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ABSTRACT

ABSTRACT

The developments of Brgnsted acid catalyzed asymmetric syntheses of acetals and a novel
class of confined Brgnsted acid catalysts are described. The first highly enantioselective
intramolecular transacetalization reaction catalyzed by the chiral BINOL-derived phosphoric
acid TRIP was developed to access chiral acetals with the acetal carbon as the only stereogenic
center.

The practical utility of the catalytic asymmetric transacetalization reaction was
demonstrated in a kinetic resolution of homoaldol acetals. Both secondary and tertiary
homoaldols were resolved with high enantioselectivity using phosphoric acid STRIP based on a
1,1'-spirobiindane backbone.

The first catalytic asymmetric spiroacetalization reaction was developed, enabling
access to small unfunctionalized spiroacetal compounds, including the natural product olean,
which possesses a spiroacetal center as the only source of chirality. In addition, the catalyst
controlled access to thermodynamic and nonthermodynamic spiroacetals was achieved
offering a solution to this long standing issue in synthesis of spiroacetal natural products.

Most significantly, to enable the spiroacetalization reaction a novel class of chiral
Brgnsted acids, termed confined Brgnsted acids was designed and developed. Confined
Brgnsted acids based on a C-symmetric imidodiphosphate anion feature an extremely
sterically demanding chiral microenvironment with a single catalytically relevant and
geometrically constrained bifunctional active site. This catalyst design is expected to find wide

utility in various asymmetric reactions involving small and functionally unbiased substrates.



KURZZUSAMMENFASSUNG

KURZZUSAMMENFASSUNG

Die Entwicklung der Brgnsted-Saure katalysierten asymmetrischen Synthese von Acetalen und
eine neue Klasse von beengten Brgnsted-Saure Katalysatoren wird beschrieben. Die erste
hochenantioselektive intramolekulare Transacetalisierung katalysiert durch die chirale, von
BINOL abgeleitete Phosphorsadure TRIP wurde entwickelt und macht chirale Acetale zuganglich
in denen der Acetalkohlenstoff das einzige stereogene Zentrum ist.

Der praktische Nutzen der katalytisch asymmetrischen Transacetalisierung wurde durch
die kinetische Resolution von Homoaldolacetalen demonstriert. Sowohl sekundare als auch
tertidre Homoaldole reagierten mit hoher Enantioselektivitdt, wenn die Phosphorsdure STRIP
auf Basis des 1,1’-Spirobiindangeriistes verwendet wurde.

Die erste katalytisch asymmetrische Spiroacetalisierung wurde entwickelt. Hierdurch
wurden kleine, unfunktionalisierte Spiroacetale zuganglich, darunter der Naturstoff Olean, in
welchem das Spiroacetal das einzige chirale Zentrum darstellt. Zusatzlich hierzu konnten unter
Katalysatorkontrolle thermodynamische und nicht-thermodynamische Spiroacetale dargestellt
werden. Dies stellt einen Losungsansatz zu diesem lange bestehenden Selektivitatsproblem in
der Synthese von Spiroacetalnaturstoffen dar.

Am wichtigsten jedoch ist, dass, um die Spiroacetalisierung zu ermdglichen, eine neue
Klasse von chiralen Brgnsted Sduren, genannt beengte Brgnsted Sduren, entworfen und
entwickelt wurde. Beengte Brgnsted Sduren auf Basis des C;-symmetrischen
Imidodiphosphatanions zeichnen sich durch eine sterisch extrem anspruchsvolle
Mikroumgebung mit einem einzigen katalytisch relevanten und geometrisch eingeschrankten
bifunktionellen aktiven Zentrum aus. Dieses Katalysatormotiv wird vermutlich breite
Anwendung in der Katalyse von asymmetrischen Reaktionen mit kleinen und nicht

vorfunktionalisierten Substraten finden.
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1. INTRODUCTION

1. INTRODUCTION

1.1. Acetals

Acetals are among the most common stereocenters in nature. They form glycosidic bonds that

link together essential molecules of life, carbohydrates, including starch and cellulose, the

)

most abundant organic material on Earth (Scheme 1.1 ] Stereogenic acetals are ubiquitous in

other natural products, ranging from simple insect pheromones to complex spiroketal

[2-4]

polyketides. Controlling their relative and absolute configuration can be extremely

important. For example, starch and cellulose only vary in the configuration at their anomeric
acetal stereocenter. The importance of chiral acetals is further illustrated with their occurrence

[5-6]

in several chiral pharmaceuticals and their potential as diastereocontrolling elements in

organic synthesis.[”O] Nevertheless, methods for the enantioselective synthesis of stereogenic

acetals are very limited and usually based on chiral starting materials or reagents.** ¢
[ LoH i [ HOH ]
~ HQ To o
HO 0 O\\ HO H OH H
N OH|_| H O\
L ., L I
Cellulose: Starch:
® basic structural component of plant cell walls ® manufactured in the green leaves of
® about 33 percent of all vegetable matter (90 plants from excess glucose
percent of cotton and 50 percent of wood) ® serves the plant as a reserve food
® nondigestible to humans supply
® the most abundant organic material on Earth ® food for humans and animals

Scheme 1.1. Acetal group in cellulose and starch.

Spiroacetals

A structurally particularly distinctive subgroup of acetals are spiroacetals, compounds in which
two oxygen containing rings are joined at a single carbon. These fascinating small spirocycles

are a core motif of a variety of natural products.[2'4] To mention a few, protein phosphatase

[17

inhibitor okadaic acid is a toxin associated with diarrhetic shellfish poisoning; ] spongistatins

are structurally complex tubulin polymerization-inhibiting macrolides that display

18]

extraordinary antitumor activities;m integramycin is an HIV-1 protease inhibitor;[ and the
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ionophore monensin A is an antibiotic widely used in animal feeds.™ The spiroacetal subunit

was demonstrated to be a privileged pharmacophore, essential for the biological activity of

natural products.[2°"23]

Controlling the relative and absolute configuration of spiroacetals can be extremely
important. A number of syntheses of natural products were met with formidable challenges in
cases when the configuration of the spiroacetal stereocenter differed from the
thermodynamically preferred one."”! Furthermore, natural products that contain a spiroacetal
as the only source of chirality are well known."** Even the parent 6,6-spiroacetal is a natural
product, olean, the major female-produced sex pheromone of the olive fruit fly (Bactrocera
oleae) (Scheme 1.2).[25] Although it has been isolated as a racemate from natural sources, its

two mirror images, enantiomers, display the remarkable property that one mirror image (R) is

active on males, and the other (S) on females of the specie.?®

Several asymmetric syntheses have been published, however these invariably rely on

[27-28]

chiral starting materials or reagents. It was shown that enzymes are capable of

[29]

stereospecific spiroacetal formation, ™ and organic chemists have developed several powerful

synthetic methods for stereoselective formation of suitably substituted spiroacetals.[3°'33]

[34]

However, in spite of attempts, access to spiroacetal motifs in a catalytic highly

enantioselective manner has not been previously described.

(0] 0]
(0] O
(R)-Olean (S)-Olean
active on males active on females

Scheme 1.2. Two enantiomers of olean from olive fruit fly.

Kinetic resolution of alcohols via acetal formation

In organic synthesis, acetals are common functional groups used for the protection of
aldehydes, ketones and alcohols. Due to an easy access to racemic chiral alcohols, and the
possibility of inverting the alcohol stereocenter, the kinetic resolution of alcohols is an
attractive route for accessing enantioenriched chiral alcohols and their derivatives. Most
attractive methods of resolution are asymmetric placements of common protective groups,

which can be easily removed or utilized further in the synthesis. In this regard asymmetric

2
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resolutions that place acyl groups and silyl groups obtaining esters and silyl ethers are well
known (Scheme 1.3). The acetal moiety is stable under basic or mildly acidic conditions, and in
the presence of fluoride anion making it a complementary protecting group to ester or silyl
ether groups. However, kinetic resolutions of alcohols that form an acetal, a very common

alcohol protecting group, have not been described prior to our study (Scheme 1.3).

(0]
0 + OH
17 R2
/
OH . . ,\Si
)\ silylation oS, OH
R‘l R2 - = J\ =
R2 R1T

R! R?
racemic
o
acetalization
o)\ H

(unknown) +

o)

R! R?

Scheme 1.3. Kinetic resolution of alcohols.
1.2. Brgnsted acid catalysis with small and unbiased substrates

Asymmetric Brgnsted acid catalysis, in particular with stronger Brgnsted acids such as chiral
phosphoric acid type catalysts, is one of the most successful subfields of organocatalysis.[35'36]
However, asymmetric versions of numerous reactions are still elusive, and in the laboratory
smallest substrates frequently give poor selectivity (Scheme 1.4).

phosphoric acids small volume of the large volume of the

transition state transition state
(e.g. small substrate) (e.g. large substrate)

S » =substrate(s) ) _0
S S

i >

) ‘: ~
R = bulky group, e.g. 2,4,6-PryCgH, V\i/:fekr ;Scfgrf) v stirnq(réfa(stt%rrif) S
low asymmetric high asymmetric

induction induction

Scheme 1.4. Limitations of phosphoric acid type catalysts with small molecules.
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Additionally, successful asymmetric reactions with transition states that are not well organized
with covalent or hydrogen bonding interactions between the catalyst and the substrates are
very rare. Such a situation is encountered with the oxocarbenium ion, commonly invoked
intermediate in the synthesis of acetals (Scheme 1.5). As opposed to the reactions involving

related iminium ion featuring a strong hydrogen bond there are only scarce examples of the

addition of nucleophiles to oxocarbenium ions.1?739
loosely bound strongly bound
substrate intermediate
(e.g. oxocarbenium ion) (e.g. iminium ion)

weak hydrogen strong hydrogen
bonds bond
low asymmetric high asymmetric
induction induction

Scheme 1.5. Limitations of phosphoric acid type catalysts with loosely bound intermediates.

Brgnsted acids that provide extremely sterically demanding and readily tunable active sites can
solve mentioned problems and their development is probably the most important result of this

thesis.
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2.1. Asymmetric catalysis

Chirality is a property of an object making it nonsuperimposable with its mirror image.[” In
chemistry, particularly in molecules there are several elements which can cause this property.
The most common one is a tetrasubstituted carbon atom with all four substituents different,
although there are many other molecular substructures that cause molecules to be chiral

(Scheme 2.1).

mirror plane
A §B B, A
"point chirality" Q 3
P y S e
A A A A
"axial chirality" R o
Y B>k= :\B B =<B

.,
SSh

"axial chirality"

y
s

NMe, NMe,
~ -
n . ] N/ ! ! \N
planar chirality ph_Fe_Ph Ph_Fe pp
Ph’@\Ph Ph/@\Ph
Ph Ph

Scheme 2.1. Some examples of chiral elements.

Like other molecular properties that make molecules different, chirality is as well a distinct
structural feature. Molecules which are mirror images of one another, or enantiomers, are
different compounds, although they cannot be differentiated in an achiral environment.
However all living beings are composed of molecules that are chiral, and often only one
enantiomer is found in nature. Therefore, when making single compounds, rather than
mixtures, chirality as well as any other structural property of the molecule must be controlled.

The importance of accessing pure enantiomers of chiral molecules is a current

tremendous effort in organic synthesis. Most importantly, the requirement of the
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pharmaceutical industry has increased in recent decades due to serious issues related to the
use of usually more easily available equal, or racemic, mixtures of enantiomers. As our bodies,
e.g. proteins, sugars, DNA, are composed of single enantiomers of chiral compounds, we
present a chiral environment for any external chiral molecule, and the enantiomers of that
molecule are expected to have different interaction with our organism. Sometimes these
effects are minor, for example, with enantiomers of the drug having different levels of activity.
However the effects can also be profoundly different with serious consequences.m

There are several ways to access single enantiomers of chiral compounds.
Diastereoselective synthesis makes use of preexisting chiral building blocks, most frequently
originating from nature, which will become parts of the final molecules, or are used to make
chiral auxiliaries or reagents. The resolution approach uses racemic mixtures, which are
separated by interaction with enantiopure chiral material, for example using a chiral base or
acid for making a salt of one of the enantiomers, or by chromatography on a chiral column. The
main drawback of the resolution method is that the second unwanted enantiomer, which
represents half of the total synthesized material, is usually a waste. Therefore, the most
attractive way to make enantioenriched molecules is asymmetric catalysis.

Catalysts are materials, molecules or molecular assemblies capable of accelerating a
chemical reaction. They operate by enabling an alternative reaction pathway, proceeding
through different “catalyst stabilized” transition states and “catalyst stabilized” intermediates,
which are all lower in relative energy than the energetically highest transition state of an
uncatalyzed reaction. By doing so the catalyst can even direct the reaction to alternative
products, which are unfavored or cannot even be obtained in an uncatalyzed reaction.

In asymmetric catalysis the role of the catalyst is dual, it accelerates the reaction, but it
also forms thermodynamically unfavored composition of the products, favoring one of the
enantiomers. The origin of this enantioselectivity is the different ability of a single enantiomer
of the catalyst to form two different, diastereomeric transition states that lead to two
enantiomers of the product. The appeal of asymmetric catalysis is in the fact that a small
amount of a pure enantiomer of the catalyst can produce a large amount of enantioenriched
product molecules.

Today, there are three main fields in asymmetric catalysis: metal catalysis,
organocatalysis, and enzymatic catalysis, with recent research efforts being largely focused on

metal catalysis and organocatalysis. Importance of asymmetric metal catalysis has been
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recently recognized with Nobel Prize to K. Barry Sharpless for enantioselective oxidations and
to William Knowles and Ryoji Noyori for enantioselective reduction reactions.

Next to metal catalysts and enzymes, recently simple organic molecules have emerged
as powerful catalysts. Although some reactions performed with organocatalysts seem to be
alternatives to known metal-catalyzed processes, especially those where the metal plays a role

of the Lewis acid, these two fields are largely complementary.
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2.2. Asymmetric organocatalysis

The year 2000 marked an emergence of organocatalysis as a new field in asymmetric

catalysis,[4°'41]

one which in the subsequent decade has places itself shoulder to shoulder with
metal catalysis and biocatalysis.[42'43] In organocatalysis, simple organic molecules are used as
catalysts instead of metals or enzymes. Distinct advantages offered are the activation of
various common functional groups, mild reaction conditions, exclusion of expensive metals
and related toxic impurities, and usually easy access to both enantiomers of the catalyst and
possibility of their versatile structural modification.

Initial independent reports by List*” and MacMillan*", described the use of small
secondary amines as catalysts for the activation of aldehydes and ketones in asymmetric
reactions. List demonstrated that the amino acid L-proline can activate acetone via the
formation of an enamine intermediate in a direct aldol reaction (Scheme 2.2). Enamines,
compared to the corresponding enols have a higher HOMO (highest occupied molecular
orbital) and are better nucleophiles. In the same report a transition state was proposed, which
was later refined, that involved the Brgnsted acidic carboxylic acid moiety of proline in
simultaneous activation of aldehyde electrophile. All of these concepts, enamine catalysis,

bifunctional activation of nucleophile and electrophile, and chiral Brgnsted acid catalysis, have

proven to be very general in the field of organocatalysis.

Ly P~con
H N
o o (30 mol%) Q  OH R(\?&/._H/O

\ O
T H)H/ DMSO A/H/ f

97%, er 98:2 enamine + Brgnsted acid
activation

Scheme 2.2. Proline catalyzed aldol reaction.

Only slightly later, MacMillan reported that enals can be activated with a chiral imidazolidinone
catalyst via the intermediate iminium ion towards a Diels-Alder reaction with dienes (Scheme
2.3). Iminum ions, compared to the corresponding aldehydes have a lower LUMO (lowest
unoccupied molecular orbital) and are better electrophiles. The stereochemistry of the
products was explained with the shielding effect of one of the faces of the iminium

intermediate by the benzyl group of the catalyst. Iminium catalysis and the use of catalysts
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with bulky shielding groups have also proven to be very general concepts in the field of

asymmetric organocatalysis.

° N Q N
Ph  H.HCl oh I
(0]
© . (5 mol%) f
- 4 A
HH MeOH-H,0 z:E ;CHO o ©
82%, dr 14:1 o ) o
er 97:3 iminium ion activation

Scheme 2.3. Imidazolidinone catalyzed Diels-Alder reaction.

Mechanistic insight provided by List’s and Macmillan’s papers, invoking familiar enamine and
iminium intermediates, as well as importance of aldol and Diels-Alder reactions, was
undoubtedly responsible for the immediate wide acceptance of this type of catalysis by other
groups. Numerous reactions and catalysts have been developed since, and new modes of
organocatalysis have been discovered.

Catalytic asymmetric reactions employing small organic molecules are not novel, and
prior to reports by List and MacMillan a number of reactions was performed.[44] In 1912 Bredig
and Fiske reported cinchona alkaloid promoted addition of hydrogen cyanide to benzaldehyde

[45-46]

with low enantioselectivity, and in 1960 Pracejus found a cinchona alkaloid catalyzed

asymmetric addition of methanol to ketenes.”! The proline catalyzed aldol reaction has been

reported already in 1971 independently by Hajos and Parish!**!

and by Eder, Sauer and
Wiechert®®*!. However poor mechanistic interpretations and lack of conceptual formulations
were responsible for the lack of general interest from the synthetic community. After
accomplishments by List and MacMillan many of these older organocatalytic reactions were
reexamined and the activation modes of the small organic catalysts that were employed are

now well appreciated.

Classification of modern organocatalysis and the role of bifunctionality

Organocatalysts can operate by activating substrates either covalently by forming o and m
bonds with the substrate or noncovalently utilizing hydrogen bonding, protonating, or
deprotonating the substrate.

In 2004 Seayad and List suggested a classification system for organocatalysts[sz] based

on Lewis and Brgnsted acid-base theories. Based on the nature of their interaction with

9
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substrates many organocatalysts can be classified as electron donors (Lewis bases), electron
acceptors (Lewis acids), proton acceptors (Brgnsted bases) and proton donors (Brgnsted acids).
However, organocatalysts can, and usually do, utilize these modes simultaneously. The success
of many organocatalysts has been attributed to the cooperative “bifunctional” activation of the
substrates. For example, proline amino group acts as a Lewis base employing its electrons to
form a covalent enamine adduct with aldehydes while the Brgnsted acidic carboxylic acid
moiety activates electrophiles by hydrogen bonding and protonation (Scheme 2.4). The
remarkable success of chiral phosphoric acids in asymmetric catalysis is also attributed to
bifunctional activation, in which Brgnsted acidic site (-OH) and Brgnsted basic site (=0)

simultaneously activate the electrophile and the nucleophile, respectively (Scheme 2.4).

0 Brgnsted 'T' Brognsted
acidic site O] O basic site
(I) Brgnsted O¢P”'
H acidic site

Ko)
Proline Phosphoric acid

Lewis N

basic site

Scheme 2.4. Bifunctional organocatalysts.
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2.3. Asymmetric Brgnsted acid catalysis

Metal Lewis acid catalysis

A Lewis acid is a chemical species that is an electron-pair acceptor and therefore able to react
with a Lewis base, a chemical species able to provide a pair of electrons, to form a Lewis
adduct, by sharing the electron pair furnished by the Lewis base.”® In a more general sense
the acid-base concept can be extended to include a single electron acceptors and donors. For
several decades metal based Lewis acids with chiral ligands have been employed in numerous
asymmetric reactions. Their activation mode is based on the formation of a Lewis pair with a
substrate resulting in lowering of the electron density of the substrate making it more

susceptible to nucleophilic attack and other transformations (Scheme 2.5).

Lewis acid activation

ML

o

M

R H

Brgnsted acid activation

_H=X* JH---x*
RAH R H
hydrogen bonding activation
activation by protonation

Scheme 2.5. Activation of aldehydes by Lewis and Brgnsted acids.

Brgnsted acid catalysis

The proton is included in the definition of a Lewis acid, although the term Lewis acid usually
refers to heavier elements. Instead, the term Brgnsted acid is used to describe a chemical
species capable of donating a proton to a Brgnsted base, a chemical species capable of
accepting the proton. It is well known that a proton can activate substrates similar to Lewis
acids. However, as the proton does not possess substituents, which could be rendered chiral,
asymmetric catalysis with Brgnsted acids has remained undeveloped until 2004, while the field
of Lewis acid catalysis flourished. Only recently with the advent of organocatalysis, it was

recognized that a protonated substrate can be closely associated with its anion, which can

11
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impart enantioselectivity to the reaction. The mode of activation of substrates by chiral
Brgnsted acids is conceptually similar to the activation by Lewis acids (Scheme 2.5).

Asymmetric Brgnsted acid catalysis has emerged as one of the most prominent
subfields of organocatalysis, and these organocatalysts are capable of activating the widest
range of functional groups. Compared to Lewis acids, Brgnsted acids are generally easier to
handle and are usually stable to oxygen and water. Their metal-free nature makes them also
an attractive alternative to metal catalysts in the pharmaceutical industry, where traces of
toxic metal impurities are sometimes hard to remove from the final products. Chiral Brgnsted
acids are generally divided into two categories, hydrogen bonding catalysts and stronger (or
strong) Brgnsted acids.

Hydrogen bonding catalysts can be classified as general acid catalysts which are
incapable of protonating the substrate. Instead, the proton transfer occurs to the transition
state in the rate determining step. Strong Brgnsted acids can act as specific acid catalysts fully
protonating the substrate prior to the subsequent transformation. However this mechanistic
classification should be considered more as a guideline then a rule, as the exact mechanism

involved in the specific case is substrate and reaction dependant.

Hydrogen-bonding catalysts

Hydrogen-bonding catalysts are weak Brgnsted acids which act by hydrogen bonding to the
substrate, rather than fully transferring the proton to it. The most notable examples of this
type of catalysts are chiral thioureas and diols (Scheme 2.6). Chiral thioureas as catalysts were
serendipitously discovered by Sigman and Jacobsen in 1998 for the Strecker reaction.®
However, the recognition of the general hydrogen-bonding activation mode of these catalysts

has waited for several years and was inspired by the emergence of organocatalysis.

SN
By, »—NH N

NH
HN HO OMe
ph— O

Bu

Jacobsen's thiourea TADDOL

Scheme 2.6. Chiral hydrogen bonding catalysts.

12



2. BACKGROUND

Based on the known fact that polar protic solvents accelerate certain Diels-Alder reactions the
group of Rawal developed an asymmetric version of this reaction using a chiral diol TADDOL as
the catalyst (Scheme 2.6).[55]

Within the field of organocatalysis, hydrogen-bonding catalysis acquired a prominent
role, and numerous reactions and catalysts have been reported utilizing hydrogen-bonding

moiety for activation of electrophiles.*®>”!

Moderately strong and strong Brgnsted acids

In 2004 independent reports by Akiyama[58] and coworkers, and Uraguchi and Terada®™”

opened a new avenue in organocatalysis, by describing that relatively strong BINOL-derived
phosphoric acids are efficient catalysts for carbon-carbon bond forming reactions (Scheme 2.7).
However it was later shown that In Terada’s case the phosphoric acid was not the true catalyst,
but rather the calcium salt.®” Unfortunately, when purified by column chromatography on
silica gel, the acidic proton of the phosphoric acid is exchanged with metal ions present in the
silica gel, resulting in the isolation of the phosphate salt or its mixture with phosphoric acid. It
is known that in several reports following the initial discoveries, metal salts were the true
catalysts, although Brgnsted acid catalysis mechanisms were conceived.®”®Y |n some cases the
phosphate salt only acts as the inactive impurity, effectively requiring higher catalyst
Ioadings.[6” However in many cases sodium and calcium phosphates show activity and

importantly different and even reversed enantioselectivity.[sol

Akiyama et al. 2004 Uraguchi & Terada 2004
(acid was proposed as the catalyst)

Scheme 2.7. Phosphoric acid catalysts from initial reports.
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Although causing much confusion in the field of Brgnsted acid catalysis, lately chiral phosphate
salts of alkali and alkaline earth metals were recognized as a powerful class of Lewis acid
catalysts. More detailed description of the developments of phosphoric acids and their
derivatives is provided in the following section.

The success of chiral phosphoric acid catalysts prompted a number of attempts to
prepare chiral catalysts possessing other functional groups. BINOL-derived dicarboxylic acid
were introduced by Hashimoto and Maruoka as highly enantioselective catalysts for Mannich
reaction of arylaldehyde N-Boc imines and diazo compounds (Scheme 2.8).[62] In 2008 List et al.
used previously known BINOL-derived disulfonic acid as a chiral catalyst in a three-component
Hosomi—=Sakurai reaction without achieving enantioselectivity.[63] However Ishihara et al. found
that pyridinium BINOL-disulfonates were effective catalyst in an enantioselective Mannich-type
reaction.®™ Highly acidic disulfonic acids alone were not reported as successful catalysts for
asymmetric reactions so far. Disulfonimides were initially reported by List et al. as precatalysts
for silicon Lewis acids in Mukaiyama aldol reactions of silyl ketene acetals with aIdehydes.[GS]

Lately disulfonimides were also used as true Brgnsted acid catalysts for already well-

[66]

established asymmetric Friedel-Crafts alkylation of indoles with imines.

(L Lcon
DO

List et. al 2008

(no enatioselectivity) CF3
Hashimoto & Maruoka &
2007 Ishihara et al. 2008 List et. al 2009

(precatalyst for Lewis acid)
&
Lee et al. 2011
(Brgnsted acid catalysis)

(pyridinium salts
employed as catalysts)

Scheme 2.8. Other chiral stronger Brgnsted acid motives.

Chiral disulfonic acids and disulfonimides in Scheme 2.8 are stronger acids than phosphoric
acids and can catalyze reactions inaccessible with chiral phosphoric acid catalysis, however

their application in asymmetric Brgnsted acid catalysis has proven challenging.
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Recently Jacobsen introduced the interesting concept of asymmetric cooperative catalysis with
achiral strong Brgnsted acids and chiral ureas involving a network of attractive noncovalent
interactions between the urea bound anion and the electrophile (Scheme 2.9).[67] Although it is
a beautiful demonstration of catalyst design, the generality of this concept remains to be fully

explored.[es]

R
NH H o,
| /
FsC \ 5 N*
(ONpY
/S\O_"‘H
F3C

Jacobsen et. al 2010
(urea + CF3SO5H +imine)

Scheme 2.9. Chiral urea and achiral strong acid cooperative catalysis.

In contrast to neutral Brgnsted acids mentioned above, a number of cationic Brgnsted acids
has been also been reported. Johnston and co-workers developed an ammonium salt for the
aza-Henry reaction (Scheme 2.10).[69] However, these types of catalysts are significantly less
acidic than phosphoric acids. Ooi et al. introduced a chiral arylaminophosphonium barfate as
charged Brgnsted acid for highly enantioselective conjugate addition of arylamines to

nitroolefins (Scheme 2.10).[7°]

(3,5-(CF3)2-CgH3)4B™

Ar

“OTf H H

o N N

HN NH \P+’

o N\ N \N

YL E CU vy
Ar
Ar = 3,4,5-F3CgH>

Johnston et al. 2004 Ooi et al. 2009

Scheme 2.10. Chiral cationic Brgnsted acids.

In spite of the development of various catalyst classes phosphoric acids and N-triflyl
phosphoramides (discussed in the following section) are currently by far the most successful

strong Brgnsted catalysts.
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2.4. Chiral phosphoric acids and derivatives
2.4.1. Chiral environment

Since the initial reports describing chiral phosphoric acids as catalysts, they have become
popular catalysts in asymmetric catalysis, and numerous reactions have been reported.[35'36]
Much of their success has been accredited to the readily modified 3,3’-substituents which
provided an opportunity to place bulky groups near the active site. The placement of a bulky
2,4,6-'Pr3CeH,-group resulted in one of the most successful phosphoric acid catalysts, TRIP
which was initially reported by List et al. for asymmetric transfer hydrogenation of imines
(Scheme 2.11).[71'72] The TRIP anion was also the counteranion of choice in pioneering studies
in asymmetric-counteranion directed catalysis (ACDC) reported by Mayer and List in 20063 a

principle later also applied in metal catalysis by Toste et al," and Mukherjee and List!®!.

TRIP
List et al. 2005

Scheme 2.11. One of the most successful phosphoric acid catalysts.

The success of BINOL-derived catalysts also prompted the development of catalysts with
alternative backbones, with the aim of modifying geometrical parameters of the active site.
The closely related H8-BINOL backbone proved more successful than BINOL backbone in
certain cases (Scheme 2.12).[76] Akiyama et al. introduced TADDOL-derived Brgnsted acids,
however these catalysts failed to promote highly enantioselective transformations.””? VAPOL-
derived phosphoric acid introduced by Antilla et al. for synthesis of aminals proved superior to
BINOL-derived catalysts in several cases (Scheme 2.12).[78] A bis-BINOL derived phosphoric acid
was introduced by Du et al. as the catalyst for the transfer hydrogenation of quinolines
(Scheme 2.12).[79] Biphenol-derived phosphoric acids were demonstrated as efficient catalysts

for asymmetric C—H functionalization via an internal redox process (Scheme 2.12).[801
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Gong et al. 2006 Akiyama et al. 2005

Du et al. 2008 Akiyama et al. 2011

Scheme 2.12. Alternatives backbones for chiral phosphoric acids.

A bis-phosphoric acid developed by Gong et al. has been demonstrated as excellent catalyst for
a three component 1,3-dipolar cycloaddition reaction (Scheme 2.13).[81] Terada and coworkers
reported in 2011 that a new bisphosphoric acid is capable of performing a highly
enantioselective Diels—Alder reaction of a,B-unsaturated aldehydes with amidodienes (Scheme

2.13).18%

Gong etal. 2008 Momiyama, Terada et al. 2011

Scheme 2.13. Bisphosphoric acids.
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Recently two independent reports presented the development of phosphoric acids based on
SPINOL backbone. 384 Ling, Wang and coworkers showed that naphtyl-substituted phosphoric
acid is competent catalyst for the venerable asymmetric Friedel-Crafts reaction of indoles with
imines (Scheme 2.14),[83] giving comparable results to BINOL-derived phosphoric acid.
Simultaneously our group has demonstrated that the SPINOL-derived phosphoric acid STRIP is
a superior catalyst to the corresponding BINOL derived phosphoric acid TRIP in a kinetic
resolution of alcohols via intramolecular transacetalization which is discussed in this thesis
(Scheme 2.14).[84] Since these two reports, several groups have utilized SPINOL-based
phosphoric acids as Brgnsted acid catalysts, in some cases demonstrating distinct advantages

over BINOL counterparts.

SPINOL

STRIP
Lin, Wang et al. 2010 List et al. 2010

Scheme 2.14. SPINOL-derived phosphoric acids.

SPINOL-based catalysts seem to be comparably successful to the BINOL-derived phosphoric
acids, however their application might be hampered by current long and demanding synthesis

which includes more than 10 steps involving a resolution step.[83'84]

2.4.2. Phosphoric acid derivatives

Replacing oxygen atoms of the phosphoric acid diester moiety with other atoms or groups
leads to various derivatives, several of which were shown to be highly efficient stronger chiral

Brgnsted acids (Scheme 2.15).

NR
‘f
," _-" S,Se
o o~
*< / “OH. __
=% SH, NHR

Scheme 2.15. Derivatization of the phosphoric acid moiety.
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Terada’s group developed a phosphordiamidic acid, which was employed in the direct Mannich
reaction of N-acyl imines with 1,3-dicarbonyl compounds (Scheme 2.16).[85] However, only low

enantioselectivity was achieved.

Terada et al. 2006

Scheme 2.16. Phosphordiamidic acid.

Dithiophosphoric acids were initially reported by Blanchet et al. and were demonstrated as
highly active catalysts, although only low enantioselectivity was achieved (Scheme 2.17).¢!
Recently Toste et al. demonstrated a novel mode of Brgnsted acid catalysis with chiral

dithiophosphoric acids involving covalent activation of dienes and allenes (Scheme 2.17).[87]

Blanchet et al. 2009 Tosteetal. 2011

Scheme 2.17. Dithiophosphoric acids.

A major breakthrough in Brgnsted acid catalysis was the discovery of chiral N-triflyl
phosphoramides as strong chiral Brgnsted acids by Nakashima and Yamamoto (Scheme
2.18).[88] They demonstrated its application in the asymmetric Diels-Alder reaction for which
the corresponding phosphoric acids are inactive catalysts due to their insufficient acidity. A
number of other reactions could be catalyzed with chiral N-triflyl phosphoramides with high
enantioselectivity and these catalysts are often referred to as Yamamoto’s catalysts.[sg'go] Often

the higher acidity of the chiral N-triflyl phosphoramides was crucial for the success of the
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reaction. Later Cheon and Yamamoto also introduced thio- and seleno-derivatives for the

protonation of enol silanes.®Y

Nakashima and Yamamoto
2006

Cheon and Yamamoto 2008

Scheme 2.18. N-triflyl phosphoramides and derivatives.

List et al. introduced a novel class of stronger Brgnsted acids by replacing the triflyl group of
Yamamoto’s catalyst with a different electron—withdrawing moiety. The use of a phosphinyl
moiety resulted in chiral N-phosphinyl phosphoramides which could be additionally structurally
optimized by modifying the structure of the achiral phosphinyl moiety.[gz] These novel catalysts

enabled a highly enantioselective direct asymmetric N,O-acetalization of aldehydes.

Listetal. 2010

Scheme 2.19. N-phosphinyl phosphoramides.

Phosphoric acid catalysts based on BINOL or other backbones, although followed by several
different acidic motives, are by far the most successful catalysts. With exception of
Yamamoto’s catalyst, all other moderately strong and strong Brgnsted acid motives are very
reaction specific. It is reasonable to say that the second generation of stronger chiral Brgnsted

acid catalysts has not been discovered yet.
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2.5. Asymmetric synthesis of acetals
2.5.1. Chiral staring materials

Methods for the enantioselective synthesis of an acetal stereocenter are very limited. They are
usually based on chiral starting materials or reagents. In 1996 Davies and Correia reported a
stereoselective reaction of enantiopure o-substituted benzaldehyde chromium complex to give
o-anisaldehyde methyl isopropyl acetal (Scheme 2.20).[12] The enantioenriched aldehyde
chromium complex was obtained by chromatographic separation of diastereomeric valinol

imine derivatives.

1) (MeO),CH, H,S0,

- OMe >\
OMe 2)i)Ticl :
<:§_.(O ).I.) 4 . o'pr OM?? R
, ’ i) NEtg, 'PrOH (o ®_< H
Cr(CO)s 3) Et,0, air, hv OMe Cr(c0) 0%
er >97.5:2.5 intermediate

Scheme 2.20. From enantioenriched metal complexes.

Enantioenriched acyl alkyl acetals can be obtained from enantioenriched a-alkoxy ketones via

Bayer-Villiger oxidation (Scheme 2.21).[11]

R> m-CPBA

R R Re O
o7y R - R AN
o NaHCO,;, DCM 070" "Ry
er from 92:8 to >99:1 er from 90.5:9.5t0 98.5:1.5

Scheme 2.21. From enantioenriched a-alkoxy ketones.

A recently reported photolytic decarboxylation of enantiopure a-acyloxy peresters also

provides a route to enantioenriched acyl alkyl acetals (Scheme 2.22). [13]

(0]
.0 uv_, o
MeOZC/\HJ\O \’< MeOZC/\r \’<
OAc OAC
er 90:10

Scheme 2.22. From enantioenriched a-acyloxy peresters.
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Another approach to acyl alkyl acetals has been described from achiral esters using a chiral
reducing reagent with in situ acetylation of the enantioenriched alkoxy-aluminum intermediate

(Scheme 2.23).[15]

i) NaAlH, (3 eq.) o)
\i ephedrine (3 eq.) OJ\ o~ 1Al
BnO = » ~ =
ii) Ac,0, DMAP z
OEt ) Ac, 810 A BNO g,
er 91.5:8.5 intermediate

Scheme 2.23. Using enantioenriched reducing reagent.

Uchiyama et al. developed methoxyselenenylation of alkyl vinyl ethers with enantioenriched

selenium reagent affording acetals with moderate to good enantioselectivity after removal of

the selenium group (Scheme 2.24).1% ¢!

mz

Me; SeAr*

Et
~_OEt SeBFy . Bu;SnH, AIBN O/YOME}

O um

OMe er87:13

OEt

Scheme 2.24. Using enantioenriched selenium reagents.

The aforementioned methods are either very substrate specific and/or not highly
enantioselective and there are still no general approaches to chiral acetals with acetals carbon

as the only stereogenic center from chiral enantioenriched starting materials or reagents.

2.5.2. Catalytic asymmetric methods

The most straightforward method to enantioenriched compounds is their catalytic asymmetric
synthesis. The few catalytic asymmetric approaches to acetals with the acetal center as the
only stereogenic element can be divided into reactions that do not involve the acetal carbon as
the reaction center, and those which include the formation of the acetal moiety. For the later

case only a single report existed prior to the work described in this thesis.
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Transformations not involving acetal carbon

Enantioenriched acyl alkyl acetals can be accessed with enzymatic kinetic resolutions, which

involve hydrolysis of an ester moiety as the enantioselective step (Scheme 2.25

0]

Enzyme
OAlkyl
e O)k( i _Enzyme |

OAc

Scheme 2.25. Enantioenriched acetals via enzymatic kinetic resolution.
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Catalytic asymmetric approaches to alkyl alkyl acetals with artificial catalysts have been

described using metal catalyzed desymmetrizations. Ring closing metathesis of achiral triene

acetals with a chiral molybdenum catalyst leads to enantioenriched cyclic acetals with good

enantioselectivity (Scheme 2.26a

) [96-97

"'With a chiral nickel catalyst, an alkene isomerization of

exocyclic double bonds to more stable endocyclic position can be achieved with high

enantioselectivity giving highly enantioenriched acetals (Scheme 2.26b).°*%°!

b

Scheme 2.26. Enantioenriched acetals via metal catalyzed desymmetrizations.
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Transformations involving acetal carbon

Prior to our work a single catalytic asymmetric formation of acetals was achieved by Nagano
and Katsuki via a metal-catalyzed hydroetherification of enol ethers (Scheme 2.27).“00]
Enantiomeric ratios up to 93:7 could be achieved with ruthenium catalyst although the exact
mechanism of this transformation is unknown. This reaction is to the best of our knowledge
the first catalytic asymmetric acetalization reaction, and only precedent prior to the work

described in this thesis.

O, - O HOCRS
3 equiv er 93:7

Scheme 2.27. First catalytic asymmetric acetal formation reaction.

A few attempts towards an asymmetric synthesis of spiroacetals have been described in the

Ph.D. thesis of M. Fritzsche, from the research group of Prof. W. Francke (Scheme 2.28).[34]

Ij
o f A (1.7 mo%) CO: :03\
+ + - +
H” Y0 SIS
/\I/oj 12% 18%
B

er 65:35 er79:21

/( ent-A (2 mo%) C))f:\g
+ -
O

70%
er73:27

y

Scheme 2.28. Asymmetric synthesis of acetals and spiroacetals via Diels-Alder reaction.
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They described a chiral chromium complex catalyzed Diels-Alder reaction®®® between enol
ethers and acrolein or methyl vinyl ketone yielding spiroacetals and fused bicyclic acetal with
low to moderate enantioselectivity (Scheme 2.28).

Very recently, after our studies described in this thesis were published, Handa and
Slaughter reported enantioselective alkynylbenzaldehyde cyclizations catalyzed by chiral gold(l)

diaminocarbene complexes giving acetals with very high enantioselectivity (Scheme 2.29).[101]

HN
»—Au—cl
’Pr—N\.
"Pr
o R =3,5-(CF3),C¢H; (5 mol%) /O
H . O/OH LINTf, (4.5 mol%) o
- i ve:
Ph Zpn

2 equiv

Scheme 2.29. Gold catalyzed asymmetric acetal formation.
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2.5.3. Catalytic asymmetric syntheses of N,X-acetals (X=N, O, S, Se)

Although N,N-, N,O-, and N,S- acetals, compared to O,0-acetals, are far less common motives
in natural products and organic synthesis their catalytic asymmetric syntheses have been
developed recently. All of the reported reactions are based on the well known ability of
phosphoric acids and their derivatives to catalyze asymmetric additions of nucleophiles to
imines.

Asymmetric syntheses of N,N-acetals catalyzed by a chiral Brgnsted acid were initially

reported by Antilla et al. in 2005 (Scheme 2.30).[78' 102}

Ph
Ph 0" OH
.Boc Boc <
N (5 mol%) NH
+ TsNH, _Ts
H Et,0,r.t, 1h N
yield 95%
er97:3

Scheme 2.30. Catalytic asymmetric synthesis of N,N-acetals.

Later the Antilla group also developed a catalytic asymmetric addition of alcohols to imines

giving chiral N,0-acetals with high enantioselectivity (Scheme 2.31).1%%!

Q 0]
N)J\Ph (5 mol%) Ph)J\NH
+ MeOH
@H EtOAc, r.t.,, 24 h @)*\O,Me
yield 93%
er97:3

Scheme 2.31. Catalytic asymmetric synthesis of N,0-acetals.

Subsequently List et al. developed direct asymmetric N,N- and N,O-acetalizations of aldehydes

to access cyclic N,N- and N,O-acetals, which are found in several pharmaceuticals (Scheme
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2.32).[92' 104 The crucial step of these reactions is the intramolecular asymmetric addition to an

imine intermediate. Later a variant of the direct asymmetric N,N-acetalization of aldehydes

[105]

employing aromatic aldehydes was published by Rueping et al.

O O
NH, . )(L)\ (10 mol%) ., NH
H toluene, =45 °C, MS5 A )
NH, 24 h N
yield 86%
er99:1
CF3
o (T
0 ‘ CF3 P
@)
NH, + )u\ (10 mol%) : /CELNH
H toluene, 50 °C, MS 5 A O/\/Et
OH 96 h L
yield 81% or 982

Scheme 2.32. Direct catalytic asymmetric N,N- and N,O- acetalizations of aldehydes.

More recently Antilla et al. also reported syntheses of enantioenriched N,S- and N,Se-acetals
starting from imines (Scheme 2.33).[106]

All of the above mentioned N,X-acetalizations (X = N, O, S, Se) are based on the
enantioselective addition to an iminium ion intermediate. Imines are readily activated by
Brgnsted acids due to their basicity and the intermediate iminium salts possess strong

hydrogen bonding to the chiral anion of the Brgnsted acid (Scheme 2.34). This makes the ion

pair reasonably well organized enabling an efficient enantiocontrol.
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2 - 2
N Ph i HN Ph
+  PhSH
©)J\H toluene, r.t., 5 min ©/\S/Ph
1 o)
yield 95% er 99.5:0.5
1 hiy
N™ "Ph as above HN™ "Ph
= - S _Ph
vield 77% EjA e
er 98.5:1.5

+ PhSeH
H

Scheme 2.33. Catalytic asymmetric synthesis of N,S- and N,Se-acetals.
PG. _H
N
+  HX*

/H‘~
Pe. HX* PG. "X+ NuH Ji
)J\H R » Nu

A
Scheme 2.34. Mechanism of Brgnsted acid catalyzed asymmetric N,X-acetalizations.

0,0-Acetals present an additional challenge as enantioselective additions to oxocarbenium ion

intermediates that could potentially lead to chiral O,0-acetals, are much less explored
[37-39]

compared to additions of nucleophiles to imines.
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3. OBIJECTIVES OF THIS PH.D. WORK

3. OBJECTIVES OF THIS PH.D. WORK

3.1. Catalytic Asymmetric Acetalizations

The objectives of this Ph.D. work were identification and optimization of reactions which
would enable the formation of an acetal stereocenter in an enantioselective fashion, with a
focus on Brgnsted acid catalyzed reactions.

One of the reactions targeted was a transacetalization reaction, in which one alkoxy-
group of an acetal is exchanged with another one. Although transacetalization reactions
usually require relatively strong Brgnsted acid catalysts, it was reasoned that an intramolecular
variant might be amenable to mild asymmetric Brgnsted acid catalysis (Scheme 3.1). An
additional challenge present within this transformation was the asymmetric substitution of
simple 0O,0-acetals using chiral Brgnsted acid catalysts, which has not been described

previously.

OR

HX* 0
Ro)\/\/OH — RO\*Q +  ROH

Challenges:
® catalytic highly enantioselective acetal formation
® catalytic asymmetric substitution of acetals using chiral Brgnsted acids
® potential product racemization

Scheme 3.1. Intramolecular transacetalization.

Both starting materials and products of the intramolecular transacetalization reaction are
protected y-hydroxycarbonyl compounds, or homoaldols. Homoaldols are versatile motifs in
organic synthesis that can be easily transformed into a vast array of important chiral
compounds such as y-lactones, tetrahydrofurans, pyrrolidines, and others. Based on the
transacetalization reaction, the development of a practical kinetic resolution to obtain these

useful compounds was next sought after (Scheme 3.2).

RO MgCl RO (\/L 2
g OR g o \"R

JOJ\ OR R21 HX* R' protected
R'” "R2 RO R OR gt homoaldols
racemICOH L—» RO =R2

OH

Scheme 3.2. Kinetic resolution of aldehyde homoaldols.
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The reaction would present the first example of a kinetic resolution of alcohols via acetal

formation, and of a Brgnsted acid catalyzed kinetic resolution of alcohols.

Spiroacetals

The next objective of this work was the development of a Brgnsted acid catalyzed asymmetric
spiroacetalization reaction. Two approaches were targeted: double catalytic asymmetric

transacetalization (Scheme 3.3) and spiroacetalization of hydroxyenolethers (Scheme 3.4).

RO OR HX* Q 0O

Scheme 3.3. Spiroacetals via double transacetalization.

vy

) - QO
H
Challenges:

® asymmetric reaction with a small molecule
® asymmetric addition of heteroatom nucleophiles to oxocarbenium intermediates

Scheme 3.4. Spiroacetals from hydroxyenolethers.

When other stereocenters are present in the target molecule, accessing the spiroacetal
stereocenter in the most stable thermodynamic configuration is usually trivial. However, the
formation of fragile nonthermodynamic spiroacetals, having the less stable configuration of
the spiroacetal stereocenter, presents a formidable challenge for organic synthesis.[2’31'33] An
ideal solution would be provided by a catalyst that could override the inherent thermodynamic
preference and control the spiroacetal configuration. If a catalytic asymmetric

spiroacetalization would be achieved, this goal could be also targeted (Scheme 3.5).

OH .
HX of .\

O Me (0] O Me

]
|

thermodynamic non-thermodynamic
spiroacetal spiroacetal

Scheme 3.5. Catalyst directed synthesis of nonthermodynamic or thermodynamic spiroacetal.
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3.2. Confined Brgnsted acids

The field of Brgnsted acid catalysis has acquired wide popularity and importance in recent
years. However, reactions of small aliphatic substrates that do not possess sterically
demanding protecting groups, large aromatic/planar surfaces, or bulky substituents are still
extremely rare.[3°36, 5859, 88,921 T might be due to the inability of current synthetic Brgnsted
acid catalysts to provide a truly compact chiral microenvironment. Presumably, such an
environment could effectively restrict molecular motion, leading to efficient
enantiodiscrimination even of substrates or intermediates, which lack spatially defined
interactions such as hydrogen bonding with the catalyst. The design of new Brgnsted acid
catalysts that display a sterically highly demanding and rigid chiral microenvironment was
targeted in this work to enable asymmetric acetalizations and other reaction types that are

beyond the ability of the currently known catalysts (Scheme 3.6).

previous chiral acid catalysts: new design:

<—  smallsubstrate —— 4"
=0 low high ~=

~OH er _ loosely bound — \er HO )
substrate/intermediate

sterically constrained

open active site .
active site

Scheme 3.6. New catalyst design.

After detailed analysis of existing stronger Brgnsted acid catalysts, C,-symmetric
imidodiphosphoric acids were targeted as the motifs that could be suitable for achieving this

goal (Scheme 3.7).

|.|0\0 —

Scheme 3.7. Confined C,-symmetric imidodiphosphoric acids.
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4. RESULTS AND DISCUSSION

4.1. Catalytic asymmetric transacetalization

4.1.1. Reaction design and optimization

Transacetalization reactions usually require relatively strong Brgnsted acid catalysts and
proceed via oxocarbenium ion intermediates (Scheme 4.1a). An obvious issue related to the
transacetalization reaction lies in the functional similarity of the starting material and the
product. Both are acetals, and the product could be activated by the catalysts as well,

reversibly forming oxocarbenium ions A and B (Scheme 4.1a), leading to racemization of the

product.
a
+ HX* - + R"OH
OR' —R'OH A \O+ — HX* OR"
—— X* L Sl
RO™ "R HJ\R RO +'R
A
+ HX*
- R'OH
Issues:
® reversibility -
® racemization _ 0"
X*
HJ\R
B
b

o H\Q 0

R ,/P\’
%

O\H,_.--O o}

Scheme 4.1. a) Intermolecular transacetalization reaction; b) proposed bifunctional activation

of the substrate in the intramolecular version.

However, we reasoned that an intramolecular variant of the transacetalization reaction might
be amenable to mild asymmetric Brgnsted acid catalysis.[m] A hydrogen bonded complex of
the substrate and a chiral acid might be formed, selectively activating the hydroxyl acetal over
the product, which does not possess OH moiety (Scheme 4.1b). The hydroxyl moiety in the

substrate might serve as a catalyst directing group and also increase the acidity of the
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phosphoric acid through hydrogen bonding. We envisioned that this design could potentially
address problems resulting from the reversibility of the reaction and product racemization. We
expected that by using chiral Brgnsted acid catalyst, a chiral counteranion for the
oxocarbenium ion would provide an asymmetric environment for the subsequent alcohol
attack.>3 73

We began our investigation by studying the reaction of alcohol 2a to give acetal 3a
using phosphoric acid catalyst 1a ((S)-TRIP), with bulky 2,4,6-PrsCeH, substituents in 3,3’
positions (Table 4.1).[71’72] With 5 mol% of (S)-TRIP in CHCls;, the intramolecular

transacetalization of substrate 2a proceeded with a promising er of 76:24 (Table 4.1, Entry 1).

Table 4.1. Optimization of reaction conditions.?
/\o

Ph catalyst (5 mol%) 0., O Ph
-0 —Ph ( Q\Ph

OH solvent, r.t., MS 4 A
2a 3a

R CF3 O
OO O /©\ O
\/O

K & g CFy %
O‘ o OH

R

(S)-1a (TRIP) (R)-1b (S)-1c
entry catalyst solvent time er
1° 1a CHCl3 6h 76:24
2 1a CHCl3 4 h 91:9
3 la toluene 2h 87:13
4 1a hexane 1h 71:29
5 la benzene 2h 90:10
6 1a CHClz/benzene 1:1 3h 91.5:8.5
7 1b CHCls/benzene 1:1 <1lh 22:78
8 1c CHCl3/benzene 1:1 <1lh 82:18
9° 1a (1 mol%) benzene 2 days 94.5:5.5

a) Unless otherwise specified reactions were performed on 0.025 mmol scale (0.1 M solution), 4 A MS (10 mg) at

room temperature. b) Without MS. c) 0.025 M solution, 20 °C.
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Gratifyingly, prolonged reaction time did not lead to any observable decrease in optical purity,
suggesting that under the reaction conditions, the rates of the reverse reaction and product
epimerization via oxocarbenium ion were negligible. With molecular sieves a significant
increase in enantioselectivity was observed (entry 2). This suggested that ethanol, which is
formed during the reaction has a detrimental effect on the enantioselectivity. Additional
solvent and catalyst screening (including acids 1b and 1c) left TRIP as the optimal catalyst
(entries 3-8). Gratifyingly, reduction in both the catalyst loading and the concentration had
beneficial effects on the enantioselectivity and an er of 94.5:5.5 was achieved with only 1

mol% of TRIP (entry 9).[107]

4.1.2. Substrate scope

With optimized conditions in hand, we set out to explore the substrate scope.[m] The starting

materials 2 were available in one or two steps from commercial materials (Scheme 4.2).

a
EtO MgCl
OEt
JOJ\ OFt )\/\ﬁ
R R EtO R
OH
2a-1

b

o MeSO,H (10mol%) "o Mg o
/\OJ\AQ "PrOH \/\0)\/\d 2) \)OJ\/ ~"0
OH

2m

F
O 3w
BrMg -0 O .

\O o) TsOH (10 mOI%) /\O o)

oA, FORACOE),  ~ A~ A .~ o g
0°Ctor.t.
2n
d
a) LDA, THF, 0 °Cto r.t.
O)J\OH /\O)\/Br ,0°Ctort. g
¢) LIAIH,, 50°C OH
20
e
o~ a) DIBAL, DCM, -78 °Cto r.t. o~
9] b) NaBH,, MeOH, r.t. o
/\0)\/\CN /\O/K/\/OH
2p

Scheme 4.2. Preparation of substrates.
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Notably, standard substrates, 4,4-disubsstituted y-hydroxyacetals, are easily accessible from
the corresponding ketones via the Grignard reaction (Scheme 4.2a).

It was observed in some cases that neat substrates 2 undergo a slow intramolecular
transacetalization spontaneously. However this can be avoided by storing the substrates as
solutions in basic solvents such as diethyl ether or ethyl acetate, and removing the solvent
shortly before the asymmetric reaction. It was found that various tertiary alcohols form five-
membered cyclic acetals 3 in excellent yields and with high enantiomeric ratios (Table 4.2).
Both aliphatic and aromatic substituents on the alcohol are well tolerated. Electron rich or
poor aromatic substituents resulted in equally successful reactions (entries 2-3). Increasing the
steric demand of aliphatic substituents led to higher enantioselectivity, with isopropyl
substituted alcohol 3h giving the highest enantiomeric ratio of 98:2 (entry 8). A more bulky

alcohol 3i with tert-butyl substituents gave the same result (entry 9).

Table 4.2. Substrate scope of the transacetalization reaction.’

P o
e M (S)-TRIP (1a, 1 mol%) o,,,@R
X - R
© OHR benzene, MS 4 A (
) 0.025 M, 20 °C 3
9-24 h
entry product yield/% er
1 R = CgHs 3a 95 94.5:5.5
2 R = 4-(MeO)Cg¢H4 3b 96 95.5:4.5
3 R =4-FCgH4 3c 98 97:3
4° R = 4-BrCgH, 3d 99 97:3
5¢ (o,,, 3e 86 95.5:4.5
6 R =Me 3f 84 94.5:5.5
7 R = Et 3g 92 97:3
8 R="Pr 3h 93 98:2
9 R="Bu 3i 90 98:2
10 R = CH,Ph 3j 98 97:3
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Table 4.2. continued

11 - . 3k 94 97:3
91:9 (cis)
@)
12 O 31 96
( 96:4 (trans)

dr (cisltrans) =1.1:1

Ollu/ o R

13 o~ (_7>\ 3m 95 95:5
F

14° 0. 0 @ 3n 9 82:18

o
[ \/OIHU
15 30 94 82.5:17.5

16 (0(27 3p 76 79:21

17% Ou, O 3q 94 79:21

a) Unless otherwise specified reactions were performed on 0.3 mmol scale with molecular sieves (50 mg/0.1 mmol).
All yields refer to isolated yields. Enantiomeric ratios were determined by HPLC or GC analysis on a chiral
stationary phase. b) Reaction performed on 0.9 mmol scale. c) Reaction time: 3e, 7 days; 3n, 4 days; 30, 30 min. d)

With 10 mol% of TRIP, reaction time: 3 days.

We have also applied our intramolecular transacetalization reaction to the parallel kinetic
resolution of chiral tertiary alcohol 2I. Acetal 3l, which contains a quaternary carbon
stereogenic center was obtained in excellent yield and high enantioselectivity for both
diastereomers (er 91:9 and er 96:4, entry 12). The effect of the pre-existing tertiary alcohol
stereogenic center on the stereochemical outcome of the reaction appears to be small. An

acetal containing longer O-alkyl substituents at the acetal moiety is also well tolerated (entry
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13), however a slight decrease in the enantioselectivity was observed compared to ethyl acetal
(entry 7). An attempt to extend the intramolecular transacetalization to a six-membered acetal
was met with limited success, giving moderate enantioselectivity (entry 14). Likewise primary
alcohols do not seem to be very successful substrates. Due to the Thorpe-Ingold effect the
reaction of hydroxyacetal 20 proceeded very fast giving full conversion in less than 30 minutes
(entry 15). Simple acetal 3p could also be obtained however only with moderate enantiomeric
ratio (entry 16). The synthesis of methoxyethyl acetal 3q required increased catalyst loading,
and only moderate enantioselectivity was achieved (entry 17).

The absolute configuration of bromo-substituted acetal 3d was determined to be (R) by
single-crystal X-ray analysis (Figure 4.1), and configurations of other products were assigned by
analogy. Product 3d was obtained on a 0.9 mmol scale with a 99% isolated yield and

enantiomeric ratio of 97:3 using 1 mol% of (S)-TRIP catalyst.™**”

d [107]

Figure 4.1. X-ray structure of acetal 3

4.1.3. Discussion

The catalytic asymmetric transacetalization reaction was successfully established giving access

(1971 Eor the first time a

to chiral acetals with the acetal carbon as the only stereogenic center.
catalytic asymmetric formation of an acetal stereocenters could be achieved with high
enantioselectivity. In addition the reaction presents, to the best of our knowledge, a first
example of phosphoric acid catalyzed enantioselective addition of nucleophiles to simple O,0-

acetals.
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Regarding the mechanism of the reaction, we believe that the bifunctional character of the
phosphoric acid is essential for the observed selective reactivity and enantioselectivity. A
hydrogen bonded complex such as A might account for the selective activation of the hydroxyl
acetal over the product, which does not possess an OH-moiety (Scheme 4.3). The hydroxyl
moiety in the substrate might serve as a catalyst directing group and also increase the acidity
of the phosphoric acid through hydrogen bonding. Subsequent cyclization might proceed
through an oxocarbenium intermediate, in which the phosphate anion provides a chiral
environment through hydrogen bonding interactions with the oxocarbenium ion moiety and
the hydroxyl group (B, Scheme 4.3). Another possibility is an Sy2-like pathway in which the
catalyst bridges the pentacoordinate transition state activating simultaneously the leaving
group by protonation and the alcohol nucleophile with the Brgnsted basic oxygen of the

phosphate (C, Scheme 4.3).[107]

Me
+ H
(@] H\I‘\_
N >
~EtOH é“ P~
O. _-
e
OEt B Y
o--17Q 0 oxocarbenium 0., A .\ Q o
Et R intermediate ( \ / R~
0-,.--0 o O o

Sy 2-like

Scheme 4.3. Possible mechanisms.

Mechanistic studies

To differentiate these two mechanistic scenarios we have designed an experiment with
enantioenriched mixed acetal 2r as a stereochemical probe (Scheme 4.4). Enantioenriched 2r
was obtained after HPLC separation of enantiomers on a chiral stationary phase. If an Sy2-type
mechanism is involved than the transacetalization reaction has to proceed with inversion at
the acetal carbon. Reacting 2r with achiral phosphoric acid catalyst resulted in the formation of
acetals epi-3d and 3q with almost complete preservation of the stereochemical information

(Scheme 4.4). Somewhat lower er of the products is probably a result of slow racemization.
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Increased reaction time was required for the complete conversion due to lower reactivity of 2r
compared to standard diethyl hydroxyacetal substrates.

Although preservation of the stereochemical information suggests an Sy2-type
mechanism, determination of the absolute configuration of the starting material is necessary
to confirm the inversion at the acetal carbon. However, attempts to obtain crystals of 2r for X-
ray analysis were not successful so far. Without the absolute configuration of the acetal 2r
some kind of an Sy1-type mechanism, which would include a memory of chirality effect cannot

be excluded at this point.

Br
. . (0] epi-3d
Achiral Brgnsted acid o
Br o I er 89.5:10.5
PhO 7

“P._ (1 mol%) O

o) O Pho” OH Br
+
/O\/\O * benzene, 20 °C Br
OH Br

2r 40 h, 100% conv.

3q
. Oum,
er 92.5:7.5 o~

(configuration unknown) —~0 O er 91.5:8.5

Br

Scheme 4.4. Mechanistic investigations: stereospecific substitution.

Stereochemical model

If an Sn2-type mechanism is operational than the stereochemical model in Scheme 4.5 might
account for the observed enantioselectivity. In the model the catalyst simultaneously activates
the leaving group OEt® and the alcohol nucleophile. The hydrogen atom H® is probably oriented
towards the phosphate due to sterical reasons, and might engage in hydrogen bonding
interactions with the phosphate in the transition state. The OEt’ group which remains in the
product is positioned away from the bulky substituent B on the catalyst (Scheme 4.5). This
arrangement of OEt groups in the transition state is consistent with the observed (R)-
stereochemistry of the products. The initial DFT studies performed in collaboration with M.
Patil (group of Prof. W. Thiel) also supports the stereochemical model in Scheme 4.5 and an

Sn2-type mechanism.
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Scheme 4.5. Proposed stereochemical model for the Sy2-type transacetalization mechanism.
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4.2. Kinetic resolution of homoaldols via catalytic asymmetric transacetalization

(with S. Miiller)™ %!

4.2.1. Reaction design and optimization

The y-hydroxyacetals used for the transacetalization reaction are easily accessible in one step
from the corresponding carbonyl compounds (Scheme 4.6). These compounds are acetal
protected homoaldols, highly valuable compounds with 1,4-dioxygenation pattern. For aldols,
which possess 1,3-dioxygenation pattern, numerous asymmetric aldol-type reactions are
available. However, corresponding 1,4-dioxygenated pattern presents a problematic

disconnection in asymmetric catalysis (Scheme 4.7).

EtO MgCl

J(J)\ OEt R?
Rl R2 EtO Rl

racemic

Scheme 4.6. Preparation of acetal protected homoaldols.

Wz 0 © JOJ\

VARY | —

H R HJ\/ + R R2
OH

aldehyde homoaldol

Scheme 4.7. Problematic homoaldol retrosynthetic disconnection.

We hypothesized that for racemic chiral homoaldols (R*#R?, Scheme 4.6) our transacetalization
reaction might proceed with kinetic resolution, giving enantioenriched homoaldols in the form

of cyclic acetal products and acyclic starting homoaldols (Scheme 4.8).[84]

S EtO“‘q” 2
OEt o \'R

R?  Hx R!
EtO R! OEt
OH R
L~ EtO R R2

racemic OH

Scheme 4.8. Kinetic resolution of acetal protected homoaldols via transacetalization.

The studies on the kinetic resolution of homoaldols were initiated with secondary homoaldol

71-72]

rac-4a, by employing TRIP catalyst (1a),[ which was identified as the best catalyst in the
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transacetalization studies (Table 4.1).[107] However, under identical conditions only moderate
enantioselectivity (er 25:75) for cyclic acetal 5a was obtained at 41% conversion (Table 4.3,
entry 1). Other previously described phosphoric acid catalysts 1c-e based on different

backbones gave only inferior results.

Table 4.3. Optimization of reaction conditions.

OEt OEt
catalyst (1 mol%)
)\/\(Ph _ EtO + )\/\rPh

EtO benzene, MS 4 A O™ “pn EtO

OH 0.025 M, 20 °C OH

rac-4a 5a 4a

Ar

OO O\ ,/O
N\

Ar
(S)-1a (TRIP)
Ar =2,4,6-(Pr);CcH,

(S)-1c Ar = 9-anthracenyl  (S)-1d le (S)-1f (STRIP)
entry cat. conv. er 5a er 5-epi-5a dr erda
1 la 41% 25:75 6.5:93.5 14:1 36:64
2 1c 47% 39:61 16.5:83.5 17:1 42:58
3 1d 41% 62.5:37.5 61:39 7:1 57:43
4 le 26% 45:55 33.5:66.5 7:1 49:51
5 1f 51% 95:5 >99.5:0.5 21:1 92:8
6° 1f 55% 96.5:3.5 >99.5:0.5 12:1 99:1

a) CH,Cl, was used as solvent.

Since the reports of Akiyama and Terada,?>3% °¢% BINOL-derived phosphoric acids became
one of the most successful organocatalysts. However, the design of new chiral phosphoric
acids has been mainly limited to variations of the 3,3’-substituents of the BINOL-derived
catalysts, with the exception of VAPOL-hydrogenphosphate 1d, and less successful TADDOL-
derived phosphoric acids, such as 1e.7778 Although the 1,1’-spirobiindane backbone is well
explored in metal catalysis,[log'm] the corresponding phosphoric acids were not used as

catalysts.[m] Recently, phosphoric acids based on 1,1’-spirobiindane backbone have been
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1081 we expected that these phosphoric acids might

developed in our group by S. Miller.
provide a different and more rigid chiral environment than the corresponding BINOL-derived
acids enabling access to complementary space for asymmetric transformations.

Remarkably, the spirocyclic phosphoric acid STRIP (1f) provided superior result. The
STRIP-catalyzed kinetic resolution of homoaldol rac-4a delivered cyclic acetal 5a with
enantiomeric ration of 95:5 and left enantioenriched 4a with an er of 92:8 at 51% conversion
(Table 4.3, entry 5). Using dichloromethane instead of benzene as the solvent resulted in
higher reactivity and increased enantioselectivity. At 55% conversion both 5a and 4a were
obtained in excellent enantiomeric ratios of 96.5:3.5 and 99:1, respectively (entry 6). Cyclic
acetal 5a was obtained as the cis-diastereomer with a dr of 12:1. The minor trans-diastereomer
5-epi-5a was obtained as a single enantiomer with the opposite configuration at the alcohol

derived stereocenter.®¥

4.2.2. Substrate scope

After optimal conditions have been found, we started to explore the generality of the
reaction.’®*! Importantly, racemic homoaldols rac-4a-i and rac-4m-o are readily available in
good to high yields from commercial materials in a single step via the addition of an acetal
protected Grignard reagent to aldehydes and ketones (Scheme 4.6). Acetal protected
homoaldols possessing cis-double bond (rac-4j, Scheme 4.9a) or aromatic tether (rac-4k-l,

Scheme 4.9b) were also easily available in two steps.

a
MBuLi
P then OH H, OEt OH
\/o\\// _PhCHO o F _Lindlar_ Ero—\__
~_O THE EtOH
o
~~ rac-4j
b
0 , 0. _O O_ O
S iPrOH, MsOH "ByLi OH
B "Thc(oiPr); Br o R
H)J\R
rac-4k-1

Scheme 4.9. Preparation of acetal protected homoaldols.
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Exploration of the substrate scope revealed that various secondary homoaldols undergo a very
efficient kinetic resolution in the presence of only 1 mol% of STRIP (Table 4.4).[84] In almost all
cases, both, cyclic acetal 5 and acetal homoaldol 4 were obtained with excellent
enantioselectivity, with er values over 95:5. Various aromatic substrates rac-4a-e and
heteroaromatic substrate rac-4f underwent superb kinetic resolutions (Table 4.4, entries 1-6).
The nature of the aromatic substituent does not seem to have a significant effect on the
reaction, electron rich or poor substrates provided equally excellent results. Homoaldols with

vinyl or bulky aliphatic substituent behaved equally well (entries 7 and 8).[84]
Table 4.4. Kinetic resolution of secondary homoaldols’

(S)-STRIP (1f)

OEt (1 mol%) OEt
R - EtO , + R
EtO CH,Cl,, MS 4 A 0" "R EtO

OH 0.025 M, 20 °C OH
rac-4 5 4
entry conv. (time) 5 er5 dr 5° eréd
EtO'
1 55% (18 h) o) @ 97:3 13:1 98.5:1.5
5a
Eto"-(j
2 55% (16 h) 0 @\ 97:3 12:1 98:2
OMe 5b
EtO"'(j
3 54% (14 h) o @\ 96.5:3.5 13:1 97.5:2.5
F5c

EtO'
4 54% (16 h) (\/‘

o] 96.5:3.5 14:1 96.5:3.5
5d

5 52% (16 h) 0 Q 97:3 20:1 96:4
S5e

6 53% (14 h) Eto"'(ojf,,, _ 97.5:2.5 19:1 98.5:1.5
s

EtO'
7 56% (14 h) @

o} /\@ 98:2 8:1 98:2
5g

8 55% (4 h) E‘O“'@,,, 93.5:6.5 19:1 98:2
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Table 4.4. continued

9 68% (10 h)
10 54% (1 h)
11 55% (12 h)
12 64% (6 h)

EtO 96.5:3.5 2.9:1
(Oj/\/\SI
EtO' -
@@ 89:11 >50:1
5j
iPrO-l' 89.5:10.5 44:1
e
5k
, 85:15 8:1
Pro
(@) l”//\/sl

97:3

95:5

96.5:3.5

97.5:2.5

a) Reactions were performed on 0.1 mmol scale with molecular sieves (50 mg). b) Separable by column

chromatography, except for 5j-1. Only one enantiomer of minor trans-diastereomer could be detected, except for:

5-epi-5h, er 97:3; 5-epi-5i, er 99.5:0.5; 5-epi-5k, er 71:29; 5-epi-5l, er 83.5:16.5.

The reaction of linear aliphatic substituted homoaldol rac-4i illustrates a remarkable aspect of

our reaction. As an additional acetal stereocenter is created in the transacetalization, the high

catalyst control of its formation results in a divergent reaction on a racemic mixture.

[113-115]

Thus, even in cases where the enantiodifferentiation of the starting material is not very

pronounced, the less reactive enantiomer is converted into the minor trans-diastereomer

(Scheme 4.10).

OEt
(S)
EtO =
OH
rac-4i
OEt
(R)
EtO
OH

"Bu <

(S)-STRIP (1f, 1 mol%) 5i, er 96.5:3.5
CH,Cl,, MS 4 A, 20 °C +

10 h

conv. 68%
epi-5i, er 99.5:0.5

Pl

Scheme 4.10. Role of divergent reactions on a racemic mixture.

+
)\/\(T)/\
EtO "Bu

OH

4i,er 97:3

5 S ng, dr2.9:1

This effect enabled us to obtain the major diastereomer of cyclic acetal 5i with an er of

96.5:3.5 and a perfect theoretical yield (50%) at 68% conversion (Table 4.4, entry 9). For

45



4. RESULTS AND DISCUSSION

comparison, a simple kinetic resolution would require a selectivity factor of 94 to achieve this
result.

The STRIP-catalyzed kinetic resolution of homoaldols is also readily applicable to other
substrate classes: for example homoaldols with a cis-double bond (rac-4j) or aromatic tether
(rac-4k and rac-4l) are also viable substrates (Table 4.4, entries 10-12). However, the kinetic

resolution was not as successful as with substrates 4a-h.!®¥

Tertiary homoaldols

The excellent results obtained with STRIP for secondary homoaldols encouraged us to also

explore the kinetic resolution of tertiary homoaldols. Although chemical kinetic resolutions

d [115

of secondary alcohols are well develope I these methods are usually not readily applicable

to kinetic resolutions of tertiary alcohols and biocatalytic processes are also rare and of limited

[116-117

scope. ' The few nonenzymatic methods include chiral reagents,[m'm]

and catalytic

[120-122] [123-125]

methods with peptide based catalysts and metal catalysts.

Gratifyingly, tertiary alcohols perform exceptionally well in our asymmetric
transacetalization reaction and the resolution of tertiary homoaldols rac-4m-r proceeded as
efficiently as with secondary homoaldols (Table 4.5).[84] Both, cyclic acetals 5m-r and acyclic
acetal homoaldols 4m-r, featuring valuable quaternary stereocenters were obtained with

excellent enantioselectivity.
Table 4.5. Kinetic resolution of tertiary homoaldols.’

OEt (S)-STRIP (1f)

)\/\ﬁz (1 mol%) EtO - OEt R2
EtO R CH,Cl,, MS4 A 0 Eto)\/\f R
OH 0.025 M, 20 °C OH
rac-4 5 4
entry conv.(time) 5 er5 dr5° erd

1 55% (10 h) EtO-"q\Q/ 98.5:1.5 9:1 96:4
0 5m
EtO' .
2 55% (12 h) %@ 98.5:1.5 9:1 98.5:1.5
5n

3 55% (28 h) E‘O"'w 97.5:2.5 7:1 92:8
50
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Table 4.5. continued

4 57% (24 h) Eto %@ 99:1 5:1 95:5
EtO ®
5 54% (40 h) q 99:1 11:1 97.5:2.5
6 51% (3 h) Eto'-'q\é 99:1 18:1 96.5:3.5
O 5r

a) Reactions were performed on 0.1 mmol scale with molecular sieves (50 mg). b) Separable by column

chromatography, except 5p-q. Only one enantiomer of minor trans-diastereomer could be detected, except for: 5-

epi-5m, er 99.5:0.5; 5-epi-5p, er 99.5:0.5; 5-epi-5r, er 96.5:3.5.

The results of kinetic resolutions with substrates possessing sterically similar substituents are
remarkable. Highly efficient enantiodifferentiation is observed between aryl and bulky aliphatic
groups (Table 4.5, entries 3-4) and even between aryl and benzyl groups (entry 5). Excellent
results were also obtained with substrate rac-4r having only aliphatic substituents (entry 6).
For comparison, a classic kinetic resolution would have to operate at a selectivity factor of
>300 to deliver 5r in 48% yield with 99:1 er.

The transacetalization reaction can be performed with only 0.1 mol% catalyst loading
employing a more concentrated reaction mixture. For example, the kinetic resolution of rac-4g
proved to be equally effective under these conditions resulting in almost identical
enantiomeric ratios compared to the reaction with 1 mol% of the catalyst (Scheme 4.11,

compare with Table 4.4, entry 7).[84]

(S)-STRIP (1f)

o)
T

OH O
0.1 1% EtO
EtOth ( r:m ‘) NP EtoMPh
DCM, MS4 A, 0.1 M, 20 °C OEt
OEt 70 h, conv. 56%
rac-4g 5g 4g
er 97:3 er 96.5:3.5

Scheme 4.11. Kinetic resolution of homoaldols using 0.1 mol% of the catalyst.
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Relative configurations of cyclic acetals 5a, 5k-I, 5m were determined by NOESY experiments.
The absolute configuration of tetrahydrofuran 5a was determined by comparison of the optical
rotation of the y-butyrolactone derivative, obtained after Jones oxidation, with a literature

value. The configurations of other secondary homoaldol products were assigned by analogy.

4.2.3. Utility of the products

The acetal group in cyclic acetals, like our products 5, can be regarded as a useful functional

(1261341 A a demonstration we

group, enabling an access to a wide variety of products.
performed the kinetic resolution of homoaldol rac-4c on a preparative scale (1.0 mmol) to
obtain enantiomerically enriched 4c and 5c in high yields and enantiomeric ratios (Scheme
4.12). Direct reduction of 5c led to tetrahydrofuran 6, whereas hydrolysis of 5c¢ gives the

aldehyde homoaldol 7, which is readily reduced to diol 8.184

F
Ot (S)-STRIP (1f)
EtO (1 mol%) EtQm (\/L ®/
CH,Cl,, MS 4 A

OH
rac-ac 0.025 M Ac
20°C,12h o
(2.0 mmol) 47%, er 97-5.2-5 47%, er 97.5:2.5
BFEt,0
ag. HCl Et;SiH
OH
OH NaBH4 ®/ Q ®/
F/@/\/\/
8 6
90% 91% 92%
er97.5:2.5 er 97.5:2.5 er 98:2

Scheme 4.12. Utility of cyclic acetals 5.

To verify the absolute configurations of tertiary homoaldols and further exemplify the
application of our method we submitted products 5m and 4m to Jones oxidation conditions. "
Both products of kinetic resolution reaction could be utilized directly to obtain both
enantiomers of the natural product Boivinianin A (9a) in excellent yields and enantiomeric
ratios (Scheme 4.13a).[135] Similarly, straightforward oxidation of benzene fused acetal 4l
provided access to phthalides, an important and diverse class of natural products and bioactive
compounds.[136] 3-n-Butylphthalide (9b) is found in a variety of plants, such as celery, and

possesses a wide range of pharmacological activities (Scheme 4.13b).[137]
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(S)-STRIP (1f)

1 mol% OEt
OEt ( ) Eto"'@‘ ®+
EtO CH,Cl,, MS 4 A 0 EtO

OH 0.025 M OH

rac-4m 20°C,10h 5m 4m
(2.0 mmol) 47%, er 98.5:1.5 47%, er 96:4

j Jones oxidation j

o~ AL oKL
o 07,

(R)-(+)-Boivinianin A (9a) (8)-(-)-Boivinianin A

96%, er 98:2 (ent-9a), 89%, er 96:4
b
(5)-STRIP (1) Jones
'Pro (1 mol%) Pro OX|dat|on
) R (0]
PO CH,Cl,, MS 4 A o
HO™ "Bu 0.025 M "Bu
rac-4l 20°C,5.5h 4| (R)-(+)-3-n-Butylphthalide
(1.0 mmol) 34%, er 97.5:2.5 (9b), 85%, er 97:3

Scheme 4.13. Application in natural product synthesis.

4.2.4. Discussion

We have developed a highly enantioselective kinetic resolution of alcohols tethered to an
acetal moiety via a catalytic asymmetric transacetalization reaction.®* 108! Key to this highly
enantioselective transformation is the spirocyclic phosphoric acid STRIP.[%® It s noteworthy
that our kinetic resolution represents a very atom economic method that, unlike common
alternative resolution methods, does not require any stoichiometric reagents, and forms
ethanol as the only byproduct. The acetal group in cyclic acetals 5 can be easily modified, e.g.
oxidized, reduced or substituted giving access to enantioenriched tetrahydrofurans and y-
butyrolactones. Our method is applicable to the resolution of a wide range of secondary and
tertiary homoaldols, providing straightforward access to valuable building blocks for
asymmetric synthesis.

Kinetic resolutions are in principle wasteful methods as theoretical yield of 50% cannot
be exceeded. However, if the racemic stating material is cheap and easily accessible, and
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methods for accessing enantioenriched compound are limited, than kinetic resolution presents

an attractive option, as is the case with our reaction (Scheme 4.14). With secondary alcohols

the possibility of inverting the alcohol stereocenter of the recovered starting material via

substitution reaction could remove the 50% maximum yield limitation (Scheme 4.14).

EtO Cl
W commercial

OEt
| o
EtO MgCl
OEt
ji OEt R®  Hx*

R1 R2 EtO R1

. . OH
— easily accessible
— many commercial - cheap

—cheap

— one step synthesis

Et0C |, g2

R']
OEt
R1
N R2
OH

EtO

valuable
building
blocks

configuration inversion
(e.g. Mitsunobu reaction)

Scheme 4.14. Practical considerations of the kinetic resolution of homoaldols.
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4.3. Catalytic asymmetric spiroacetalization
4.3.1. Reaction design and optimization

Double transacetalization

Encouraged by our studies on catalytic asymmetric acetalizations, we envisioned an access to
spiroacetals via a double spiroacetalization of acetal protected hydroxyketones A (Scheme
4.15). The reaction would proceed through monocyclic intermediate B which could possibly be
racemized under acidic conditions. As we have found in our transacetalization reaction that the
configuration of the starting acetal determines the configuration of the product this
racemization might provide a self-correcting pathway if the first transacetalization is not highly
enantioselective. In this way the reaction might have the second opportunity for increasing the

enantioselectivity by a kinetic resolution effect in the second transacetalization (Scheme 4.15).

Chiral Brgnsted Acid

RO OR (HX*) Y
HOMA/OH >~ QO

A HX* R ‘ HX*

—ROH o ©
HO\/\)Q

B

— kinetic resolution?
—ROH  _ self-correcting mechanism

x| e

0o
Q{NOH
ent-B

racemization of
the intermediate?

Scheme 4.15. Spiroacetals via double transacetalization.

We prepared starting materials 10a-c with different acetal groups and treated them with
Brgnsted acid catalysts TRIP (1a) and STRIP (1f) that were optimal for the transacetalization
studies.® %! The reactions proceeded well at room temperature in benzene, however TRIP
gave low enantioselectivity independent of starting material used (Scheme 4.16). However, it
was encouraging that no racemization occurred during prolonged reaction time. With
substrate 10a and TRIP as the catalyst, enantiomeric ratios after 1h and 14 h at room
temperature were almost the same (Scheme 4.16). Results with STRIP were more promising
and starting material 10c with a bulky neopentyl acetal gave better results than dimethyl acetal

10a. In this effect we saw an opportunity to optimize the reaction enantioselectivity by
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4. RESULTS AND DISCUSSION

designing an appropriate substrate with a more bulky acetal group. However synthetic
attempts towards the diisopropyl acetal substrate were met with failures probably due to
sterical reasons. Consequently we focused on designing a novel reaction for the asymmetric

synthesis of spiroacetals.

/A (S)-TRIP
0,
0. 0 catalyst (1 mol %) o O 14 h, 100% conv., er 54.5:5.5
HO A~ <X~ OH - - QO 1h, >90% conv., er 55.5:4.5
enzene, 4 AM.S. R
10a > 11a (S)-TRIP
L 20 h, >80% conv., er 41:59
EtO OEt as above 0 O
HO\AMOH - w (S)-TRIP
4h, er 56.5:43.5
10b 11a
as above 00 (S)-TRIP
QO 2 h, >90% conv., er 52.5:47.5
0. 0 (S)-STRIP
HO _~_><_~_OH 11a 17 h, er 36:64
24 h, >90% conv. er 35:65
10c
catalysts:

(S)-TRIP (1a) (S)-STRIP (1f)

Scheme 4.16. Attempted double transacetalization.

Asymmetric spiroacetalization of hydroxyenolethers

We next targeted the chiral Brgnsted acid catalyzed spiroacetalization of readily available
hydroxyenolether 12a (Table 4.6).[138] While the envisioned asymmetric hydroetherification of

(101 5chiral acids are

enol ethers has been unknown with chiral Brgnsted acid catalysts,
routinely used to perform the non-asymmetric reaction. Substrate 12a was treated with the
TRIP catalyst under standard conditions developed for the transacetalization reaction. A very
fast reaction was observed, with complete conversion in less than 15 minutes. Gratifyingly, a
very promising enantiomeric ratio of 30:70 was obtained (Table 4.6, entry 1). We found that

molecular sieves did not have a significant effect on the enantioselectivity (entry 2). Next, we
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replaced the solvent with toluene to enable low temperature studies. Although the reaction at
room temperature gave the same result as with benzene (entry 3), the reaction at —78 °C
surprisingly gave a very low enantiomeric ratio of 47.5:52.5 (entry 4). Testing various other
solvents at room temperature and —-78 °C gave no improvement (entries 5-14), with
enantiomeric ratio of 29.5:70.5 obtained in toluene at room temperature remaining the best
result. Changing the catalyst to STRIP which proved superior to TRIP in the kinetic resolution of

homoaldols did not result in an improvement of the enantioselectivity (entries 15-18).[138]
Table 4.6. Initial reaction development.

catalyst (1 mol%) 0

° )
@/\/\OH solvent, temperature

12a 11a
Catalyst Entry Solvent Temperature Time Conversion er
1° benzene r.t. 15 min >90% 30:70
2 benzene r.t. 15 min >90% 29.5:70.5
3 toluene r.t. 15 min >90% 29.5:70.5
4 toluene -78°C 16 h >90% 47.5:52.5
5 CH,Cl, r.t. 15 min >90% 35.5:64.5
6 CH,Cl, -78°C 16 h >90% 30:70
7 Et,O r.t. 15 min >90% 36:64
(S)-TRIP
8 Et,O -78°C 16 h low 30:70
(1a)
9 EtOAc r.t. 15 min >90% 39.5:60.5
10 EtOAc -78°C 16 h low 30:70
11 pentane r.t. 15 min >90% 44:56
12 pentane -78 °C 16 h low 53:47
13 MeOH r.t. 15 min >50% 50:50
14 MeOH -78°C 16 h low 55.5:44.5
15 toluene r.t. 15 min >90% 64:36
(S)-STRIP 16 toluene -78°C 16 h >90% 60:40
(1f) 17 CHCl, r.t. 15 min >90% 55:45
18 CH,Cl, -78 °C 16 h >90% 47:53

a) With 12.5 mg of 4 A molecular sieves.
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We next performed an extensive screening of a wide range of known chiral Brgnsted acids
(Table 4.7).[138] However only disappointing results were obtained in the generation of the

spiroacetal product with er of 29.5:70.5 obtained with TRIP remaining as the best result.
Table 4.7. Catalyst screening.

o catalyst (1 mol%)

X
@/\/\OH toluene, r.t.

12a 15 min, >90% conv. 11a

Catalyst[sg'

59]

er

Catalyst[65’
77-78, 139-140]

er

Catalystm]

er

Similarly as with the double transacetalization reaction (Scheme 4.16) we again faced a failure
to perform a highly enantioselective spiroacetalization reaction. At this point we considered

finding a more suitable class of hydroxyenolether substrates for the spiroacetalization reaction.
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Placing aromatic tethers or suitable bulky substituents could have lead to the desired catalytic
asymmetric spiroacetalization with known catalysts. Instead we decided to focus on designing
a novel catalyst to perform the spiroacetalization reaction with substrate 12a. We found this
approach much more challenging and potentially more rewarding because a solution could
potentially also tackle an important issue of broader significance in current Brgnsted acid
catalysis. In the field of Brgnsted acid catalysis, reactions including small aliphatic substrates
without sterically demanding protecting groups, large aromatic/planar surfaces, or bulky
substituents are still extremely rare. A catalyst that would solve the asymmetric
spiroacetalization reaction with substrate 12a could provide a solution to these challenges in
Brgnsted acid catalysis. At this point we undertook a rational catalyst design which is described
in chapter 4.4. (“Confined Brgnsted acids”) of this thesis.'3®

As the result of our catalyst development we have synthesized several novel catalysts
termed confined Brgnsted acids.*® Having in our hands Brgnsted acids featuring an extremely
sterically demanding chiral cavity we again examined the spiroacetalization reaction with
hydroxyenolether 12a. Gratifyingly, the novel catalyst 13a gave an improvement in the
spiroacetalization reaction and an er of 80.5:19.5 in toluene at room temperature (Table 4.8,
entry 1). The reaction in dichloromethane proceeded with even higher enantiomeric ratio of
84:16 in less than 10 minutes at room temperature (Table 4.8, entry 2). Lowering the
temperature had a positive effect on enantioselectivity and an er of 90.5:9.5 could be achieved
(entry 4). Anthracenyl-substituted catalyst 13b did not improve the enantioselectivity (entry 5),
however with catalyst 13c an er of 93:7 could be obtained at —25 °C (entry 6). Lowering the
reaction temperature to =55 °C allowed for further increase in the enantioselectivity to give
the excellent enantiomeric ratio of 96.5:3.5 (Table 4.8, entry 7). Remarkably, catalyst loading
could be decreased to 0.1 mol% without deleterious effect on the enantioselectivity (entry 8).
With 3 A molecular sieves an enantiomeric ratio of 97:3 could be achieved (entry 9).[138]

We simultaneously approached the synthesis of 6,6-spiroacetal 11b, which is the
natural product olean. Although, both enol ether ring size and the size of the ring being formed
are changed compared to substrate 12a the spiroacetalization reaction with confined acid
catalyst 13c proceeded with equal level of enantioselectivity in dichloromethane at —25 °C
(Table 4.9, entry 2). However, as spiroacetalization substrate 12b was less reactive than 12a,
we opted for a solvent screening at —25 °C rather than lowering the temperature. Gratifyingly,

the spiroacetalization reaction proceeded with high enantioselectivity in 1,2-dichloroethane
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(DCE) (entry 3), Et,0 (entry 4) and tert-butylmethyl ether (MTBE) (Table 4.9, entry 6), although

lower reactivity was observed with ether solvents.*3®

Table 4.8. Spiroacetalization with confined Brgnsted acids.

o catalyst %
@/\/\OH solvent, temperature

Et O Et
KD Ky H)
2 )

Et
13c
Entry Catalyst Solvent Temperature Time Conversion er
1 13a (1 mol%)  toluene r.t. 10 min >90% 80.5:19.5
2 13a (1 mol%) CH,Cl, r.t. 10 min >90% 84:16
3 13a (1 mol%) toluene -25°C 12 h >50% 89.5:10.5
4 13a (1 mol%)  CH,Cl, —25°C 12 h >90% 90.5:9.5
5 13b (1 mol%) CH,Cl, -25°C 14 h >90% 90.5:9.5
6 13c (1 mol%) CH,Cl, -25°C 12 h >90% 93:7
7% 13c (1 mol%)  CH,Cl, —55°C 12 h >90% 96.5:3.5
8P 13¢ (0.1 mol%) CH,Cl, -55°C 12 h >90% 96.5:3.5
9% 13c (0.1 mol%)  CH,Cl, -55°C 12 h >90% 97:3

a) 0.25 mmol scale; b) MS 4 A (50 mg); c) MS 3 A (125 mg).

High conversion could be achieved in Et,O by increasing the temperature to 0 °C with an
enantiomeric ratio of 96.5:3.5 (entry 5). Alternatively, increasing the catalyst loading from 1

mol% to 5 mol% with MTBE as the solvent resulted in high conversion after 12 h at —25 °C and
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enantiomeric ratio of 98:2 (entry 7). These results with 5,5- and 6,6-spiroacetals represented

the first catalytic highly enantioselective spiroacetalization reactions.*®

Table 4.9. Olean via asymmetric spiroacetalization.

o o catalyst 00
U/\/\/ solvent, ntemperature QQ
12b MS 4 A (12.5 mg) 11b
Entry Catalyst Solvent Temperature Time Conversion er
1 13a (1 mol%) CH,Cl, -25°C 12 h >90% 90.5:9.5
2 13c (1 mol%) CH,Cl, -25°C 12 h >90% 93:7
3 13c (1 mol%) DCE -25°C 12 h >90% 96.5:3.5
4 13c (1 mol%) Et,0 -25°C 12 h low 97.5:2.5
5 13c (1 mol%) Et,0 0°C 12 h >90% 96.5:3.5
6 13c (1 mol%) MTBE -25°C 12 h low 98:2
7° 13c (5 mol%) MTBE -25°C 12 h >90% 98:2

a) 5 mg of molecular sieves.

During the optimization studies it became obvious that catalyst 13c is able to perform highly
enantioselective spiroacetalizations in different solvents, therefore during the exploration of
the substrate scope, usually DCE and MTBE solvents were tested, together with either 3 A or 4

A molecular sieves.

4.3.2. Substrate scope

With the novel sterically extremely demanding catalyst 13c and optimized reaction conditions
in hand we performed a substrate scope targeting the synthesis of small spiroacetals.[lgs]
Importantly, starting materials were easily accessible from enol ethers and lactones (Scheme
4.17).[141'144] Five or six membered cyclic enol ethers were deprotonated in the 2-position by
alkyl lithium bases, and alkylated with primary alkyl iodides (Scheme 4.17). After the
deprotection of the alcohol group the spiroacetalization substrates were obtained. Lithiated
enol ethers can also be directly alkylated with oxetane in the presence of BFs;-Et,O (Scheme

4.17). Hydroxyenolether based spiroacetalization substrates can alternatively be accessed form

common lactones (Scheme 4.17). Sensitive hydroxyenolethers 12 were used for the
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spiroacetalization reaction immediately after the purification by column chromatography on

alumina.[*3®

Enantioenriched spiroacetals from enol ethers and lactones

From enol ethers:

o 1) "BuLi or 'BuLi "Buli or 'BuLi o
OTBS 2/9_7 OH
@nj/\/\/ |/\/\/ I:/ BF3 OEtZ -
2) TBAF

From lactones:

O__o 1)LHMDS, PhN(Tf)Z

ST

cat. Pd(PPh;),

LA, o ©
Moa g
n

Scheme 4.17. Synthetic strategies for spiroacetalization substrates.

The spiroacetalization of 12a proceeded with only 0.1 mol% of catalyst 13c to construct the
small 5,5-spiroacetal (Table 4.10, entry 1). The catalyst enabled the first catalytic asymmetric
synthesis of the natural product olean (11b) (entry 2). A highly enantioselective catalytic
spiroacetalization reaction of alcohol 12a in MTBE with 5 mol% of the catalyst resulted in an
excellent enantiomeric ratio of 98:2. The (R)-enantiomer of olean was easily obtained by using
the other enantiomer of the catalyst (entry 3). Imidodiphosphoric acid catalyst 13c proved
quite general and various other spiroacetals were obtained with high enantioselectivity. The
5,6-spiroacetal motif could be accessed equally successful by cyclization of either five or six-
membered rings (entries 4 and 5). Both of these spiroacetalization reactions required only 1
mol% of the catalyst at —35 °C. Comparison with the reaction of substrate 12b demonstrated
that the 5-membered enol ether is more reactive than the 6-membered one and that the
spiroacetalization to form a 5-membered ring is significantly faster than that to form a 6-
membered ring. Different enol ether ring sizes are similarly tolerated as demonstrated by
highly enantioselective reactions to form the corresponding 7,6- and 7,5-spiroacetals (entries 6

and 7). Spiroacetal 11f was obtained with excellent enantiomeric ratio of 98.5:1.5. 7-
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Membered enol ether substrates showed higher reactivity than 6-membered substrate 12b,
and only 1 mol% of the catalyst was necessary. Notably, all these small spiroacetals in Table

4.10 are core structures of many natural products.[“' 138]

Table 4.10. Catalytic asymmetric spiroacetalization.?

o
) 13c 0. ©
n nz OH solvent, molecular sieves (w)
1 nq Ny
0.025 M
12 11
Entry Substrate Reaction details Product Yield er

O 13c (0.1 mol% 0.0
1 <_/7/\/\OH ( ) L)\j 62%  96:4
12a _s5°C, CH,Cl, 11a
© OH 13c (5 mol%) 0.0
(o] .
| 77%  98:2
12b -25 °C, MTBE (S)-11b
© OH ent—13c (5 mol%) O O
3 | , 70% 97.5:2.5
12b -25 °C, MTBE (R)-11b
© OH 13c (1 mol%) AL
| Q\j 81% 95.5:4.5
12c -35°C, DCE 11c
O 13c (1 mol% 00
5 W ( ‘) 69%  96:4
OH124 11c

-35°C, MTBE

1,

8

OH

0 00
13c (1 mol%
° g\/\/ ! * 78% 96:4
12e -25°C, MTBE 11e
(@] OH O o0
13c (1 mol%
, g\/\ ( 0) Q‘\j 88% 98.5:1.5
12f —-35°C, MTBE 11f

a) Reactions were run in the presence of molecular sieves (see Experimental section).
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4.3.3. Nonthermodynamic and thermodynamic spiroacetals

The formation of nonthermodynamic spiroacetals, featuring the less stable configuration of
the spiroacetal stereocenter, presents a substantial challenge for organic synthesis.[z] An ideal
solution for the formation of nonthermodynamic spiroacetals would be a catalyst controlled
reaction that could override thermodynamic preference and control the spiroacetal
configuration. Gratifyingly, with our confined Brgnsted acid catalyst 13c this goal could be
achieved.™®

A racemic mixture of (5)-12g and (R)-12g was treated with the confined catalyst in
MTBE at —35 °C (Scheme 4.18).[138] Independent of the stereochemistry of the starting material,
the formation of the spiroacetal stereocenter was controlled by the catalyst to give preferably
the (S)-configuration. With (S)-12g a nonthermodynamic spiroacetal was obtained with 5:1 dr,
although under thermodynamic conditions (agq. 3 N HCI), the thermodynamic diastereomer is
preferred with a dr of 1:124 (Scheme 4.18). Under kinetic conditions with achiral
diphenylphosphoric acid an equal 1:1 mixture of thermodynamic and nonthermodynamic
spiroacetal is obtained. Although the thermodynamic spiroacetal can be easily obtained in
strongly acidic conditions that epimerize the acetal stereocenter, our catalyst is capable of
providing the thermodynamic spiroacetal under kinetic conditions furnishing a dr of 65:1
(Scheme 4.18).[138] Such mild conditions for the spiroacetalization reaction might be essential in
syntheses when other acid sensitive groups are present in the molecule, e.g. other acetals and

spiroacetals.

O OH N 0 Me nonthermodynamic
| 0 spiroacetal 83%, dr 5:1
0,
(5)-12g 13¢ (5 mEJIA) 11g
MTBE, 3 A MS
+
—35°C,60h g .
O g OH therrT\odynamlc 89%, dr 65:1
| : 0 Me spiroacetal
(R)-12g 11h
Achiral catalysts rac-11g/rac-11h
Thermodynamic ratio (with 3 N HCI): 1:124
Kinetic ratio (with (PhO),PO,H): 1:1

Scheme 4.18. Nonthermodynamic and thermodynamic spiroacetals.
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We next examined substrates with different substitution patterns. Hydroxyenolethers (R)-12i
and (S5)-12i with the methyl group placed one carbon further away from the alcohol group
were reacted with catalyst 13c under the same conditions as for substrates 12g. The formation
of the spiroacetal stereocenter was excellently controlled by the catalyst to give either
nonthermodynamic or thermodynamic spiroacetals with dr values >20:1 in both cases. With
(R)-12i, a nonthermodynamic spiroacetal 11i was obtained with a dr of 23:1, although under
thermodynamic conditions, the other, thermodynamic diastereomer is preferred with a dr of
1:9 (Scheme 4.19). Under kinetic conditions with the achiral diphenylphosphoric acid an equal
1:1 mixture of thermodynamic and nonthermodynamic spiroacetal was obtained. The
thermodynamic spiroacetal 11j could be obtained under mild kinetic conditions with a dr of
50:1, which even exceeds the thermodynamic ratio of 9:1 obtained under strongly acidic

conditions (Scheme 4.19).[138]

o)

o] OH nonthermodynamic
> 0, .
| Q spiroacetal 70%, dr 23:1
. 13c (5 mol%)
R)-12i o :
(Rl MTBE, 3 A MS 11i Me
+
: —-35°C,60h .
o . OH o thermodynamlc 70%, dr 50:1
O/\/\/ 7w spiroacetal
e
(S)-12i 11j
Achiral catalysts rac-11i/rac-11j
Thermodynamic ratio (with 3 N HCI): 1:9
Kinetic ratio (with (PhO),PO,H): 1:1

Scheme 4.19. Nonthermodynamic and thermodynamic spiroacetals.

Substrates (R)-12k and (S)-12k required higher catalyst loading and longer reaction time for
completion (Scheme 4.20). However, as in the other cases, catalyst 13c gave excellent results.
With substrate (R)-12k a nonthermodynamic spiroacetal 11k was obtained with dr 7:1, against
the thermodynamic preference with a dr of 1:60 for the other diastereomer (Scheme 4.20).
Under kinetic conditions with achiral diphenylphosphoric acid, the thermodynamic spiroacetal
was preferred with a dr of 1:3. With confined catalyst 13c the thermodynamic spiroacetal 11l
could be obtained under mild kinetic conditions with a dr of 100:1, which exceeded the

thermodynamic ration of 60:1 obtained with aqg. HCI (Scheme 4.20).1**8!
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The results presented in Scheme 4.18, Scheme 4.19, and Scheme 4.20 represent to the best of

our knowledge, the first examples of chiral catalyst controlled diastereoselectivity in the

formation of thermodynamic and nonthermodynamic spiroacetals.mg]

(0]
o OH - M(e) nonthermodynamic
| spiroacetal 76%, dr 7:1
_ [
(R)-12k 13c (5-10 ronoIA) 11k
MTBE, 3 A MS
+ o
o OH —35°C, 5 days 0 thermodynamic 86%. dr 100:1
| : Q spiroacetal '
Me
(S)-12k 11
Achiral catalysts rac-11k/rac-11l
Thermodynamic ratio (with 3 N HCI): 1:60
Kinetic ratio (with (PhO),PO,H): 1:3

Scheme 4.20. Nonthermodynamic and thermodynamic spiroacetals.

Spiroacetalization of substituted enol ether 12m revealed another powerful capability of the
confined Brgnsted acid 13c (Scheme 4.21).%8 An efficient kinetic resolution occurred,
delivering both bisacetal 11n and enolacetal (R)-12m with excellent enantioselectivity.
Asymmetric synthesis of these sensitive motifs by any other method would present a

considerable challenge.

_0_°0 OH 13c(5-10 mol%)
(JM MTBE, 3 AMS

o, 0 OH
+ LJ/\/\/

—-25 °C, 5 days
12m 50% conv. 11n (R)-12m
35%, er 97.5:2.5 43%, er 97:3
dr>50:1

Scheme 4.21. Kinetic resolution via asymmetric spiroacetalization.

4.3.4. Discussion

We have discovered the first catalytic asymmetric spiroacetalization reaction and synthesized

(381 For the first time, a catalyst

small spiroacetals which are cores of many natural products.
controlled spiroacetalization provides access to nonthermodynamic spiroacetals against a

strong thermodynamic preference for the other, thermodynamic diastereomer.™*® Moreover,
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4. RESULTS AND DISCUSSION

when the catalyst control matches the inherent thermodynamic substrate preference,
thermodynamic spiroacetals can be obtained with excellent diastereoselectivities that can
even exceed thermodynamic ratios. In this way thermodynamic spiroacetals can be obtained
under very mild, kinetic conditions, as compared to the relatively strongly acidic conditions
typically required for thermodynamic equilibration. Our spiroacetalization reaction is expected
to find applications in the synthesis of diverse natural products and biologically active
molecules for which the desired spiroacetal stereocenter configuration cannot be accessed
under thermodynamic conditions (Scheme 4.22). This method could also be applicable to
obtaining either spiroacetal epimers in reactions that give similar mixtures of spiroacetal

isomers under thermodynamic conditions (Scheme 4.22).

2
1
( n )n2 R o_)g/\ n, OH ( oY

),
nonthermodynamic thermodynamic
spiroacetal spiroacetal

Scheme 4.22. Catalytic control of spiroacetal configuration in functionalized chiral molecules.

The spiroacetalization of hydroxyenolethers should be applicable even in the synthesis of large,
natural product like spiroacetals by using a less bulky Brgnsted acid catalysts that are capable
of accommodating such substrates. As our confined Brgnsted acid 13c is designed to feature an
extremely sterically demanding active site, we expected that large substrates will not be
accepted by this particular catalyst. To explore this behavior of our catalyst, we examined large
substrate 120, an open form of the steroidal sapogenin diosgenin (Scheme 4.23).[145'146] As
expected, the reactivity was rather low using either catalyst enantiomer, although only a single

diastereomer (the known nonthermodynamic isomer 20-epi-diosgenin) was obtained.

13corent-13c
(1 mol%)

DCE, 4 AMS
r.t., 27 h

88%, dr >20:1:1:1

same result with (PhO),PO,H (2 mol%),
DCE, 4 AMS, r.t., 5 min

Scheme 4.23. Low reactivity of confined acid 13c with large substrate.
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The lack of activity and selectivity for large substrate 120 with catalyst 13c presumably
originates from the inability of the substrate to fit into the active site of the catalyst (Scheme
4.24). However, our spiroacetalization reaction could also be applied to large substrates using
less sterically demanding catalysts. Even known phosphoric acids could be efficient and

selective catalysts in these cases.

Q

Q
13c (blue)
0 “ substrate (green)J
small substrate large substrate
(good reactivity (low reactivity
and selectivity) and selectivity)

Scheme 4.24. Schematic representation of the confined acid catalyst behavior with small and

large substrates.

Mechanistic studies

In a hope to clarify the mechanism of the reaction we have performed a spiroacetalization
reaction with a deuterium labeled substrate (Scheme 4.25). Due to the lower reactivity of the
deutered substrate the reaction was performed at room temperature in DCE. Interestingly only
product resulting from the syn addition of the deuteron and the oxygen nucleophile was
observed (Scheme 4.25). Such a result could be rationalizes with a concerted mechanism in
which the D and O atoms are simultaneously added over the C=C bond. Alternatively, after the
initial H'/D" transfer and the oxocarbenium ion formation, a fast cyclization occurs before the

ion pair reorganization.

o) oD 13c (1 mol%) 00
OM DCE, 3 A MS
rt.,2h D
only cis

Scheme 4.25. Mechanistic investigations: deuterium labeling.

Stereochemical model

Based on the deuterium labeling experiment we propose the stereochemical model in Scheme
4.26. The hydroxyl group of the substrate is initially hydrogen bonded to the
imidodiphosphoric acid moiety of the catalyst, followed by the approach of the enol ether

moiety from the re face avoiding the steric interaction of the aliphatic cycle with the R®
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substituent on the catalyst (Scheme 4.26). After proton transfer the oxocarbenium ion remains
bound to the anion which directs the alcohol attack from the same (re) face (Scheme 4.26). The
repulsive steric interaction of R* substituent on the catalyst and the aliphatic portion of the

enol ether cycle is consistent with the observed (S)-stereochemistry of the products.

Scheme 4.26. Proposed stereochemical model for the spiroacetalization reaction.
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4.4. Confined Brgnsted acids
4.4.1. Design

During the attempts to develop the asymmetric spiroacetalization reaction we realized the
limitations and deficiencies of current stronger Brgnsted acid catalyst with small substrates

(Scheme 4.27).

low enantioselectivity

with known catalysts @{DJ

11a

o chiral Brgnsted acid
(_7/\/\ (HX*)
/ OH

12a

Scheme 4.27. Catalytic asymmetric spiroacetalization.

We hypothesized that the inability of the catalyst to impart efficient steric control for the small

oxocarbenium ion intermediate is responsible for the lack of selectivity (Scheme 4.28a).

a b

With current stronger Brgnsted acids:

counteranion by the

oxocarbenium ion:

Scheme 4.28. Rationalization for the low selectivity in the spiroacetalization reaction.

In addition, the oxocarbenium ion lacks specific and sterically well defined interactions with its
chiral anion, such as strong hydrogen bonding interaction (Scheme 4.28b). As a result the
positioning of the anion relative to the oxocarbenium ion is not well determined leading to a
number of possible orientations and lack of enantiocontrol (Scheme 4.28b).

While large active sites can accommodate various transition state geometries leading to
different isomers, we reasoned that a confined space could limit this freedom and thereby

increase selectivity (Scheme 4.29).[138] On the basis of this hypothesis, we initiated modeling
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studies towards sterically demanding acid catalysts for the envisioned spiroacetalization

reaction.

Confined Brgnsted acid:

strong steric interaction

Scheme 4.29. New catalyst design.

A solution to the spiroacetalization problem could potentially also tackle an important issue of
broader significance in current Brgnsted acid catalysis. Reactions of small aliphatic substrates
that do not possess sterically demanding protecting groups, large aromatic or planar surfaces,
or bulky substituents are still extremely rare.353¢ %71 e reasoned that a catalyst with
compact chiral microenvironment could solve numerous other challenges in Brgnsted acid
catalysis. We speculated that such a catalyst could effectively restrict molecular motion,
leading to efficient enantiodiscrimination even of substrates or intermediates, which lack
spatially defined interactions such as hydrogen bonding with the catalyst. This design is
inspired by enzymes that frequently display deep active site pockets constructed by the folding
of the protein, and also by the architectures provided by artificial catalytic cavities.!*¥ U |
the following we present the design of new, simple, and readily available synthetic Brgnsted
acid catalysts that display a sterically highly demanding and rigid chiral microenvironment
around their active site."®

Our design was based on the analysis of highly successful chiral phosphoric acids, in

particular those based on the BINOL backbone,*>36 5839

their derivatives, N-triflyl
phosphoramides introduced by Yamamoto,® and the more recently developed N-phosphinyl
phosphoramides and C;-symmetric imidodiphosphoric acids (Scheme 4.30).[92] The active site
of a BINOL-derived phosphoric acid is composed of one Brgnsted acidic (—OH) and one

Brgnsted basic site (=0). The remarkable success of phosphoric acids in asymmetric catalysis is
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widely attributed to bifunctional activation, in which both of these sites are involved in the

stabilization of a transition state (Scheme 4.31).353¢!

I \’/ ‘//0 \’/ ‘/pCF3Ph
O o OH O \ N “pCF4Ph

Scheme 4.30. Phosphoric acids, N-triflyl phosphoramides and N-phosphinyl phosphoramides.

[Electrophllej [Nucleophile]

acidic site 1
LO basic site

Scheme 4.31. Bifunctional activation of reactants with Brgnsted acid/base pair in phosphoric

acid catalysis.

Although phosphates 14 and 15 have found wide application in asymmetric catalysis, it is
challenging to further modify their steric environment because 3,3’-substituents on BINOL and

SPINOL-backbones radiate away from the active site (Scheme 4.32).

14 15

Feature: Single Brgnsted acid/base pair (C, symmetry) }

Issue: Bulky substituents radiate away from the active site

Scheme 4.32. C,-Symmetric anions of phosphoric acids.

C:-Symmetric anions 16 and particularly 17 seem to provide a simple alternative way of
introducing additional steric demand close to the active site via the additional N-substituent
(Scheme 4.33). However, both of these possess several different Brgnsted basic sites
potentially giving a large number of geometrically distinct acid/base pairs compared to only

one such pair present in the phosphoric acid. The numbering of different Brgnsted basic sites is
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given in Scheme 4.32 and Scheme 4.33. This effectively leads to an ensemble of catalytically

active species, which can stabilize different transition states, resulting in low selectivity.

L. O,
1 3 1 3
0\ P — 0\/04 0\ /O - 9 Ar.
N Py #
/ /
R R
16 17

Feature: a simple way of introducing additional steric demand close to the active site
Issue: several different Brgnsted basic sites, ensemble of catalytically active species

Scheme 4.33. C;-Symmetric anions of N-triflyl phosphoramides and N-phosphinyl

phosphoramides.

Furthermore, the rotational freedom around P-N and N-S bonds makes the relative positioning
of acidic and basic site and therefore the entire chiral environment of anions 16 and 17 flexible.
In some reactions only a reduced number of acid/base pairs could be catalytically relevant, due
to steric or electronic factors. Indeed, while anions 16 and 17 display remarkable efficiency in
a specific set of reactions, both of these structures lack the generality of phosphoric acids.
However, in the case of N-triflyl phosphoramides this might be in part a consequence of their
higher acidity. We reasoned that only one distinct and geometrically fixed acid/base pair,
translating into a single type of basic site in the corresponding anion is a prerequisite for the
construction of a successful and broadly applicable Brgnsted acid cata/yst.[lss]

Based on these considerations we designed a novel class of Brgnsted acids, employing a
Cy-symmetric imidodiphosphate anion (Scheme 4.34). In principle, such a C,-symmetric
imidodiphosphate moiety has two distinct Brgnsted basic sites, O and N. The corresponding
acid is expected to have a flexible relative positioning of acid/basic pairs due to rotation
around P-N bonds, and would not satisfy the above mentioned criteria for the design of a

general chiral Brgnsted acid.

1 1 N\
O

O O 0 o
O""-P "P"-"O 0,0-syn ‘p -~ ‘pwo.  0,0-anti
N \
R % o~ ';l

Scheme 4.34. General imidodiphosphate anion with numbering of different Brgnsted basic

sites.
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However, our catalyst design aimed at restricting the imidodiphosphate moiety to a single O,0-
syn conformation between two identical BINOL subunits with bulky 3,3’-substituents (Scheme

4.35).138

99 r-see
1
0% Qo

2
,PQ'N'? P,

(e) (@]
OO (shielded) O
R

R

13

Scheme 4.35. Conformationally locked O,0-syn-imidodiphosphate anion with C,-symmetry.

Based on the analysis of plastic ball and stick models we hypothesized that the inclusion of two
BINOL subunits will result in their interlocking due to sterically demanding 3,3’-substituents as
shown in Scheme 4.35. As a direct consequence, the BINOL subunits are unable to freely rotate
and the resulting molecular structure possesses a very high rigidity. Importantly, such
arrangement also resulted in the sterical blocking of the undesirable alternative Brgnsted basic
N-site. As the two BINOL subunits are identical, anion 13 is C,-symmmetric, and has therefore
two identical catalytically relevant Brgnsted basic sites. Consequently, the corresponding
Brgnsted acid possesses a single catalytically active bifunctional acid/base pair with a fixed

geometry (Scheme 4.36).[138]

N\

[Electrophile} [Nucleophile]
: |

acidic site /H H
.

R

Scheme 4.36. Bifunctional activation of reactants with Brgnsted acid/base pair in

imidodiphosphoric acid catalysis.

The interlocking of BINOL-subunits could in principle also result in the conformational locking
of the imidodiphosphate moiety in the O,0-anti conformation to give the O,0-anti-isomer of
13 (Scheme 4.34). However, based on our analysis of plastic models we expected that the
formation of the corresponding O,0-anti-isomer will be disfavored with bulky 3,3’-substituents

on BINOL backbones due to severe clashing of the substituents.
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4.4.2. Synthesis

The structure of C,-symmetric imidodiphosphoric acids is based on interlocking of two identical
BINOL subunits, enabling a highly convergent synthetic approach. In fact, their synthesis
requires only a single additional synthetic step compared to the synthesis of the corresponding

phosphoric acids (Scheme 4.37).[138]

Starting from readily available 3,3’-substituted BINOL-
derivatives, synthetic intermediates A and B are obtained in a single step. Their coupling under
basic conditions directly affords the desired C,-symmetric imidodiphosphoric acids (Scheme

4.37).138

POCl; pyridine

R
then H,0 OO o 0 Phosphoric acids:
/P\OH — very successful catalysts
OO 0 —several commercially available
R
(XY,
O
POCI3 pyridine o //
R then NH; OO O NH2

/ R R
: 99 L
NaH, THF o 0 HO O

OH P\ N%'D
o ¢}
POCl,
R 0
\_/ R R

Imidodiphosphoric acids
R a single synthetic step more
than phosphoric acids

3,3'-Disubstituted-BINOLs

—large variety known
— easily accessible

pyridine

XV OR
o =

Scheme 4.37. Synthetic strategy for C,-symmetric imidodiphosphoric acids.

Based on this synthetic strategy we have obtained several imidodiphosphoric acids 13a-13h
with bulky substituents on the 3,3’-positions of the two BINOL backbones (Scheme 4.38). Acids
were isolated after column chromatography and treatment with 3 N aqueous HCI to remove

metal impurities and ensure the presence of pure Brgnsted acids.!061]

Attempts to prepare the
imidodiphosphoric acids with the very bulky 2,4,6—’Pr3C5H2— or 2,6—’Pr2C5H2—substituents on the

BINOL backbones by this method were unsuccessful.
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13h

Scheme 4.38. Chiral C;-symmetric imidodiphosphoric acids.

72



4. RESULTS AND DISCUSSION

4.4.3. X-Ray structures

Large crystals of C,-symmetric imidodiphosphoric acid 13c were easily obtained by dissolving
the acid in hot acetonitrile, adding a few drops of water and leaving the solution to freely cool
to room temperature. The crystal structure of imidodiphosphoric acid 13c reveals a confined
active site deeply buried within a highly sterically demanding chiral environment (Figure

4.2).11%8]

13c

Figure 4.2. Crystal structure of the anion of 13, side view.!**®

Viewing the catalytic moiety from the top illustrates how the two BINOL-substituents surround
the active site from above (Figure 4.3a). Viewed from the bottom half, the catalyst
demonstrates a tight arrangement of two remaining BINOL subunits units, which completely

block access to the imidodiphosphate (Figure 4.3b).[*®!

a b

top view

bottom view

[138]

Figure 4.3. 13c, Space filling models a) top view; b) bottom view.
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For comparison, the crystal structure of one of the most popular and sterically demanding
phosphoric acids, TRIP (1a), is given in Figure 4.4.°" The active site of TRIP is placed inside a
broad open cone, while that of the imidodiphosphate can better be described as a chiral

pocket.

Figure 4.4. a) Crystal structure of TRIP anion; b) view at the active site, space filling model.

Crystals of imidodiphosphoric acids 13a and 13b were also obtained and their X-ray structures
determined. Acid 13b features a confined acid moiety similarly to catalyst 13c (Figure 4.5). Two
anthracenyl substituents surround the active site, while the remaining two substituents
provide an aromatic “nest” below the catalytic moiety (Figure 4.6). Although acid 13a (Figure
4.7) displays complete shielding of the imidodiphosphate from the bottom, compared to acids

13b and 13c, the active site is less shielded from the top (Figure 4.8).

Figure 4.5. Crystal structure of the anion of 13b, side view.
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Figure 4.8. 13a, Space filling models a) top view; b) bottom view.
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The geometrical parameters of the imidodiphosphoric acids, which co-crystallized with a
molecule of water, are consistent with a hydronium ion bridging the two imidodiphosphate
oxygen atoms. This supports proton location on oxygen rather than on nitrogen, as shown in

Scheme 4.36.
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4.4.4. Discussion

While recent developments in Brgnsted acid catalysis have enabled an array of

transformations to be performed asymmetrically,[as'se’ 87]

substrates have typically been
sterically or electronically biased. In principle any reaction can be performed asymmetrically if
it is placed in a steric environment that is capable to accommodate one of the two
enantiomeric transition states. For small molecules, and molecules or intermediates that have
weak interactions with the catalyst’s active moiety, a solution for high enantioselectivity could
be provided by extremely sterically demanding environment of the catalyst that restricts the
motion of the molecules. We have designed such acid catalysts, termed confined Brgnsted
acids that possess chiral pockets reminiscent of those found in enzymes.[m] We believe that

our concept opens the door for the development of various asymmetric reactions which

include small aliphatic and/or loosely bound molecules.

Reactions with small and large substrates

Phosphoric acid type catalysts are unable to impart selectivity to small substrates due to
insufficient steric interaction with the catalyst structure (Scheme 4.39). On the other hand tight
pockets of confined acids can overcome this issue, as demonstrated with the asymmetric
spiroacetalization reaction (Scheme 4.39). However, chiral confined acids are not expected to
efficiently accommodate large substrates as these cannot fit into the catalysts cavity. The
performances of confined chiral acids and phosphoric acid type catalysts are expected to be

complementary with the regard to the size of the substrate (Scheme 4.39).

phosphoric acid type catalysts confined acid catalysts

O VU © ¢

small substrate

large substrate . . . small substrate large substrate
. (insufficient steric .. .

(good reactivity . . (good reactivity (low reactivity
. interaction, low . .

and selectivity) and selectivity) and selectivity)

selectivity)

\ X \ X

Scheme 4.39. Schematic comparison of the expected performance of chiral confined acids and

phosphoric acid type catalysts with large and small substrates.
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Reactions with loosely bound molecules

Loosely bound molecules or intermediates are considered those lacking specific and sterically
well defined interactions with the catalyst. A good example would be an oxocarbenium ion
which possesses only very weakly acidic C-H bonds to bind the chiral anion of the catalyst
(Scheme 4.40a). Furthermore, the oxocarbenium ion possesses a number of such C-H bonds
giving multiple possibilities for anion binding. Such weak and geometrically unrestricted
interaction with the chiral anion results in the presence of numerous transition state
geometries for the nucleophilic attack leading to low enantioselectivity. Unlike oxocarbenium
ions, iminium ions possess a strong N'—H--"X* hydrogen bond which fixes the position of the
chiral anion, a scenario that rationalizes the success of numerous enantioselective additions of

nucleophiles to imines (Scheme 4.40b).

a b
X H/X\:\R3 RZ - -
A, Ol _{wH SN Ty
w4 I
{R! by HOD R! H
D RN H X
X
Xk
very limited numerous asymmetric
asymmetric reactions reactions

Scheme 4.40. a) Loose binding of oxocarbenium ion and a chiral counteranion; b) strong and

restricted binding in the case of iminium ion.

If the loosely bound intermediate is placed within a tight chiral cavity, its motion could be
restricted with shielding groups of the catalyst. Additionally, the catalyst architecture should
also effect the nucleophile allowing the approach to the electrophile only from specific
unblocked directions. These two effects result in an effective reduction of the number of
available transition states leading to increased enantioselectivity. In addition to controlling
reactions of small molecules, confined Brgnsted acids were designed also to impart selectivity
in the cases of weakly organized transition states (Scheme 4.41).

For the success of the asymmetric spiroacetalization reaction the ability of chiral
confined acids to handle both small substrate and loosely bound intermediate might have been

crucial.
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confined acid catalysts

//,,,O "

RN

loosely bound
intermediate
(restricted motion in
tight space,
good selectivity)

\/

phosphoric acid type catalysts

~o*

A

loosely bound
intermediate
(unrestricted motion,
low selectivity)

X

Scheme 4.41. Schematic comparison of the expected performance of chiral confined acids and

phosphoric acid type catalysts with loosely bound intermediates.
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5.1. Catalytic asymmetric transacetalization

Chiral acetals are frequently encountered motifs in a variety of natural products as well as
common functional groups in organic synthesis. Interestingly, the presence of an acetal in
cellulose, the most abundant of all naturally occurring organic compounds, makes acetal
stereocenters one of the most common organic stereocenters on Earth. However, methods for
the enantioselective synthesis of chiral acetal carbon stereocenters are very limited. A single
catalytic asymmetric formation of acetals was previously achieved via a metal-catalyzed
hydroetherification of enol ethers with an er up to 93:7.

We have developed a catalytic asymmetric transacetalization reaction.®” For the first
time catalytic asymmetric formation of an acetal stereocenters could be achieved with very
high enantioselectivity (Scheme 5.1). In addition the reaction presents, to the best of our
knowledge, a first example of phosphoric acid catalyzed enantioselective addition of

nucleophiles to simple O,0-acetals.

OEt

'Pr
L, amramm - o, O
EtO R benzene, 20 °C @R

OH

erupto98:2

® first catalytic highly enantioselective acetal formation
® first catalytic asymmetric substitution of acetals using Brgnsted acids

Scheme 5.1. Catalytic asymmetric transacetalization.
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5.2. Kinetic resolution of homoaldols via catalytic asymmetric transacetalization

(with S. Miiller)™ %!

Homoaldols are versatile motifs in organic synthesis that can be easily transformed into a vast
array of important chiral compounds such as y-lactones, tetrahydrofurans, pyrrolidines, and
others. Due to problematic homoaldol disconnection these are not readily available in a
catalytic asymmetric fashion. We have developed a highly enantioselective kinetic resolution of
aldehyde protected homoaldols via a catalytic asymmetric transacetalization reaction.®™ Our
kinetic resolution represents a very atom economic method, forming ethanol as the only
byproduct. The acetal group in cyclic acetals can be considered as a protecting group and as a
functional group that can be directly modified, e.g. oxidized, reduced or substituted. Our
method is applicable to the resolution of a wide range of secondary and tertiary homoaldols.
The reaction represents the first examples of kinetic resolution of alcohols via acetal formation,

and the first example of Brgnsted acid catalyzed kinetic resolution of alcohols.

I Eto"‘q., 2
o\'R

EtO MgCl
0 W OFEt 1

1 OEt R? (S)-STRIP (1 mol%) R
R “R2 EtO R? - OEt L
DCM, 20 °C R

L~ EtO —R?2
OH

® first kinetic resolution of alcohols via catalytic asymmetric acetalization
® first Brgnsted acid catalyzed kinetic resolution of alcohols

®rare example of a highly efficient kinetic resolution of tertiary alcohols
®no reagent required

®cethanol as the only byproduct

Scheme 5.2. Kinetic resolution of homoaldols.
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5.3. Catalytic asymmetric spiroacetalization

Spiroacetals occur in many biologically active compounds ranging from small insect
pheromones to complex macrocycles. We have developed the first catalytic asymmetric
spiroacetalization reaction to access small unfunctionalized spiroacetals which are the cores of
many natural products (Scheme 5.3).[138] Additionally, our spiroacetalization reaction provides
a direct catalyst controlled access to both nonthermodynamic and thermodynamic spiroacetals

in mild kinetic conditions, a longstanding challenge in natural product synthesis (Scheme 5.3).[2]

Y

O
) (0.1-10 mol%) O\°
nz OH solvent, molecular sieves (W)
ni n ny

0.025 M 1
er up to 98.5:1.5

nonthermodynamic spiroacetals

O

o
Q O Me o oy
(5)-Olean o) '8
Me

er 98:2

dr5:1 dr23:1 dr7:1

® Brgnsted acid catalzed synthesis of small unfunctionalized molecules

® first catalytic asymmetric synthesis of olean

® first catalytic synthesis of nonthermodynamic acetals

® gsymmetric addition of heteroatom nucleophiles to oxocarbenium intermediates

Scheme 5.3. Catalytic asymmetric spiroacetalization.
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5.4. Confined Brgnsted acids

The field of Brgnsted acid catalysis has acquired wide popularity and importance in recent
years. However reactions of small molecules and/or loosely bound molecules or intermediates
are largely undeveloped. We hypothesized that catalysts with truly compact chiral
microenvironment could address these issues. We have rationally designed chiral confined

£.138 These catalysts

Brgnsted acids based on a C,-symmetric imidodiphosphoric acid moti
feature extremely sterically demanding chiral environments around their active site and
possess a single catalytically relevant and geometrically constrained bifunctional active site

(Figure 5.1).

13c 13b 13a

Figure 5.1. Confined Brgnsted acids.

Confined Brgnsted acid catalysts enabled the development of the first asymmetric
spiroacetalization reaction to access natural product olean and other small unfunctionalized
spiroacetals.[138]

Chiral cavities present in these catalysts are designed to induce enantioselectivity to the
reactions with transition states that are not well organized by noncovalent attractive
interactions and/or with transitions states of small volume (Figure 5.2).

It is noteworthy that diverse confined C,-symmetric imidodiphosphoric acids are easily
accessible. Their synthesis requires only a single additional synthetic step compared to the
corresponding phosphoric acids. Yet, they provide completely different active moiety and
significant increase in the steric demand of the chiral environment, while retaining crucial

features of the phosphoric acids: C,-symmetry of the anion and a single type of bifunctional

active site (Scheme 5.4).
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small volume of the transition state loosely organized transition state
previous catalysts confined acids previous catalysts confined acids
i 1 ”///O+
l O I \\\\\K

low er high er low er high er

Figure 5.2. Influence of the size of the chiral environment on the catalyst performance.

pseudo C,-symmetry pseudo C,-symmetry

P Y

acidic site 'T' acidic site /H
P
0

o OwPs_ _PmO
N g N
Phosphoric acids Confined Imidodiphosphoric acids

Scheme 5.4. Pseudo C,-symmetry and a single type of bifunctional active site in phosphoric

acids and imidodiphosphoric acids.
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6. OUTLOOK

6.1. Kinetic resolutions of homoaldols

(with S. Miiller)*%®!

In our initial investigations on kinetic resolution of homoaldols via catalytic asymmetric

transacetalization we have focused on the kinetic resolution of 4-substituted homoaldols

(Scheme 6.1a).[84] Due to the intramolecular nature of the reaction proceeding through an

organized cyclic transition state we hypothesized that efficient kinetic resolution of substrates

substituted anywhere in the chain might occur. Our initial studies in this regard show that 3-

substituted primary alcohol substrates could be resolved to give cyclic acetals with high

enantioselectivity, although with moderate diastereoselectivity (Scheme 6.1b). A 2-substituted

acetal exhibited excellent kinetic resolution giving the cyclic product and enantioenriched

alcohol with high enantioselectivity (Scheme 6.1c). Taken together these initial results

demonstrate that our method could be used to access arbitrary substituted cyclic or acyclic

acetal-protected homoaldols.

OH

OH

OH

(S)-STRIP
(1 mol%)

DCM, 20°C, MS 4 A

55% conv.

(S)-STRIP
(1 mol%)

DCM, 20 °C, MS 4 A

62% conv.

(S)-STRIP
(1 mol%)

DCM, 20 °C, MS 4 A

53% conv.

er 97:3 (48% theor. yield)

er 90.5:10.5(minor)

o: 3 \\\\\

er 98.5:1.5

/\O

er94:6

-~

/\O)\:/\/OH

5

er 98.5:1.5

Scheme 6.1. Kinetic resolutions of arbitrary substituted homoaldol acetals.
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All of these compounds are highly valuable synthetic intermediates that can be converted to

numerous 1,4-dioxygenated compounds (Scheme 6.2).
0O R O _R Nu— O~ _R
SO WY
R R R R R
R (? R O R
HO/\l)\l/OH Kl/'\ropca
R R R R

Scheme 6.2. Selection of compounds potentially accessible from our enantioenriched

homoaldols.
6.2. Catalytic asymmetric transetherification

(with J. H. Kim and T. Vlaar)

With the catalytic asymmetric transacetalization it was demonstrated that chiral phosphoric

acids are efficient catalysts for the activation of the acetal functionality.[lo7] Encouraged by this

discovery, we hypothesized that Brgnsted acids of this type could potentially also activate

resilient ether functionality and catalyze an asymmetric transetherification reaction. Initial

results towards this goal show that this reaction is viable. The reaction of a secondary benzyl

ether substrate proceeds with kinetic resolution and a selectivity factor of 33 (Scheme 6.3).

This reaction represents the first example of Brgnsted acid catalyzed asymmetric alkylation

with ethers.

(S)-TRIP (5 mol%) r

O O PhCl, 22 h - *
MeO

conv 56% enantioenriched
s-factor 33 starting material

Scheme 6.3. Catalytic asymmetric transetherification.
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6.3. Imidodiphosphoric acids as the second generation of stronger Brgnsted acids

The first use of chiral stronger Brgnsted acid catalysts, phosphoric acids, was described 8 years
ago by Akiyama and Terada.®®>¥ Since then, a vast number of catalytic asymmetric reactions
has been discovered.?>>® We believe that the imidodiphosphoric acids described here present
a second generation of stronger Brgnsted acid catalysts (Scheme 6.4).[138] The steric demand of
these catalysts can be controlled by desire allowing even extremely sterically demanding, tight
chiral pockets to be accessed. These catalysts are expected to solve challenges in asymmetric
Brgnsted acid catalysis arising from:

- small volume of the transition states (e.g. small substrates)

- loosely bound intermediates and weakly organized transition states
Confined imidodiphosphates could also be widely applicable as anions, even beyond Brgnsted
acid catalysis.[73'75] Confined imidodiphosphoric acid catalysts already showed excellent results,

and we have recently resolved several longstanding challenges in our laboratory.

1st generation 2nd generation
stronger Brgnsted acids stronger Brgnsted acids

Scheme 6.4. Phosphoric and imidodiphosphoric acids.
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Brgnsted acid catalyzed sulfoxidation with H,0,

(with S. Liao)

One of the projects in our laboratory was directed towards developing Brgnsted acid catalyzed
asymmetric oxidation of sulfides with hydrogen peroxide. Although it was known that acids
accelerate this reaction, no asymmetric version has been reported. Our attempts with a variety
of known phosphoric acid catalysts resulted only in low enantioselectivity with an er of up to
78:22. Gratifyingly, confined imidodiphosphoric acids enabled a highly enantioselective
sulfoxidation with H,0, (Scheme 6.5).

o
S Confined Brgnsted acid (2 mol%) &t
+ H202 > ~N
©/ cyclohexane, MgSO, ©/
rt,2h
er99:1

Scheme 6.5. Confined acid catalyzed sulfoxidation.

We hypothesize that with the confined Brgnsted acid, H,0, molecule is placed within a chiral
cavity of the catalyst (Scheme 6.6). Such an environment severely restricts the approach
geometry of the incoming substrate based solely on steric control. Such reactions including
transition states that are not well organized with covalent or hydrogen bonding interactions

between the catalyst and the substrates are very rare in current Brgnsted acid catalysis.

phosphoric acids confined acids
weak steric strong steric
control control /\
\ i © h \/
low enantioselectivity high enantioselectivity

Scheme 6.6. Activation of H,0, with confined acids.
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Catalytic asymmetric acetalization of aldehydes

(with J. H. Kim)

The direct asymmetric acetalization of aldehydes has been a longstanding challenge in our
laboratory. Our attempts with a variety of known phosphoric acids catalysts resulted only in
low enantioselectivity with an er of up to 72:28. Gratifyingly, a novel imidodiphosphoric acid

enabled the first highly enantioselective acetalization of aldehydes (Scheme 6.7).

(:COH . i)\ (5 mol%) _ m)\
OH H toluene, MS 5 A o X

r.t., 48 h

Scheme 6.7. Asymmetric acetalization of aldehydes.

Although the substituents on the phosphoric acid can be readily modified, in practice only
some very bulky substituents are effective in imparting good steric control. C,-Symmetric
imidodiphosphoric acids possess much higher steric demand around the active site, enabling
introduction of a variety of substituents without compromising the sterical demand of the
active site. Consequently the architecture of the imidodiphosphoric acid enables the

construction of much more diverse chiral environments than previous catalysts.
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7.1. General Experimental Conditions

Solvents and reagents

All solvents used in the standard procedures were purified by distillation. Absolute diethyl
ether, tetrahydrofuran and toluene were obtained by distillation over sodium with
benzophenone as indicator; absolute chloroform and dichloromethane were obtained by
distillation over calcium hydride, and ethanol, isopropanol and methanol were dried by
distillation over magnesium. Absolute 1,4-dioxane, MTBE and DCE were purchased from
Sigma-Aldrich and used as received. Commercial reagents were obtained from various sources

and used without further purification.

Known Brgnsted acid catalysts

Chiral Brgnsted acid catalysts in Table 4.7 and TRIP were kindly supplied by the coworkers from
the List group and were prepared according to the literature procedures referenced in Table
4.7. VAPOL-derived phosphoric acid 1d was purchased from Sigma-Aldrich and acidified by
washing with aq. 4 N HCl before use. STRIP catalyst was developed and prepared by S.

Miiller.[208]

Inert gas atmosphere
Air and moisture sensitive reactions were conducted under an atmosphere of argon (Air
Liquide, >99.5% purity). Unless otherwise stated, all organocatalytic reactions were performed

under an ambient atmosphere without the exclusion of moisture or air.

Thin layer chromatography (TLC)

Reactions were monitored by thin layer chromatography on silica gel or aluminum oxide pre-
coated plastic sheets (0.2 mm, Machery-Nagel). Visualization was accomplished by irradiation
with UV light at 254 nm and different staining reagents; phosphomolybdic acid (PMA) stain:
PMA (10 g) in EtOH (100 ml); anisaldehyde stain: p-anisaldehyde (3.5 ml), glacial acetic acid (15
ml), EtOH (350 ml), conc. H,SO4 (50 ml).
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Column chromatography
Column chromatography was performed under elevated pressure on silica gel (60, particle size
0.040-0.063 mm, Merck) or aluminum oxide (neutral, activated, Brockmann |, Sigma-Aldrich;

Activity Il with 3% H,0; Activity Il with 6% H,0).

High pressure liquid chromatography (HPLC)

HPLC analyses on a chiral stationary phase were performed on a Shimadzu LC-2010C system
equipped with a UV detector. Commercial HPLC-grade solvents were used, and measurements
were conducted at 25 °C. The chiral stationary phase of the columns is specified in each
experiment. The enantiomeric ratios were determined by comparing the samples with the

appropriate racemic mixtures.

Gas chromatography (GC)

GC analyses on a chiral stationary phase were performed on HP 6890 and 5890 series
instruments equipped with a split-mode capillary injection system and a flame ionization
detector (FID) using hydrogen as a carrier gas. Detailed conditions are given in the individual
experiment. The enantiomeric ratios were determined by comparing the samples with the

appropriate racemic mixtures.

Nuclear magnetic resonance spectroscopy (NMR)

Proton, carbon, and phosphorus NMR spectra were recorded on Bruker AV-500 or Bruker AV-
400 spectrometers in deuterated solvents at room temperature (298 K). Proton chemical shifts
are reported in ppm (8) relative to tetramethylsilane with the solvent resonance employed as
the internal standard (C¢De, 6 7.16 ppm; DMSO-dg, 6 2.49 ppm; CD,Cl,, 6 5.32 ppm; CDCls, 6
7.24 ppm; acetone-dg, & 2.04 ppm). *'P chemical shifts are reported in ppm relative to HsPO, as
the external standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, g = quartet, m = multiplet), coupling constants (Hz) and integration. Slight
shape deformation of the peaks in some cases due to weak coupling is not explicitly mentioned.
3¢ chemical shifts are reported in ppm from tetramethylsilane with the solvent resonance as
the internal standard (CsDs, 6 128.06 ppm; DMSO-dg, 6 39.5 ppm; CD,Cl,, 53.8 ppm; CDCl;, 6
77.0 ppm; acetone-dg, 6 206.0, 29.8 ppm).
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Mass spectrometry (MS)

Mass spectra were measured on a Finnigan MAT 8200 (70 eV) or MAT 8400 (70 eV) by electron
ionization, chemical ionization or fast atom/ion bombardment techniques. Electrospray
ionization (ESI) mass spectra were recorded on a Bruker ESQ 3000 spectrometer. High
resolution mass spectra were obtained on a Finnigan MAT 95 or Bruker APEX Ill FT-MS (7 T

magnet). All masses are given in atomic units/elementary charge (m/z).

Specific rotation
Optical rotations were determined with Autopol IV automatic polarimeter (Rudolph Research
Analytical) using a 50 mm cell with temperature control. The measurements were performed

at 25 °C at a wavelength A = 589 nm (sodium D-line). Concentrations (c) are given in g/100 ml.
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7.2. Catalytic asymmetric transacetalization
7.2.1. Starting materials

2a-1
Representative procedure for compounds 2a-I

P Ph
o 1) Mg ? Ph

/\O)\/\CI 2) @) } o
Ph. _J_Ph OH

2j

Preparation of the Grignard reagent

A solution of freshly distilled 3-chloropropionaldehyde diethylacetal (5.0 g, 30.0 mmol) in THF
(5 ml) was added to activated’ magnesium turnings (1.46 g, 60 mmol). The temperature of the
exothermic reaction mixture was kept between 15-25 °C by cooling with an ice bath.” " After
heat development ceased, the mixture was diluted with toluene (10 ml) and the resulting
solution (calculated ca. 1.5 mmol/ml) was used immediately.

Addition to ketones

A solution of the Grignard reagent prepared above (7.5 ml, 11.25 mmol)"” was cooled to —30 °C
and a solution of ketone (5.0 mmol) in toluene (1.25 ml) was added dropwise.” The mixture
was allowed to warm to 0 °C during 2—4 h. It was then quenched at 0 °C with concentrated
aqueous NH4Cl (5 ml) and H,O (5 ml), and extracted with Et,0 (2 x 10 ml). The combined
organic extracts were washed with conc. Na,COs (aq.) (5 ml), dried (MgSQ,), filtered, and
concentrated directly prior to purification. Flash chromatography on silica gel yielded pure
products.‘” The products were stored as 0.1-0.2 M solutions in EtOAc or Et,0, or used
immediately for transacetalization reaction.

Notes:

- i) Activation was performed with a few drops of 1,2-dibromoethane.

- ii) For reactions on a larger scale a more efficient dry ice/acetone bath cooling is

necessary.

- i) If there is no exothermic reaction at this point, initiation is performed by adding
more 1,2-dibromoethane and fast heating (with a heat gun) and cooling to 25 °C

(repeated until reaction becomes exothermic after cooling).
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- iv) For all other reactions, except 2j and 2d, 1.5 equiv. of the Grignard reagent was used.
However, incomplete conversion of the starting ketones was observed. This is probably
a result of the decomposition of the Grignard reagent“sz] during preparation which
leads to variable yields. Addition of more Grignard reagent (which was meanwhile kept

at —40 °C) has beneficial effect on conversion.

- v) Ketones that are solids were added in portions to the Grignard reagent diluted with

1.25 ml of toluene.

- Vi) TLC visualization: UV (254 nm) and/or PMA stain.

4,4-Diethoxy-1,1-diphenylbutan-1-ol (2a)

s
-0

Q Purification: 10% EtOAc/hexane. Colorless oil, 2.12 g (from 10.0
mmol of ketone), 67%.

OH O 'H NMR (400 MHz, DMSO-dg) 6 7.41 (dd, J = 8.3, 1.2 Hz, 4H), 7.26 (t,

J=7.8Hz, 4H), 7.14 (tt, J = 7.3, 1.2 Hz, 2H), 5.50 (s, 1H), 4.42 (t, J = 5.7 Hz, 1 H) 3.51-3.43 (m,

2H), 3.38-3.30 (m, 2H), 2.24-2.20 (m, 2H), 1.47-1.41 (m, 2H), 1.06 (t, J = 7.1 Hz, 6H).

13 NMR (100 MHz, DMSO-dg) 6 148.2, 127.7, 126.0, 125.7, 102.4, 76.1, 60.2, 36.0, 28.0, 15.3.

HRMS (ESI+) m/z calculated for CyoH,603Na (M+Na*) 337.1774, found 337.1774.

4,4-Diethoxy-1,1-bis(4-methoxyphenyl)butan-1-ol (2b)

OMe Purification: 20 % EtOAc/hexane (mixture loaded on the

0 Q column as a solution in toluene). Colorless solid, 776 mg
-0 (from 5.0 mmol of ketone), 41%.

OH O OMe 'H NMR (400 MHz, DMSO-dg) 6 7.27 (d, J = 8.9 Hz, 4H), 6.81

(d, J = 8.8 Hz, 4H), 5.30 (s, 1H), 4.40 (t, J = 5.6 Hz, 1H), 3.69 (s, 6H), 3.51-3.43 (m, 2H), 3.38-3.30
(m, 2H), 2.16-2.12 (m, 2H), 1.45-1.40 (m, 2H), 1.06 (t, J = 7.0 Hz, 6H).

3¢ NMR (100 MHz, DMSO-dg) 6 157.4, 140.7, 126.9, 112.9, 102.4, 75.6, 60.1, 54.9, 36.3, 28.1,
15.2.

HRMS (ESI+) m/z calculated for C,H300sNa (M+Na*) 397.1985, found 397.1982.
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4,4-Diethoxy-1,1-bis(4-fluorophenyl)butan-1-ol (2c)
= Purification: 20% EtOAc/hexane (mixture loaded on the column
A~ Q as a solution in toluene). Colorless oil, 781 mg (from 5.0 mmol of
o ketone), 45%.
OH O £ 'HNMR (400 MHz, DMSO-dg) & 7.43-7.38 (m, 4H), 7.11-7.05 (m,
4H), 5.64 (s, 1H), 4.41 (t, J = 5.6 Hz, 1H), 3.50-3.43 (m, 2H), 3.38-3.30 (m, 2H), 2.22-2.17 (m,
2H) 1.43-1.38 (m, 2H), 1.06 (t, J = 7.0 Hz, 6H).
3C NMR (100 MHz, DMSO-d¢) 6 160.6 (d, J = 242.3 Hz), 144.3 (d, J = 3.0 Hz), 127.7 (d, J = 7.9
Hz), 114.4 (d, J = 20.7 Hz), 102.3, 75.6, 60.2, 36.1, 28.0, 15.3.

HRMS (ESI+) m/z calculated for CyoH2403F,Na (M+Na*) 373.1586, found 373.1588.

1,1-Bis(4-bromophenyl)-4,4-diethoxybutan-1-ol (2d)
Purification: CH,Cl,/hexane/EtOAc 10:10:1. Colorless oil, 823 mg

Br (from 3.15 mmol of ketone), 55%.
-0 Q 'H NMR (500 MHz, DMSO-d¢) 6 7.46 (d, J = 8.6 Hz, 4H), 7.33 (d, J
e O = 8.5 Hz, 4H), 5.74 (s, 1H), 4.41 (t, J = 5.5 Hz, 1H), 3.50-3.43 (m,
OH Br

2H), 3.37-3.31 (m, 2H), 2.20-2.17 (m, 2H), 1.41-1.37 (m, 2H),
1.06 (t, J = 7.0 Hz, 6H).
B3¢ NMR (125 MHz, DMSO-dg) 6 147.2, 130.8, 128.1, 119.5, 102.2, 75.7, 60.3, 35.5, 27.9, 15.3.
HRMS (ESI+) m/z calculated for CooH2403Br,Na (M+Na®) 492.9985, found 492.9989.

9-(3,3-Diethoxypropyl)-9,10-dihydroanthracen-9-ol (2e)

Purification: 15% EtOAc/hexane (crude product dissolved in 10 %

) EtOAc/hexane (5 ml), filtered and concentrated prior to
-0 . chromatography). Colorless solid, 533 mg (from 5.0 mmol of ketone),
HO O 33%.

'H NMR (400 MHz, DMSO-dg) & 7.69 (dd, J = 7.6, 1.0 Hz, 2 H), 7.31—
7.26 (m, 4H), 7.21 (td, J = 7.3, 1.2 Hz, 2H), 5.72 (s, 1H), 4.17 (t, J = 5.7 Hz, 1H), 3.94 (s, 2H), 3.39-
3.31 (m, 2H), 3.26-3.18 (m, 2H), 1.57-1.53 (m, 2H), 1.38-1.32 (m, 2H), 0.98 (t, J = 7.0 Hz, 6H).
C NMR (100 MHz, DMSO-ds) & 143.8, 133.7, 127.0, 126.3, 125.9, 125.1, 102.0, 72.6, 60.2,
37.6,34.3,28.1, 15.2.
HRMS (ESI+) m/z calculated for C,1H,603Na (M+Na®) 349.1774, found 349.1776.
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5,5-Diethoxy-2-methylpentan-2-ol (2f)

6 Purification: 30% EtOAc/hexane. Colorless oil, 473 mg (from 5.0 mmol of
N0 ketone), 50%.

OH 'H NMR (500 MHz, DMSO-d¢) & 4.39 (t, J = 5.7 Hz, 1H), 4.09 (s, 1H), 3.56—

3.50 (m, 2H), 3.42-3.36 (m, 2H), 1.55-1.50 (m, 2H), 1.34-1.31 (m, 2H), 1.09 (t, J = 7.0 Hz, 6H),
1.04 (s, 6H).
3¢ NMR (125 MHz, DMSO-dg) § 102.7, 68.3, 60.2, 38.3, 29.2, 28.3, 15.2.
HRMS (ESI+) m/z calculated for C1oH2,03Na (M+Na*) 213.1461, found 213.1461.

6,6-Diethoxy-3-ethylhexan-3-ol (2g)
~c Purification: 20% EtOAc/hexane. Colorless oil, 1.26 g (from 10 mmol of
/\O)\/\’>\/ ketone), 58%.

O4  'H NMR (400 MHz, DMSO-d¢) & 4.38 (t, J = 5.6 Hz, 1H), 3.80 (s, 1H),
3.56-3.49 (m, 2H), 3.43-3.35 (m, 2H), 1.48-1.42 (m, 2H), 1.32-1.26 (m, 6H), 1.08 (t, J = 7.0 Hz,
6H), 0.74 (t, J = 7.5 Hz, 6H).
3¢ NMR (100 MHz, DMSO-dg) § 102.8, 72.1, 60.3, 32.5, 30.5, 27.5, 15.3, 7.8.

HRMS (CI (FE) i-butane) m/z calculated for C1,H,703 (M+H) 219.1960, found 219.1962.

6,6-Diethoxy-3-isopropyl-2-methylhexan-3-ol (2h)
o Purification: 15% EtOAc/hexane. Colorless oil, 645 mg (from 5.0 mmol
-0 of ketone), 52%.

OHY 14 NMR (500 MHz, DMSO-ds) & 4.35 (t, J = 5.4 Hz, 1H), 3.56-3.50 (m,
2H), 3.52 (s, 1H), 3.42-3.36 (m, 2H), 1.81-1.72 (m, 2H), 1.51-1.46 (m, 2H), 1.39-1.36 (m, 2H),
1.09 (t, J = 7.0 Hz, 6H), 0.85 (d, J = 6.9 Hz, 6H), 0.83 (d, J = 7.0 Hz, 6H).
3¢ NMR (125 MHz, DMSO-dg) § 103.0, 75.0, 60.4, 33.4, 28.4, 28.1, 17.6, 17.3, 15.3.

HRMS (ESI+) m/z calculated for C14H3003Na (M+Na*) 269.2087, found 269.2084.

3-(tert-Butyl)-6,6-diethoxy-2,2-dimethylhexan-3-ol (2i)

o~ Purification: 5% EtOAc/hexane. Colorless oil, 231 mg (from 5.0 mmol of
@)

0,
~c ketone), 17%.

OH 'H NMR (500 MHz, DMSO-dg) & 4.40 (t, J = 5.0 Hz, 1H), 3.57-3.50 (m,
2H), 3.42-3.36 (m, 2H), 3.35 (s, 1H), 1.61-1.52 (m, 4H), 1.09 (t, J = 7.1 Hz, 6H), 0.97 (s, 18H).
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BC NMR (125 MHz, DMSO-dg) 6 103.3, 78.1, 60.4, 42.2, 30.4, 28.6, 27.4, 15.3.
HRMS (ESI+) m/z calculated for C16H3.03Na (M+Na®) 297.2400, found 297.2398.

2-Benzyl-5,5-diethoxy-1-phenylpentan-2-ol (2j)

O Purification: 15% EtOAc/hexane. Colorless oil, 1.009 g (from 5.0
0 Q mmol of ketone), 59%.
6 'H NMR (500 MHz, DMSO-dg) & 7.24 (d, J = 4.4 Hz, 8H), 7.19-7.15

OH (m, 2H), 4.29 (s, 1H), 4.23 (t, J = 5.6 Hz, 1H), 3.47-3.41 (m, 2H),
3.35-3.28 (m, 2H), 2.67 (d, J = 13.6 Hz, 2H), 2.63 (d, J = 13.6 Hz, 2H), 1.64-1.60 (m, 2H), 1.20—
1.17 (m, 2H), 1.02 (t, J = 7.0 Hz, 6H).
3C NMR (125 MHz, DMSO-dg) & 138.3, 130.6, 127.5, 125.8, 102.8, 73.3, 60.4, 45.3, 32.3, 28.0,
15.2.
HRMS (ESI+) m/z calculated for C5,H3003Na (M+Na®) 365.2087, found 365.2086.

1-(3,3-Diethoxypropyl)cyclohexanol (2k)

-0 Purification: 25% EtOAc/hexane. Colorless oil, 656 mg (from 5.0 mmol
/\o)\/Q of ketone), 57%.

OH 14 NMR (500 MHz, DMSO-d¢) & 4.38 (t, J = 5.6 Hz, 1H), 3.83 (s, 1H),
3.55-3.49 (m, 2H), 3.42-3.36 (m, 2H), 1.60-1.49 (m, 4H), 1.45-1.37 (m, 3H), 1.33—1.29 (m, 4H),
1.25-1.16 (m, 3H), 1.09 (t, J = 7.0 Hz, 6H).
3¢ NMR (125 MHz, DMSO-de) & 102.8, 68.8, 60.1, 37.0, 36.9, 27.0, 25.7, 21.8, 15.3.

HRMS (ESI+) m/z calculated for C13H,603Na (M+Na®) 253.1774, found 253.1772.

1-(3,3-Diethoxypropyl)-2,3-dihydro-1H-inden-1-ol (2I)

Purification: 25% EtOAc/hexane. Colorless oil, 684 mg (from 5.0
/\O

—~o mmol of ketone), 52%.
OH 'H NMR (500 MHz, DMSO-dg) & 7.26-7.23 (m, 1H), 7.19-7.17 (m,

3H), 4.92 (s, 1H), 4.40 (t, J = 5.2 Hz, 1H), 3.54-3.47 (m, 2H), 3.40-3.34 (m, 2H), 2.89-2.84 (m,
1H), 2.73-2.67 (m, 1H), 2.12-2.07 (m, 1H), 2.00-1.94 (m, 1H), 1.74-1.70 (m, 1H), 1.64-1.55 (m,
2H), 1.53-1.47 (m, 1H), 1.073 (t, J = 7.0 Hz, 3H), 1.068 (t, J = 7.0 Hz, 3H).

3C NMR (125 MHz, DMSO-dg) 6 148.7, 142.3, 127.3, 126.1, 124.5, 123.1, 102.5, 81.5, 60.5,
60.2,39.4, 35.4, 29.0, 28.4, 15.3.
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HRMS (ESI+) m/z calculated for Ci6H»203Na (M+Na®) 287.1618, found 287.1616.

0 MeSO3H (10 mol%) "0 Mg \/\/Ok/\z/
- o~
o n-PrOH g~ 2 \)?\/ o 1
2ma 2m
3-Chloro-1,1-dipropoxypropane (2ma)

N0 A solution of 3-chloropropionaldehyde diethylacetal (4.0 g, 24 mmol) and
\/\o)\/\u methanesulfonic acid (156 pl, 2.4 mmol) in n-propanol was stirred at
room temperature for 16 h. The volume of the mixture was slowly reduced to ca. 10 ml under
reduced pressure at 42 °C. Sodium hydrogencarbonate (403 mg, 4.8 mmol) was then added
and the remaining n-propanol removed under reduced pressure. Et,0 (20 ml) was added and
the resulting solution washed with H,O (3 x 10 ml), conc. aqueous Na,COs; (5 ml), dried
(MgS0Q,), filtered, and the solvent was removed under reduced pressure. Purified by
Kughelrohr distillation (80 °C, reduced pressure). Colorless oil, 3.80 g, 81%.

'H NMR (400 MHz, CDCls) & 4.66 (t, J = 5.6 Hz, 1H), 3.60-3.53 (m, 4 H), 3.42-3.37 (m, 2H), 2.05
(td, J = 6.6, 5.7 Hz, 2H), 1.63—1.54 (m, 4H), 0.92 (t, J = 7.4 Hz, 6H).
3¢ NMR (100 MHz, CDCl5) § 100.7, 68.4, 40.9, 36.8, 23.1, 10.7.

3-Ethyl-6,6-dipropoxyhexan-3-ol (2m)

~"0o Representative procedure for compounds 2a-l was followed using 3-
~o chloro-1,1-dipropoxypropane (2ma) and 3-pentanone as substrates.

OH Purification: 15% EtOAc/hexane. Colorless oil, 1.08 g (from 8.125

mmol of ketone), 54%.
'H NMR (500 MHz, DMSO-dg) 6 4.38 (t, J = 5.6 Hz, 1H), 3.79 (s, 1H), 3.44 (dt, J = 9.3, 6.6 Hz, 2H),
3.30 (dt, J/ = 9.3, 6.6 Hz, 2H), 1.52-1.45 (m, 6H), 1.32-1.27 (m, 6H), 0.86 (t, J = 7.5 Hz, 6H), 0.75
(t,J=7.5Hz, 6H).
C NMR (125 MHz, DMSO-dg) & 103.0, 72.1, 66.4, 32.5, 30.5, 27.4, 22.7, 10.7, 7.8.
HRMS (ESI+) m/z calculated for C14H3003Na (M+Na®) 269.2087, found 269.2084.
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2n

F o
~o o TsOH (10 mol%) 5 o /©/ o O i
A~ N A~ N Brig
~o OMe  EtOH,HC(OEt); -~ >0 OBt

Et,0, 0 °C tor.t.
2na 2n F

Ethyl 5,5-diethoxypentanoate (2na)

0 o A solution of methyl 5,5-dimethoxypentanoate (1.76 g, 10 mmol),
/\O)\/\)J\O/\ triethyl orthoformate (2 ml), and p-toluenesulfonic acid
monohydrate (172 mg, 1 mmol) in ethanol (25 ml) was heated at reflux. The solvent was slowly
distilled off to ca. 10 ml during 8 h. More ethanol (10 ml) was added and further 10 ml of
solvent distilled off from the reaction mixture during 6 h. The reaction mixture was cooled to
room temperature, sodium carbonate (106 mg, 1 mmol) added and solvent removed under
reduced pressure. Diethyl ether (20 ml) was added to the residue, and the solution was
washed with 0.5 M aqueous Na,COs solution (2 x 10 ml), water (3 x 10 ml), brine (10 ml), dried
(MgS0,), filtered, and concentrated under reduced pressure. Yellowish liquid, 2.17 g, 99%.

'H NMR (500 MHz, DMSO-d¢) & 4.43 (t, J = 4.9 Hz, 1H), 4.03 (g, J = 7.1 Hz, 2H), 3.57-3.50 (m,
2H), 3.42-3.36 (m, 2H), 2.28 (t, J = 6.8 Hz, 2H), 1.55-1.47 (m, 4H), 1.16 (t, J = 7.1 Hz, 3H), 1.08 (t,
J=7.1Hz, 6H).

3¢ NMR (125 MHz, DMSO-dg) 6 172.8, 101.8, 60.4, 59.6, 33.1, 32.4, 19.8, 15.3, 14.1.

HRMS (ESI+) m/z calculated for C11H2,04Na (M+Na®) 241.1410, found 241.1409.

5,5-Diethoxy-1,1-bis(4-fluorophenyl)pentan-1-ol (2n)

A solution of ethyl 5,5-diethoxypentanoate (2na, 437 mg, 2.0

6 oH y yp ( g
0 O mmol) in Et,0 (5 ml) was added to the 2 M solution of (4-
O F fluorophenyl)magnesium bromide (1196 mg, 6.0 mmol) in

Et,0 at 0 °C. The reaction mixture was stirred for 1 h at 0 °C

F and 40 min at room temperature, then cooled to 0 °C and

quenched with a concentrated ammonium chloride solution (5 ml). Diethyl ether (10 ml) and
water (5 ml) were added to the mixture. The organic layer was separated, washed with
concentrated sodium carbonate solution (5 ml), dried (MgSQ,), filtered, and concentrated
under reduced pressure. Purification by silica gel chromatography (15% EtOAc/hexane) yielded

a colorless oil, 541 mg, 74%.
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'H NMR (500 MHz, DMSO-dg) & 7.44-7.40 (m, 4H), 7.09-7.04 (m, 4H), 5.59 (s, 1H), 4.37 (t, J =
5.6 Hz, 1H), 3.51-3.45 (m, 2H), 3.39-3.31 (m, 2H), 2.21-2.17 (m, 2H), 1.50-1.46 (m, 2H), 1.23—
1.16 (m, 2H), 1.03 (t, J = 7.0 Hz, 6H).

3C NMR (125 MHz, DMSO-dg) 6 160.6 (d, J = 242.5 Hz), 144.5 (d, J = 2.5 Hz), 127.7 (d, J = 7.8
Hz), 114.4 (d, J = 20.9 Hz), 102.1, 75.9, 60.4, 41.0, 33.5, 18.7, 15.3.

HRMS (EI (DE)) m/z calculated for C,1H,603F, (M) 364.1850, found 364.1849.

a) LDA, THF, 0 °C tor.t.
(0] b) /\O /\O

O)J\OH /\O)VBr ,0°Ctor.t. N0
- OH

c) LiAlH,4, 50°C
20

(1-(2,2-Diethoxyethyl)cyclohexyl)methanol (20)

a) A 2.5 M solution of n-BuLi (11.8 ml, 29.4 mmol) in hexanes was added
/\O

/\o

dropwise to a solution of diisopropyl amine (4.53 ml, 32.3 mmol) in dry

THF (28 ml) at 0°C and stirred for 30 min at 0 °C. Then a solution of
on cyclohexanecarboxylic acid (1.79 g, 14 mmol) in THF (3 ml) was added and
the mixture stirred for 30 min at 0 °C and 2 h at room temperature. b) The mixture was cooled
to 0 °C and bromoacetaldehyde diethyl acetal (2.32 ml, 3.03 g, 15.4 mmol) was added
dropwise. The mixture was stirred for 30 min at 0 °C and 12 h at room temperature. c) Lithium
aluminum hydride (1.06 g, 28 mmol) was added in small portions and the reaction mixture
stirred at 50 °C for 2.5 h. The mixture was cooled to room temperature and poured slowly on
the mixture of water (50 ml) and diethyl ether (150 ml). The organic layer was separated by
decantation, and the aqueous slurry extracted with diethyl ether (6 x 25 ml). The combined
organic extracts were washed with concentrated aqueous sodium carbonate solution (2 x 25
ml), dried (MgSQ,), filtered, and concentrated directly prior to purification. Purification by silica
gel chromatography (hexane/EtOAc/MeOH 9:1:0.2) yielded a colorless oil, 1.31 g, 41%.
'H NMR (500 MHz, DMSO-dg) & 4.56 (t, J = 5.3 Hz, 1H), 4.26 (t, J = 5.3 Hz, 1H), 3.56-3.50 (m,
2H), 3.42-3.36 (m, 2H), 3.23 (d, J = 5.4 Hz, 2H), 1.51 (d, J = 5.3 Hz, 2H), 1.39-1.34 (m, 5H), 1.29—
1.22 (m, 5H), 1.08 (t, J = 7.0 Hz, 6H).
B3¢ NMR (125 MHz, DMSO-dg) 6 100.3, 66.8, 60.2, 38.2, 36.0, 32.5, 26.0, 21.2, 15.3.
HRMS (ESI+) m/z calculated for C13H,603Na (M+Na®) 253.1774, found 253.1774.
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a) DIBAL, DCM, —78 °C to r.t.
-0 b) NaBH,, MeOH, r.t. -0

4,4-Diethoxybutan-1-ol (2p)

-0 a) A 1.0 M solution of DIBAL (6 ml, 6.0 mmol) in toluene was added to a
/\o)\/\/OH solution of 3-cyanopropionaldehyde diethyl acetal (943 mg, 6.0 mmol)
in dry DCM (30 ml) at =78 °C and stirred for 1.5 h at =78 °C. The mixture was allowed to warm
to room temperature, treated with concentrated aqueous ammonium chloride solution (10 ml)
and water (10 ml), and extracted with DCM (3 x 20 ml). The combined organic extracts were
washed with brine (2 x 20 ml), dried (MgSQ,), filtered, and concentrated. b) The oily residue
was dissolved in methanol (10 ml), NaBH; (227 mg, 6 mmol) was added and the mixture was
stirred at room temperature. After 1 h water (10 ml) was added to the mixture, methanol was
removed under reduced pressure, and the resulting mixture was extracted with ethyl acetate
(3 x 20 ml). The combined organic extracts were washed with concentrated aqueous sodium
carbonate solution (10 ml), dried (MgSQ,), filtered, and concentrated. Purification by silica gel
chromatography (50% EtOAc/hexane) yielded a colorless oil, 407 mg, 42%.

'H NMR (500 MHz, DMSO-dg) & 4.43 (t, J = 5.6 Hz, 1H), 4.37 (t, J = 5.2 Hz, 1H), 3.56-3.50 (m,
2H), 3.43-3.35 (m, 4H), 1.53-1.48 (m, 2H), 1.43-1.38 (m, 2H), 1.09 (t, J = 7.1 Hz, 6H).

3¢ NMR (125 MHz, DMSO-dg) § 102.1, 60.5, 60.3, 29.9, 27.8, 15.3.

HRMS (ClI (FE) i-butane) m/z calculated for CgH1903 (M+H) 163.1334, found 163.1332.

/O\/\O)\/\Cl b) 0 /O\/\O
OH Br
O &
Br Br
2gb

6-(2-chloroethyl)-2,5,7,10-tetraoxaundecane (2qga)

The mixture of 3-chloropropionaldehyde diethylacetal (4.0 g, 24
mmol), 2-methoxyethanol (20 ml) and methanesulfonic acid (156 pl,
/O\/\O)\/\Cl

2.4 mmol) was stirred at 40 °C under reduced pressure (reflux of 2-
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methoxyethanol) for 24 h. After cooling to room temperature the mixture was treated with
solid sodium carbonate (1 g), diluted with diethyl ether (20 ml), filtered, and concentrated
under reduced pressure. Purification by silica gel chromatography (40% EtOAc/hexane) yielded
a colorless oil, 3.02 g.

'H NMR (400 MHz, DMSO-dg) 6 4.69 (t, J = 5.6 Hz, 1H), 3.68-3.59 (m, 4H), 3.56-3.51 (m, 2H),
3.44 (t,J=4.7 Hz, 4H), 3.24 (s, 6H), 1.99-1.95 (m, 2H).

3¢ NMR (100 MHz, CDCl5) § 100.1, 71.2, 64.8, 58.0, 40.9, 36.2.

HRMS (ESI+) m/z calculated for CoH1904NaCl (M+Na) 249.0864, found 249.0864.

1,1-bis(4-bromophenyl)-4,4-bis(2-methoxyethoxy)butan-1-ol (2q)

Br A solution of 2ga (1.4 g, 6.2 mmol) in THF (1.5 ml) was

o O added to activated Mg turnings (370 mg, 12.4 mmol,
activated with 0.1 ml of 1,2-dibromoethane) in THF (1.5 ml).

OO0 ) ( )

OH O Br After the temperature of the weakly exothermic reaction
mixture reached room temperature, the mixture was diluted with toluene (3 ml) and the
resulting solution was transferred via syringe to a new flask and cooled to —30 °C. To the
solution, ketone 2gb (422 mg, 1.24 mmol) was added as a solid, and the mixture was allowed
to warm to 0 °C during 2 h. It was then quenched at 0 °C with concentrated aqueous NH,4CI (5
ml) and H,0 (5 ml), and extracted with EtOAc (20 ml, 2 - 10 ml). The combined organic extracts
were washed with conc. Na,COs (ag.) (10 ml), dried (MgSQ,), filtered, and concentrated. The
residue was purified by silica gel chromatography (50% EtOAc/hexane). Colorless oil, 358 mg,
containing 2qa as an impurity.

'H NMR (500 MHz, C¢Dg) & 7.27-7.24 (m, 4H), 7.13-7.10 (m, 4H), 4.60 (t, J = 5.4 Hz, 1H), 3.61-
3.56 (m, 2H), 3.47-3.39 (m, 2H), 3.29-3.19 (m, 4H), 3.31 (s, 1H), 3.02 (s, 6H), 2.21-2.18 (m, 2H),
1.69-1.65 (m, 2H).

3C NMR (125 MHz, DMSO-dg) 6 146.9, 131.4, 121.0, 103.7, 76.9, 72.3, 65.5, 58.6, 35.8, 28.1.
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/\O a) Mg /\o O
/OV\O)\/\CI b) o /O\/\O
OH Br
T zr
Br Br
2rb

3-chloro-1-ethoxy-1-(2-methoxyethoxy)propane (2ra)

~ The mixture of 3-chloropropionaldehyde diethylacetal (6.33 g, 38
O

mmol), 2-methoxyethanol (3.0 ml, 2.89 g 38 mmol) and
/O\/\O)\/\CI ) ¥ ( & )

methanesulfonic acid (246 pl, 3.8 mmol) was stirred at 100 °C under
argon flow for 30 min. After cooling to room temperature the mixture was treated with
concentrated aqueous sodium carbonate solution (10 ml) and extracted with Et,0 (2 - 25 ml),
dried (MgSQ,), and the solvent was removed under reduced pressure. Purification by silica gel
chromatography (10% EtOAc/hexane) yielded a pale yellow oil, 1.53 g.
'H NMR (500 MHz, DMSO-dg) 6 4.65 (t, J = 5.6 Hz, 1H), 3.65-3.57 (m, 4H), 3.55-3.51 (m, 1H),
3.48-3.42 (m, 3H), 3.24 (s, 3H), 1.98-1.94 (m, 2H), 1.10 (t, J = 7.0 Hz, 3H).
3¢ NMR (125 MHz, CDCl5) § 99.9, 71.3, 64.7, 61.2, 58.1, 41.1, 36.3, 15.2.
HRMS (ClI (FE) i-butane) m/z calculated for CsH1303Cl (M+H) 197.0944, found 197.0942.

1,1-bis(4-bromophenyl)-4-ethoxy-4-(2-methoxyethoxy)butan-1-ol (2r)

Br A solution of 2ra (1.5 g, 7.6 mmol) in THF (1.5 ml) was
added to activated Mg turnings (370 mg, 15.2 mmol,

/\O
activated with 0.1 ml of 1,2-dibromoethane) in THF (1.5 ml).

OH O Br The temperature of the weakly exothermic reaction
mixture was kept between 30-32 °C by cooling with water. After 1 h the mixture was diluted
with toluene (3 ml) and the resulting solution was transferred via syringe to a new flask and
cooled to —30 °C. To the solution, ketone 2rb (861 mg, 2.53 mmol) was added as a solid, and
the mixture was allowed to warm to 0 °C during 1 h. It was then quenched at 0 °C with
concentrated aqueous NH4Cl (5 ml) and H,0 (5 ml), and extracted with EtOAc (20 ml, 2 - 10 ml).
The combined organic extracts were washed with conc. Na,COs (aq.) (5 ml), dried (MgSQ,),

filtered, and concentrated. The residue was treated with hexane, the precipitate was discarded
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and the solution loaded onto silica gel and chromatographed (30% EtOAc/hexane). Colorless oil,
266 mg, 21%.

'H NMR (500 MHz, C¢Dg) § 7.27-7.23 (m, 4H), 7.12-7.08 (m, 4H), 4.46 (dd, J = 5.6, 4.7 Hz, 1H),
3.54-3.45 (m, 2H), 3.37-3.33 (m, 1H), 3.27-3.16 (m, 3H, overlapped), 3.21 (s, 1H), 2.99 (s, 3H),
2.17 (t,J =7.8 Hz,2H), 1.72-1.66 (m, 1H), 1.62-1.55 (m, 1H), 1.07 (t, J = 7.0 Hz, 3H).

3C NMR (125 MHz, DMSO-dg) & 146.8, 146.8, 131.5, 121.1, 103.4, 76.9, 72.3, 65.4, 61.9, 58.6,
35.9,28.3,15.4.

HRMS (ESI+) m/z calculated for C,1H»604Br,Na (M+Na) 523.0090, found 523.0086.

Enantiomers of the compound were separated by HPLC on a chiral stationary phase Chiralpak

IA, 20 um (196 x 48 mm NW 50, 08/18) using iso-hexane/2-propanol 98:2 as the mobile phase.
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7.2.2. Products

General procedure for the catalytic asymmetric transacetalization

y

R (S)-TRIP (1 mol%) O, (0) «R
. - O
benzene, 0.025 M, 20 °C

OH MS 4 A

(S)-TRIP (1a)

Molecular sieves 4 A (150 mg) and a solution of (S)-TRIP (2.38 mg, 0.003 mmol, co-crystallized
with CH3CN 1:1) in dry benzene (4 ml), were added to the solution of 2 (0.3 mmol) in dry
benzene (8 ml) and stirred at 20 °C. EtsN (42 pl) was added to the reaction mixture after
complete conversion of the starting material (in most cases within 9-24 h).’

— For non-volatile products:” The reaction mixture was concentrated under reduced pressure

and the product was purified by silica gel (5 g) chromatography with EtOAc/hexane as the

iii

eluent.

— For volatile products:” The reaction mixture was directly loaded on silica gel (5 g,

preconditioned with pentane) column. The crude mixture was first eluted with some pentane
to remove benzene, and then with Et,0/pentane to isolate the product.”i
Notes:
- i) Reaction progress monitored by TLC (EtOAc/hexane), visualization: UV (254 nm)
and/or PMA stain.
- i) Use of DCM or CHCl; as a solvent during sample preparation for the chiral GC might
lead to product epimerization as these solvents tend to contain HCl as an impurity.
- iii) Molecular sieves hinder solvent flow when the crude reaction mixture is loaded onto

the column. For reactions on a larger scale, a small pad of celite on top of the silica

column was used to prevent column clogging.

Preparation of the racemates

0
PhO~g/

R PhO" "OH (20 mol%) 0. O_.R
/\OWR ( U\R
benzene, 0.025 M, r.t.

OH
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Diphenyl phosphate (1.25 mg, 0.005 mmol) was added to the solution of 2 (0.025 mmol) in
benzene (1 ml). After 1 h sample of the product for HPLC was isolated by TLC (eluent as used

for purification of enantioenriched products).

(R)-5-Ethoxy-2,2-diphenyltetrahydrofuran (3a)
Reaction time: 24 h. Purification: 3% EtOAc/hexane. Colorless oil, 76.7 mg,
0u, O © 95%.
( 'H NMR (400 MHz, CD,Cl,) 6 7.46-7.41 (m, 4H), 7.31-7.27 (m, 4H), 7.22-
7.17 (m, 2H), 5.35 (dd, /= 5.0, 1.9 Hz, 1H), 3.87-3.80 (m, 1H), 3.57-3.49 (m,
1H), 2.72-2.65 (m, 1H), 2.61-2.55 (m, 1H) 2.04-1.90 (m, 2H), 1.13 (t, J = 7.1 Hz, 3H).
3C NMR (100 MHz, CD,Cl,) § 147.8, 147.2, 128.35, 128.25, 126.94, 126.92, 126.4, 126.0, 104.5,
89.3,63.3,37.5,32.9,15.3.
HRMS (ESI+) m/z calculated for C1gH,00,Na (M+Na®) 291.1356, found 291.1358.
HPLC (OJ-H), n-heptane/i-PrOH 90:10, 0.5 ml/min, A = 210 nm, tminor = 15.3 Min, tmajor = 28.2
min, er 94.5:5.5.

(R)-5-Ethoxy-2,2-bis(4-methoxyphenyl)tetrahydrofuran (3b)
OMe Reaction time: 24 h. Purification: 10% EtOAc/hexane. Colorless oil,
94.1 mg, 96%.
(O""’ N 'H NMR (400 MHz, CD,Cl,) 6 7.34-7.27 (m, 4H), 6.83-6.79 (m, 4H)
5.31 (dd, J = 5.2, 2.0 Hz, 1H), 3.86-3.78 (m, 1H), 3.77 (s, 3H), 3.76 (s,
OMe  31), 3.55-3.48 (m, 1H), 2.65-2.58 (m, 1H), 2.53-2.47 (m, 1H), 2.03—
1.88 (m, 2H), 1.15 (t, J = 7.1 Hz, 3 H).
3¢ NMR (100 MHz, CD,Cl,) 6 158.70, 158.68, 140.2, 127.7, 127.2, 113.55, 113.45, 104.5, 88.9,
63.2, 55.5, 37.8, 33.0, 15.4.
HRMS (ESI+) m/z calculated for CyoH2404Na (M+Na*) 351.1567, found 351.1563.
HPLC (OJ-H), n-heptane/i-PrOH 60:40, 0.5 ml/min, A = 210 nm, tminor = 22.5 MIN, tmajor = 32.9

min, er 95.5:4.5.
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(R)-5-Ethoxy-2,2-bis(4-fluorophenyl)tetrahydrofuran (3c)
g Reaction time: 24 h. Purification: 5% EtOAc/hexane. Colorless oil, 89.4 mg,
98%.

o

O rONG 'H NMR (400 MHz, CD,Cl,) & 7.42-7.34 (m, 4H), 7.01-6.95 (m, 4H), 5.33

( (dd, J = 5.1, 2.2 Hz, 1H), 3.84-3.76 (m, 1H), 3.55-3.48 (m, 1H), 2.69-2.62
F (m, 1H), 2.55-2.49 (m, 1H), 2.03-1.90 (m, 2H), 1.12 (t, J = 7.1 Hz, 3H).

3C NMR (100 MHz, CD,Cl,) & 162.0 (d, J = 244.1 Hz), 143.5 (d, J = 3.2 Hz), 142.8 (d, J = 3.1 H2),
128.2 (d, J = 8.0 Hz), 127.8 (d, J/ = 8.0 Hz), 115.0 (d, J = 21.3 Hz), 114.9 (d, J = 21.2 Hz), 104.6,
88.5, 63.4,37.9, 32.9, 15.3.
HRMS (ESI+) m/z calculated for C1gH1505F,Na (M+Na*) 327.1167, found 327.1168.
HPLC (OJ-H), n-heptane/i-PrOH 98:2, 0.5 ml/min, A = 210 nm, tminor = 12.3 Min, tmajor = 14.8 min,
er 97:3.

(R)-2,2-Bis(4-bromophenyl)-5-ethoxytetrahydrofuran (3d)
Br Reaction performed on 0.9 mmol scale. Reaction time: 24 h. Purification:
5% EtOAc/hexane. Colorless oil, 381 mg, 99% (Crystallizes at —20 °C,
O, P ONE remains solid when reheated to room temperature).

( 'H NMR (500 MHz, CD,Cl,) & 7.43-4.41 (m, 4H), 7.32-7.26 (m, 4H), 5.33
Br (dd, J = (overlap), 2.0 Hz, 1H), 3.81-3.75 (m, 1H), 3.54-3.48 (m, 1H),

2.68-2.62 (m, 1H), 2.53-2.48 (m, 1H), 2.01-1.90 (m, 2H), 1.12 (t, J = 7.0 Hz, 3H).

3¢ NMR (125 MHz, CD,Cl,) 6 146.4, 145.8, 131.5, 131.4, 128.3, 127.9, 121.0, 104.6, 88.4, 63.4,

37.5,32.8,15.3.

HRMS (ESI+) m/z calculated for C1gH150,Na (M+Na®) 446.9566, found 446.9570.

HPLC (OJ-H), n-heptane/i-PrOH 98:2, 0.5 ml/min, A = 220 nm, tminor = 11.8 Min, tmajor = 13.0 min,

er 97:3.

(R)-5'-Ethoxy-4',5'-dihydro-3'H,10H-spiro[anthracene-9,2'-furan] (3e)

Reaction time: 7 days. Purification: 30% CH,Cl,/hexane. Colorless oil, 72.1
mg, 86%.

'H NMR (500 MHz, CD,Cl,) § 7.76 (d, J = 7.8 Hz, 1H), 7.45 (dd, J = 7.8, 1.2 Hz,
1H), 7.34-7.21 (m, 6H), 5.68 (d, J = 5.0 Hz, 1H), 4.22—-4.15 (m, 1H), 4.01 (d, J

=17.9 Hz, 1H), 3.92 (d, J = 17.9 Hz, 1H), 3.79-3.73 (m, 1H), 2.17-2.10 (m,
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1H), 2.10-2.02 (m, 1H), 2.02-1.96 (m, 2H), 1.37 (t, /= 7.1 Hz, 3H) .

3¢ NMR (125 MHz, CD,Cly) 6 144.3, 143.4, 134.7, 134.6, 127.7, 127.2, 126.9, 126.8, 126.3,
124.2,124.0, 105.8, 86.1, 64.0, 37.9, 36.0, 32.0, 15.5.

HRMS (ESI+) m/z calculated for C19H200,Na (M+Na®) 303.1355, found 303.1355.

HPLC (OD-3), n-heptane/i-PrOH 90:10, 0.5 ml/min, A = 210 nm, tminor = 5.50 Min, tmajor = 6.58
min, er 95.5:4.5.

(R)-5-Ethoxy-2,2-dimethyltetrahydrofuran (3f)

o O Reaction time: 10 h. Purification: 10% Et,0/pentane. Colorless oil, 38.3 mg, 84%.
( " \. 'H NMR (500 MHz, CD,Cl,) & 5.01 (d, J = 4.9 Hz, 1H), 3.71-3.65 (m, 1H), 3.38—

3.32 (m, 1H), 2.05-1.98 (m, 1H), 1.91-1.84 (m, 2H), 1.71-1.66 (m, 1H), 1.31 (s,

3H), 1.17 (s, 3H), 1.14 (t, J = 7.0 Hz, 3H).
3¢ NMR (125 MHz, CD,Cl,) 6 104.2, 82.1, 62.3, 36.6, 33.4, 30.1, 28.9, 15.4.
HRMS (EI (FE) i-butane) m/z calculated for CgH170, (M+H) 145.1228, found 145.1227.
GC (Column: 29.5 m BGB-176 SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
i.D. 0.25 mm, df. 0.15 um; Detector: FID; Temperature: injector 230 °C, detector 350 °C, oven

60 °C; gas: 0.6 bar H3), tminor = 4.76 Min, tmajor = 5.57 min, er 94.5:5.5.

(R)-5-Ethoxy-2,2-diethyltetrahydrofuran (3g)

Reaction time: 16 h. Purification: 3% EtOAc/hexane. Colorless oil, 47.6 mg,

e \ 92%.

( (_7\/ 'H NMR (500 MHz, CD,Cl,) & 5.02 (d, J = 4.9 Hz, 1H), 3.73-3.66 (m, 1H), 2.38—
3.32 (m, 1H), 1.98-1.90 (m, 1H), 1.86-1.75 (m, 2H), 1.69-1.51 (m, 3H), 1.51-1.38 (m, 2), 1.13 (t
J=7.1Hz, 3H),0.87 (t, J = 7.5 Hz, 3H), 0.82 (t, J = 7.5 Hz, 3H).
3¢ NMR (125 MHz, CD,Cl,) 6 104.0, 87.6, 62.3, 33.3, 33.0, 32.5, 30.8, 15.4, 8.9, 8.7.
HRMS (EI (FE) i-butane) m/z calculated for C;19H,10, (M+H) 173.1542, found 173.1540.
GC (Column: 29.5 m BGB-176 SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
i.D. 0.25 mm, df. 0.15 um; Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven
90 °C; gas: 0.8 bar Hy), tminor = 5.49 min, tmajor = 5.98 min, er 97:3.
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(R)-5-Ethoxy-2,2-diisopropyltetrahydrofuran (3h)

Reaction time: 12 h. Purification: 10% Et,0/pentane. Colorless oil, 55.8 mg,

(o’lwﬁ/ 93%-
'H NMR (500 MHz, CD,Cl,) 6 5.05 (d, J = 5.8 Hz, 1H), 3.75-3.69 (m, 1H), 3.39—

3.33 (m, 1H), 2.06-1.99 (m, 1H), 2.00-1.85 (m, 2H), 1.85-1.73 (m, 2H), 1.62-1.57 (m, 1H) 1.14
(t,J=7.1Hz, 3H),0.91 (t, J = 7.6 Hz, 6H), 0.83 (t, J = 6.7 Hz, 6H).

3¢ NMR (125 MHz, CD,Cl,) & 105.3, 93.1, 62.9, 34.7, 34.3, 33.9, 26.4, 18.4, 18.2, 17.9, 17.7,
15.3.

HRMS (ESI+) m/z calculated for C1,H,40,Na (M+Na®) 223.1669, found 223.1667.

GC (Column: 29.5 m BGB-176 SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
i.D. 0.25 mm, df. 0.15 um; Detector: FID; Temperature: injector 250 °C, detector 350 °C, oven
100 °C; gas: 0.6 bar H3), tminor = 9.02 min, tmajor = 9.28 min, er 98:2.

(R)-2,2-Di-tert-butyl-5-ethoxytetrahydrofuran (3i)

Reaction time: 9 h. Purification: 2% EtOAc/hexane. Colorless oil, 61.7 mg,

o, M
Ou, O 90%.
( <_7>< 'H NMR (500 MHz, CD,Cl,) & 5.13 (dd, J = 6.5 Hz, 4.0 Hz, 1H), 3.79-3.73 (m,

1H), 3.45-3.39 (m, 1H), 2.17-2.10 (m, 1H), 1.98-1.92 (m, 1H), 1.86—1.80 (m, 1H), 1.78-1.71 (m,
1H), 1.16 (t, J = 7.1 Hz, 3 H), 1.06 (s, 9H), 1.00 (s, 9H).

3¢ NMR (125 MHz, CD,Cl,) 6 107.0, 96.8, 63.7, 42.5, 41.0, 34.7, 29.6, 29.2, 28.7, 15.5.

HRMS (ESI+) m/z calculated for C14H,50,Na (M+Na*) 251.1981, found 251.1977.

GC (Column: 30 m BGB-176 SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin), i.D.
0.25 mm, df. 0.25 um; Detector: FID; Temperature: injector 230 °C, detector 350 °C, oven
90 °C; gas: 0.5 bar H,), tminor = 65.11 min, tmajor = 66.38 min, er 98:2.

(R)-2,2-Dibenzyl-5-ethoxytetrahydrofuran (3j)
Reaction time: 14 h. Purification: 5% EtOAc/hexane. Colorless oil, 87.2
mg, 98%.

On O 'H NMR (500 MHz, CD,Cl,) 6 7.34=7.29 (m, 4H), 7.25-7.17 (m, 6H), 4.90
( Q\/O (d, J = 5.0 Hz, 1H), 3.85-3.78 (m, 1H), 3.44-3.37 (m, 1H), 3.04 (d, J =
13.6 Hz, 1H), 2.94 (d, J = 13.6 Hz, 1H), 2.73 (d, J = 13.6 Hz, 1H), 2.56 (d, J = 13.6 Hz, 1H), 1.99-
1.93 (m, 1H), 1.79-1.75 (m, 1H), 1.56-1.52 (m, 1H), 1.14 (t, J = 7.1 Hz, 3H), 1.02-0.94 (m, 1H).
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3¢ NMR (125 MHz, CD,Cl,) 6 138.9, 138.6, 131.0, 130.9, 128.2, 128.1, 126.5, 126.4, 104.8, 87.3,
62.8,49.2,45.3,33.1,32.4,15.4.

HRMS (ESI+) m/z calculated for CyoH240,Na (M+Na*) 319.1668, found 319.1668.

HPLC (OJ-H), n-heptane/i-PrOH 98:2, 0.5 ml/min, A = 220 nm, tminor = 9.6 MIN, tmajor = 11.9 min,
er 97:3.

(R)-2-Ethoxy-1-oxaspiro[4.5]decane (3k)
Reaction time: 12 h. Purification: 10% Et,0/pentane. Colorless oil, 52.0 mg,
(0""(270 94%.
'H NMR (500 MHz, CD,Cl;) § 5.01 (d, J = 4.9 Hz, 1H), 3.72-3.66 (m, 1H), 3.39—
3.32 (m, 1H), 1.99-1.91 (m, 1H), 1.88-1.83 (m, 1H), 1.81-1.75 (m, 1H), 1.72-1.68 (m, 1H),
1.68-1.61 (m, 3H), 1.59-1.54 (m, 1H), 1.50-1.46 (m, 1H), 1.43-1.36 (m, 5H), 1.13 (t, J = 7.1 Hz,
3H).
C NMR (125 MHz, CD,Cl,) 6 103.6, 84.2, 62.2, 40.1, 38.2, 34.4, 32.8, 26.0, 24.3, 15.5.
HRMS (EI (FE)) m/z calculated for C11H,00; (M) 184.1463, found 184.1465.
GC (Column: 29.5 m BGB-176 SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
i.D. 0.25 mm, df. 0.25 um; Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven
90 °C; gas: 0.8 bar H3), tminor = 10.06 min, tmajor = 10.34 min, er 97:3.
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(1'S,5R)-5-Ethoxy-2',3',4,5-tetrahydro-3H-spiro[furan-2,1'-indene] + (1'R,5R)-5-ethoxy-
2',3',4,5-tetrahydro-3H-spiro[furan-2,1'-indene] (3l)
Reaction time: 20 h. Purification: 8% EtOAc/hexane.

Colorless oil, 62.9 mg, 96%.

'H NMR (500 MHz, CD,Cl,) 6 7.36-7.33 (m, 0.49H,

tralns major isomer), 7.25-7.18 (m, 3.26H), 5.26 (dd, / = 5.3,
2.0 Hz, 0.45H, minor isomer), 5.17 (dd, /= 4.1, 0.9 Hz,
0.50H, major isomer), 3.80-3.73 (m, 1H), 3.48-3.40 (m, 1H), 3.00-2.91 (m, 1H), 2.85-2.76 (m,
1H), 2.36-2.27 (m, 1H), 2.25-2.01 (m, 5H), 1.23 (t, J = 7.1 Hz, 1.56H, major isomer), 1.19 (t, J =
7.1 Hz, 1.41H, minor isomer).
3¢ NMR (125 MHz, CD,Cly) 6 147.8, 147.1, 143.6, 143.2, 128.3, 128.0, 127.1, 126.9, 125.0,
124.8, 124.0, 123.0, 104.6, 103.9, 93.8, 92.8, 63.0, 62.7, 41.4, 40.7, 36.3, 36.1, 33.9, 33.8, 30.2,
29.7,15.5,15.4.
Diastereomeric ratio = 1.1:1, determined by 'H NMR, protons on acetal carbon stereocenter, &
5.26 (0.4519H) and & 5.17 (0.4957H). Relative stereochemistry of diastereomers determined by
NOESY experiment: only one of the acetal protons, the one of minor diastereomer (6 5.26) has
a cross-peak with aromatic proton indicating trans relationship between OEt and aromatic
substituent.
HRMS (ESI+) m/z calculated for C14H150,Na (M+Na*) 241.1199, found 241.1198.
GC for cis diastereomer (Column: 30 m Chiraldex G-BP (gamma-cyclodextrin-butyryl), i.D. 0.25
mm, df. 0.25 um; Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven 80 °C; gas:
0.9 bar Hy), tmajor = 211.3 min, tminor = 225.1 min, er (cis) 91:9. GC for trans diastereomer
(Column: 24.8 m Hydrodex-B-TBDAc-CD (Heptakis-(2,3-di-O-acetyl-6-O-t-butyldimethyl-sylil)-f-
cyclodextrin), i.D. 0.25 mm; Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven

100 °C; gas: 0.5 bar Hy), tmajor = 109.0 min, tminor = 112.4 min, er (trans) 96:4.

(R)-2,2-diethyl-5-propoxytetrahydrofuran (3m)

Reaction time: 24 h. Purification: 10% Et,0/pentane. Colorless oil, 54.5

O'lm O A
S~ Qv\ mg, 95%.

'H NMR (400 MHz, CD,Cl,) & 5.01 (dd, J = 4.9, 1.1 Hz, 1H), 3.60 (dt, J =

111



7. EXPERIMENTAL SECTION

9.4, 6.8 Hz, 1H), 3.25 (dt, J = 9.4, 6.6 Hz, 1H), 1.99-1.90 (m, 1H), 1.88-1.82 (m, 1H), 1.82-1.74
(m, 1H), 1.70-1.51 (m, 5H), 1.51-1.38 (m, 2H), 0.90 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 7.5 Hz, 3H),
0.82 (t, J = 7.5 Hz, 3H).

3C NMR (100 MHz, CD,Cl,) 6 104.4, 87.7, 68.8, 33.4, 33.0, 32.7, 30.8, 23.4, 10.9, 9.0, 8.7.
HRMS (CI (FE) i-butane) m/z calculated for C11H»30, (M+H) 187.1698, found 187.1697.

GC (Column: 30 m BGB-177/BGB-15 (2,6-dimethyl-3-pentyl-B-cyclodextrin), i.D. 0.25 mm, df.
0.25 um; Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven 115 °C; gas: 0.6
bar H3), tminor = 7.06 min, tmajor = 7.34 min, er 95:5.

(R)-6-Ethoxy-2,2-bis(4-fluorophenyl)tetrahydro-2H-pyran (3n)

F Reaction time: 4 days. Purification: 5% EtOAc/hexane. Colorless oil,

@ 92.1 mg, 96%.

Ou _O_S 'H NMR (500 MHz, CD,Cl,) 6 7.43-7.39 (m, 2H), 7.32-7.28 (m, 2H),

( L/\[\©\ 7.09-7.04 (m, 2H), 6.97-6.92 (m, 2H), 4.46 (dd, J = 9.7, 2.1 Hz, 1H),
F4,07-4.01 (m, 1H), 3.51-3.44 (m, 1H), 2.61-2.57 (m, 1H), 1.86-1.81 (m,

1H), 1.79-1.66 (m, 3H), 1.54-1.46 (m, 1H), 1.21 (t, J = 7.0 Hz, 3H).
3C NMR (125 MHz, CD,Cl,) 6 162.1 (d, J = 246.2 Hz), 161.7 (d, J = 243.9 Hz), 145.2 (d, J = 2.7 Hz),
139.4 (d, J = 3.3 Hz), 129.2 (d, /= 8.1 Hz), 126.9 (d, J = 7.7 Hz), 115.7 (d, J = 21.8 Hz), 114.9 (d, J
=21.1 Hz), 97.9, 80.3, 64.1, 34.9, 31.5, 20.1, 15.5.
HRMS (EI (DE)) m/z calculated for C19H,00,F, (M) 318.1431, found 318.1431.
HPLC (OJ-H), n-heptane/i-PrOH 99.7:0.3, 0.5 ml/min, A = 220 nm, tminor = 13.9 Min, tmajor = 17.3
min, er 82:18.

(R)-3-Ethoxy-2-oxaspiro[4.5]decane (30)

Om, O Reaction time: 30 min. Purification: 10% Et,0/pentane. Colorless oil, 51.9 mg,
( % 94%.

'H NMR (500 MHz, CD,Cl,) & 5.07 (dd, J = 5.8 Hz, 2.6 Hz, 1H), 3.70-3.64 (m, 1H),
3.60 (d, J = 8.3 Hz, 1H), 3.56 (d, J = 8.3 Hz, 1H), 3.41-3.34 (m, 1H), 1.89 (dd, J = 13.3, 5.7 Hz, 1H),
1.60 (dd, J = 13.3, 2.6 Hz, 1H), 1.53-1.36 (m, 10 H), 1.15 (t, J = 7.1 Hz, 3H).
3¢ NMR (125 MHz, CD,Cl,) 6 104.7,77.1, 63.1, 45.5, 43.1, 37.2, 36.4, 26.3, 24.5, 23.9, 15.5.
HRMS (ESI+) m/z calculated for C11H200,;Na (M+Na®) 207.1356, found 207.1355.
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GC (Column: 29.5m BGB-176 SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
i.D. 0.25 mm, df. 0.15 um; Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven
110 °C; gas: 0.5 bar H3), tminor = 14.64 min, tmajor = 15.19 min, er 82.5:17.5.

(R)-2-Ethoxytetrahydrofuran (3p)

o, O Reaction time: 7 h. Purification: product is highly volatile but it can be isolated as a
( WIQ solution in organic solvent (e.g. dichloromethane): (1/6 (2 ml) of the reaction
mixture was directly loaded on silica gel (0.5 g, preconditioned with pentane) column and
product eluted with CD,Cl,.). Yield 76%: determined by *H NMR using PhsCH (0.05 mmol) as
internal standard and comparing relative area of Ph3sCH and proton on acetal carbon
stereocenter.

'H NMR (500 MHz, CD,Cl,) § 5.08 (dd, J = 4.7, 1.4 Hz, 1H), 3.85-3.78 (m, 2H), 3.69-3.63 (m, 1H),
3.42-3.36 (m, 1H), 1.97-1.86 (m, 2H), 1.84-1.76 (m, 2H), 1.14 (t, J = 7.0 Hz, 3H).

3C NMR (125 MHz, CD,Cl,) § 103.9, 67.0, 62.7, 32.7, 23.9, 15.4.

GC-MS (El) m/z 116.

GC (Column: 30 m BGB-176 SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin), i.D.
0.25 mm, df. 0.25 um; Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven

70 °C; gas: 0.5 bar H3), tminor = 5.20 min, tmajor = 5.79 min, er 79:21.

(R)-2,2-bis(4-bromophenyl)-5-(2-methoxyethoxy)tetrahydrofuran (3q)

Catalyst loading: 10 mol%. Reaction time: 3 days. Purification:
Q 20% EtOAc/hexane. Colorless oil, 94%, corrected for impurity

2qa in the starting material.
~0 'H NMR (500 MHz, CDg) § 7.28-7.23 (m, 4H), 7.10-7.07 (m, 2H),
O . 6.98-6.95 (m, 2H), 5.11 (dd, J = 5.1, 1.1 Hz, 1H), 3.79-3.75 (m, 1H),

3.55-3.50 (m, 1H), 3.30-3.21 (m, 2H), 3.05 (s, 3H), 2.42-2.36 (m, 1H), 2.00-1.96 (m, 1H), 1.83-

1.78 (m, 1H), 1.57-1.50 (m, 1H).

3C NMR (125 MHz, C¢Dg) 6 146.3, 145.6, 131.5, 131.4, 128.4, 121.3, 121.2, 104.8, 88.5, 72.1,

67.1,58.6,37.3,32.7.

HRMS (ESI+) m/z calculated for C19H,003Br,Na (M+Na) 476.9672, found 476.9674.

HPLC (OD-3), n-heptane/i-PrOH 90:10, 1.0 ml/min, A = 220 nm, tminor = 2.85 MiN, tmajor = 78.84

min, er 79:21.
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7.2.3. X-Ray data for compound 3d

Absolute configuration determination of 3d by X-ray single-crystal structure analysis

Figure 7.1. Crystal structure of 3d, showing the absolute configuration of the
sample. Anisotropic displacement parameters are drawn at the 50% probablility

level and hydrogen atoms omitted for clarity.

Crystals of 3d were obtained as fine needles after keeping the oil in the freezer at —20 °C. The
compound remains solid when warmed up to room temperature. More crystals in the form of
prisms were obtained by dissolving a few milligrams of the product in dichloromethane,
evaporating the solvent, and keeping the remaining oil at =20 °C overnight. The absolute
configurations of four crystals picked at random from the sample were investigated, and all
showed the configuration shown in Figure 7.1. The Flack parameter x and the Hooft factor y for
the four crystals were as follows: (1) x = -0.018(12) (3048 reflections), y = -0.026(4) (1447
Bijvoet pairs)(Cu); (2) x = -0.009(11) (6792 reflections), y = -0.0120(1) (3304 Bijvoet pairs)(Mo);
(3) x = -0.07(4) (2168 reflections), y = -0.096(22) (1036 Bijvoet pairs)(Cu); (4) x = -0.003(20)
(2797 reflections), y = -0.004(12) (1226 Bijvoet pairs)(Cu).

X-ray Crystal Structure Analysis of 3d: [Ci3 Hig Br,0,], M, = 426.14 g - mol™, colorless prism,
crystal size 0.060 x 0.204 x 0.573 mm?, tetragonal, space group P4;, a = 10.8373(9) A, ¢ =
14.8921(13) A, V = 1749.0(3) A%, T=100 K, Z = 4, Deyic = 1.618 g-cm?, A = 1.54178 A, 11 = 5.909
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mm'l, Gaussian absorption correction (Tpin=0.10636, Ty =0.70728), scaling SADABS, Bruker
AXS ProteumX8 diffractometer, 4.08 < 0 < 66.52°, 40020 measured reflections, 3048
independent reflections, 3046 reflections with / > 20(/), Ri,: = 0.0405. Structure solved by direct
methods and refined by full-matrix least-squares against F> to R; = 0.0168 [/ > 20o{l)], WR; =
0.0407, 200 parameters.[153] The Flack parameter is -0.018(12).[154] The Hooft factor y based on
1447 Bijvoet pairs is —0.026(4).[155] H atoms riding, S = 1.133, residual electron density +0.26 / -
0.22 e A”. cCDC 771853.

Crystal data and structure refinement.

Empirical formula

Color

Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

VA
Density (calculated)

Absorption coefficient

F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected

Independent reflections

Reflections with 1>20(l)

CigH1gBr, O,

colorless

426.14 g - moll

100 K

1.54178 A

Tetragonal

P44, (no. 76)

a=10.8373(9) A a=90°.
b =10.8373(9) A B =90°.
c=14.8921(13) A y =90°.
1749.0(3) A3

4

1.618 Mg - m™3

5.909 mm™1
848 e

0.973 x 0.204 x 0.060 mm?3
4.08 t0 66.52°.

-12<h<12,-12<k<12,-17< 1£17

40020
3048 [Rjnt = 0.0405]
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Completeness to 6 = 66.52°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(l)]

99.6 %
Gaussian

0.71and 0.11

Full-matrix least-squares on F2

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

3048 /1/200

1.133

Ry =0.0168 wR? = 0.0407
Rq=0.0168 wR2 = 0.0407
-0.018(12)

0.256 and -0.216 e - A-3

Atomic coordinates and equivalent isotropic displacement parameters (Az).

Uggq is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z Ueq
Br(1) 0.0872(1) -0.3557(1) 1.1153(1) 0.033(1)
Br(2) 0.3290(1) 0.1452(1) 0.5970(1) 0.036(1)
C(1) 0.2644(2) 0.1691(2) 1.0105(2) 0.022(1)
c(2) 0.1805(2) 0.2743(2) 1.0443(2) 0.026(1)
C(3) 0.2454(2) 0.3136(2) 1.1306(2) 0.028(1)
C(4) 0.3788(2) 0.2997(2) 1.1047(2) 0.024(1)
c(5) 0.5412(2) 0.4053(2) 1.0296(2) 0.033(1)
C(6) 0.5751(2) 0.5339(2) 1.0007(2) 0.038(1)
c(7) 0.2797(2) 0.1664(2) 0.9089(2) 0.023(1)
C(8) 0.3915(2) 0.1288(2) 0.8713(2) 0.024(1)
C(9) 0.4060(2) 0.1220(2) 0.7788(2) 0.027(1)
c(10) 0.3082(2) 0.1537(2) 0.7241(2) 0.028(1)
C(11) 0.1959(2) 0.1907(2) 0.7589(2) 0.031(1)
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c(12)  0.1829(2) 0.1961(2) 0.8519(2) 0.027(1)

C(13)  0.2198(2) 0.0419(2) 1.0420(1) 0.020(1)

C(14) 0.2959(2) -0.0374(2) 1.0902(2) 0.024(1)

C(15)  0.2555(2) -0.1547(2) 1.1144(2) 0.026(1)

c(16)  0.1389(2) -0.1914(2) 1.0901(1) 0.025(1)

c(17)  0.0600(2) -0.1141(2) 1.0436(2) 0.026(1)

c(18)  0.1011(2) 0.0015(2) 1.0195(2) 0.025(1)

0(1) 0.3837(1) 0.1913(1) 1.0508(1) 0.023(1)

0(2) 0.4137(1) 0.4050(1) 1.0552(1) 0.025(1)

Bond lengths [A] and angles [°].

Br(1)-C(16) 1.9047(19) Br(2)-C(10) 1.908(2)
c(1)-0(1) 1.446(2) c(1)-c(7) 1.523(3)
C(1)-C(13) 1.534(3) C(1)-C(2) 1.543(3)
C(2)-C(3) 1.526(3) C(3)-C(4) 1.504(3)
C(4)-0(2) 1.411(3) C(4)-0(1) 1.424(3)
C(5)-0(2) 1.434(3) C(5)-C(6) 1.504(3)
C(7)-C(12) 1.387(3) C(7)-C(8) 1.395(3)
C(8)-C(9) 1.389(4) C(9)-C(10) 1.379(3)
C(10)-C(11) 1.382(3) C(11)-C(12) 1.394(4)
C(13)-C(14) 1.390(3) C(13)-C(18) 1.399(3)
C(14)-C(15) 1.392(3) C(15)-C(16) 1.374(3)
C(16)-C(17) 1.383(3) C(17)-C(18) 1.377(3)
0(1)-C(1)-C(7) 108.57(16) 0(1)-C(1)-C(13) 107.74(16)
C(7)-C(1)-C(13) 108.74(17) O(1)-C(1)-C(2) 105.59(17)
C(7)-C(1)-C(2) 113.69(17) C(13)-C(1)-C(2) 112.25(17)
C(3)-C(2)-C(1) 102.06(17) C(4)-C(3)-C(2) 101.53(18)
0(2)-C(4)-0(1) 111.24(18) 0(2)-C(4)-C(3) 108.08(16)
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0(1)-C(4)-C(3)
C(12)-C(7)-C(8)
C(8)-C(7)-C(1)
C(10)-C(9)-C(8)
C(9)-C(10)-Br(2)
C(10)-C(11)-C(12)
C(14)-C(13)-C(18)
C(18)-C(13)-C(1)
C(16)-C(15)-C(14)
C(15)-C(16)-Br(1)
C(18)-C(17)-C(16)
C(4)-0(1)-C(1)

105.23(16)
118.6(2)

119.90(19)
119.0(2)

118.83(18)
118.3(2)

118.39(18)
119.84(18)
119.03(19)
119.33(16)
118.79(19)
109.78(14)

0(2)-C(5)-C(6)
C(12)-C(7)-C(1)
C(9)-C(8)-C(7)
C(9)-C(10)-C(11)
C(11)-C(10)-Br(2)
C(7)-C(12)-C(11)
C(14)-C(13)-C(1)
C(13)-C(14)-C(15)
C(15)-C(16)-C(17)
C(17)-C(16)-Br(1)
C(17)-C(18)-C(13)
C(4)-0(2)-C(5)

108.22(18)
121.41(19)
120.8(2)
121.8(2)
119.32(18)
121.4(2)
121.73(18)
120.78(19)
121.70(18)
118.89(15)
121.3(2)
113.50(15)
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7.3. Kinetic resolution of homoaldols via catalytic asymmetric transacetalization

(with S. Miiller)™ %!

7.3.1. Optimization of the reaction conditions

OH catalyst OH
1 mol%)
EtO ( + EtO
NPh solvent, MS 4 A U W
OEt 0.025 M, 20 °C
rac-4a 4a

Molecular sieves 4 A (12.5 mg) and a solution of catalyst (0.00025 mmol) in dry solvent (0.5

mL), were added to the solution of rac-4a (0.025 mmol) in dry solvent (0.5 mL) and stirred at

20 °C. Samples (ca. 100 pL) were removed from the reaction mixture, quenched with a drop of

EtsN, and diluted with 'PrOH (200 pL). The enantiomeric ratios of 5a, 5-epi-5a, and 4a were

determined by HPLC analysis of these crude mixtures using Daicel Chiralcel OJ-H column: n-

heptane/i-PrOH 90:10, flow rate 0.5 mL/min, A = 220 nm.” Conversions were calculated from

the enantiomeric excesses of products and starting material.”

Notes:

- i) In these conditions enantiomers of 5a, 5-epi-5a, and 4a are separated (see details in

Substrates and Products sections).

- ii) See “Determination of conversion and dr” in Products section
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Solvent Screening with STRIP catalyst

ee % product

100,0 ¢
98,0 .\\
96,0
\
94,0 .
92,0 - AQ —e—Dbenzene
——toluene
90,0 - —&— chloroform
=#=DCM
88,0 —a— DCM/no MS
\ »
86,0 Time (1-4): Time (DCM/no MS):
1)25h 1)3h
610 | 2)8h 2)5.5h
' 3)20.3h 3)18h
4)285h
82,0 |
80,0 : : : .
0,00 10,00 20,00 30,00 40,00 50,00 60,00 70,00

conversion/%
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7.3.2. Substrates

rac-4a-i and rac-4m-r

Representative procedure for compounds rac-4a-i and rac-4m-r

/\O 1) Mg )\/\?1
> P 2
/\OJ\/\CI 2) ﬁ\ o OHR

R2

R‘l
Preparation of the Grignard reagent
A solution of freshly distilled 3-chloropropionaldehyde diethylacetal (8.0 g, 48.0 mmol) in THF
(10 mL) was added to activated’ magnesium turnings (1.46 g, 60 mmol). The temperature of
the exothermic reaction mixture was kept between 15-25 °C by cooling with an ice bath.” "
After heat development ceased, the mixture was diluted with THF (15 mL) and the resulting
solution was used immediately.
Addition to aldehydes and ketones
One quarter of the solution of the Grignard reagent prepared above (= 8 mL, 12.0 mmol) was
added dropwise to a solution of the corresponding aldehyde or ketone (3.0 mmol) in THF (4
mL) at -40 °C. The mixture was stirred at -40 °C for 30 min and then allowed to warm to 0 °C
within 2 h. It was then quenched at 0 °C with saturated aqueous NaHCOs (5 mL) and H,0 (5 mL),
and extracted with Et,0 (3 x 10 mL). The combined organic extracts were dried over Na,COs,
filtered, and concentrated directly prior to purification. Flash chromatography on silica gel

yielded pure products.” The products were stored as 0.1-0.2 M solutions in EtOAc or Et,0, or

used immediately in the transacetalization reaction. "

Notes:

i) Activation was performed with a few drops of 1,2-dibromoethane.

- ii) Depending on the purity of the starting materials and the activity of the magnesium

sometimes a dry ice/acetone bath is necessary for sufficient cooling.

- i) If there is no exothermic reaction at this point, initiation is performed by adding
more 1,2-dibromoethane and fast short heating to reflux (with a heat gun) before

cooling again to 25 °C (repeated until reaction becomes exothermic after cooling).

- iv) TLC visualization: UV (254 nm) and/or PMA stain.
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- v) A slow spontaneous intramolecular transacetalization can be observed in neat

samples.

In the following, next to the NMR data for rac-4, HPLC and GC analysis information and optical

rotation values for enantioenriched samples are given.

4,4-Diethoxy-1-phenylbutan-1-ol (rac-4a)

OH Purification: Pentane/Et,0 2:1. Colorless oil 657 mg (2.76 mmol, 92%).
\/0\(\)\© 'H NMR (500 MHz, C¢Dg) & = 7.29 (d, J = 7.3 Hz, 2H), 7.19-7.16 (m, 2H),
~© 7.10-7.07 (m, 1H), 4.51-4.48 (m, 1H), 4.40-4.38 (m, 1H), 3.51-3.44 (m,

2H), 3.32-3.24 (m, 2H), 2.06 (br, 1H), 1.88-1.80 (m, 3H), 1.75-1.71 (m, 1H), 1.69-1.05 (m, 6H)
ppm.

3¢ NMR (125 MHz, C¢D¢) § 145.9, 128.5, 127.4, 126.2, 103.1, 74.1, 61.1, 60.9, 34.9, 30.4, 15.5
ppm.

HRMS (ESI+) m/z calculated for C14H»,03Na (M+Na®) 261.146115, found 261.145833.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A =220 nm: t; = 13.17 min, t; = 14.95 min.

af = =31.2 ° (c = 0.50, CH,Cl,) for (S)-4a with er 96.5:3.5.

4,4-Diethoxy-1-(4-methoxyphenyl)butan-1-ol (rac-4b)

OH Purification: Pentane/Et,0 2:1. Colorless oil 764 mg (2.85 mmol,

~_O ome H NMR (500 MHz, CeDe) 6 7.23 (d, J = 8.6 Hz, 2H), 6.80 (d, J =

8.6 Hz, 2H), 4.55-4.52 (m, 1H), 4.43 (t, J = 5.2 Hz, 1H), 3.51-3.45 (m, 2H), 3.34 (s, 3H), 3.33-3.28
(m, 2H), 2.46 (br, 1H), 1.93-1.83(m, 3H), 1.77-1.72(m, 1H), 1.09 (m, 6H) ppm.

13 NMR (125 MHz, C¢Dg) 6 159.4, 138.0, 127.4, 114.0, 103.1, 73.8, 61.0, 60.9, 54.8, 35.0, 30.5,
15.6 ppm.

HRMS (ESI+) m/z calculated for Ci5H2404Na (M+Na®) 291.156679, found 291.156687.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 80:20, flow rate 0.5
mL/min, A =220 nm: t; = 12.93 min, t; = 14.13 min.

122



7. EXPERIMENTAL SECTION

4,4-Diethoxy-1-(4-fluorophenyl)butan-1-ol (rac-4c)

OH Purification: Pentane/Et,O 2:1. Colorless oil 689 mg (2.69 mmol,

~© £ 'H NMR (500 MHz, C¢Dg) & 7.07-7.04 (m, 2H), 6.84-6.80 (m, 2H),

4.40-4.36 (m, 2H), 3.51-3.44 (m, 2H), 3.32-3.24 (m, 2H), 2.18 (d, br, J = 3.5 Hz, 1H), 1.80-1.65 (m,
4H), 1.10-1.05 (m, 6H) ppm.

3C NMR (125 MHz, C¢Dg) & 162.4 (d, J = 244.5 Hz), 141.6 (d, J = 2.9 Hz), 127.7 (d, J = 7.6 Hz),
115.2 (d, /= 21.2 Hz), 103.0, 73.4, 61.2, 61.1, 34.9, 30.4, 15.5 ppm.

HRMS (ESI+) m/z calculated for C14H,:FO3Na (M+Na®) 279.136689, found 279.136498.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 95:5, flow rate 0.5 mL/min,
A =220 nm: t; = 16.99 min, t, = 22.95 min.

al = —28.8 ° (c = 0.50, CH,Cl,) for (S)-4c with er 97.5:2.5.

4,4-Diethoxy-1-(naphthalen-2-yl)butan-1-ol (rac-4d)

OH Purification: Pentane/Et,0 1:1. Colorless oil 817 mg (2.83 mmol,

~© 94%).

~.© OO 'H NMR (500 MHz, C¢D¢) 6 7.74 (s, 1H), 7.68-7.63 (m, 3H), 7.42
(dd, J = 8.5, 1.6 Hz, 1H), 7.30-7.25 (m, 2H), 4.67-4.65 (m, 1H), 4.43-4.41 (m, 1H), 3.50-3.45 (m,
2H), 3.31-3.26 (m, 2H), 2.37 (d, J = 3.5 Hz, 1H), 1.95-1.87 (m, 3H), 1.80-1.77 (m, 1H), 1.11-1.06
(m, 6H) ppm.
3¢ NMR (125 MHz, C¢Dg) 6 143.4, 134.0, 133.5, 128.4, 128.3, 128.0, 126.3, 125.8, 124.8, 124.7,
103.1, 74.3, 61.1, 61.0, 34.7, 30.5, 15.6 ppm.
HRMS (ESI+) m/z calculated for C1gH2403Na (M+Na*) 311.161768, found 311.161760.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 80:20, flow rate 0.5
mL/min, A =220 nm: t; = 14.13 min, t, = 18.58 min.

1-(3,5-Dimethylphenyl)-4,4-diethoxybutan-1-ol (rac-4e)

OH Purification: Pentane/Et,0 2:1. Colorless oil 771 mg (2.90 mmol,
~© 97%).
~© 'H NMR (500 MHz, C¢D¢) 6 7.00 (s, 2H), 6.76 (s, 1H), 4.54-4.53 (m,

1H), 4.44-4.42 (m, 1H), 3.51-3.47 (m, 2H), 3.33-3.27 (m, 2H), 2.34
(br, 1 H), 2.17 (s, 6H),1.95-1.87 (m, 3H), 1.80-1.78 (m, 1H), 1.10-1.06 (m, 6H) ppm.
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3¢ NMR (125 MHz, CsD¢) 6 146.0, 137.8, 129.1, 124.1, 103.1, 74.3, 61.0, 60.9, 35.0, 30.6, 21.4,
15.6 ppm.

HRMS (ESI+) m/z calculated for C16H2603Na (M+Na*) 289.177416, found 289.177500.

HPLC analysis using Daicel Chiralcel AD-3 column: n-heptane/i-PrOH 99:1, flow rate 1.0 mL/min,
A =220 nm: t; = 17.74 min, t, = 20.90 min.

4,4-Diethoxy-1-(thiophen-2-yl)butan-1-ol (rac-4f)

OH Purification: Pentane/Et,0 2:1. Yellowish oil 714 mg (2.93 mmol, 97%).
~© N\ 'H NMR (500 MHz, C¢D¢) & 6.87 (dd, J = 5.0, 1,2 Hz, 1H), 6.78-6.77 (m,
~© S 1H), 6.73 (dd, J = 5.0, 3.5 Hz, 1H), 4.77-4.74 (m, 1H), 4.37 (t, J = 5.5 Hz,

1H), 3.49-3.43 (m, 2H), 3.30-3.23 (m, 2H), 2.67 (d, J = 4.3 Hz, 1H), 1.96-1.90 (m, 2H), 1.86-1.80
(m, 1H), 1.76-1.72 (m, 1H), 1.08-1.05 (m, 6H) ppm.

3¢ NMR (125 MHz, C¢Dg) 6 150.2, 126.7, 124.2, 123.4, 102.9, 70.2, 61.1, 61.1, 35.1, 30.3, 15.5
ppm.

HRMS (ESI+) m/z calculated for C1,H,103S (M+H") 267.102536, found 267.102704.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A = 220 nm: t; = 14.34 min, t; = 15.48 min.

(E)-6,6-Diethoxy-1-phenylhex-1-en-3-ol (rac-4g)

OH Purification: Pentane/Et,0 2:1. Colorless oil 641 mg (2.43 mmol,

\/OY\)\/\O 81%).
~© 14 NMR (500 MHz, CeDe) & 7.25 (d, J = 7.3 Hz, 2H), 7.13 (dd, J =

7.3, 7.3 Hz, 2H), 7.05 (t, J = 7.3 Hz, 1H), 6.54 (d, J = 15.9 Hz, 1H), 6.15 (dd, J = 15.9, 6.2 Hz, 1H),
4.46 (t,J = 5.5 Hz, 1H), 4.15-4.14 (m, 1H), 3.55-3.49 (m, 2H), 3.37-3.30 (m, 2H), 2.11 (d, J = 3.0
Hz, 1H), 1.89-1.81 (m, 2H), 1.74-1.70 (m, 2H), 1.12-1.09 (m, 6H) ppm.

3¢ NMR (125 MHz, C¢D¢) 6 137.5, 133.5, 129.9, 128.8, 127.6, 126.9, 103.1, 72.5, 61.1, 61.0,
32.9,30.1, 15.6 ppm.

HRMS (ESI+) m/z calculated for C1¢H,403Na (M+Na*) 287.161765, found 287.161872.

HPLC analysis using Daicel Chiralcel AD-3 column: n-heptane/i-PrOH 95:5, flow rate 1.0 mL/min,
A =220 nm: t; = 8.85 min, t, = 9.58 min.
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6,6-Diethoxy-2,2-dimethylhexan-3-ol (rac-4h)
OH Purification: Pentane/Et,0 2:1. Colorless oil 504 mg (2.31 mmol, 77%).

~© 'H NMR (500 MHz, CsD¢) 6 4.46 (t, J = 5.5 Hz, 1H), 3.58-3.50 (m, 2H),

~0 3.38-3.32 (m, 2H), 3.11-3.09 (m, 1H), 2.07 (d, J = 3.9 Hz, 1H), 1.99-1.92
(m, 1H), 1.77-1.70 (m, 1H), 1.65-1.58 (m, 1H), 1.40-1-32 (m, 1H), 1.11 (t, J = 7.1 Hz, 6H), 0.90 (s,
9H) ppm.
3¢ NMR (125 MHz, C¢Dg) 6 103.4, 79.5, 61.1, 61.0, 35.2, 31.7, 27.0, 26.0, 15.6, 15.6 ppm.
HRMS (ESI+) m/z calculated for C12H,603Na (M+Na*) 241.177415, found 241.177430.
GC analysis using BGB-176 column (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven 110 °C; gas: 0.5 bar H,. t; =
17.23 min, t, = 18.80 min.

1,1-Diethoxynonan-4-ol (rac-4i)
OH Purification: Pentane/Et,0 2:1. Colorless oil 555 mg (2.39 mmol,
\/O\(\)\/\/\ 80%).

0 IH NMR (500 MHz, CeDg) § 4.47 (t, J = 5.4 Hz, 1H), 3.57-3.51 (m,
2H), 3.50-3.48 (m, 1H), 3.39-3.32 (m, 2H), 2.00 (br, 1H), 1.90-1.84 (m, 1H), 1.79-1.75 (m, 1H),
1.60-1.53 (m, 1H), 1.51-1.10 (m, 9H), 1.14-1.10 (m, 6H), 0.89 (t, J = 7.1 Hz, 3H) ppm.
3¢ NMR (125 MHz, C¢Dg) 6 103.3, 71.4, 61.1, 60.9, 38.2, 33.0, 32.4, 30.5, 25.9, 23.1, 15.6, 15.6,
14.3 ppm.

HRMS (ESI+) m/z calculated for C13H,503Na (M+Na*) 255.193064, found 255.192881.

GC analysis using BGB-176 column (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven: 105 °C, 0.25 °C/min until
125 °C; gas: 0.4 bar H,. t; = 65.99 min, t, = 66.77 min.

5,5-Diethoxy-2-(p-tolyl)pentan-2-ol (rac-4m)

OH Purification: Pentane/Et,O 2:1. Colorless oil 656 mg (2.46 mmol,
~©
\/O

82%).

'H NMR (500 MHz, C¢Dg) 6 7.37 (d, J = 8.2 Hz, 2H), 7.04 (d, J = 8.0
Hz, 2H), 4.37 (t, J = 5.4 Hz, 1H), 3.48-3.45 (m, 1H), 3.43-3.39 (m, 1H), 3.28-3.23 (m, 2H), 2.30 (s,
1H), 2.15 (s, 3H), 1.96-1.90 (m, 2H), 1.79-1.75 (m, 1H), 1.65-1.62 (m, 1H), 1.43 (s, 3H), 1.09-1.04
(m, 6H) ppm.
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3¢ NMR (125 MHz, C¢D¢) 6 145.9, 135.7, 129.0, 125.4, 103.3, 73.9, 61.1, 60.7, 39.2, 31.3, 28.8,
21.0, 15.5, 15.5 ppm.

HRMS (ESI+) m/z calculated for C16H2603Na (M+Na*) 289.177412, found 289.177404.

HPLC analysis using Daicel Chiralcel OD-3 column: n-heptane/i-PrOH 99:1, flow rate 1.0 mL/min,
A =220 nm: t; = 8.53 min, t, = 9.34 min.

af =-9.1° (c=0.837 in CH,Cl,, er 96:4).

6,6-Diethoxy-3-phenylhexan-3-ol (rac-4n)
OH Purification: Pentane/Et,0 2:1. Colorless oil 773 mg (2.90 mmol, 97%).

\/O% 'H NMR (500 MHz, C¢D¢) & 7.41 (dd, J = 8.3, 1.0 Hz, 2H), 7.21 (dd, J =

O 8.3, 7.4 Hz, 2H), 7.08 (t, J = 7.4 Hz, 1H), 4.33 (t, J = 5.3 Hz, 1H), 3.48-
3.42 (m, 1H), 3.40-3.34 (m, 1H), 3.27-3.19 (m, 2H), 2.55 (s br, 1H), 1.96-1.89 (m, 2H), 1.77-1.68
(m, 3H), 1.57-1.51 (m, 1H), 1.07 (t, J = 7.0 Hz, 3H), 1.04 (t, J = 7.0 Hz, 3H), 0.78 (t, J = 7.4 Hz, 3H)
ppm.
3C NMR (125 MHz, CsD¢) & 146.8, 128.26, 126.4, 126.0, 103.3, 76.5, 61.3, 60.7, 37.6, 36.8, 28.3,
15.5, 15.5, 8.1 ppm.
HRMS (ESI+) m/z calculated for C1¢H,603Na (M+Na*) 289.177412, found 289.177328.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 80:20, flow rate 0.5
mL/min, A = 220 nm: t; = 7.38 min, t; = 12.83 min.

6,6-Diethoxy-2-methyl-3-phenylhexan-3-ol (rac-40)
OH Purification: Pentane/Et,0 5:1. Colorless oil 812 mg (2.89 mmol, 96%).

\/O% 'H NMR (500 MHz, C¢Dg) & 7.42 (dd, J = 8.3, 1.0 Hz, 2H), 7.21 (dd, J =

O 8.3, 7.3 Hz, 2H), 7.08 (t, J = 7.3 Hz, 1H), 4.31 (t, J = 5.3 Hz, 1H), 3.46-
3.40 (m, 1H), 3.37-3.31 (m, 1H), 3.24-3.16 (m, 2H), 2.66 (s br, 1H), 2.04-1.98 (m, 1H), 1.96-1.91
(m, 1H), 1.90-1.86 (m, 1H), 1.67-1.61 (m, 1H), 1.49-1.44 (m, 1H), 1.07-1.01 (m, 6H), 1.00 (d, J =
6.8 Hz, 3H), 0.77 (d, /= 6.8 Hz, 3H) ppm.
3¢ NMR (125 MHz, C¢D¢) 6 146.6, 128.1, 126.4, 126.3, 103.3, 78.4, 61.6, 60.7, 39.0, 34.5, 28.6,
17.9,17.0, 15.5, 15.4 ppm.
HRMS (ESI+) m/z calculated for C17H,503Na (M+Na*) 303.193065, found 303.192836.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A =220 nm: t; = 8.25 min, t; = 10.46 min.
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1,1-diethoxy-6-methyl-4-phenylheptan-4-ol (rac-4p)

OH Purification: 10% EtOAc/hexane. Colorless oil 838 mg (2.85 mmol,
~0 95%).
O 'H NMR (500 MHz, CsD¢) 6 7.42 (dd, J = 8.4, 1.2 Hz, 2H), 7.21 (t, J =

7.7 Hz, 2H), 7.07 (dt, J = 7.4, 1.1 Hz, 1H), 4.32 (t, J = 5.3 Hz, 1H), 3.48-3.42 (m, 1H), 3.38-3.32 (m,
1H), 3.26-3.18 (m, 2H), 2.45 (s, 1H), 1.96-1.86 (m, 2H), 1.74-1.67 (m, 3H), 1.63-1.58 (m, 1H),
1.53-1.46 (m, 1H), 1.08 (t, J = 7.0 Hz, 3H), 1.04 (t, J = 7.0 Hz, 3H), 0.99 (d, J = 6.5 Hz, 3H), 0.69 (d,
J=6.4 Hz, 3H) ppm.

3¢ NMR (125 MHz, C¢D¢) & 147.3, 126.3, 126.0, 103.3, 76.9, 61.5, 60.7, 52.9, 39.1, 28.2, 24.8,
24.7,24.5,15.47, 15.45 ppm.

HRMS (ESI+) m/z calculated for C1gH3003Na (M+Na®) 317.2087, found 317.2083.

HPLC analysis using Daicel Chiralcel AD-3 column: n-heptane/i-PrOH 99.5:0.5, flow rate 1.0
mL/min, A = 210 nm: t; = 14.74 min, t; = 16.58 min.

5,5-Diethoxy-1,2-diphenylpentan-2-ol (rac-4q)

OH Purification: Pentane/Et,0 4:1. Colorless oil 673 mg (2.05 mmol,

~© O 68%).
~© 'H NMR (500 MHz, C¢D¢) & 7.31 (dd, J = 8.3, 1.1 Hz, 2H), 7.16-7.13 (m,
O 2H), 7.07-7.00 (m, 4H), 6.99-6.96 (m, 2H), 4.30 (t, J/ = 5.4 Hz, 1H),

3.45-3.39 (m, 1H), 3.37-3.31 (m, 1H), 3.22-3.16 (m, 2H), 3.03 (d, / = 13.3 Hz, 1H), 2.95 (d, J =
13.3 Hz, 1H), 2.55 (s, 1H), .2.10-2.04 (m, 1H), 1.97-1.91 (m, 1H), 1.81-1.74 (m, 1H), 1.58-1.51 (m,
1H), 1.06-1.01 (m, 6H) ppm.

3C NMR (125 MHz, CsDe) & 146.7, 137.3, 131.2, 128.2, 128.1, 126.7, 126.5, 126.1, 103.2, 76.5,
61.3, 60.6, 50.8, 36.8, 28.3, 15.5, 15.4 ppm.

HRMS (ESI+) m/z calculated for C,1H»503Na (M+Na®) 351.193062, found 351.193062.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A =220 nm: t; = 10.07 min, t, = 11.72 min.

6,6-diethoxy-2,2,3-trimethylhexan-3-ol (rac-4r)
OH Purification: 15% EtOAc/hexane. Colorless oil 453 mg (1.95 mmol, 65%).

\/ON\% 'H NMR (500 MHz, C¢D¢) & 4.46-4-43 (m, 1H), 3.60-3-50 (m, 2H), 3.41-
O

~~ 3.31 (m, 2H), 2.00-1.91 (m, 1H), 1.77-1.68 (m, 2H), 1.53-1.45 (m, 2H),
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1.121 (t, J = 7.0 Hz, 3H, overlapped), 1.117 (t, J = 7.0 Hz, 3H, overlapped), 0.99 (s, 3H), 0.93 (s,
9H) ppm.

3¢ NMR (125 MHz, C¢Dg) 6 103.9, 75.3, 61.2, 60.8, 38.4, 30.9, 28.5, 25.5, 21.4, 15.7, 15.6 ppm.
HRMS (ESI+) m/z calculated for C13H,503Na (M+Na®) 255.1931, found 255.1930.

GC analysis using BGB-176 column SE/SE52 (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-
cyclodextrin, i.D. 0.25 mm, df. 0.25 um), Detector: FID; Temperature: injector 220 °C, detector
350 °C, oven: 125 °C; gas: 0.5 bar H,. t; = 25.11 min, t, = 26.26 min.

rac-4j
n-BulLi OH
P then Ho OEt OH
~.O_“7  PhCHO _ Lindlar o
~O THF EtOH
\/O
4ja rac-4j

4,4-Diethoxy-1-phenylbut-2-yn-1-ol (4ja)
n-Buli (1.32 mL, 3.30 mmol, 2.5 M solution in hexanes) was added
. dropwise to a solution of 3,3-diethoxyprop-1-yne (385 mg, 3.0 mmol)
X O_~ inTHF (10 mL) at -78 °C. The mixture was stirred at -78 °C for 30 min,
o~ before benzaldehyde (350 mg, 3.3 mmol) was added. After being
stirred at -78 °C for 2 h the mixture was warmed up to -40 °C within 1h and was then quenched
with saturated NaHCOzs-solution (10 mL) and water (10 mL). The layers were separated, the
aqueous layer extracted with Et,0 (3x30 mL) and the combined organic layers dried over
MgSQ, and filtered. The solvent was removed under reduced pressure and the residue purified
by silica gel chromatography with pentane/Et,0 (3:1) as the eluent to give the title compound
(663 mg, 2.83 mmol, 94%) as a colorless oil.
'H NMR (500 MHz, CDCls) § 7.52 (d, J = 7.2 Hz, 2H), 7.39-7.37 (m, 2H), 7.34-7.31 (m, 1H), 5.52 (s,
1H), 5.34 (d, J = 1.2 Hz, 1H), 3.77-3.71 (m, 2H), 3.63-3.56 (m, 2H), 2.62 (s br, 1H), 1.24-1.21 (m,
6H) ppm.
3¢ NMR (125 MHz, CDCls) 6 140.1, 128.7, 128.6, 126.8, 91.4, 85.2, 82.0, 64.5, 61.1, 61.1, 15.2
ppm.
HRMS (ESI+) m/z calculated for C14H1503Na (M+Na*) 257.114813, found 257.114561.
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(Z2)-4,4-Diethoxy-1-phenylbut-2-en-1-ol (rac-4j)
OEt OH A mixture of 4ja (442 mg, 1.89 mmol) and Lindlar catalyst (19 mg) in

EtO EtOH (7 mL) was stirred under 1 atm of H, at 20 °C for 1h. After

complete conversion of the starting material (indicated by TLC), the
mixture was filtered over celite, concentrated and purified by silica gel chromatography with
pentane/Et,0 (2:1) as the eluent to give rac-4j (389 mg, 1.64 mmol, 87%) as a colorless oil.
'H NMR (500 MHz, C¢Dg) & 7.49 (d, J = 7.3 Hz, 2H), 7.20 (dd, J = 7.3, 7.3 Hz, 2H), 7.09 (t, / = 7.3
Hz, 1H), 5.73 (ddd, J = 11.3, 8.3, 1.3 Hz, 1H), 5.62 (ddd, J = 11.3, 8.3, 1,0 Hz, 1H), 5.59 (dd, J =
8.3, 3.3 Hz, 1H), 5.38 (d, /= 5.5, 1.2 Hz, 1H), 3.60-3.54 (m, 1H), 3.47-3.42 (m, 1H), 3.41-3.31 (m,
2H), 2.56 (d, J = 3.7 Hz, 1H), 1.10 (t, J = 7.1 Hz, 3H), 1.05 (t, J = 7.1 Hz, 3H) ppm.
3C NMR (125 MHz, CsDg) & 143.9, 137.1, 129.1, 128.6, 127.6, 126.5, 98.0, 70.2, 60.6, 60.0, 15.5,
15.4 ppm.
HRMS (ESI+) m/z calculated for C14H2003Na (M+Na®) 259.130461, found 259.130377.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 98:2, flow rate 0.5 mL/min,
A =220 nm: t; = 29.00 min, t, = 31.35 min.

rac-4k-1

N iPrOH, MsOH o 0 nBuli O. 0O
Br > O OH

HC(QiPr), Br L R
H™ R

4k-l
1-Bromo-2-(diisopropoxymethyl)benzene
A solution of 2-bromobenzaldehyde (2.78 g, 15.00 mmol), triisopropyl
\( \( orthoformate (5 mL), and methanesulfonic acid (97 ul, 144mg, 1.5 mmol, 10
o~ mol%) in isopropanol (20 mL) was stirred at room temperature. After 24 hours,
o sodium carbonate (2 g) was added, mixture stirred for 5 min, filtered and
concentrated. Product was purified by silica gel chromatography with 5%
EtOAc/hexane as the eluent. Colorless oil, 3.89 g, 90%.
'H NMR (500 MHz, DMSO-dg) 6 7.57 (dd, J = 7.8, 1.4 Hz, 2H), 7.39 (td, J = 6.5, 0.9 Hz, 1H), 7.26
(td, J=7.7, 1.8 Hz, 1H), 5.67 (s, 1H), 3.82 (sept, J = 6.1 Hz, 2H), 1.13 (d, J = 6.2 Hz, 6H), 1.08 (d, J
= 6.2 Hz, 6H) ppm.
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3C NMR (125 MHz, DMSO-ds) & 139.1, 132.4, 130.2, 128.5, 127.6, 122.0, 98.1, 68.3, 22.8, 22.3

ppm.
HRMS (ESI+) m/z calculated for C13H19BrO,Na (M+Na®) 309.0461, found 309.0457.

(2-(Diisopropoxymethyl)phenyl)(phenyl)methanol (rac-4k)
2.5 M solution of nBuli in hexanes (1.32 mL, 3.3 mmol) was added

o'Pr
OH dropwise to the solution of 1-bromo-2-(diisopropoxymethyl)benzene

Q O (prepared above, 1.034 g, 3.6 mmol) in THF (5 mL) at -78°C. After 2.5
hours at -78°C to the mixture a solution of benzaldehyde (303 pl, 318 mg,

Pro

3 mmol) in THF (1 mL) was added dropwise at -78°C. The solution was stirred at -78 °C for 3
hours, and then allowed to warm to 0 °C. Water (10 mL) was added and mixture extracted with
diethyl ether (20 mL, 2x10 mL). Combined organic extracts were washed with concentrated
aqueous sodium carbonate solution (10 mL), dried (MgS0Q,), filtered, and concentrated.
Product was purified by silica gel chromatography with 10% EtOAc/hexane as the eluent.
Colorless oil, 824 mg, 87%, stored as a solution in EtOAc.

'H NMR (500 MHz, CsDg) 6 7.61 (d, J= 7.9 Hz, 2H), 7.54 (dd, J= 7.4, 1.3 Hz, 1H), 7.25 (dd, J= 7.4,
1.3 Hz, 1H), 7.20 (t, J= 7.8 Hz, 2H), 7.10 (t, J= 7.30 Hz, 1H), 7.08 (td, J= 7.5, 1.5 Hz, 1H), 7.03 (td,
J=7.3,1.5Hz, 1H), 6.58 (d, J= 4.5 Hz, 1H), 5.63 (s, 1H), 3.82 (sept, / = 6.1Hz, 1H), 3.76 (d, /= 4.6
Hz, 1H), 3.69 (sept, J = 6.3 Hz, 1H), 1.05 (d, J = 6.2 Hz, 3H), 1.03 (d, J = 6.2 Hz, 3H), 0.97 (d, J =
6.1 Hz, 3H), 0.93 (d, /= 6.1 Hz, 3H) ppm.

C NMR (125 MHz, CsDg) & 144.3, 143.5, 138.5, 129.8, 128.9, 128.4, 127.5, 127.2, 127.1, 99.2,
72.7,68.6, 68.3, 23.2, 22.8, 22.4 ppm.

HRMS (ESI+) m/z calculated for CyoH2603Na (M+Na*) 337.1774, found 337.1773.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 98:2, flow rate 0.5 mL/min,
A =210 nm: t; = 12.40 min, t, = 16.19 min.

130



7. EXPERIMENTAL SECTION

1-(2-(Diisopropoxymethyl)phenyl)pentan-1-ol (rac-4l)
Procedure as for rac-4k. Colorless oil, 671 mg (from 3.0 mmol of

O'Pr
OH pentanal), 76%, stored as a solution in EtOAc.

'Pro
'H NMR (500 MHz, C¢D¢) 6 7.56 (t, J = 8.6 Hz, 2H), 7.19 (td, J = 7.5, 1.4
Hz, 1H), 7.12 (td, J = 7.5, 1.3 Hz, 1H), 5.71 (s, 1H), 5.41-5.38 (m, 1H),

3.80 (sept d, J = 6.2, 1.6 Hz, 2H), 2.52 (d, J = 3.1 Hz, 1H), 2.03-1.96 (m, 1H), 1.93-1.86 (m, 1H),

1.72-1.63 (m, 1H), 1.52-1.43 (m, 1H), 1.42-1.34 (m, 2H), 1.12 (d, J = 6.1 Hz, 3H), 1.10 (d, J = 6.1

Hz, 3H), 1.05 (d, J = 6.2 Hz, 3H), 1.00 (d, J = 6.1 Hz, 3H), 0.90 (t, J = 7.3 Hz, 3H) ppm.

13 NMR (125 MHz, C¢D¢) & 144.1, 137.9, 128.9, 127.7, 127.0, 126.9, 99.5, 69.6, 68.7, 68.2, 37.4,

29.2, 23.22, 23.15, 22.6, 22.4, 14.4 ppm.

HRMS (ESI+) m/z calculated for C1gH3003Na (M+Na®) 317.2087, found 317.2085.

HPLC analysis using Daicel Chiralcel AD-3 column: n-heptane/i-PrOH 99:1, flow rate 1.0 mL/min,

A =210 nm: t; =7.28 min, t, = 9.54 min.

al = +15.2 ° (c = 0.475, CH,Cl,) for (R)-4l with er 97.5:2.5.

7.3.3. Products

General procedure for STRIP-catalyzed kinetic resolution of homoaldols via asymmetric

transacetalization

OH iPr iPr ] OH
EtOMm (S)-STRIP Et0 O R2 . EtOM...Bz
2 > R R
ot ¢ DCM, 0.025 M, 20 °C, MS 4 A Okt
rac-4 5 4

Molecular sieves 4 A (50 mg) and a solution of (S)-STRIP (0.72 mg, 0.001 mmol) in dry
dichloromethane (1 mLl), were added to the solution of rac-4 (0.1 mmol) in dry
dichloromethane (3 mL) and stirred at 20 °C. Samples (ca. 300 pL) were removed from the
reaction mixture, quenched by a few drops of EtsN. Subsequently, the product and remaining

starting material were isolated by silica gel chromatography using Et,0/pentane as the eluent,
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and analyzed by HPLC or GC on a chiral stationary phase.i Conversions were calculated from
the enantiomeric excesses of products and starting material.”
Notes:
- i) All fractions containing product were combined together (important for correct dr
determination) and solvent carefully evaporated to prevent loss of volatile products.

TLC (EtOAc/hexane or Et,0/pentane), visualization: PMA stain.

- ii) See below

Preparation of the racemates

0]
OH PhO-g!
o R PhO" "OH (20 mol%) Et0. O R EtO~ O oR°
= 2 + 1
R TR TR
OEt DCM, 0.1 M, r.t.
rac-4 rac-5 rac-5-epi-5

Diphenyl phosphate (10 mg, 0.04 mmol) was added to the solution of rac-4 (0.2 mmol) in
dichloromethane (2 mL). After 15 min at room temperature, the reaction was quenched with
EtsN (ca. 50 pL). The mixture was concentrated and products were isolated by silica gel
chromatography using Et,0/pentane or EtOAc/hexane as the eluents. (For substrate rac-4j, 0.5

mg of diphenyl phosphate was used)

Determination of conversion and dr

Conversions were calculated from ee and dr values. The corresponding formula was derived
from two simple and reasonable assumptions:

a) Since the reactions are very clean and no significant byproducts are formed, the conversion
can be represented by Eq 1.

b) The preformed alcohol stereocenter is not racemizing under the reaction conditions. The
absolute configuration of this stereocenter of the major product was found to be opposite to
the configuration of the minor diastereoisomer and the starting material (this finding is further
supported by the significant formation of the minor diastereoisomer at higher levels of
conversion). The sum of ee-values with respect to this stereocenter has to be zero at every
time (Eqg 4). Consequently the conversion can easily be calculated by using Eq 5, derived from

Eq 1, Eq 2 and Eq 4.
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conversion = 1-ysy = Yma*Yimin (eq 1) You = Vield of the starting material
Ymaj = Yield of the major diastereocisomer
Vi Area,, Ymin = Yield of the minor diastereoisomer
dr= —— =Fx ————— (eq 2)
Ymin Areanmin Areay,, = HPLC or GC area of
mayjor diastereomer peaks
d Arean,j, = HPLC or GC area of
. 'nmr(racemate) (eq 3) minor diastereomer peaks
dryp c(racemate) ee = enantiomeric excess
dr = diastereomeric ratio
F = correction factor for different
X eegy - iX €emai t YminX €€min =0
YsmX €€sm = Ymaj X €€maj * Ymin X €Cmin (eq 4) responses of the HPLC detector
for two diastereomers
1
conversion =
€€maj — €€ min/dr (eq 5)
1+
eegy X (1+1/dr)

As the diastereomeric ratio determined by HPLC depends on detector responses for two
diastereomers, the correction factor (F) must be added to calculate the real dr value (Eq 2).
This factor F was determined by comparing NMR (real dr) and HPLC diastereomeric ratios of
prepared mixtures of both diastereoisomers (Eq 3). In cases where it was not possible to
determine the response factor, it was assumed to be F = 1 (small variations of F value have

little influence on calculated conversion). For GC traces with FID detection F factor is taken as 1.

Product 5a 5b 5c 5d 5e 5f 5g 5h
F 0.79 1 0.71 1.05 1 1.06 1 1
Product 5i 5j 5k 51 5m 5n 50 5p
F 1 nd.(1) | 0.96 1.05 | n.d.(1) | n.d. (1) 1 1
Product 5q 5r
F 0.80 1
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In the following, next to the NMR data for rac-5 and rac-5-epi-5, HPLC and GC analysis

information and optical rotation values for enantioenriched samples are given.

trans-2-Ethoxy-5-phenyltetrahydrofuran (rac-5-epi-5a)

Purification: Pentane/Et,0 9:1. Colorless oil.

'H NMR (500 MHz, C¢Dg) 6 7.30 (d, J = 7.4 Hz, 2H), 7.18 (dd, J = 7.4, 7.3 Hz, 2H),
7.09 (t, J = 7.3 Hz, 1H), 5.22 (dd, J = 4.8, 2.6 Hz, 1H), 5.10 (t, J = 7.2 Hz, 1H),
3.88-3.82 (m, 1H), 3.41-3.35 (m, 1H), 2.18-2.13 (m, 1H), 1.87-1.82 (m, 2H),

1.52-1.44 (m, 1H), 1.15 (t, J = 7.1 Hz, 3H) ppm.

3C NMR (125 MHz, CsDg) & 143.6, 128.5, 127.4, 126.1, 104.5, 79.4, 63.1, 33.4, 32.7, 15.6 ppm.
HRMS (El) m/z calculated for C1,H160, 192.115034, found 192.115255.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A = 220 nm: t; = 23.49 min, t; = 27.89 min.

cis-2-Ethoxy-5-phenyltetrahydrofuran (rac-5a)
< Purification: Pentane/Et,0 9:1. Colorless oil.
o 'H NMR (500 MHz, C¢Dg) § 7.44 (d, J = 7.3 Hz, 2H), 7.23 (dd, J = 7.4, 7.3 Hz, 2H),
0 : 7.11 (t, J = 7.4 Hz, 1H), 5.09 (d, J = 5.1 Hz, 1H), 4.87 (dd, J = 9.1, 6.4 Hz, 1H),
V 3.94-3.88 (m, 1H), 3.38-3.32 (m, 1H), 2.00-1.92 (m, 2H), 1.88-1.83 (m, 1H),
1.67-1.63 (m, 1H), 1.15 (t, J = 7.1 Hz, 3H) ppm.

3¢ NMR (125 MHz, C¢Dg) 6 144.5, 128.6, 127.5, 126.7, 104.3, 82.8, 62.9, 34.2, 33.5, 15.5 ppm.
HRMS (El) m/z calculated for C1,H160, (M) 192.115033, found 192.115079.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A =220 nm: t; = 12.24 min, t; = 19.58 min.

ap = +148.7 ° (c = 0.39, CH,Cl,) for (2S,5R)-5a with er 97.5:2.5.

trans-2-Ethoxy-5-(4-methoxyphenyl)tetrahydrofuran (rac-5-epi-5b)

Purification: Pentane/Et,0 3:1. Colorless oil.

'H NMR (500 MHz, C¢Dg) 6 7.25 (d, J = 8.6 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H),
5.25 (t, J = 3.7 Hz, 1H), 5.11 (t, J = 7.2 Hz, 1H), 3.90-3.85 (m, 1H), 3.42-
3.38 (m, 1H), 3.31 (s, 3H), 2.19-2.15 (m, 1H), 1.92-1.88 (m, 2H), 1.56-

MeO 1.50 (m, 1H), 1.16 (t, J = 7.1 Hz, 3H) ppm.
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3¢ NMR (125 MHz, C¢Dg) 6 159.5, 135.4, 127.4, 114.0, 104.4, 79.2, 63.1, 54.8, 33.6, 32.9, 15.6
ppm.

HRMS (El) m/z calculated for C;3H1303 222.125593, found 222.125441.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 80:20, flow rate 0.5
mL/min, A =220 nm: t; = 31.16 min, t, = 37.79 min.

cis-2-Ethoxy-5-(4-methoxyphenyl)tetrahydrofuran (rac-5b)
< Purification: Pentane/Et,0 3:1. Colorless oil.

o 'HNMR (500 MHz, CcDg) 6 7.38 (d, J = 8.6 Hz, 2H), 6.86 (d, J = 8.6 Hz, 2H),

0 H 510 (d, J =5.0 Hz, 1H), 4.89 (dd, J = 9.5, 6.3 Hz, 1H), 3.95-3.89 (m, 1H),

3.40-3.33 (m, 1H), 3.32 (s, 3H), 2.05-1.96 (m, 2H), 1.90-1.85 (m, 1H),
MeO 1.71-1.65 (m, 1H), 1.17 (t, J = 7.1 Hz, 3H) ppm.
3¢ NMR (125 MHz, C¢D¢) 6 159.6, 136.4, 114.1, 104.1, 82.6, 62.8, 54.8, 34.3, 33.4, 30.5, 15.5
ppm.
HRMS (El) m/z calculated for C13H1305 222.125593, found 222.125385.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 80:20, flow rate 0.5
mL/min, A =220 nm: t; = 17.51 min, t; = 25.17 min.

trans-2-Ethoxy-5-(4-fluorophenyl)tetrahydrofuran (rac-5-epi-5c)

Purification: Pentane/Et,0 4:1. Colorless oil.

'H NMR (500 MHz, C¢D¢) 6 7.06-7.03 (m, 2H), 6.84-6.80 (m, 2H), 5.17 (dd, J
= 5.2, 2.2 Hz, 1H), 5.00 (t, J = 7.2 Hz, 1H), 3.86-3.80 (m, 1H), 3.40-3.33 (m,
1H), 2.10-2.05 (m, 1H), 1.85-1.78 (m, 2H), 1.37-1.31 (m, 1H), 1.15 (t, J = 7.1

Hz, 3H) ppm.

3C NMR (125 MHz, CéDg) § 162.5 (d, J = 244.5 Hz), 139.2 (d, J = 2.9 Hz),
127.7 (d,J=7.7 Hz), 115.2 (d, /= 21.2 Hz), 104.5, 78.7, 63.1, 33.4, 32.7, 15.6 ppm.
HRMS (El) m/z calculated for C1,H150,F 210.105606, found 210.105423.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 95:5, flow rate 0.5 mL/min,
A =220 nm: t; = 18.69 min, t, = 23.85 min.

alf = +59.1° (c = 0.45, CH,Cl,) for (25,55)-5¢ with er 99.5:0.5.
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cis-2-Ethoxy-5-(4-fluorophenyl)tetrahydrofuran (rac-5c)
< Purification: Pentane/Et,0 4:1. Colorless oil.
O 'H NMR (500 MHz, C¢Dg) & 7.23-7.20 (m, 2H), 6.88-6.84 (m, 2H), 5.04 (d, J =

H
0 5.0 Hz, 1H), 4.74 (dd, J = 9.1, 6.6 Hz, 1H), 3.86-3.79 (m, 1H), 3.35-3.29 (m,
b 1H), 1.93-.176 (m, 3H), 1.65-1.59 (m, 1H), 1.12 (t, J = 7.1 Hz, 3H) ppm.
F 3C NMR (125 MHz, C¢Dg) 6 162.6 (d, J = 244.6 Hz), 140.2 (d, J = 2.7 Hz),

128.4 (d, J = 7.7 Hz), 115.3 (d, J = 21.2 Hz), 104.3, 82.0, 62.9, 34.1, 33.4, 24.5, 15.4 ppm.

HRMS (El) m/z calculated for C1,H150,F 210.105611, found 210.105474.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 95:5, flow rate 0.5 mL/min,
A =220 nm: t; =12.50 min, t, = 13.49 min.

ap = +137.1° (c = 0.75, CH,Cl) for (2S,5R)-5¢ with er 97.5:2.5.

trans-2-Ethoxy-5-(naphthalen-2-yl)tetrahydrofuran (rac-5-epi-5d)
Purification: Pentane/Et,0 4:1. Colorless oil.
<o 'H NMR (500 MHz, C¢Dg) 6 7.81 (s, 1H), 7.70-7.64 (m, 3H), 7.38 (dd, J =
8.5, 1.6 Hz, 1H), 7.29-7.24 (m, 2H), 5.30 (dd, J = 4.9, 2.3 Hz, 1H), 5.26 (t, J
= 7.2 Hz, 1H), 3.94-3.88 (m, 1H), 3.46-3.39 (m, 1H), 2.28-2.21 (m, 1H),

1.95-1.85 (m, 2H), 1.60-1.53 (m, 1H), 1.19 (t, J = 7.1 Hz, 3H) ppm.

3¢ NMR (125 MHz, C¢Dg) 6 141.0, 133.9, 133.4, 128.4,128.3, 128.1, 126.3, 125.9, 124.7, 124.5,
104.7,79.5, 63.2, 33.3, 32.8, 15.6 ppm.

HRMS (ESI+) m/z calculated for Ci6H150,Na (M+Na®) 265.119896, found 265.119713.

HPLC analysis using Daicel Chiralcel AD-3 column: n-heptane/i-PrOH 99:1, flow rate 1.0 mL/min,
A =220 nm: t; = 3.60 min, t, =4.12 min.

cis-2-Ethoxy-5-(naphthalen-2-yl)tetrahydrofuran (rac-5d)
Purification: Pentane/Et,0 4:1. Colorless solid.
<O 'H NMR (500 MHz, C¢Dg) & 7.80 (s, 1H), 7.71-7.70 (m, 2H), 7.66-7.63 (m,
o) 2H), 7.31-7.25 (m, 2H), 5.14 (d, J = 5.0 Hz, 1H), 5.03 (dd, J = 9.6, 6.5 Hz,
OO ! 1H), 4.01-3.95 (m, 1H), 3.43-3.37 (m, 1H), 2.10-2.04 (m, 1H), 2.02-1.98 (m,
1H), 1.95-1.89 (m, 1H), 1.74-1.67 (m, 1H), 1.20 (t, J = 7.1 Hz, 3H) ppm.
3C NMR (125 MHz, C¢Dg) 6 141.8, 133.9, 133.5, 128.6, 128.3, 128.1, 126.3, 125.9, 125.6, 125.1,
104.4, 83.0, 62.9, 34.3, 33.3, 15.5 ppm.
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HRMS (ESI+) m/z calculated for C16H150,Na (M+Na*) 265.119901, found 265.119634.
HPLC analysis using Daicel Chiralcel AD-3 column: n-heptane/i-PrOH 99:1, flow rate 1.0 mL/min,
A =220 nm: t; = 6.79 min, t, = 7.46 min.

trans-5-(3,5-Dimethylphenyl)-2-ethoxytetrahydrofuran (rac-5-epi-5e)

Purification: Pentane/Et,0 9:1. Colorless oil.

'H NMR (500 MHz, C¢D¢) & 7.03 (s, 2H), 6.77 (s, 1H), 5.27 (t, J = 3.7 Hz, 1H),
5.13 (t, J = 7.2 Hz, 1H), 3.93-3.86 (m, 1H), 3.44-3.38 (m, 1H), 2.24-2.19 (m,
1H), 2.17 (s, 6H), 1.93-1.89 (m, 2H), 1.60-1.53 (m, 1H), 1.17 (t, J = 7.1 Hz, 3H)

ppm.
3¢ NMR (125 MHz, C¢D¢) & 143.5, 137.7, 129.1, 124.0, 104.5, 79.5, 63.1, 33.6, 32.9, 21.4, 15.6

ppm.

HRMS (ESI+) m/z calculated for C14H200,Na (M+Na®) 243.135551, found 243.135330.

HPLC analysis using Daicel Chiralcel OJ-RH column: MeOH/H,0 80:20, flow rate 1.0 mL/min, A =
220 nm: t; =11.20 min, t, = 12.34 min.

cis-5-(3,5-Dimethylphenyl)-2-ethoxytetrahydrofuran (rac-5e)
Purification: Pentane/Et,0 9:1. Colorless oil.
<o 'H NMR (500 MHz, C¢D¢) & 7.13 (s, 2H), 6.79 (s, 1H), 5.11 (d, J = 5.0 Hz, 1H),
o) 4.91 (dd, J = 9.5, 6.4 Hz, 1H), 4.00-3.94 (m, 1H), 3.41-3.35 (m, 1H), 2.21 (s,
4 6H), 2.09-1.89 (m, 3H), 1.72-1.64 (m, 1H), 1.20 (t, J = 7.1 Hz, 3H) ppm.
3C NMR (125 MHz, C¢D¢) & 144.5, 137.7, 129.1, 124.8, 104.3, 83.0, 62.7,
34.3,33.5,21.5, 15.5 ppm.
HRMS (ESI+) m/z calculated for C14aH,00,Na (M+Na*) 243.135548, found 243.135342.
HPLC analysis using Daicel Chiralcel OJ-RH column: MeOH/H,0 80:20, flow rate 1.0 mL/min, A =
220 nm: t; = 5.68 min, t; = 9.96 min.
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trans-2-Ethoxy-5-(thiophen-2-yl)tetrahydrofuran (rac-5-epi-5f)

Purification: Pentane/Et,0 15:1. Colorless oil.

'H NMR (500 MHz, C¢Dg) 6 6.86 (dd, J = 5.0, 1.2 Hz, 1H), 6.77-6.76 (m, 1H), 6.72
(dd, J = 5.0, 3.5 Hz, 1H), 5.29 (t, J = 6.9 Hz, 1H), 5.14 (dd, J = 5.2, 2.0 Hz, 1H),
3.83-3.77 (m, 1H), 3.34-3.28 (m, 1H), 2.16-2.11 (m, 1H), 1.88-1.79 (m, 2H),

1.68-1.61 (m, 1H), 1.11 (t, J = 7.1 Hz, 3H) ppm.
3C NMR (125 MHz, C¢Dg) 6 147.3, 126.7, 124.5, 123.8, 104.3, 75.9, 63.2, 33.7, 32.7, 15.5 ppm.
HRMS (El) m/z calculated for C1oH140,S 198.071450, found 198.071412.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 50:50, flow rate 0.5
mL/min, A =220 nm: t; = 15.58 min, t, = 21.64 min.

cis-2-Ethoxy-5-(thiophen-2-yl)tetrahydrofuran (rac-5f)

Purification: Pentane/Et,0 15:1. Colorless oil.

'H NMR (500 MHz, C¢Dg) 6 6.91 (dd, J =5.1, 1.1 Hz, 1H), 6.84-6.83 (m, 1H), 6.73
(dd, J = 5.1, 3.5 Hz, 1H), 5.07 (dd, J = 9.3, 6.6 Hz, 1H), 5.01 (d, J = 4.9 Hz, 1H),
3.96-3.90 (m, 1H), 3.34-3.28 (m, 1H), 2.17-2.10 (m, 1H), 1.95-1.91 (m, 1H),

1.89-1.83 (m, 1H), 1.61-1.53 (m, 1H), 1.16 (t, J = 7.1 Hz, 3H) ppm.
13 NMR (125 MHz, C¢Dg) 6 148.7, 126.6, 125.0, 124.4, 104.0, 78.0, 62.8, 34.2, 33.6, 15.4 ppm.
HRMS (El) m/z calculated for C1oH140,S 198.071450, found 198.071343.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 50:50, flow rate 0.5
mL/min, A =220 nm: t; = 12.43 min, t, = 18.87 min.

trans-2-Ethoxy-5-((E)-styryl)tetrahydrofuran (rac-5-epi-5g)

Purification: Pentane/Et,0 6:1. Colorless oil.

"H NMR (500 MHz, C¢Dg) 6 7.25 (d, J = 7.3 Hz, 2H), 7.11 (dd, J = 7.3, 7.3 Hz,
2H), 7.04 (t, J = 7.3 z, 1H), 6.60 (d, J = 15.8 Hz, 1H), 6.16 (d, J = 15.8, 6.4 Hz,
1H), 5.16 (dd, J = 5.1, 2.1 Hz, 1H), 4.71-4.67 (m, 1H), 3.91-3.85 (m, 1H),

3.41-3.35 (m, 1H), 2.04-1.98 (m, 1H), 1.89-1.81 (m, 2H), 1.43-1.36 (m, 1H),
1.16 (t, J = 7.1 Hz, 3H) ppm.
3¢ NMR (125 MHz, C¢D¢) 6 137.5, 130.8, 130.4, 128.8, 127.7, 126.9, 104.4, 78.5, 63.0, 32.7,
31.0, 15.6 ppm.
HRMS (ESI+) m/z calculated for C14H180,Na (M+Na*) 241.119900, found 241.1197009.
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HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 95:5, flow rate 0.5 mL/min,
A =220 nm: t; = 18.93 min, t, = 21.46 min.

cis-2-Ethoxy-5-((E)-styryl)tetrahydrofuran (rac-5g)
Purification: Pentane/Et,0 6:1. Colorless oil.
'H NMR (500 MHz, C¢D¢) 6 7.27 (d, J = 7.3 Hz, 2H), 7.11 (dd, J = 7.3, 7.3 Hz,
H 2H),7.04(t,J=7.3z 1H), 6.53 (d, J = 15.9 Hz, 1H), 6.35 (d, J = 15.8, 7.4 Hz,
N 1H), 5.07 (d, J = 4.9 Hz, 1H), 4.54-4.50 (m, 1H), 3.92-3.86 (m, 1H), 3.39-
3.33 (m, 1H), 1.96-1.93 (m, 1H), 1.91-1.83 (m, 1H), 1.77-1.71 (m, 1H),
1.66-1.61 (m, 1H), 1.15 (t, J = 7.1 Hz, 3H) ppm.
13 NMR (125 MHz, C¢Dg) 6 137.5, 132.9, 130.8, 128.8, 127.7, 126.9, 104.1, 81.3, 62.7, 33.8,
30.7, 15.6 ppm.
HRMS (ESI+) m/z calculated for C14H150,Na (M+Na®) 241.119900, found 241.120167.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 95:5, flow rate 0.5 mL/min,
A=220nm:t; =11.25 min, t, = 13.75 min.

trans-5-(tert-Butyl)-2-ethoxytetrahydrofuran (rac-5-epi-5h)
Purification: Pentane/Et,0 15:1. Colorless oil.
<O 'H NMR (500 MHz, C¢Dg) 6 5.06 (dd, J = 4.9, 1.6 Hz, 1H), 3.82-3.76 (m, 2H), 3.38-
H' 3.33 (m, 1H), 1.86-1.82 (m, 1H), 1.73-1.67 (m, 2H), 1.34-1.32 (m, 1H), 1.15 (t, J =
7.1 Hz, 3H), 0.91 (s, 9H) ppm.

3¢ NMR (125 MHz, C¢Dg) 6 104.1, 85.5, 62.6, 33.5, 33.0, 25.9, 24.7, 15.7 ppm.
HRMS (Cl) m/z calculated for C1oH,10;, (M+H) 173.1542, found 173.1540.

GC analysis using BGB-176 column (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven: 60 °C, 1 °C/min until 85 °C,
8 °C/min until 220 °C; gas: 0.4 bar H,. t; = 13.89 min, t, = 15.86 min.
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cis-5-(tert-Butyl)-2-ethoxytetrahydrofuran (rac-5h)
Purification: Pentane/Et,0 15:1. Colorless oil.
<O 'H NMR (500 MHz, C¢Dg) 6 4.95 (d, J = 5.0 Hz, 1H), 3.83-3.78 (m, 1H), 3.60 (dd, J =
0-<" 10.6, 5.8 Hz, 1H), 3.30-3.24 (m, 1H), 1.88 (dd, J = 12.1, 7.0 Hz, 1H), 1.74-1.67 (m,
) 1H), 1.62-1.57 (m, 1H), 1.38-1.33 (m, 1H), 1.12 (t, J = 7.1 Hz, 3H), 0.96 (s, 9H) ppm.
3¢ NMR (125 MHz, C¢Dg) 6 103.4, 89.3, 62.3, 33.9, 33.6, 26.2, 24.7, 15.4 ppm.
HRMS (Cl) m/z calculated for C1oH,10, (M+H) 173.154153, found 173.153985.
GC analysis using BGB-176 column (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin),
Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven: 60 °C, 1 °C/min until 85 °C,

8 °C/min until 220 °C; gas: 0.4 bar H,. t; = 14.39 min, t, = 16.69 min.

trans-2-Ethoxy-5-pentyltetrahydrofuran (rac-5-epi-5i)

Purification: Pentane/Et,0 20:1. Colorless oil.

O M NMR (500 MHz, C¢Dg) 6 5.10 (dd, J = 5.1, 1.5 Hz, 1H), 4.11-4.06 (m, 1H),
3.87-3.81 (m, 1H), 3.39-3.33 (m, 1H), 1.93-1.77 (m, 3H), 1.63-1.57 (m, 1H),

I ww O
/T~
T

1.47-1.17 (m, 8H), 1.15 (t, J = 7.1 Hz, 3H), 0.87 (t, J = 7.0 Hz, 3H) ppm.

3C NMR (125 MHz, C¢Dg) 6 104.0, 77.9, 62.8, 36.1, 32.7, 32.3, 30.0, 26.3, 23.1, 15.6, 14.3 ppm.
HRMS (Cl) m/z calculated for C11H,30, (M+H) 187.169801, found 187.169618.

GC analysis using BGB-176/SE column (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-
cyclodextrin), Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven: 90 °C; gas:
0.4 bar H,. t; = 25.85 min, t, = 27.73 min.

cis-2-Ethoxy-5-pentyltetrahydrofuran (rac-5i)
Purification: Pentane/Et,0 20:1. Colorless oil.
<O 'H NMR (500 MHz, C¢De) & 5.02 (d, J = 4.3, 1H), 3.97-3.91 (m, 1H), 3.87-

/\/\/DH* 3.81 (m, 1H), 3.36-3.30 (m, 1H), 1.94-1.91 (m, 1H), 1.76-1.70 (m, 1H),

) 1.67-1.62 (m, 3H), 1.51-1.44 (m, 2H), 1.38-1.23 (m, 5H),1.14 (t, J = 7.1 Hz,
3H), 0.89 (t, J = 6.9 Hz, 3H) ppm.
3C NMR (125 MHz, C¢Dg) 6 103.7, 80.6, 62.3, 38.2, 33.7, 32.3, 29.8, 26.6, 23.1, 15.6, 14.3 ppm.
HRMS (CI) m/z calculated for C11H,30, (M+H) 187.169803, found 187.169651.
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GC analysis using BGB-176/SE column (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-
cyclodextrin), Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven: 90 °C; gas:
0.4 bar H,. t; = 26.53 min, t, = 27.13 min.

cis-2-Ethoxy-5-phenyl-2,5-dihydrofuran (rac-5j)
4 Prepared with 1 mol% of diphenyl phosphate. Purification: Pentane/Et,0 20:1.
0 Colorless solid.
0 'H NMR (500 MHz, C¢D¢) 6 7.41 (d, J = 7.1 Hz, 2H), 7.18 (dd, J = 7.4, 7.1 Hz, 2H),
o 7.07 (d, J = 7.4 Hz, 1H), 5.81 (m, 1H), 5.73-5.71 (m, 1H), 5.62-5.60 (m, 1H), 5.57
(br, 1H), 3.89-3.82 (m, 1H), 3.46-3.40 (m, 1H), 1.13 (t, J = 7.1 Hz, 3H) ppm.

13 NMR (125 MHz, C¢Dg) 6 141.6, 135.4, 128.6, 128.0, 127.4, 126.3, 109.2, 88.1, 63.9, 15.7
ppm.
HRMS (ESI+) m/z calculated for C1,H140,Na (M+Na®) 213.088601, found 213.088364.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 98:2, flow rate 0.5 mL/min,
A =220 nm: t; =19.43 min, t, = 22.95 min.

1-Isopropoxy-3-phenyl-1,3-dihydroisobenzofuran (rac-5k)
Purification: 10% EtOAc/hexane. Diastereomers were not separated.
ipro_ O O Colorless oil, 47.9 mg, 94%. Diastereomeric ratio cis/trans 2.59:1 by H
NMR. Relative configuration determined from NOESY spectra.
O 'H NMR (500 MHz, C¢Dg) & 7.46-7.45 (M, 2Hnma), 7.30 (d, J = 7.5 Hz, 1Hpq) +
cis-5k/trans-5k 1Hmin), 7.24-7.22 (M, 2Hmin), 7.15-7.12 (M, 2Hmaj + 2Hmin), 7.09-7.03 (m,
dr=2.59:1 2Hmaj + 2Hmin), 7.00-6.97 (M, 1Hmaj + 1Hmin), 6.83-6.78 (M, 1Hma + 1Hmin),
6.49 (d, J = 1.9 Hz, 1Hmin), 6.38 (S, 1Hmaj), 6.27 (S, 1Hmin), 6.05 (s, 1Hmy;), 4.10 (sept, J = 6.2 Hz,
1Hmaj + 1Hmin), 1.31 (d, J = 6.2 Hz, 3Hmin), 1.26 (d, J = 6.2 Hz, 3Hpyj), 1.20 (d, J = 6.2 Hz, 3Hmin),
1.17 (d, J = 6.2 Hz, 3Hm,j) ppm.
3C NMR (125 MHz, C¢D¢) 6 144.2, 143.8, 143.1, 142.0, 139.5, 138.8, 129.3, 129.2, 128.7, 128.6,
127.6,123.4,123.2,122.5,122.4,105.8, 105.6, 86.3, 84.9, 71.1, 70.6, 24.1, 24.0, 22.6, 22.5 ppm.
HRMS (ESI+) m/z calculated for C17H150,Na (M+Na®) 277.1199, found 277.1196.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 60:40, flow rate 0.5

mL/min, A = 210 nm: ty(gs) = 10.05 min, ty(trans) = 12.89 min, ty(cis) = 12.12 min, ta(trans) = 20.05 min.
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1-Butyl-3-isopropoxy-1,3-dihydroisobenzofuran (rac-5l)

Purification: 5% EtOAc/hexane. Diastereomers were not separated.

i O
iPro
' Colorless oil, 44.9 mg, 92%. Diastereomeric ratio cis/trans 1:1.14 by 4

NMR. Relative configuration determined from NOESY spectra.

cis-5lltrans.s| 'H NMR (500 MHz, C¢Dg) 6 7.29-7.26 (M, 1Hmaj + 1Hmin), 7.13-7.07 (m,
dr=1:1.14 2Hma + 2Hmin), 6.93-6.89 (M, 1Hma + 1Hmin), 6.33 (s, 1Hmay), 6.26 (s,

1Hmin), 5.34 (t, J = 3.4 Hz, 1Hpy), 5.10 (dd, J = 7.4, 4.8 Hz, 1Hmi), 4.07 (sept, J = 6.2 Hz, 1Hnaj +

1Hmin), 1.83-1.71 (m, 3H), 1.63-1.52 (m, 3H), 1.50-1.40 (m, 2H), 1.36-1.23 (m, 10H), 1.17 (t, J =

5.7 Hz, 6H), 0.89-0.84 (m, 6H) ppm.

3¢ NMR (125 MHz, C¢Dg) 6 144.1, 144.0, 140.0, 128.9, 128.8, 127.68, 127.66, 123.5, 123.4,

121.4, 121.1, 105.2, 104.9, 83.7, 82.4, 70.4, 70.1, 38.0, 35.8, 28.3, 27.7, 24.2, 24.1, 23.2, 23.1,

22.64,22.59, 14.3 ppm.

HRMS (ESI+) m/z calculated for C15H2,0,Na (M+Na®) 257.1512, found 257.1511.

HPLC analysis using Daicel Chiralcel AD-3 column: n-heptane/i-PrOH 99.9:0.1, flow rate 1.0

mL/min, A = 210 nm: tyrans) = 3.11 Min, ty(trans) = 3.72 min, tiis) = 5.60 min, ty(is) = 6.55 min. cis-

Diastereomer is the major product in the asymmetric reaction, opposite to the racemic

reaction.

trans-2-Ethoxy-5-methyl-5-(p-tolyl)tetrahydrofuran (rac-5-epi-5m)

Purification: Pentane/Et,0 20:1. Colorless oil.

'H NMR (500 MHz, C¢Dg) & 7.34 (d, J = 8.2 Hz, 2H), 7.05 (d, J = 7.9 Hz, 2H),
5.16 (d, J = 5.2 Hz, 1H), 3.95-3.89 (m, 1H), 3.44-3.38 (m, 1H), 2.20-2.14 (m,
1H), 2.16 (s, 3H), 1.95-1.86 (m, 2H), 1.73-1.66 (m, 1H), 1.67 (s, 3H), 1.18 (t, J

= 7.1 Hz, 3H) ppm.

13 NMR (125 MHz, C¢Dg) 6 146.2, 135.8, 129.0, 125.1, 104.4, 85.7, 62.7, 38.6, 32.9, 31.6, 21.0,
15.6 ppm.

HRMS (ESI+) m/z calculated for C14H200,Na (M+Na®) 243.135547, found 243.135715.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A = 220 nm: t; = 16.35 min, t; = 29.00 min.
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cis-2-Ethoxy-5-methyl-5-(p-tolyl)tetrahydrofuran (rac-5m)
< Purification: Pentane/Et,0 20:1. Colorless oil.

0 ! 'H NMR (500 MHz, C¢Dg) 6 7.45 (d, J = 8.2 Hz, 2H), 7.07 (d, J = 7.9 Hz, 2H),
? 5.15 (dd, J = 4.8; 1:5 Hz, 1H), 3.94-3.88 (m, 1H), 3.40-3.34 (m, 1H), 2.31-2.22

Me (m, 1H), 2.16 (s, 3H), 1.93-1.88 (m, 1H), 1.87-1.81 (m, 1H), 1.80-1.75 (m, 1H),
1.42 (s, 3H), 1.08 (t, J = 7.1 Hz, 3H) ppm.
13 NMR (125 MHz, C¢Dg) 6 146.9, 135.7, 128.9, 125.3, 104.5, 85.7, 62.9, 37.7, 33.1, 30.7, 21.0,
15.4 ppm.
HRMS (ESI+) m/z calculated for C14H200,Na (M+Na®) 243.135546, found 243.135668.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A = 220 nm: t; = 7.39 min, t; = 9.95 min.

a2 =+102.8 ° (c = 0.876 in CH,Cl,, er 98.5:1.5).

trans-2-Ethoxy-5-ethyl-5-phenyltetrahydrofuran (rac-5-epi-5n)

Purification: Pentane/Et,0 20:1. Colorless oil.

'H NMR (500 MHz, C¢D¢) & 7.37 (dd, J = 8.1, 1.0 Hz, 2H), 7.21 (dd, J = 8.1, 7.4
Hz, 2H), 7.10 (t, J = 7.4 Hz, 1H), 5.12 (d, J = 5.1 Hz, 1H), 3.93-3.87 (m, 1H), 3.42-
3.36 (m, 1H), 2.21-2.15 (m, 1H), 1.99-1.90 (m, 2H), 1.89-1.81 (m, 2H), 1.64-

1.57 (m, 1H), 1.17 (t, /= 7.1 Hz, 3H), 0.90 (t, / = 7.4 Hz, 3H) ppm.
3C NMR (125 MHz, CsDg) 6 147.3, 128.2, 126.5, 125.7, 104.1, 88.7, 62.7, 37.0, 36.6, 32.4, 15.6,
9.2 ppm.
HRMS (ESI+) m/z calculated for C14H200,Na (M+Na®) 243.135553, found 243.135812.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A =220 nm: t; = 21.42 min, t; = 26.68 min.

cis-2-Ethoxy-5-ethyl-5-phenyltetrahydrofuran (rac-5n)
Purification: Pentane/Et,0 20:1. Colorless oil.
<O 'H NMR (500 MHz, C¢D¢) 6 7.45 (dd, J = 8.3, 1.1 Hz, 2H), 7.23 (dd, J = 8.3, 7.4
0 Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H), 5.13-5.12 (m, 1H), 3.91-3.85 (m, 1H), 3.40-3.33
(m, 1H), 2.27-2.21 (m, 1H), 1.90-1.75 (m, 3H), 1.69-1.61 (m, 2H), 1.03 (t, J = 7.1
Hz, 3H), 0.82 (t, J = 7.4 Hz, 3H) ppm.
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3¢ NMR (125 MHz, CsD¢) 6 148.3, 128.0, 126.4, 125.8, 104.5, 88.4, 63.0, 36.5, 36.2, 33.1, 15.4,
8.9 ppm.

HRMS (ESI+) m/z calculated for C14H200,Na (M+Na*) 243.135546, found 243.135714.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A =220 nm: t; = 8.29 min, t, = 9.57 min.

trans-2-Ethoxy-5-isopropyl-5-phenyltetrahydrofuran (rac-5-epi-50)

Purification: Pentane/Et,0 50:1. Colorless oil.

'H NMR (500 MHz, C¢Dg) & 7.38 (dd, J = 8.3, 1.1 Hz, 2H), 7.20 (dd, J = 8.3, 7.4
Hz, 2H), 7.10 (t, J = 7.4 Hz, 1H), 5.04 (d, J = 5.1 Hz, 1H), 3.93-3.87 (m, 1H), 3.39-
3.33 (m, 1H), 2.28-2.22 (m, 1H), 2.11-2.05 (m, 1H), 1.88 (ddd, J = 11.9, 7.6, 1.5

Hz, 1H), 1.79 (dd, J = 12.4, 7.1 Hz, 1H), 1.55-1.48 (m, 1H), 1.17 (t, / = 7.1 Hz,
3H), 1.02 (d, J= 6.7 Hz, 3H), 0.87 (d, / = 6.7 Hz, 3H) ppm.
C NMR (125 MHz, CsDg) & 145.7, 127.8, 126.6, 126.6, 103.5, 91.4, 62.7, 38.6, 33.8, 32.6, 18.8,
17.9, 15.5 ppm.
HRMS (ESI+) m/z calculated for Ci5H»,0,Na (M+Na®) 257.151196, found 257.151410.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 95:5, flow rate 0.5 mL/min,
A =220 nm: t; =12.57 min, t, = 48.83 min.

cis-2-Ethoxy-5-isopropyl-5-phenyltetrahydrofuran (rac-50)
< Purification: Pentane/Et,0 50:1. Colorless oil.
O 'H NMR (500 MHz, C¢D¢) & 7.41 (dd, J = 8.2, 1.1 Hz, 2H), 7.22 (dd, J = 8.2, 7.4
o<1 Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H), 5.12 (dd, J = 5.0, 2.0 Hz, 1H), 3.85-3.79 (m, 1H),
3.36-3.30 (m, 1H), 2.27-2.21 (m, 1H), 1.96-1.91 (m, 1H), 1.86-1.73 (m, 3H),
0.97 (t,J=7.1Hz, 3H), 0.87 (d, J = 6.7 Hz, 3H), 0.80 (d, J = 6.9 Hz, 3H) ppm.
3¢ NMR (125 MHz, C¢D¢) 6 147.5, 127.5, 126.6, 126.4, 104.7, 90.6, 62.9, 39.2, 33.8, 33.5, 18.4,
17.6, 15.3 ppm.
HRMS (ESI+) m/z calculated for C15H,,0,Na (M+Na*) 257.151198, found 257.151435.
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 95:5, flow rate 0.5 mL/min,

A =220 nm: t; =7.33 min, t, = 8.47 min.
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5-Ethoxy-2-isobutyl-2-phenyltetrahydrofuran (rac-5p)
Purification: 2% EtOAc/hexane. Diastereomers were not separated. Colorless
<o oil, 44.4 mg, 89%. Diastereomeric ratio cis/trans 3.3:1 by 'H NMR.
o—<H M NMR (500 MHz, C¢D¢) & 7.47-7.45 (M, 2Hma), 7.35-7.33 (M, 2Hmin), 7.25-
7.19 (M, 2Hmaj + 2Hmin), 7.11-7.07 (M, 1Hmaj + 1Hmin), 5.13-5.12 (M, 1Hmy +
1Hmin), 3.96-3.87 (M, 1Hmaj+ 1Hmin), 3.42-3.35 (M, 1Hms+ 1Hmin), 2.25-2.16 (m,
Cfsaipifg?gsl-w 1Hmaj+ 1Hmin), 1.95 (dd, J = 14.0, 4.6 Hz, 1H i), 1.88 (ddd, J = 11.8, 7.8, 1.9 Hz,
1Hmin), 1.85-1.76 (M, 3Hmaj+ 2Hmin), 1.69-1.51 (M, 3Hmaj+ 2Hmin), 1.19 (t, J =
7.1 Hz, 3Hmin), 1.07 (t, J = 7.1 Hz, 3Hn,j, overlapped), 1.07 (d, J = 6.6 Hz, 3Hnin, overlapped), 1.01
(d, J = 6.4 Hz, 3Hma), 0.75 (d, J = 6.7 Hz, 3Hmin), 0.73 (d, J = 6.3 Hz, 3Hpy) ppm.
13C NMR (125 MHz, C¢Dg) 8 (major cis diastereomer) 148.5, 126.4, 125.8, 104.9, 88.5, 63.3, 52.3,
38.4,32.7,24.9, 24.7, 24.4, 15.4 ppm; & (minor trans diastereomer) 147.5, 126.5, 125.7, 104.4,
88.8,62.7,52.5,39.3,31.8, 25.3, 24.7, 23.9, 15.6 ppm.
HRMS (ESI+) m/z calculated for C1¢H240,Na (M+Na*) 271.1668, found 271.1664.
GC analysis using Astek G-DA column (30 m, dialkyl-y-cyclodextrin, i.D. 0.25 mm), Detector:
FID; Temperature: injector 220 °C, detector 320 °C, oven: 130 °C; gas: 0.5 bar Hy. ti(s) = 37.36

min, tZ(CIS) = 38.38 min, t]_(trans) = 40.37 min, tz(trans) = 42.03 min.

5-Benzyl-2-ethoxy-5-phenyltetrahydrofuran (rac-5q)

< Purification: Pentane/Et,O 15:1. Colorless oil. Diastereoisomers were not
0 separated (diastereomeric ratio 3.57:1 by '*H NMR).
0" 'H NMR (500 MHz, C¢Dg) & 7.38 (dd, J = 8.2, 1.1 Hz, 2Hpa)), 7.22-7.17 (M, 2Hma,
O + 2Hmin), 7.13-7.01 (M, 6Hmaj + 8Hmin), 5.07-5.05 (M, 1Hmaj + 1Hmin), 3.98-3.92

O (M, 1Hmin), 3.83-3.77 (M, 1Hms), 3.41-3.36 (M, 1Hmn), 3.34-3.28 (M, 1Hma),
3.18 (d, J = 13.6 Hz, 1Hmin), 3.16 (d, J = 13.6 Hz, 1Hmn), 2.97 (d, J = 13.4 Hz,
C’if"l’éf@’;i“ 1Hmaj), 2.81 (d, J = 13.4 Hz, 1Hpma), 2.29-2.23 (M, 1Hma + 1Hmin), 2.04-1.99 (m,
1Hmaj), 1.94-1.90 (M, 1Hpmin), 1.83-1.78 (M, 1Hmin), 1.73-1.69 (M, 1Hm,), 1.60-1.53 (M, 1Hmin),
1.33-1.28 (M, 1Hpy), 1.16 (t, J = 7.1 Hz. 3Hpmin), 0.97 (t, J = 7.1 Hz. 3Hpy) ppm.
3C NMR (125 MHz, C¢Dg) 6 149.0, 146.6, 138.1, 138.0, 131.1, 131.0, 128.3, 128.0, 127.9, 127.8,
126.7, 126.6, 126.5, 126.4, 126.1, 125.8, 104.7, 104.2, 88.7, 88.4, 63.1, 62.9, 50.4, 50.0, 36.5,
35.0, 33.0, 32.2, 15.5, 15.3 ppm.

HRMS (ESI+) m/z calculated for Ci9H2,0,Na (M+Na*) 305.151203, found 305.150760.
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HPLC analysis. The diastereoisomers were separated on a Zorbax Eclipse Plus C18 column (50
mm, 1.8 um particle size): MeOH/H,0 70:30, flow rate 1.0 mL/min, A = 220 nm: tm,j = 9.69 min,
tmin = 10.09 min. The enantiomeric ratio of the major diastereoisomer was determined by using
a column-switching technique, switching to a Kromasil AmyCoat RP column (150 mm) while the
separated diastereoisomer is being eluted: MeCN/H,0 65:35, flow rate 1.0 mL/min, A = 220
nm: t; = 13.48 min, t; = 14.23 min.

trans-2-(tert-Butyl)-5-ethoxy-2-methyltetrahydrofuran (rac-5-epi-5r)

Purification: Hexane/EtOAc 50:1. Colorless oil.

'H NMR (500 MHz, CsDg) 6 5.03 (d, J = 5.2 Hz, 1H), 3.85-3.79 (m, 1H), 3.34-3.28
(m, 1H), 1.97-1.92 (m, 1H), 1.79-1.66 (m, 2H), 1.61-1.56 (m, 1H), 1.37 (s, 3H),
1.14 (t, J = 7.0 Hz, 3H), 0.93 (s, 9H) ppm.

3¢ NMR (125 MHz, C¢D¢) & 104.7, 89.0, 62.2, 37.6, 34.3, 31.9, 25.7, 25.1, 15.6
rac-5-epi-5r

ppm.
HRMS (CI (FE) i-butane) m/z calculated for C11H»30, (M+H") 187.1698, found 187.1696.

GC analysis using BGB-176 column SE/SE52 (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-
cyclodextrin, i.D. 0.25 mm, df. 0.25 um), Detector: FID; Temperature: injector 220 °C, detector
350 °C, oven: 105 °C; gas: 0.5 bar H,. t; = 8.41 min, t, = 8.76 min.

cis-2-(tert-Butyl)-5-ethoxy-2-methyltetrahydrofuran (rac-5r)
< Purification: Hexane/EtOAc 50:1. Colorless oil.
O  'H NMR (500 MHz, C¢Dg) & 4.96 (d, J = 5.1 Hz, 1H), 3.83-3.76 (m, 1H), 3.28-3.22
0 i (m, 1H), 2.08-2.02 (m, 1H), 1.87-1.80 (m, 2H), 1.16-1.10 (m, 1H, overlapped),
1.12 (t,J=7.1 Hz, 3H, overlapped), 1.05 (s, 3H), 1.03 (s, 9H) ppm.
3C NMR (125 MHz, C¢Dg) 6 103.7, 90.0, 62.4, 36.8, 32.9, 30.3, 26.3, 22.6, 15.3 ppm.
HRMS (CI (FE) i-butane) m/z calculated for C11H»30, (M+H") 187.1698, found 187.1697.
GC analysis using BGB-176 column SE/SE52 (30 m, 2,3-dimethyl-6-tert-butyldimethylsilyl-B-
cyclodextrin, i.D. 0.25 mm, df. 0.25 um), Detector: FID; Temperature: injector 220 °C, detector

350 °C, oven: 105 °C; gas: 0.5 bar H,. t; =9.26 min, t, = 10.64 min.
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7.3.4. Transformations of 5c, determination of absolute configurations, and natural

product syntheses

(R)-2-(4-Fluorophenyl)tetrahydrofuran (6)
BF3-OEt, (38 uL, 0.30 mmol) was added dropwise to the solution of cis-2-
i ethoxy-5-(4-fluorophenyl)tetrahydrofuran (5¢, 21.0 mg, 0.1 mmol, er
H 97.5:2.5) and Et3SiH (162 pL, 116 mg, 1.0 mmol,) in dry CH,Cl, (1 mL) at -
30 °C under argon atmosphere. The mixture was allowed to warm to —10 °C
during 1.5 hours. Then saturated aqueous sodium bicarbonate solution (1 ml) was added and
mixture extracted with diethyl ether (10 mL), dried (MgSQ,) and filtered. Product was purified
by silica gel chromatography with 10% Et,O/pentane as the eluent. Colorless oil, (15.3 mg,
92%).
'H NMR (500 MHz, CDCl3) 6 7.10-7.06 (m, 2H), 6.86-6.81 (m, 2H), 4.59 (t, J = 7.1 Hz, 1H), 3.81
(td, J = 7.7, 6.2 Hz, 1H), 3.64 (td, J = 7.9, 6.3 Hz, 1H), 1.84-1.77 (m, 1H), 1.56-1.42 (m, 2H), 1.40-
1.33 (m, 1H) ppm.
3C NMR (125 MHz, CDCls) & 162.4 (d, J = 244 Hz), 140.0 (d, J = 3.1 Hz), 127.5 (d, J = 7.5 Hz),
115.2 (d, /= 21.2 Hz), 80.0, 68.4, 34.9, 26.0 ppm.
HRMS (El (FE)) m/z calculated for CyoH1,04F; 166.0794, found 166.0793.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 80:20, flow rate 0.5

mL/min, A = 210 nm: t, = 12.15 min, t, = 13.90 min, er = 98:2. % = +37.9 ° (c = 0.75 in CH,Cl,).
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(5R)-5-(4-Fluorophenyl)tetrahydrofuran-2-ol (7)
A solution of 5¢ (21.0 mg, 0.10 mmol, er 97.5:2.5) in MeCN (3 mL) was
" treated with 1M HCI (1 mL). After being stirred at room temperature for 90
min the mixture was diluted with H,O and extracted with CH,Cl, (3 x 10 mL).
E The combined organic layers were dried over MgSQ,, filtered, concentrated
under reduced pressure and the residue was purified by silica gel column chromatography
using hexane/EtOAc (2:1) as the eluent to give the title compound (16.6 mg, 0.091 mmol, 91%,
1.2:1 mixture of anomers) as a colorless oil.
Major diastereoisomer:
'H NMR (500 MHz, C¢Dg) & 7.01-6.98 (m, 2H), 6.84-6.78 (m, 2H), 5.42 (dd, J = 6.9, 3.4 Hz, 1H),
5.02 (dd, /=7.1, 7.1 Hz, 1H), 2.74 (d, / = 3.1 Hz, 1H), 2.09-2.02 (m, 1H), 1.83-1.75 (m, 1H), 1.74-
1.67 (m, 1H), 1.35-1.28 (m, 1H) ppm.
Minor diastereoisomer:
'H NMR (500 MHz, C¢Dg) § 7.23-7.19 (m, 2H), 6.89-6.84 (m, 2H), 5.31 (dd, J = 4.6, 3.5 Hz, 1H),
4.65 (dd, J=9.2, 6.4 Hz, 1H), 2.83 (dd, J = 3.2, 1.5 Hz, 1H), 1.83-1.75 (m, 1H), 1.74-1.67 (m, 2H),

1.56-1.49 (m, 1H) ppm.

3C NMR (125 MHz, CDg) 6 162.6 (d, J = 244.7 Hz), 162.5 (d, J = 244.6 Hz), 139.7 (d, J = 3.1 Hz),
139.0 (d, J = 3.0 Hz), 128.4 (d, J = 8.0 Hz), 127.6 (d, J = 8.2 Hz), 115.4, 115.2, 99.1, 98.8, 82.2,
78.9,34.7,33.2,33.2 ppm.

HRMS (EI (DE)) m/z calculated for C1oH1;0,F; 182.0743, found 182.0744.

(R)-1-(4-Fluorophenyl)butane-1,4-diol (8)
At 0 °C NaBH,4 (18.7mg, 0.494 mmol) was added to a solution of 7
?H oH (15.0 mg, 0.082 mmol) in MeOH (2 mL). The mixture was stirred at
F/O/\/\/ 0 °C for 30 min, then silica gel (500 mg) was added and the solvent
was removed in vacuo. The residue was loaded onto a pad of silica
gel and eluted with hexane/EtOAc/MeOH (1:3:0.2) to give the title compound as a colorless
solid (13.6 mg, 0.0738 mmol, 90%).
'H NMR (500 MHz, CDCls) & 7.33-7.30 (m, 2H), 7.04-7.00 (m, 2H), 4.71 (t, J = 6.3 Hz, 1H), 3.73-
3.64 (m, 2H), 2.53 (s, 2H), 1.85-1.81 (m, 2H), 1.70-1.63 (m, 2H) ppm.
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3C NMR (125 MHz, CDCl3) § 162.2 (d, J = 245.6 Hz), 140.5 (d, J = 3.0 Hz), 127.5 (d, J = 7.7 Hz),
115.4 (d, J = 21.4 Hz), 73.9, 63.0, 36.6, 29.2 ppm.

HRMS (EI (DE)) m/z calculated for CyoH130,F; 184.0900, found 182.0898.

HPLC analysis using Daicel Chiralcel OB-H column: n-heptane/i-PrOH 90:10, flow rate 0.5
mL/min, A =220 nm: t; = 21.66 min, t, = 23.29 min.

af = +44.1 (c = 0.200, CH,Cl,)

(R)-5-Phenyldihydrofuran-2(3H)-one
o To determine the absolute configurations of secondary homoaldol products a
0 sample of 5a was oxidized as described below for 5m —> 9a to give the title
compound as a colorless oil.
'H NMR (500 MHz, C¢D¢) & 7.10-7.02 (m, 3H), 7.01-6.99 (m, 2H), 4.72 (t, J = 7.5
Hz, 1H), 1.97-1.91 (m, 1H), 1.86-1.79 (m, 1H), 1.61-1.54 (m, 1H), 1.39-1.28 (m, 1H) ppm.
3¢ NMR (125 MHz, C¢Dg) 6 175.6, 140.4, 128.8, 128.3, 125.5, 80.4, 30.9, 28.6 ppm.
HRMS (El) m/z calculated for C1oH100, 162.068082, found 162.068013.
HPLC analysis using Daicel Chiralcel OB-H column: n-heptane/i-PrOH 60:40, flow rate 1.0
mL/min, A =220 nm: t; = 12.94 min, t; = 16.89 min.
ag =+31.1° (c=0.135, CHCs)
Absolute configuration was assigned as (R) by comparison of optical rotation with a literature

reported value.™®®

(S)-5-Methyl-5-(p-tolyl)dihydrofuran-2(3H)-one ((S)-Boiviniain A, ent-9a)
CrO3 (60.0 mg, 0.60 mmol) and conc. H,SO4 (2 drops) were subsequently
00 added to a vigorously stirred solution of (S)-5,5-diethoxy-2-(p-
Me tolyl)pentan-2-ol ((S)-4m, 26.6 mg, 0.10mmol) in acetone/H,0 (3:1, 2 mL)
at ambient temperature. The mixture was stirred for 24 h before quenched with i-PrOH (0.5
mL) and diluted with H,O (5 mL) and CH,Cl; (10 m). The layers were separated and the green
aqueous layer extracted wit CH,Cl, (3 x 10 mL). The combined organic layers were dried
(MgSQ,), filtered, and concentrated under reduced pressure. Purification of the residue by

column chromatography on silica gel using pentane/Et,0 (1:1) as the eluent afforded the title

compound as a colorless oil (17.0 mg, 0.089 mmol, 89%).
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'H NMR (500 MHz, C¢Dg) & 7.09 (d, J = 8.2 Hz, 2H), 6.92 (d, J = 8.0 Hz, 2H), 2.07 (s, 3H), 2.02-
1.88 (m, 2H), 1.76-1.70 (m, 1H), 1.57-1.51 (m, 1H), 1.28 (s, 3H) ppm.

3C NMR (125 MHz, CeDg) & 175.3, 142.4, 137.1, 129.4, 124.4, 85.8, 36.0, 29.2, 28.8, 20.9 ppm.
HRMS (El) m/z calculated for C1,H140, 190.099378, found 190.099233.

HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 70:30, flow rate 0.5
mL/min, A = 220 nm: t; = 12.34 min, t; = 15.30 min.

ap =-49.0 ° (c = 0.204, CHC3)

Absolute configuration assigned as (S) by comparison of optical rotation with a literature

reported value.r”!

(R)-5-Methyl-5-(p-tolyl)dihydrofuran-2(3H)-one ((R)-Boiviniain A, 9a)
Following the same procedure as described for ent-9a and using 30.0 mg

00 ) (0.30 mmol) of CrOs the title compound was obtained from (2R,5S)-2-

“Me ethoxy-5-methyl-5-(p-tolyl)tetrahydrofuran (5m, 22.0 mg, 0.10 mmol) as
a colorless oil (18.2 mg (0.096 mmol, 96%).
HPLC analysis using Daicel Chiralcel OJ-H column: n-heptane/i-PrOH 70:30, flow rate 0.5
mL/min, A = 220 nm: t; = 12.34 min, t; = 15.30 min.
af =+50.8 ° (c = 0.370, CHCls)
Absolute configuration assigned as (R) by comparison of optical rotation with a literature
reported value.r”!
When a sample of (2-epi-5m) was oxidized under identical conditions, (S)-Boiviniain A (ent-9a)

was obtained (absolute configuration assigned by comparison of the previously obtained HPLC

retention time).

(R)-3-Butylisobenzofuran-1(3H)-one (9b)
CrO5(30 mg, 0.3 mmol) and two drops of conc. H,SO4 were added to the
o solution of 51 (19.4 mg, 0.066 mmol, er 97.5:2.5) in acetone/water 3:1
(1.33 mL) at 0 °C. After 40 min at 0 °C, excess of i-PrOH was added to the
mixture, and stirring continued for 20 min more at 0 °C. Then water was

added and mixture extracted with diethyl ether. Combined extracts were washed with

concentrated aqueous sodium carbonate solution, dried (MgS0,) and filtered. The product was
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purified by silica gel chromatography with 15% Et,0/pentane as the eluent. Colorless oil, (10.7
mg, 85%).

'H NMR (500 MHz, CDCl3) & 7.88 (d, J = 7.6 Hz, 1H), 7.65 (td, J = 7.6, 0.8 Hz, 1H), 7.50 (t, J = 7.5
Hz, 1H), 7.41 (dd, /= 7.6, 0.6 Hz, 1H), 5.46 (dd, J = 7.8, 4.1 Hz, 1H), 2.06-1.99 (m, 1H), 1.78-1.71
(m, 1H), 1.50-1.31 (m, 4H), 0.89 (t, J/ = 7.3 Hz, 3H) ppm.

3C NMR (125 MHz, CDCl3) & 170.7, 150.1, 133.9, 129.0, 126.1, 125.7, 121.7, 81.4, 34.4, 26.9,
22.4,13.8 ppm.

HRMS (EI (DE)) m/z calculated for C1,H140, (M) 190.0994, found 190.0993.

HPLC analysis using Daicel Chiralcel OD-3 column: n-heptane/i-PrOH 98:2, flow rate 1.0 mL/min,
A =254 nm: t; = 5.88 min, t, = 6.76 min.

ap = +63.3 ° (c = 0.495 in CHCl3).

Absolute configuration assigned as (R) by comparison of optical rotation with a literature

reported value. 8

Experiment with 0.1 mol% catalyst loading

ipr

(0.1 mol%)
_ . OH
OH iPr = iPr 0
S)-STRIP EtO
fo~Ap, 2 SN EO e
DCM, MS 4 A, 0.1 M, 20 °C OEt
OEt 70 h, conv. 56% 5¢g
) 4g
rac-49 er97:3 er 96.5:3.5

dr 9:1
Molecular sieves 4 A (50 mg) and a solution of (S)-STRIP (0.072 mg, 0.0001 mmol) in dry
dichloromethane (0.5 mL), were added to the solution of rac-4g (26.4 mg, 0.1 mmol) in dry
dichloromethane (0.5 mL) and stirred at 20 °C. Samples (ca. 100 uL) were removed from the
reaction mixture, quenched by a few drops of EtsN. Subsequently, the product and remaining
starting material were isolated by column chromatography (silica gel, 2 g) using Et,0/pentane

(20%, then 50%) as the eluent, and analyzed by HPLC on a chiral stationary phase.
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7.4. Catalytic asymmetric spiroacetalization
7.4.1. Substrates

The synthesized substrates were used immediately for the spiroacetalization reaction or stored

as solutions in Et,0 or EtOAc.

3-(4,5-Dihydrofuran-2-yl)propan-1-ol (12a)

o t-BuLi g o A 1.7 M solution of tert-butyl lithium in
) - U

E(l) pentane (2.94 ml, 5 mmol) was added
, BF3'OEt2

dropwise to a solution of dihydrofuran (378
pl, 350 mg, 5 mmol) in THF (2 ml) at =78 °C under argon atmosphere. After being stirred at 0 °C
for 30 min, the mixture was cooled to —78 °C and diluted with THF (3 ml). Oxetane (650 pl, 581
mg, 10 mmol) was added to this mixture followed by the dropwise addition of BF;-OEt, (634 pl,
710 mg, 5 mmol). The mixture was stirred for 15 min at —78 °C, and Et3N (2 ml) was added
dropwise and the mixture was allowed to warm to room temperature. The mixture was filtered
through aluminum oxide (10 g, activity I, preconditioned with Et,0) using 5% MeOH/Et,0 as
eluent. The solvent was removed under reduced pressure and the residue was purified by
column chromatography on aluminum oxide (activity 1) using 20% EtOAc/hexane as the eluent
giving a colorless oil, 483 mg, 97 %.

'H-NMR (400 MHz, DMSO-dg): & 4.59-4.57 (m, 1H), 4.39 (t, J = 5.2 Hz, 1H), 4.20 (t, J = 9.4 Hz,
2H), 3.38 (q, / = 6.0 Hz, 2H), 2.54-2.49 (m, 2H, overlap with solvent), 2.07-2.03 (m, 2H), 1.59-
1.52 (m, 2H);

3c-NMR (100 MHz, DMSO-dg): 6 158.2, 93.3, 69.0, 60.1, 29.6, 29.4, 23.9;

HRMS (EI (FE)) (m/z): [M] calcd for C;H1,0,, 128.0837; found, 128.0836.

4-(3,4-Dihydro-2H-pyran-6-yl)butan-1-ol (12b)

A 2.5 M solution of n-butyl lithium in

o 1) n-Buli o OH
otBs hexane (2 ml, 5 mmol) was added
| |/\/\/ |
2) TBAF dropwise to a solution of 3,4-dihydro-

2H-pyran (457 pl, 420 mg, 5 mmol) in THF (2 ml) at 0 °C under argon atmosphere. After being
stirred at 50 °C for 1 h, the mixture was cooled to —10 °C. A solution of tert-butyl(4-

iodobutoxy)dimethylsilane (5 mmol) in THF (2 ml) was added to the mixture at —10 °C. The
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mixture was heated to 50 °C for 1.5 h, cooled to room temperature, and filtered through celite
and aluminum oxide (5 g, activity Ill) using hexane as the eluent. The solvent was removed
under reduced pressure and the residue was treated with 1 M solution of
tetrabutylammonium fluoride in THF (6 mmol, 6 ml) for 1 h 45 min at room temperature. The
mixture was then diluted with hexane (10 ml) and filtered through celite and aluminum oxide
(5 g, activity Ill) using Et,0 as the eluent. The solvent was removed under reduced pressure and
the residue was purified by column chromatography on aluminum oxide (activity Ill) using 10%
EtOAc/hexane as the eluent giving a colorless oil, 349 mg, 45 %.

'H-NMR (500 MHz, C¢Dg): & 4.45 (t, J = 3.7 Hz, 1H), 3.77-3.75 (m, 2H), 3.37-3.34 (m, 2H), 2.06 (t,
J=7.5Hz, 2H), 1.83-1.80 (m, 2H), 1.60-1.54 (m, 2H), 1.49-1.45 (m, 2H), 1.44-1.39 (m, 2H), 0.69
(t,J=5.2 Hz, 1H);

BC-NMR (125 MHz, C¢Dg): & 154.8, 95.3, 66.0, 62.6, 34.6, 32.6, 23.7, 22.8, 20.6;

HRMS (EI (FE)) (m/z): [M] calcd for CoH160,, 156.1150; found, 156.1149.

3-(3,4-Dihydro-2H-pyran-6-yl)propan-1-ol (12c)
A 2.5 M solution of n-butyl lithium in

0 n-BulLi 0O
OH
@ - U/\/\ hexane (2 ml ml, 5 mmol) was added
o}
|:| . BFyOEt,

dropwise to a solution of 3,4-dihydro-2H-

pyran (457 ul, 420 mg, 5 mmol) in THF (2 ml) at 0 °C under argon atmosphere. After being
stirred at 50 °C for 1 h, the mixture was cooled to —78 °C and diluted with THF (3 ml). Oxetane
(650 pl, 581 mg, 10 mmol) was added to this mixture followed by the dropwise addition of
BF3-OEt, (634 ul, 710 mg, 5 mmol). The mixture was stirred for 15 min at —78 °C, then EtsN (2
ml) was added dropwise and mixture allowed to warm to room temperature. The mixture was
filtered through aluminum oxide (10 g, activity Ill, preconditioned with Et,0) using 5%
MeOH/Et,0 as eluent. The solvent was removed under reduced pressure and the residue was
purified by column chromatography on aluminum oxide (activity Ill) using 20% EtOAc/hexane
as the eluent giving a colorless oil, 365 mg, 51 %.

'H-NMR (400 MHz, DMSO-d¢): & 4.42 (t, J = 3.6, 1H), 4.33 (t, J = 5.2 Hz, 1H), 3.89-3.86 (m, 2H),
3.38-3.33 (m, 2H), 1.98-1.89 (m, 4H), 1.71-1.65 (m, 2H), 1.54-1.47 (m, 2H);

BC-.NMR (100 MHz, DMSO-dg): 6 153.7, 94.7, 65.3, 60.2, 30.3, 30.0, 22.0, 19.7;

HRMS (EI (FE)) (m/z): [M] calcd for CgH140,, 142.0994; found, 142.0993.
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4-(4,5-Dihydrofuran-2-yl)butan-1-ol (12d)

A 1.7 M solution of tert-butyl lithium in
o 1) t-BuLi o)

- @/\/\/OH pentane (2.94 ml, 5 mmol) was added
\/ NN OTBS

2) TBAF dropwise to a solution of dihydrofuran

(378 ul, 350 mg, 5 mmol) in THF (2 ml) at =78 °C under argon atmosphere. After being stirred
at 0 °C for 30 min, the mixture was cooled to —78 °C and diluted with THF (3 ml). A solution of
tert-butyl(4-iodobutoxy)dimethylsilane (7.5 mmol) in THF (2 ml) was added dropwise to the
mixture at —78 °C. The cooling bath (dry ice/acetone) was allowed to warm to room
temperature overnight. To the mixture, water (10 ml) was added and the mixture extracted
with hexane. The combined organic extracts were washed with water (2 x 10 ml) and brine (10
ml), and dried (MgSQ,). After filtration the solvent was removed under reduced pressure and
the residue treated with 1 M solution of tetrabutylammonium fluoride in THF (10 mmol, 10 ml)
for 1 h 30 min at room temperature. Water was added and the mixture extracted with Et,0.
The combined organic extracts were washed with saturated aqueous Na,COs;, and dried
(MgSQ,). After filtration, the solvent was removed under reduced pressure and the residue
was purified by column chromatography on aluminum oxide (activity Ill) using 20%
EtOAc/hexane as the eluent giving a colorless oil, 356 mg, 50 %.

'H-NMR (500 MHz, DMSO-dg): & 4.58 (s, 1H), 4.35 (t, J = 5.2 Hz, 1H), 4.20 (t, J = 9.3 Hz, 2H), 3.36
(g,J=5.8 Hz, 2H), 2.53-2.49 (m, 2H, overlap with solvent), 2.03-2.05 (m, 2H), 1.47-1.38 (m, 4H);
3C-NMR (125 MHz, DMSO-dg): 6 158.3, 93.5, 69.0, 60.4, 32.1, 29.5, 27.1, 22.7;

HRMS (EI (FE)) (m/z): [M] calcd for CgH1405, 142.0994; found, 142.0993.

Ethyl 4-(4,5,6,7-tetrahydrooxepin-2-yl)butanoate (12ea)

1) A 1 M solution of LIHMDS in
o

0 )
Cj 1) LIHMDS, PAN(TF), © \ THF (12.5 mmol, 12.5 ml) was
> o)
2) /\Mi diluted with THF (40 ml), and
2n , OF 12ea cooled to =78 °C. To the solution

cat. Pd(PPh3)4

HMPA (2.24 g, 12.5 mmol) was
added, followed by a solution of the lactone (1.11 ml, 1.14 g, 10 mmol) in THF (13 ml). After
being stirred for 90 min at —78 °C, a solution of PhN(Tf), in THF (10 ml) was added dropwise.
After 90 min at —78 °C, the cooling bath was removed and the mixture was allowed to warm to

0°C. 10 % Aqueous sodium hydroxide solution was added (60 ml) and the mixture extracted
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with Et,0 (3 x 60 ml). The combined organic extracts were washed with water (2 x 20 ml) and
dried over K,COs. The resulting solution of enol triflate was concentrated to 5 ml and diluted
with benzene (30 ml) and used immediately for coupling reactions.

2) In a separate flask, ethyl 4-iodobutanoate (2.42 g, 10 mmol) was added to a suspension of
Zn-Cu couple (1.31 g, 20 mmol) in benzene (13 ml) and N,N-dimethylacetamide (1.7 ml) under
argon and the mixture was refluxed for 2 h. After cooling to room temperature, half of the
above prepared solution of enol triflate in benzene (5 mmol in 15 ml benzene) was added,
followed by a solution of Pd(PPhs), (289 mg, 0.25 mmol, 5 mol%) in benzene (15 ml). After 1 h
20 min at room temperature EtsN (3 ml) was added, and the mixture was filtered thorough
silica gel (20 g) using Et,0 as the eluent, and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel using 2-4% EtOAc/hexane as the eluent
giving colorless oil, 466 mg, 44 %.

"H-NMR (400 MHz, DMSO-dg): & 4.66 (t, J = 5.7 Hz, 1H), 4.03 (g, J = 7.1 Hz, 2H), 3.85-3.83 (m,
2H), 2.25 (t, J = 7.4 Hz, 2H), 2.03-1.99 (m, 2H), 1.93 (t, J = 7.3 Hz, 2H), 1.76-1.71 (m, 2H), 1.65-
1.60 (m, 2H), 1.58-1.51 (m, 2H), 1.16 (t, J = 7.1 Hz, 3H);

BC-.NMR (100 MHz, DMSO-dg): 6 172.7, 158.6, 105.2, 71.1, 59.6, 34.5, 32.7, 31.1, 25.6, 25.2,
22.0,14.1;

HRMS (ESI+) (m/z): [M+Na] calcd for C1,H,003Na, 235.1305; found, 235.1303.

4-(4,5,6,7-Tetrahydrooxepin-2-yl)butan-1-ol (12e)

LiAlH; (159 mg, 4.20 mmol)
o o~ o OH
\ - g\/\/ was added to a solution of
O B
ester 12ea (406 mg, 1.91
12ea .

mmol) in THF (4 ml) under
argon. The mixture was stirred without heating for 1 h, then heated shortly to reflux with a
heat gun, and left to cool to room temperature. Excess LiAlH, was destroyed with a minimum
amount of brine, and the solution separated from the inorganic precipitate which was washed
with Et,0 (5 x 10 ml). The combined organic extracts were dried (MgSQ,), filtered, and the
solvent was removed under reduced pressure. The residue was purified by column
chromatography on aluminum oxide (activity Ill) using 20% EtOAc/hexane as the eluent giving

colorless oil, 307 mg, 94 %.
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'H-NMR (500 MHz, DMSO-dg): & 4.66 (t, J = 5.8 Hz, 1H), 4.32 (t, J = 5.2 Hz, 1H), 3.84-3.82 (m,
2H), 3.37-3.34 (m, 2H), 2.02-1.99 (m, 2H), 1.92-1.88 (m, 2H), 1.75-1.71 (m, 2H), 1.56-1.51 (m,
2H), 1.41-1.34 (m, 4H);

3C-NMR (125 MHz, DMSO-dg): & 159.6, 104.7, 71.0, 60.5, 35.1, 32.0, 31.2, 25.7, 25.2, 23.1;
HRMS (EI (FE)) (m/z): [M] calcd for C19H180,, 170.1307; found, 170.1305.

Ethyl 3-(4,5,6,7-tetrahydrooxepin-2-yl)propanoate (12fa)
0 1) A1 M solution of LIHMDS in THF

C\;/O 1) LIHMDS, PhN(Tf), o o” > (12.5 mmol, 12.5 ml) was diluted
~ \

2) o) with THF (40 ml), and cooled to —

|zn/\)J\oa ofa 78 °C. HMPA (2.24 g, 12.5 mmol)

cat. Pd(PPhs). was added followed by a solution of

the lactone (1.11 ml, 1.14 g, 10 mmol) in THF (13 ml). After being stirred for 90 min at =78 °C, a
solution of PhN(Tf), in THF (10 ml) was added dropwise. After 90 min at —78 °C, the cooling
bath was removed and the mixture was allowed to warm to 0°C. 10 % Aqueous sodium
hydroxide solution was added (60 ml) and the mixture was extracted with Et,0O (3 x 60 ml). The
combined organic extracts were washed with water (2 x 20 ml) and dried over K,COs. The
resulting solution of enol triflate was concentrated to 5 ml and diluted with benzene (30 ml)
and used immediately for coupling reactions.

2) In a separate flask, ethyl 3-iodopropanoate (2.28 g, 10 mmol) was added to a suspension of
Zn-Cu couple (1.31 g, 20 mmol) in benzene (13 ml) and N,N-dimethylacetamide (1.7 ml) under
argon, and the mixture was refluxed for 2 h. After cooling to room temperature, half of the
above prepared solution of enol triflate in benzene (5 mmol in 15 ml benzene) was added,
followed by a solution of Pd(PPhs)s (289 mg, 0.25 mmol, 5 mol%) in benzene (15 ml). After 1h
20 min at room temperature EtsN (3 ml) was added, and the mixture filtered thorough silica gel
(20 g) using Et,0 as the eluent, and concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel using 2-4% EtOAc/hexane as the eluent giving
colorless oil, 572 mg, 58 %.

'H-NMR (400 MHz, DMSO-dg): & 4.73-4.69 (m, 1H), 4.03 (g, J = 7.1 Hz, 2H), 3.82-3.81 (m, 2H),
2.36-2.33 (m, 2H), 2.21-2.17 (m, 2H), 2.02-1.99 (m, 2H), 1.76-1.70 (m, 2H), 1.55-1.49 (2H), 1.16
(t,J = 7.1 Hz, 3H);
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C-NMR (100 MHz, DMSO-d): 6§ 172.2, 157.9, 105.4, 71.3, 59.7, 31.7, 31.1, 30.8, 25.5, 25.2,
14.1;
HRMS (ESI+) (m/z): [M+Na] calcd for C;;H;305Na, 221.1148; found, 221.1144.

3-(4,5,6,7-Tetrahydrooxepin-2-yl)propan-1-ol (12f)
o LiAlH; (195 mg, 5.13 mmol) was
o o> LM, @V\OH added to a solution of ester 12fa
\ T (462 mg, 2.33 mmol) in THF (6 ml)
12fa under Argon. The mixture was
stirred without heating for 1 h, then heated shortly to reflux with a heat gun, and left to cool to
room temperature. Excess LiAlH; was destroyed with a minimum amount of brine, and the
solution separated from the inorganic precipitate which was washed with Et,0 (5 x 10 ml). The
combined organic extracts were dried (MgS0,), filtered, and the solvent was removed under
reduced pressure. The residue was purified by column chromatography on aluminum oxide
(activity 1) using 20% EtOAc/hexane as the eluent giving colorless oil, 330 mg, 91 %.
'H-NMR (500 MHz, DMSO-dg): & 4.66 (t, J = 5.8 Hz, 1H), 4.34 (t, J = 5.2 Hz, 1H), 3.84-3.81 (m,
2H), 3.37-3.33 (m, 2H), 2.02-1.98 (m, 2H), 1.93 (t, / = 7.5 Hz, 2H), 1.75-1.71 (m, 2H), 1.55-1.47
(m, 4H);
B3C-NMR (125 MHz, DMSO-dg): 6 159.5, 104.7, 71.1, 60.3, 31.9, 31.3, 30.2, 25.7, 25.3;
HRMS (EI (FE)) (m/z): [M] calcd for CoH160,, 156.1150; found, 156.1150.

5-(3,4-Dihydro-2H-pyran-6-yl)pentan-2-ol (12g)

A 2.5 M solution of n-butyl lithium in
1) n-BuLi

@ —— @/\/\(OH hexane (2 ml, 5 mmol) was added
|/\/\r

dropwise to a solution of 3,4-dihydro-
2) TBAF

2H-pyran (457 ul, 420 mg, 5 mmol) in
THF (2 ml) at 0 °C under argon atmosphere. After being stirred at 50 °C for 1 h, the mixture was
cooled to —10 °C. A solution of tert-butyl((5-iodopentan-2-yl)oxy)dimethylsilane (5.5 mmol,
obtained by opening of 2-Me-THF with TBSCI and NaI”sg]) in THF (2 ml) was added to the
mixture at —10 °C. The mixture was heated to 50 °C for 2 h, cooled to room temperature, and
filtered through celite and aluminum oxide (5 g, activity Ill) using hexane as the eluent. The

solvent was removed under reduced pressure and the residue was treated with 1 M solution of
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tetrabutylammonium fluoride in THF (10 mmol, 10 ml) for 18 h at reflux temperature. The
mixture was then diluted with hexane (20 ml) and filtered through celite and aluminum oxide
(10 g, activity Ill) using Et,0 as the eluent. The solvent was removed under reduced pressure
and the residue was purified by column chromatography on aluminum oxide (activity Ill) using
5-20% EtOAc/hexane as the eluent giving a colorless oil, 422 mg, 50 %.

'H-NMR (500 MHz, C¢Dg): 6 7.47 (t, J = 3.7 Hz, 1H), 3.79-3.77 (m, 2H), 3.58-3.51 (m, 1H), 2.12-
2.03 (m, 2H), 1.84-1.81 (m, 2H), 1.71-1.62 (m, 1H), 1.60-1.51 (m, 1H), 1.50-1.46 (m, 2H), 1.39-
1.25 (m, 2H), 0.99 (d, J = 6.2 Hz, 3H), 0.87 (d, J = 4.2 Hz, 1H);

BC-NMR (125 MHz, C¢Dg): 6 154.9, 95.3, 67.6, 66.0, 39.2, 34.9, 23.8, 23.7, 22.8, 20.7;

HRMS (EI (FE)) (m/z): [M] calcd for C1oH150,, 170.1307; found, 170.1305.

4-(3,4-Dihydro-2H-pyran-6-yl)-2-methylbutan-1-ol (12i)

A 2.5 M solution of n-butyl lithium in
o 1) n-BuLi o

| OH hexane (2 ml, 5 mmol) was added

I/\)\/OTBS dropwise to a solution of 3,4-dihydro-

2H-pyran (457 ul, 420 mg, 5 mmol) in

2 TBAF THF (2 ml) at 0 °C under argon
atmosphere. After being stirred at 50 °C for 1 h, the mixture was cooled to —10 °C. A solution of
tert-butyl(4-iodo-2-methylbutoxy)dimethylsilane  and tert-butyl(4-iodo-3-methylbutoxy)di-
methylsilane (1.2:1, 5.5 mmol, obtained by opening of 3-Me-THF with TBSCI and NaI[159]) in THF
(2 ml) was added to the mixture at —10 °C. The mixture was heated to 50 °C for 1.5 h. After
cooling to room temperature, water was added and the mixture extracted with hexane. The
combined organic extracts were washed with brine, and dried (MgSQ,). After filtration the
solvent was removed under reduced pressure and the residue treated with a 1 M solution of
tetrabutylammonium fluoride in THF (10 mmol, 10 ml) for 2 h at room temperature. Water was
added and the mixture was extracted with Et,0. The combined organic extracts were washed
with saturated aqueous Na,COs, and dried (MgSQ,). After filtration, the solvent was removed
under reduced pressure and the residue was purified by column chromatography on aluminum
oxide (activity Ill) using 5-40% Et,0/pentane as the eluent. Some of 12i was isolated as pure

material, colorless oil, 46 mg. The rest was collected as a mixture 12i/12k 2:1, colorless oil, 173

mg.

158



7. EXPERIMENTAL SECTION

'H-NMR (500 MHz, C¢Dg): & 4.47 (t, J = 3.7 Hz, 1H), 3.78-3.76 (m, 2H), 3.28-3.24 (m, 1H), 3.20-
3.16 (m, 1H), 2.18-2.12 (m, 1H), 2.08-2.02 (m, 1H), 1.84-1.80 (m, 2H), 1.73-1.66 (m, 1H), 1.54-
1.46 (m, 3H), 1.37-1.30 (m, 1H), 0.84 (d, J = 6.7 Hz, 3H), 0.72 (t, J = 4.6 Hz, 1H);

3C-NMR (125 MHz, C¢D¢): 6 155.2, 95.1, 67.9, 66.1, 35.6, 32.4, 30.9, 22.8, 20.7, 16.8:

HRMS (EI (FE)) (m/z): [M] calcd for C19H130,, 170.1307; found, 170.1306.

4-(3,4-Dihydro-2H-pyran-6-yl)-3-methylbutan-1-ol (12k)

) A 2.5 M solution of n-butyl lithium in
o 1) n-BuLi

o OH
U . m\/ hexane (1.78 ml, 4.45 mmol) was
I/Y\/OTBS added dropwise to a solution of 3,4-

2) TBAF dihydro-2H-pyran (407 ul, 374 mg,
4.45 mmol) in THF (1.8 ml) at 0 °C under argon atmosphere. After being stirred at 50 °C for 1 h,

the mixture was cooled to -10 °C. A solution of tert-butyl(4-iodo-3-
methylbutoxy)dimethylsilane (4.45 mmol, containing <10% of tert-butyl(4-iodo-2-
methylbutoxy)dimethylsilane, obtained from 1:1.2 mixture!™’! by chromatography on silica gel
using 0-10% EtOAc/hexane as eluent) in THF (1.8 ml) was added to the mixture at —=10 °C. The
mixture was heated to 50 °C for 2 h. After cooling to room temperature, water was added and
the mixture extracted with hexane. The combined organic extracts were washed with brine,
and dried (MgSQ,). As a significant amount of iodide remained unconsumed, the unpurified
residue was again treated with lithiated 3,4-dihydro-2H-pyran (407 ul, 374 mg, 4.45 mmol) as
described above. The workup was repeated as above and after filtration the solvent was
removed under reduced pressure and the residue treated with 1 M solution of
tetrabutylammonium fluoride in THF (10 mmol, 10 ml) for 2 h at room temperature. Water was
added and the mixture extracted with MTBE. The combined organic extracts were washed with
saturated aqueous Na,COs, and dried (MgSQ,). After filtration, the solvent was removed under
reduced pressure and the residue was purified by column chromatography on aluminum oxide
(activity 1Il) using 5-50% Et,0/pentane as the eluent giving a colorless oil, 146 mg (containing
<10% of 12i).

'H-NMR (500 MHz, C¢Dg): & 4.44 (t, J = 3.7 Hz, 1H), 3.78-3.70 (m, 2H), 3.50-3.40 (m, 2H), 2.09-
1.96 (m, 2H), 1.88-1.80 (m, 3H), 1.57-1.50 (m, 1H), 1.49-1.43 (m, 2H), 1.29-1.22 (m, 1H), 0.90 (d,
J=6.5Hz, 3H), 0.68 (t, / = 4.7 Hz, 1H);

3C-NMR (125 MHz, C¢Dg): 6 153.8, 96.7, 66.0, 61.0, 42.7, 40.0, 27.9, 22.8, 20.7, 19.9;
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HRMS (EI (FE)) (m/z): [M] calcd for CyoH150,, 170.1307; found, 170.1307.

4-(2-Methoxy-3,4-dihydro-2H-pyran-6-yl)butan-1-ol (12m)

A 1.7 M solution of t-butyl
1) t-BulLi

MeO__ O > MeO O OH " |ithjum in pentane (11.8 ml,
U e~ OTBS |
20 mmol) was added

2) TBAF
dropwise to a solution of 2-methoxy-3,4-dihydro-2H-pyran (1.14 g, 10 mmol) in THF (4 ml) at —

78 °C under argon atmosphere. After being stirred for 15 min at =78 °C and for 30 min at 0 °C,
the mixture was diluted with THF (5 ml). After being stirred for additional 10 min at 0 °C, the
mixture was cooled to —78 °C. A solution of tert-butyl(4-iodobutoxy)dimethylsilane (10 mmol)
in THF (2 ml) was added dropwise at —78 °C, and the mixture allowed to warm slowly to room
temperature overnight. The mixture was filtered through celite and aluminum oxide (activity
[Il) using hexane as the eluent. The solvent was removed under reduced pressure and the
residue was treated with 1 M solution of tetrabutylammonium fluoride in THF (12 mmol, 12
ml) for 7 h at room temperature. The mixture was then diluted with hexane (30 ml) and
filtered through celite and aluminum oxide (20 g, activity Ill) using Et,0 as the eluent. The
solvent was removed under reduced pressure and the residue was purified by column
chromatography on aluminum oxide (activity Ill) using 10-30% EtOAc/hexane as the eluent
giving a colorless oil, 646 mg, 35 %.

The characterization as for the enantioenriched sample.
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7.4.2. Products

Racemates

Racemic products were prepared by mixing a solution of substrate in Et,0 or EtOAc with
aqueous HCl for few minutes. Samples for GC analysis were isolated by thin layer
chromatography on aluminum oxide using EtOAc/hexane as eluent.

For chiral substrates, racemates were prepared both under kinetic and thermodynamic

conditions as described for individual case.

General procedure for small scale optimizations

To a solution of substrate 12 (0.025 mmol) in solvent (0.5 ml) was added (dropwise at
temperatures below r.t.) a solution of catalyst in solvent (0.5 ml). The reaction was quenched
with 2-3 drops of EtsN. Samples for GC analysis were isolated by thin layer chromatography on

aluminum oxide using EtOAc/hexane as eluent.

General procedure for the catalytic asymmetric spiroacetalization

o

o, O
n, OH solvent, molecular sieves (w )
nq nq n

0.025 M

Solvent (7 ml) and molecular sieves were cooled to the reaction temperature in a vial closed
with a septum. A solution of substrate 12 (0.25 mmol) in solvent (2 ml) was added, and the
mixture stirred for 5-10 min allowing it to reach the reaction temperature. To the mixture a
solution of catalyst 13c in solvent (1 ml) was added dropwise. After designated time at the
designated temperature the reaction was quenched with EtsN (50 pl).

Purification was performed by chromatography as described for individual case. Solutions of
products after chromatography were carefully concentrated to ca. <0.1 ml, and immediately
dissolved in C¢Dg(3 ml). Yield was determined by *H NMR analysis using 1 ml of this solution

and PhsCH (20.4 mg, 0.0833 mmol) as internal standard, integration of PhsCH vs. product —
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CH,0—-. NMR spectra without remaining solvent are obtained after concentrating the other 2
ml of the C¢Dg solution (previously used for optical rotation measurement) to < 0.3 ml and
diluting with C¢De. Alternatively, after chromatography the solution was concentrated to <50
mg, part of the sample was directly used for optical rotation measurement, and the rest
immediately used for NMR analysis, and yield corrected for residual solvent by integration in
'H NMR spectrum. Due to the volatility of the products some imprecision in the determination
of yields and optical rotation values is expected.

Absolute configuration of (S)-11b was determined by comparison with literature value,””! and

configurations of other products were assigned by analogy.

(S)-1,6-Dioxaspiro[4.4]nonane (11a)

o o Reaction conditions: catalyst loading, 0.1 mol%; solvent, CH,Cl,; molecular sieves, 3
E}ij A (125 mg); temperature, — 55 °C, 12 h. Purification: To the mixture EtsN (0.5 ml)
was added, mixture concentrated to <1 ml, silica gel column using 10% Et,O/pentane as eluent.
Colorless liquid, yield 62%;

'H-NMR (400 MHz, C¢Dg): & 3.93-3.87 (m, 2H), 3.74-3.68 (m, 2H), 2.01-1.83 (m, 4H), 1.69-1.61
(m, 2H), 1.58-1.48 (m, 2H);

13C-NMR (100 MHz, C¢D¢): 6 114.6, 66.9, 34.8, 25.0;

HRMS (EI (FE)) (m/z): [M] calcd for C;H1,0,, 128.0837; found, 128.0838;

[]? = +182.4 ° (c = 0.44 in pentane, er 96:4);

GC (Column: 25 m Lipodex-G (octakis-(2,3-di-O-pentyl-6-O-methyl)-y-cyclodextrin), i.D. 0.25
mm; Detector: FID; Temperature: injector 230 °C, detector 350 °C, oven 95 °C; gas: 0.5 bar H,),

tminor = 2.82 min, tmajor = 3.00 min, er 96:4.

(S)-1,7-Dioxaspiro[5.5]undecane ((S)-11b)

o o Reaction conditions: catalyst loading, 5 mol%; solvent, tert-butyl-methyl ether;

( X > molecular sieves, 4 A (50 mg); temperature, — 25 °C, 24 h. Purification: mixture

concentrated to <1 ml, silica gel column using 5% Et,O/pentane as eluent. Colorless liquid,
yield 77%.

'H-NMR (400 MHz, C¢Dg): & 3.71-3.64 (m, 2H), 3.57-3.52 (m, 2H), 2.03-1.91 (m, 2H), 1.68-1.62
(m, 2H), 1.51-1.30 (m, 6H), 1.27-1.22 (m, 2H);

3C-NMR (100 MHz, C¢Dg): 6 94.9, 60.2, 36.3, 25.8, 19.1;
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HRMS (EI (FE)) (m/z): [M] calcd for CsH1605, 156.1150; found, 156.1151;

[]? = +121.5 ° (c = 0.85 in pentane, er 98:2) (Literature value for (R)-11b: [a];=-122.8 °, c =
3.2 in pentane, er > 97.5:2.5)[27];

GC (Column: 25 m Lipodex-G (octakis-(2,3-di-O-pentyl-6-0O-methyl)-y-cyclodextrin), i.D. 0.25
mm; Detector: FID; Temperature: injector 230 °C, detector 350 °C, oven 100 °C; gas: 0.5 bar H,),

tminor = 4.86 min, tmajor = 5.36 min, er 98:2.

(R)-1,7-Dioxaspiro[5.5]Jundecane ((R)-11b)

o o Reaction conditions: catalyst loading, 5 mol%; solvent, tert-butyl-methyl ether;

( 2}( ) molecular sieves, 4 A (50 mg); temperature, — 25 °C, 12 h. Purification: mixture

concentrated to <1 ml, silica gel column using 5% Et,0/pentane as eluent. Colorless liquid,
yield 70%.

'H-NMR (500 MHz, C¢Dg): 6 3.70-3.65 (m, 2H), 3.57-3.53 (m, 2H), 2.02-1.92 (m, 2H), 1.67-1.63
(m, 2H), 1.50-1.30 (m, 6H), 1.27-1.22 (m, 2H);

3C-NMR (125 MHz, C¢D¢): 6 94.9, 60.2, 36.3, 25.8, 19.1;

[@]y =-96.3 ° (c = 0.91 in C¢Ds, er 97.5:2.5);

GC (Column: 25 m Lipodex-G (octakis-(2,3-di-O-pentyl-6-O-methyl)-y-cyclodextrin), i.D. 0.25
mm; Detector: FID; Temperature: injector 230 °C, detector 350 °C, oven 100 °C; gas: 0.5 bar H,),
tmajor = 4.53 min, tminor = 5.05 min, er 97.5:2.5.

(S)-1,6-Dioxaspiro[4.5]decane (11c) (obtained from substrate 12c)

o o Reaction conditions: catalyst loading, 1 mol%; solvent, 1,2-dichloroethane;

molecular sieves, 3 A (125 mg); temperature, — 35 °C, 12 h. Purification: Reaction
mixture loaded onto pentane preconditioned silica gel column, product eluted using 10%
Et,O/pentane as eluent. Colorless liquid, yield 81%.

'H-NMR (400 MHz, CDg): & 3.96-3.90 (m, 1H), 3.88-3.83 (m, 1H), 3.77-3.72 (m, 1H), 3.60-3.55
(m, 1H), 2.02-1.82 (m, 3H), 1.68-1.58 (m, 2H), 1.55-1.37 (m, 4H), 1.29-1.21 (m, 1H);

3C-NMR (100 MHz, C¢Dg): 6 105.5, 67.0, 61.5, 38.2, 34.0, 25.8, 24.2, 20.8;

HRMS (EI (FE)) (m/z): [M] calcd for CgH140,, 142.0994; found, 142.0995;

[a]g =+ 130.9 ° (c = 0.88 in pentane, er 95.5:4.5);
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GC (Column: 25 m Lipodex-G (octakis-(2,3-di-O-pentyl-6-O-methyl)-y-cyclodextrin), i.D. 0.25
mm; Detector: FID; Temperature: injector 230 °C, detector 350 °C, oven 100 °C; gas: 0.5 bar H,),
tminor = 3.30 min, tmajor = 3.47 min, er 95.5:4.5.

(S)-1,6-Dioxaspiro[4.5]decane (11c) (obtained from substrate 12d)

o o Reaction conditions: catalyst loading, 1 mol%; solvent, tert-butyl-methyl ether;
@ molecular sieves, 4 A (50 mg); temperature, =35 °C, 12 h. Purification: To the
mixture EtsN (0.5 ml) was added, mixture concentrated to <1 ml, silica gel column using 5%
Et,0/pentane as eluent. Colorless liquid, yield 69%.

'H-NMR (500 MHz, C¢Dg): 6 3.96-3.91 (m, 1H), 3.89-3.83 (m, 1H), 3.76-3.72 (m, 1H), 3.59-3.56
(m, 1H), 2.01-1.83 (m, 3H), 1.67-1.61 (m, 2H), 1.54-1.38 (m, 4H), 1.27-1.22 (m, 1H);

BC-.NMR (125 MHz, C¢Dg): 6 105.5, 67.0, 61.4, 38.2, 34.0, 25.8, 24.2, 20.8;

HRMS (EI (FE)) (m/z): [M] calcd for CgH140,, 142.0994; found, 142.0993;

[a]g =+103.1° (c = 0.83 in C¢Ds, er 96:4);

GC (Column: 25 m Lipodex-G (octakis-(2,3-di-O-pentyl-6-O-methyl)-y-cyclodextrin), i.D. 0.25
mm; Detector: FID; Temperature: injector 230 °C, detector 350 °C, oven 100 °C; gas: 0.5 bar H,),
tminor = 3.31 Min, tmajor = 3.46 min, er 96.0:4.0.

(S)-1,7-Dioxaspiro[5.6]dodecane (11e)

Reaction conditions: catalyst loading, 1 mol%; solvent, tert-butyl-methyl ether;
00

“ny

molecular sieves, 4 A (50 mg); temperature, =25 °C, 12 h. Purification: To the
mixture EtsN (0.5 ml) was added, mixture concentrated to <1 ml, silica gel
column using 5% Et,0/pentane as eluent. Colorless liquid, yield 78%.

'H-NMR (500 MHz, C¢Dg): 6 3.84-3.79 (m, 1H), 3.76-3.71 (m, 1H), 3.60-3.52 (m, 2H), 1.99-1.79
(m, 4H), 1.67-1.62 (m, 1H), 1.61-1.54 (m, 1H), 1.52-1.32 (m, 5H), 1.31-1.24 (m, 2H), 1.16-1.07
(m, 1H);

13C.NMR (125 MHz, C¢D¢): 6 99.9, 61.4, 61.0, 42.1, 36.1, 31.2, 30.3, 26.1, 22.8, 19.5;

HRMS (EI (FE)) (m/z): [M] calcd for C10H130,, 170.1307; found, 170.1305;

[@]? =+111.8° (c=1.11 in C¢Ds, er 96:4);

GC (Column: 25 m Lipodex-G (octakis-(2,3-di-O-pentyl-6-O-methyl)-y-cyclodextrin), i.D. 0.25
mm; Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven 105 °C; gas: 0.5 bar H,),

tminor = 7.05 min, tmajor = 7.29 min, er 96:4.
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(S)-1,6-Dioxaspiro[4.6]undecane (11f)

Reaction conditions: catalyst loading, 1 mol%; solvent, tert-butyl-methyl ether;
o0 o

molecular sieves, 4 A (50 mg); temperature, =35 °C, 12 h. Purification: To the
mixture EtsN (0.5 ml) was added, mixture concentrated to <1 ml, silica gel
column using 5% Et,0/pentane as eluent. Colorless liquid, yield 88%.

'H-NMR (500 MHz, C¢D¢): & 3.88-3.74 (m, 3H), 3.60-3.56 (m, 1H), 2.09-2.01 (m, 2H), 1.91-1.82
(m, 2H), 1.66-1.35 (m, 7H), 1.20-1.11 (m, 1H);

3c-NMR (125 MHz, C¢Dg): 6 110.6, 66.7, 62.5, 39.1, 38.7, 31.3, 30.0, 25.2, 23.9;

HRMS (EI (FE)) (m/z): [M] calcd for CsH160,, 156.1150; found, 156.1152;

[a]g =+121.7 ° (c = 1.15 in CgDs, er 98.5:1.5);

GC (Column: 25 m Ivadex-1/PS086 (dimethyl-pentyl-B-cyclodextrin), i.D. 0.25 mm, df. 0.15 pm;
Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven 105 °C; gas: 0.5 bar H,),
tminor = 6.25 MiN, tmajor = 6.60 mMin, er 98.5:1.5.

(2S,6S)-2-Methyl-1,7-dioxaspiro[5.5]undecane (11g) and (2R,6S)-2-Methyl-1,7-
dioxaspiro[5.5]unde-cane (11h)

Reaction conditions: catalyst loading, 5 mol%; solvent, tert-

N
Q

N\ < o>§o > butyl-methyl ether; molecular sieves, 3 A (125 mg);

u un temperature, —35 °C, 60 h. Purification: The product was
9

7,

isolated by passing the reaction mixture through Amberlyst
A26 hydroxide form (washed with MeOH and Et,0 prior to use) and washing the resin with
Et,0. Colorless liquid, combined yield 86%, 11g/11h 1:1, dr(11g) 5:1, dr(11h) 65:1.
'H-NMR (500 MHz, C¢Dg): 6 4.21-4.16 (m, 1Ha), 3.78-3.72 (m, 1Hb), 3.67-3.58 (m, 1Ha+1Hb),
3.56-3.52 (m, 1Hb), 3.48-3.42 (m, 1Ha), 2.06-1.95 (m, 2Hb), 1.94-1.90 (m, 1Ha), 1.76-1.24 (m,
10Ha+9Hb), 1.21 (d, J = 6.3 Hz, 3Ha), 1.16 (d, J = 6.3 Hz, 3Hb), 1.15-1.07 (m, 1Ha+1Hb);
3c-NMR (125 MHz, CgDg): 96.5, 95.5, 68.5, 65.3, 61.0, 60.2, 36.4, 36.3, 35.7, 33.2, 32.6, 31.0,
26.1, 25.9, 22.22,22.20,19.4, 19.13, 19.07, 18.9;
HRMS (EI (FE)) (m/z): [M] calcd for C1oH1505, 170.1307; found, 170.1305;
[@]? =+51.5 ° (c = 1.22 in C¢Ds, dr(11g) 5:1, dr(11h) 65:1, 11g/11h 1:1);
GC (Column: 25 m Lipodex-G (octakis-(2,3-di-O-pentyl-6-O-methyl)-y-cyclodextrin), i.D. 0.25
mm; Detector: FID; Temperature: injector 220 °C, detector 350 °C, oven 60 to 90 °C, 1 °C/min;
gas: 0.5 bar Hj), tminor(11g) = 17.39 min, tmajor(11h) = 20.49 min, tminor(11h) = 24.92 min,
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tmajor(11g) = 27.15 min, dr(11g) 5:1, dr(11h) 65:1, 11g/11h 48.5:51.5. (dr values are in respect
to spiroacetal stereocenters, minor and major designations refer to minor and major
diastereomer). Peaks in the GC spectra are assigned as follows: major peaks in the
thermodynamic racemate are assigned as thermodynamic (trans) products. In the
enantioenriched sample major enantiomers are assigned (S)-configurations at the spiroacetal
center according to analogy with other spiroacetal products. This allows for the complete
assignment of the peaks.

Racemic sample under kinetic control was prepared by treating a tert-butyl-methyl ether
solution with 5 mol% of (PhO),PO,H at —25 °C for 12 h. Low conversion, dr(11g/11h) =1:1.
Racemic sample under thermodynamic control was prepared by treating an ethyl acetate

solution with 3 N HCI at room temperature for 10 min. dr(11g/11h) = 1:124.

(3R,6S)-3-Methyl-1,7-dioxaspiro[5.5]Jundecane (11i) and (35,6S)-3-methyl-1,7-
dioxaspiro[5.5]unde-cane (11j)

Reaction conditions: catalyst loading, 5 mol%; solvent,

O 0 O SO
i C}\} tert-butyl-methyl ether; molecular sieves, 3 A (125 mg);

1i 1] temperature, =35 °C, 60 h. The mixture was

g

concentrated to <1 ml, silica gel column using 5% Et,0/pentane as eluent. Colorless liquid,
yield 70%, 11i/11j 1:1, dr(11i) 23:1, dr(11j) 50:1. Analysis of the sample isolated by TLC prior to
purification: dr(11i) 20:1, dr(11j) 43:1.

'H-NMR (500 MHz, C¢De): & 3.86 (dd, J = 11, 3.0 Hz, 1H), 3-71-3.66 (m, 2H), 3.56-3.51 (m, 3H),
3.34 (t, J = 10.9 Hz, 1H), 3.26-3.24 (m, 1H), 2.21-2.13 (m, 1H), 2.02-1.91 (m, 2H), 1.72-1.62 (m,
4H), 1.61-1.53 (m, 2H), 1.50-1.35 (m, 9H), 1.34-1.22 (m, 3H), 1.20-1.15 (m, 1H), 1.03 (d, J = 7.1
Hz, 3H), 0.64 (d, J = 6.5 Hz, 3H);

BC-NMR (125 MHz, C¢D): § 95.1, 94.5, 66.6, 64.9, 60.4, 60.3, 36.4, 36.0, 35.8, 31.2, 30.8, 27.82,
27.80, 25.8, 24.9,19.2,19.1, 17 .4, 16.6;

HRMS (EI (FE)) (m/z): [M] calcd for C19H130,, 170.1307; found, 170.1305;

[a]ﬁf =+88.4 ° (c=0.99 in C¢Dg, dr(11i) 23:1, dr(11j) 50:1, 11i/11j 1:1);

GC (Column: 30 m BGB-176SE/SE52 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin), i.D.
0.25 mm, df. 0.25 um; Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven 60 to
150 °C, 1 °C/min; gas: 0.5 bar H;), tmajor(11i) = 38.04 min, tmajor(11j) = 38.81 min, tminor(11i) =
42.43 min, tminor(11j) = 44.87 min, dr(11i) 23:1, dr(11j) 50:1. (dr values are in respect to
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spiroacetal stereocenters, minor and major designations refer to minor and major
diastereomer). Peaks in the GC spectra are assigned as follows: major peaks in the
thermodynamic racemate are assigned as thermodynamic (cis) products. In the
enantioenriched sample major enantiomers are assigned (S)-configurations at the spiroacetal
center according to analogy with other spiroacetal products. This allows for the complete
assignment of the peaks.

Racemic sample under kinetic control was prepared by treating a tert-butyl-methyl ether
solution with 5 mol% of (PhO),PO,H at room temperature for 1 h. dr(11i/11j) =1:1.

Racemic sample under thermodynamic control was prepared by treating a tert-butyl-methyl

ether solution with 3 N HCI at room temperature for 1.5 h. dr(11i/11j) = 1:9.

(4R,6S)-4-Methyl-1,7-dioxaspiro[5.5]undecane (11k) and (45,6S)-4-methyl-1,7-
dioxaspiro[5.5]Junde-cane (11l)
Reaction conditions: catalyst loading, 5-10 mol%,; solvent,

o0 o, O
< >¢\ z < >\ > tert-butyl-methyl ether; molecular sieves, 3 A (125 mg);

“ temperature, =35 °C, 72 h with 5 mol% of the catalyst,

. N then more catalyst (5 mol% in 1 ml MTBE) was added and
the mixture stirred for additional 48 h. Purification: The mixture was concentrated to <1 ml,
silica gel column using 5% Et,0/pentane as eluent. Colorless liquid, combined yield 81%,
11k/111 1:1.15, dr(11k) 7:1, dr(11l) 100:1. Analysis of the sample isolated by TLC prior to
purification: dr(11k) 7:1, dr(111) 99:1.
'H-NMR (500 MHz, C¢Dg): & 3.88-3.79 (m, 2Ha), 3.70-3.64 (m, 2Hb), 3.59 (ddd, J = 10.9, 5.0, 1.3
Hz, 1Hb), 3.56-3.52 (m, 1Ha+1Hb), 3.38 (dt, J = 11.5, 4.9 Hz, 1Ha), 2.10-1.94 (m, 2Hb), 1.92-1.83
(m, 1Ha), 1.75-1.63 (m, 2Ha+2Hb), 1.59-1.53 (m, 2Ha), 1.50-1.22 (4Ha+6Hb), 1.13-1.02 (m, 2Ha),
1.10 (d, J = 7.0 Hz, 3Ha), 0.95 (t, / = 12.6 Hz, 1Hb), 0.77 (d, J = 6.6 Hz, 3Hb);
3c-NMR (125 MHz, C¢Dg): 6 96.3,95.4, 60.6, 60.3, 60.2, 57.8, 45.0, 42.5, 36.2, 34.5, 34.2, 32.1,
25.9,25.8,25.7,25.2,225,21.1,19.2,19.1;

HRMS (EI (FE)) (m/z): [M] calcd for C10H130,, 170.1307; found, 170.1305;

[@]7 = +83.5 ° (c = 1.15 in C¢Ds, dr(11k) 7:1, dr(11l) 100:1, 11k/111 1:1.15);

GC (Column: 30 m BGB-176/BGB-15 (2,3-dimethyl-6-tert-butyldimethylsilyl-B-cyclodextrin), i.D.
0.25 mm, df. 0.25 um; Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven 60 to
100 °C, 0.5 °C/min; gas: 0.5 bar H,), tmajor(111) = 60.48 min, tmajor(11k) = 68.95 min, tminor(11k) =
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70.27 min, tminor(11l) = 75.97 min, dr(11k) 7:1, dr(11l) 100:1. (dr values are in respect to
spiroacetal stereocenters, minor and major designations refer to minor and major
diastereomer). Peaks in the GC spectra are assigned as follows: major peaks in the
thermodynamic racemate are assigned as thermodynamic (trans) products. In the
enantioenriched sample major enantiomers are assigned (S)-configurations at the spiroacetal
center according to analogy with other spiroacetal products. This allows for the complete
assignment of the peaks. Minor impurities in the GC traces were 11i and 11j formed from 12i

which was the minor impurity in the starting material.

Racemic sample under kinetic control was prepared by treating a tert-butyl-methyl ether
solution with 5 mol% of (PhO),PO,H at room temperature for 1 h. dr(11k/11l) =1:2.5.
Racemic sample under thermodynamic control was prepared by treating a tert-butyl-methyl

ether solution with 3 N HCI at room temperature for 1.5 h. dr(11k/11l) = 1:60.

(25,6S)-2-Methoxy-1,7-dioxaspiro[5.5]Jundecane (11n) and (R)-4-(2-methoxy-3,4-dihydro-2H-
pyran-6-yl)butan-1-ol ((R)-12m)
MeQ, Reaction conditions: catalyst loading, 5

O O MeO,,,,I (0] OH
$ @/\/\/ mol%; solvent, tert-butyl-methyl ether;

molecular sieves, 4 A (50 mg); temperature,

Hn Ry-Lzm —25 °C, 36 h. Purification: reaction mixture
was filtered through Amberlyst A26 hydroxide form (washed with MeOH and Et,0 prior to use).
The resin was washed with Et,0 to give a solution mostly containing the spiroacetal product.
The resin was then washed with MeOH to elute the remaining starting material. The solutions
were concentrated, and separately purified by silica gel chromatography using 5-60%
Et,0/pentane as eluent. Spiroacetal 11n, colorless liquid, yield 70%. Alcohol (R)-12m, colorless
liquid, 20 mg, 86%.
11n:
'H-NMR (500 MHz, C¢Dg): & 4.63 (dd, J = 9.7, 2.3 Hz, 1H), 3.69-3.64 (m, 1H), 3.55-3.51 (m, 1H),
3.39 (s, 3H), 1.99-1.88 (m, 2H), 1.78-1.74 (m, 1H), 1.69-1.75 (m, 1H), 1.54-1.30 (m, 6H), 1.27-
1.19 (m, 2H);
3C-NMR (125 MHz, C¢D¢): 6 97.9, 97.3, 60.6, 55.5, 36.1, 35.4, 31.2, 25.8, 19.1, 18.2;
HRMS (EI (FE)) (m/z): [M] calcd for C10H1503, 186.1256; found, 186.1254;
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[a]g =+92.3 ° (c = 0.54 in C¢Ds, er 97.5:2.5, dr 82:1);

GC (Column: 30 m BGB-178/BGB-15 (2,3-diethyl-6-tert-butyldimethylsilyl-B-cyclodextrin), i.D.
0.25 mm, df. 0.25 um; Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven
115 °C; gas: 0.5 bar Hy), tmajor = 15.87 min, tminor = 16.75 min, minor diastereomer(tmajor = 17.91
Min, tminor = 18.97 min) er = 97.5:2.5, dr = 82:1.

(R)-12m:

'H-NMR (500 MHz, C¢Dg): 6 4.74 (t, J = 2.9 Hz, 1H), 4.54-4.52 (m, 1H), 3.37-3.34 (m, 2H), 3.29 (s,
3H), 2.26-2.18 (m, 1H), 2.11-2.00 (m, 2H), 1.77-1.68 (m, 2H), 1.60-1.53 (m, 3H), 1.46-1.38 (m,
2H), 0.64 (bs, 1H);

3c-NMR (125 MHz, C¢Dg): 6 150.9, 98.5, 96.4, 62.5, 55.3, 34.4, 32.5, 26.7, 23.7, 16.9; HRMS (EI
(FE)) (m/z2): [M] calcd for C1oH1303, 186.1256; found, 186.1254;

[a]g =-83.3°(c=0.67 in CsDs, er 97:3);

For determination of the enantiomeric ratio of (R)-12m, a sample in C¢De/EtOAC 1:2 (1 ml) was
treated with 10 mol% of (PhO),PO,H at room temperature for 15 min. A sample of the major
diastereomer of the product spiroacetal was isolated for GC analysis by thin layer
chromatography on aluminum oxide using EtOAc/hexane as eluent.

GC (Column: 30 m BGB-178/BGB-15 (2,3-diethyl-6-tert-butyldimethylsilyl-B-cyclodextrin), i.D.
0.25 mm, df. 0.25 um; Detector: FID; Temperature: injector 220 °C, detector 320 °C, oven
115 °C; gas: 0.5 bar H3), tminor = 15.84 min, tmajor = 16.70 min, er 97:3.

Racemic sample under kinetic control was prepared by treating a tert-butyl-methyl ether
solution with 5 mol% of (PhQ),PO,H at —25 °C for 12 h. dr = 2.4:1 (thermodynamic spiroacetal
major).

Racemic sample under thermodynamic control was prepared by treating an ethyl acetate

solution with 3 N HCI at room temperature for 10 min. dr = 70:1.
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20-epi-Diosgenin (110)M4>1%€!

13c orent-13c
(1 mol%, 27h)

(PhO),PO,H
(2mol%, 5 min)

HO
Reaction conditions: scale, 0.025 mmol, catalyst loading, 1 mol%; solvent, DCE (1 ml);
molecular sieves, 4 A (12.5 mg); temperature, 20 °C, 27 h. Purification: silica gel column using
MTBE as eluent. Colorless solid, yield 89%. Reaction performed with ent-13c as the catalyst
gave similar reactivity and yield of 88%.
The reaction with achiral catalyst (PhO),PO,H (2 mol%) gave full conversion in 5 min (yield
87%). For small substrates (PhO),PO,H seems to be a less reactive catalyst than 13c. The
(PhO),PO,H-catalyzed racemate preparation with substrate 12g proceeded slower than the
reaction with catalyst 13c.

All three reactions gave only 110 with dr>20:1:1:1.

'H-NMR (500 MHz, CD,Cl, + K,COs(s) to neutralize any acid impurity): & 5.35-5.34 (m, 1H), 4.41-
4.37 (m, 1H), 3.49-3.42 (m, 1H), 4.40 (d, J = 8.5 Hz, 2H), 2.46-40 (m, 1H), 2.28-2.16 (m, 2H),
2.04-1.96 (m, 3H), 1.91-1.73 (m, 4H), 1.65-1.37 (m, 10H), 1.31 (td, J = 13.0, 3.8 Hz, 1H), 1.86-
1.13 (m, 1H, overlapped), 1.13 (d, J = 8.0 Hz, 3H, overlapped), 1.09-0.99 (m, 2H, overlapped),
1.01 (s, 3H), 0.96 (s, 3H), 0.91 (td, J = 11.3, 5.3 Hz, 1H), 0.77 (d, J = 6.3 Hz, 3H);

3C-NMR (125 MHz, CD,Cl, + K,COs(s) to neutralize any acid impurity): & 141.4, 121.6, 108.6,
81.3, 72.0, 68.3, 60.9, 58.0, 50.5, 46.8, 42.7, 42.1, 40.2, 37.6, 36.9, 32.4, 32.2, 32.0, 31.6, 31.0,
29.0, 20.8, 19.6, 17.3, 16.3, 11.5;

HRMS (ESI+) (m/z): [M+Na] calcd for C,7H4,03Na, 437.3026; found, 437.3031.

(5R,6S)-5-deutero-1,7-Dioxaspiro[5.5]Jundecane
o o Deutered starting material was obtained by washing EtOAc solution with D,O.
( X ) Reaction conditions: catalyst loading, 1 mol%; solvent, DCE; molecular sieves, 4 A

D (50 mg); temperature, r.t., 2 h. Purification: mixture concentrated to <1 ml, silica

gel column using 5% Et,0/pentane as eluent. Colorless liquid, yield 83%.
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Based on the 'H NMR given below the incorporation of the deuterium at the equatorial
position of the product could be observed (ca. 50%). The equatorial proton possess broader
signal, compared to the axial proton, due to the smaller sum of 'H-TH coupling constants.

'H NMR (500 MHz, C¢Ds)

VNONXHOHAOND DO no LONDOITLNONOVWLMANO N~

ODONNOMSTOONNMON [SelTe) OUONONOMNMNOOMMWULWLLLMNN

COOVOVOVOVWOLLWLLWG [oX6e)) QOOOTITTMNMMMMANNNNNN

NOMMOMHMOMMMMMOMMMON®N — A A A A A A A A A A A A A A A
axial D/H

18 N
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(broad)

s JMW
UL LJ |
T w
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13
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7.5. Confined Brgnsted acids
7.5.1. Synthesis

13a

MgBr OO OMe
Ni(PPh3),Cl, OO OMe
33%

Br

13ac

13aa

POCl3 py, 60 °C
99% DCM, NH3
82%

NaH

THF

61%

13ad 13ae 13a

(S)-2,2'-Dimethoxy-3,3'-bis(2,6-diethylphenyl)-1,1'-binaphthalene (13ab)

To magnesium turnings (168 mg, 6.9 mmol) activated with 1,2-
dibromoethane in diethyl ether (1 ml), 2-bromo-1,3-diethylbenzene
(980 mg, 4.6 mmol) and diethylether (5 ml) were added alternately.
After complete addition the mixture was refluxed (oil bath heating)

for 17 h. After cooling to ambient temperature, the solution was

diluted with Et,0 (10 ml), and added to a mixture of (S)-3,3'-
dibromo-2,2'-dimethoxy-1,1'-binaphthalene (13aa, 543 mg, 1.15 mmol) and Ni(PPhs),Cl; (113
mg, 0.173 mmol) in anhydrous diethyl ether (10 mL). The reaction mixture was refluxed for 24
h, cooled to ambient temperature, carefully treated with saturated agueous NH4Cl solution (10
ml) and water (10 ml), and extracted with CH,Cl, (2 - 25 ml). The combined organic layers were
dried (MgS0,), filtered, and the solvent removed under reduced pressure. The residue was
purified by column chromatography on silica gel using 20% CH,Cl,/hexane as the eluent

yielding the title compound as a colorless solid (222 mg, 33%).
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'H-NMR (500 MHz, CD,Cl,): & 7.90 (d, J = 8.2 Hz, 2H), 7.75 (s, 2H), 7.44-7.41 (m, 2H), 7.34-7.26
(m, 6H), 7.21 (t, J = 6.6 Hz, 4H), 3.09 (s, 6H), 2.52 (g, J = 7.6 Hz, 4H), 2.47 (q, J = 7.6 Hz, 4H), 1.16
(t,J=7.6Hz, 6H), 1.08 (t, J = 7.6 Hz, 6H);

B3C-NMR (125 MHz, CD,Cly): 6 154.8, 143.1, 142.9, 137.5, 134.21, 134.18, 131.2, 130.8, 128.3,
128.1, 126.4, 125.9, 125.8, 125.3, 125.1, 60.1, 27.4, 27.2, 15.5, 15.3;

HRMS (ESI+) (m/z): [M+Na] calcd for C4,H4,0,Na, 601.3077; found, 601.3080.

(S)-3,3'-Bis(2,6-diethylphenyl)-[1,1'-binaphthalene]-2,2'-diol (13ac)
Et O A 1 M solution of BBr3 in CH,Cl, (1.48 ml, 1.48 mmol) was added dropwise

Et to the solution of (S)-13ab (214 mg, 0.37 mmol) in CH,Cl, (5 ml) at 0 °C
under argon. After 17 h at room temperature, the solution was cooled to
0 °C, water (25 ml) was carefully added, and the mixture was extracted

with CH,Cl, (50 ml). The organic layer was washed with saturated aqueous

Et
Na,COs solution (50 ml), dried (MgSQ,), filtered, and the solvent was removed under reduced

pressure. The residue was purified by column chromatography on silica gel using 30%
CH,Cl,/hexane as the eluent yielding the title compound as a colorless solid (194 mg, 95%).
'H-NMR (500 MHz, CD,Cl,): 6 7.91 (d, J = 8.1 Hz, 2H), 7.79 (s, 2H), 7.41-7.38 (m, 2H), 7.36-7.32
(m, 4H), 7.24-7.22 (m, 6H), 5.04 (s, 2H), 2.58-2.34 (m, 8H), 1.10 (t, J = 7.6 Hz, 6H), 1.02 (t, /= 7.5
Hz, 6H);

BC-NMR (125 MHz, CD,Cl,): & 150.7, 143.90, 143.89, 135.0, 133.9, 131.3, 129.6, 129.2, 128.9,
128.7,127.2,126.5,124.6, 124.2, 113.4, 27.32, 27.30, 15.5, 15.4;

HRMS (ESI+) (m/z): [M+Na] calcd for C40H330,Na, 573.2764; found, 573.2768.

(S)-4-Chloro-2,6-bis(2,6-diethylphenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-
oxide (13ad)

To a solution of (S)-13ac (186 mg, 0.338 mmol) in pyridine (1 ml) under
argon was added POCI3 (95 ul, 155 mg, 1.014 mmol) at room
temperature. The mixture was stirred at 60 °C for 1.5 h and then
concentrated to dryness under vacuum. The residue was passed through

a short silica gel column (5 g) using 20% EtOAc/hexane as the eluent

yielding the title compound as a colorless solid (99%).
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"H-NMR (500 MHz, CD,Cl,): & 8.01 (t, J = 7.1 Hz, 2H), 7.97 (s, 1H), 7.93 (s, 1H), 7.60-7.56 (m, 2H),
7.39-7.34 (m, 5H), 7.33 (t, J = 8.5 Hz, 1H), 7.27 (d, J = 7.7 Hz, 2H), 7.20 (d, J = 7.6 Hz, 1H), 7.18 (d,
J=7.5Hz, 1H), 2.54-2.32 (m, 8H), 1.26 (t, J = 7.5 Hz, 3H), 1.18 (t, J = 7.5 Hz, 3H), 1.01 (t, J = 7.5
Hz, 3H, overlapped), 1.00 (t, J = 7.5 Hz, 3H, overlapped);

3C.NMR (125 MHz, CD,Cl,): & 145.1, 144.9, 143.8, 143.5, 143.0, 142.9, 134.6, 134.4, 133.20,
133.15, 132.49, 132.45, 132.2, 131.52, 131.49, 128.9, 128.8, 127.5, 127.3, 127.2, 126.8, 126.3,
125.9, 125.6, 125.3, 122.6, 122.53, 122.47, 122.4, 27.9, 27.3, 27.12, 27.09, 16.2, 15.4, 15.0,
14.8 (including signals due to unassigned C-P-coupling, some signals are overlapped);

3p_NMR (202 MHz, CD,Cl,): 6 7.29 (s);

HRMS (ESI+) (m/z): [M+Na] calcd for CaoH3605CIPNa, 653.1983; found, 653.1979.

(S)-4-Amino-2,6-bis(2,6-diethylphenyl)dinaphtho(2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-

oxide (13ae)

A solution of (S)-13ad (95 mg, 0.15 mmol) in DCM (1 ml) under argon,
was cooled to =78 °C and anhydrous ammonia gas was condensed into
the reaction flask (ca. 7 ml). The cooling bath was removed and the
mixture was allowed to warm to room temperature. The reaction

mixture was then concentrated to dryness under vacuum. Residue was

passed through short silica gel column (5 g) using CH,Cl, as the eluent
yielding the title compound as a colorless solid (75 mg, 82%).

'H-NMR (500 MHz, CD,Cl,): & 7.99 (d, J = 8.3 Hz, 1H), 7.97 (d, J = 8.3 Hz, 1H), 7.92 (s, 1H), 7.86
(s, 1H), 7.56-7.51 (m, 2H), 7.38-7.32 (m, 6H), 7.25 (t, J = 7.3 Hz, 2H), 7.20 (d, J = 7.6 Hz, 1H), 7.14
(d, J = 7.6 Hz, 1H), 2.65 (d, J = 6.7 Hz, 2H), 2.58-2.29 (m, 8H), 1.26 (t, J = 7.5 Hz, 3H), 1.16 (t, J =
7.5 Hz, 3H), 1.01 (t, J = 7.6 Hz, 3H, overlapped), 1.00 (t, J = 7.6 Hz, 3H, overlapped);

BC-NMR (125 MHz, CD,Cl,): 6 146.0, 145.8, 144.0, 143.8, 142.9, 142.2, 135.6, 135.3, 132.7,
132.6, 132.51, 132.46, 132.4, 131.7, 131.5, 128.8, 128.71, 128.66, 128.5, 127.4, 127.3, 126.9,
126.8, 126.30, 126.26, 126.2, 125.8, 125.7, 125.1, 122.9, 122.8, 122.5, 122.4, 27.8, 27.3, 27.2,
27.1, 16.4, 15.3, 15.0, 14.8 (including signals due to unassigned C-P-coupling, some signals are
overlapped);

3p_NMR (202 MHz, CD,Cl,): § 12.07 (s);

HRMS (ESI+) (m/z): [M+Na] calcd for C40H3sNOsPNa, 634.2482; found, 634.2479.
0,0-syn-Imidodiphosphoric acid 13a
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Sodium hydride (60% dispersion of in mineral oil, 13.7
mg, 0.34 mmol) was added to a solution of (S)-13ae
(70 mg, 0.114 mmol) and (S)-13ad (114 mg, 0.18
mmol) in THF (2 ml) under argon at room temperature.

After 2.5 days at room temperature 10% aqueous HCI

solution (5 ml) and DCM (5 ml) were added to the

13a

mixture, which was stirred for 4 h. The organic layer was separated and the solvent removed
under reduced pressure. The residue was purified by column chromatography on aluminum
oxide (activity 1) using 0-12% EtOAc/DCM as the eluent giving a colorless solid. The solid was
dissolved in CH,Cl, (5 ml) and stirred with 3 N aqueous HCI (10 ml) for 4 h. The organic layer
was separated, and concentrated under reduced pressure to give the title compound as a
colorless solid (76 mg, 61%).

'H-NMR (500 MHz, acetone-dg): 6 8.05 (d, J = 8.2 Hz, 2H), 8.02 (d, J = 8.2 Hz, 2H), 7.89 (s, 2H),
7.69 (s, 2H), 7.55 (t, J = 7.5 Hz, 2H), 7.50 (t, J = 7.5 Hz, 2H), 7.45 (t, J = 7.6 Hz, 2H), 7.40 (d, J =
8.7 Hz, 2H), 7.28 (t, J = 7.7 Hz, 2H), 7.18 (t, J = 7.6 Hz, 2H), 7.11 (t, J = 7.6 Hz, 2H), 7.07 (d, J = 8.6,
2H), 7.04 (d, J = 7.6 Hz, 2H), 7.00 (d, J = 7.4 Hz, 2H), 6.93 (d, J = 7.4 Hz, 2H), 6.65 (d, J = 7.6 Hz,
2H), 2.33-2.07 (m, 12H), 1.96-1.89 (m, 2H), 1.37-1.31 (m, 2H), 1.05 (t, J = 7.7 Hz, 6H), 1.03 (t, J =
7.7 Hz, 6H), 0.79 (t, J = 7.5 Hz, 6H), 0.01 (t, J = 7.5 Hz, 6H);

3c-NMR (125 MHz, acetone-dg): 6 146.7, 146.4, 144.0, 143.6, 143.3, 142.7, 136.1, 136.0, 133.5,
133.1, 133.0, 132.8, 132.5, 132.0, 131.7, 129.2, 129.1, 128.6, 128.5, 127.5, 127.3, 127.1, 127.1,
126.8, 126.5, 126.4, 125.9, 125.5, 125.3, 123.2, 122.8, 28.0, 27.7, 27.4, 27.3, 15.8, 15.4, 15.3,
14.9;

3p_NMR (202 MHz, acetone-dg): 6 5.73 (s);

HRMS (ESI-) (m/z): [M—=H] calcd for CgoH;,NOgP,, 1204.4840; found, 1204.4846.
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13b

POCI3 py, r.t. POCI3, py, r.t.
93% 05% then NH3

13bb 13bc 13b

(S)-2,6-Di(anthracen-9-yl)-4-chlorodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine  4-oxide
(13bb)

To a solution of (S)-13ba (215.4 mg, 0.337 mmol) in pyridine (1 ml)
under argon was added POCI; (94 ul, 155 mg, 1.011 mmol) at room
temperature. The mixture was stirred for 20 h and then concentrated
to dryness under vacuum. The residue was passed through a short
silica gel column (5 g) using DCM as the eluent yielding the title

compound as a colorless solid (226 mg, 93%).

'H-NMR (500 MHz, CD,Cl,): & 8.60 (s, 1H), 8.58 (s, 1H), 8.24 (s, 1H),
8.15 (s, 1H), 8.11-8.04 (m, 6H), 7.87 (dd, J = 8.9 Hz, 0.8 Hz, 1H), 7.76 (d, J = 8.9 Hz, 0.8 Hz, 1H),
7.74-7.67 (m, 5H), 7.64 (dd, J = 8.8, 0.7 Hz, 1H), 7.58-7.54 (m, 2H), 7.50-7.29 (m, 8H);

BC-NMR (125 MHz, CD,Cl,): & 147.2, 147.1, 146.1, 146.0, 135.5, 135.2, 133.0, 132.5, 132.2,
132.0, 131.9, 131.42, 131.41, 131.3, 131.0, 130.70, 130.67, 130.6, 130.4, 129.90, 129.85, 129.1,
129.04, 129.00, 128.9, 128.6, 128.4, 128.3, 127.84, 127.77, 127.6, 127.3, 127.2, 126.7, 126.4,
126.2, 126.1, 126.0, 125.71, 125.70, 125.65, 125.43, 125.40, 123.0, 122.9 (including signals due
to unassigned C-P-coupling, some signals are overlapped);

3p_NMR (202 MHz, CD,Cl,): 6 7.58 (s);
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HRMS (ESI+) (m/z): [M+Na] calcd for CagH,505CIPNa, 741.1357; found, 741.1359.

(S)-4-Amino-2,6-di(anthracen-9-yl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine  4-oxide
(13bc)

To a solution of (5)-13ba (179.5 mg, 0.281 mmol) in pyridine (1 ml)
under argon was added POCl; (78.6 ul, 129.3 mg, 0.843 mmol) at
room temperature. After 20 h the mixture was cooled to —78 °C and
anhydrous ammonia gas was condensed into the reaction flask (ca.
7 ml). The cooling bath was removed and the mixture was allowed

to warm to room temperature. The reaction mixture was then

concentrated to dryness under vacuum. To the residue water (5 ml)
was added and the mixture was extracted with DCM (5 - 5 ml). The organic extracts were
washed with 10% HCI (10 ml) and brine (10 ml), dried (MgSQ,), filtered, and concentrated. The
residue was purified by chromatography on a short silica gel column (5 g) using 0-2%
EtOAc/CH,Cl; as the eluent yielding the title compound as a colorless solid (185 mg, 95%).
'H-NMR (500 MHz, CD,Cl,): & 8.60 (s, 1H), 8.55 (s, 1H), 8.17 (s, 1H), 8.11-8.06 (m, 5H), 8.03 (d, J
= 8.4 Hz, 2H), 7.81 (d, J = 8.9 Hz, 1H), 7.77-7.71 (m, 4H), 7.68-7.63 (m, 3H), 7.56-7.48 (m, 3H),
7.45-7.40 (m, 4H), 7.34-7.27 (m, 3H), 1.98 (d, J = 7.0 Hz, 2H);

B3C-NMR (125 MHz, CD,Cl,): & 146.9, 146.8, 146.1, 146.0, 134.54, 134.50, 133.2, 133.0, 132.0,
131.9, 131.85, 131.83, 131.76, 131.6, 131.45, 131.38, 131.3, 131.19, 131.18, 130.9, 130.8,
130.6, 130.35, 130.32, 129.5, 129.0, 128.91, 128.87, 128.3, 128.25, 128.18, 127.9, 127.7, 127.6,
127.5, 127.4, 126.7, 126.63, 126.60, 126.5, 126.4, 126.1, 125.91, 125.85, 125.7, 125.5, 125.3,
123.2, 123.1, 122.94, 122.92 (including signals due to unassigned C-P-coupling, some signals
are overlapped);

*'P-NMR (202 MHz, CD,Cl,): 6 11.84 (s);

HRMS (ESI+) (m/z): [M+Na] calcd for C43H3oNO3sPNa, 722.1856; found, 722.1855.
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0,0-syn-Imidodiphosphoric acid 13b

Sodium hydride (60% dispersion of in
mineral oil, 24 mg, 0.60 mmol) was added to
a solution of (S)-13bc (140 mg, 0.20 mmol)
and (S)-13bb (173 mg, 0.24 mmol) in THF (2
ml) under argon at room temperature. After

4 days at room temperature, water (5 ml)

13b was added and the mixture was extracted
with CH,Cl, (5 x 10 ml). The organic extracts were washed with brine, dried (MgSQ,), filtered,
and the solvent was removed under reduced pressure. The residue was purified by column
chromatography on silica gel using 0-4% EtOAc/DCM as the eluent giving a colorless solid. The
solid was dissolved in CH,Cl, (10 ml) and washed with 3 N aqueous HCI (10 ml). The organic
layer was separated, and concentrated under reduced pressure to give the title compound as a
yellowish solid (101 mg, 37%).
'H-NMR (500 MHz, CD,Cl,): § 8.21 (s, 2H), 8.06 (d, J = 8.4 Hz, 4H), 7.91 (s, 2H), 7.87 (d, J = 8.2
Hz, 2H), 7.83 (d, J = 8.6 Hz, 2H), 7.80 (s, 2H), 7.74-7.64 (m, 14H), 7.53 (t, J = 7.6 Hz, 2H), 7.48-
7.39 (m, 8H), 7.36-7.33 (m, 2H), 7.31-7.27 (m, 6H), 7.11-7.10 (m, 4H), 6.91-6.87 (m, 2H), 5.87 (t,
J=7.4 Hz, 2H), 5.59-5.56 (m, 2H), 5.15 (broad s, 2.43H, acidic H + H,0);
B3C-NMR (125 MHz, CD,Cl,): & 146.5, 146.4, 146.4, 146.1, 146.1, 146.0, 133.9, 133.1, 133.0,
132.8,131.9,131.4, 131.2, 131.1, 131.0, 131.0, 130.8, 130.7, 130.4, 130.3, 130.2, 130.2, 130.0,
129.0, 129.0, 128.8, 128.7, 128.5, 128.1, 127.5, 127.4, 127.3, 127.2, 127.1, 127.1, 126.8, 126.6,
126.2,126.1, 125.5, 125.4, 125.2, 125.1, 124.4, 124.2, 124.0, 124.0, 122.5;
3p_NMR (202 MHz, CD,Cl,): § 13.74 (s);
HRMS (ESI-) (m/z): [M—H] calcd for Co6HsgNOgP,, 1380.3588; found, 1380.3584.
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13c

Br

MgBr ] ! OMe

Ni(PPh3),Cl, CO OMe
48%

Br

13cc

13ca

POCI3 py, 60 °C
08% then NH3
0

13cd 13ce 13¢c

(S)-2,2'-Dimethoxy-3,3'-bis(2,4,6-triethylphenyl)-1,1'-binaphthalene (13cb)

To magnesium turnings (583 mg, 24 mmol) activated with 1,2-
dibromoethane in diethyl ether (4 ml), 2-bromo-1,3,5-
triethylbenzene[1601'[161] (3.86 g, 16 mmol) and diethylether (20 ml)
were added alternately during 30 min. After complete addition the

mixture was refluxed (oil bath heating) for 21 h. After cooling to

ambient temperature, the solution was added to a mixture of (S)-3,3'-
dibromo-2,2'-dimethoxy-1,1'-binaphthalene (13ca, 1.89 g, 4.0 mmol) and Ni(PPhs),Cl; (393 mg,
0.60 mmol) in anhydrous diethyl ether (40 mL). The reaction mixture was refluxed for 28 h,
cooled to ambient temperature, carefully treated with saturated aqueous NH4Cl solution (40
ml) and water (40 ml), and extracted with CH,Cl, (100 ml, 50 ml). The combined organic layers
were dried (MgSQ,), filtered, and the solvent removed under reduced pressure. The residue
was purified by column chromatography on silica gel using 10-15% CH,Cl,/hexane as the eluent
yielding the title compound as a colorless solid (1.22 g, 48%).

"H-NMR (400 MHz, CD,Cl,): & 7.89 (d, J = 8.1 Hz, 2H), 7.74 (s, 2H), 7.44-7.40 (m, 2H), 7.32-7.25
(m, 4H), 7.06 (s, 2H), 7.05 (m, 2H), 3.10 (s, 6H), 2.70 (q, J = 7.6 Hz, 4H), 2.51 (q, J = 7.6 Hz, 4H),
2.46 (g, J = 7.6 Hz, 4H), 1.30 (t, J = 7.6 Hz, 6H), 1.15 (t, J = 7.6 Hz, 6H), 1.08 (t, J = 7.6 Hz, 6H);
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BC-NMR (100 MHz, CD,Cl,): & 155.0, 144.0, 142.9, 142.8, 134.9, 134.4, 134.2, 131.4, 130.8,
128.3,126.4,125.9, 125.4 (2C), 125.3, 125.0, 60.1, 29.1, 27.4, 27.3, 15.8, 15.6, 15.4;
HRMS (ESI+) (m/z): [M+Na] calcd for C46Hs500,Na, 657.3703; found, 657.3708.

(S)-3,3'-Bis(2,4,6-triethylphenyl)-[1,1'-binaphthalene]-2,2'-diol (13cc)

A 1 M solution of BBr; in CH,Cl, (7.56 ml, 7.56 mmol) was added
dropwise to the solution of (S)-13cb (1.20 g, 1.89 mmol) in CH,Cl;, (20
ml) at 0 °C under argon. After 40 h at room temperature, the solution
was cooled to 0 °C, water (50 ml) was carefully added, and the mixture

was extracted with CH,Cl, (50 ml). The organic layer was washed with

saturated aqueous Na,COs solution (50 ml), dried (MgS0,), filtered,
and the solvent was removed under reduced pressure. The residue was purified by column
chromatography on silica gel using 20% CH,Cl,/hexane as the eluent yielding the title
compound as a colorless solid (1.02 g, 89%).

'H-NMR (400 MHz, CD,Cl,): § 7.91 (d, J = 7.9 Hz, 2H), 7.78 (s, 2H), 7.41-7.37 (m, 2H), 7.35-7.31
(m, 2H), 7.24-7.22 (m, 2H), 7.09-7.07 (m, 4H), 5.06 (s, 2H), 2.70 (q, J = 7.6 Hz, 4H), 2.57-2.31 (m,
8H), 1.30 (t, J = 7.7 Hz, 6H), 1.10 (t, J = 7.6 Hz, 6H), 1.02 (t, J = 7.6 Hz, 6H);

BC-NMR (100 MHz, CD,Cl,): & 150.9, 145.0, 143.9, 143.8, 133.9, 132.2, 131.5, 129.6, 129.4,
128.7, 127.1, 126.2, 124.6, 124.2, 113.5, 29.1, 27.37, 27.36, 15.7, 15.6, 15.5 (+1 aromatic C,
overlapped);

HRMS (ESI+) (m/z): [M+Na] calcd for Ca4H460,Na, 629.3390; found, 629.3387.

(S)-4-Chloro-2,6-bis(2,4,6-triethylphenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-
oxide (13cd)

Bt To a solution of (S)-13cc (553 mg, 0.912 mmol) in pyridine (3 ml) under
argon was added POCIl; (255 pl, 420 mg, 2.74 mmol) at room
temperature. The mixture was stirred at 60 °C for 1.5 h and then

concentrated to dryness under vacuum. The residue was passed

through a short silica gel column (10 g) using CH,Cl, as the eluent

yielding the title compound as a colorless solid (604 mg, 96%).
'H-NMR (400 MHz, CD,Cl,): & 8.01-7.98 (m, 2H), 7.96 (s, 1H), 7.92 (s, 1H), 7.59-7.54 (m, 2H),
7.38-7.30 (m, 4H), 7.11-7.12 (m, 2H, two overlapped doublets with small J), 7.05 (d, / = 1.2 Hz,
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1H), 7.02 (d, J = 1.2 Hz, 1H), 2.74-2.69 (m, 4H), 2.55-2.29 (m, 8H), 1.32 (t, J = 7.6 Hz, 3H,
overlapped), 1.31 (t, J = 7.6 Hz, 3H, overlapped), 1.26 (t, J = 7.5 Hz, 3H), 1.18 (t, / = 7.6 Hz, 3H),
1.01 (t, J = 7.5 Hz, 3H, overlapped), 0.99 (t, J = 7.5 Hz, 3H, overlapped);

3C-NMR (100 MHz, CD,Cl,): & 145.3 (d, Jep = 11.1 Hz), 145.2 (d, Jep = 9.1 Hz), 144.9, 144.6,
143.6, 143.3, 142.9, 142.8, 133.4, 132.53, 132.49, 132.46, 132.44, 132.2, 132.0, 131.91, 131.90,
131.79, 131.77, 131.73, 128.8, 127.5, 127.3,127.2, 126.8, 125.9, 125.5, 125.4, 125.0, 122.54 (d,
Je-p = 2.5 Hz), 122.48 (d, J—p = 2.8 HZz), 29.14, 19.12, 27.8, 27.3, 27.18, 27.15, 16.3, 15.57, 15.55,
15.49, 15.1, 14.9 (including signals due to unassigned C-P-coupling, some signals are
overlapped);

3p_NMR (162 MHz, CD,Cl,): 6 8.26 (s);

HRMS (ESI+) (m/z): [M+Na] calcd for C44H4403CIPNa, 709.2609; found, 709.2606.

(S)-4-Amino-2,6-bis(2,4,6-triethylphenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-
oxide (13ce)

g Vo a solution of (5)-13cc (464 mg, 0.764 mmol) in pyridine (3 ml) under
argon was added POCl; (214 ul, 351 mg, 2.29 mmol) at room
temperature. After 1.5 h at 60 °C, the mixture was cooled to —78 °C
and anhydrous ammonia gas was condensed into the reaction flask (ca.

10 ml). The cooling bath was removed and the mixture was allowed to

warm to room temperature. The reaction mixture was then
concentrated to dryness under vacuum. Residue was passed through short silica gel column
(10 g) using CH,Cl, as the eluent yielding the title compound as a colorless solid (500 mg, 98%).
'H-NMR (400 MHz, CD,Cl,): & 7.99-7.94 (m, 2H), 7.91 (s, 1H), 7.84 (s, 1H), 7.55-7.50 (m, 2H),
7.37-7.31 (m, 4H), 7.10 (d, J = 1.5 Hz, 1H), 7.08 (d, J = 1.4 Hz, 1H), 7.05 (d, J = 1.5 Hz, 1H), 6.99
(d, J = 1.4 Hz, 1H), 2.74-2.63 (m, 6H), 2.58-2.28 (m, 8H), 1.31 (t, J = 7.6 Hz, 3H, overlapped), 1.28
(t, /= 7.6 Hz, 3H, overlapped), 1.25 (t, /= 7.6 Hz, 3H, overlapped), 1.17 (t, /= 7.6 Hz, 3H), 1.00 (t,
J=7.5Hz, 3H, overlapped), 0.99 (t, J = 7.5 Hz, 3H, overlapped);

13C-NMR (100 MHz, CD,Cl,): & 145.9 (d, Jep = 10.7 Hz), 145.2 (d, Jep = 8.1 Hz), 144.7, 144.2,
143.8, 143.6, 142.8, 142.1, 133.1, 132.88, 132.85, 132.68, 132.64, 132.61, 132.5, 132.41,
132.38, 131.7, 131.6, 128.7, 128.6, 127.4, 127.3, 126.8, 126.7, 126.2, 126.1, 125.8, 125.6, 125.3,
124.8, 122.8 (d, Je—p = 2.0 Hz), 122.5 (d, Jc—p = 2.0 Hz), 29.1 (2C), 27.8, 27.3, 27.21, 27.17, 16.5,
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15.53, 15.51, 15.4, 15.2, 14.9 (including signals due to unassigned C-P-coupling, some signals
are overlapped);

3p_NMR (162 MHz, CD,Cl,): § 13.20 (s);

HRMS (ESI+) (m/z): [M+Na] calcd for C44H46NO3sPNa, 690.3108; found, 690.3114.

0,0-syn-Imidodiphosphoric acid 13c

Sodium hydride (60% dispersion of in mineral
oil, 84 mg, 2.1 mmol) was added to a solution
of (5)-13ce (464 mg, 0.764 mmol) and (S)-13cd
(577 mg, 0.84 mmol) in THF (5 ml) under

argon at room temperature. After 14 h at

Et room temperature, 10% aqueous HCI solution
(10 ml) and DCM (10 ml) were added, and the mixture was stirred for 1 h. The organic layer
was separated and the solvent was removed under reduced pressure. The residue was purified
by column chromatography on aluminum oxide (activity I) using 20-100% CH,Cl,/hexane
followed by 2-8% EtOAc/DCM as the eluents giving a colorless solid. The solid was dissolved in
CH,Cl, (10 ml) and stirred with 3 N aqueous HCl (10 ml) for 4 h. The organic layer was
separated, washed with 3 N aqueous HCI (10 ml) and concentrated under reduced pressure to
give the title compound as a colorless solid (695 mg, 76%).
"H-NMR (500 MHz, CD,Cl5): & 7.90 (d, J = 8.2 Hz, 1H), 7.87 (d, J = 8.2 Hz, 1H), 7.79 (s, 1H), 7.59
(s, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.46-7.38 (m, 3H), 7.23-7.20 (m, 1H), 7.05 (d, J = 8.6 Hz, 1H), 6.97
(s, 1H), 6.863 (s, 1H), 6.856 (s, 1H), 6.61 (broad s, 1.8H, acidic H + H,0), 6.39 (s, 1H), 2.65-2.50
(m, 4H), 2.32-2.12 (m, 5H), 2.07-2.00 (m, 1H), 1.92-1.82 (m, 1H), 1.20 (t, J = 7.6 Hz, 3H,
overlapped), 1.19 (t, J = 7.6 Hz, 3H, overlapped), 1.17-1.10 (m, 1H, overlapped), 1.08 (t, /= 7.5
Hz, 3H), 0.95 (t, J = 7.5 Hz, 3H), 0.82 (t, / = 7.5 Hz, 3H), 0.04 (t, J = 7.5 Hz, 3H);
3c-NMR (125 MHz, CD,Cly): & 146.4, 145.8, 144.2, 144.0, 143.8, 143.5, 143.4, 142.5, 133.1,
133.0, 132.94, 132.86, 132.82, 132.5, 132.4, 132.1, 131.6, 131.3, 128.6, 128.5, 127.6, 127.1,
126.5, 126.4, 125.9, 125.7, 125.6, 125.4, 124.72, 124.70, 122.7, 122.2, 29.0, 28.9, 27.28, 27.25,
26.99, 26.97, 15.85 (2C), 15.77, 15.3, 15.2, 14.9;
3p_NMR (202 MHz, CD,Cl,): 6 4.94 (s);
HRMS (ESI-) (m/z): [M—H] calcd for CggHggNOgP,, 1316.6092; found, 1316.6096.
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13d

13da

POCI3 py, rt. POCI3 py, r.t.
93%
0 67% then NH3

13db 13dc 13d

(S)-4-Chloro-2,6-dimesityldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (13db)

To a solution of 13da (198 mg, 0.379 mmol) in pyridine (1.5 ml) under
argon was added POCl; (106 ul, 174 mg, 1.137 mmol) at room
temperature. The mixture was stirred for 20 h and then concentrated
to dryness under vacuum. The residue was passed through a short silica

gel column (5 g) using DCM as the eluent yielding the title compound as

a colorless solid (219 mg, 93%).
'H-NMR (500 MHz, CD,Cl,): & 8.01-7.99 (m, 2H), 7.93 (s, 1H), 7.89 (s, 1H), 7.58-7.55 (m, 2H),
7.36-7.34 (m, 4H), 7.03 (s, 2H), 6.98 (s, 1H), 6.95 (s, 1H), 2.36 (s, 6H), 2.22 (s, 3H), 2.18 (s, 3H),
2.07 (s, 3H), 2.02 (s, 3H);
BC-NMR (125 MHz, CD,Cly): 6 145.5, 145.4, 145.1, 145.0, 138.2, 138.0, 137.60, 137.58, 137.0,
136.6, 133.3, 133.0, 132.95, 132.93, 132.90, 132.59, 132.57, 132.5, 132.3, 132.1, 132.0, 131.9,
129.0, 128.80, 128.76, 128.7, 128.5, 128.0, 127.4, 127.3, 127.2, 126.8, 122.72, 122.71, 122.53,
122.51, 21.5, 21.22, 21.21, 21.1, 20.4, 20.3 (including signals due to unassigned C-P-coupling,
some signals are overlapped);
31p_NMR (202 MHz, CD,Cl,): 6 7.63 (s);
HRMS (ESI+) (m/z): [M+Na] calcd for C3gH3,03CIPNa, 625.1670; found, 625.1671.
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(S)-4-Amino-2,6-dimesityldinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide (13dc)

To a solution of 13da (165 mg, 0.316 mmol) in pyridine (1.5 ml) under
argon was added POCI; (88 pul, 145 mg, 0.948 mmol) at room
temperature. After 20 h the mixture was cooled to —78 °C and
anhydrous ammonia gas was condensed into the reaction flask (ca. 7

ml). The cooling bath was removed and the mixture was allowed to

warm to room temperature. The reaction mixture was then
concentrated to dryness under vacuum. The residue was purified by chromatography on a
short silica gel column (5 g) using CH,Cl, as the eluent yielding the title compound as a
colorless solid (127 mg, 67% + fractions containing a small amount of impurity).

'H-NMR (500 MHz, CD,Cl,): & 7.99-7.95 (m, 2H), 7.87 (s, 1H), 7.81 (s, 1H), 7.54-7.50 (m, 2H),
7.38-7.29 (m, 4H), 7.02 (s, 1H), 7.01 (s, 1H), 6.99 (s, 1H), 6.93 (s, 1H), 2.71 (d, J = 6.7 Hz, 2H),
2.35(s, 3H), 2.31 (s, 3H), 2.20 (s, 3H), 2.19 (s, 3H), 2.06 (s, 3H), 2.00 (s, 3H);

C-NMR (125 MHz, CD,Cl,): & 145.1, 145.0, 138.05, 137.96, 137.8, 137.6, 137.0, 135.7, 134.0,
133.5,133.4, 132.6, 132.43, 132.41, 132.14, 132.11, 131.8, 128.9, 128.7, 127.9, 127.32, 127.27,
126.9, 126.8, 126.23, 126.17, 122.9, 122.7, 21.4, 21.24, 21.22, 21.18, 20.5, 20.4 (including
signals due to unassigned C-P-coupling, some signals are overlapped);

3p_NMR (202 MHz, CD,Cl,): § 12.39 (s);

HRMS (ESI+) (m/z): [M+Na] calcd for C3gH3sNOsPNa, 606.2169; found, 606.2165.

Imidodiphosphoric acid 13d

Sodium hydride (60% dispersion of in
mineral oil, 25 mg, 0.63 mmol) was added to
a solution of 13db (153 mg, 0.253 mmol) and
13dc (123 mg, 0.211 mmol) in THF (2 ml)

under argon at room temperature. After 19

h at room temperature, 10% aqueous HCI
solution (10 ml) and DCM (10 ml) were added, and the mixture was stirred for 30 min. The
organic layer was separated and the solvent was removed under reduced pressure. The
residue was purified by column chromatography on aluminum oxide (activity Ill) using 0-12%
EtOAc/DCM as the eluents giving a colorless solid. The solid was dissolved in CH,Cl, (10 ml) and

stirred with 3 N aqueous HCI (10 ml) for 1 h. The organic layer was separated, washed with 3 N
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aqueous HCI (10 ml) and concentrated under reduced pressure to give the title compound as a
colorless solid (150 mg, 62%).

'H-NMR (500 MHz, CD,Cl,): & 7.92-7.86 (m, 4H), 7.75 (s, 2H), 7.53-7.42 (m, 10H), 7.26-7.18 (m,
4H), 6.93 (s, 2H, overlapped with broad singlet), 6.87 (s, 2H, overlapped with broad singlet),
6.81 (bs, 3H, acidic H + H,0, ovelapped), 6.79 (s, 2H, overlapped with broad singlet), 6.29 (s,
2H), 2.30 (s, 6H), 2.18 (s, 6H), 2.05 (s, 6H), 1.90 (s, 6H), 1.79 (s, 6H), 0.84 (s, 6H);

3C.NMR (125 MHz, CD,Cl,): 6 146.4, 146.0, 137.8, 137.4, 136.8, 136.7, 133.2, 132.9, 132.4,
131.8, 131.6, 128.5, 128.5, 128.3, 128.1, 128.0, 127.4, 127.1, 126.6, 126.5, 125.8, 122.7, 21.2,
21.2, 21.1, 20.2, 20.1, 19.4 (including signals due to unassigned C-P-coupling, some signals are
overlapped);

31p_NMR (202 MHz, CD,Cl,): 6 3.91 (s);

HRMS (ESI-) (m/z): [M—H] calcd for C7gHesNOgP,, 1148.4214; found, 1148.4204.
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13e

POCIj3, py, r.t. 1) POCl3 py, rt.
100%
o 79% 2) NH3

13eb 13ec 13e

(S)-4-Chloro-2,6-bis(2,6-dimethylphenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine  4-
oxide (13eb)

To a solution of 13ea (820 mg, 1.66 mmol) in pyridine (5 ml) under argon
was added POCI; (464 ul, 764 mg, 4.98 mmol) at room temperature. The
mixture was stirred for 20 h and then concentrated to dryness under
vacuum. The residue was passed through a short silica gel column (10 g)

using DCM as the eluent yielding the title compound as a colorless solid

(955 mg, 100%).
'H-NMR (500 MHz, CD,Cl,): 6 8.02 (d, J = 8.2 Hz, 1H, overlapped), 8.01 (d, J = 8.2 Hz, 1H,
overlapped), 7.95 (s, 1H), 7.92 (s, 1H), 7.60-7.55 (m, 2H), 7.37-7.35 (m, 4H), 7.27-7.19 (m, 4H),
7.16-7.12 (m, 2H), 2.26 (s, 3H), 2.22 (s, 3H), 2.11 (s, 3H), 2.06 (s, 3H);
3C.NMR (125 MHz, CD,Cl,): 6 145.2, 145.1, 144.9, 144.8, 137.9, 137.2, 136.9, 135.8, 135.5,
133.1, 132.9, 132.8, 132.7,132.5, 132.4, 132.10, 132.09, 131.85, 131.82, 128.81, 128.76, 128.5,
128.4, 128.3, 128.0, 127.7, 127.5, 127.29, 127.27, 127.2, 126.8, 122.78, 122.76, 122.6, 122.5,
21.6, 21.2, 20.5, 20.4 (including signals due to unassigned C-P-coupling, some signals are
overlapped);
3p_NMR (202 MHz, CD,Cl,): § 7.59 (s);
HRMS (ESI+) (m/z): [M+Na] calcd for C3¢H,303CIPNa, 597.1357; found, 597.1351.
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(S)-4-Amino-2,6-bis(2,6-dimethylphenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine  4-
oxide (13ec)

To a solution of 13eb (460 mg, 0.8 mmol) in CH,Cl, (3 ml) under argon at
—78 °C anhydrous ammonia gas was condensed (ca. 5 ml). The cooling
bath was removed and the mixture was allowed to warm to room

temperature. The reaction mixture was passed through a short silica gel

column (5 g) using DCM and 10% EtOAc/DCM as the eluents yielding the
title compound as a colorless solid (320 mg, 72%).

'H-NMR (500 MHz, CD,Cl,): & 7.98 (t, J = 8.9 Hz, 2H), 7.89 (s, 1H), 7.84 (s, 1H), 7.55-7.51 (m, 2H),
7.39-7.31 (m, 4H), 7.27-7.15 (m, 5H), 7.10 (d, J = 7.07 Hz, 1H), 2.70 (d, J = 6.7 Hz, 2H), 2.23 (s,
6H), 2.11 (s, 3H), 2.04 (s, 3H);

BC-.NMR (125 MHz, CD,Cly): 6 145.9, 145.8, 144.94, 144.87, 138.2, 138.1, 137.2, 136.9, 136.4,
136.0, 133.37, 133.35, 132.63, 132.60, 132.5, 132.4, 132.2, 131.9, 131.8, 128.7, 128.3, 128.2,
128.1, 127.9, 127.8, 127.4, 127.3, 127.1, 127.0, 126.9, 126.3, 126.2, 122.99, 122.97, 122.74,
122.73, 21.6, 21.3, 20.6, 20.5 (including signals due to unassigned C-P-coupling, some signals
are overlapped);

31p_NMR (202 MHz, CD,Cl,): 6 12.30 (s);

HRMS (ESI+) (m/z): [M+Na] calcd for C3gH3oNOsPNa, 578.1856; found, 578.1861.

Imidodiphosphoric acid 13e

Sodium hydride (60% dispersion of in mineral oil,
25 mg, 0.63 mmol) was added to a solution of 13eb
(390 mg, 0.678 mmol) and 13ec (314 mg, 0.565
mmol) in THF (4 ml) under argon at room

temperature. After 22 h at room temperature, 10%

aqueous HCl solution (10 ml) and DCM (10 ml) were added, and the mixture was stirred for 30
min. The organic layer was separated and the solvent was removed under reduced pressure.
The residue was purified by column chromatography on aluminum oxide (activity Ill) using 50%
DCM/hexane and 0-100% EtOAc/DCM as the eluents giving a colorless solid. The solid was
dissolved in CH,Cl, (10 ml) and stirred with 3 N aqueous HCI (10 ml) for 1 h. The organic layer
was separated, washed with 3 N aqueous HCl (10 ml) and concentrated under reduced

pressure to give the title compound as a colorless solid (299 mg, 48%).
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'H-NMR (500 MHz, CD,Cl,): & 7.93 (d, J = 8.2 Hz, 2H), 7.88 (d, J = 8.1 Hz, 2H), 7.78 (s, 2H), 7.55-
7.46 (m, 8H), 7.42 (t, J = 7.5 Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 7.14 (t, J =
7.5 Hz, 2H), 7.05 (d, J = 7.5 Hz, 2H), 7.01 (d, J = 7.4 Hz, 2H), 6.97-6.93 (m, 4H), 6.45 (d, J = 7.0 Hz,
2H), 4.71 (bs, 6.5H, acidic H + H,0, overlapped), 2.04 (s, 6H), 1.91 (s, 6H), 1.82 (s, 6H), 0.86 (s,
6H);

3c-NMR (125 MHz, CD,Cly): & 146.1, 145.7, 138.5, 138.0, 137.0, 136.9, 136.8, 136.5, 133.4,
133.2, 132.8, 132.5, 132.1, 131.92, 131.87, 131.4, 128.7, 128.4, 127.81, 127.76, 127.4, 127.3,
127.2,127.1,126.9, 126.8, 126.6, 125.9, 122.8,122.7, 21.24, 21.20, 20.3, 19.6 (including signals
due to unassigned C-P-coupling, some signals are overlapped);

3p_NMR (202 MHz, CD,Cl,): 6 3.61 (s);

HRMS (ESI-) (m/z): [M—H] calcd for C7,Hs6NOgP,, 1092.3588; found, 1092.3588.
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13f

OH
13fa
OH

POCI3 py, r.t. 1) POCIj3, py, r.t.
86%
o 87% 2) NH3

13fb
(S)-2,6-Bis(3,5-bis(trifluoromethyl)phenyl)-4-chlorodinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphos-
phepine 4-oxide (13fb)
To a solution of 13fa (736 mg, 1.04 mmol) in pyridine (5 ml) under
argon was added POCl; (293 ul, 482 mg, 3.12 mmol) at room
temperature. The mixture was stirred for 18 h and then concentrated
to dryness under vacuum. The residue was passed through a short
silica gel column (10 g) using EtOAc as the eluent yielding the title

compound as a colorless solid (706 mg, 86%).

'H-NMR (500 MHz, CD,Cl,): & 8.27 (s, 2H), 8.23 (s, 1H), 8.20 (s, 1H),
8.19 (s, 2H), 8.12-8.10 (m, 2H), 8.01 (d, J = 9.5 Hz, 2H), 7.68-7.64 (m, 2H), 7.49-7.40 (m, 4H);
BC-.NMR (125 MHz, CD,Cly): & 143.7, 143.6, 143.6, 143.5, 138.9, 138.7, 133.1, 133.0, 132.8,
132.8, 132.7,132.6, 132.4, 132.3, 132.1, 131.8, 131.6, 131.0, 131.0, 130.6, 130.6, 130.5, 130.5,
129.3, 129.3, 128.5, 127.7, 127.6, 127.4, 127.3, 127.1, 127.0, 124.9, 124.8, 123.4, 123.4, 123.2,
123.2, 122.7, 122.6, 122.5, 122.5, 122.4, 122.4, 122.4, 122.3, 120.6, 120.5 (including signals
due to unassigned C-F and C-P-coupling, some signals are overlapped);
3'p_.NMR (202 MHz, CD,Cl,): & 8.31 (s);
HRMS (ESI+) (m/z): [M+Na] calcd for C36H1603CIF12PNa, 813.0226; found, 813.0233.

189



7. EXPERIMENTAL SECTION

(S)-4-Amino-2,6-bis(3,5-bis(trifluoromethyl)phenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphos-

phepine 4-oxide (13fc)

To a solution of 13fa (611 mg, 0.86 mmol) in pyridine (4 ml) under
argon was added POCI; (243 ul, 400 mg, 2.58 mmol) at room
temperature. After 18 h the mixture was cooled to —78 °C and
anhydrous ammonia gas was condensed into the reaction flask (ca. 7

ml). The cooling bath was removed and the mixture was allowed to

warm to room temperature. The reaction mixture was then
concentrated to dryness under vacuum. The residue was purified by chromatography on silica
gel using 0-40% EtOAc/CH,Cl, as the eluents yielding the title compound as a colorless solid
(575, 87%).

'H-NMR (500 MHz, CD,Cl,): & 8.37 (s, 2H), 8.23 (s, 2H), 8.20 (s, 1H), 8.14 (s, 1H), 8.09-8.07 (m,
2H), 7.97 (s, 2H), 7.62-7.58 (m, 2H), 7.43-7.38 (m, 4H), 2.91 (d, J = 8.0 Hz, 2H);

BC-.NMR (125 MHz, CD,Cly): & 144.3, 144.2, 143.7, 143.7, 139.5, 132.9, 132.8, 132.5, 132.3,
132.2,132.1,131.9, 131.9, 131.8, 131.7, 131.5, 131.5, 131.5, 131.3, 131.2, 131.2, 130.9, 130.9,
130.4, 130.4, 129.2, 129.1, 128.1, 128.0, 127.2, 127.1, 127.1, 125.0, 124.9, 123.7, 123.7, 123.1,
123.1, 122.8, 122.7, 122.2, 122.2, 122.1, 122.0, 122.0, 121.9, 120.7, 120.5 (including signals
due to unassigned C-F and C-P-coupling, some signals are overlapped);

3p_NMR (202 MHz, CD,Cl,): 6 12.22 (s);

HRMS (ESI+) (m/z): [M+H] calcd for CagH19NOsF1,P, 772.0906; found, 772.0908.

Imidodiphosphoric acid 13f

FsC Sodium hydride (60% dispersion of in
mineral oil, 22 mg, 0.54 mmol) was added to
a solution of 13fb (171 mg, 0.216 mmol) and
13fc (139 mg, 0.18 mmol) in THF (2 ml)

under argon at room temperature. After 2.5

FC CF; days at room temperature water (10 ml)
was added and the mixture was extracted with CH,Cl,, washed with brine, dried (MgSQ,),
filtered and concentrated. The residue was purified by column chromatography on silica gel
using 0-3% EtOAc/DCM as the eluents giving a colorless solid. The solid was dissolved in CH,Cl,

(10 ml) and washed with 3 N aqueous HCl (10 ml). The organic layer was separated and
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concentrated under reduced pressure to give the title compound as a colorless solid (234 mg,
85%).

'H-NMR (500 MHz, CD,Cl): & 8.12 (s, 2H), 8.07 (d, J = 8.7 Hz, 2H, overlapped), 8.06 (s, 4H,
overlapped), 7.92 (s, 2H), 7.86-7.81 (m, 4H), 7.78 (bs, 3.5H, acidic H + H,0), 7.68-7.61 (m, 4H),
7.57 (t,J=7.5Hz, 2H), 7.51 (s, 2H), 7.37-7.34 (m, 6H), 7.25 (d, J = 8.5 Hz, 2H), 6.84 (s, 2H);
B3C-NMR (125 MHz, CD,Cl,): § 144.79, 144.76, 144.7, 144.0, 143.95, 143.91, 139.3, 138.9, 132.8,
132.3, 132.2, 131.9, 131.7, 131.6, 131.5, 131.37, 131.35, 131.26, 131.1, 131.0, 130.8, 130.74,
130.66, 130.6, 130.53, 130.51, 129.9, 129.6, 129.2, 128.4, 127.9, 127.0, 126.9, 126.8, 125.0,
124.6, 124.0, 122.8, 122.6, 122.4, 121.7 (m), 120.9 (m), 120.6, 120.3 (including signals due to
unassigned C-F and C-P-coupling, some signals are overlapped);

3p_NMR (202 MHz, CD,Cl,): 6 3.03 (s);

HRMS (ESI-) (m/z): [M—H] calcd for C7,H3oNOgF24P,, 1524.1327; found, 1524.1333.
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13g

thymol
OH

Tf,0, py, DCM
98%

Pd(PPhg3)4 O‘ OMe
13ga

B(OH),

OMe

78%
’ B(OH),

POCIj3, py, 60 °C
04% then NH3
o
i

Pr

13gd 13ge 139

2-Isopropyl-5-methylphenyl trifluoromethanesulfonate
Tf,0 (4.0 ml, 6.77 g, 24 mmol) was added dropwise to the solution of thymol (2-
isopropyl-5-methylphenol, 3.0 g, 20 mmol) and pyridine (4.85 ml, 4.75 g, 60
orf mmol) in dry CH,Cl, (20 ml) at 0 °C under argon. The mixture was stirred at
room temperature for 14 h. Then water (40 ml) was added and the mixture was extracted with
CH,Cl,. Combined organic extracts were washed with ag. 1 N HCI, water, and brine, dried
(MgSQ,), filtered, and the solvent was removed under reduced pressure yielding the title
compound as a colorless liquid (5.51 g, 98%).
'H-NMR (500 MHz, CDCl5): & 7.27 (d, J = 8.0 Hz, 1H), 7.14 (d, J = 8.0 Hz, 1H), 7.03 (s, 1H), 3.28-
3.20 (m, 1H), 2.34 (s, 3H), 1.24 (d, / = 6.8 Hz, 6H);
3C-NMR (125 MHz, CDCl3): 6 146.9, 137.9, 137.7, 129.4, 127.4, 121.5, 118.6 (g, J(C-F) = 320 Hz)
26.8,23.1, 20.8;

HRMS (EI(FE)) (m/z): [M+Na] calcd for C;1H1305F3S, 282.0538; found, 282.0535.
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(S)-3,3'-Bis(2-isopropyl-5-methylphenyl)-2,2'-dimethoxy-1,1'-binaphthalene (13gb)

A suspension of 13ga (2.41 g, 6.0 mmol), 2-isopropyl-5-methylphenyl
trifluoromethanesulfonate (6.78 g, 24 mmol) and Ba(OH),-8H,0 (7.5 g,
24 mmol) in dioxane/water 3:1 (60 ml) was degassed by bubbling argon
gas for 15 min. Pd(PPhs); (348 mg, 0.3 mmol) was added and the

mixture was stirred for 1.5 h at room temperature, and further 1 h at

100 °C. After being cooled at room temperature water (500 ml) was
added and the mixture extracted with CH,Cl; (2 -+ 250 ml). Combined organic extracts were
washed with water (500 ml), dried (MgSQ,), filtered, and the solvent removed under reduced
pressure. The residue was purified by column chromatography on silica gel using 10-50%
CH,Cl,/hexane as the eluents yielding the title compound as a colorless solid (2.7 g, 78%).
'H-NMR (500 MHz, CDCls): & 7.88-7.86 (m, 2H), 7.82-7.81 (m, 2H), 7.42-7.37 (m, 2H), 7.33-7.19
(m,, 10H), 3.25 (s, 1.6H), 3.16 (s, 0.9H), 3.11-2.94 (multiplet including two singlets, 5.6H), 2.39-
2.35 (four singlets, 6H), 1.22-1.14 (m, 7.2H), 1.06 (d, J = 6.9 Hz, 3.3H), 0.99 (d, J = 6.9 Hz, 1.6H)
(spectra complicated due to presence of rotamers);

B3C-NMR (125 MHz, CDCls): 6 154.8, 154.5, 154.3, 154.1, 144.7, 144.7, 144.6, 144.4, 137.6,
137.5,137.4, 135.9, 135.8, 135.6, 135.3, 134.6, 134.5, 134.4, 133.7, 133.7, 133.6, 133.6, 131.0,
130.8, 130.8, 130.7, 130.6, 130.5, 130.4, 130.4, 128.8, 128.7, 128.7, 128.6, 127.9, 127.9, 127.8,
126.1, 126.0, 125.9, 125.8, 125.8, 125.6, 125.2, 125.2, 125.1, 125.0, 125.0, 124.9, 124.9, 124.8,
124.7, 124.7, 60.5, 60.4, 60.4, 60.3, 30.1, 30.0, 29.9, 29.8, 25.2, 25.2, 25.1, 25.0, 23.3, 23.2,
23.1, 23.0, 21.0, 21.0, 20.9 (including signals due to presence of rotamers);

HRMS (ESI+) (m/z): [M+Na] calcd for C4,H4,0,Na, 601.3077; found, 601.3080.

(S)-3,3'-Bis(2-isopropyl-5-methylphenyl)-[1,1'-binaphthalene]-2,2'-diol (13gc)

A 1 M solution of BBr3 in CH,Cl, (18.7 ml, 18.7 mmol) was added
dropwise to the solution of (S)-13gb (2.7 g, 4.66 mmol) in CH,Cl, (20 ml)
at 0 °C under argon. After 60 h at room temperature, the solution was
cooled to 0 °C, water (200 ml) was carefully added, and the mixture was

extracted with CH,Cl,. The organic layer was washed with saturated

aqueous Na,COs solution (100 ml), dried (MgSQ,), filtered, and the

193



7. EXPERIMENTAL SECTION

solvent was removed under reduced pressure. The residue was purified by column
chromatography on silica gel using 40% CH,Cl,/hexane as the eluent yielding the title
compound as a colorless solid (2.46 g, 96%).

'H-NMR (500 MHz, CD,Cl,): § 7.93-7.90 (m, 2H), 7.85 (two singlets, 2H), 7.42-7.15 (m, 12H),
5.18 (0.4H), 5.15 (three singlets, 1.5H), 3.01-2.92 (m, 1.1H), 2.91-2.82 (m, 0.9H), 2.39 (s, 1.4H),
2.38 (s, 2.5H), 2.36 (s, 2.0H), 1.21-1.19 (two dublets, 3.4H), 1.17-1.13 (m, 6.1H), 1.09 (d, J = 6.9
Hz, 1.4H), 1.07 (d, J = 6.9 Hz, 1.3H) (spectra complicated due to presence of rotamers);
3c-NMR (125 MHz, CD,Cly): & 150.9, 150.9, 150.8, 150.8, 145.4, 145.4, 145.4, 135.9, 135.9,
135.8, 135.8, 135.7, 133.8, 133.7, 133.6, 133.5, 131.5, 131.4, 131.4, 131.4, 131.3, 131.3, 131.3,
131.3,129.9, 129.9, 129.7, 129.6, 129.6, 128.8, 128.7, 127.3, 127.2, 126.0, 125.9, 125.8, 124.9,
124.7, 124.4, 124.4, 124.4, 113.1, 113.0, 112.9, 30.6, 30.6, 30.6, 30.5, 24.9, 24.9, 24.8, 24.8,
23.6, 23.6, 23.5, 23.5, 21.1, 21.0 (including signals due to presence of rotamers);

HRMS (ESI+) (m/z): [M+Na] calcd for C40H330,Na, 573.2764; found, 573.2766.

(S)-4-Chloro-2,6-bis(2-isopropyl-5-methylphenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphos-
phepine 4-oxide (13gd)

To a solution of (S)-13gc (292 mg, 0.53 mmol) in pyridine (2 ml) under
argon was added POCIl; (148 pul, 244 mg, 1.59 mmol) at room
temperature. The mixture was stirred at 60 °C for 1.5 h and then
concentrated to dryness under vacuum. The residue was passed

through a short silica gel column (5 g) using CH,Cl, as the eluent

yielding the title compound as a colorless solid (322 mg, 96%).

'H-NMR (500 MHz, CD,Cl,): & 8.04-7.95 (m, 4H), 7.60-7.56 (m, 2H), 7.46-7.35 (m, 4.4H), 7.33-
7.30 (m, 1.6H), 7.28-7.23 (m, 2.7H), 7.18-7.10 (m, 1.2H), 3.17-3.11 (m, 0.2H), 3.07-2.99 (m,
0.2H), 2.84-2.75 (m, 1.6H), 2.39-2.36 (m, 4.7H), 2.32-2.31 (m, 1.2H), 1.47-1.45 (m, 0.5H), 1.34
(d, J = 6.8 Hz, 0.8H), 1.22-1.14 (m, 6H), 1.05-1.03 (m, 2.3H), 0.98 (d, J = 6.8 Hz, 2.5H) (spectra
complicated due to presence of rotamers);

3c-NMR (125 MHz, CD,Cly): & 145.2, 145.1, 144.9, 144.9, 144.8, 144.8, 144.7, 135.3, 135.0,
135.0, 134.7, 134.4, 134.3, 134.2, 134.1, 134.1, 133.2, 133.1, 133.0, 132.5, 132.5, 132.4, 132.3,
132.3,132.2,132.2, 131.8, 131.6, 131.5, 130.0, 130.0, 129.9, 129.9, 129.7, 128.9, 128.8, 127.6,
127.5, 127.4, 127.3, 127.3, 127.2, 127.0, 126.9, 126.6, 125.5, 125.4, 125.3, 122.2, 122.1, 30.8,
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30.7, 30.2, 29.9, 26.9, 25.9, 25.3, 25.1, 23.9, 23.6, 23.4, 23.0, 22.9, 21.0, 21.0 (including signals
due to presence of rotamers and unassigned C-P-coupling);

3p_NMR (202 MHz, CD,Cl,): § 7.78 (major), 7.60, 7.52, 7.47 (including signals due to presence
of rotamers);

HRMS (ESI+) (m/z): [M+Na] calcd for C40H3603CIPNa, 653.1983; found, 653.1978.

(S)-4-Amino-2,6-bis(2-isopropyl-5-methylphenyl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphos-
phepine 4-oxide (13ge)

To a solution of (5)-13gc (242 mg, 0.44 mmol) in pyridine (2 ml) under
argon was added POCl; (123 pl, 202 mg, 1.32 mmol) at room
temperature. After 1.5 h at 60 °C, the mixture was cooled to —78 °C and
anhydrous ammonia gas was condensed into the reaction flask (ca. 10

ml). The cooling bath was removed and the mixture was allowed to

warm to room temperature. The reaction mixture was then
concentrated to dryness under vacuum. Residue was passed through short silica gel column
(10 g) using 5% EtOAc/CH,Cl; as the eluent yielding the title compound as a colorless solid (252
mg, 94%).

'H-NMR (500 MHz, CD,Cl,): & 8.05-7.85 (m, 4H), 7.58-7.52 (m, 2H), 7.46 (d, J = 8.6 Hz, 1.6H),
7.42-7.21 (m, 6.9H), 7.12-7.03 (m, 1.1H), 6.84 (d, J = 7.8 Hz, 0.2H), 3.14-3.03 (m, 0.4H), 2.90-
2.76 (m, 1.6H), 2.72-2.61 (m, 2H), 2.38-2.27 (m, 5.2H), 2.04 (s, 0.7H), 1.46-1.44 (m, 0.4H), 1.34-
1.31 (m, 0.9), 1.22-1.19 (m, 2.6H), 1.17-1.09 (m, 3.4H), 1.06-1.03 (m, 2.2H), 0.99-0.96 (m, 2.6H)
(spectra complicated due to presence of rotamers);

BC-.NMR (125 MHz, CD,Cly): & 145.5, 145.4, 145.3, 144.9, 144.9, 144.6, 136.0, 135.9, 135.9,
135.4, 135.3, 135.1, 134.8, 134.7, 134.7, 134.7, 134.6, 132.6, 132.4, 132.3, 132.1, 131.9, 131.6,
131.5, 129.9, 129.9, 129.6, 129.5, 129.0, 128.8, 128.7, 127.4, 127.4, 126.9, 126.9, 126.8, 126.4,
126.4,126.3, 125.8, 125.7,125.1, 125.1, 122.6, 122.6, 122.3, 122.3, 30.8, 30.7, 30.6, 30.2, 30.0,
26.6, 25.7, 25.3, 24.9, 24.1, 23.7, 23.5, 23.0, 23.0, 21.2, 21.1, 21.0, 20.9 (including signals due
to presence of rotamers and unassigned C-P-coupling);

31p_NMR (202 MHz, CD,Cl,): & 13.2, 12.2, 12.1 (major), 11.8 (including signals due to presence
of rotamers);

HRMS (ESI+) (m/z): [M+Na] calcd for C40H3sNOsPNa, 634.2482; found, 634.2478.
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Imidodiphosphoric acid 13g

Sodium hydride (60% dispersion of in mineral oil,
47 mg, 1.18 mmol) was added to a solution of
(5)-13ge (241 mg, 0.394 mmol) and (S)-13gd
(298 mg, 0.473 mmol) in THF (3 ml) under argon

at room temperature. After 18 h at room

temperature, 10% aqueous HCI solution (10 ml)
and DCM (10 ml) were added, and the mixture was stirred for 1 h. The organic layer was
separated and the solvent was removed under reduced pressure. The residue was purified by
column chromatography on aluminum oxide (activity Ill, 20 g) using 0-16% EtOAc/DCM as the
eluents giving a colorless solid. The solid was dissolved in CH,Cl, (10 ml) and stirred with 3 N
aqueous HCI (10 ml) for 1 h. The organic layer was separated and concentrated under reduced
pressure to give the title compound as a colorless solid (334 mg, 70%).

'H-NMR (500 MHz, DMSO-dg): § 8.27 (d, J = 8.2 Hz, 2H), 8.00 (d, J = 8.2 Hz, 2H), 7.84 (s, 2H),
7.63-7.60 (m, 4H), 7.45 (t, J = 7.5 Hz, 2H), 7.35-7.28 (m, 4H), 7.17 (d, J = 7.9 Hz, 2H), 7.11-7.08
(m, 4H), 7.05 (s, 2H), 7.02 (d, J = 8.0 Hz, 2H), 6.94 (d, J = 8.0 Hz, 2H), 6.51 (s, 2H), 5.85 (d, /= 8.0
Hz, 2H), 2.41-2.35 (m, 4H), 2.34 (s, 6H), 2.14 (s, 6H), 0.91 (d, / = 6.9 Hz, 6H), 0.85 (d, / = 6.8 Hz,
6H), 0.42 (d, J = 6.8 Hz, 6H), -0.15 (d, J/ = 6.8 Hz, 6H) (actual spectra is complicated by the
presence of additional signals due to small amounts of other rotamers, which are not included
here);

C-NMR (125 MHz, DMSO-dg): § 143.0, 142.5, 135.5, 135.2, 134.1, 133.4, 133.0, 132.0, 132.0,
131.7, 131.6, 131.0, 130.9, 130.6, 130.3, 128.9, 128.6, 128.3, 126.7, 126.2, 125.8, 125.7, 125.3,
124.9,123.4,123.0, 121.8, 120.3, 29.3, 28.8, 25.3, 25.0, 24.3, 23.9, 23.6, 23.2, 23.0, 20.9, 20.8,
20.2;

3p_NMR (202 MHz, DMSO-dg): & -13.9 (s), (additional signals at 2.33, -0.5, -0.9, -2.2 due to
small amounts of other rotamers);

HRMS (ESI-) (m/z): [M—H] calcd for CgoH7,NOgP,, 1204.4840; found, 1204.4829.
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13h

13ha

1) POCI3, py, r.t.

POCI3, py, r.t.
85%

(S)-4-Chloro-2-(naphthalen-1-yl)-6-(naphthalen-4-yl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphos-
phepine 4-oxide (13hb)

To a solution of 13ha (516 mg, 0.958 mmol) in pyridine (3.3 ml) under
argon was added POCl; (267 ul, 441 mg, 2.87 mmol) at room
temperature. The mixture was stirred for 16 h and then concentrated to
dryness under vacuum. The residue was passed through a short silica gel
column (10 g) using DCM as the eluent yielding the title compound as a

colorless solid (514 mg, 85%).

'H-NMR (500 MHz, CD,Cl,): & 8.22-8.19 (m, 1H), 8.15-8.14 (m, 1H), 8.10-
8.03 (m, 2H), 8.00-7.93 (m, 4.4H), 7.87 (d, J = 8.5 Hz, 0.1H), 7.83 (d, J = 8.4 Hz, 0.2H), 7.75 (dd, J
= 7.1, 1.0 Hz, 0.3H), 7.70 (dt, J = 7.0, 1.0 Hz, 0.6H), 7.67-7.53 (m, 8.5H), 7.52-7.45 (m, 4.1H),
7.43-7.37 (m, 1.9H) (spectra complicated due to presence of rotamers);

B3C-NMR (125 MHz, CD,Cl,): & 145.3, 145.2, 145.1, 145.1, 145.1, 145.0, 145.0, 135.0, 135.0,
134.6, 134.4, 134.4, 134.3, 133.7, 133.7, 133.6, 133.6, 133.3, 132.9, 132.8, 132.8, 132.8, 132.7,
132.6, 132.6, 132.5, 132.2, 131.9, 131.7, 131.5, 131.5, 129.6, 129.6, 129.5, 129.4, 129.3, 129.3,
129.1, 129.1, 129.0, 129.0, 128.9, 128.8, 128.8, 128.7, 128.5, 128.5, 128.4, 127.7, 127.7, 127.7,
127.6, 127.5, 127.5, 127.4, 127.2, 127.2, 126.9, 126.8, 126.7, 126.6, 126.5, 126.5, 126.4, 126.2,
126.0, 125.9, 125.8, 125.7, 125.4, 125.2, 125.2, 123.5, 123.5, 123.4, 123.4, 122.7, 122.7, 122.7,
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122.6, 122.5, 122.5 (including signals due to presence of rotamers and unassigned C-P-
coupling);

3p.NMR (202 MHz, CD,Cl,): 6 7.76, 7.68 (major), 7.54, 7.45 (spectra complicated due to
presence of rotamers);

HRMS (ESI+) (m/z): [M+Na] calcd for C40H»403CIPNa, 641.1044; found, 641.1046.

(S)-4-Amino-2-(naphthalen-1-yl)-6-(naphthalen-4-yl)dinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphos-
phepine 4-oxide (13hc)

To a solution of 13ha (430 mg, 0.798 mmol) in pyridine (2.8 ml) under
argon was added POCI3; (223 pul, 368 mg, 2.39 mmol) at room

temperature. After 18 h at room temperature, the mixture was cooled
O/ “\H, to=78°Cand anhydrous ammonia gas was condensed into the reaction
flask (ca. 5 ml). The cooling bath was removed and the mixture was
allowed to warm to room temperature. The reaction mixture was then
concentrated to dryness under vacuum. Residue was passed through short silica gel column
(10 g) using 0-2% EtOAc/CH,Cl, as the eluent yielding the title compound as a colorless solid
(395 mg, 82%).

'H-NMR (500 MHz, CD,Cl,): & 8.16-8.13 (m, 1H), 8.09-8.00 (m, 2.9H), 7.99-7.81 (m, 4.6H), 7.77-
7.32 (m, 15.8H), 2.53 (d, J = 6.8 Hz, 0.3H), 2.50 (m, J 6.8 Hz, 1H), 2.24 (d, J =7.1 Hz, 0.1H), 2.17
(d, J=7.2 Hz, 0.5H) (spectra complicated due to presence of rotamers);

C-NMR (125 MHz, CD,Cl,): & 145.9, 145.8, 145.7, 145.7, 145.1, 145.1, 136.1, 135.3, 134.7,
134.5,134.1, 134.0, 133.8, 133.7, 133.6, 133.6, 133.6, 133.4, 133.4, 133.4, 133.3, 133.3, 133.2,
133.2,133.2,133.0, 133.0, 132.9, 132.8, 132.7, 132.6, 132.6, 132.5, 132.2, 132.0, 131.9, 131.9,
131.4,129.5,129.3,129.2, 129.0, 128.9, 128.9, 128.8, 128.7, 128.7, 128.7, 128.6, 128.3, 128.3,
128.2,128.2,127.5,127.5,127.4,127.4, 127.4, 127.3, 127.3, 127.2, 127.1, 126.9, 126.8, 126.7,
126.6, 126.6, 126.6, 126.5, 126.5, 126.4, 126.4, 126.3, 126.1, 126.1, 126.0, 125.8, 125.7, 125.6,
125.3, 125.1, 125.1, 123.7, 123.7, 123.3, 123.3, 122.8, 122.8, 122.6, 122.6, 122.6, 122.6,
(including signals due to presence of rotamers and unassigned C-P-coupling);

3p_NMR (202 MHz, CD,Cl,): 8 12.12, 11.94 (major), 11.77, 11.73 (spectra complicated due to
presence of rotamers);

HRMS (ESI+) (m/z): [M+Na] calcd for C40H,6NO3sPNa, 622.1543; found, 622.1543.
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Imidodiphosphoric acid 13h

Sodium hydride (60% dispersion of in mineral oil,
63 mg, 1.58 mmol) was added to a solution of
13hb (392 mg, 0.633 mmol) and 13hc (316 mg,
0.528 mmol) in THF (4 ml) under argon at room
temperature. After 18 h at room temperature,

10% aqueous HCI solution (15 ml) and DCM (15

ml) were added, and the mixture was stirred for 1
h. The organic layer was separated and aqueous one extracted with DCM (4 - 10 ml). Combined
organic extracts were washed with brine and the solvent was removed under reduced pressure.
The residue was purified by column chromatography on silica using 50% DCM/hexane,
followed by DCM and 2-100% EtOAc/hexane as the eluents. The solid was dissolved in CH,Cl,
(25 ml) and stirred with 3 N aqueous HCI (25 ml) for 2 h. The organic layer was separated,
washed with 3 N aqueous HCI (25 ml) and concentrated under reduced pressure. The residue
was purified again by column chromatography under the same conditions and acidified as
described to give the title compound as a colorless solid (460 mg, 74%).
'H-NMR (500 MHz, DMSO-d6): & 8.13-7.12 (m, 46H), 6.75 (bs, 0.5H), 6.67 (t, J = 7.5 Hz, 1H),
6.55 (t, J = 7.1 Hz, 0.5H), 5.96-5.85 (m, 1.8H) (spectra complicated due to presence of
rotamers);
B3C-NMR (125 MHz, DMSO-d6): 6 146.9, 146.9, 146.8, 146.7, 146.1, 134.7, 134.6, 134.2, 133.9,
133.9, 133.6, 133.3, 133.2, 133.0, 132.9, 132.5, 132.5, 132.3, 132.3, 132.3, 132.2, 132.1, 132.0,
131.9, 131.9, 131.8, 131.8, 131.7, 131.6, 131.3, 131.2, 131.2, 131.0, 130.9, 130.8, 130.6, 130.5,
130.1, 130.0, 128.8, 128.7, 128.6, 128.5, 128.4, 128.2, 128.1, 127.7, 127.6, 127.5, 127.3, 127 .2,
126.8, 126.5, 126.3, 126.1, 125.8, 125.7, 125.6, 125.5, 125.4, 125.4, 125.2, 125.1, 124.9, 124.9,
124.8,122.9, 122.3, 122.2, 122.1, 122.0 (including signals due to presence of rotamers and
unassigned C-P-coupling);
3p_.NMR (202 MHz, DMSO-d6): & 0.69, -0.20, -0.48 (bs, major), -0.74(s, major) (spectra
complicated due to presence of rotamers);

HRMS (ESI-) (m/z): [M—H] calcd for CgoH4gNOgP,, 1180.2962; found, 1180.2971.
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7.5.2. X-Ray data for compounds 13a-c

X-Ray structure of 13c

¢ ) Q)
Fre el
p D A
s ‘3“‘ <
C52 e )
OGRS
L /,/ O%
Y, ‘,ég'.', ’)’

Figure 7.2. Single crystal X-ray structure determination of 13c. The crystals were
grown from concentrated solution in hot and wet CH3CN by slowly cooling the
solution to room temperature. The molecular structure of 13c:[H,0]-[CH3CN],
showing the O-H:-:O hydrogen bonding interactions between the
imidodiphosphate 13c and the solute water molecule O7. Probability ellipsoids
are shown at the 50% level. H atoms omitted for clarity. Two of the ethyl groups
in the 2,4,6-triethylphenyl groups are disordered over two positions (C27, C28
[A:B = 0.5:0.5] and C85, C86 [A:B = 0.62:0.38]). Bond distances in the water-
imidodiphosphate region (07/03-P1-N1-P2-06) indicate disorder of the H atoms
attached to 03, 06 and O7, which could not be located in a difference Fourier
synthesis: 03--07 2.479(4) A, 06--07 2.483(4) A. Intensity data were collected
on an Enraf-Nonius CAD4 diffractometer, equipped with a graphite
monocromator, using Mo-Ko radiation generated on a Bruker-Nonius FR591

rotating anode. Data were absorption corrected and scaled using the program
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SADABS (Bruker AXS, 2008). The structure was solved and refined using the
programs SHELXS and SHELXL, both programs from G. M. Sheldrick.!**! X-ray
crystallographic data have been deposited in the Cambridge Crystallographic
Data Centre database (http://www.ccdc.cam.ac.uk/) under accession code CCDC

864762.

Crystal data and structure refinement for 13c.

Identification code 7553

Empirical formula Co0Ho1 N2 O7 P,

Color colorless

Formula weight 1374.59 g- mol™1

Temperature 200 K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2:2,2,, (no.19)

Unit cell dimensions a=15.4764(13) A a=90°.
b=16.426(2) A B =90°.
c=30.614(2) A y =90°.

Volume 7782.6(14) A3

VA 4

Density (calculated) 1.173 Mg - m-3

Absorption coefficient 0.112 mm1

F(000) 2924 ¢

Crystal size 0.351 x 0.219 x 0.182 mm?3

0 range for data collection 2.63to 31.32°.

Index ranges -14< h<22,-24< k< 24,-44< 1< 44

Reflections collected 107767

Independent reflections 25375 [Rjnt = 0.0628]

Reflections with 1>20(l) 16444

Completeness to 8 =31.32° 99.7 %

Absorption correction Gaussian

Max. and min. transmission 0.98 and 0.97
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Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(1)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Atomic coordinates and equivalent isotropic displacement parameters (AZ) for 13c. Ueq is

Full-matrix least-squares on F2

25375/0/ 960

1.107

Rq1=0.0718 wR2 = 0.1431
Rq = 0.1271 wRZ = 0.1650
0.10(8)

0.592 and -0.352 e - A~3

defined as one third of the trace of the orthogonalized Ujj tensor.

X y z Ueq
P(1) 0.2300(1) 0.3809(1) 0.3952(1) 0.025(1)
P(2) 0.1359(1) 0.4895(1) 0.3398(1) 0.025(1)
N(1) 0.2147(1) 0.4590(1) 0.3671(1) 0.028(1)
N(2) 0.5246(5) 0.6920(5) 0.5417(2) 0.170(4)
0(1) 0.3027(1) 0.3315(1) 0.3693(1) 0.029(1)
0(2) 0.2740(1) 0.4000(1) 0.4413(1) 0.027(1)
0(3) 0.1555(1) 0.3271(1) 0.4067(1) 0.035(1)
O(4) 0.0861(1) 0.5508(1) 0.3714(1) 0.025(1)
0(5) 0.1645(1) 0.5462(1) 0.2998(1) 0.029(1)
0(6) 0.0767(1) 0.4297(1) 0.3190(1) 0.036(1)
0(7) 0.0601(2) 0.2874(1) 0.3453(1) 0.058(1)
C(1) 0.4170(2) 0.2999(2) 0.4184(1) 0.029(1)
C(2) 0.3533(2) 0.2731(2) 0.3905(1) 0.028(1)
C(3) 0.3379(2) 0.1903(2) 0.3801(1) 0.033(1)
C(4) 0.3960(2) 0.1353(2) 0.3966(1) 0.040(1)
C(5) 0.4633(2) 0.1573(2) 0.4257(1) 0.035(1)
C(6) 0.5203(2) 0.0980(2) 0.4434(1) 0.045(1)
C(7) 0.5782(2) 0.1190(2) 0.4750(1) 0.047(1)
C(8) 0.5821(2) 0.1981(2) 0.4902(1) 0.043(1)
C(9) 0.5310(2) 0.2576(2) 0.4723(1) 0.036(1)
C(10) 0.4718(2) 0.2396(2) 0.4385(1) 0.032(1)
C(11) 0.4270(2) 0.3874(2) 0.4292(1) 0.029(1)
C(12) 0.3572(2) 0.4336(2) 0.4433(1) 0.026(1)
C(13) 0.3660(2) 0.5099(2) 0.4641(1) 0.030(1)
C(14) 0.4467(2) 0.5425(2) 0.4664(1) 0.039(1)
C(15) 0.5196(2) 0.5045(2) 0.4473(1) 0.038(1)
C(16) 0.6027(2) 0.5421(2) 0.4470(1) 0.054(1)
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C(17)
C(18)
C(19)
C(20)
C(21)
C(22)
C(23)
C(24)
C(25)
C(26)
C(27A)
C(28A)
C(278)
C(28B)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)

0.6698(2)
0.6596(2)
0.5818(2)
0.5097(2)
0.2612(2)
0.1894(2)
0.1188(2)
0.1173(2)
0.1878(2)
0.2607(2)
0.1965(10)
0.1168(5)
0.1801(11)
0.1933(8)
0.0417(3)

-0.0404(4)

0.3368(2)
0.4031(4)
0.2909(2)
0.2504(2)
0.1844(2)
0.1575(2)
0.1980(2)
0.2639(2)
0.2773(3)
0.3335(3)
0.0897(3)
0.1296(4)
0.3074(2)
0.3772(3)
0.0456(2)
0.0214(2)

-0.0656(2)
-0.1281(2)
-0.1091(2)
-0.1754(2)
-0.1580(2)
-0.0730(3)
-0.0069(2)
-0.0220(2)

0.1389(2)
0.1927(2)
0.2749(2)
0.3038(2)
0.2568(2)
0.2902(3)
0.2471(3)
0.1691(3)

0.5063(3)
0.4321(3)
0.3921(2)
0.4272(2)
0.1629(2)
0.1321(2)
0.1036(2)
0.1049(2)
0.1376(2)
0.1665(2)
0.1176(7)
0.0943(5)
0.1405(7)
0.0591(6)
0.0721(3)
0.1031(5)
0.1978(3)
0.1302(4)
0.5517(2)
0.6180(2)
0.6582(2)
0.6336(2)
0.5682(2)
0.5261(2)
0.6505(2)
0.7262(3)
0.6827(3)
0.7412(3)
0.4567(2)
0.4846(3)
0.6677(2)
0.5999(2)
0.5778(2)
0.6314(2)
0.7032(2)
0.7579(2)
0.8240(2)
0.8389(2)
0.7880(2)
0.7204(2)
0.6852(2)
0.6265(2)
0.6447(2)
0.7233(2)
0.7831(2)
0.8633(2)
0.9187(2)
0.8975(2)

0.4263(1)
0.4053(1)
0.4058(1)
0.4275(1)
0.3550(1)
0.3777(1)
0.3541(1)
0.3082(1)
0.2873(1)
0.3097(1)
0.4245(5)
0.4475(2)
0.4294(5)
0.4513(3)
0.2831(1)
0.2947(2)
0.2838(1)
0.2742(2)
0.4856(1)
0.4660(1)
0.4880(1)
0.5292(1)
0.5480(1)
0.5273(1)
0.4218(1)
0.4245(1)
0.5536(2)
0.5861(2)
0.5510(1)
0.5820(2)
0.3312(1)
0.3541(1)
0.3632(1)
0.3506(1)
0.3268(1)
0.3143(1)
0.2890(1)
0.2750(1)
0.2873(1)
0.3153(1)
0.3219(1)
0.3043(1)
0.2859(1)
0.2894(1)
0.3120(1)
0.3183(1)
0.3426(2)
0.3622(1)

0.064(1)
0.058(1)
0.045(1)
0.034(1)
0.036(1)
0.040(1)
0.047(1)
0.049(1)
0.051(1)
0.043(1)
0.043(3)
0.056(2)
0.041(3)
0.083(3)
0.075(1)
0.120(3)
0.061(1)
0.113(2)
0.032(1)
0.038(1)
0.049(1)
0.052(1)
0.047(1)
0.039(1)
0.048(1)
0.071(1)
0.083(2)
0.102(2)
0.051(1)
0.094(2)
0.027(1)
0.026(1)
0.031(1)
0.038(1)
0.037(1)
0.049(1)
0.058(1)
0.058(1)
0.043(1)
0.032(1)
0.028(1)
0.027(1)
0.034(1)
0.044(1)
0.042(1)
0.060(1)
0.069(1)
0.063(1)
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c(63)  0.1329(2) 0.8227(2) 0.3562(1) 0.045(1)

c(64)  0.1750(2) 0.7638(2) 0.3299(1) 0.035(1)

C(65) -0.0857(2) 0.4973(2) 0.3839(1) 0.031(1)

c(66)  -0.1143(2) 0.4330(2) 0.3576(1) 0.035(1)

C(67) -0.1291(2) 0.3577(2) 0.3769(1) 0.038(1)

C(68) -0.1176(2) 0.3446(2) 0.4211(1) 0.037(1)

C(69)  -0.0896(2) 0.4091(2) 0.4464(1) 0.039(1)

C(70)  -0.0728(2) 0.4862(2) 0.4287(1) 0.036(1)

c(71)  -0.1297(2) 0.4420(2) 0.3087(1) 0.052(1)

C(72)  -0.2205(4) 0.4503(5) 0.2952(2) 0.115(2)

C(73)  -0.1355(2) 0.2621(2) 0.4416(1) 0.049(1)

C(74)  -0.2042(3) 0.2668(3) 0.4765(2) 0.076(1)

C(75)  -0.0425(2) 0.5532(2) 0.4586(1) 0.046(1)

c(76)  -0.1097(4) 0.5810(4) 0.4900(2) 0.109(2)

c(77)  0.3233(2) 0.5821(2) 0.2599(1) 0.040(1)

c(78)  0.3799(2) 0.5279(2) 0.2803(1) 0.044(1)

C(79)  0.4218(2) 0.4700(3) 0.2555(1) 0.064(1)

C(80)  0.4096(3) 0.4642(3) 0.2101(2) 0.080(2)

c(81)  0.3565(3) 0.5207(3) 0.1909(1) 0.080(2)

c(82)  0.3141(2) 0.5807(3) 0.2143(1) 0.059(1)

C(83)  0.4007(2) 0.5335(2) 0.3285(1) 0.048(1)

C(84)  0.4794(3) 0.5862(3) 0.3364(1) 0.072(1)

C(85A)  0.4600(7) 0.4108(6) 0.1791(4) 0.067(3)

C(86A)  0.4559(8) 0.3266(7) 0.1954(4) 0.094(4)

C(85B)  0.4518(16) 0.3759(14) 0.1921(7) 0.100(7)

C(86B)  0.4983(9) 0.4067(10) 0.1525(5) 0.098(6)

c(87)  0.2632(3) 0.6459(3) 0.1884(1) 0.075(1)

C(88)  0.3246(4) 0.7056(4) 0.1658(2) 0.115(2)

C(89) 0.4543(7) 0.7032(5) 0.5522(2) 0.119(3)

C(90)  0.3663(6) 0.7152(5) 0.5641(2) 0.151(3)

Bond lengths [A] and angles [°] for 13c.

c(1)-C(2) 1.376(4) C(1)-C(10) 1.442(4)
c(1)-c(11) 1.483(4) C(2)-0(1) 1.399(3)
c(2)-c(3) 1.416(4) C(3)-C(4) 1.372(4)
C(3)-C(21) 1.485(4) C(4)-C(5) 1.418(4)
C(5)-C(10) 1.414(4) C(5)-C(6) 1.422(4)
c(6)-C(7) 1.362(5) C(7)-C(8) 1.383(5)
C(8)-C(9) 1.371(4) C(9)-C(10) 1.413(4)
C(11)-C(12) 1.388(4) C(11)-C(20) 1.439(4)
C(12)-0(2) 1.402(3) C(12)-C(13) 1.411(4)
C(13)-C(14) 1.362(4) C(13)-C(33) 1.502(4)
C(14)-C(15) 1.416(5) C(15)-C(20) 1.414(4)
C(15)-C(16) 1.427(4) C(16)-C(17) 1.351(6)
C(17)-C(18) 1.388(6) C(18)-C(19) 1.371(5)

204



7. EXPERIMENTAL SECTION

C(19)-C(20)
C(21)-C(22)
C(22)-C(27A)
C(23)-C(24)
C(24)-C(29)
C(26)-C(31)

C(278B)-C(28B)

C(31)-C(32)
C(33)-C(38)
C(34)-C(39)
C(36)-C(37)
C(37)-C(38)
C(39)-C(40)
C(43)-C(44)
C(45)-C(54)
C(46)-0(4)
C(47)-C(48)
C(48)-C(49)
C(49)-C(54)
C(51)-C(52)
C(53)-C(54)
C(55)-C(64)
C(56)-C(57)
C(57)-C(77)
C(59)-C(64)
C(60)-C(61)
C(62)-C(63)
C(65)-C(70)
C(66)-C(67)
C(67)-C(68)
C(68)-C(73)
C(70)-C(75)
C(73)-C(74)
C(77)-C(78)
C(78)-C(79)
C(79)-C(80)
C(80)-C(85A)
C(81)-C(82)
C(83)-C(84)

C(85B)-C(868)

C(89)-N(2)
N(1)-P(2)
0(1)-P(1)
0(3)-P(1)
0(5)-P(2)

C(2)-C(1)-C(10)
C(10)-C(1)-C(11)

1.421(4)
1.406(4)
1.455(17)
1.404(5)
1.501(5)
1.511(5)
1.511(15)
1.540(7)
1.408(4)
1.513(5)
1.371(5)
1.386(4)
1.521(5)
1.510(6)
1.444(4)
1.391(3)
1.365(4)
1.416(4)
1.422(4)
1.404(6)
1.420(4)
1.429(4)
1.422(4)
1.500(4)
1.416(4)
1.353(6)
1.363(5)
1.397(4)
1.390(4)
1.383(4)
1.519(4)
1.504(4)
1.508(6)
1.398(5)
1.379(5)
1.404(6)
1.511(10)
1.384(5)
1.514(5)
1.50(2)
1.148(11)
1.560(2)
1.5977(19)
1.4959(19)
1.6015(19)

117.8(3)
120.6(3)

C(21)-C(26)
C(22)-C(23)
C(22)-C(27B)
C(24)-C(25)
C(25)-C(26)

C(27A)-C(28A)

C(29)-C(30)
C(33)-C(34)
C(34)-C(35)
C(35)-C(36)
C(36)-C(41)
C(38)-C(43)
C(41)-C(42)
C(45)-C(46)
C(45)-C(55)
C(46)-C(47)
C(47)-C(65)
C(49)-C(50)
C(50)-C(51)
C(52)-C(53)
C(55)-C(56)
C(56)-0(5)
C(57)-C(58)
C(58)-C(59)
C(59)-C(60)
C(61)-C(62)
C(63)-C(64)
C(65)-C(66)
C(66)-C(71)
C(68)-C(69)
C(69)-C(70)
C(71)-C(72)
C(75)-C(76)
C(77)-C(82)
C(78)-C(83)
C(80)-C(81)
C(80)-C(85B)
C(82)-C(87)

C(85A)-C(86A)

C(87)-C(88)
C(89)-C(90)
N(1)-P(1)
0(2)-P(1)
0(4)-P(2)
0(6)-P(2)

C(2)-C(1)-C(11)
C(1)-C(2)-0(1)

1.386(4)
1.392(5)
1.594(14)
1.374(5)
1.403(5)
1.470(17)
1.414(7)
1.393(4)
1.390(4)
1.388(5)
1.520(5)
1.509(4)
1.516(7)
1.368(4)
1.499(4)
1.421(4)
1.500(4)
1.417(4)
1.359(5)
1.375(5)
1.383(4)
1.396(3)
1.370(4)
1.404(5)
1.428(5)
1.391(6)
1.418(4)
1.400(4)
1.522(4)
1.381(4)
1.401(4)
1.471(6)
1.489(6)
1.403(5)
1.513(5)
1.372(7)
1.68(2)
1.548(6)
1.472(14)
1.531(7)
1.424(11)
1.562(2)
1.5984(19)
1.5938(18)
1.487(2)

121.6(2)
118.0(2)
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C(1)-C(2)-C(3)
C(4)-C(3)-C(2)
C(2)-C(3)-C(21)
C(10)-C(5)-C(4)
C(4)-C(5)-C(6)
C(6)-C(7)-C(8)
C(8)-C(9)-C(10)
C(9)-C(10)-C(1)
C(12)-C(11)-C(20)
C(20)-C(11)-C(1)
C(11)-C(12)-C(13)
C(14)-C(13)-C(12)
C(12)-C(13)-C(33)
C(20)-C(15)-C(14)
C(14)-C(15)-C(16)
C(16)-C(17)-C(18)
C(18)-C(19)-C(20)
C(15)-C(20)-C(11)
C(26)-C(21)-C(22)
C(22)-C(21)-C(3)
C(23)-C(22)-C(27A)
C(23)-C(22)-C(27B)

C(27A)-C(22)-C(27B)

C(25)-C(24)-C(23)
C(23)-C(24)-C(29)
C(21)-C(26)-C(25)
C(25)-C(26)-C(31)

C(28B)-C(27B)-C(22)

C(26)-C(31)-C(32)
C(34)-C(33)-C(13)
C(35)-C(34)-C(33)
C(33)-C(34)-C(39)
C(37)-C(36)-C(35)
C(35)-C(36)-C(41)
C(37)-C(38)-C(33)
C(33)-C(38)-C(43)
C(42)-C(41)-C(36)
C(46)-C(45)-C(54)
C(54)-C(45)-C(55)
C(45)-C(46)-C(47)
C(48)-C(47)-C(46)
C(46)-C(47)-C(65)
C(48)-C(49)-C(50)
C(50)-C(49)-C(54)
C(50)-C(51)-C(52)
C(52)-C(53)-C(54)
C(53)-C(54)-C(45)
C(56)-C(55)-C(64)

124.6(2)
116.1(3)
122.9(2)
119.1(2)
121.4(3)
120.4(3)
121.2(3)
123.4(3)
117.1(3)
121.7(2)
123.4(2)
117.5(3)
122.0(2)
119.1(3)
122.0(3)
120.7(3)
120.0(4)
119.2(3)
120.4(3)
118.9(3)
121.1(7)
118.4(7)
17.3(7)

117.3(3)
121.4(4)
118.7(3)
119.0(3)
110.6(7)
112.0(4)
121.1(3)
119.5(3)
122.5(3)
118.2(3)
120.0(4)
118.9(3)
122.0(3)
112.2(4)
117.6(2)
121.3(2)
124.6(2)
116.8(3)
120.3(2)
121.2(3)
119.4(3)
119.9(3)
121.2(3)
123.5(3)
117.4(3)

0(1)-C(2)-C(3)
C(4)-C(3)-C(21)
C(3)-C(4)-C(5)
C(10)-C(5)-C(6)
C(7)-C(6)-C(5)
C(9)-C(8)-C(7)
C(9)-C(10)-C(5)
C(5)-C(10)-C(1)
C(12)-C(11)-C(1)
C(11)-C(12)-0(2)
0(2)-C(12)-C(13)
C(14)-C(13)-C(33)
C(13)-C(14)-C(15)
C(20)-C(15)-C(16)
C(17)-C(16)-C(15)
C(19)-C(18)-C(17)
C(15)-C(20)-C(19)
C(19)-C(20)-C(11)
C(26)-C(21)-C(3)
C(23)-C(22)-C(21)
C(21)-C(22)-C(27A)
C(21)-C(22)-C(278B)
C(22)-C(23)-C(24)
C(25)-C(24)-C(29)
C(24)-C(25)-C(26)
C(21)-C(26)-C(31)

C(22)-C(27A)-C(28A)

C(30)-C(29)-C(24)
C(34)-C(33)-C(38)
C(38)-C(33)-C(13)
C(35)-C(34)-C(39)
C(36)-C(35)-C(34)
C(37)-C(36)-C(41)
C(36)-C(37)-C(38)
C(37)-C(38)-C(43)
C(34)-C(39)-C(40)
C(38)-C(43)-C(44)
C(46)-C(45)-C(55)
C(45)-C(46)-0(4)

0(4)-C(46)-C(47)

C(48)-C(47)-C(65)
C(47)-C(48)-C(49)
C(48)-C(49)-C(54)
C(51)-C(50)-C(49)
C(53)-C(52)-C(51)
C(53)-C(54)-C(49)
C(49)-C(54)-C(45)
C(56)-C(55)-C(45)

117.3(2)
120.9(3)
123.0(3)
119.5(3)
120.4(3)
120.7(3)
117.5(3)
118.9(3)
121.2(2)
119.0(2)
117.2(2)
120.5(3)
122.4(3)
118.9(3)
120.5(4)
121.1(4)
118.7(3)
122.1(3)
120.7(3)
118.9(3)
119.1(7)
122.2(7)
121.9(3)
121.3(3)
122.8(3)
122.3(3)
116.7(12)
116.3(4)
119.5(3)
119.3(3)
118.0(3)
121.6(3)
121.6(4)
122.4(3)
119.0(3)
113.3(3)
113.1(3)
121.1(2)
118.0(2)
117.3(2)
122.8(2)
122.3(3)
119.4(2)
121.2(3)
120.5(3)
117.6(3)
118.9(2)
121.4(2)
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C(64)-C(55)-C(45)
C(55)-C(56)-C(57)
C(58)-C(57)-C(56)
C(56)-C(57)-C(77)
C(58)-C(59)-C(64)
C(64)-C(59)-C(60)
C(60)-C(61)-C(62)
C(62)-C(63)-C(64)
C(59)-C(64)-C(55)
C(70)-C(65)-C(66)
C(66)-C(65)-C(47)
C(67)-C(66)-C(71)
C(68)-C(67)-C(66)
C(69)-C(68)-C(73)
C(68)-C(69)-C(70)
C(65)-C(70)-C(75)
C(72)-C(71)-C(66)
C(76)-C(75)-C(70)
C(78)-C(77)-C(57)
C(79)-C(78)-C(77)
C(77)-C(78)-C(83)
C(81)-C(80)-C(79)
C(79)-C(80)-C(85A)
C(79)-C(80)-C(85B)
C(80)-C(81)-C(82)
C(81)-C(82)-C(87)
C(78)-C(83)-C(84)

C(86B)-C(85B)-C(80)

N(2)-C(89)-C(90)
C(2)-0(1)-P(1)
C(46)-0(4)-P(2)
0(3)-P(1)-N(1)
N(1)-P(1)-0(1)
N(1)-P(1)-0(2)
0(6)-P(2)-N(1)
N(1)-P(2)-0(4)
N(1)-P(2)-0(5)

121.1(2)
123.1(3)
117.3(3)
120.8(3)
119.8(3)
118.6(3)
119.8(3)
120.2(3)
119.1(3)
120.8(3)
119.0(2)
118.6(3)
122.2(3)
120.7(3)
122.4(3)
123.0(3)
115.8(3)
113.6(3)
120.9(3)
119.2(3)
122.0(3)
117.3(4)
126.3(5)
109.3(9)
122.9(4)
117.9(4)
111.3(3)
99.3(15)
178.2(8)
120.75(16)
118.91(16)
119.91(12)
104.52(11)
112.92(11)
119.90(12)
104.85(11)
112.31(11)

C(55)-C(56)-0(5)
0(5)-C(56)-C(57)
C(58)-C(57)-C(77)
C(57)-C(58)-C(59)
C(58)-C(59)-C(60)
C(61)-C(60)-C(59)
C(63)-C(62)-C(61)
C(59)-C(64)-C(63)
C(63)-C(64)-C(55)
C(70)-C(65)-C(47)
C(67)-C(66)-C(65)
C(65)-C(66)-C(71)
C(69)-C(68)-C(67)
C(67)-C(68)-C(73)
C(65)-C(70)-C(69)
C(69)-C(70)-C(75)
C(74)-C(73)-C(68)
C(78)-C(77)-C(82)
C(82)-C(77)-C(57)
C(79)-C(78)-C(83)
C(78)-C(79)-C(80)
C(81)-C(80)-C(85A)
C(81)-C(80)-C(85B)

C(85A)-C(80)-C(85B)

C(81)-C(82)-C(77)
C(77)-C(82)-C(87)

C(86A)-C(85A)-C(80)

C(88)-C(87)-C(82)
P(2)-N(1)-P(1)
C(12)-0(2)-P(1)
C(56)-0(5)-P(2)
0(3)-P(1)-0(1)
0(3)-P(1)-0(2)
O(1)-P(1)-0(2)
0(6)-P(2)-0(4)
0(6)-P(2)-0(5)
0(4)-P(2)-0(5)

120.5(2)
116.1(2)
121.6(3)
121.9(3)
121.7(3)
121.1(4)
121.6(4)
118.6(3)
122.3(3)
120.1(3)
118.6(3)
122.9(3)
118.0(3)
121.3(3)
118.0(3)
119.0(3)
112.0(3)
119.8(3)
119.2(3)
118.7(3)
121.9(4)
115.7(5)
132.4(9)
24.9(7)
118.6(4)
123.4(3)
108.1(9)
111.1(3)
132.57(15)
120.55(16)
124.19(16)
111.12(11)
103.62(11)
103.76(10)
112.33(11)
103.13(11)
103.26(10)
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X-Ray structure of 13b

N98
N99 C205 203

caa 'lﬁ
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C204 C206

Figure 7.3. Single crystal X-ray structure determination of 13b. The crystals
were grown from concentrated solution in hot and wet CH3CN by slowly cooling
the solution to room temperature. X-ray crystallographic data have been
deposited in the Cambridge Crystallographic Data Centre database
(http://www.ccdc.cam.ac.uk/) under accession code CCDC 898368.

Crystal data and structure refinement for 13b.

Identification code 7630

Empirical formula Ci00 He2.50 N3 O7 P2
Color colorless

Formula weight 1479.97 g - mol™1
Temperature 100 K
Wavelength 0.71073 A
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7. EXPERIMENTAL SECTION

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with 1>20(l)
Completeness to 6 = 27.50°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(l)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Orthorhombic

P21 21 21, (nO. 19)

a=14.576(3) A a=90°.
b=22.186(4) A B =90°.
c=22.822(4) A y = 90°.

7380(2) A3
4

1.332 Mg-m™3

0.124 mm-1
3078 e

0.40 x 0.17 X 0.08 mm?3
1.66 to 28.35°.

-19<h<19,-29<k<29,-30<1<30

177678

18400 [Rjnt = 0.0731]
15160

100.0 %

Gaussian

1.00 and 0.80

Full-matrix least-squares on F2

18400 /3 / 961

1.072

Rq = 0.0648 wR2 = 0.1654
Rq=0.0874 wR2 = 0.1870
-0.04(9)

0.873 and -0.473 e - A-3

209
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Atomic coordinates and equivalent isotropic displacement parameters (Az) for 13b.

Ugq is defined as one third of the trace of the orthogonalized Uj; tensor.

X y z Ueq
P(1) 0.6598(1) 0.2662(1) 0.7131(1) 0.025(1)
P(2) 0.7059(1) 0.1443(1) 0.7431(1) 0.022(1)
0(1) 0.7278(2) 0.3161(1) 0.6868(1) 0.030(1)
0(2) 0.6114(1) 0.3013(1) 0.7660(1) 0.028(1)
0(3) 0.5953(2) 0.2529(1) 0.6645(1) 0.029(1)
O(4) 0.7934(1) 0.1166(1) 0.7103(1) 0.023(1)
O(5) 0.7129(2) 0.1180(1) 0.8077(1) 0.026(1)
0(6) 0.6202(2) 0.1145(1) 0.7207(1) 0.029(1)
0(7) 0.5201(2) 0.1532(1) 0.6455(1) 0.046(1)
N(1) 0.7168(2) 0.2140(1) 0.7421(1) 0.024(1)
N(97) 0.6718(4) 0.3093(3) 0.5054(2) 0.085(2)
N(98) 0.7220(8) 0.4982(5) 0.5056(5) 0.072(3)
N(99) 0.6336(13) 0.4158(8) 0.5831(8) 0.128(6)
C(1) 0.7734(2) 0.3582(1) 0.7212(2) 0.030(1)
C(2) 0.7241(2) 0.4021(1) 0.7501(2) 0.031(1)
C(3) 0.7736(2) 0.4429(1) 0.7869(2) 0.033(1)
C(4) 0.7295(2) 0.4863(1) 0.8222(2) 0.037(1)
C(5) 0.7786(3) 0.5221(2) 0.8601(2) 0.041(1)
C(6) 0.8752(3) 0.5169(2) 0.8635(2) 0.044(1)
C(7) 0.9203(3) 0.4766(2) 0.8295(2) 0.040(1)
C(8) 0.8712(2) 0.4385(2) 0.7905(2) 0.037(1)
C(9) 0.9168(2) 0.3959(2) 0.7549(2) 0.039(1)
C(10) 0.8704(2) 0.3561(1) 0.7202(2) 0.036(1)
C(11A)  0.9180(4) 0.3153(3) 0.6709(3) 0.019(2)
C(11B)  0.9298(4) 0.3204(2) 0.6293(2) 0.036(2)
C(12A)  0.9202(4) 0.3320(3) 0.6134(3) 0.021(1)
C(12B)  0.9824(4) 0.2818(3) 0.5950(2) 0.052(2)
C(13A)  0.8740(5) 0.3817(3) 0.5904(3) 0.022(2)
C(13B)  0.8851(7) 0.3672(5) 0.6010(4) 0.046(3)
C(14A)  0.8785(6) 0.3955(4) 0.5336(4) 0.034(2)
C(14B)  0.8912(9) 0.3766(6) 0.5420(6) 0.063(3)
C(15A)  0.9335(5) 0.3601(3) 0.4952(3) 0.030(1)
C(15B)  0.9501(8) 0.3362(6) 0.5076(5) 0.059(2)
C(16A)  0.9815(5) 0.3105(3) 0.5164(3) 0.024(1)
C(16B)  0.9912(9) 0.2916(6) 0.5349(6) 0.069(3)
C(17A)  0.9760(4) 0.2946(3) 0.5755(3) 0.022(1)
C(17B)  0.9236(3) 0.3111(2) 0.6894(2) 0.029(2)
C(18A)  1.0221(4) 0.2449(3) 0.5966(3) 0.023(1)
C(18B)  1.0289(4) 0.2340(3) 0.6208(3) 0.046(2)
C(19A)  1.0173(3) 0.2268(2) 0.6545(3) 0.015(1)
C(19B)  1.0227(4) 0.2247(2) 0.6809(3) 0.050(2)
C(20A)  1.0594(5) 0.1753(3) 0.6745(4) 0.030(1)
C(20B)  1.0682(7) 0.1740(5) 0.7017(6) 0.053(2)
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C(21A)
C(21B)
C(22A)
C(22B)
C(23A)
C(23B)
C(24A)
C(24B)
C(25)
C(26)
C(27)
C(28)
C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36A)
C(36B)
C(37A)
C(37B)
C(38A)
C(38B)
C(39A)
C(39B)
C(40A)
C(40B)
C(41A)
C(41B)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)

1.0576(4)
1.0656(9)
1.0052(5)
1.0207(9)
0.9605(4)
0.9705(7)
0.9625(4)
0.9701(4)
0.5685(2)
0.6234(2)
0.5797(2)
0.6295(2)
0.5872(3)
0.4914(3)
0.4405(2)
0.4836(2)
0.4311(2)
0.4721(2)
0.4149(2)
0.3459(6)
0.3819(4)
0.4373(6)
0.4034(3)
0.4188(8)
0.3688(3)
0.3639(9)
0.3126(3)
0.3275(7)
0.2912(3)
0.4008(6)
0.3258(4)
0.3046(2)
0.3258(2)
0.2916(3)
0.3028(3)
0.3507(3)
0.3904(2)
0.3789(2)
0.8035(2)
0.8346(2)
0.8369(2)
0.8536(2)
0.8518(2)
0.8352(2)
0.8191(2)
0.8182(2)
0.7933(2)
0.7828(2)

0.1618(3)
0.1675(6)
0.1973(3)
0.2094(6)
0.2473(3)
0.2535(4)
0.2642(3)
0.2632(2)
0.3557(1)
0.4056(1)
0.4591(1)
0.5105(1)
0.5593(2)
0.5595(2)
0.5108(2)
0.4594(1)
0.4082(1)
0.3559(1)
0.3017(1)
0.2383(3)
0.2932(2)
0.3228(4)
0.3361(2)
0.3087(5)
0.3304(2)
0.2594(5)
0.2819(2)
0.2242(4)
0.2391(2)
0.2876(3)
0.2447(2)
0.2019(2)
0.2131(1)
0.1755(2)
0.1906(2)
0.2433(2)
0.2787(1)
0.2653(1)
0.0536(1)
0.0295(1)

-0.0351(1)
-0.0646(1)
-0.1265(2)
-0.1615(1)
-0.1345(1)
-0.0704(1)
-0.0428(1)

0.0191(1)

0.7338(4)
0.7607(6)
0.7744(3)
0.8012(6)
0.7529(3)
0.7757(5)
0.6929(3)
0.7152(2)
0.7500(1)
0.7416(2)
0.7195(2)
0.7021(2)
0.6768(2)
0.6695(2)
0.6859(2)
0.7106(2)
0.7256(2)
0.7443(1)
0.7592(2)
0.8323(3)
0.8178(2)
0.8635(4)
0.8600(2)
0.9217(3)
0.9165(2)
0.9351(3)
0.9307(2)
0.8904(4)
0.8884(2)
0.8188(3)
0.8320(2)
0.7879(2)
0.7298(2)
0.6844(2)
0.6268(2)
0.6121(2)
0.6539(2)
0.7143(1)
0.7136(1)
0.7653(1)
0.7708(1)
0.8245(2)
0.8276(2)
0.7781(2)
0.7253(2)
0.7210(2)
0.6682(2)
0.6634(1)

0.025(1)
0.072(3)
0.032(1)
0.075(3)
0.024(1)
0.051(2)
0.021(1)
0.036(2)
0.027(1)
0.029(1)
0.031(1)
0.037(1)
0.040(1)
0.041(1)
0.036(1)
0.030(1)
0.030(1)
0.027(1)
0.026(1)
0.052(3)
0.028(2)
0.061(3)
0.035(1)
0.110(6)
0.045(1)
0.107(6)
0.049(2)
0.066(3)
0.045(1)
0.038(2)
0.030(2)
0.037(1)
0.031(1)
0.039(1)
0.043(1)
0.040(1)
0.030(1)
0.026(1)
0.023(1)
0.024(1)
0.026(1)
0.031(1)
0.035(1)
0.036(1)
0.033(1)
0.027(1)
0.029(1)
0.025(1)
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C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
C(71)
C(72)
C(73)
C(74)
C(75)
C(76)
c(77)
C(78)
C(79)
C(80)
C(81)
C(82)
C(83A)
C(83B)
C(84A)
C(84B)
C(85A)
C(85B)
C(86A)
C(86B)
C(87A)
C(87B)
C(88A)
C(88B)
C(89A)
C(89B)
C(90A)
C(90B)
C(91A)
C(91B)
C(92A)
C(92B)
C(93A)
C(93B)
C(94A)
C(94B)

0.7461(2)
0.6559(2)
0.5934(2)
0.5080(2)
0.4794(3)
0.5349(3)
0.6250(3)
0.6817(3)
0.7710(2)
0.8305(3)
0.9186(3)
0.9520(3)
0.8973(2)
0.8042(2)
0.7963(2)
0.8583(2)
0.9467(2)
1.0185(2)
1.1026(3)
1.1192(3)
1.0525(3)
0.9624(3)
0.8926(3)
0.8088(3)
0.7434(5)
0.7162(7)
0.7480(6)
0.7161(6)
0.8210(7)
0.7913(7)
0.8284(8)
0.7918(7)
0.7587(9)
0.7133(6)
0.6867(10)
0.6386(6)
0.6794(8)
0.6385(5)
0.6039(10)
0.5678(7)
0.6045(9)
0.5713(6)
0.5371(13)
0.5031(7)
0.5342(10)
0.5059(8)
0.6043(8)
0.5824(8)

0.0425(1)
0.0268(1)

-0.0014(2)
-0.0182(2)
-0.0100(2)

0.0178(2)
0.0381(2)
0.0671(2)
0.0840(2)
0.1124(2)
0.1268(2)
0.1134(2)
0.0866(2)
0.0714(1)
0.1100(1)
0.0684(1)
0.0645(2)
0.0289(2)
0.0284(2)
0.0628(2)
0.0964(2)
0.0988(2)
0.1347(2)
0.1409(2)
0.1774(3)
0.1736(4)
0.2410(3)
0.2374(3)
0.2719(4)
0.2731(4)
0.3325(4)
0.3341(4)
0.3659(6)
0.3645(4)
0.3396(6)
0.3334(4)
0.2740(5)
0.2695(3)
0.2440(6)
0.2365(4)
0.1810(5)
0.1744(4)
0.1469(8)
0.1426(4)
0.0862(6)
0.0826(5)
0.0539(5)
0.0506(5)

0.6071(1)
0.5913(2)
0.6309(2)
0.6125(2)
0.5550(2)
0.5158(2)
0.5329(2)
0.4940(2)
0.5089(2)
0.4679(2)
0.4828(2)
0.5391(2)
0.5805(2)
0.5667(1)
0.8370(1)
0.8158(1)
0.8434(2)
0.8212(2)
0.8477(2)
0.8983(3)
0.9203(2)
0.8948(2)
0.9177(2)
0.8901(2)
0.9174(3)
0.9159(4)
0.9160(3)
0.9139(3)
0.8901(4)
0.8929(4)
0.8942(4)
0.8943(4)
0.9228(5)
0.9154(4)
0.9456(6)
0.9312(4)
0.9471(5)
0.9334(3)
0.9715(6)
0.9558(4)
0.9787(5)
0.9618(4)
1.0138(8)
0.9892(4)
1.0145(6)
0.9951(5)
0.9879(5)
0.9754(5)

0.027(1)
0.030(1)
0.035(1)
0.040(1)
0.051(1)
0.047(1)
0.035(1)
0.036(1)
0.034(1)
0.039(1)
0.042(1)
0.035(1)
0.032(1)
0.029(1)
0.026(1)
0.027(1)
0.034(1)
0.039(1)
0.052(1)
0.065(1)
0.058(1)
0.042(1)
0.045(1)
0.036(1)
0.022(2)
0.034(2)
0.031(2)
0.030(2)
0.035(2)
0.039(2)
0.050(2)
0.043(2)
0.072(3)
0.041(2)
0.077(3)
0.041(2)
0.062(2)
0.034(1)
0.076(3)
0.049(2)
0.065(3)
0.040(2)
0.105(5)
0.052(2)
0.075(3)
0.056(2)
0.050(3)
0.049(3)
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C(95A) 0.6705(7) 0.0823(4) 0.9556(4) 0.032(2)

C(95B) 0.6491(8) 0.0782(5) 0.9493(5) 0.045(3)

C(96A) 0.6742(7) 0.1472(4) 0.9489(4) 0.037(2)

C(96B) 0.6490(7) 0.1425(4) 0.9409(4) 0.037(2)

C(201) 0.7085(4) 0.2723(3) 0.5334(3) 0.066(1)

C(202)  0.7538(3) 0.2287(2) 0.5661(2) 0.062(1)

C(203)  0.6773(7) 0.4732(5) 0.5343(4) 0.048(2)

C(204)  0.6172(7) 0.4412(5) 0.5702(5) 0.054(2)

C(205)  0.6610(12) 0.4531(7) 0.5479(7) 0.089(4)

C(206)  0.6873(15) 0.5077(9) 0.5248(9) 0.123(7)

Bond lengths [A] and angles [°] for 13b.

P(1)-0(3) 1.485(2) P(1)-N(1) 1.570(2)
P(1)-0(2) 1.600(2) P(1)-0(1) 1.604(2)
P(2)-0(6) 1.503(2) P(2)-N(1) 1.555(2)
P(2)-0(5) 1.589(2) P(2)-0(4) 1.601(2)
0(1)-C(12) 1.389(4) 0(2)-C(25) 1.409(3)
0O(4)-C(49) 1.407(3) 0O(5)-C(73) 1.398(4)
N(97)-C(201) 1.170(8) N(98)-C(203) 1.076(13)
N(99)-C(205) 1.221(16) C(1)-C(2) 1.379(4)
C(1)-C(10) 1.415(4) C(2)-C(3) 1.430(5)
C(2)-C(26) 1.484(4) C(3)-C(4) 1.409(5)
C(3)-C(8) 1.429(5) C(4)-C(5) 1.376(5)
c(5)-C(6) 1.415(6) c(6)-C(7) 1.355(6)
c(7)-C(8) 1.420(5) C(8)-C(9) 1.414(5)
C(9)-C(10) 1.364(5) C(10)-C(17B) 1.447(5)
C(10)-C(11A) 1.602(7) C(12A)-C(11A) 1.364(10)
C(12A)-C(13A) 1.394(10) C(12A)-C(17A) 1.448(8)
C(13B)-C(14B) 1.365(16) C(13B)-C(11B) 1.386(12)
C(13A)-C(14A) 1.333(12) C(14B)-C(15B) 1.468(17)
C(14A)-C(15A) 1.424(11) C(15B)-C(16B) 1.314(17)
C(15A)-C(16A) 1.391(10) C(16B)-C(12B) 1.393(15)
C(16A)-C(17A) 1.397(10) C(17A)-C(18A) 1.378(8)
C(18A)-C(19A) 1.383(3) C(19A)-C(20A) 1.375(9)
C(19A)-C(24A) 1.446(3) C(20A)-C(21A) 1.386(10)
C(20B)-C(21B) 1.355(17) C(20B)-C(198B) 1.388(11)
C(21A)-C(22A) 1.436(10) C(21B)-C(22B) 1.466(18)
C(22A)-C(23A) 1.379(9) C(22B)-C(23B) 1.353(16)
C(23A)-C(24A) 1.419(9) C(23B)-C(24B) 1.399(12)
C(24A)-C(11A) 1.400(9) C(24B)-C(198) 1.3900
C(24B)-C(178) 1.3900 C(19B)-C(18B) 1.3900
C(18B)-C(128) 1.3900 C(12B)-C(11B) 1.3900
C(11B)-C(178) 1.3900 C(25)-C(26) 1.379(4)
C(25)-C(34) 1.410(4) C(26)-C(27) 1.439(4)
C(27)-C(28) 1.408(5) C(27)-C(32) 1.415(4)
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C(28)-C(29)
C(30)-C(31)
C(32)-C(33)
C(34)-C(35)
C(35)-C(41A)
C(36A)-C(41A)
C(36A)-C(42)
C(37A)-C(38A)
C(39A)-C(40A)
C(37B)-C(36B)
C(39B)-C(40B)
C(41B)-C(36B)
C(42)-C(43)
C(43)-C(48)
C(45)-C(46)
C(47)-C(48)
C(49)-C(58)
C(50)-C(74)
C(51)-C(52)
C(53)-C(54)
C(55)-C(56)
C(57)-C(58)
C(59)-C(72)
C(60)-C(61)
C(61)-C(62)
C(63)-C(64)
C(65)-C(66)
C(67)-C(68)
C(68)-C(69)
C(70)-C(71)
C(73)-C(74)
C(74)-C(75)
C(75)-C(80)
C(77)-C(78)
C(79)-C(80)
C(81)-C(82)
C(82)-C(83B)
C(83A)-C(84A)
C(83B)-C(84B)
C(84A)-C(89A)
C(84B)-C(85B)
C(85B)-C(86B)
C(86B)-C(87B)
C(87B)-C(88B)
C(88B)-C(89B)
C(89B)-C(90B)
C(90B)-C(91B)
C(91A)-C(92A)

1.374(5)
1.364(5)
1.413(4)
1.501(4)
1.412(6)
1.3900
1.429(7)
1.3900
1.3900
1.3900
1.3900
1.3900
1.383(5)
1.436(4)
1.404(5)
1.422(5)
1.412(4)
1.480(4)
1.412(4)
1.393(5)
1.426(4)
1.384(4)
1.407(4)
1.427(5)
1.366(5)
1.355(6)
1.373(5)
1.422(5)
1.367(6)
1.372(5)
1.379(4)
1.435(4)
1.417(5)
1.406(8)
1.438(6)
1.381(5)
1.642(10)
1.413(10)
1.417(11)
1.429(13)
1.434(12)
1.355(12)
1.413(13)
1.337(12)
1.419(11)
1.363(12)
1.387(13)
1.48(2)

C(29)-C(30)
C(31)-C(32)
C(33)-C(34)
C(35)-C(48)
C(35)-C(368)
C(36A)-C(40A)
C(41A)-C(37A)
C(38A)-C(39A)
C(37B)-C(38B)
C(38B)-C(39B)
C(40B)-C(41B)
C(41B)-C(42)
C(43)-C(44)
C(44)-C(45)
C(46)-C(47)
C(49)-C(50)
C(50)-C(51)
C(51)-C(56)
C(52)-C(53)
C(54)-C(55)
C(56)-C(57)
C(58)-C(59)
C(59)-C(60)
C(60)-C(65)
C(62)-C(63)
C(64)-C(65)
C(66)-C(67)
C(67)-C(72)
C(69)-C(70)
C(71)-C(72)
C(73)-C(82)
C(75)-C(76)
C(76)-C(77)
C(78)-C(79)
C(80)-C(81)
C(82)-C(83A)
C(83A)-C(96A)
C(83B)-C(96B)
C(84A)-C(85A)
C(84B)-C(89B)
C(85A)-C(86A)
C(86A)-C(87A)
C(87A)-C(88A)
C(88A)-C(89A)
C(89A)-C(90A)
C(90A)-C(91A)
C(91A)-C(96A)
C(91B)-C(92B)

1.406(5)
1.419(4)
1.373(4)
1.405(4)
1.434(4)
1.3900
1.3900
1.3900
1.3900
1.3900
1.3900
1.417(5)
1.422(5)
1.366(6)
1.363(5)
1.373(4)
1.440(4)
1.406(5)
1.374(4)
1.366(5)
1.400(5)
1.486(4)
1.408(5)
1.427(5)
1.388(6)
1.442(5)
1.397(5)
1.431(5)
1.408(5)
1.433(5)
1.404(4)
1.407(5)
1.366(5)
1.324(8)
1.394(6)
1.398(8)
1.409(12)
1.327(13)
1.397(12)
1.408(11)
1.352(13)
1.416(17)
1.308(18)
1.458(17)
1.401(17)
1.408(18)
1.432(14)
1.369(13)
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C(91B)-C(96B)
C(92B)-C(93B)
C(93B)-C(94B)
C(94B)-C(95B)
C(95B)-C(96B)
C(203)-C(204)

0(3)-P(1)-N(1)
N(1)-P(1)-0(2)
N(1)-P(1)-0(1)
0(6)-P(2)-N(1)
N(1)-P(2)-0(5)
N(1)-P(2)-0(4)
C(1)-0(1)-P(1)
C(49)-0(4)-P(2)
P(2)-N(1)-P(1)
C(2)-C(1)-C(10)
C(1)-C(2)-C(3)
C(3)-C(2)-C(26)
C(4)-C(3)-C(2)
C(5)-C(4)-C(3)
C(7)-C(6)-C(5)
C(9)-C(8)-C(7)
C(7)-C(8)-C(3)
C(9)-C(10)-C(1)
C(1)-C(10)-C(17B)
C(1)-C(10)-C(11A)
C(11A)-C(12A)-C(13A)
C(13A)-C(12A)-C(17A)
C(14A)-C(13A)-C(12A)
C(13A)-C(14A)-C(15A)
C(16A)-C(15A)-C(14A)
C(15A)-C(16A)-C(17A)
C(18A)-C(17A)-C(12A)
C(17A)-C(18A)-C(19A)
C(20A)-C(19A)-C(24A)
C(19A)-C(20A)-C(21A)
C(20A)-C(21A)-C(22A)
C(23A)-C(22A)-C(21A)
C(22A)-C(23A)-C(24A)
C(11A)-C(24A)-C(23A)
C(23A)-C(24A)-C(19A)
C(19B)-C(24B)-C(23B)
C(20B)-C(19B)-C(18B)
C(18B)-C(19B)-C(24B)
C(18B)-C(12B)-C(11B)
C(11B)-C(12B)-C(16B)
C(13B)-C(11B)-C(12B)

1.419(12)
1.339(14)
1.396(15)
1.296(16)
1.439(14)
1.394(15)

120.22(13)
105.95(13)
109.86(13)
121.11(13)
111.89(13)
107.04(13)
123.3(2)
116.01(18)
133.28(17)
123.4(3)
117.8(3)
122.9(3)
122.6(3)
121.2(3)
120.4(4)
121.4(3)
119.8(3)
117.7(3)
124.4(4)
117.5(4)
124.4(6)
120.0(6)
121.5(7)
120.0(8)
120.3(7)
120.5(6)
121.6(6)
122.7(5)
121.4(6)
119.7(7)
121.4(6)
117.6(7)
123.1(6)
123.3(6)
116.4(5)
117.3(5)
115.2(7)
120.0
120.0
120.6(7)
117.3(6)

C(92A)-C(93A)
C(93A)-C(94A)
C(94A)-C(95A)
C(95A)-C(96A)
C(201)-C(202)
C(205)-C(206)

0(3)-P(1)-0(2)
0(3)-P(1)-0(1)
0(2)-P(1)-0(1)
0(6)-P(2)-0(5)
0(6)-P(2)-0(4)
0O(5)-P(2)-0(4)
C(25)-0(2)-P(1)
C(73)-0(5)-P(2)
C(2)-C(1)-0(1)
0(1)-C(1)-C(10)
C(1)-C(2)-C(26)
C(4)-C(3)-C(8)
C(8)-C(3)-C(2)
C(4)-C(5)-C(6)
C(6)-C(7)-C(8)
C(9)-C(8)-C(3)
C(10)-C(9)-C(8)
C(9)-C(10)-C(17B)
C(9)-C(10)-C(11A)
C(17B)-C(10)-C(11A)
C(11A)-C(12A)-C(17A)
C(14B)-C(13B)-C(11B)
C(13B)-C(14B)-C(15B)
C(16B)-C(15B)-C(14B)
C(15B)-C(16B)-C(12B)
C(18A)-C(17A)-C(16A)
C(16A)-C(17A)-C(12A)
C(20A)-C(19A)-C(18A)
C(18A)-C(19A)-C(24A)
C(21B)-C(20B)-C(19B)
C(20B)-C(21B)-C(22B)
C(23B)-C(22B)-C(21B)
C(22B)-C(23B)-C(24B)
C(11A)-C(24A)-C(19A)
C(19B)-C(24B)-C(178)
C(17B)-C(24B)-C(23B)
C(20B)-C(19B)-C(24B)
C(19B)-C(18B)-C(12B)
C(18B)-C(12B)-C(16B)
C(13B)-C(11B)-C(17B)
C(17B)-C(11B)-C(12B)

1.35(2)
1.387(17)
1.369(15)
1.449(13)
1.389(9)
1.375(16)

112.41(13)
104.41(13)
102.64(12)
102.03(13)
109.50(12)
104.01(11)
114.7(2)
123.1(2)
119.7(3)
116.6(3)
119.3(3)
117.9(3)
119.5(3)
120.3(4)
120.5(3)
118.8(3)
122.2(3)
117.6(3)
123.9(3)
15.5(3)
115.6(6)
122.9(10)
118.2(12)
118.2(11)
122.8(11)
120.7(6)
117.7(6)
122.4(6)
116.2(5)
114.4(10)
124.9(12)
115.3(12)
122.7(10)
120.2(6)
120.0
122.6(6)
124.7(7)
120.0
119.4(7)
122.7(6)
120.0
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C(11B)-C(17B)-C(24B)
C(24B)-C(17B)-C(10)
C(26)-C(25)-C(34)
C(25)-C(26)-C(27)
C(27)-C(26)-C(2)
C(28)-C(27)-C(26)
C(29)-C(28)-C(27)
C(31)-C(30)-C(29)
C(33)-C(32)-C(27)
C(27)-C(32)-C(31)
C(33)-C(34)-C(25)
C(25)-C(34)-C(35)
C(48)-C(35)-C(36B)
C(48)-C(35)-C(34)
C(36B)-C(35)-C(34)
C(41A)-C(36A)-C(42)
C(36A)-C(41A)-C(37A)
C(37A)-C(41A)-C(35)
C(37A)-C(38A)-C(39A)
C(39A)-C(40A)-C(36A)
C(37B)-C(38B)-C(39B)
C(39B)-C(40B)-C(41B)
C(36B)-C(41B)-C(42)
C(41B)-C(36B)-C(37B)
C(37B)-C(36B)-C(35)
C(43)-C(42)-C(36A)
C(42)-C(43)-C(44)
C(44)-C(43)-C(48)
C(44)-C(45)-C(46)
C(46)-C(47)-C(48)
C(35)-C(48)-C(43)
C(50)-C(49)-0(4)
0(4)-C(49)-C(58)
C(49)-C(50)-C(74)
C(56)-C(51)-C(52)
C(52)-C(51)-C(50)
C(52)-C(53)-C(54)
C(54)-C(55)-C(56)
C(57)-C(56)-C(55)
C(58)-C(57)-C(56)
C(57)-C(58)-C(59)
C(72)-C(59)-C(60)
C(60)-C(59)-C(58)
C(59)-C(60)-C(65)
C(62)-C(61)-C(60)
C(64)-C(63)-C(62)
C(66)-C(65)-C(60)
C(60)-C(65)-C(64)

120.0

125.6(4)
124.3(3)
117.0(3)
121.8(3)
122.6(3)
121.7(3)
120.4(3)
119.9(3)
119.9(3)
117.6(3)
122.0(3)
118.6(3)
120.2(3)
120.1(3)
122.1(5)
120.0

121.9(5)
120.0

120.0

120.0

120.0

118.8(3)
120.0

118.9(3)
118.9(4)
121.0(3)
118.9(3)
119.6(3)
120.5(3)
119.0(3)
117.9(3)
118.3(3)
121.3(3)
118.5(3)
122.7(3)
121.3(3)
119.9(3)
119.9(3)
122.1(3)
117.1(3)
120.5(3)
118.1(3)
119.4(3)
120.4(4)
120.2(4)
119.7(3)
119.0(3)

C(11B)-C(178B)-C(10)
C(26)-C(25)-0(2)
0(2)-C(25)-C(34)
C(25)-C(26)-C(2)
C(28)-C(27)-C(32)
C(32)-C(27)-C(26)
C(28)-C(29)-C(30)
C(30)-C(31)-C(32)
C(33)-C(32)-C(31)
C(34)-C(33)-C(32)
C(33)-C(34)-C(35)
C(48)-C(35)-C(41A)
C(41A)-C(35)-C(36B)
C(41A)-C(35)-C(34)
C(41A)-C(36A)-C(40A)
C(40A)-C(36A)-C(42)
C(36A)-C(41A)-C(35)
C(38A)-C(37A)-C(41A)
C(40A)-C(39A)-C(38A)
C(38B)-C(37B)-C(36B)
C(40B)-C(39B)-C(38B)
C(36B)-C(41B)-C(40B)
C(40B)-C(41B)-C(42)
C(41B)-C(36B)-C(35)
C(43)-C(42)-C(41B)
C(41B)-C(42)-C(36A)
C(42)-C(43)-C(48)
C(45)-C(44)-C(43)
C(47)-C(46)-C(45)
C(35)-C(48)-C(47)
C(47)-C(48)-C(43)
C(50)-C(49)-C(58)
C(49)-C(50)-C(51)
C(51)-C(50)-C(74)
C(56)-C(51)-C(50)
C(53)-C(52)-C(51)
C(55)-C(54)-C(53)
C(57)-C(56)-C(51)
C(51)-C(56)-C(55)
C(57)-C(58)-C(49)
C(49)-C(58)-C(59)
C(72)-C(59)-C(58)
C(59)-C(60)-C(61)
C(61)-C(60)-C(65)
C(61)-C(62)-C(63)
C(63)-C(64)-C(65)
C(66)-C(65)-C(64)
C(65)-C(66)-C(67)

114.3(4)
117.8(3)
117.9(3)
121.0(3)
117.8(3)
119.4(3)
119.9(3)
120.3(3)
120.2(3)
121.3(3)
120.3(3)
121.4(4)
12.2(4)
118.4(4)
120.0
117.9(5)
118.1(5)
120.0
120.0
120.0
120.0
120.0
121.2(3)
121.1(3)
120.7(3)
13.1(4)
120.1(3)
121.0(3)
121.6(4)
122.8(3)
118.1(3)
123.8(3)
118.0(3)
120.5(3)
118.8(3)
120.3(3)
120.0(3)
120.1(3)
119.9(3)
116.8(3)
126.0(3)
120.6(3)
122.8(3)
117.8(3)
121.9(4)
120.5(4)
121.3(3)
122.0(3)
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C(66)-C(67)-C(68)
C(68)-C(67)-C(72)
C(68)-C(69)-C(70)
C(70)-C(71)-C(72)
C(59)-C(72)-C(71)
C(74)-C(73)-0(5)
0(5)-C(73)-C(82)
C(73)-C(74)-C(50)
C(76)-C(75)-C(80)
C(80)-C(75)-C(74)
C(76)-C(77)-C(78)
C(78)-C(79)-C(80)
C(81)-C(80)-C(79)
C(82)-C(81)-C(80)
C(81)-C(82)-C(73)
C(81)-C(82)-C(83B)
C(73)-C(82)-C(83B)
C(82)-C(83A)-C(84A)
C(96B)-C(83B)-C(84B)
C(84B)-C(83B)-C(82)
C(85A)-C(84A)-C(89A)
C(89B)-C(84B)-C(83B)
C(83B)-C(84B)-C(85B)
C(86B)-C(85B)-C(84B)
C(85B)-C(86B)-C(878B)
C(88B)-C(87B)-C(86B)
C(87B)-C(88B)-C(89B)
C(90A)-C(89A)-C(88A)
C(90B)-C(89B)-C(84B)
C(84B)-C(89B)-C(88B)
C(89B)-C(90B)-C(91B)
C(90A)-C(91A)-C(92A)
C(92B)-C(91B)-C(90B)
C(90B)-C(91B)-C(96B)
C(93B)-C(92B)-C(91B)
C(92B)-C(93B)-C(94B)
C(95B)-C(94B)-C(93B)
C(94B)-C(95B)-C(96B)
C(83A)-C(96A)-C(95A)
C(83B)-C(96B)-C(91B)
C(91B)-C(96B)-C(95B)
N(98)-C(203)-C(204)
C(12A)-C(11A)-C(24A)
C(24A)-C(11A)-C(10)

121.8(3)
119.1(3)
120.2(3)
120.1(3)
122.2(3)
119.2(3)
117.6(3)
120.6(3)
118.6(3)
118.4(3)
120.9(4)
122.5(5)
122.4(4)
122.1(3)
117.4(3)
127.4(4)
114.7(4)
122.5(7)
122.2(8)
115.5(7)
119.5(8)
119.7(8)
124.2(8)
123.2(9)
118.7(9)
120.3(8)
121.7(8)
122.8(11)
117.1(7)
119.5(7)
122.8(9)
124.6(12)
122.0(8)
119.5(8)
122.4(9)
119.8(10)
120.5(11)
121.9(10)
123.5(8)
118.3(8)
116.8(8)
178.2(12)
123.7(6)
114.0(6)

C(66)-C(67)-C(72)
C(69)-C(68)-C(67)
C(71)-C(70)-C(69)
C(59)-C(72)-C(67)
C(67)-C(72)-C(71)
C(74)-C(73)-C(82)
C(73)-C(74)-C(75)
C(75)-C(74)-C(50)
C(76)-C(75)-C(74)
C(77)-C(76)-C(75)
C(79)-C(78)-C(77)
C(81)-C(80)-C(75)
C(75)-C(80)-C(79)
C(81)-C(82)-C(83A)
C(83A)-C(82)-C(73)
C(83A)-C(82)-C(83B)
C(82)-C(83A)-C(96A)
C(96A)-C(83A)-C(84A)
C(96B)-C(83B)-C(82)
C(85A)-C(84A)-C(83A)
C(83A)-C(84A)-C(89A)
C(89B)-C(84B)-C(858)
C(86A)-C(85A)-C(84A)
C(85A)-C(86A)-C(87A)
C(88A)-C(87A)-C(86A)
C(87A)-C(88A)-C(89A)
C(90A)-C(89A)-C(84A)
C(84A)-C(89A)-C(88A)
C(90B)-C(89B)-C(88B)
C(89A)-C(90A)-C(91A)
C(90A)-C(91A)-C(96A)
C(96A)-C(91A)-C(92A)
C(92B)-C(91B)-C(96B)
C(93A)-C(92A)-C(91A)
C(92A)-C(93A)-C(94A)
C(95A)-C(94A)-C(93A)
C(94A)-C(95A)-C(96A)
C(83A)-C(96A)-C(91A)
C(91A)-C(96A)-C(95A)
C(83B)-C(96B)-C(95B)
N(97)-C(201)-C(202)
N(99)-C(205)-C(206)
C(12A)-C(11A)-C(10)

119.1(3)
120.9(3)
121.2(3)
119.3(3)
118.5(3)
122.9(3)
118.3(3)
121.1(3)
122.9(3)
120.9(4)
119.4(4)
119.9(3)
117.6(4)
117.2(4)
125.4(4)
12.4(4)
116.2(6)
121.3(7)
122.1(7)
122.4(7)
117.9(8)
116.2(7)
121.2(9)
119.6(11)
121.7(12)
120.9(12)
120.2(10)
116.6(10)
123.4(8)
120.9(12)
117.9(11)
117.5(12)
118.5(8)
122.7(16)
119.2(14)
121.2(11)
122.7(9)
120.1(8)
116.3(9)
124.9(9)
178.9(6)
160.1(19)
122.2(5)
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X-Ray structure of 13a

Figure 7.4. Single crystal X-ray structure determination of 13a. The crystals

were grown from concentrated solution in hot and wet CH3CN by slowly cooling
the solution to room temperature. X-ray crystallographic data have been
deposited in the Cambridge Crystallographic Data Centre database
(http://www.ccdc.cam.ac.uk/) under accession code CCDC 898367.

Crystal data and structure refinement for 13a.

Identification code 7361

Empirical formula CaoH73N O6 P2, 4 (C2 H3N), 2 (H, 0)
Color colorless

Formula weight 1406.58 g - mol1

Temperature 100 K

Wavelength 1.54184 A
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Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Reflections with 1>20(l)
Completeness to 6 = 67.18°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>20(l)]

R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

Orthorhombic

P21 21 21, (nO. 19)

a=14.0382(5) A o =90°.
b=21.6713(8) A B =90°.
c=25.5217(9) A y =90°.

7764.4(5) A3
4

1.203 Mg-m™3

0.980 mm-1
2984 e

0.35x0.30 X 0.12 mm3
2.67 t0 67.18°.

-15<h<16,-25<k<25,-30<1<30

178444

13797 [Rjnt = 0.0489]
13421

99.4 %

Gaussian

0.90 and 0.72

Full-matrix least-squares on F2

13797/ 6/ 952

1.041

Rq = 0.0310 wR2 = 0.0836
Rq =0.0319 wR2 = 0.0842
0.013(10)

0.740 and -0.418 e - A-3
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Atomic coordinates and equivalent isotropic displacement parameters (Az) for 13a.
Ugg is defined as one third of the trace of the orthogonalized Uj; tensor.

X Ueq
P(1) 0.6292(1) 0.4845(1) 0.5572(1) 0.015(1)
P(2) 0.5607(1) 0.4745(1) 0.4518(1) 0.016(1)
0(1) 0.6834(1) 0.4260(1) 0.5595(1) 0.019(1)
0(2) 0.5643(1) 0.4847(1) 0.6091(1) 0.016(1)
0(3) 0.6979(1) 0.5432(1) 0.5652(1) 0.017(1)
0(4) 0.6403(1) 0.4362(1) 0.4306(1) 0.021(1)
0(5) 0.4613(1) 0.4387(1) 0.4465(1) 0.017(1)
0o(6) 0.5520(1) 0.5293(1) 0.4098(1) 0.018(1)
0(7) 0.7506(1) 0.3725(1) 0.4798(1) 0.025(1)
0(8) 0.8943(1) 0.3823(1) 0.4164(1) 0.034(1)
N(1) 0.5652(1) 0.5005(1) 0.5087(1) 0.018(1)
N(2) 0.4365(2) 0.2354(1) 0.6299(1) 0.061(1)
N(3) 0.7465(2) 0.2824(1) 0.7213(1) 0.051(1)
N(4) 0.1063(2) 0.3914(1) 0.3988(1) 0.048(1)
N(5) 0.8952(1) 0.5958(1) 0.3308(1) 0.051(1)
C(1) 0.5921(1) 0.5809(1) 0.6515(1) 0.017(1)
C(2) 0.5293(1) 0.5400(1) 0.6294(1) 0.017(1)
C(3) 0.4290(1) 0.5486(1) 0.6299(1) 0.018(1)
C(4) 0.3954(1) 0.6032(1) 0.6501(1) 0.020(1)
C(5) 0.4571(1) 0.6500(1) 0.6684(1) 0.020(1)
C(6) 0.4222(1) 0.7079(1) 0.6860(1) 0.025(1)
C(7) 0.4822(1) 0.7529(1) 0.7031(1) 0.027(1)
C(8) 0.5817(1) 0.7422(1) 0.7034(1) 0.027(1)
C(9) 0.6179(1) 0.6870(1) 0.6872(1) 0.023(1)
C(10) 0.5571(1) 0.6390(1) 0.6695(1) 0.018(1)
C(11) 0.6938(1) 0.5634(1) 0.6570(1) 0.017(1)
C(12) 0.7456(1) 0.5461(1) 0.6136(1) 0.017(1)
C(13) 0.8440(1) 0.5325(1) 0.6153(1) 0.018(1)
C(14) 0.8873(1) 0.5332(1) 0.6636(1) 0.021(1)
C(15) 0.8361(1) 0.5440(1) 0.7101(1) 0.021(1)
C(16) 0.8802(1) 0.5369(1) 0.7598(1) 0.028(1)
C(17) 0.8290(2) 0.5440(1) 0.8048(1) 0.034(1)
C(18) 0.7314(1) 0.5601(1) 0.8023(1) 0.030(1)
C(19) 0.6874(1) 0.5680(1) 0.7551(1) 0.024(1)
C(20) 0.7383(1) 0.5601(1) 0.7075(1) 0.019(1)
C(21) 0.3636(1) 0.4983(1) 0.6123(1) 0.020(1)
C(22) 0.3504(1) 0.4470(1) 0.6457(1) 0.025(1)
C(23) 0.2897(1) 0.4002(1) 0.6292(1) 0.034(1)
C(24) 0.2442(1) 0.4038(1) 0.5812(1) 0.038(1)
C(25) 0.2573(1) 0.4537(1) 0.5491(1) 0.034(1)
C(26) 0.3169(1) 0.5025(1) 0.5641(1) 0.025(1)
C(27) 0.3257(1) 0.5577(1) 0.5289(1) 0.029(1)
C(28) 0.2435(2) 0.6031(1) 0.5355(1) 0.034(1)
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C(29)
C(30)
C(31)
C(32)
C(33)
C(34)
C(35)
C(36)
C(37)
C(38)
C(39)
C(40)
C(41)
C(42)
C(43)
C(44)
C(45)
C(46)
C(47)
C(48)
C(49)
C(50)
C(51)
C(52)
C(53)
C(54)
C(55)
C(56)
C(57)
C(58)
C(59)
C(60)
C(61)
C(62)
C(63)
C(64)
C(65)
C(66)
C(67)
C(68)
C(69)
C(70)
c(71)
C(72)
C(73)
C(74)
C(75)
C(76)

0.4009(2)
0.3849(2)
0.9029(1)
0.9348(1)
0.9968(1)
1.0249(1)
0.9923(1)
0.9323(1)
0.9059(1)
0.9810(1)
0.9070(1)
0.9820(2)
0.3970(1)
0.4332(1)
0.4418(1)
0.4157(1)
0.3864(1)
0.3705(1)
0.3497(1)
0.3406(1)
0.3526(1)
0.3762(1)
0.3885(1)
0.4675(1)
0.4715(1)
0.3876(1)
0.3004(1)
0.2131(1)
0.1302(1)
0.1302(1)
0.2130(1)
0.3005(1)
0.4780(1)
0.5724(2)
0.6053(2)
0.5462(3)
0.4524(2)
0.4166(2)
0.6389(2)
0.6485(2)
0.3126(2)
0.2533(2)
0.5658(1)
0.6134(1)
0.6987(2)
0.7356(2)
0.6896(1)
0.6044(1)

0.4448(1)
0.3870(1)
0.5196(1)
0.4596(1)
0.4507(1)
0.4993(1)
0.5582(1)
0.5696(1)
0.4045(1)
0.3851(1)
0.6354(1)
0.6636(1)
0.4692(1)
0.4228(1)
0.3607(1)
0.3472(1)
0.3933(1)
0.3797(1)
0.4255(1)
0.4869(1)
0.5014(1)
0.4552(1)
0.5332(1)
0.5626(1)
0.6271(1)
0.6590(1)
0.6300(1)
0.6632(1)
0.6346(1)
0.5712(1)
0.5381(1)
0.5666(1)
0.3118(1)
0.2908(1)
0.2477(1)
0.2245(1)
0.2431(1)
0.2875(1)
0.3112(1)
0.2661(1)
0.3045(1)
0.2613(1)
0.6597(1)
0.6715(1)
0.7049(1)
0.7258(1)
0.7127(1)
0.6794(1)

0.6980(1)
0.7307(1)
0.5675(1)
0.5572(1)
0.5150(1)
0.4834(1)
0.4940(1)
0.5360(1)
0.5903(1)
0.6305(1)
0.5495(1)
0.5860(1)
0.3641(1)
0.3952(1)
0.3789(1)
0.3284(1)
0.2927(1)
0.2389(1)
0.2040(1)
0.2212(1)
0.2730(1)
0.3104(1)
0.3848(1)
0.4041(1)
0.4138(1)
0.4105(1)
0.3972(1)
0.3955(1)
0.3818(1)
0.3694(1)
0.3699(1)
0.3833(1)
0.4153(1)
0.4109(1)
0.4476(1)
0.4857(1)
0.4880(1)
0.4535(1)
0.3681(1)
0.3228(1)
0.4553(1)
0.4209(1)
0.4176(1)
0.3701(1)
0.3714(1)
0.4182(1)
0.4645(1)
0.4654(1)

0.030(1)
0.045(1)
0.019(1)
0.020(1)
0.025(1)
0.029(1)
0.027(1)
0.023(1)
0.023(1)
0.032(1)
0.029(1)
0.039(1)
0.017(1)
0.017(1)
0.020(1)
0.024(1)
0.022(1)
0.027(1)
0.029(1)
0.027(1)
0.023(1)
0.020(1)
0.017(1)
0.017(1)
0.020(1)
0.022(1)
0.021(1)
0.025(1)
0.026(1)
0.024(1)
0.022(1)
0.019(1)
0.027(1)
0.036(1)
0.052(1)
0.064(1)
0.056(1)
0.036(1)
0.040(1)
0.060(1)
0.041(1)
0.041(1)
0.022(1)
0.033(1)
0.037(1)
0.035(1)
0.029(1)
0.022(1)
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C(77) 0.5780(2) 0.6482(1) 0.3175(1) 0.049(1)

C(78) 0.5159(3) 0.6915(2) 0.2898(1) 0.070(1)

C(79) 0.5566(1) 0.6674(1) 0.5171(1) 0.025(1)

C(80) 0.4943(2) 0.7209(1) 0.5351(1) 0.036(1)

C(90) 0.5132(2) 0.3356(1) 0.5942(1) 0.064(1)

C(91) 0.4704(2) 0.2796(1) 0.6148(1) 0.051(1)

C(92) 0.7058(2) 0.3977(1) 0.7048(1) 0.052(1)

C(93) 0.7278(2) 0.3327(1) 0.7135(1) 0.036(1)

C(94) 0.1284(2) 0.3595(1) 0.3019(1) 0.054(1)

C(95) 0.1166(2) 0.3774(1) 0.3559(1) 0.037(1)

C(96) 0.7922(2) 0.5582(1) 0.4090(1) 0.042(1)

C(97) 0.8500(1) 0.5795(1) 0.3652(1) 0.039(1)

Table 3. Bond lengths [A] and angles [°] for 13a.

P(1)-0(1) 1.4799(12) P(1)-0(2) 1.6080(11)
P(1)-0(3) 1.6090(12) P(1)-N(1) 1.5704(14)
P(2)-0(4) 1.4927(12) P(2)-0(5) 1.6017(11)
P(2)-0(6) 1.6039(11) P(2)-N(1) 1.5591(13)
0(2)-C(2) 1.3950(19) 0(3)-C(12) 1.4072(19)
0(5)-C(42) 1.4112(18) 0(6)-C(52) 1.397(2)
N(2)-C(91) 1.137(3) N(3)-C(93) 1.139(3)
N(4)-C(95) 1.143(3) N(5)-C(97) 1.140(3)
C(1)-c(2) 1.371(2) C(1)-c(10) 1.429(2)
C(1)-c(11) 1.485(2) C(2)-c(3) 1.421(2)
C(3)-C(4) 1.373(2) C(3)-C(21) 1.493(2)
C(4)-C(5) 1.412(2) C(5)-C(6) 1.420(2)
C(5)-C(10) 1.424(2) C(6)-C(7) 1.361(3)
C(7)-C(8) 1.416(3) C(8)-C(9) 1.365(3)
C(9)-C(10) 1.419(2) C(11)-C(12) 1.376(2)
C(11)-C(20) 1.435(2) C(12)-C(13) 1.413(2)
C(13)-C(14) 1.374(2) C(13)-C(31) 1.499(2)
C(14)-C(15) 1.408(2) C(15)-C(16) 1.419(2)
C(15)-C(20) 1.418(2) C(16)-C(17) 1.363(3)
C(17)-C(18) 1.414(3) C(18)-C(19) 1.365(3)
C(19)-C(20) 1.420(2) C(21)-C(22) 1.412(2)
C(21)-C(26) 1.398(2) C(22)-C(23) 1.390(3)
C(22)-C(29) 1.512(3) C(23)-C(24) 1.384(3)
C(24)-C(25) 1.368(3) C(25)-C(26) 1.402(3)
C(26)-C(27) 1.502(3) C(27)-C(28) 1.525(3)
C(29)-C(30) 1.522(3) C(31)-C(32) 1.401(2)
C(31)-C(36) 1.410(2) C(32)-C(33) 1.397(2)
C(32)-C(37) 1.518(2) C(33)-C(34) 1.384(3)
C(34)-C(35) 1.383(3) C(35)-C(36) 1.386(3)
C(36)-C(39) 1.511(2) C(37)-C(38) 1.531(3)
C(39)-C(40) 1.532(3) C(41)-C(42) 1.378(2)
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C(41)-C(50) 1.436(2) C(41)-C(51) 1.488(2)
C(42)-C(43) 1.414(2) C(43)-C(44) 1.371(2)
C(43)-C(61) 1.498(2) C(44)-C(45) 1.414(3)
C(45)-C(46) 1.421(2) C(45)-C(50) 1.423(2)
C(46)-C(47) 1.365(3) C(47)-C(48) 1.407(3)
C(48)-C(49) 1.368(2) C(49)-C(50) 1.422(2)
C(51)-C(52) 1.371(2) C(51)-C(60) 1.432(2)
C(52)-C(53) 1.419(2) C(53)-C(54) 1.369(2)
C(53)-C(71) 1.504(2) C(54)-C(55) 1.418(2)
C(55)-C(56) 1.421(2) C(55)-C(60) 1.420(2)
C(56)-C(57) 1.365(3) C(57)-C(58) 1.410(3)
C(58)-C(59) 1.366(3) C(59)-C(60) 1.417(2)
C(61)-C(62) 1.407(3) C(61)-C(66) 1.403(3)
C(62)-C(63) 1.401(3) C(62)-C(67) 1.503(3)
C(63)-C(64) 1.372(5) C(64)-C(65) 1.378(5)
C(65)-C(66) 1.397(3) C(66)-C(69) 1.507(3)
C(67)-C(68) 1.521(3) C(69)-C(70) 1.530(3)
C(71)-C(72) 1.407(3) C(71)-C(76) 1.401(2)
C(72)-C(73) 1.400(3) C(72)-C(77) 1.518(3)
C(73)-C(74) 1.378(3) C(74)-C(75) 1.378(3)
C(75)-C(76) 1.397(3) C(76)-C(79) 1.504(3)
C(77)-C(78) 1.463(4) C(79)-C(80) 1.524(3)
C(90)-C(91) 1.452(3) C(92)-C(93) 1.459(3)
C(94)-C(95) 1.442(3) C(96)-C(97) 1.456(3)
0(1)-P(1)-0(2) 105.08(6) 0(1)-P(1)-0(3) 111.41(6)
0(1)-P(1)-N(1) 121.02(7) 0(2)-P(1)-0(3) 103.53(6)
N(1)-P(1)-0(2) 108.95(7) N(1)-P(1)-0(3) 105.54(7)
0(4)-P(2)-0(5) 110.70(6) 0(4)-P(2)-0(6) 103.14(6)
0(4)-P(2)-N(1) 120.47(7) 0(5)-P(2)-0(6) 103.71(6)
N(1)-P(2)-O(5) 106.78(7) N(1)-P(2)-0(6) 110.84(7)
C(2)-0(2)-P(1) 120.53(10) C(12)-0(3)-P(1) 115.52(10)
C(42)-0(5)-P(2) 116.08(10) C(52)-0(6)-P(2) 121.16(10)
P(2)-N(1)-P(1) 132.68(9) C(2)-C(1)-C(10) 118.79(15)
C(2)-C(1)-C(11) 119.56(14) C(10)-C(1)-C(11) 121.64(14)
0(2)-C(2)-C(3) 117.76(14) C(1)-C(2)-0(2) 118.78(14)
C(1)-C(2)-C(3) 123.26(15) C(2)-C(3)-C(21) 120.64(14)
C(4)-C(3)-C(2) 117.16(15) C(4)-C(3)-C(21) 122.07(15)
C(3)-C(4)-C(5) 122.16(16) C(4)-C(5)-C(6) 121.85(16)
C(4)-C(5)-C(10) 119.40(15) C(6)-C(5)-C(10) 118.75(16)
C(7)-C(6)-C(5) 121.46(17) C(6)-C(7)-C(8) 119.67(16)
C(9)-C(8)-C(7) 120.58(17) C(8)-C(9)-C(10) 121.02(17)
C(5)-C(10)-C(1) 118.65(15) C(9)-C(10)-C(1) 122.82(16)
C(9)-C(10)-C(5) 118.51(15) C(12)-C(11)-C(1) 120.10(14)
C(12)-C(11)-C(20) 118.63(15) C(20)-C(11)-C(1) 121.12(14)
0(3)-C(12)-C(13) 118.80(14) C(11)-C(12)-0(3) 117.89(14)
C(11)-C(12)-C(13) 123.29(15) C(12)-C(13)-C(31) 123.61(14)
C(14)-C(13)-C(12) 117.19(15) C(14)-C(13)-C(31) 119.17(14)
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C(13)-C(14)-C(15)
C(14)-C(15)-C(20)
C(17)-C(16)-C(15)
C(19)-C(18)-C(17)
C(15)-C(20)-C(11)
C(19)-C(20)-C(11)
C(26)-C(21)-C(3)

C(21)-C(22)-C(29)
C(23)-C(22)-C(29)
C(25)-C(24)-C(23)
C(21)-C(26)-C(25)
C(25)-C(26)-C(27)
C(22)-C(29)-C(30)
C(32)-C(31)-C(36)
C(31)-C(32)-C(37)
C(33)-C(32)-C(37)
C(35)-C(34)-C(33)
C(31)-C(36)-C(39)
C(35)-C(36)-C(39)
C(36)-C(39)-C(40)
C(42)-C(41)-C(51)
0(5)-C(42)-C(43)

C(41)-C(42)-C(43)
C(44)-C(43)-C(42)
C(43)-C(44)-C(45)
C(44)-C(45)-C(50)
C(47)-C(46)-C(45)
C(49)-C(48)-C(47)
C(45)-C(50)-C(41)
C(49)-C(50)-C(45)
C(52)-C(51)-C(60)
0(6)-C(52)-C(53)

C(51)-C(52)-C(53)
C(54)-C(53)-C(52)
C(53)-C(54)-C(55)
C(54)-C(55)-C(60)
C(57)-C(56)-C(55)
C(59)-C(58)-C(57)
C(55)-C(60)-C(51)
C(59)-C(60)-C(55)
C(66)-C(61)-C(43)
C(61)-C(62)-C(67)
C(63)-C(62)-C(67)
C(63)-C(64)-C(65)
C(61)-C(66)-C(69)
C(65)-C(66)-C(69)
C(66)-C(69)-C(70)
C(76)-C(71)-C(53)

122.17(15)
119.75(15)
120.71(17)
120.52(17)
118.40(15)
122.94(15)
120.34(15)
119.66(15)
122.06(17)
120.79(18)
118.07(18)
119.19(17)
116.23(18)
120.73(15)
122.66(15)
119.11(15)
119.68(16)
121.72(16)
119.13(16)
110.75(15)
120.41(14)
118.80(14)
123.91(14)
117.18(15)
122.14(16)
119.50(15)
120.86(17)
120.49(17)
118.80(15)
118.32(15)
118.23(15)
117.15(14)
123.55(15)
116.91(15)
122.27(15)
119.19(15)
120.92(17)
120.64(17)
118.89(15)
118.73(15)
119.21(18)
123.21(18)
118.6(2)

120.1(2)

121.61(18)
119.9(2)

111.05(18)
122.65(15)

C(14)-C(15)-C(16)
C(20)-C(15)-C(16)
C(16)-C(17)-C(18)
C(18)-C(19)-C(20)
C(15)-C(20)-C(19)
C(22)-C(21)-C(3)

C(26)-C(21)-C(22)
C(23)-C(22)-C(21)
C(24)-C(23)-C(22)
C(24)-C(25)-C(26)
C(21)-C(26)-C(27)
C(26)-C(27)-C(28)
C(32)-C(31)-C(13)
C(36)-C(31)-C(13)
C(33)-C(32)-C(31)
C(34)-C(33)-C(32)
C(34)-C(35)-C(36)
C(35)-C(36)-C(31)
C(32)-C(37)-C(38)
C(42)-C(41)-C(50)
C(50)-C(41)-C(51)
C(41)-C(42)-0(5)

C(42)-C(43)-C(61)
C(44)-C(43)-C(61)
C(44)-C(45)-C(46)
C(46)-C(45)-C(50)
C(46)-C(47)-C(48)
C(48)-C(49)-C(50)
C(49)-C(50)-C(41)
C(52)-C(51)-C(41)
C(60)-C(51)-C(41)
C(51)-C(52)-0(6)

C(52)-C(53)-C(71)
C(54)-C(53)-C(71)
C(54)-C(55)-C(56)
C(60)-C(55)-C(56)
C(56)-C(57)-C(58)
C(58)-C(59)-C(60)
C(59)-C(60)-C(51)
C(62)-C(61)-C(43)
C(66)-C(61)-C(62)
C(63)-C(62)-C(61)
C(64)-C(63)-C(62)
C(64)-C(65)-C(66)
C(65)-C(66)-C(61)
C(62)-C(67)-C(68)
C(72)-C(71)-C(53)
C(76)-C(71)-C(72)

120.89(16)
119.32(16)
120.10(17)
120.80(16)
118.52(15)
118.36(15)
121.29(16)
118.28(18)
120.62(19)
120.94(19)
122.71(16)
112.69(16)
120.20(14)
118.83(15)
118.23(15)
121.40(17)
121.01(17)
118.94(16)
113.88(15)
118.04(15)
121.32(14)
117.28(14)
121.29(14)
121.52(15)
121.38(16)
119.07(16)
120.19(16)
121.01(17)
122.72(16)
119.71(14)
122.00(15)
119.00(14)
120.63(15)
121.52(15)
121.86(16)
118.90(16)
119.99(16)
120.78(16)
122.35(15)
119.93(18)
120.86(18)
118.2(2)

121.2(3)

121.2(3)

118.4(2)

114.7(2)

116.63(15)
120.70(16)
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7. EXPERIMENTAL SECTION

C(71)-C(72)-C(77)
C(73)-C(72)-C(77)
C(73)-C(74)-C(75)
C(71)-C(76)-C(79)
C(75)-C(76)-C(79)
C(76)-C(79)-C(80)
N(3)-C(93)-C(92)

N(5)-C(97)-C(96)

123.04(17)
118.26(18)
120.04(17)
122.61(15)
118.97(16)
112.93(15)
178.3(3)

179.6(3)

C(73)-C(72)-C(71)
C(74)-C(73)-C(72)
C(74)-C(75)-C(76)
C(75)-C(76)-C(71)
C(78)-C(77)-C(72)
N(2)-C(91)-C(90)

N(4)-C(95)-C(94)

118.69(18)
120.77(19)
121.35(18)
118.41(17)
114.2(2)
178.6(3)
179.3(3)
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