL) regied in the corresponding solvent.

High-Performance Liquid Chromatography (HPLC)HPLC was performed on Shimadzu 1.C
20AD liquid chromatograph (SHOAC auto sampler, CMB0OA communication bus module,
DGU-20A5 degasser, CT20AC column oven, SPIM20A diodearray detector), Shimadzu EC
20AB liquid chromatograph (SH2OACHT auto sampler, DGU20A5 degasser, CAWAC

column oven, SPIM20A diode array detector), or Shimadzu-RGAB liquid chromatograph
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(reversed phase, SROACHT auto sampler, CTTR20AC column ovenSPDM20A diode array
detector) using Daicel columns with chiral stationary phases. All solusatswere HPLrade
solvents, purchased from Merck. The column employed and respective solvent mixture are

indicated for each experiment.

Gas ChromatographyGC). GC analyses on a chiral stationary phase were performed on HP 6890
and 5890 series instruments (spfibde capillary injection system, flame ionization detector (FID),
hydrogen carrier gas). All of these analyses were conducted in the GC depaitminenMavx
Planckinstitut fir Kohlenforschung. The conditions employed are described in detail for the
individual experiments. Liquid Chromatograpiiass Spectrometry Liquid chromatograpigss
spectrometry (LEMS) was performed on Shimadzu IMS 2020 ligud chromatograph. All
solvents used were HPL@rade solvents purchased from SigAddrich. The column employed,

the respective solvent mixture, and the MS parameters are indicated for each experiment.
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The trichloroacetimidais4.1.1d"¥, 4.1.1¢*%4, and4.2.1é**% were synthesized according to the

literature proceduf¥® and the characterizing data were matched with known literature data. The
acetateg.3.1a29, 4.3.104'27, 4.3.1f128 4.3.1d'?9, 4.3.11**, and4.3.1j*3Y were synthesized

according to the literature proceddif@ and the characterizing data were matched with known

literature data.

o)J\ccl3 0~ ~CCly 0~ “CCly 0" CCls 0~ ~CCly
@)\ \@)\ Meo\©)\ /©)\
F

4.1.1a 4.1.1g 4.1.1h 4.1.1b 4.1.1c

(0] CCl; O CCl3 O)LCCQ (0] CCl3
"Pr ”Bu/©)\ cl
4.1.1j 4.1.1k 4.1.11 4.2.1a
o] 0 o]

4.3.1h

Figure 7.1: Structure of substrates.
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R = OMe, 4.3.1d
R =OH, 4.3.1k
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Procedure for synthesis otrichloroacetimidates:

NH
o DBU (10 mol%) O)J\CCI
@ + CI3CCN - s
. hexane, 0 to 25 °C, 16 h
(1.2 equiv.)

Following the literature procedut®): To a solution of benzylic alcohols (1.0 equiv.) and

trichloroacetonitrile (1.2 equiv.) in hexane was added DBU (10 mol%) at 0 °C. The mixture was
allowed to varm to room temperature and stirred for 16 h. After stirring for 16 h reaction mixture
was washed with saturated NEH and then brine, dried over anhydrous 8. After
concentration irvacuq the crude product was purified on silica gel with presoaksid, Bsing I

5% E&N in hexane.

1-(m-tolyl)ethyl 2,2,2-trichloroacetimidate (4.1.19):

)Nll-l Prepared following the procedure usingittolyl)etharr1-ol (2.5 mmol, 340
O~ “CCl; mg) and obtained after column chromatography as a colorless liquid (550 mg,
78%).

IH NMR (501 MHz, CDCly) Ui 8.34 (s, 1H), 7.2i77.20 (m, 3H), 7.12 (ddg} = 7.2, 1.8, 0.9 Hz,
1H), 5.94 (g, = 6.6 Hz, 1H), 2.36 (s, 3H), 1.62 (#= 6.6 Hz, 3H)13C NMR (126 MHz, CDCl)
0161.9, 141.9, 138.6, 129.0, 128.7, 126.9, 123.2, 92.2, 77.7, 22.4HRMS (EI): calcubted
for C1aH1NOCI* (M*): 278.997898, found: 278.9977780.

1-(3-methoxyphenyl)ethyl 2,2, 2trichloroacetimidate (4.1.1h):

NH Prepared following the procedure using3imethoxyphenyl)ethad-ol

PN

0~ “ccl; (3.3 mmol, 500 mg) and obtained after column chromatography as a

Meo colorless liquid (700 mg, 72%).

'H NMR (501 MHz, CDCIl) 1 8.36 (s, 1H), 7.28 (1) = 7.9 Hz, 1H),
7.03 6.95 (m, 2H), 6.84 (ddd,= 8.2, 2.7, 0.9 Hz, 1H), 5.95 (§= 6.6 Hz, 1H), 3.79 (s, 3H), 1.63
(d, J = 6.6 Hz, 3H).13C NMR (126 MHz, CDCl,) i 161.8, 160.2, 143.6, 129.9, 118.4, 113.6,
111.7,92.1,77.4, 56, 22.4 HRMS (EI) : calculated for @H12NO-Cls" (M™): 294.992813, found:
294.992820.
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1-(4-fluorophenyl)ethyl 2,2,2trichloroacetimidate (4.1.1b):

)'\JIII Prepared following the procedure using4ifluorophenyl)etharil-ol (15.8

0~ “cCl; mmol, 2.2 g) and obtained after column chromatography as a colorless liquid
(3.7 g, 82%).

IH NMR (501 MHz, CDCly) 11 8.36 (s, 1H), 7.4i77.34 (m, 2H), 7.007.01
(m, 2H), 5.97 (gJ = 6.6 Hz, 1H), 1.63 (d] = 6.6 Hz, 3H)13C NMR (126 MHz, CDCl,) 11 162.7
(d,J=245.1 Hz), 161. 8, 137.75 (@= 3.2 Hz), 128.22 (d] = 8.2 Hz), 115.59 (d] = 21.6 Hz),
92.1, 76.9, 22.21F NMR (471 MHz, CDCl) U i115.2. HRMS (ESI): calculated for
C1oHsNOFCENa" ((M+Na]*): 305.962595, found: 305.962800.

1-(4-propylphenyl)ethyl 2,2, 2trichloroacetimidate (4.1.1j):

NH Prepared following the procedure using4ipropylphenyl)ethasi-ol
0~ “CcCl; (6.1 mmol, 1.0 g) and obtained after column chromatography as a white

N@* solid (1.5 g, 80%).

IH NMR (501 MHz, CDCl) 118.34 (s, 1H), 7.377.31 (m, 2H, 7.21 7.16 (m, 2H), 5.96 (q] =

6.6 Hz, 1H), 2.662.51 (m, 2H), 1.6 (dg] = 15.0, 7.4 Hz, 2H), 1.6 (d,= 6.5 Hz, 3H), 0.95 (1§ =

7.3 Hz, 3H).:*C NMR (126 MHz, CDRCl,) 11 161.9, 143.0, 139.1, 128.9, 126.2, 92.2, 77.6, 38.1,
25.0, 22.2, 14.1HRMS (ESI): calculated for @&3H1eNOCLNa" ((M+Na]*): 330.018967, found:
330.019250.

1-(4-butylphenyl)ethyl 2,2,2trichloroacetimidate (4.1.1Kk):

NH Prepared following the procedure using4ibutylphenyl)ethasi-ol
0~ “ccCl; (5.6 mmol, 1.0 g) and obtained after column chromatography as a

\/\/©)\ white solid (1.5 g, 83%).

IH NMR (501 MHz, CDCL) Ui 8.34 (s, 1H), 7.33 (ddl = 8.3 2.0 Hz, 2H), 7.227.15 (m, 2H),
5.96 (q,J = 6.6 Hz, 1H), 2.782.50 (m, 2H), 1.6i71.56 (m, 5H), 1.421.31 (m, 2H), 0.93 ()= 7.3

Hz, 3H).23C NMR (126 MHz, CDCly) 1161.9, 143.2,139.1, 128.8, 126.2, 77.6, 35.7, 34.1, 22.8,
22.2, 14.1. HRMS (ESI): calculated for @HioNOCk" ([M+H]"): 322.052672, found:
322.052590.
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1-(3,4-dimethylphenyl)ethyl 2,2,2trichloroacetimidate (4.1.1l):

)'\Jl:l Prepared following the procedure using3l4-dimethylphenyl)ethaii-ol
o]

CClz; (7.1 mmol, 1.1 g) and obtained after column chromatography as a colorless
liquid (1.5 g, 71%).

IH NMR (501 MHz, CDCl,) 118.32 (s, 1H), 7.18 (d] = 1.8 Hz, 1H), 7.17
7.11 (m, 2H), 5.91 (g) = 6.6 Hz, 1H), 2.27 (s, 3H), 2.25, (3H), 1.61 (d,J = 6.6 Hz, 3H).1%C
NMR (126 MHz, CDCl,) 1i161.9, 139.3, 137.1, 136.8, 130.0, 127.5, 123.6, 92.2, 77.7, 22.3, 20.0,
19.6.HRMS (EIl): calculated for @H12NOCL*™ (M*): 293.013548, found: 293.013590.

1-(4-butylphenyl)ethyl acetate (4.3.1h):

O
OH Ac,0 (1.2 equiv.)
O)J\

Et3N (1.5 equiv.)
DCM, rt
"Bu
"Bu

Prepared following the literature procedti from 1-(4-butylphenyl)ethasi-ol (5.6 mmol, 1.0

g) and obtained after column chromatography (eluent: penta@eft® 85:15) as a colorless
liquid (1.19 g, 96%)

IH NMR (501 MHz, CDCly) Ui 7.27 7.22 (m, 2H), 7.167.13 (m, 2H), 5.80 (q] = 6.6 Hz, 1H),
2.63 2.57 (m, 2H), 2.03 (s, 3H), 1.58 (ft= 7.7, 6.6 Hz, 2H), 1.50 (d,= 6.6 Hz, 3H), 1.35 (h]

= 7.4 Hz, 2H), 0.93 (1) = 7.4 Hz, 3H)13C NMR (126 MHz, CDCl,) 1170.5, 143.1, 139.6, 128.8,
126.4, 72.5, 35.7, 34.1, 22.8, 22.3, 21.5, 1HRMS (EI): calculated for ©H200:" (M*):
220.145780, found: 220.145700.

1-(2,4,6trimethoxyphenyl)ethan-1-ol (4.3.1k):

OMe O OMe
| MeMgBr (1.3 equiv.)
> OH
MeO OMe Et,0 (1.6 M) MeO OMe

0°Cto25°C,2h .
5i

To a flamedried schlenkube was charged with 2,4t6methoxybenzaldehyde (1 equiv., 3.15 g,
16.1 mmol), E1O (10 mL) under argon, and the reaction was cooled to 0 °C. After 10 min, MeMgBr

(2.3 equiv., 7 mL, 20.8 mmol) was added dropwise to the reaction mxtucannula, andhen
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the reaction mixture was warmed up to room temperature and continued stirring for 2 h. On
completion of the reaction, saturated /MHwas added, and the organic layer was extracted with
DCM three times, dried over MaQs, and concentrated under reddgeessure. The crude product
was purified by column chromatography (eluent: pentane/E&DA 70:30) to give the product
1-(2,4,6trimethoxyphenyl)ethaid-ol (4.3.1K as a white solid (3.4 g, quantitative).

IH NMR (501 MHz, CDC}) 1i6.13 (s, 2H), 5.24 (dd,= 11.4, 6.7 Hz, 1H), 3.82 (s, 3H), 3.82 (s,
3H), 3.80 (s, 3H), 3.66 (d,= 11.4 Hz, 1H), 1.47 (d|= 6.7 Hz, 3H)13C NMR (126 MHz, CDC})
0160.2, 158.3, 113.9, 91.2, 63.9, 55.8, 55.5, 24RMS (El): calculated for GH1604" (M*):
212.104310, found: 212.104100.

1,3,5trimethoxy -2-(1-methoxyethyl)benzene (4.3.1d):

OH NaH (2.4 equiv.) OMe
MeO OMe Mel (3 equiv.) MeO OMe
THF (0.7 M)
OMe 0°Cto25°C OMe
2 hthen 16 h 5h

To a flamedried schlenk tube was charged witt§214,6trimethoxyphenyl)ethai-ol (1 equiv.,

750 mg, 3.5 mmol), THF (5 mL) under argon and the reaction was cooled to 0 °C. After 10 min,
NaH (2.4 equiv., 339 mg, 8.5 mmol) was added to the reaction mixture, and the reaction mixture
was stirred for 2 h. Then Mé3 equiv., 0.67 mL, 10.6 mmol) was added, and the reaction was
warmed to room temperature and continued stirring for an additional 16 h. On completion of the
reaction, saturated NiBl was added, and the organic layer was extracted with DCM three times,
dried over NaSQy, and concentrated under reduced pressure. The crude product was purified by
column chromatography (eluent: pentangZE20:1® 60:40) to give the product 1,3tBmethoxy
2-(1-methoxyethyl)benzend 3.1d as a white solid (600 mg, 75%).

'H NMR (501 MHz, CBCl,) 11 6.13 (s, 2H), 4.92 (gl = 6.7 Hz, 1H), 3.79 (s, 3H), 3.78 (s, 6H),
3.11 (s, 3H), 1.47 (s, 3HY¥*C NMR (126 MHz, CDCl») U 160.99, 160.40, 110.97, 91.40, 70.79,
56.16, 56.04, 55.61, 19.8HMRMS (ESI): calculated for @HigOsNa" ([M+Na]*): 249.10973,
found: 249.10960.
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7.3.1 Synthesis and Characterization of Catalysts

2',7'-dibromospiro[cyclohexanel,9-fluorene]:

KOBu (2.5 equiv.) ‘
PO -
THF (100 mL), Br O'O Br

0 °C for 30 min.
then 25 °C for 16 h

A flame-dried tweneck round bottom flask was charged with potassentrbutoxide (2.5 equiv.,

4.3 g, 38.6 mmol), THF (80 mL) under argon, and the reaction was cooled to 0 °C. In another
flame-dried flask 2,7dibromo9H-fluorene (1 equiv., 5 g, 15.4 mmol) was added and dissolved in
THF (20 mL) under argon and then dropwiseeatlth the reaction mixtusga cannula and stirred

the reaction mixture for 30 min at 0 °C. After 30 min,-dibBromopentane was added at same
temperature, and then the reaction mixture was warmed up to room temperature and stirred for an
additional 16 hOn completion of the reaction, water was added and organic layer was extracted
with DCM three times, dried over (s, concentrated under reduced pressure. The crude product
was purified by column chromatography (eluent: hexane/DCM 2080010) on activadd alumina

to give the product as a white solid (6.05 g, 80%)).

IH NMR (501 MHz, CDC}) ti7.77 (d,J= 1.7 Hz, 1H), 7.55 (d] = 8.0 Hz, 1H), 7.48 (dd = 8.1,
1.7 Hz, 1H), 1.88 (q] = 6.5 Hz, 2H), 1.79 (q] = 6.3 Hz, 1H), 1.761.67 (m, 2H)13C NMR (126
MHz, CDCh) 1 154.9, 137.7, 130.3, 128.0, 121.30, 121.25, 50.9, 35.4, 25.4,HRMS (El):
calculated for @H16Br2" (M*): 389.961350, found: 389.961210.

2'-bromo-7'-phenylspiro[cyclohexanel,9-fluorene]:

K,CO3 (2.5 equiv.)
Pd(PPh3)4 (5 mol%)
‘ B(OH), Et;NBnCI (10 mol%) ‘
. ©/ PhMe:H,0 (1:1v/v) Br . O
60°C, 16 h

To a flamedried schlenk tube was charged with 2diBromospiro[cyclohexan#,9-fluorene] (1

equiv., 4.5 g, 11.5 mmol), potassium carbonate (2.5 equiv., 4 g, 287 mmol),
benzyltriethylammonium chloride (0.1 equiv., 261.4 mg, 1.1 mmol), phenyl boradi¢laequiv.,
1.4 g, 11.5 mmol), and tetrakis(triphenylphosphine) palladium (0) (0.05 equiv., 663.0 mg, 0.6

mmol) under argorDegassed toluene (10 mL) and water (10 mL) were added and heated to 60 °C
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for 16 h. On completion of the reaction, the mixtureswgaoled to room temperature water was
added, and the organic layer was extracted with DCM three times and then combined organic layer
was washed with 10% HCI solution, dried over8&, concentrated under reduced pressure. The
crude product was purifiedy column chromatography (eluent: hexane/DCM 19@8:5) on

activated alumina to give the product as a white solid (1.5 g, 33.5%).

IH NMR (501 MHz, CDC}) &17.85 (d,J = 1.7 Hz, 1H), 7.81 (d] = 1.9 Hz, 1H), 7.76 (d] = 7.8
Hz, 1H), 7.697.64 (m, 2H), 7.6687.58 (m, 2H), 7.507.45 (m, 3H), 7.4i7.36 (m, 1H), 2.041.87
(m, 4H), 1.871.73 (m, 6H).13C NMR (126 MHz, CDC}) U 155.5, 153.7, 141.8, 140.6, 138.4,
137.9, 130.2, 129.0, 128.0, 127.42, 127.40, 126.5, 123.5, 1203, 120.2, 50.8, 35.7, 25.6,
22.8.HRMS (El): calculated for &H2:1Br* (M*): 388.082125, found: 388.082860.

2'-bromospiro[cycloheptanel,9-fluorene]:

0.0 Br 4+ S SUBr KO;E'UF’(%&?W.) .

Bf len
In a flamedried round bottom flask potassiuert-butoxide (2.80 g, 25 mmol, 2.5 equiv.) was
added under argon and dissolved in THF (80 mL), then cooled to 0 °C. In another-flask 2
bromofluorene (2.45 g, 10 mmol, 1 equiv.) was dissolved in THF (10 mL) under argon. This
solution was added dropwise for 5mito the reaction mixture. The inner surface of the reaction
flask was washed with THF (10 mL), and the reaction was stirred at 0 °C for 15 min. 1,6
dibromohexane (1.69 mL, 11 mmol, 1.1 equiv.) was added dropwise for 10 min. The reaction was
stirred at 0°C for 20 min, and then the cooling bath was removed and allowed to stir at room
temperature for 16 h. The mixture was quenched with aqueous HCI (10%) at 0 °C and extracted
three times with MTBE. The combined organic layers were dried owS§aconcentated under
reduced pressure. The crude residue was purified by column chromatography on alumina (eluent:

hexane) to provide the desired product (95 mg, 3% yield).

IH NMR (501 MHz, CDC}) 1 7.72 (d,J = 1.8 Hz, 1H), 7.607.65 (m, 1H), 7.617.58 (m, 1H),

7.55 (d,J = 8.1 Hz, 1H), 7.45 (dd] = 8.1, 1.8 Hz, 1H), 7.377.29 (m, 2H), 1.971.77 (m, 12H).

13C NMR (126 MHz, CDC4) Ui 157.4, 154.9, 138.2, 138.2, 130.0, 127.8, 127.2, 127.0, 123.6,
121.2, 121.1, 19.9, 53.8, 39.5, 32.0, 25.5{RMS (El): calculated for GHidBr* (M*):
326.066475, found: 326.066840.
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(9)-3,3-di([1,1'-biphenyl]-3-yI)-5,5',6,6',7,7',8,8'0ctafluoro-[1,1'-binaphthalene} 2,2'-diol:

Br 1) Pd(OAc), (5 mol%) ‘
@O B(OH), SPhos (10 mol%) @O
K3POy, (8.0 equiv.
OMOM O 3P4 (8.0 equiv) OH
OMOM THF (0.1 M), 40 °C, 16 h OH
@O 2) 4 M HCl in 1,4-dioxane, O
Br 25°C, 3h O

(9-3,3-dibromo5,5',6,6',7,7',8,8ctafluore2,2-bis(methoxymethoxyl, 1-binaphthalené’-111!

was prepared following literature known procedure.

To a flamedried schlenk tube equipped with a magnetic stir bar was charged WAB)3ES)
dibromo5,5',6,67,7',8,8'octafluora2,2-bis(methoxymethoxyl,1-binaphthalene (1 equiv., 260

mg, 1.0 mmol), potassium phosphate (8.0 equiv., 653 mg, 3.1 mmohbijdh&nyl}3-ylboronic

acid (4.0 equiv., 304 mg, 1.5 mmol), SPhos (0.1 equiv., 16 mg, 0.04 mmol) lEuiuypa acetate

(0.05 equiv., 4.3 mg, 0.02 mmol) under argon. Degassed THF (4 mL) was added and heated to 40
°C for 16 h. On completion of the reaction, the mixture was cooled to room temperature and water
was added, and the organic layer was extractddIMM three times, and then combined organic
layer was washed with 10% HCI solution, dried ovesS@, concentrated under reduced pressure.
Subsequently, HCI (4 M in 1dioxane, 5 mL) was added to this mixture and stirred at room
temperature for 3 h. Theolvent was removed under reduced pressure, and the crude product was
purified by column chromatography (eluent: hexane/EtOAc ®85'15) to afford the desired
BINOL as a yellow solid (260 mg, 90%).

IH NMR (501 MHz, CDC#) 1i8.19 (d,J = 1.3 Hz, 2H), 7.85 (g] = 1.3 Hz, 2H), 7.70 (dHl = 4.4,

1.9 Hz, 2H), 7.667.60 (m, 8H), 7.47 (dd] = 8.4, 6.9 Hz, 4H), 7.42.35 (m, 2H), 5.59 (s, 2H).

13C NMR (126 MHz, CDC#) 1 150.9, 143.6, 142.6, 140.6, 136.2, 132.0, 129.8, 129.1, 128.4,
128.3, £7.9, 127.8, 127.4, 123.0, 119.7, 115.8J¢ 13.4 Hz), 111.41%F NMR (471 MHz,
CDCl) U1147.76 (t,J = 16.4 Hz, 2F)j 148.95 (ddJ = 19.2, 15.1 Hz, 2F),156.82 (tJ = 18.6

Hz, 2F),i1161.50 (t,J = 19.2 Hz, 2F).HRMS (ESI): calculated for GH210:Fs" ([MiH]'):
733.141933, found: 733.142220.
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(9)-3,3-bis(3-(naphthalen-2-yl)phenyl)-[1,1'-binaphthalene} 2,2'-diol:

1) Ba(OH),-8H,0 (5.0 equiv.)
Pd(PPh3)4 (5 mol%)

B(OH),
1,4-dioxane:H,0 (5:1v/v)

110 °C, 16 h
2) 4 M HCl in 1,4-dioxane,
25°C,3h

(9-3,34bis(3-bromophenyb2,2-bis(methoxymethoxyl,1-binaphthalené™  was prepared

following literature known procedure.

To a flamedried schlenk tube equipped with a magnetic stir bar was charged wBtB{8is(3-
bromophenybh2,2-bis(methoxymethoxy},1-binaphthalene (1 equiv., 700 mg, 1.0 mmol),
Barium hydroxide octaydrate (5.0 equiv., 1.6 g, 5.1 mmol}n@phthyl boronic acid (3.5 equiv.,

615 mg, 3.6 mmol), and tetrakis(triphenylphosphine)palladium (0) (0.075 equiv., 88.6 mg, 0.08
mmol) under argon. Degassed-tlidxane (3 mL) and water (0.6 mL) were added and beate

110 °C for 16 h. On completion of the reaction, the mixture was cooled to room temperature and
water was added, and organic layer was extracted with DCM three times, and then combined
organic layer was washed with 10% HCI solution, dried oveSRa concentrated under reduced
pressure. Subsequently, HCI (4 M in-tidxane, 5 mL) was added to this mixture and stirred at
room temperature for 3 h. The solvent was removed under reduced pressure, and the crude product
was purified by column chromatograp@uent: hexane/DCM 75:23%0:50) to afford the desired
BINOL as a white solid (706 mg, 85.6%).

IH NMR (501 MHz, CDC}) Ui 8.15 8.10 (m, 6H), 7.997.90 (m, 6H), 7.867.86 (m, 2H), 7.83

(dd,J = 8.5, 1.9 Hz, 2H), 7.78 (tdd,= 6.2, 3.3, 1.5 Hz, 4H), 7.62 @,= 7.7 Hz, 2H), 7.567.47

(m, 4H), 7.43 (dddJ = 8.1, 6.7, 1.3 Hz, 2H), 7.36 (dd#l= 8.2, 6.8, 1.4 Hz, 2H), 7.30 (ddi= 8.4,

1.2 Hz, 2H), 5.47 (s, 2H}3C NMR (126 MHz, CDC#) t1150.4, 141.6, 138.5, 138.2, 133.8312,

132.9, 131.7, 130.8, 129.7, 129.2, 129.0, 128.8, 128. 7, 128.6, 128.4, 127.8, 127.7, 127.0, 126.5,
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126.14, 126.12, 125.8, 124.6, 124.5, 11HBRMS (ESI): calculated for 6Hs30, ([Mi1H]'):
689.248605, found: 689.248880.

(9)-3,3-bis(3-(phenanthren-9-yl)phenyl)-[1,1'-binaphthalene} 2,2"-diol:

1) Ba(OH),-8H,0 (5.0 equiv.)
B(OH), Pd(PPh3)4 (5 mol%)

1,4-dioxane:H,0 (5:1v/V)
O 110 °C, 16 h
2) 4 M HCl in 1,4-dioxane,

25°C,3h

(9-3,3-bis(3-bromophenyb2,2-bis(methoxymethoxyl,1-binaphthalené"  was prepared

following literature known procedure.

To a flamedried schlenk tube equipped withmagnetic stir bar was charged with)-@,3-bis(3
bromophenyb2,2-bis(methoxymethoxy},1-binaphthalene (1 equiv., 250 mg, 0.36 mmol),
barium hydroxide octahydrate (5.0 equiv., 576 mg, 1.83 mmagihedhanthrene boronic acid (3.5
equiv., 284 mg, 1.28 mafh), and tetrakis(triphenylphosphine)palladium (0) (0.05 equiv., 21.1 mg,
0.02 mmol) under argon. Degassed-di@xane (1 mL) and water (0.2 mL) were added and heated

to 110 °C for 16 h. On completion of the reaction, the mixture was cooled to room temgaral

water was added, and organic layer was extracted with DCM three times, and then combined
organic layer was washed with 10% HCI solution, dried oveERa concentrated under reduced
pressure. Subsequently, HCI (4 M in-tixane, 2 mL) was added this mixture and stirred at

room temperature for 3 h. The solvent was removed under reduced pressure, and the crude product
was purified by column chromatography (eluent: hexane/DCM 8063@5) to afford the desired
BINOL as a white solid (289 mg, 8§%

IH NMR (501 MHz, CDC}) 118.79 (d,J = 8.4 Hz, 2H), 8.74 (d] = 8.2 Hz, 2H), 8.16 (d] = 2.1
Hz, 2H), 8.06 (dtJ = 8.2, 1.9 Hz, 2H), 7.99 (§,= 1.8 Hz, 2H), 7.95 (d] = 8.2 Hz, 2H), 7.91 (dd,
J=17.9, 1.4 Hz, 2H), 7.87 (dd,= 7.5, 1.8 Hz, 2H), 7.79 (d,= 2.1 Hz, 2H), 7.727.59 (m, 10H),
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7.56 (dddJ = 8.2, 6.9, 1.3 Hz, 2H), 7.40 (dddi= 8.0, 6.7, 1.3 Hz, 2H), 7.33 (dddi= 8.1, 6.8,

1.3 Hz, 2H), 7.26 (s, 2H), 5.47 @@z 2.7 Hz, 2H)13C NMR (126 MHz, CDC}) 11 150.4, #1.1,

138.7, 137.7, 133.2, 131.8, 131.7, 131.4, 131.3, 130.8, 130.6, 130.2, 129.7, 129.6, 128.8, 128.7,
128.64, 128.55, 127.8, 127.7, 127.1, 127.0, 126.76, 126.7, 126.6, 124.6, 124.4, 123.1, 122.7, 112.5.
HRMS (ESI): calculated for GHs7O2' (M1 H]"): 789.279904, found: 789.280370.

(9)-3,3-bis(3-(naphthalen-1-yl)phenyl)-[1,1'-binaphthalene} 2,2'-diol:

The crude product was purified by column chromatography (eluent:
hexane/EtOAc 97395: 5) to afford the desired BINOL as a white solid (370
mg, 92%).

IH NMR (501 MHz, CDC#) 118.13 (s, 2H), 8.04 (d] = 8.3 Hz, 2H), 7.96
7.89 (m, 6H), 7.87 (dd] = 7.6, 2.0 Hz, 2H), 7.83 (df,= 7.7, 1.6 Hz, 2H),
7.62 (t,J = 7.6 Hz, 2H), 7.587.47 (m, 8H), 7.44 (dddl = 8.3, 6.8, 1.4 Hz,
2H), 7.417.36 (m, 2H), 7.32 (td) = 7.6, 1.3 Hz, 2H), 7.25 (d,= 8.4 Hz,
2H), 5.46 (s, 2H).HRMS (ESI): calculated for @Hz:02' ([MiH]'):
689.24860, found: 689.24814.
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(9)-3,3'-bis(3-(6-methoxynaphthalen2-yl)phenyl)-[1,1'-binaphthalene} 2,2'-diol:

The crude product was purified by column chromatography (eluent:
hexane/DCM 60:49 25:75) to afford the desird@INOL as a white solid
(250 mg, 57%).

IH NMR (501 MHz, CDC$) ii8.13 (s, 2H), 8.09 (dl= 1.9 Hz, 2H), 8.05
(d,J=1.8 Hz, 2H), 7.96 (d] = 8.1 Hz, 2H), 7.867.77 (m, 6H), 7.75 (ddt,
J=17.5,5.8, 1.3 Hz, 4H), 7.60 @= 7.7 Hz, 2H), 7.42 (ddd,= 8.1, 6.7,
1.3 Hz, 2H), 7.35 (ddd] = 8.2, 6.8, 1.3 Hz, 2H), 7.31L7.27 (m, 2H),
7.2117.14 (m, 4H), 5.46 (s, 2H), 3.94 (s, 6HJC NMR (126 MHz,
CDCk) 4 158.0, 150.4, 141.7, 138.
129.9, 129.7, 129.3, 129.1, 128,728.66, 128.5, 127.6, 127.5, 126.8,
126.3, 125.9, 124.56, 124.50, 119.3, 112.6, 105.8, 553B4S (ESI):
calculated for §&Hs704' ([Mi H]'): 749.26973, found: 749.27071.
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Procedure for crosscoupling reactions and subsequent MOMdeprotection and IDPi

synthesig*el:

AR
\

N o

/F’\
o Ar-Br (2.0 equiv.) c Cl
! Pd(PPh3)4 (5 mol%) (1.0 eqluv)

B\O Ar
OO KoCOj3 (6 equiv.) OO HMDS (0.5 equw OO O
OMOM toluene/EtOH/H,0, 90 °C, 16 h OH EtzN (8 equiv.)
OO OMOM then 4 M HCl in dioxane OO OH toluene, 130 °C, 3 d CO O NH N O QO
rt, 3h
-0,
B Ar A R R Ar
(0]

To a twoeneck rounebottom flask with a condenser was adde®)-2,2-(2,2-
bis(methoxymethoxy},1'binaphthyi3,3-diyl)bis(4,4;5,5tetramethyll,3,2dioxaborolane) (1.0
equiv.), bromide (2.0 equiv.Jetrakis(triphenylphosphine)palladium (0.5 equiv.) aniC®; (6

equiv.) under argon atmosphere. Degassed toluene/ethanol/water \(®/2/0.2 M) were
sequentially added. The mixture was then heated to 90 °C and stirred ovekfigghtooling the

reaction to room temperature, the organic layer was separated and the aqueous phase was extracted
with EtOAc (3 times). The organic phase was combinedfifteded through a thin layer of silica

gel using a Buchner funnel, and the silgel layer washed with EtOAc. The solvent was removed

under reduced pressure and the crude M@Mected diol was obtained. Subsequently, the crude
product was dissolved in a small amount of DCM. A solution of HCI (4 M irdipdane, 20

equiv.) was addedat room temperature and the mixture was stirred for 3 h. The solvent was
removed under reduced pressure and the crude was purified by column chromatography to afford

the corresponding diol.

I n a Schl enk tube un dsabstitubedgSeBNOL (2.1 equivs) m ®lnesie on o f
(0.15 M) was treated with sulfonyl phosphorimidoyl trichloride (2.1 equiv.) asgid @6 equiv.).

The reaction mixture was stirred for 45 min at room temperature, then neat hexamethyldisilazane
(HMDS, 1 equiv.) was addattopwise. The reaction mixture was stirred for additional 15 min at

room temperature, then the Schlenk tube was subsequently sealed and heated to 130 °C for 3 d. On
completion of the reaction, the mixture was cooled to room temperature, aq. HCI (10%peds a

and the mixture was extracted with DCM. The combined organic layers were washed with brine,
dried over MgS®@and concentrated under reduced pressure. The crude material was purified by

column chromatography on silica gel to afford the desired pratuet salt. The corresponding
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IDPi Brgnsted acids were obtained after acidification in DCM with ag. HCI (6 M) or ion exchange
resin DOWEX 50WX8 (Hform), and evaporation of the solvent followed by drying under high
vacuum as typically offvhite solids. [Acdification procedure: The product as a salt was dissolved

in 5 mL DCM, then aqg. HCI (6 M, 8 mL) was added, and the mixture was stirred vigorously for 10
min. The organic layer was separated and the aqueous phase was extracted with DCM for several
times unil there was no product could be detected by TLC in the last DCM extract. The organic
layers were combined and the solvent was removed under reduced pressure. The obtained IDPi
solid was dried under high vacuum for 16 h at room temperature. OptionaliyBiBisted acids

were acidified by passing over a short plug of DOWEX 50WX8d#h) in DCM and obtained

after removing the solvent.]
(9)-3,3-bis(2'-phenylspiro[cyclohexanel,9'-fluoren]-7'-yl)-[1,1'-binaphthalene} 2,2-diol:

The crude product was purified by column
chromatography (eluent: hexane/EtOAc 10094:6) to
afford the desired BINOL as a white solid (1.2 g, 94.5%).

IH NMR (501 MHz, CDC$) 11 8.14 (s, 2H, 8.09 (d,J =
1.6 Hz, 2H), 8.027.97 (m, 2H), 7.91 (d] = 1.6 Hz, 2H),
7.89 (d,J = 7.9 Hz, 2H), 7.86 (dl= 7.9 Hz, 2H), 7.78 (dd,
J=17.9, 1.5 Hz, 2H), 7.712.66 (m, 4H), 7.63 (dd] = 7.9,
1.6 Hz, 2H), 7.49 (t) = 7.7 Hz, 4H), 7.44 (ddd] = 8.1,
6.8, 1.3 Hz, 2H), 7.417.35 (m, 4H), 7.31 (dd] = 8.4, 1.2 Hz, 2H), 5.52 (s, 2H), 2i0696 (m,
4H), 1.941.87 (m, 4H), 1.861.80 (m, 2H)13C NMR (126 MHz, CDC}$) Ui 154.3, 153.9, 150.4,
141.9, 140.3, 139.2, 138.7, 136.1, 133.1, 131.5, 131.37,1298.9, 128.7, 128.6, 127.5, 127.3,
126.4, 126.0, 124.56, 124.52, 123.6, 120.4, 120.0, 112.8, 67.2, 50.7, 35.9, 35.9, 25HRES0.
(ESI): calculated for @Hs302' ((Mi H]"): 901.40510, found: 901.40558.

(9)-3,3-di(spiro[cycloheptane 1,9-fluoren]-2'-yl)-[1,1'-binaphthalene}2,2-diol:
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The crude product was purified by column chromatography (eluent:
hexane/DCM 2:1) to afford the desired BINCOd. awhite solid (890
mg, 94%).

H NMR (501 MHz, CDC}) t18.11 (s, 2H), 8.007.95 (m, 4H), 7.82
(d,J=7.9 Hz, 2H), 7.74 (ddd,= 15.1, 7.6, 1.5 Hz, 4H), 7.68.61

(m, 2H), 7.42 (dddJ = 8.0, 6.7, 1.3 Hz, 2H), 7.38.27 (m, 8H),

5.50 (s, 2H), 2.081.89 (m, 16H), 1.81 (d,= 3.9 Hz, 8H)13C NMR

(126 MHz, CDC}) 11 155.7, 155.6, 150.4, 139.0, 138.8, 136.4, 133.2, 131.4, 131.3, 129.7, 128.6,
127.5,127.4,127.0, 125.0, 124.6, 124.5, 12820.1, 119.9, 112.8, 53.8, 39.7, 31.9, 2BBMS

(ESI): calculated for gsHagO2' (M7 H]"): 777.37380, found: 777.37388.
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(S,9)i Imidodiphosphorimidate 4.2.2i (IDPi 4.2.2i):

Cl,
Cl— P
Ar

Ar N ;
@O Nf (1 eqUIV.) @O
OH Et3N (10 equiv.) O\p
_— JR—

/\\
OF phMe, 1h, rt @ O'N
Nf
Ar Ar 6‘ Ar  Ar ge
O

Cl ? N~
PhMe R=
ci—p~® 130 °C, 3 d @ }\IH N \o O
Ar ,Il{l (1 equiv.) Ar
O (I
OH Et3N (10 equiv.) Q
> P
OH NH; (2 equiv.) O/\\N O
DCM, 1 h, rt T
Ar  then 30 min
0°C Ar Ar = O

In a schlenk tube 1 a suspension §f3,3-di([1,1-biphenyl}3-yl)-5,5',6,6",7,7',8,8ctafluorc
[1,1-binaphthaleneR,2 diol (0.082 mmol, 1 equiv., 60 mg) in toluene (0.25 M) was added
perfluorobutylsulfonylphosphorimidoyl trichloride (1 equiv.) and trimethylamine (10 equiv.) under

_Cl

arga and stirred for 1 h at room temperature. In another schlenk t@a Btdi([1,1-biphenyl}
3-yl)-[1,1-binaphthaleneP,2-diol (0."082 mmol, 1 equiv., 48 mg) in DCM (0.25 M) was added
trifluoromethylsulfonylphosphorimidoyl! trichloride (1 equiv.) amdmethylamine (10 equiv.)

under argon and stirred for 1 h at room temperature. The reaction mixture was cooled to 0 °C and
then N (2 equiv., 0.5 M in 1,4 dioxane) was added and stirred for 30 min at the same temperature.
After that DCM, EtN and excesBlHz was removed from schlenk tube 2 under high vacuum. The
reaction mixture from schlenk tube 1 was transferred to schlenk tube 2 via cannula, additional
toluene (0.25 M) added and schlenk tube was sealed before heating the schlenk tube 2 at 130 °C
for 3d. After cooling to room temperature, aq. HCI (10%) was added and the mixture was extracted
with DCM thrice. The combined organic layer was dried ovesS@a and concentrated under
reduced pressure. The crude material was purified by column chromatogresihiga gel (eluent:
hexane/EtOAc 90:1075:25) to afford the desired IDPi as a salt. The product was acidified by
passing over a short plug of DOWEX 50WX8-{étm) in DCM and obtained as a yellow solid

after removing the solvent (33% vyield, 50 mg).

IH NMR (501 MHz, CDC}) 118.34 (s, 1H), 8.13 (s, 1H), 8.00 Jt= 7.6 Hz, 2H), 7.82 () = 7.7
Hz, 1H), 7.72 (dJ = 2.2 Hz, 2H), 7.627.25 (m, 34H), 7.0i.86 (m, 6H), 6.13 (ddd,= 24.7, 7.1,
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1.3 Hz, 2H)13C NMR (126 MHz, CDC$) 11145.0, 143.4, 142.542.4, 141.7, 141.4, 141.2, 141.0,
140.0, 140.0, 136.1, 135.3, 135.0, 133.4, 132.4, 132.4, 132.0, 131.9, 131.7, 131.2, 129.2, 129.0,
128.9, 128.8, 128.7, 128.6, 128.5, 128.3, 128.2, 128.1, 127.9, 127.8, 127.7, 127.6, 127.5, 127.5,
127.5,127.4,127.3, 127.827.1, 126.9, 126.9, 124.2, 123.7, 123.3, 121.1, 119.5, BABISMR

(203 MHz, CDC#) Ui 13.95,i 14.57,i 15.93,i 16.57.1%F NMR (471 MHz, CDC4) Ui 77.90 (s,
3F),i80.76 (t,J = 10.1 Hz, 3F)j 112.62 (tJ = 13.8 Hz, 2F)j 120.66i i121.10 (m, 2F); 125.96
(dt,J=15.9, 10.1 Hz, 2F),140.23 (s, 1F)i 141.07 (tJ = 16.4 Hz, 1F)j 145.44 (s, 1F)| 146.72

(d, J = 17.0 Hz, 1F)j 153.31 (s, 1F)i 154.76 (s, 1F)j 155.60 (s, 1F){ 156.64 (s, 1F)HRMS

(ESI): calculated for @sHasF20N30sP2S,' (M1 H]'): 1840.204435, found: 1840.206000.

(S,S) i Imidodiphosphorimidate 4.2.2j (IDPi 4.2.2)):

Cl,
Cl— P

@O Ar N (1 equiv.) @O
Et3N (10 equiv.) Cl

OH Bl

oM phMe, 1 h, 1t @ ON

Tf

” L o Yo
0 0

\ /
cl, R=N-p

_Cl
ci—p~ 13OC3d ONH N’\o QO
Ar
O Mo OXL,
OH Et3N (10 equiv.) o o\
OH NH3; (2 equiv.) o N
DCM, 1 h, rt Nf’
Ar then 30 min
0°C Ar Ar =

In a schlenk tube 1 a suspension §f3,3-di([1,1-biphenyl}3-yl)-5,5',6,6",7,7',8,8ctafluorc
[1,1-binaphthaleneR,2-diol (0.136 mmol, 1 equiv., 100 mg) in toluene (0.25 M) was added

trifluoromethylsulfonylphosphorimidoyl trichloride (1 equiv.) and trimethylamine (10 equiv.)

_Cl

under argon and stirred for 1 h at room temperature. In another schlenk 1898 2-di([1,1-
biphenyl]-3-yl)-[1,1-binaphthalenel,2-diol (0.136 mmol, 1 equiv., 80 mg) in DCM (0.25 M) was
added perfluorobutylsulfonylphosphorimidoyl trichloride (1 equiv.) and trimethylamine (10
equiv.) under argon and stirred for 1 h at room temperature. The reactiome was cooled to 0

°C and then NEI(2 equiv., 0.5 M in 1,4 dioxane) was added and stirred for 30 min at the same
temperature. After that DCM, & and excess N¥ivas removed from schlenk tube 2 under high

vacuum. The reaction mixture from schlenk tdbe&as transferred to schlenk tube 2 via cannula,
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additional toluene (0.25 M) added and schlenk tube was sealed before heating the schlenk tube 2
at 130 °C for 3 d. After cooling to room temperature, aq. HCI (10%) was added and the mixture
was extracted wh DCM thrice. The combined organic layer was dried ovesSRa and
concentrated under reduced pressure. The crude materipuviféed by column chromatography

on silica gel (eluent: hexane/EtOAc 90°115:25) to afford the desired IDPi as a salt. Thelpob

was acidified by passing over a short plug of DOWEX 50WX8dith) in DCM and obtained as

a yellow solid after removing the solvent (34% yield, 86 mg).

IH NMR (501 MHz, CDC}) 1i8.35 (s, 1H), 8.13 (s, 1H), 8.01 (0= 8.2 Hz, 2H), 7.84 () = 7.6
Hz, 1H), 7.74 (d) = 1.9 Hz, 1H), 7.70 (t = 1.8 Hz, 1H), 7.60 (ddg = 8.0, 3.3, 1.8 Hz, 3H), 7.55
(ddd,J=12.6, 6.9, 1.7 Hz, 7H), 7.50 (dii 9.1, 2.2 Hz, 4H), 7.46 (ddi= 7.9, 6.5, 1.7 Hz, 4H),
7.437.38 (m, 4H), 7.387.34 (m, 4H), 7.8/ 7.27 (m, 9H), 7.04 (1) = 8.0 Hz, 1H), 7.006.90 (m,
4H), 6.85 (t,J = 7.8 Hz, 1H), 6.14 (d) = 7.7 Hz, 1H), 5.95 (dJ = 7.7 Hz, 1H).*3C NMR (126
MHz, CDCh) 11143.4 (dJ = 10.6 Hz), 142.4, 141.5, 141.2, 141.1, 140.0, 135.5 £d13.5 Hz),
133.4 @,J=35.2 Hz), 132.7, 132.0, 131.4, 129.4, 12928.5 (m), 128.6127.4 (m), 127.4127.1
(m), 127.1126.7 (m), 123.9 (dl=54.2 Hz), 123.1, 119.6 (other signals not detected or observed)
3P NMR (203 MHz, CDC#) 11113.17,i 13.81,1 17.03,1 17.67.1%F NMR (471 MHz, CDC#) Ui
79.44 (s, 3F);80.69 (t,J=9.9 Hz, 3F)j 109.38i 1111.92 (m, 2F){120.74 (dJ = 73.6 Hz, 2F),
1126.11 (ddJ = 14.2, 7.0 Hz, 2F); 140.12 (t,J = 16.8 Hz, 1F)j 141.15 (t,J = 16.5 Hz, 1F)j
145.67 (tJ = 16.7 Hz, 1F)j 146.79 (tJ = 17.1 Hz, 1F)j 153.37 (tJ = 19.3 Hz, 1F)j 154.88 (t,
J=19.1 Hz, 1F)j155.71 (t,J = 19.6 Hz, 1F),;i156.71 (t,J = 19.3 Hz, 1F)HRMS (ESI):
calculated for @HasF20N30sP>S,' ([MT H]'): 1840.20442, found: 1840.20142.
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(S,5)-Imidodiphosphorimidate (IDPi 4.1.3s):

IDPi 4.3.1swas prepared following the procedure with

Ar  Ar
OO OO diol (300 mg). The crude product was purified by column

O\P:N\F? chromatography (eluent: pentane/DCM 5@.5D:70) to
CO (?;,}\JH /'\\FS QO afford the desired IDPi as a salt. The product watfaeul
Ar Ar by passing over a short plug of DOWEX 50WX8- (H
‘ form) in DCM and obtained as a white solid after
O removing the solvent (47% yield, 263 mg).
Ar= 'H NMR (501 MHz, CDC}) 1 8.04 (s, 2H), 8.01 (s, 2H),
) O 7.92 (d,J = 8.2 Hz, 2H), 7.83 (td] = 11.8, 4.4 Hz, 14H),
. / 0 7.757.71 (m, 4H), 7.66 (t) = 8.8 Hz, 4H), 7.62 (d) =
/’S\Cst 7.8 Hz, 2H), 7.58 (t) = 7.7 Hz, 2H), 7.567.51 (m, 4H),

7.497.41 (m, 14H), 7.307.23 (m, 5H), 7.167.13 (m, 4H), 7.08 (tJ = 7.7 Hz, 2H), 7.03 (d] =
7.8 Hz, 2H), 6.64 (dJ = 7.7 Hz, 2H)13C NMR (126 MHz, CDC#) 1i143.9, 143.1, 142.2, 141.6,
138.9, 137.8, 136.5, 135.9, 133.8, 133.5, 133.3, 132.8%d3.2 Hz), 132.1, 132i031.6 (M),
131.4, 129.4 (dJ = 18.8 Hz), 128.9, 128(328.0 (m), 127.0127.2 (m), 126.8 (d] = 27.4 Hz),
126.5125.6 (m), 123.6, 121.7 (other signals not detected or obseAfBdNMR (203 MHz,
CDCl) i 16.60.2%F NMR (471 MHz, CDC4) i1 80.78 (d,J = 10.6 Hz, 3F)j 111.47i i112.03
(m, 2F),1119.79i 1120.25 (m, 2F)j121.50i i 122.29 (m, 6F)j 122.81 (s, 2F)i 126.15 (dJ =
16.0 Hz, 2F)HRMS (ESI): calculated for @oHsaF24N30sP2S," ([MTH]'): 2446.307284, found:
2446.308180.
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(S,5)-Imidodiphosphorimidate (IDPi 4.1.3af):

Ar  Ar IDPi 4.1.3af was prepared following the procedure with
OO 0 0 OO diol (520 mg).The crude product was purified by column
OO o’h,j:\,\’,é\o QO chromatography (eluent: hexane/DCM 7®3D:50) to
. R’ \RAr afford the desired IDPi as a salt. The product wadifée
&

by passing over a short plug of DOWEX 50WX8ftm)
in DCM and obtained as a white solid after removing the

O solvent (60% yield, 500 mg).

IH NMR (501 MHz, CDC}) i 8.11i 8.04 (m, 4H), 8.0i
7.85 (m, 8H), 7.8017.77 (m, 2H), 7.767.66 (m, 6H), 7.62

R= X 7.52 (m, 12H), 7.487.44 (m, 2H), 7.447.27 (m, 22H), 6.96

oGt (d,J = 3.3 Hz, 2H), 6.866.72 (M, 4H), 6.566.47 (m, 2H),

2.051.35 (m, 40H).23C NMR (126 MHz, CDC}) Ui 154.5, 18.4, 154.0, 153.9, 144.4, 143.2,
142.3, 141.9, 140.3, 139.8, 139.4, 139.0, 138.7, 138.5, 135.1, 134.8, 133.9, 133.8, 132.4, 132.1,
131.8, 131.3, 129.7, 129.3, 128.9, 128.7, 127.5, 127.5, 127.3, 127.2, 127.1, 126.9, 126.8, 126.5,
125.8, 124.3, 124.0, 123.623.2, 121.8, 120.5, 119.8, 118.9, 118.7, 50.7, 35.9, 35.3, 35.0, 25.8,
25.4, 23.3, 22.7, 22.6 (other signals not detected or obseffedMR (203 MHz, CDC4) U1
16.44.1% NMR (471 MHz, CDC}) i180.79 (t,J = 10.1 Hz, 3F)j 110.35i i112.27 (m, 2F)]
119.73i 1120.20 (m, 2F); 121.39 (tdJ = 15.9, 9.5 Hz, 2F),121.70i i 122.14 (m, 4F)j 122.70
(tt, J = 14.8, 6.4 Hz, 2F),i125.9471 i126.43 (m, 2F).HRMS (ESI): calculated for
Cis2H104F34N30sP2S,' ([MT H]'): 2870.620284, found: 2870.619720.

(S,9)-Imidodiphosphorimidate (IDPi 4.3.3)):
OO Ar  Ar OO IDPi 4.3.3j was prepared following the procedure with diol
(600 mg). The crude product was purified by column

CO RAVRRAN QO chromatography (eluent: hexane/B©80:2® 65:35) to
NH N_

afford the desired IDPi as a salt. The product was acidified
by passing over a short plug of DOWEX 50WX8fdtm)

in DCM and obtained as a white solid after removing the

OO solvent (70% yield, 520 mg).
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IH NMR (501 MHz, CDC#) Ui 8.8618.55 (m, 8H), 8.505.51 (m, 64H)X3C NMR (126 MHz,

CDCl) 1 143.7, 142.6, 141.7, 140.7, 138.6, 138.0, 1388,2, 132.5, 132.0, 131.8, 131.6, 131.5,
131.1, 130.7, 130.6, 130.1, 129.9, 129.7, 129.3, 129.1, 128.8, 128.8, 128.5, 128.0, 127.1, 126.9,
126.6, 126.5, 126.4, 126.3, 123.5, 123.0, 122.5, 122.3, 122.1, 120.6, 118.0 (other signals not
detected or observed)P NMR (203 MHz, CDC#) Ui 16.93.1% NMR (471 MHz, CDC}) Ui

77.84. HRMS (ESI): calculated for @iH7FsN3OsP>S' ([MTH]'): 1946.414586,found:
1946.414586.

(S5,9)-Imidodiphosphorimidate (IDPi 4.3.3p):

Ar  Ar IDPi 4.3.3pwas prepared following the procedure with diol

OO 0 0 OO (200 mg). The crude product was purified by column
OO o’ia\,\,::\,\’,é\o QO chromatography (eluent: hexane/EtOAc 90.1%:25) to
ArTf’ \TfAr afford the desired IDPi as a salt. The product wadifaed

by passing over a short plug of DOWEX 50WX8ftm)
in DCM and obtained as offhite amorphous solid after

removing the solvent (41% yield, 102 mg).

'H NMR (501 MHz, CDCl,) i8.16 (s, 2H), 8.12 (d,=8.4

Hz, 2H), 8.04 (dJ = 8.2 Hz, 2H), 7.907.81 (m, 4H), 7.72 (d] = 1.7 Hz, 2H), 7.707.59 (m, 6H),

7.52 (dg,d = 7.9, 2.8 Hz, 6H), 7.48.39 (m, 4H), 7.387.33 (m, 2H), 7.31 (dJ = 7.9 Hz, 2H),
7.287.17 (m, 10H), 6.65 (d] = 8.0 Hz, 2H), 6.606.50 (m, 2H), 6.15 (d] = 80 Hz, 2H), 2.18

1.84 (m, 18H), 1.801.59 (m, 28H), 1.531.46 (m, 2H).13C NMR (126 MHz, CDCly) i 156.2,

155.9, 155.8, 144.3, 143.5, 139.4, 139.0, 138.9, 135.5, 135.1, 134.8, 134.6, 132.8, 132.5, 132.4,
132.3, 132.2, 132.0, 129.8, 129.3, 129.2, 129.0,11228.1, 127.7, 127.5, 127.4, 127.4, 127.2,
125.0, 124.7, 124.3, 123.9, 123.8, 122.5, 120.4, 119.8, 119.4, 119.0, 40.4, 40.3, 39.5, 39.0, 32.5,
32.5, 32.1, 31.8, 26.1, 25.9, 25.8, 25.8 (other signals not detected or obsgr/&tyIR (203

MHz, CDCh) U 116.76.1°%F NMR (471 MHz, CDC$) U 1 78.69.HRMS (ESI): calculated for
C118HosFsN30sP2Sy' ([Mi H]'): 1922.602386, found: 1922.601990.

(S,S5)-Imidodiphosphorimidate (IDPi 4.1.3m):

IDPi 4.1.3mwas prepared following the procedure with diol (100 mg). The crude product was

purified by column chromatography (eluent: hexane/EtOAc®BE15) to afford the desired
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C Ar  Ar O IDPi as a salt. The product was acidified by passing over a
O O short plug of DOWEX 50WX8H-form) in DCM and

O . \‘Njé\ 0 obtained as a white solid after removing the solvent (31%
O R’NH N‘s Q yield, 47 mg).
Ar Ar
IHNMR (501 MHz,CDCl;) U 8.38 (s, 2H),
OO 15.8, 8.4 Hz, 4H), 8.03.83 (m, 9H), 7.77 (d, J = 8.3 Hz,
Ar = 2H), 7.697.29 (m, 32H), 7.287.10 (m, 5H), 7.02 (d, J =
O 8.6 Hz, 2H), 6.90 (d, J = 27.9 Hz, 6H), 6.38 (s, 2.
/o NMR (471 MHz, 18@02 @1J2)9.6 Hz)
R= )\s”\Ch 111.05i 1112.45 (m)j 120.95 (h, J = 9.6 HZ)125.77 (it,

J=18.2,10.7 Hz§P NMR (203 MHz, CDCl,) - 1i7.45.
HRMS (ESI): calculated for GaHsaF18N3OsP.S,' (M1 H]'): 2046.33281, found: 2046.33193.

(S,9)-Imidodiphosphorimidate (IDPi 4.1.3n):

C Ar  Ar O IDPi 4.1.3nwas prepared following the procedure with
O o o O diol (100 mg).The crude product was purified by column
/

\
O ,P\ﬁle?\ 0 chromatography (first column eluent: hexane/Acetone
SIS
R
Ar

o)
‘R 100:® 90:10; second column eluent: MTBE/DCM
Ar 0:10° 2:98) to afford the desired IDPi as a salt. The

OMe
product was acidified by passing over a short plug of
‘ DOWEX 50WX8 (Hform) in DCM and obtained as a
O white solid after removing the solvent (24% vyield, 34 mg).
Ar =
H NMR (501 MHz, CDCl;) 807 7.98 (m, 4H), 7.98
P ‘ 7.88 (m, 2H), 7.887.83 (m, 6H), 7.827.74 (m, 6H), 7.70

Y (d, J = 1.8 Hz, 2H), 7.61 (ddt, J = 14.7, 8.0, 1.5 Hz, 6H),

5564, 7.56 (d, J = 8.5 Hz, 2H), 7.53.48 (m, 4H), 7.467.43 (m,
3H), 7.40 (d, J = 8.5 Hz, 2H), 7.30 (q, J = 1.6 Hz, 2H29 7.19 (m, 6H), 7.17 (dd, J = 7.2, 2.5
Hz, 3H), 7.157.12 (m, 4H), 7.10 (dd, J = 8.9, 2.5 Hz, 2H), 7.06 (d, J = 2.6 Hz, 2H), 7.00 (dt, J =
8.2, 1.4 Hz, 2H), 6.87 (d, J = 7.8 Hz, 2H), 3.92 (d, J = 3.7 Hz, 2¥HNMR (471 MHz, CRCP?)
0-81.09 (t, J =9.8 Hz},111.94 (dt, J =56.8, 13.7 Hz)121.17 (dt, J = 36.3, 9.8 H2)125.69i
-126.57 (m). 3P NMR (203 MHz, CDCly) {17.32. HRMS (ESI): calculated for
Cr18H72F18N3012P.S," ([M1 H]'): 2166.37507, found: 2166.37368.
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(S,5)-Imidodiphosphorimidate (IDPi 4.1.30):

IDPi 4.1.3o0was prepared following the procedure with diol (110 nidje crude product was
purified by column chromatography (eluent: pentane/EtOAc®8(520) to afford the desired
IDPi as a salt. The product wasidified by passing over a short plug of DOWEX 50WX8 (H

form) in DCM and obtained as a white solid after removing the solvent (35% yield, 50 mg).
Ar  Ar H NMR (600 MHz, CDC4) U 18369 (&,76H), 8.60 (d,
CO o ‘O J = 8.3 Hz, 2H), 8.38B.14 (m, 4H), 7.96 (d, J = 29Hz,
O , \ﬁN\/f’\ 0 6H), 7.86 7.25 (m, 43H), 6.98 (d, J = 81.8 Hz, 6H), 6.45
O %’NH N Q (s, 2H), 5.93 (d, J = 149.6 Hz, 3HJC NMR (151 MHz,
ChClk)y U 135.6 (d, J = 84.7 Hz),
O = 10.7 Hz), 131.7130.5 (m), 130.4129.9 (m), 129.7,
OO 129.4128.3 (m), 128.0, 127i825.7 (m), 123.5, 123.1,
122.8,122.2 (d,J =33.4 Hz), 118.1 (d, J = 33.0 Hz), 116.3
O (t, J =33.1 Hz), 113.7 (t, J = 34.6 Hz), 112.41.5 (m),
/ 110.3 (t, J = 31.5 Hz), 108.3 (t=31.9 Hz) (other signals
i not detected or observedF NMR (565 MHz, CDC}) U
-80.73,-111.62,- 120.85,- 125.77 3P NMR (243 MHz,

CDCl) -17.23.HRMS (ESI): calculated for @sH72F1sN3OsP>S' ([M1H]'): 2246.39541,
found: 2246.39551.

(S,9)-Imidodiphosphorimidate (IDPi 4.1.3p):

IDPi 4.1.3p was prepared following the procedure with diol (88 mid)e crude product was
purified by column chromatography (eluent: Toluene/DCM 8@:20:40) to afford the desired
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C Ar O IDPi as a salt. The product wasidified by passing over a
O o o o short plug of DOWEX 50WX8 (Horm) in DCM and

O ,I‘D\ =N~ /54\ 0 obtained as a white solid after removing the solvent (43%
O pLILS O Q yield, 53 mg).
IH NMR (501 MHz, CDRCl) U 8. ®ZHz 2H), J =
O 8.59 (d, J = 8.2 Hz, 2H), 8.46 (d, J = 8.1 Hz, 2H), 8.34 (d,
‘ J = 8.6 Hz, 2H), 8.06 (d, J = 2.1 Hz, 2H), 7.8B4 (m,
e O 4H), 7.80 (ddt, J = 12.9, 10.4, 4.3 Hz, 10H), 7732 (m,
2H), 7.717.64 (m, 4H), 7.687.51 (m, 16H), 7.517.45
P O (m, 4H), 742 (d, J = 8.Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H),
o O 7.24 (s, 2H), 7.19 (ddd, J = 8.8, 6.7, 3.7 Hz, 4H), 177186 (m,
,/S\C4F9 6H), 7.03 (s, 2H), 6.96 (d, J = 7.9 Hz, 2H), 6.86 (d, J = 7.9 Hz,

2H). %F NMR (471 MHz, CDRCl;) -81.11 (t, J = 10.0 Hz),111.88 (dt, J 43.5, 15.1 Hz); 120.86i
-121.41 (m),-126.08 (qd, J = 14.7, 6.6 HA'P NMR (203 MHz, CDBCl;) -7.19.HRMS (ESI):
calculated forCi28H72F18N30sP2SS ([M¢H]¢): 2246.39541, found: 2246.39672.

(S,9)-Imidodiphosphorimidate (IDPi 4.1.3q):

IDPi 4.1.3q was prepared following the procedure with diol (100 nTdje crude product was
purified by column chromatography (eluent: Toluene/DCM 8@:20:40) to afford the desired
IDPi as a salt. The product was acidified by passing over a short plug of DOWEX 50V X8
form) in DCM and obtained as a white solid after removing the solvent (40% yield, 56 mg).

IHNMR (501 MHz,CDCl;) & 8. 93 (d, 087&(mI2H)78.58(s,2H)28H5(d, 8. 7 8

J = 8.3 Hz, 2H), 8.047.94 (m, 4H), 7.90 (dd, J = 5.3, 3.0 Hz, 8H), 7834 (m, 12H), 7.69 (dd,
J=8.4,4.2 Hz, 4H), 7.63.54 (m, 10H), 7.487.41 (m, 4H), 7.407.35 (m, 4H), 7.31dt, J = 17.0,



100
CO Ar Ar ‘O 7.9 Hz, 4H), 7.267.11 (m, 10H), 7.1i17.04 (m, 4H)1°F
NMR (471 MHz, CDCl) -81.03 (t, J = 10.0 Hz),

O RTR 0 -111.86 (dt, J = 26.3, 14.8 Hz)121.14 (dd, J = 46.9, 11.3
BT E
R

Hz), - 126.04 (dtd, J = 20.2, 12.8, 6.0 H¥P NMR (203
MHz, CD:Cl,) - 1i7.82.

R = ()\\//O

”/S\C4F9
(S,S)-Imidodiphosphorimidate (IDPi 4.1.3r):

C Ar  Ar O IDPi 4.1.3r was prepared following the procedure with
O o diol (100 mg).The crude product was purified by column

OO R O chromatography (eluent: Toluene/DCM 802280:40) to
ol

afford the desired IDPi as a salt. The product acadified

Ar Ar by passing over a short plug of DOWEX 50WX8fim)
‘ in DCM and obtained as a white solid after removing the
O solvent (40% vyield, 56 mgQ).
o 'HNMR (501 MHz,CDRCl;) 4 8.10 (d, J
P O 8.01 (s, 2H), 7.947.73 (m, 21H), 7.687.58 (m, 10H),
Re QS 747 (dddd, J = 15.5, 13.6, 6.6, 3.2 Hz, 13H), 7.38 (d, J =

S C4F, 8.5 Hz, 2H), 7.33 (s, 2H), 7.27 (q, J = 7.9 Hz, 4H), 7.21 (d,
J = 8.4 Hz, 2H), 7.1&.11 (m, 4H), 7.03 (d, J = 7.9 Hz, 2HJC NMR (126 MHz, CDCl,) U
138.1, 134.1, 133.8, 133.1, 133.0, 132.2 (d,2D.9 Hz), 131.8, 130.0, 129.6, 129.2 (d, J = 30.1
Hz), 128.8128.2 (m), 127.9 (d, J = 12.8 Hz), 127.7, 121%.8 (m), 126:8126.4 (m), 126.#
126.0 (m), 123.Tother signals not detected or observéd® NMR (471 MHz, CRCl,) - $1.13
(t, J = 10.3 Hz); 111.19i - 112.69 (m)- 121.00i - 121.55 (m)- 126.17 (dt, J = 23.2, 12.7 Hz)
31p NMR (203 MHz, CDCl,) - 1i7.26.HRMS (ESI): calculated for €2HeaF18N3OsP2S,' ([M1
H]'): 2046.33281, found: 2046.33268.
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(S,5)-Imidodiphosphorimidate (IDPi 4.2.2f):

@ Ar @ IDPi 4.2.2f was prepared following the procedure with
O o o O diol (105 mg).The crude product was purified by column
/

@O /|\=( =N-p @ chromatography (eluent: hexanes/EtOAc 9579:30) to
O NH N, 0 Q : -

afford the desired IDPi as a salt. The product acadified
by passing over a short plug of DOWEX 50WX8&ftm)

O in DCM and obtained as a white solid after removing the
Ar = solvent (24% vyield, 30 mg).
O 'HNMR (501 MHz,CDC$§) U4 8. 35 1i{.68(m, 2 H) ,

4H), 7.677.51 (m, 12H), 7.507.45 (m, 2H), 7.4¢47.28
(m, 12H), 7.05 (t, J = 7.7 Hz, 2H), 6.94 (dd, J = 11.8, 7.4 Hz, 4H), 6.05 (d, J = 7.8 H3%RH).
NMR (471 MHz, CDC}) - 8.40,- 140.34 (t, J = 15.9 Hz),140.79 (t, k 16.4 Hz)- 146.26 (t,
J=16.7 Hz); 146.41 (q, J = 12.3 H2)152.14 (t, J = 18.4 Hz),153.53i - 154.24 (m); 155.95
(t, J = 18.7 Hz)3'P NMR (203 MHz, CDC#) - 18.94.

(S,9)-Imidodiphosphorimidate (IDPi 4.2.29):
@ Ar @ IDPi 4.2.2g was prepared following the procedure with
O o o O diol (370 mg).The crude product was purified by column
/

@ ,I‘D\ =N~ N 9 chromatography (first column eluent: Acetone{t
Cpate (S

5:9%° 15:85; second column eluent: Acetone/pentane

0:10(® 20:80) to afford the desired IDPi as a salt. The

O product was acidified by passing over a short plug of
Ar =
DOWEX 50WX8 (Hform) in DCM and obtained as a
. O white solid after removing the solvent (22% vyield, 120
mgQ).
R = O\\//
" C4F H NMR (501 MHz,CDQCl;) U 8.38 @,9= 2H),

7.3 Hz, 4H), 7.6R7.55 (m, 8H), 7.547.49 (m, 4H), 7.457.38 (m, 7H), 7.32 (qd, J = 6.6, 5.0 Hz,
8H), 7.11 (t, J = 7.9 Hz, 2H), 6.99 (d, J = 4.9 Hz, 4H), 6.38 (d, J = 7.7 Hz!BH)IMR (471
MHz, CD,Cl) -81.12 (t, J = 10.1 Hz),112.18 (dd, J #40.5, 17.5 Hz); 121.27,- 125.70i
-126.33 (m),- 140.71,- 141.33 (t, J = 16.4 Hz),146.917 - 147.74 (m),- 153.67,- 155.38i
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-156.26 (m),- 157.75.3'P NMR (203 MHz, CDCl;) -12.51.HRMS (ESI): calculated for
CoeHaoF34Na0eP2S,' ([Mi H]'): 2134.11946found: 2134.120009.
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7.3.2 Synthesis and Characterization of 8O Bond Products

General Procedure A: IDPtcatalyzed Q O bond formation:

An ovendried glass vial (10 mL) was charged wi8iS)-IDPi catalyst (2.5 mol%)arboxylic
acid (4 equiv.), dry EO, cooled to the reaction temperature (indicated in each case) and then
substrate (trichloroacetimidate) (0.25 mmol) was added as a stock solution slowly under argon.
The reaction mixture was stirred at the reaction teaipee for a certain time (indicated in each
case). The reaction was stopped by adding w .5 equiv.) at the reaction temperature and
warmed to room temperature, solvent was removed under reduced pressure. Corresponding product

was purified by flasltolumn chromatography on silica gel (pentangd&nixtures).
(R)-1-phenylethyl acetate (4.1.4a)

Prepared following General Procedure A, from-pHenylethyl 2,2,2

trichloroacetimidate4.1.1g 0.25 mmol), acetic acid (1 mmol, 4 equiv.), wiB-

catalyst(4.1.3s 2.5 mol%), in dry EO (0.25 M), at' 90 °C for 5 d. Purification by

flash column chromatography (eluent: pentan€Bt00:® 98:2) to gived.1.4aas
a colorless liquid (30 mg, 73%, er = 95:5).

IH NMR (501 MHz, CDCl,) i1 7.3& 7.26 (m, 5H), 5.83 (q] = 6.6 Hz, 1H), 2.05 (s, 3H), 1.52 (d,
J=6.6 Hz, 3H).13C NMR (126 MHz, CDCl) 11 170.5, 142.5, 128.8, 128.1, 126.4, 72.6, 22.5,
21.5.HRMS (El): calculated for @H1202" (M™): 164.083180, found: 164.083300. = =+90.50
(c=0.4, CHC). (Lit. W33 » _ =+82.30 ¢= 1.1, CHCY)).

GC: Column: 25.0 m Lipodex G, Temperature: 220/80 1/min 5min iso/350, Gas: 0.5 bar kle(g), t
(minor) = 14.24 min.,g(major) = 15.85 min., er = 95:5.
(R)-1-(m-tolyl)ethyl acetate (4.1.4Q)

Prepared following General Procedure A, from(nttolyl)ethyl 2,2,2
trichloroacetimidate4.1.1g 0.25 mmol), acetic acid (1 mmol, 4 equiv.), with
(§9-catalyst 4.1.3s 2.5 mol%), in dry EO (0.25 M), ati 90 °C for 5 d.



