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ABSTRACT

Organocatalysis using small organic molecules to catalyze organic transformations, has
emerged as a powerful synthetic tool that is complementary to metal-catalyzed transformations
and remarkably promote stereoselective synthesis. Our group has designed useful templates,
ligands, and additives that use fluxional groups to control and/or enhance stereoselectivity in a
variety of asymmetric transformations. A key feature of this strategy is that the size of the
fluxional substituent can be varied readily. As an extension of this strategy we became interested
in developing efficient and broadly applicable and adjustable 4-dimethylaminopyridine (DMAP)
organocatalysts. In our design, we surmised that a fluxional group would be effective in relaying
stereochemical information from the fixed chiral center to the catalytic center of DMAP.
Presented herein the synthesis of novel fluxionally chiral DMAP catalysts and their application
in the acylative kinetic resolution of secondary alcohols and axially chiral biaryls, dynamic
kinetic resolution of chiral biaryls with low rotation barriers and allylic substitution reactions.

In the beginning, a comprehensive study of the chiral relay concept in enantioselective
transformations was reviewed and the historic and current story of the chiral relay concept is
covered.

The design and synthesis of fluxionally chiral 4-dimethylaminopyridine catalysts was
introduced. The key issues addressed in this chapter include the design concept regarding a
stereoselective fluxionally 4-dimethylaminopyridine catalyst and muti-step synthesis strategies
developed for catalyst synthesis.

The development of fluxionally chiral 4-dimethylaminopyridine catalysts in the acylative

kinetic resolution studies of secondary alcohols as well as axially chiral biaryls is investigated.
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Six different secondary alcohols are resolved with good selectivity factors (6-37) and ten biaryl
substrates are resolved with moderate to high selectivity factors (10-51).

Dynamic kinetic resolution has more practical applications to organic synthesis than
simple kinetic resolution. The dynamic kinetic resolution of atropisomeric biaryls using the
novel fluxionally chiral 4-dimethylaminopyridine catalysts was explored and the corresponding
acylated products were obtained with 11-80 %ee.

The newly designed DMAP catalysts containing fluxional groups as a stereocontrol unit
could also be effectively applied as a nucleophilic catalyst in asymmetric allylic aminations. A
range of a-methylene-f-amino esters were obtained with good yields and selectivities (up to

72 %ee).
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CHAPTER 1. CHIRAL RELAY IN ENANTIOSELECTIVE TRANSFORMATIONS

1.1. Introduction

Chirality plays a fundamental role in our life. An object or a system is chiral if it is
distinguishable from its mirror image that is said to be chiral. The simple example is our hands.
Right hand and left hand are mirror image pairs but one hand couldn’t be superposed onto the
other, so they are distinguishable. Much like our right and left hands, chiral molecules exist as
one of two possible structures that are chemically identical but arranged such that they are mirror
images of each other. Many important molecules required for life, exist in two forms called
enantiomers. Biological and pharmaceutical activity of many molecules is often directly related

to their chirality or to a single enantiomer.'

H H

CoH  HOHC 5 OH RTINS \S)<CH3

:“g\NHz HK?_ ?7{H 0 o];N /" CHy
3 OH H COzH

amino acid sugar Penicillin

enzyme

Erythromycin

Figure 1.1. Examples of Chiral Molecules

Nearly all biological macromolecules are homochiral.> Most amino acids in proteins are
left-handed. While all sugars that make up the helical backbone of DNA, RNA, and in the
metabolic pathways are right-handed (Figure 1.1). More dramatic and crucially important is

chirality in many pharmacologically active natural products® and drug molecules.” The impact of



chirality on biological activity of many theraoeutic agents has been demonstrated in many
instances. In many of these cases, one may be helpful while the other may be inactive or even
toxic. One example is thalidomide (Figure 1.2),” a sedative or antinauseat agent for pregnant
women with morning sickness. Some women who took the drug with the racemic form had
delievered off-springs with severe birth defects. A later study revealed that one enantiomer of
thalidomide has the desired sedative activity, while the other form could cause birth defects. The

enantiomers of thalidomide interacted differently with the chiral biomolecules in the body such

as enzymes.
O O O O
NH NH
N (0] N 0]
o O
(R)-thalidomide (S)-thalidomide

Figure 1.2. Enantiomers of Thalidomide

Since the majority of therapeutics and natural products are single enantiomers, scientists
have developed a number of asymmetric strategies. Chiral compounds synthesized from achiral
starting materials and reagents are racemic. Separation of racemates into their enantiometic from
is a process called resolution. The resolution of racemic mixtures by crystallization in the
presence of a molecule from the chiral pool that is capable of forming a pair of diastereomeric
salts has been used with great success.’ The separation of racemic mixtures using chiral
stationary phases has also become more practical.” At times, these methods are sometimes not
flexible enough depending on the complexity of chiral compounds.

Asymmetric synthesis,® that is the precise control of chirality in a chemical

transformation, offers the potential to eliminate disadvantages in the resolution of racemic



mixtures. In asymmetric synthesis, one of the identical groups is preferentially modified or
replaced, so that the product is a mixture of two dissymmetric compounds, one of which
predominates. Several ways’ have been developed to realize asymmetric synthesis, such as chiral
substrates, chiral auxiliaries, chiral catalysts and ligands, chiral reagents, etc.
1.2. Chiral Relay Substrates and Auxiliaries

Chiral substrates mediated synthesis is one of the oldest approaches to realize asymmetric
synthesis. A readily available naturally derived chiral starting material is manipulated through
sequential reactions, often using achiral reagents, to obtain the desired target chiral molecule.
The stereogenic centers on the chiral substrate are from the enantiomerically pure natural
products. Most commonly used materials are amino acids and carbohydrates. Another way to
realize asymmetric synthesis is by the use of chiral auxiliaries, which have found wide
applications in a variety of reactions over the last three decades for the synthesis of
enantiomerically pure compounds.'® A chiral auxiliary is an enantiomerically pure compound,
which connects to the substrate through convalent bond(s) to form a new compound and can
influence the configuration of stereogenic centers in the reaction. In most cases, at the end of the
reaction, the auxiliary is cleaved under conditions that will not cause racemization of the product,
and recovered for future use (Scheme 1.1)."" The use of chiral auxiliaries allows the enrichment
of diastereoselectivity in the reaction process and hence the enantioselectivity of the product

after removal of the auxiliary.



auxiliary recycle

Substrate Product

Substrate — | S — - | Product
achiral Install Chiral  Auxiliary Diastereoselective Auxiliary Remove .

( : Auxiliary Reaction Auxiliary (chiral)

Scheme 1.1. Diastereoselective Synthesis using Chiral Auxiliaries

To impact the diastereoselectivity, the stereogenic center of the auxiliary should be close
to the prochiral reactive site in the substrate. However this close orientation is not always
attained and some examples that rely on relatively remote stereogenic centers to control
diastereoselectivity were investigated.'” An example of stereochemical control from a remote
stereocenter in a diastereoselective asymmetric transformation is illustrated in Scheme 1.2.
Schollkopf and coworkers developed 1.1, derived from O-methylation of diketopiperazine,
which had been used in the synthesis of non-proteinogenic o-amino acids.”> This strategy relied
on the alkylation of a masked glycine enolate where diastereofacial selectivity is controlled by a
remote chiral iso-propyl group (Scheme 1.2). But this remote control exhibited moderate

diastereoselectivities in the enolate alkylation with linear or branched electrophiles.

JJ: Nj/o'\"e 1) "BuLi, THF, -78 °C )J: NIO'V'G
MeO” SN 2) RX N

MeO™ "N 'R
1.1 1.2
Electrophile RX Yield% de%
Methyl iodide 54 50
Benzyl bromide 81 91
Allyl bromide 83 74
Prop-2-ynyl bromide 70 52

Scheme 1.2. 1,4-Asymmetric Induction in Bis-Lactim Ether Auxiliary



In 1998, Davies introduced the concept of chiral relay," that involves relaying
stereochemical information from a static chiral center to a fluxional center, which is inserted
between the stereogenic center and the prochiral reactive center. Due to steric interactions with
the stereogenic center, the fluxional group adopts a defined conformation that shields efficiently
one face of the reaction center. During this process, the stereochemical information can be
relayed and amplified from the existing stereogenic centers via a relay network to the reaction
center. Unlike the conventional remote asymmetric induction in Scheme 1.3 (left), in chiral relay
auxiliary design (Scheme 1.3-right),'* steric interactions between the stereogenic center R and
the relay group Y make them to organize in an antiperiplanar arrangement, thus the attacking

group will approach the prochiral reactive center from an anti orientation to the relay group Y.

R attacking group
R
(O \ :
. . ¥ o
prochiral reaction ) /
X 4+ center M f prochiral reaction
6D/ ‘ /  center
relay groupé{) -
attacking group
Conventional remote asymmetric induction Chiral relay involved asymmetric induction
R R
—0 %
X X
GD/ R = stereocontrolling group é
X = heteroatom
trans-product Y =relay group cis-product

Scheme 1.3. Chiral Relay Design
Numerous studies have reported such a strategy for the control of enantioselectivity in a

variety of transformations.”” Davies and coworkers designed a new chiral template, which



employed a chiral relay network based on the non-stereogenic N-benzyl protecting groups to

enhance diastereocontrol during enolate alkylation (Scheme 1.4).'°

OMe
OMe

)//, N O )/ N 0o H 4 OM

- 1) LHMDS, THF, -78°C ., N—<

4[ j¢ ) g 4[ ji "\%gr—ggﬁiR%
2) RX \ Rew

o T o) R
)
L. S _

1.3 1.4 1.5 OMe
Electrophile RX Yield% de%
Methyl iodide 72 93
Benzyl bromide 88 98
Allyl bromide 63 94
Prop-2-ynyl bromide 74 89

Scheme 1.4. Chiral Relay Network in Davies’ s Auxiliary

In Davies’ s design, the enolate 1.5 derived by deprotonation of 1.3 adopts a
conformation that the stereochemical information of the (3S)-isopropyl group will be relayed
through space via non-stereogenic benzyl protecting groups. The isopropyl group controls the
conformation of the proximal N4 benzyl anti, which in turn directs the N1 benzyl group syn to
the isopropyl group. This fixed geometry can effectively block the Si face of enolate 1.5 towards
incoming electrophile at C6 (Scheme 1.4). Alkylation of 1.3 with a range of electrophiles
afforded products 1.4 in much higher de (>90%) and yield than 1.1. They also obtained more
evidence by conducting the alkylation of N,N’-dimethylated piperazine-2,5-dione, where the
methyl group couldn’t enhance the stereoselectivity via the proposed relay mechanism, and the

diastereoselectivity was reduced to 33% de. The different results suggested that the proximity of



the N1 benzyl group to C6 results in significantly higher alkylation diastereoselectivities
compared to Schollkopf’s case where the stereofacial control is only provided by the C3
1sopropyl group. Trans-alkylated auxiliary 1.4 can be deprotected to a-amino acid via oxidative
removal of the p-methoxybenzyl groups using ceric ammonium nitrate in CH3;CN-H,O and
followed by acid hydrolysis to obtain the mixture of (S)-valine and (R)-alanine.'®

Santarsiero and coworkers found a morpholin-2-one based chiral substrate shows a
similar relay effect (Scheme 1.5). The enolate of N-Boc morpholinone 1.6 was benzylated and
1.7 was obtained in 99% de with frans-selectivity, while the enolate of the N-benzyl
morpholinone 1.8 was benzylated to give a major product 1.10 with 94% de with a cis-

relationship.'’

0._0 0._0
[ T LIHMDS, PhCH,Br _ [ L
PR N THF, -78 °C PR "N Fh
|
Boc Boc

1.6 1.7
99 %de

0__0 0__0
[ T LIHMDS, PhCH,Br [ f

P N THF, -78 °C T o SN P
R R

1.8 R=Bn
1.9 R=Me

0 R =Bn, 94 %de
1

1.1
1.11 R = Me, 93 %de

Scheme 1.5. Chiral Relay in Morpholin-2-one Based Chiral Auxiliary

Further studies showed the enolate of corresponding N-methyl morpholinone 1.9
produced cis-product 1.11 with 93 %de. This result is consistent with the selectivity observed in
1.10. Thus the reversed selectivity observed in 1.10 and 1.11 was explained by stereoelectronic

as well as chiral relay effect, where the fluxional N-benzyl group is fixed anti to the C5-phenyl



group results in the incoming electrophile to approach the Si face of the enolate and lead to cis-
enolate alkylation. While the trans-selectivity observed for 1.7 was explained by the
conventional 1,3-asymmetric induction and the N-Boc protecting group didn’t affect the face

selectivity induced by C5-phenyl chiral group (Scheme 1.6).'*'®

(@] O o
N . — O-
[ T enolization N]
Ph™ N ’ 9 “
p )
Ph electrophile

Scheme 1.6. Conventional 1,3-Asymmetric Induction
vs Chiral Relay Induction

Craig and coworkers reported a stereoselective alkylation of conjugated iminium species,
which was derived from the Lewis acid mediated ionization of chiral substrate 1.12. The reaction
proceeded via an Sy1’ mechanism and gave the allylation products exclusively as 2,6-syn
diastereomers, regardless of the configuration at C4 in 1.12. They presumed that the initial Lewis
acid-assisted ionization of 1.12 generated the conjugated iminium species 1.14 and the incoming
nucleophiles preferred to approach exclusively from the bottom face to give 2,6-syn products.
The conjugated cyclic iminium would take more chair-like transition-state as a consequence of
stereoelectronic reasons and the tosyl group might block the top face of the cyclic iminium

species, thus affording the cis-substituted product (Scheme 1.7)."
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Scheme 1.7. Chiral Relay Effect in Tetrahydropyridine

Clayden and coworkers found that the conformation of a tertiary amide substituent on an
aromatic ring could relay the stereochemical information to the nearby stereogenic center. They
first demonstrated this discovery by adding single ortho-lithiated 1-naphthamide 1.15 to
aldehyde, in which the two atropisomeric diastereoisomers of the product 1.16 are formed in

ratios of up to 85:15 (Scheme 1.8).%°
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Scheme 1.8. Atropisomeric Addition of Lithiated N, N-Dialkyl-1-Naphthamides
to Aldehydes

Later, they developed a bis-amide aryl based system, which uses two tertiary amides to
realize remote 1,6-stereocontrol control (Scheme 1.9). The conformation of the first axis in 1.17
is relayed around the ring and the stereochemical information of the C1 position fixed the
adjacent C2 position diisopropyl anti to the group at Cl1 due to steric hindrance. After
introduction of a second tertiary amide substituent into 1.18, the stereochemical information is

relayed to the meta-position of the phenyl ring through the first axis. When the second



stereocenter at C4 in 1.20 is installed, it is anti to the diisopropyl group at C3 and under the
ultimate control from the para-position of the ring through this relay network. Additionally, this

two relay units can retain the stereochemical information by two inversions.”!
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: i L 1) s-BuLi
0 SiR; 1) s-Buli = q
> |~ 2)CICONI-Pr, * 00="  SiRy 2)E
1 —_—> 3
BQe,
1.17 1.18
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5 3 2) R3SiCl

\/ 00="
A3
N

Scheme 1.9. Chiral Relay through a Benzene-1,2-Dicarboxamide

Hitchcock and coworkers utilized (1R, 25)-ephedrine-based oxadiazinone derived chiral
auxiliary for the asymmetric aldol reaction by treatment with titanium tetrachloride, triethyamine
and aldehydes. When N4 of oxadiazinone was substituted with a methyl group, the syn-products
were obtained with 3:1 to 99:1 diastereoselectivities, while substituted with isopropyl group, the
aldol adducts were found to have diastereoselectivities ranging from 8:1 to 99:1 favoring syn-
substitution.”” The diastereoselectivities observed in 1.23 with more bulky isopropyl group at N4
enhanced the observed diastereoselectivities of the aldol addition compared to methyl substituted
oxadiazinone 1.21, which suggested the stereochemical impact of the ephedrine fragment (C5-
substituent and C6-phenyl of the oxadiazinone) is transmitted to the appended N3-enolate by

way of intramolecular chiral relay via the stereogenic N4-nitrogen.” Additionally, their X-ray
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crystal structure showed the proximity of the N4-methyl group to the N3-substituent is the
dominant factor for asymmetric induction. A proposed transition state for the process is shown in
Scheme 1.10. The C5-methyl and C6-phenyl fixed the N4-alkyl group at the bottom and the

aldehyde will approach from the less hindered top face in the proposed transition state.

O O o) OH
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. 2) TEA Cl H
N — N CH3 ..
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dr 3:1 to 99:1 IH »—0
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o O O OH // (
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1.23 1.24
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Scheme 1.10. Asymmetric Aldol Reaction using Oxadiazinone Template

Levacher and coworkers designed a chiral NADH reagent that relies on a chiral axis
control through a chiral relay installed on the cyclic structure. This reagent was applied in the
reduction of methyl benzoylformate and afforded (R)-methyl mandelate in up to 84 %ee
(Scheme 1.11). The deuterated 1.26 afforded the reduction product 1.27 with no deuterium
incorporation and the quinolinium salt 1.28 was recovered with high deuterium content. More
experimental evidence suggested that the syn orientated hydrogen in 1.26 was preferentially
transferred in the reduction and this preference may arise due to the conformational control of

C=0 lactam in 1.26.%*
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Scheme 1.11. Asymmetric Reduction of Methyl Benzoformate with Chiral NADH

The chiral element (methyl group) on the lactam ring in 1.26 takes on an anti-periplanar
orientation with N-isopropyl group because of steric interaction, which leads to the staggered
conformation and also a C3-C=0 chiral axis was formed in this process. This chiral axis enables
to differentiate the two diastereotopic hydrogens at C4 and the two enantiotopic faces of methyl
benzoylformate.

Davies and coworkers also developed N-1-(1’-naphthyl)ethyl-O-tert-butylhydroxylamine
chiral auxiliary, which can act as chiral Weinreb amide equivalents (Scheme 1.12). This achiral
auxiliary was synthesized in four steps and followed by chiral resolution with (+)-
camphorsulfonic acid to obtain the chiral form. A range of enantiopure acyl derivatives 1.29
were prepared. Reacting 1.29 with KHMDS followed by an alkyl halide gave the corresponding
a-substituted derivatives 1.30 in good yield and high diastereoselectivity (>95:1). Reductive
cleavage of 1.30 with LiAlH4 gave chiral aldehydes 1.31 with high selectivities (>=94 %ee) and

with MeLi to afford the corresponding chiral methyl ketones 1.32 in high yields and excellent
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enantioselectivity (>97 %ee). The auxiliary was recovered from cleavage reactions in >98 %ee

and recycled.”

0
)K/R 1)KHMDS O )I\rR LiAIH, or
| MelLi
OBuR'

1.30
ee > 99:1 de >= 95:1
+
E
(0] o) A
R R Me o, | R
HJH/ or Me)H/ H,,)\O/—\H
R R' 1-Nap ¥
with LiAlH, 1.31 with MeLi 1.32 Me™ Yyare
enolate 1.33

Scheme 1.12. Diastereoselective Enolate Alkylations of N-Acyl
Derivatives of N-1-(1’-Naphthyl)ethyl-O-tert-Butylhydroxylamine

They proposed a mechanism to rationalize the observed stereochemical outcome based
on chiral relay effect. Deprotonation of 1.29 would form (Z)-enolate 1.33 with two oxygen atoms
taking an anti-periplanar orientation to minimize electrostatic repulsions.”® The stereochemical
information will transfer from the asymmetric carbon center to the bulky zert-butyl group and the
adjacent nitrogen center. The sterically demanding asymmetric C-methyl and O-tert-butyl groups
will be in the opposite conformation due to steric interaction, thus in the subsequent enolate
alkylation, the incoming electrophile is expected to approach from the Re face, opposite to both
the nitrogen lone pair and the bulky fert-butyl group.

1.3. Chiral Lewis Acid Mediated Chiral Relay

Although the use of chiral substrates and auxiliaries provides good results in many cases,

it required the use of a stoichiometric quantity of the initial chiral source. Therefore, methods

that employ catalytic quantities of the initial source of chirality have been and continue to be the
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subject of intense investigations. As an alternative approach to increase selectivity, our group
hypothesized a new achiral auxiliary, which may allow amplifying and relaying stereochemical
information when cooperating with when coupled with a catalytic amount of chiral source. The
template of interest to our study is the pyrazolidinone auxiliary 1.34 (Figure 1.3).
Pyrazolidinones are attractive because they don’t have permanent chirality but have a fluxional
N-1 center, which may work with an external chiral source together and be able to provide strong
steric shielding. Additionally, 1.34 is easily prepared and the fluxional R group can be readily
varied to provide tunability. The pyrazolidinone auxiliaries also offer the advantage that they

need not to be synthesized from chiral pool precursors.

Figure 1.3. Pyrazolidinone Templates

Chiral Lewis acid catalysis has been widely used in enantioselective transformations.”’
Many efforts in this area have focused on the design and development of chiral ligands that are
able to selectively shield one face of a reaction center when complexed with a Lewis acid.”®
Ligand design continues to play a major role in Lewis acid catalysis, but to access new ligand
architectures is not easy due to the inherent synthetic challenges. In the process of searching for
chiral activators that could work cooperatively with the achiral pyrazolidinone template, we
envisioned that a Lewis acid with simple (potentially commercially available) chiral ligands
providing minimal steric shielding, would be an optimal choice. In this situation, the Lewis basic

sites in the pyrazolidinone-derived substrate are suitable for coordination with the chiral Lewis
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acid and the fluxional pseudo-chiral nitrogen center would be in a consonance or dissonance
relationship with the static chirality present in the ligand. In this scenario, consonant chiral relay
would be an attractive approach to amplify selectivity (Scheme 1.13). The coordination between
a pyrazolidinone and a Lewis acid leads to equilibrium conformations such as 1.35 and 1.36
which are diastereomeric. When an incoming attacking group approaches the chiral Lewis acid
coordinated substrate, the reaction might proceed preferentially through one of the two fluxional
conformations during a dynamic process. If the pyrazolidinone R group were to act in a
consonant fashion with a chiral Lewis acid, the chirality at the fluxional nitrogen may function in

a similar manner like a chiral auxiliary such as 1.37.

L* L* L* L*
A4 L L
M M “w
o g O" \‘O
S | »
,’\l R' _— N)\R' O)\N)\Rl
N N
. - .,
1.35 1.36 1.37

Scheme 1.13. Coordination Between Pyrazolidinone and
Chiral Lewis Acid

Chiral oxazolidinone auxiliary 1.37 has been utilized in Lewis acid catalyzed asymmetric
transformations, for example a Diels-Alder cycloaddition, and provides the cycloadduct with
high level of stereoselectivity. The Evans group has carried out a large amount work using 1.37
in asymmetric synthesis.”’ They reported that chiral oxazolidinone 1.38 could provide high level

of asymmetric induction in a diastereoselective Diels-Alder reaction in the presence of achiral

Et,AICI (Scheme 1.14).
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Scheme 1.14. Chiral Oxazolidinone Auxiliary in Diastereoselective Diels-Alder Reaction
Furthermore, they demonstrated that the level of asymmetric induction could be

improved substantially by using a matched chiral Lewis acid in cooperation with the chiral

oxazolidinone 1.38. It is notable that this reaction was performed using a catalytic amount of the

chiral Lewis acid (Scheme 1.15). In contrast, in the matched case with ligand and auxiliary

High level of
asymmetric induction

shielding opposite faces, both selectivity and reactivity are low.
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Scheme 1.15. Asymmetric Induction Between Chiral Lewis Acid and Chiral Oxazolidinone
Derivative

In the achiral pyrazolidinone case, if the fluxional character of the N atom takes a certain
pyramidalized conformation consonant with the permanent chirality of the chiral Lewis acid in
the reaction process, we can expect an amplification of selectivity, which is similar to the Evans’
matched case, would be possible (Scheme 1.16). Thus, a relay of stereochemical information was
established where the chiral Lewis acid would bias the fluxional nitrogen making the
pyrazolidinone a chiral auxiliary with the fluxional R group shielding one face of the reaction
center. In the ideal case, the static chirality of the chiral ligand and the chirality of the fluxional

nitrogen would work in a matched conformation to amplify enantioselectivity (complex 1.49).
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Scheme 1.16. Asymmetric Induction Between Chiral Lewis Acid and Achiral Pyrazolidinone

Derivative

Notably, unlike in Davies’ s chiral auxiliary relay strategy, our approach is not inherent to

the substrate but the chirality in the external source (chiral Lewis acid), working synergistically

with the template influences reaction outcome. Additionally, this new strategy also allows for the

use of permanent chirality in a catalytic amount. The pyrazolidinone templates were prepared in

a straightforward manner from f,3-disubstituted enolates 1.51 (Scheme 1.17).
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Scheme 1.17. Synthesis of 3-Substituted a.,3-Unsubstituted Pyrazolidinone Imides

Condensation of 1.51 with hydrazine hydrate gave N1 unsubstituted pyrazolidinones 1.52.

N1 substitution was installed by either alkylation of the more basic N1 nitrogen or by reductive

amination with an aldehyde. Acylation of 1.53 at N2 occurs upon deprotonation with n-BuLi and

subsequent addition of the appropriate o,p-unsaturated acid chloride generated pyrazolidinone

imide 1.55. When R? = methyl or cyclohexyl, LIHMDS was used as the base to deprotonate 1.53.

Our group has utilized a,B-unsaturated pyrazolidinone imide templates in a variety of Lewis

acids catalyzed enantioselective transformations and these transformations are described in the

next section.
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1.3.1. Achiral Pyrazolidinone Template and Other Achiral Templates in Enantioselective
Diels-Alder Reactions

A large number of templates have been utilized to carry out enantioselective Diels-Alder
reactions catalyzed by a variety of activators. Diels-Alder (DA) cycloaddition of cyclopentadiene
to pyrazolidinone derived crotonates was undertaken to examine the effectiveness of the chiral
relay template in providing efficient stereocontrol in the presence of a chiral Lewis acid
activator.”® The DA reactions were carried out at room temperature with substrates 1.57a-d
featured with different N-substituents (Table 1.1). In an initial experiment, bisoxazoline 1.58
with a small C4 methyl group was chosen. The authors surmised that since the methyl substituent
is small, it may not provide effective steric shielding without amplification from the
pyrazolidione auxiliary. As seen from the data in Table 1.1, the selectivity is very low when
oxazolidinone 1.56 was used (38 %ee, entry 1). However, when pyrazolidinone auxiliaries with
different size of N-substituents were investigated as substrates, the enantioselectivity showed a
dependence on the size of the fluxional group. As the size of R group increases (Me < Ph < 2-
naphthyl, 1-naphthyl), so does the enantioselectivity of the cycloadduct (entry 2-5). Interestingly,
the use of the bulky 1-naphthyl fluxional group furnished the adduct in 86 %ee (entry 6). These
results suggested that the enantioselectivity for the major endo adduct correlates directly with the
size of the N-substituents in pyrazolidinone templates. Furthermore, it also suggested that the
size of N-substituent in pyrazolidinone templates may play a major role in enantiocontrol.

The use of ligand 1.59 and 1.60 with medium-size C4 substituents in the Diels-Alder
reaction showed similar trends as ligand 1.58, 1.57d still gave the best enantioselectivities for the

DA adduct. Compared to the low enantioselection observed using oxazolidinone 1.56, the result
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(entries 2-5) also suggested that pyrazolidinone templates are able to amplify enantioselectivity
by tuning the size of N-substituents using the medium steric bulkyl chiral ligand.

When applying a sterically bulky ligand 1.61, a similar trend as described above was also
observed. The pyrazolidinone templates amplified enantioselectivity relative to oxazolidinone
and the enantioselectivity increased with the size of the N/-substituent. The high selectivities
obtained when R = Ph, 2-naphthyl, and 1-naphthyl indicated that the medium sized
pyrazolidinone R group in conjunction with the sterically demanding chiral ligand was able to
provide nearly complete face-shielding in the cycloaddition.

Employing bisoxazoline ligand 1.62 derived from amino indanol, the enantioselectivities
for the Diels-Alder adduct were uniformly high (95-96 %ee) regardless of the size of the
pyrazolidinone R group. The high enantioselectivity observed for all pyrazolidinone-derived
substrates versus oxazolidinone substrate again shows the strong amplification of steric
information although reactions with ligand 1.62 suggested that it is the major controller of the
stereoinduction in the cycloaddition.

All the above results suggested that in combination with an appropriate chiral ligand, a
pyrazolidinone auxiliary could amplify enantioselectivity to a large extent and produce endo-

selective Diels-Alder product with high stereoselectivity.*'
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Table 1.1. Diels-Alder Reactions with Pyrazolidinone Templates using Chiral Bisoxazolines

O
)]\/\ Cu(OTf), (15 mol%) 7 R
N . @ Chiral ligand (16 mol%) I\/l/

N CHyCly, rt o )N\)<
R

)

1.57a-d 1.63
endo-adduct

Wi B G0 B R Y0
B B

N\_R Me Me iPr “i-Pr  Bn n tBu -Bu
1.58 1.59 1.60 1.61 1.62
Entry  Substrate %ee (endo/exo)  %ee (endolexo) %ee (endolexo)  %ee (endo/exo)  %ee (endo/exo)
L3 38 (88:12 23 (87:13 17 (86:14 54 (81:19 83 (89:11
1 A A (88:12) (87:13) (86:14) (81:19) (89:11)
— 1.56
2 R=Me 64 (91:9) 56 (96:4) 55 (88:12) 77 (93:7) 96 (92:8)
1.57a
3 R=Ph 71 (93:7) 84 (92:8) 71 (91:9) 97 (92:8) 95 (91:9)
1.57b
4 = 79 (93:7) 65 (91:9) 69 (90:10) 99 (93:7) 96 (93:7)
2-Naphthyl
1.57c
5 R= 86 (90:10) 95 (93:7) 85 (87:13) 99 (90:10) 96 (90:10)
1-Naphthyl
1.57d

Generally, for stereoelectronic reasons, normal DA cycloadditions show endo selectivity.
Thus development of methods for the formation of the exo adducts by overriding the normal
stereoelectronic preference for endo adduct is noteworthy. The selective formation of exo-DA
adduct has been investigated (Table 1.2). It was hypothesized that by choosing the appropriate
combination of pyrazolidinone auxiliary with a chiral Lewis acid, the endo approach of the diene
may be blocked. A range of chiral Lewis acids was screened for exo-selective DA reactions.
When Cu (II), Mg (II) and Zn (II) salts combined with bis(oxazoline) ligands, endo-selective
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products were obtained as the major diastereomer. In contrast, using Yb(OTf); or Y(OTf); as a
Lewis acid with a Pybox ligand, the ratio of the exo product increased. The effect of the ligand
on selectivity was tested and the result showed that 2-amino-1,2-diphenyl ethanol-derived pybox
ligand 1.66 led to the much more improved exo selectivity than other ligands. Later, the impact
of pyrazolidinone N1 substituent on exo/endo selectivity was investigated. The reaction of
pyrazolidinone 1.64a with cyclopentadiene under Yb(OTf)3/1.66 produced that endo adducts as
the major product (entry 1). A small increase in the exo/endo ratio was observed when
pyrazolidinone 1.64b was used as the dienophile (entry 2).

Table 1.2. Effect of Pyrazolidinone N1 Substitution on exo/endo Selectivity

| AN
O < o)
Ph"-</l N | Ph 0
N N
3 z
T 5 PhP box 1.66 (16 I‘I’jr)1 :
yoox 1. mol7e
NJ\/\ . @ Yb(OT); (15 mol%) X exo 1.67
N CH,Cl, rt
—R
/
1.64a R =Ph
1.64b R = 1-Naph
1.64c R = 2,4,6-Me;CgH, o” 'z
1.64d R = 3,5-Me,CgH5
1.64e R = 2,3,5,6-Me,CgH endo 1.68
O o
)j\/\ entry Substrate Yield% exolendo ee% (exo)
,\’IN 1 1.64a 80 37:63 88
2 1.64b 84 45:55 95
1.65
3 1.64¢ 91 74:26 93
4 1.64d 78 40:60 81
5 1.64e 71 71:29 90
6 1.65 62 84:16 93
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Further increase in exo selectivity was observed when 1.64¢ was employed (entry 3).
Notably, high enantioselectivities for exo adduct were obtained with dienophiles 1.64b and 1.64c.
Reaction with dienophile 1.64d with 3,5-dimethyl substituted phenyl fluxional group was endo-
selective (entry 4). When comparing data from entry 3 and entry 4, it seems that 2,6-substitution
may be necessary for the optimal exo selectivity and this notion was confirmed by using 1.64e as
the dienophile, which produced a higher proportion of the exo adduct 1.64¢ (entry 5). Modifying
C5 substituent on pyrazolidinone ring showed the pyrazolidinone crotonate 1.65 bearing C5
ethyl substituents as the dienophile efficiently improved exo selectivity in the product and high
enantioselectivity was also obtained (entry 6). Additional increase in the size of the C5
substituent decreased the selectivity.”

The Sibi group also studied chiral Lewis acid catalyzed Diels-Alder cycloaddition
between P-substituted pyrazolidinone propiolimides and cyclic dienes. Acetylenic dienophiles
possess two orthogonal sets of s-orbitals and each of them can participate in the cycloaddition,
which brings a challenge for enantiomeric control.” The Diels-Alder reaction between more
reactive P-silyl, B-halo, P-stannyl or P-unsubstituted o,f-acetylenic dienophiles and cyclic
dienes to generate Diels-Alder product in good yields and enantioselectivities have been
reported.*® The challenge of using B-alkyl a,B-acetylenic substrate in the Diels-Alder reaction is
that alkyl acetylenic substrate is a less reactive dienophile. Besides, after coordination with chiral
Lewis acid, the reaction center is prone to be far away from the stereocontrol of chiral ligand,
which is different with a,B-alkenyl carbonyl compounds that can have better stereocontrol in the
presence of a chiral Lewis acid.

In this study, PB-alkyl o,p-acetylenic substrate containing achiral pyrazolidinone

auxiliaries were designed and this template derived acetylenic dienophile was hypothesized to
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provide a solution for solving challenges discussed above.*® After optimizing reaction conditions,
the effect of pyrazolidinone N1 substitution on the enantioselectivity of the Diels-Alder adduct
was studied. The results showed that the size of NI substituent R had slight effect on
enantioselectivity (Table 1.3). Dienophile 1.69b was less selective than other substrates and the

selectivity for 1.69a, 1.69¢ and 1.69d were similar.

Table 1.3. Diels-Alder Cycloaddition with B-Substituted Pyrazolidinone Propiolimides

o o 1.70 /N

Pybox 1.70 (22 mol%)
,N/u\ . @ Sc(OTf); (20 mol%) /

N R’ 4AMS, toluene, rt
R ’ ’ 07>z
1.69a R =Ph, R' = Me 1.71
1.69b R = Mes, R' = Me
1.69¢ R = 1-naphthyl, R = Me moderate to high yield
1.69d R = 2-naphthyl, R = Me good enantioselectivity

1.69e R = Ph, R' = TMS

entry Substrate Yield% ee%

1 1.69a 74 52
2 1.69b 70 34
3 1.69¢ 60 50
4 1.69d 68 48
5 1.69¢ 82 50

These results suggested that the pyrazolidinone N1 substituent is not positioned properly
to positively impact the facial selectivity of the cycloaddition or the bias for endo or exo
approach of the diene. Substrate with B-trimethylsilyl substituent was also a suitable dienophile

for producing enantioenriched cycloadduct in high yield (entry 5).
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Renaud and coworkers designed achiral templates, 4-substituted 1,3-benzoxazol-2-(3H)-
ones, for enantioselective Diels-Alder reactions (Figure 1.4). They proposed that two
diastereomeric conformations A and B should form after the acrylamide 1.72 coordinated with
chiral Lewis acid, thus the achiral auxiliary can adopt chiral conformations and relay the chiral
information from the chiral Lewis acid to the reaction center at the same time. These two
diastereomers result from the chiral axis in the substrate and should exist in unequal amounts and
react with dienes in different rates and with different stereoselectivity.*®

L% ,L* Siface attack Lx L

<

O 0o y o o

acrylamide

Figure 1.4. Diastereomeric Complexes A and B

In the presence of MgBr,/Et,O and bisoxazoline ligand 1.73, the size of R group in the
achiral template of N-acryloyl derivatives was examined (Table 1.4). The nonsubstituted
substrate 1.72a generated the endo product with low enantioselectivity (entry 1). As the effective
size of the relay group increases, so does enantioselectivity for the product. The methyl
substituted substrate 1.72b showed significant improvement in enantioselectivity (entry 2) and
the ethyl substituted substrate showed a slight increase in enantioselectivity (entry 3). When R
was replaced by benzyl or PMB (p-methoxybenzyl), high enantioselectivity was obtained for
both substrates (entries 4-5). More bulky substituents lowered the enantioselectivity (entries 6-8)
and can be attributed to inefficient chelation to the metal ion. Further study suggested that the

stereochemical outcome correlates well with an increase of twist angle around the C(O)-N bond.
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Larger twist angles impact the chelation in substrates with large substituents resulting in lower
enantioselectivities.

Table 1.4. Diels-Alder Reaction with Achiral 4-Substituted
1,3-Benzoxazol-2-(3H)-Ones Templates

o\‘><ro
o
6 0 S 173
)k J\/ Ph Ph ; R

0" "N MgBr,Et,0 (30 mol%)
+ -
@ CH,Cl,, -78 °C o N/@

R
1.72

O
1.74
entry Substrate R Yield% ee%

(endolexo) (endo-S)
1 1.72a H 98 (22:1) 14
2 1.72b Me 97 (32:1) 74
3 1.72¢ Et 97 (33:1) 76
4 1.72d Bn 97 (11:1) 86
5 1.72¢ PMB 98 (16:1) 88
6 1.72f CH,'Bu 98 (20:1) 10
7 1.72¢g CH(Ph), 97(17:1) 72
8 1.72h SiMe; 95 (40:1) 40

1.3.2. Achiral Template in Enantioselective 1,3-Dipolar Cycloadditions

Pyrazolidinone templates have also been investigated in the 1,3-dipolar cycloaddition
with nitrones. Chiral Lewis acid catalyzed enantioselective and regioselective dipolar
cycloadditions of nitrones to alkenes have been reported by several research groups,’’ but in

most cases, endo diastereomers 1.77 are generated preferentially. The Sibi group described the
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first examples of highly exo selective 1,3-dipolar cycloaddition of nitrones and dipolarophiles
derived from using pyrazolidinone templates (Table 1.5).*®

The 1,3-dipolar cycloaddition of nitrones with pyrazolidinone-derived alkenes were
conducted using catalytic amounts of a Lewis acid and bisoxazoline ligands (Table 1.5).
Reaction with Cu(OTf), and ligand 1.58 afforded high yield of the exo isomer in good
enantioselectivity (entry 1). Exploring much bulker ligands like 1.59 and 1.61 didn’t improve the
enantioselectivity and showed negative effects on diastereoselectivity. When applying
aminoindanol-derived ligand 1.62, the exo isomer was obtained with high yield,
enantioselectivity as well as diastereoselectivity (entry 4). The effect of molecular sieves (MS)
was evaluated. Addition of MS 4A didn’t affect the enantioselectivity of the exo product
compared to same reactions without MS, but it led to a dramatic reversal (entry 1 vs entry 5) or
reduction (entry 4 vs entry 6) in exo/endo ratios. Other Lewis acids with different coordination
geometries were also examined using ligand 1.58 and the results are shown in entries 7-9. Zinc
triflate preferred to produce exo product with modest diastereoselectivity, and the exo isomer
was obtained with low ee. Magnesium and iron Lewis acids gave nearly the same amount of both
exo and endo isomers with magnesium Lewis acid produced more exo product than the iron
Lewis acid. The Lewis acids study revealed that a square planar metal complex is appropriate for

providing high exo selectivity.
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Table 1.5. Exo Selective Enantioselective Nitrone Cycloadditions

O
O 0 o Me
J\/\ Lewis acid (30 mol%) 7 X
N Me Ligand (33 mol%) O
l\ll Me. + : Ph\\v N
1 R \
RUR1 =R “N7ph Me
o 1.76 1.77
1.75
exo product endo product
Z = Template
entry Lewis acid Ligand R R! Yield% exo/ exo
endo ee%
1 Cu(0TY), 1.58 Ph Me 96 90:10 75
2 Cu(OTH), 1.59 Ph Me 91 79:21 71
3 Cu(OTf), 1.61 Ph Me 24 83:17 73
4 Cu(OTY), 1.62 Ph Me 94 96:4 98
5 Cu(OTH),? 1.58 Ph Me 88 19:81 72
6  Cu(OTh),? 1.62 Ph Me 92 63:37 98
7 Zn(OTf), 1.58 Ph Me 90 86:14 47
8  Mg(OTf), 1.58 Ph Me 82 57:43 27
9  Fe(NTfy), 1.58 Ph Me 44 45:55 -17
10 Cu(OTf), 1.58 Me Me 96 92:8 78
11 Cu(OTf), 1.58 phenyl Me 96 90:10 75
12 Cu(OTf), 1.58 l-naphthyl ~ Me 93 89:11 86
13 Cu(OTf), 1.58 phenyl cyclohexyl 93 95:5 79
14  Cu(OTf), 1.58 phenyl benzyl 94 91:9 83

a. MS 4A was added.

A template evaluation was conducted to see whether the enantioselectivity in 1,3-dipolar
cycloaddition could be amplified by tuning the size of the fluxional substituents. Initially,

keeping R' as a methyl group, the effect of Nl-substituents in substrate 1.75 was evaluated.
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Similar to the previous chiral Lewis acid catalyzed Diels-Alder reaction results, the
enantioselectivity for the major exo isomer correlated with the steric bulk of the N1-substituent.
The enantioselectivities were enhanced by increasing the size of the R from methyl to 1-naphthyl
(entries 10-11). The size of C5 substituents (R' on 1.75) also affected the ee of the major exo
product. Varying R' from methyl to cyclohexyl to benzyl also led to the gradually increase in ee
in the exo isomer (entries 11, 13, 14). These observations suggested that by tuning the size of
N1-substituents and C5 substituents of the pyrazolidinone templates, optimal levels of selectivity
for the cycloadduct could be obtained. A simple oxazolidinone template was also tested in the
same reaction condition and the exo isomer was also obtained as the major product but with low
enantioselectivity.

The substrate scope was studied by changing the enoyl substrates as well as nitrones and
high enantioselectivity was observed in most cases. After evaluating all parameters, the results
showed the observed exo selectivity in this study may be attributed to the square planar
complexes formed after the coordination between chiral Lewis acid and the template. This study
again showed pyrazolidinone relay networks could amplify enantioselectivity.

Later, Sibi and coworkers investigated the 1,3-dipolar cycloaddition of nitrile oxides with
pyrazolidinone derived enolates. Cycloaddition of nitrile oxide and olefin produces isoxazoline
derivatives, which have played an important role for the construction of five-membered
heterocycles.” In this study, the highly regio- and enantioselective nitrile oxide cycloadditions to
alkenes catalyzed by substoichiometric amount of chiral Lewis acid was developed® (Table 1.6).

Template screening showed that using oxazolidinone crotonate as the template, the
reaction proceeded with low regioselectivity and inconsistent enantioselectivity (entries 1-3). In

contrast, 3,5-dimethyl pyrazole template reversed the regioselectivity (entry 4). When achiral
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pyrazolidinone template was examined, the reaction proceeded with high regio- and
enantioselectivity and C-adducts were produced exclusively (entries 5-7). Compared to the other
reactions with pyrazolidinone templates, it seems the size of N-substituents didn’t impact the
selectivity in this study. Among all ligands screened, ligand 1.62 showed the best performance.
Reactions using Mgl, and ligand 1.58, 1.59 or 1.61 only gave poor regioselectivity and
diminished enantioselectivity.*

Table 1.6. Evaluation of Templates in Nitrone Oxide Cycloadditions

Mgl, (30 mol%)

) Me
j\/\ Ligand 1.62 (33 mol%) J .
. . Z LN
27> Me T ve o > (g/Ar + R
“N7>Ph O-N
1.78 o Z = Template Ar
1.79 1.80
C-adduct O-adduct
T T e : NaBH,
i N‘ oM e OH e
E i |//, + |/"..
! \/R ; T —Ar [¢
| 1.78aR = R1 178d 1.78¢R=Me | O-N a7 N
! 1.78b R = CHj, R1 =H 1.78fR = Ph ;
! 1.78c R=H, R' = CH, 1.78g R = 1-Naph | 1.81 1.82
entry Substrate Yield% 1.81 1.81 1.82
/1.82 ee% ee%
1 1.78a 67 2.2:1 82 14
2 1.78b 41 1.6:1 28 0
3 1.78¢ 69 3:1 86 8
4 1.78d 61 1:5 37 3
5 1.78¢ 88 99:1 95 -
6 1.78f 84 99:1 99 -
7 1.78g 98 99:1 99 -
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The generality of the reaction was investigated by changing the enoyl portion of the
substrate and the nitrile oxides. These reactions led to products with good yields, high
regioselectivities and enantioselectivities. A possible model was proposed as shown in Figure 1.5.
The magnesium is bound to the ligand and substrate in an s-cis conformation. The ligand
shielded the bottom face of the alkene, so the carbon end of the dipole prefers approach from the
top face. Additionally, in this case, the pyrazolidinone templates again showed much higher

selectivity than reaction with the oxazolidinone templates.

Nitrile oxide

Figure 1.5. Model for Nitrile
Oxide Cycloadditions

Nitrile imines as dipoles were also investigated in the 1,3-dipolar cycloaddition with
achiral pyrazolidinone templates supported o-substituted or a,f-disubstituted alkenes.*' In this
case, the enantioselective synthesis of dihydropyrazole bearing a chiral quaternary center at the
S-position was developed. Using a chiral Lewis acid/template combination gave the cycloadducts
in moderate to high yields (up to 97 %) and excellent enantioselectivity (up to 99 %ee).

A template screening showed substrates with 3,5-dimethylpyrazole and oxazolidinone
templates didn’t provide effective face shielding when catalyzed by Mg(NTT;), / 1.62 (Table 1.7).
No enantioselectivity was observed for the 3,5-dimethylpyrazole-derived substrate (entry 1) and
low enantioselectivity was obtained when oxazolidinone was used as the achiral template (entry
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2). In contrast, employing the substrate bearing a pyrazolidinone template led to a significant
improvement of enantioselectivity (entry 3).

Table 1.7. Template and Temperature Optimization for 1,3-Dicycloaddition of
Hydrazonoyl Bromide with Methacrylate Substrates

O 1.62
Z/“\‘/ . NH MgX, (30 mol% R z » Br
N NEts, CH,Cl,, 4A MS
1.83 Br
Br Br

1.85
1.84
(0]
=N hi§ %
2= [NE N
v/ N
\—Ph
1.83a 1.83b 1.83c
entry Substrate Lewis acid Temp Yield% ee%
(°C)
1 1.83a Mg(NTfy), t 88 0
2 1.83b Mg(NT£y), rt 78 22
3 1.83¢ Mg(NTH), t 67 70
4 1.83¢ Mg(NTf,), -78 97 77
5 1.83¢ Mgl, rt 79 74
6 1.83c Mgl, 78 82 98

Decreasing the temperature to -78 °C, the enantioselectivity exhibited a significant
increase, especially when using Mgl, instead of Mg(NTT;), (entries 5, 6). A breadth and scope
study showed that when applying a,-disubstituted o.,f-unsaturated carbonyl derived compounds
as dipolarophiles, the reaction with nitrile imines also proceeded efficiently. The size of the 3-

substituent, catalyst loading and temperature could be adjusted to get optimal results for each
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substrate. When replacing hydrazonoyl bromide with hydrazonoyl chloride, after optimizing the
bases, comparable results were obtained.

The Sibi group has also developed a highly enantioselective 1,3-dipolar cycloaddition of
diazoesters to -substituted, a-substituted, and o,B-disubstituted a,f-unsaturated pyrazolidinone
imides.** A Lewis acid screening showed that a combination of Mg(NTf,), and ligand 1.87 gave
optimal results with respect to reactivity and enantioselectivity. Addition of 4A Molecular sieves
led to improvement in the enantiopurity of the cycloadduct. The substrate scope study for
enantioselective 1,3-dipolar cycloaddition of ethyl diazoacetate was shown in Table 1.8.
Substrates with p-Me, B-H and p-CO,'Bu proceeded in high yields and excellent
enantioselectivities at -20 °C (entries 1-3). Notably, the less reactive p-aryl substituted
dipolarophile can provide the adduct with good yield as well as good enantioselectivity at 40 °C
(entry 4). For the a-substituted o,B-unsaturated pyrazolidinone imide, the cycloaddition with
ethyl diazoacetate gave the cooresponding product in 99 %yield with 97 %ee in the presence of
30 mol% Mg(NTf,), (entry 5). The more challenging o,p-unsaturated pyrazolidinone imide
substrates with o,B-disubstitution also showed good chemical efficiency and high selectivity
when the cycloaddition was performed at elevated temperature (50 °C) with 30 mol% catalyst
loading (entries 6-7). Especially, a-substituted and o,f-disubstituted substrates could produce
the pyrazolines 1.88 bearing quaternary tert-alkyl amino stereoisomers at the 5-position of the

pyrazoline.
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Table 1.8. Selected Examples of Dipolar Cycloaddition with o,3-Unsaturated
Pyrazolidinone Imides

0. ><_0
\‘.-</| l
N N

O O

o 1.87
2 o R o
N R Eto& Mg(NT,), R'
N R N CH,Cl,, 4AMS ZWOB
Ph 2 e HN-N
1.86 1.88
entry Substrate Catalyst Temp Yield% ee%
loading (mol%)  (oC)
1 R!=H, R?2=Me 10 -20 72 99
2 R!=H,R2=H 10 -20 75 97
3 R!=H,R2=CO,/Bu 10 -20 91 99
4 R!=H, R2=Ph 10 40 76 88
5 R!=Me, R2=H 30 -20 99 97
6 R!'=Me, R2=Me 30 50 52 98
7 R!, R2=-(CH,);- 30 50 62 99

A variety of azomethine ylide cycloadditions with olefins have been reported to

synthesize enantioenriched pyrrolidine derivatives.” The strategy for cycloaddition of nitrones

with o, B-unsaturated pyrazolidinone imides was also applied in the azomethine cycloadditions.**

Similar to previous exo-selective nitrone cycloadditions, Cu(OTf),/bisoxazoline 1.87 also

produced exo-adduct as major product in the azomethine imine cycloadditions and other Lewis

acids like Mg(II), Zn(II), or Ni(Il) salts led to endo-selective products. The difference in the

endo/exo selectivity for chiral Lewis acids may result from the metal geometry diversity of the

chiral Lewis acid complex.
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Differing with the previous study of Cu(Il)-catalyzed Diels-Alder and nitrone
cycloaddition, the size of the fluxional N1 substituent in the pyrazolidinone auxiliary in this case
didn’t show a clear impact on the diastereoselectivity (Table 1.9). Compared to N-phenyl
substituted template, smaller (Me) and larger (1-naphthyl) substituents both led to slight
improvement in enantioselectivities. This result is likely because the sterically bulky ligands

override any participation by the fluxional R group in face shielding of the dipolarophile.*!

Table 1.9. Effect of Pyrazolidinone N1 Substitution in Cycloaddition

with Azomethine Imines
0. ><_0
w-</| l
N N

0]
O O o) © 1.87 J/
z7 "

N/“\/ S Cu(OTf), (10 mol%) E\,N 0
N ® N—R"  CH,Cl,, 4A MS pr N

~—R R2_// R?
1.91-exo
1.89 1.90 up to 90 %yield
R' = Me, R? = Ph up to 96:4 (exo:endo)
up to 98 %ee(exo)
entry R Temp Yield% exo/ ee%
(°C) endo

1 Ph rt 90 88:12 94

2 Me 40 86 92:8 98

3 1-Naphthyl 1t 79 95:5 98

A breadth and scope study for azomethine imines indicated that electron-rich aromatic
aldehydes produced the cycloadduct with high exo and enantioselectivities. Cycloaddition with
azomethine imine derived from an aldehyde with an electron-withdrawing group led to slightly
lower enantioselectivity. The substrate scope for the pyrazolidinone template was limited.

Specifically, the cycloaddition of B-methyl o,B-unsaturated pyrazolidinone imide with C5-
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dimethyl substituted azomethine imine didn’t proceed even in the presence of 100% of
Cu(Il)/1.87. By switching to C5-unsubstituted azomethine imine, good yield, high
diastereoselectivity and moderate enantioselectivity were achieved.

Suga and coworkers reported the 1,3-dipolar cycloaddition between nitrile oxides and
electron-deficient olefins catalyzed by chiral binaphthyldiimine-Ni(Il) (BINIM-Ni (II))
complexes (Scheme 1.18). Substituted and unsubstituted benzonitrile oxides and aliphatic nitrile
oxides could be generated from the corresponding hydroximoyl chloride in the presence of MS
4A. In contrast to the bent structure of nitrones, the challenge for nitrile oxides cycloaddition is
the linear structures that might lead to a different asymmetric induction. They used achiral
template derived alkenes in combination with chiral BINIM-Ni (II) complexes to induce the
stereoselectivity for asymmetric cycloadditions of nitrile oxides. It was found that the regio- and
enantioselectivities for the cycloadducts for reactions with different nitrile oxides with 1-benzyl-
2-crotonoyl-5,5-dimethyl-3-pyrazolidinone 1.92¢ were higher than using an oxazolidinone
template. Especially, using 1-benzyl-2-acryloyl-5,5-dimethyl-3-pyrazolidinone 1.92d as the
dienophile in the presence of (R)-BINIM-4(3,5-xylyl)-2QN-Ni(Il) complex (10 mol%) resulted
in enantioselectivities (79-91 %ee) that exceed those of previously reported enantioselective
cycloadditions of acrylic acid derivatives. A stereochemical model for the complex between the
chiral Lewis acid and pyrazolidinone substrate was proposed as shown in Figure 1.6. The high
enantioselectivity of the cycloaddition reactions of nitrile oxide with crotonylpyrazolidinone
might be attributed to the selective si-face approach of the nitrile oxide to the proposed hexa-
coordinated Ni (II) complex. The re-face is effectively shielded by the 4-(3,5-xylyl)quinoline

moiety and the N-benzyl group on the pyrazolidinone template.*
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(R)-BINIM-4(3,5-

N R
OH . = N
: i .~ xylyl)-2QN-Ni(l Lo =\
J\f\ HOL, [ R=N'"0 | yly) (I Lo I{o

R™>Cl T =
/=0 1

1.94 1.95

regioselectivity: 99:1 to 85:15
enantioselectivity: 96-42% ee

0] (0]
7= 0] N"%’ or N‘??{
R* 2 N\_ph
1.92aR'=Me, R2=H 1.92¢c R' = Me

1.92b R'=H, R? = Me 1.92dR'=H

(R)-BINIM-4(3,5- xylyl)-2QN
1.93

Scheme 1.18. 1,3-Dipolar Cycloaddition of Nitrile Oxides Catalyzed by Chiral
Binaphthyldiimine-Ni(Il) Complexes

;H\ i - N\
Si face LO
M B

L Me Re face _|
not favorable

Figure 1.6. Proposed Stereochemical Model for BINIM-Ni (II)
Catalyzd Asymmetric Cycloadditions of Nitrile Oxides
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1.3.3. Achiral Templates in Enantioselective Conjugate Additions

Chiral relay templates have been successfully used in Diels-Alder reactions and dipolar
cycloadditions. This strategy of using fluxional achiral templates can also be extended to the
enantioselective conjugate additions. The Sibi group investigated the conjugate addition of N-
benzylhydroxylamine to pyrazolidinone template derived crotonates.” The effect of NI-
substituent was tested separately under two chiral Lewis acid complexes (Table 1.10).

Table 1.10. Effects of Relay Substituents on Enantioselectivity

O O 0
N/U\/\ . N/OH chiral Lewis acid ¢
N H 0°C N
R"R1 R MeO Ph  “—Ph
1.97

1.96aR'"=Me,R=H
1.96b R' = Me, R = ethyl + template
1.96¢ R' = Me, R = benzyl

1.96d R' = Me, R = 1- \‘><(
CHyNaphthyl \7 \)
1.96e R' = H, R = CH(Ph), @

1 62 i-Pr 1 59 |-Pr

Mg(ClO,), (30 mol%) n(OTf); (30 mol%)
catalyst A catalyst B

catalyst A catalyst B

entry Substrate Yield% ee% Yield% ee%

(R) (S
1 1.96a 75 76 74 28
2 1.96b 70 52 74 49
3 1.96¢ 67 78 71 68
4 1.96d 77 81 75 75
5 1.96e 71 84 72 57

For the substrate with C5-gem-dimethyls, when the size of the relay group increased,

there was a gradual increase in the enantioselectivity of the product using either of the two
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catalysts (entries 1-5), suggesting that the pyrazolidinone templates with different size relay
groups did amplify the stereochemical information. The template with a bulky diphenylmethyl
substituent at the N1 but without gem-dimethyl group at C5 showed higher enantioselectivity
under catalyst A than catalyst B (entry 6). Interestingly, the absolute stereochemistry of the
product obtained using catalyst A is opposite to that obtained with catalyst B, although the ligand
1.62 and 1.59 have the same configuration at C4, so a simple change of Lewis acid can provide
enantiomeric products with good selectivities. The formation of enantiomeric products using
catalyst A and B suggested different geometries in chiral Lewis acid-substrate coordination.

The conjugate addition of carbon nucleophiles to enoates derived from achiral templates
with fluxional substituents was investigated.”’ Different from the previous studies, a Brensted
basic site was incorporated into the fluxional substituent in some substrates (Table 1.11). The
conjugate addition was performed by adding malononitrile to pyrazolidinone-derived enoate
using different chiral Lewis acids. An initial screening showed that MgBr,-Et,0 and chiral ligand
1.87 can promote the conjugate addition with better selectivity than other combinations.
Remarkably, the addition of molecular sieves (MS 4A) led to significant improvement in
enantioselectivity in most cases. When substrates with fluxional group either containing basic
nitrogen atom or without it were examined (Table 1.11). Reaction with 1.98a or 1.98¢ showed
similar trend and significant improvement for enantioselectivity was observed in the presence of
MS 4A (entries 1 and 2, entries 5 and 6). Substrate 1.98b and 1.98d behaved similarly in that
adding MS 4A not only improved selectivity, but also reversed the sense of asymmetric
induction (entries 3 and 4, entries 7 and 8). Notably, 1.98d containing a bigger fluxional group

gave the conjugate product with higher enantioselectivity than 1.98b with or without adding MS
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4A. These observations suggested that Brensted base derived fluxional group was able to impact
the enantioselectivity and efficient stereocontrol was obtained after adding molecular sieves.

The reaction with fluxional group without Brensted basic sites also showed strong
additive effect. Specifically, pyridine was added to mimic the substrate with Brensted basic sites.
Interestingly, reaction with 1.98e or 1.98f showed similar additive effects. In the absence of both
MS 4A and pyridine, both substrates gave the product in good yield and modest selectivity
(entries 9 and 13). With pyridine, both selectivity decreased and reversed (entries 10 and 14).
The optimal results were obtained by adding MS 4A exclusively (entries 11 and entry 15), while
slight decrease in selectivity was observed in the presence of MS both 4A and pyridine (entries
12 and 16). The highest enantioselectivity was obtained with 1.98f containing a bulky naphthyl
fluxional unit. These results show that the efficiency of this conjugate addition is highly
dependent on both the size of the fluxional group and molecular sieves as an additive. In addition,

incorporating a basic unit may help to reorganize the chelation and impact the selectivities.
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Table 1.11. Effect of Fluxional Groups in Conjugate Addition of
Malononitrile to Pyrazolidinone-derived Enoates

o o 1.87 (22 mol%) 0 O o
NJ\/\ CN MgBryEt,0 (20 mol% NJ\/\(
+ N CN

N

R CN
1.98 1.99
N
Ho R BT
\ 7 \ 7 N
1.98a 1.98b 1.98c 1.98d 1.98e 1.98f
entry Substrate MS 4A Pyridine Yield% ee%

1 1.98a N N 88 (+) 36
2 1.98a Y N 92 (+) 78
3 1.98b N N 73 ()27
4 1.98b Y N 73 +) 76
5 1.98¢ N N 83 (+) 39
6 1.98¢ Y N 76 79
7 1.98d N N 82 ()59
8 1.98d Y N 87 (+) 88
9 1.98¢ N N 69 () 44
10 1.98¢ N Y 87 )2
11 1.98¢ Y N 75 () 90
12 1.98e Y Y 84 (+) 80
13 1.98f N N 22 ) 36
14 1.98f N Y 61 )15
15 1.98f Y N 83 +) 96
16 1.98f Y Y 85 (+) 94
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Lewis acids have been employed effectively to control the conformations of either the
radical intermediate or the radical trap and also to enhance the reactivity of certain substrates for
radical reactions.”® The Sibi group carried out an investigation on the effectiveness of
pyrazolidinone template with fluxional group to control reactivity and selectivity in chiral Lewis
acid mediated conjugate radical additions (Table 1.12).* The reaction was conducted by adding
isopropyl radical to pyrazolidinone template derived olefins using 30 mol% chiral Lewis acid
derived from copper triflate and bisoxazoline ligand. Four templates containing fluxional group
of varied size were evaluated. Similar to the previous observation in other enantioselective
transformations using pyrazolidinone templates, the larger fluxional group in the template led to
higher enantioselectivity in the radical addition process (Table 1.2, entries 1-4). Furthermore,
1sopropyl radical addition showed high reactivity with all four substrates. Different Lewis acids
and chiral ligands were also evaluated using substrate 1.100¢. Not surprisingly, the chiral ligand
1.59 containing bulkier isopropyl substituents further improved the enantioselectivity (entry 5).
Surprisingly, the metal geometry also impacted the selectivity and furnished a product with
reversed absolute stereochemistry. Copper salt preferred to generate the (S)-isomer as the major
product, while magnesium salt and some other Lewis acids (not shown) gave the (R)-isomer
(entry 3 vs 6 and entry 4 vs 7). The reversal of stereochemical outcome might result from the
chelation geometry differences around the metal. Copper Lewis acid would take on a square
planar geometry, but magnesium and other Lewis acids probably take on either tetrahedral or

octahedral geometries and thus lead to enantiomeric products.
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Table 1.12. Chiral Lewis Acids Screening in Enantioselective
Conjugate Radical Additions

T j\/\ Lewis acid (30 mol%), Ligand o oY
> . ewIs acl mol~), Ligan H
NN Ph  ipr], BuzSnH, Et3B, O, % INJ\/\Ph
u CH,Cl,, -78 °C N
R —R
1.100a R = n-Propyl 1.101

1.100b R = i-Propyl
1.100c R = Phenyl
1.100d R = 1-Naphthyl

D T
| , | [ Yon
Ligand = §/|N NIJ §/N N\? N N\Z
% iPr “iPr
1.58 1.59 1.62

entry Substrate Lewis acid Ligand Yield% ee%
1 1.100a Cu(OTf), 1.58 95 52
2 1.100b Cu(OTf), 1.58 95 58
3 1.100¢ Cu(OTH), 1.58 92 82
4 1.100d Cu(OTf), 1.58 91 90
5 1.100c Cu(OTf), 1.59 94 98
6 1.100c Mg(NTf,), 1.58 87 -42
7 1.100¢ Mg(NTH), 1.59 90 62
8 1.100c Mg(NTf), 1.60 95 -99

In general, when reactions are carried out with a chiral Lewis acid that has a square
planar geometry, the fluxional group in the template is more efficient in amplifying
stereochemical information. Later, the tin-free enantioselective radical reactions were also
studied by replacing the tributyltin hydride with the less toxic silane as a H-atom donor in the
same set of reactions.” Unfortunately, using (TMS);SiH or hexyl silane the reactions were less

effective with respect to both chemical efficiency or selectivity compared to tributyltin hydride.
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Sulfone, sulfonamide and sulfide have also been developed as an achiral template for
Lewis acid catalyzed radical additions and these kinds of templates could provide two
enantiotopic coordination sites in the presence of chiral Lewis acid. Selective complexation of
enantiotopic groups on the sulfur serves to relay stereochemistry from the chiral Lewis acid to a
reaction center. The application of sulfonamides as chiral auxiliaries has been well established by
Oppolzer.”’ The two sulfonyl oxygen atoms are enantiotopic when they are substituted
differentially. The prochiral sulfur becomes a new asymmetric center when chiral Lewis acid
selectively coordinates one of the two enantiotopic oxygen atoms. Several examples on the use
of sulfur compounds as templates in enantioselective transformations have been reported.™

Toru used this principle for enantioselective radical addition-trapping reactions of vinyl
sulfones.” Substrate 1.102 gave the best result. The corresponding product 1.103 was obtained
in good yield and enantioselectivity (Scheme 1.19). It was proposed that after complexation of
one of the two oxygens in the sulfone, a new sulfur chiral center was generated. If the Lewis acid
is chiral, it gives the diastereomeric complexes A and B. In this case the chelation with a Zinc /
1.60 complex selectively shielded the Re face but allowed the Si face open for a conjugate

radical addition/ allylation sequence (Figure 1.7).

3/160 E

\\ // Bn \\ ’/
@ (allyl) Bu28n Bul, Et3B \G
CH,Cl,, -78°C
80% yleld
84% ee
1.102 1.103

Scheme 1.19. Enantioselective Conjugate Addition/Allylation
of a-Sulfonyl Radicals
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Figure 1.7. Model for Chiral Lewis Acid-Sulfone Complexes

Sibi and coworkers investigated 1,8-naphthosultam as an achiral template for
nucleophilic radical addition.>® The addition of nucleophilic radicals to sultam derived enoate
using MgBr,/ 1.62 followed by enantioselective H-atom transfer produced the addition product
with good yields and high enantioselectivities (Table 1.13). The best results were achieved by
adding methoxymethyl radical. Replacing the tetrahedral SO, group with a trigonal CO group led
to a large decrease in selectivity. These results suggested that the tetrahedral nature of the sulfone
allows for selective coordination with Lewis acids, thus leading to better rotamer control of the

a-substituted acrylate.
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Table 1.13. Enantioselective H-Atom Transfer using Sultam Templates

0
1.62
O=4 O=g )K(\R

MgBr; Et;0 (30 mol%)

RX, BU3an, Et38/02 P

CH,Cl,, -78°C
1.104 1.105
entry Substrate R Yield% ee%
1 1.104a isopropyl 80 80
2 1.104b tert-butyl 84 89
3 1.104c¢ cyclohexyl 71 82
4 1.104d CH,0OMe 89 90

1.4. Fluxional Additives in Enantioselective Catalysis

Chiral ligand optimization is usually a predominant approach to improve the selectivity in
asymmetric catalysis. Optimization of additives in enantioselective transformations is also an
alternative and is a relatively easier approach than chiral ligand modification.”> The drawback
within ligand modification is that a new chiral source was required in the synthesis to be used as
a catalyst or a substrate, and most of time more complicated synthesis are required. In contrast,
additives are much easier to be prepared. The Sibi group designed a new type of achiral additive,
by incorporating fluxional blocking groups, which can dramatically amplify enantioselectivity

with a variety of chiral Lewis acids™ (Figure 1.8).
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1.106

Figure 1.8. Fluxional Additives

Additives 1.106 were designed by connecting a pyrazolidinone unit with a Lewis basic
functionality. Substituents like R', R%, R* and X (heteroatom) can be modified easily. Modifying
R' and X could tune the steric conformation and the Lewis basicity, while R? and R’ can offer
steric tunability. The hypothesis was that the chiral information from the ligand could be
transferred to the fluxional additive. If the permanent chirality in the ligand and the induced
chirality in the additive work in concert, this combination would lead to the stereocontrol
enhancement of the catalyst system. The optimization of asymmetric reactions could be achieved
through the screening of additives rather than through modifications of the chiral ligands.

The Diels-Alder reactions of N-acryloyl oxazolidinone 1.107 in the presence of a range of
Lewis acids and bisoxazoline ligand 1.108 were examined by adding fluxional additives (Table
1.14). A large increase of enantioselectivity was observed after adding fluxional additive 1.111
compared to the reaction without additive (entries 1 and 3). The enantioselectivity remains the
same after adding N-benzoyl oxazolidinone 1.110 as an additive suggesting that the amplifying
effect observed in entry 3 originated from the fluxional group in additive 1.111. Other Lewis
acids, like Ni(Il), showed similar enantioselectivity enhancement after adding 1.111. Further

studies showed molecular sieves 4A was required to ensure the large increase in selectivity.
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Table 1.14. Fluxional Additives in Diels-Alder Reactions

O
| |
Ph 1.108 Ph 7

J\/ @ M(CIO4),, 1.108/additive o
CH,Cl,, 0°C, MS 4A (L
o) (@]

1.107
1.109
Additives )OL i 0 j\
0" "N~ “Ph N= "Ph
/ N
“—Ph
1.110 1.1

entry M(C1Oy), Additive endolexo  ee%

1 Mg(ClO,), - 5 56
2 Mg(ClOy),  1.110 5 56
3 Mg(ClO,), 1111 7 84
4 Ni(ClOy), - 5 66
5 Ni(ClOy),  1.110 6 66
6 Ni(Cloy), 1111 13 92

The effects of substituent R', R and R’ in the fluxional additive on enantioselectivity

were evaluated (Table 1.15). It was found that the size of fluxional group R* correlates clearly

with the enantioselectivity of the Diels-Alder product. Increasing the size of R* improved the

enantioselectivity (entries 1-3). Increasing the size of R' from Me to ‘Bu to 2-naphthyl decreases

the enantioselectivity of the product (entries 4-6). The effect of C5 substituents R® was also

evaluated. An increase in enantioselectivity was observed by changing the C5 substituent from

methyl to a larger ethyl group (entries 4 and 7), but a cyclopentyl group at C5 leads to lower

enantioselectivity (entry 8).
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Table 1.15. Evaluation of Additives with Fluxional Substituents

in Diels-Alder Reactions

Pl q108 P /
J\/ Mg(ClOy,),, 1.108/additive o
G CH,Cl,, 0°C, MS 4A (L
@)
1.107 O O ©
/[k 1.109
additive N~ R
N

entry R! R2 R3 endolexo  ee%
1 Ph Me Me 7 75
2 Ph Ph Me 7 84
3 Ph 1-Np Me 9 86
4 Me Ph Me 8 81
5 t-Bu Ph Me 7 78
6 2-Np Ph Me 7 76
7 Ph Ph Et 4 87
8 Ph Ph c-pentyl 7 82

1.5. Chiral Ligands with Fluxional Groups

Rational design and synthesis of chiral ligands is always a big challenge in asymmetric
catalysis. Efficient stereocontrol and high tunability in the ligand are the major consideration,
which means the design should be reasonable to create an efficient chiral environment and also
allow the easy modification of substituents in ligand synthesis. Previous reports from Sibi group
showed fluxional blocking groups were highly effective in stereocontrol and also easy to be

modified. Inspired by those achievements, Sibi group became interested in designing a new type
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of modular ligands that incorporate fluxional groups, which can work with Lewis acids to control

face selectivity in asymmetric transformations (Figure 1.9).

Ligand Metal-Ligand complex
R1R1 R’ R
_R2 R1 2 1 2
, R3" (N—N\M' "R N—N M "R3
R R R\
1.112 1.113 1.114

Figure 1.9. Design of Modular Chiral Ligands with Fluxional Groups

Chiral ligands with fluxional substituents were designed as shown in 1.112. It contained a
dihydropyrazole moiety with chiral group R’ installed remotely to the fluxional substituent R.
The hypothesis was that the permanent chirality (R) indirectly controls the orientation of the
fluxional N1 substituent in a metal complex like structure 1.113 and 1.114 and the fluxional N1
substituent R provides face shielding, whereas the permanent chiral center need not necessarily
do so. The shielding efficiency of the ligand in asymmetric transformations could be tuned by
modifying R, R', R? and R® easily.”’

The efficiency of chiral Lewis acids prepared from ligands 1.112 was examined in the
Diels-Alder reaction between acrylate and cyclopentadiene using copper or zinc triflate as the
Lewis acid (Table 1.16). For the proline ligand 1.117, it was found the size of the substituent R’
on the remote proline ring could impact the selectivity. The larger phenyl group led to higher ee
for endo product using both Cu or Zn Lewis acid (entry entry 6 vs entry 8). In contrast, the size
of the fluxional group exhibited inverse relationship with selectivity (entries 2-4). As the size
increases, the selectivity of endo product decreases. Replacing the proline moiety with a
pseudoephedrine unit 1.117e-f, gave enhanced enantioselectivity with both Cu(OTf), and

Zn(OTY),. Surprisingly, as the size of the blocking group increases, both endo and exo adduct
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were obtained with high enantioselectivities. These results demonstrated that the size of fluxional
group is the prime factor in face shielding. Using ligand 1.117h led to almost racemic products
indicating that a hydroxyl group was required for obtaining high selectivity and an octahedral
environment might be appropriate metal geometry. By using this strategy, the acrylate reacted

with a range of dienophiles and gave the Diels-Alder products with high enantioselectivities.

Table 1.16. Chiral Ligands with Fluxional Groups in Diels-Alder Reactions

Chiral Lewis acid 4

9 0 13 mol%
Ahs + () B 0
CH,Cl,, 0 °C (L
0 (e

1.116

Me Me
/ N / W’Q M
N-=N / N Me / "/( €
g N-N NN Ph
L HO g (
R R

1.115

X

R! R’ HO" Ph
1.117aR =Ph, R' = CH, 1.117e R = CH; 1.117h
1.117b R = Me, R' = Ph 1.117f R=Ph

1117¢ R =Ph,R' = Ph 1.117g R = 1-Naph

1.117d R = 1-Naph, R' = Ph

Cu(OTf), Zn(0T1),
endo/ ee% endo endo/ ee% endo
entry Ligand Yield%  exo (exo) Yield% exo (exo)

1 1.117a 93 4.6 51 (46) 87 2.8 23 (19)
2 1.117b 87 5.8 78 (61) 92 4.9 32 (12)
3 1.117¢ 96 4.5 76 (71) 90 4.0 41 (02)
4 1.117d 77 37 62 (75) 94 3.0 18 (14)
5 1.117e 83 4.6 59 (60) 95 39 54 (41)
6 1.117f 90 32 82 (92) 85 3.4 89 (87)
7 1.117g 90 2.4 92 (97) 83 3.8 96 (95)
8 1.117h 77 52 08 (04) 77 18.5 0 (0)

52



Malkov and Kocovsy developed a new type of PN-ligand derived from valinol and
prolinol, which were incorporated with chiral relay networks, for the asymmetric copper (I)-
catalyzed conjugate addition of diethylzinc to unsaturated ketones.”® The initial experiment
showed that using the PN-ligand 1.120a in the copper-catalyzed conjugate addition of
diethylzinc to chalcone gave the product with low enantioselectivity (Table 1.17, entry 1), which
was in agreement with Morimoto’ s report.”® They hypothesized that introduction of an
additional alkyl group at the amide nitrogen might lead to the chiral group be away from the N-
alkyl group and add more static element for the chelation. Thus the chiral axis at the carbonyl-
pyridine bond may form and the stereochemical information would be relayed to the metal.

Applying ligand 1.120b in the conjugate addition of diethylzinc to chalcone showed
remarkable improvement in enantioselectivity with reversal selectivity (entry 2). The
enantioselectivity could be further improved by tuning the 2-substituent on the pyridine moiety.
Replacing 2-H of pyridine with methyl group led to the highest improvement in all cases
(1.120¢). The effect of the size of the N-alkyl group on enantioselectivity was investigated. An
N-methyl group gave optimal results compared to ligand 1.120f with an isopropyl group which
showed loss of enantioselectivity (compare entry 6 with entry 2). It seems that N-methyl group
was sufficient to induce the conformational bias, whereas isopropyl group may overcrowd the
system. The conformational twist induced by N-methyl is also crucial for the stereocontrol,
which can be further illustrated by using ligand 1.120g containing proline ring without twist
effect inside. Applying ligand 1.120g exhibited dramatic decrease in enantioselectivity.
Additionally, ligand 1.120h lacking pyridine unit gave the product with low yield and selectivity
indicating that the pyridine nitrogen was required for both reactivity and enantioselectivity of the

catalyst system.
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Table 1.17. Amino Acid Derived N,P-Ligands in Conjugate Addition

Cu(OTf),/Ligand

o 0
e 22
\ -
Ph/\)k Ph  CH,Cl,, -20°C Ph Ph
1.118 1.119

UG S S

NH PPh, N  PPh, PPh;
_ \
N N
\_ 7" 1420ar=H \ 1.120b R = H ) 1.120e
R 1120cR = Me

R 1.120d R = Ph
RSN
SN een, L PPn Son pph,
= TS \
\_ 1.120f 1_12; 1.120h
entry Ligand Yield% ee%
1 1.120a 82 30
2 1.120b 78 71
3 1.120¢ 86 -81
4 1.120d 84 -41
5 1.120e 78 -78
6 1.120f 52 3
7 1.120g 90 -29
8 1.120h 39 26

NMR and IR experiments were performed to rationalize the chelation in the reaction
process. NMR results suggested that the pyridine is coordinated to the metal and phosphine part
is involved in the coordination. IR showed that the amide group is free in the chelated
intermediate. More results were obtained which suggested bidentate coordination and a chelation

complex as shown in Figure 1.10 was proposed to account for the results.
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Figure 1.10. Proposed Chelation
in Cu (I1)-1.120b Complex

The chiral relay ligand with fluxional group can also be applied in diethylzinc addition to
aldehydes.®” In this case, it was found that the size of the fluxional group on the ligand also

correlates with level of enantioselectivity of the product. The results are shown in Table 1.18.

Table 1.18. Chiral Relay Ligands in Diethylzinc Addition to

Benzaldehyde
Ligand (10 mol% 2
H + Etzzn 9 ( O)r
toluene, 0°C
1121 1.122
1.123a R = CH,
W Me 1.123b R = Ph
/ N Me 1.123¢ R = Mesityl
(N—N I 1.123d R = Benzhydryl
v 1.123e R = 2-Naphthyl
Ph
R HO 1.123f R = 1-Naphthyl
1.123g R = 9-Anthracenyl
entry Ligand Yield% ee%

1 1.123a 96 50

2 1.123b 97 77

3 1.123¢ 88 81

4 1.123d 98 76

5 1.123e 99 81

6 1.123f 99 89

7 1.123¢g 99 93
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Reaction with ligand 1.123a with a small R (methyl) group is less selective than 1.123b
with a benzyl group. The trend is consistent except for 1.123d with a benzhydryl group (entry 4).
A large 9-anthracenyl substituted substituted ligand 1.123g exhibited the highest selectivity.
These results demonstrated that the size of the fluxional group on the nitrogen plays an important
role in determining the enantioselectivity of the product. Using the optimized reaction conditions,
a range of aromatic aldehydes was studied and the addition products were obtained with good
enantioselectivities and excellent yields.

Hitchcock and coworkers prepared a series of chiral oxazolidine ligands derived from
ephedra alkaloids as ligands for the addition of diethylzinc to aldehydes.®’ Good yields and
moderate selectivities were obtained for aromatic and aliphatic aldehydes. It was proposed that
the stereogenic nitrogen center in the oxazolidine ring played a role of relaying the
stereochemical information from the adjacent substituents on the oxazolidine ring and the
coordination with the zinc reagent.

1.6. Chiral Catalysts with Fluxional Groups

Smith and coworkers designed a new type of N-heterocyclic carbenes (NHCs), derived
from (1R, 2R)-cyclohexane-1, 2-diamine, for [2+2] cycloaddition of ketenes and imines.®” In this
case, the chiral relay effect in the NHC catalyst was found to dictate the stereochemical outcome
of the B-lactam product.

The imidazolinium salts with different substituents as precatalysts were evaluated in the
[2+2] cycloaddition to form the f-lactam product (Table 1.19). The use of precatalyst with a N-
methyl group, 1.127a, gave the -lactam with good conversion but low enantioselectivity (entry
1). N-ethyl substituted precatalyst 1.127b also produced the lactam with good conversion and

improved enantioselectivity (entry 2). The much bulkier N-Bn or N-naphthylmethyl substituted
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precatalysts exhibited optimal stereochemical control, giving the product with 51-70 %ee (entries

3-7).

Table 1.19. Asymmetric NHC Catalyzed p-Lactam Synthesis

rR-N N‘R

1.124
(10 mol%)

Et,0

1) KHMDS (9 mol%) %

Iy

(@) Ts

®
2) diphenylketene g RS MR Ts—) Ph;\:‘N
(1.3 eq) Ph\f;I:dD . 1eq Ph [:;>
~ Ph 1.126
11 25
entry Ligand R Conv.% ee%
1 1.127a Methyl 94 10
2 1.127b Ethyl 90 30
3 1.127¢ Benzyl quant. 61
4 1.127d 4-Methoxybenzyl 43 58
5 1.127e 4-Trifluorobenzyl 40 66
6 1.127¢ 2-Naphthylmethyl quant. 51
7 1.127¢g 1-Naphthylmethyl quant. 70
8 1.127h Mesitylmethyl 72 1
9 1.127i Neopentyl 40 17
10 1.127j Phenyl NA -
11 1.127k 2-Methylphenyl NA -
12 1.1271 2-Isopropylphenyl NA -

The best result was obtained by using N-1-naphthylmethyl substituted compound as

precatalyst, which gave the product with quantitative conversion and 70 %ee (entry 7). The

catalyst with either electron-withdrawing or electron-donating substituents led to the decreased

conversion without affecting enantioselectivity (entries 4 and 5). Unfortunately, the

incorporation of further steric bulky N-substituents gave only product with low conversions and
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poor enantioselectivity (entries 8 and 9). All N-aryl substituted NHCs didn’t give the lactam
product (entries 10-12). The above results demonstrate that enantioselectivity is highly
dependent on the size of the substituent on the nitrogen with larger and more fluxional groups
producing the optimal enantioselectivity.

The authors proposed a mechanism and stereochemical model based on the observed
enantioselectivity in this process (Scheme 1.20). This transformation proceeds through the initial
addition of NHC to the ketene to give an azolium enolate, followed by the addition of the Ts-
imine to generate the [2+2] product. The conformation of azolium enolate affected the steric
outcome. The trans-fused cyclohexane framework would make the two hydrogens on the
bicyclic bridge to adopt the antiperiplanar orientation, which further made the two adjacent N-
benzyl(1-naphthylmethyl) groups to take syn-conformation to the neighboring hydrogens on the
bridge. Ketene was activated by imidazolinium to form enolate and one enolate face was
shielded by N-substituent, thus the addition of imine anti to this face and the smallest imine
substituent preferred to stay in the more sterically demanding position. The above effects
produced the lactam with observed stereocontrol. In the proposed model, the N-benzyl or N-1-

naphthylmethyl group exhibited chiral relay effect that is important for the selectivity control.
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Scheme 1.20. Proposed Mechanism and Stereochemical Model

1.7. Conclusion

The chiral relay concept has been applied to govern the stereochemical outcome of a
range of diastereo- and enantioselective reactions in a number of systems. The representative
examples of this approach were introduced. If one looks back on the history of chiral relay, many
breakthroughs led the chiral relay principle to promote asymmetric control better and better.
From the chiral template to achiral template, from the stoichiometric amount of chiral source to
catalytic amount of chiral source and from templates, additives, ligands to catalysts, chiral relay

has exhibited many possibilities to fulfill the role of ‘indispensible tool’ for asymmetric catalysis

and provide a great oppotunity for enantiocontrol.

59



1.8. Objective of Research

Enzymes, typically proteins with molecular weight ~20000 unit or higher, catalyze
reactions that are important biological processes to sustain our life. Catalysts can lower the
activation energy for reactions and enzymes are biological catalysts, which can speed up
reactions in our body by lowering the activation energy. Almost all metabolic processes in the
cell need enzymes in order to occur or accelerate to produce enantiopure compounds. Much like
our right and left hands, enantiopure molecules exist as one of two possible structures that are
chemically identical but arranged such that they are mirror images of each other. The existence
of these molecules is determined by a concept known as chirality. Enantiopure compounds play a
significant role in our life.

Nearly all biological macromolecules are homochiral. All amino acids in proteins are
left-handed. While all sugars that make up the helical backbone of DNA, RNA, and in the
metabolic pathways are right-handed. More dramatic and crucially important is chirality in many
pharmacologically active natural products and therapeutic molecules. Enantiomers of drugs
(therapeutics) that have different biological effects have been demonstrated in many instances.
One enantiomer may be helpful, while the other may be inactive or even toxic. One example is
thalidomide, a sedative or hypnotic drug for pregnant women. Some women who took the drug
in the racemic form had babies with severe birth defects. A later study revealed that one
enantiomer of thalidomide has the desired sedative activity, while the other form may cause birth
defects. The enantiomers of thalidomide interacted differently with the chiral biomolecules in the
body such as enzymes.

Organic chemists have for a long time been interested in the development of simple

enzyme mimics with molecular weight of <500 that can function as effective catalysts.
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Compared with enzymes, small organocatalysts have several important advantages.
Organocatalysts offer simple handling and storage of the catalysts. More significantly, the use of
organocatalysts in place of enzymes in the synthesis of pharmaceutical products can solve the
disadvantages with enzymes, such as limited substrate scope, access to purified form, sensitivity
to moisture and air, and limited solvent choices. Many significant accomplishments have been
reported using organocatalysts.

During the past several years our group has initiated and examined in detail a novel
concept called ‘Chiral Relay’ which utilizes fluxional chirality in achiral templates, ligands, and
additives to provide a general method for the enhancement of enantioselectivity in a variety of
transformations, and allows us to address some fundamental issues related to reactivity and
selectivity in functionalized acyclic substrates. The chiral relay concept has been effectively used
in the development of several highly enantioselective methods for the construction of
heterocycles. As an extension of this strategy we became interested in developing efficient and
broadly applicable and adjustable fluxional organocatalysts based on the chiral relay strategy.
The organocatalyst design will contribute to superior atom efficiency, avoiding the incorporation
of template in the substrate and the subsequent template cleavage in the product, and allowing
the direct synthesis of structurally complex molecules. Can organocatalysts that incorporate
fluxional groups provide enhanced selectivity in asymmetric transformations? To address this we
designed a chiral Lewis base, 4-dialkylaminopyridine catalyst containing fluxional chirality. We
surmised that a fluxional group would be effective in relaying stereochemical information from
the fixed chiral center to the catalytic center in this type of catalyst thus control the

stereochemistry in the product.
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The super nucleophilic base, 4-dimethylaminopyridine (DMAP), was found to have
general applicability for the catalysis of a wide variety of reactions. In view of the versatility of
DMAP catalysis, the next step was to devise a chiral variant that would achieve asymmetric
catalysis. In the search of reactive catalytic center to design an expected small chiral
organocatalyst, we became interested in investigating DMAP catalysts that incorporate fluxional
groups to provide steric control of reactivity and provide a platform to conduct enantioselective
transformations.

In this thesis, the novelty and utility of the chiral DMAPs in kinetic resolution of
secondary alcohols, biaryls with high selectivity was demonstrated. Dynamic kinetic resolution
of biaryl substrates with good selectivity was investigated. Additionally, the enantioselective
allylic amination of Moria-Baylis-Hillman adduct was first carried out by the use of chiral
DMAP type catalyst. These methodologies provided different types of chiral products, which
contain important class of skeletons for the broad applications, such as pharmaceutical industries
and catalysis ligand development. Summary of several research projects accomplished on the
application of novel chiral 4-dimethylaminopyridine catalyst with fluxional groups during my
graduate work is presented in this thesis.
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CHAPTER 2. FLUXIONALLY CHIRAL 4-DIMETHYL AMINO PYRIDINE
CATALYST DESIGN AND SYNTHESIS
2.1. Introduction

The broad utility of synthetic chiral compounds as single-enantiomer drug molecules, as
components in macromolecules with novel properties and as probes of biological function, has
made asymmetric catalysis an attractive area of investigation." Modern asymmetric catalysis is
built on three areas: biocatalysis, metal catalysis, and organocatalysis.

Asymmetric organocatalysis uses small chiral organic molecules predominantly
composed of C, H, O, N, S and P, to accelerate organic transformations. An inorganic element is
not part of the active principle.” The level of efficiency and selectivity of many organocatalytic
reactions meet the standards of established organic reactions.” Compared to conventional
organometallic and biocatalysis, organocatalysis has several important advantages.*
Organocatalysis offers simple handling and storage of the catalysts. Of particular importance is
that most reactions are insensitive to moisture and air, and are often easy to perform. The
absence of metal in organocatalysis makes this type of reaction an attractive tool for the
synthesis of agrochemical and pharmaceutical compounds, in which the presence of hazardous
metallic traces do not contaminate the final product. They have more wide substrate scope than
biocatalysis and can produce both enantiomers since both enantioseries of catalyst are available.
Typical transition metal mediated coupling reactions, such as Suzuki,” Sonogashira,® Ullmann,’
and Heck-type coupling reactions,” as well as the Tsuji-Trost reaction,” can now be performed
under metal-free conditions. Organocatalysis has several advantages not only because of its
synthetic advantages but also for economic reasons. The ready availability, low cost, and easy

incorporation onto a solid support, makes organocatalyst attractive from synthetic standpoint.
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Recent years have seen impressive developments in organocatalysis. The growth has
been reflected in the development of very large number of new organocatalytic systems.'® The
application included exploration of new reaction types, organocatalysts supported on solid
surfaces and in unusual reaction media, applications in polymerizations and total synthesis of
natural products and drug-discovery, and many more (Figure 2.1). Many researchers from
academia and the chemical industry are involved in this field, with most of the efforts focused on
the development of new reaction and asymmetric methodology to produce environmentally

friendly access to enantiomerically enriched compounds.
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Figure 2.1. Number of References using the Concept
“organocatalysis” Since the Year 2005 from SciFinder

Organocatalysts have two main functions. They can activate the electrophile or the
nucleophile or both, or/and they create an asymmetric environment that is responsible for setting
the chirality of the product. There are commonly four types of organocatalysts, Lewis bases,

Lewis acids, Brensted bases and Brensted acids (Figure 2.2).
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Organocatalysis

Lewis bases Lewis acids Bronsted bases Brensted acids
Iminium catalyst Phase transfer Nitro_gen base ﬁn;all (rjnoleclule
: catalyst mediated “bond catalyst
Enamine catalyst deprotonation
N-heterocyclic Ketof‘e qatalyzed
carbene epoxidations
Dialkylaminopyridine

Figure 2.2. Classification of Organocatalysis

Lewis bases initiate the catalytic cycle via nucleophilic addition to the substrate and the
mode of activation'' can be through an enamine, iminium ion, acyl ammonium ions, carbene
catalysis, etc. Whereas Lewis acids catalysis activates nucleophilic substrates, the famous cases
are phase transfer catalysts and epoxidation catalysts.'” In contrast, Bronsted base and acid
catalytic cycles are initiated via a (partial) deprotonation or protonation, respectively.'® Urea and
thiourea catalysts are most common Brensted acid catalysts and they can activate imines through
hydrogen bonding.'* Typical Brensted bases include guanidine, amidine and cinchona alkaloid,
etc., which contain nitrogen as the basic site for deprotonation. It should be noted that the
catalytic role of those catalysts may not always act through a single activation mode."” There are
also some miscellaneous organocatalyst, such as small peptide catalyst.'®

The need from chemical industry, especially the pharmaceutical sector, for reliable
asymmetric transformations of molecular skeletons is high. Thus the diversity and power of
asymmetric organocatalysis has attracted many research groups’ attention and has become an

important field of research.
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Our group has designed useful templates, ligands, and additives that use fluxional groups
to control and/or enhance stereoselectivity in a variety of asymmetric transformations.'” A key
feature of this strategy is that the size of the fluxional substituent can be varied readily. As an
extension of this strategy we became interested in developing efficient and broadly applicable
and adjustable fluxional organocatalysts based on the chiral relay strategy. The organocatalyst
design will contribute to superior atom efficiency, avoiding the incorporation of template in the
substrate and the subsequent template cleavage in the product, and allowing the direct synthesis
of structurally complex molecules. Can organocatalysts that incorporate fluxional groups provide
enhanced selectivity in asymmetric transformations? To address this we designed a chiral Lewis
base, 4-dialkylaminopyridine catalysts containing fluxional chirality. We surmised that a
fluxional group would be effective in relaying stereochemical information from the fixed chiral
center to the catalytic center of DMAP.

4-Dialkylaminopyridine is a derivative of pyridine. It is of great interest because in one
case, 4-dimethylaminopyridine (DMAP) was found to be able to provide a 10*-fold rate
enhancement than pyridine in the benzoylation of 3-chloroaniline,'® owing to the resonance
stabilization of the dimethyl amino group. Because of its high basicity, 4-dialkylaminopyridine is
a useful nucleophilic catalyst for catalysis of a wide variety of reactions,'® such as esterifications
with anhydrides, the Morita-Baylis-Hillman reaction, hydrosilylations, tritylation, the Steglich
rearrangement, Staudinger synthesis of P-lactams and many more. There are thousands of
examples on the use of DMAP in far ranging fields of chemistry in both patents and research
literature. Several pharmaceutical and agricultural products that rely on DMAP’s superior

catalytic properties in their synthetic sequences have been produced for years. There are a large
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number of functional groups and class of compounds that are involved in reactions with
DMAP.”

In view of the versatility of DMAP as a Lewis base in different types of reactions,
researchers started to think about designing the chiral variant of DMAP that would catalyze
enantioselective transformations. Vedejs reported the first example in 1996 and they are using
stoichiometric amount of chiral 2-substituted DMAP for the kinetic resolution of racemic
secondary alcohols.”! After this initial work, a lot of new chiral DMAP catalysts were developed
and have been applied to a range of reactions with substoichiometric amount to control
stereochemical outcome,” such as kinetic resolutions, asymmetric cycloadditions, asymmetric

protonation of ketenes, C-acylations, etc, (Figure 2.3).

78



H
NMe, MesN g
/_N | L OH

| Fe N 2
> S -
PhZ;\Ph | N
Ph ~
N
Vedejs, 1996 Fu, 1996 Fuji, 1997
(] A @
"'u Me,N
O NEt, Ar = N Q\Ar %2
N
| P
Spivey, 1999 Inanaga, 2000 Kim, 2002
H
Me,N N_ .~CO2Me \\'\"BH
\CPhs N N )
o (1) b
LA »
. B
N N o
Vedejs, 2003 Fuji/Kawabata, 2003 Campbell, 2003
Me2N Me,N O i ( >
\ % N N 'S
N | P / |
N N
N Bu N Ar
H HO Ar
Kotsuki, 2004 Yamada, 2005 Connon, 2007

Figure 2.3. Chiral DMAP Catalysts

The general idea for designing chiral DMAP is incorporating an appropriate substituent
in the 2-position. But the original study showed the presence of even a small group adjacent to
the nitrogen would have a negative effect on the nucleophilicity of DMAP, probably because of

the steric hindrance.”” The reactivity of 2-substituted pyridine is one twentieth of pyridine in
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benzoylation of simple alcohols (Scheme 2.1). This principle should be under consideration in

the design of a new chiral DMAP catalyst.
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Scheme 2.1. Reactivity Comparisons of Pyridine Derivatives
2.2. Catalyst Design Scenario

Inspired by the previous success of achiral pyrazolidinone skeleton in templates,
additives and ligands design, we envisioned that an organocatalyst that incorporates chiral
pyrazolidinone with fluxional groups might be able to provide enhanced selectivity in
asymmetric transformations. A paper published in 2009 provided us an idea of how to
incorporate a fluxional group into a chiral unit.”® In this case, the chiral pyrazolidinones were
resolved with high selectivity through a process that utilizes a relay of stereochemical
information from a permanent chiral center to a fluxional chiral center to enhance the inherent
selectivity of the chiral Lewis acid and allowed the synthesis of C5-substituted pyrazolidinones
with good to excellent enantioselectivity (Scheme 2.2). After separation of the enantiomerically
enriched starting material and the Diels-Alder cycloadduct, the 2.5 and 2.6 are liberated by

reaction of 2.3 and 2.4 with the lithium alkoxide of p-methoxybenzyl alcohol, respectively. The
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final chiral pyrazolidinones were isolated in moderate to good yields with minimal erosion of the

enantiomeric excess.

N N
o o 2.2
(5.5 mol%) o O ;
; \NJ\/\ Cu(OTf), (5 mol%) iLNJ\/\ //R
N : ’\I‘ * (0] N’N 1
R? R @ Rl R N-R
R = Aromatic 97-99 %ee O
2.1 2.3 2.4
LiOPMBl lLiOPMB
0 (0]
(N NH
N N
R1\¢ —R R? \—R
2.5 2.6

Scheme 2.2. Diels-Alder Cycloaddition Strategy for Kinetic Resolution of Chiral
Pyrazolidinones

The design criteria for the new chiral DMAP catalysts were based on well-established
principles in the literature. The initial evaluation involved the proper placement of the fluxional
group on the pyridine ring. Early investigations showed that even a small group (methyl)
adjacent to the pyridine nitrogen markedly erodes their activity as nucleophilic catalysts. Thus,
2-substituents in DMAP catalyst design are generally not desirable (Structure A, Scheme 2.3).
Furthermore, 4-substituted pyridines are likely to provide minimal steric shielding due to the
remote architecture between the catalytic center and the stereocontrol element (Structure B,
Scheme 2.3). Based on these considerations, we connected the 3-position of the pyridine with the

chiral pyrazolidinone template containing the fluxional group (Structure C, Scheme 2.3). We
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expected that reactivity should be reasonable, and the proximity between the fluxional group and

the pyridine might afford conformational definition.

RZ R?
N R2 R2
(0] Z >N (0] N’
2L L
N™ "N N N \
N R R N
"0

A B Cc
2-substituted pyridine 4-substituted pyridine 3-Substituted pyridine
*Reactivity challenge Modest basicity *Good blocking possibilities
*N-C2 bond rotation issue Blocking? *N-C3 bond rotation controllable

*Good reactivity

Scheme 2.3. Design of Novel Chiral DMAP Catalysts with Fluxional Chirality

Our chiral DMAP catalysts is highly modular and consists of three components: 4-(N,N-
dialkylamino)pyridine (DMAP analogues) as the catalytic site, chiral pyrazolidinone as a
chirality element and a fluxional substituent whose size can readily be varied as a blocking group
(Figure 2.4). Conceptually the R' group dictates the orientation of the CH,R? group, which in
turn both influences the orientation of the DMAP group and provides steric discrimination
during enantioselective reaction. The 4-(N, N-dialkylamino)pyridine is connected to the chiral
pyrazolidinone at the meta-position. Additionally, the nucleophilicity of the pyridine can be
tuned by varying the dialkylamino substituent R’. Synthesis of these catalysts were

straightforward. Several novel chiral DMAP catalysts were prepared.
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2.7 R' = i-Pr, R? = phenyl, R3 = dimethylamino

O R3 2.8 R' = -Bu, R? = phenyl, R? = dimethylamino
N S 2.9 R'= t-Bu, R? = 1-naphthyl, R = dimethylamino
N \ N/ 2.10 R' = t-Bu, R? = 9-anthracenyl, R3 = dimethylamino
R1 \ILZ 2.11 R = t-Bu, R? = 2-naphthyl, R3 = dimethylamino
2.12 R = t-Bu, R? = 1-naphthyl, R3 = pyrrolidine
fluxionality 2.13 R' = t-Bu, R2 = 1-naphthyl, R3 = di-n-butylamino

Figure 2.4. Novel Fluxionally Chiral DMAP Catalysts
2.3. Synthesis of Fluxionally Chiral DMAP Catalysts

2.3.1. Synthesis of Achiral 5-Substituted-Pyrazolidin-3-One

o]
Q NaH NoH,/H,0 ﬁ
a CO,Et _NoHa/Hy
/\/ 2 —
(BtO)P_COEt 7 ~m 2 R1™S MeOH, reflux N
RN
2.14 215 218
o o]
R2-CHO Jj/< ) NaBH4 Jf/<
_R-CHO_ NT NH
MeOH » (?\l' 0°Ctort /=N
\\\R2 \\R2
2.17 218

R' = i-Pr, t-Bu
R2 = phenyl, 1-naphthyl, 9-anthracenyl, 2-naphthyl

Scheme 2.4. Synthesis of Achiral Pyrazolidinone

Several chiral DMAP catalysts containing fluxional groups have been prepared from
readily available pyrazolidinones 2.18 (Scheme 2.5). The Horner-Wadsworth-Emmons reaction
between triethyl phosphonoacetate 2.14 and a variety of aldehydes R'-CHO gave (E)-o.,pB-
unsaturated esters 2.15, which refluxed with hydrazine monohydrate to produce 5-

alkylpyrazolidine-3-ones 2.16. The reaction mixture was concentrated and the resulting residue
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was used without any further purification. At 0 °C, the appropriate aldehyde R*-CHO was added
a solution of appropriate 2.16 and the more reactive N1 on 2.16 will react with aldehyde,
followed by reductive amination with sodium borohydride to produce achiral pyrazolidinone
2.18.

2.3.2. Synthesis of Chiral 5-Substituted-Pyrazolidin-3-One

O

NH
N
R1 \_RZ

218

a) "BuLi, THF, -78 °C
b) o

& (5.5 moI% / 4 //R2

u(OTf), (5 mol%) N
RT  —R2 > 07 "N N .LR!

0 g R
219 i ivi O

high enantioselectivity
2.21 2.22

Scheme 2.5. Synthesis of Chiral Pyrazolidinone Crotonimide 2.22 by Kinetic Resolution
Strategy

The chiral pyrazolidinone was obtained through the kinetic resolution strategy. Starting
from the preparation of pyrazolidinone crotonimide 2.19, then using the Diels-Alder
cycloaddition strategy for the kinetic resolution of chiral pyrazolidinone crotonimide 2.21 with
high enantiomeric excess. Under the influence of chiral Lewis acid and fluxional N1-substituent,
the two enantiomers of pyrazolidinone react with different rates with cyclopentadiene. The (S)-

isomer reacted faster to form the Diels-Alder product 2.22, resulting in an enantioenriched
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sample of the less reactive (R)-enantiomer 2.21 (97-99% ee). Then the (R)-N-H pyrazolidinone
2.23 was liberated by reaction of 2.21 with the lithium alkoxide of p-methoxybenzyl alcohol

(Scheme 2.6).

= . 0]
N LiOPMB j NH
! —_— i +

N THF
R1 LR2 R1 \—R2
2.21 2.23
MeO
LiOPMB

Scheme 2.6. Conversion of N2-Acylated Pyrazolidinone 2.21 to
N2-H Pyrazolidinone 2.23

This kinetic strategy to obtain the chiral pyrazolidinone allows for the synthesis of C5-
substituted pyrazolidinone efficiently, however, it still required several steps from the achiral
pyrazolidinone, such as acylation, Diels-Alder reaction, deacylation. In addition, Lewis acid
participated reactions are less tolerant of moisture. Once again, to catch the optimum time to stop
kinetic resolution for the best enantiomeric excess of compounds is also not easy to handle. In
the end, the substrate scope for this strategy is also an issue. To solve these problems, we started
to think about an alternative way to obtain the chiral pyrazolidinones.

After the study, we tried the diastereomer separation strategy to get the optically pure
pyrazolidinone (Scheme 2.7). L-Proline is readily available naturally occurring amino acid and is
easy to obtain in high enantiomeric purity. It contains a free chiral carboxylic acid group and a
secondary amine group. The tert-butoxycarbonyl (Boc) protected L-proline can connect with the

achiral pyrazolidinone unit through amide bond formation to produce two diastereomers. Using
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flash column chromatography, the two diastereomers can be separated as two single isomers 2.24

and 2.25.

Q—COOH \i/ \i/
(@] O)\SV o o \]40 o O\fo

X “NH _ N N N
N DCC, DMAP N
R |

1 _R2 R
R R R2 R \_Rz
2.18 2.24 2.25

Scheme 2.7. Diastereomer Separation Strategy

Treatment of proline attached single isomer 2.24 with a catalytic amount of Er(OTf); in
methanol provided the optically pure pyrazolidinone 2.23 in high yield (Scheme 2.8). Compared

to the kinetic resolution strategy, this diastereomer separation method took less steps and was

easier to handle.

MeOH/CH3CN N
¥R2

\_R2 R?

2.24 2.23

Scheme 2.8. Transformation of Diastereomer to
Chiral Pyrazolidinone

2.3.3. Synthesis of Chiral DMAP Catalysts

The preparation of new DMAP catalysts started from enantiometically pure
pyrazolidinones 2.23 and required three steps, which proceeded in good overall yields. The

coupling reaction between 2.23 and 3-bromo-4-nitro pyridine oxide 2.26 was catalyzed by
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Pd,(dba)s/Xantphos, and the coupling product was obtained with high yield. We also screened

other organophosphorus ligands and Xantphos ligand gave the optimal yield for product 2.27

(Scheme 2.9).
NO,
X Br
o) Lo, o OaN
N
' 2.26 —
NH (@) ‘ N\ 7
N\_ ,  Pdgdbag/Xantphos N N
R? R (Cs,CO3, toluene, 100°C R —R? O
2.23 2.27

Scheme 2.9. Coupling Reaction with 3-Bromo-4-Nitro Pyridine Oxide
To produce final catalyst 2.29, the nitro group in 2.27 was replaced with dimethyl amino

substituent, and then underwent iron-mediated reduction (Scheme 2.10).

o OaN \HJ\OH N o MeN o MeN
ﬁN @ &N @ Fe/AcOH X @
\_R2 ‘ \_R2 ‘ NLRz N
2.27 2.28 2.29

Scheme 2.10. Synthesis of Chiral 4-Dimethylamino Pyridine Catalysts
For other amino substituents, the corresponding pyrazolidinone-4-aminopyridine N-
oxides were prepared in a different way. The nitro group was replaced by chloro and then

underwent further substitution with amino group and iron-mediated reduction (Scheme 2.11).
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Scheme 2.11. Synthesis of Other Chiral 4-Aminoalkyl Pyridine Catalysts
2.4. Conclusion

We designed a new type of fluxionally chiral 4-dialkylamino pyridine catalyst based on
‘chiral relay’ concept and developed the synthetic methodology of these catalysts, which is
amenable for scale up and diversity can be introduced in the fluxional group, C5 substituent on
the pyrolidinone as well as the pyridine 4-substituent without much difficulty. Different catalysts
were synthesized with different R', R* and R’ substituents for evaluation. The reactivity and
selectivity of these catalysts could be controlled by tuning different substituents. We expected
the stereochemical information could be relayed from static C5 substituent to catalytic ceneter
through the N-fluxional group.
2.5. Experimental
2.5.1. General

All solvents were dried and degassed by standard methods and stored under nitrogen.
Flash chromatography was performed using EM Science silica gel 60 (230-400 mesh). "H NMR

spectra were recorded on Varian Unity/Inova-400 NB (400 MHz) spectrometer or Bruker
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Ascend™ 400 (400 MHz for 'H) spectrometer. *C NMR spectra were recorded on Varian
Unity/Inova-400 NB (100 MHz) spectrometer or Bruker Ascend™ 400 (100 MHz for "*C)
spectrometer. HPLC analyses were carried out with Waters 515 HPLC pumps and a 2487 dual
wavelength absorbance detector connected to a PC with Empower workstation. Rotations were
recorded on a JASCO-DIP-370 polarimeter. FT-IR spectra were recorded on a Bruker Optics
Vertex 70 FTIR. High resolution mass spectra were obtained at a Bruker Daltonics BioTOF
HRMS spectrometer.
2.5.2. Reaction Procedure and Compounds Characterization

The racemic pyrazolidinones were prepared according to the literature reported.”> The
chiral pyrazolidinones for catalyst 2.7, 2.8 and 2.11 were prepared according to the procedure

reported in the literature.”

NH

C13H1gN20
Mol. Wt.: 218.29

Chiral pyrazolidinone for catalyst 2.7. [a]p 2> +140.2 (¢ 0.52, CHCl3). "H NMR (CDCl;,
400 MHz) & 0.87 (d, J= 6.8 Hz, 3H), 0.91 (d, J= 6.8 Hz, 3H), 1.68-1.77 (m, 1H), 2.15 (dd, J =
16.8, 4.0 Hz, 1H), 2.73 (dd, J=17.2, 8.8 Hz, 1H), 2.98-3.03 (m, 1H), 3.74 (d, /= 12.4 Hz, 1H),
391 (d, J= 12.4 Hz, 1H), 7.02 (br s, 1H), 7.26-7.33 (m, 5H); °C NMR (CDCls;, 100 MHz) &
18.4, 18.9, 31.9, 32.2, 64.6, 68.3, 128.1, 128.8, 129.6, 136.6, 174.4. HPLC analysis: HPLC (UV
220 nm, Chiralpak AD-H, i-PrOH/Hexane = 4/96, 1 mL/min), t; (major) = 15.9 min, t, (minor) =

23.6 min.
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NH

C14H20N20
Mol. Wt.: 232.32

Chiral pyrazolidinone for catalyst 2.8. [a]p *° +137.8 (¢ 0.56, CHCls). "H NMR (CDCls,
400 MHz) & 0.84 (s, 9H), 2.16 (dd, J=17.6, 2.4 Hz, 1H), 2.68 (dd, J=17.6, 10.0 Hz, 1H), 2.94
(dd, J=9.6, 2.4 Hz, 1H), 3.77 (d, J= 12.4 Hz, 1H), 3.87 (d, J = 12.4 Hz, 1H), 7.24-7.33 (m, 5H),
7.60 (br s, 1H); *C NMR (CDCls, 100 MHz) § 25.6, 30.6, 35.1, 65.7, 70.7, 128.1, 128.7, 129.9,
136.6, 174.8. HPLC analysis: HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 3/97, 1

mL/min), t; (major) = 16 min, t; (minor) = 20.7 min.

o)

NH

7

C1gH2oN20O
Mol. Wt.: 282.38

Chiral pyrazolidinone for catalyst 2.11. [a]p » +135.4 (¢ 0.50, CHCl3). '"H NMR (CDCls,
400 MHz) & 0.88 (s, 9H), 2.18 (dd, J=17.2, 2.4 Hz, 3H), 2.73 (m, 1H), 3.00 (dd, /= 10.0, 2.4
Hz, 1H), 3.92 (m, 2H), 7.24 (br s, 1H), 7.45 (m, 3H), 7.72 (m, 1H), 7.80 (m, 3H); *C NMR
(CDCls, 100 MHz) & 25.7, 30.5, 35.2, 66.1, 71.1, 126.3, 126.5, 127.6, 127.9, 128.0, 128.7, 133.2,
133.4, 134.3, 174.7. HPLC analysis: HPLC (UV 220 nm, Chiralpak AD-H, i-PrOH/Hexane =

4/96, 1 mL/min), t; (major) = 21.1 min, t, (minor) = 36.3 min.
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The chiral pyrazolidinones for catalyst 2.9, 2.10, 2.12 and 2.13 were prepared by a

diastereomeric resolution strategy (Scheme 2.12).

y% \F

(0]
0 0 o
’COOH Er( OTf NH
NNH DCC DMAP MeOH/MeCN 5 N¥
rt, CH,CI t-Bu R
t-Bu —R 2¥2 B
racemic Dlastereomers

separation

Scheme 2.12. General Procedure for the Preparation of Chiral Pyrazolidinones

A mixture of Boc-proline (1 equiv), racemic pyrazolidinone (1.2 equiv), DCC (1 equiv)
and a catalytic amount of DMAP (0.2 equiv) in CH,Cl, (10 mL) was stirred at room temperature
for 48 h. The reaction mixture was filtered and subjected to silica-gel column chromatography
(acetone/hexane = 1/5) to separate both diastereomers. To a solution of one diastereomer (1
equiv) in MeOH/MeCN (ratio = 3/2) was added Er(OTf)s (5 mol%) at room temperature.”* After
TLC evaluation showed all starting material has been consumed, the reaction mixture was
evaporated and purified by silica-gel column chromatography (hexane/ethyl acetate = 1/1) to get

the enantiopure chiral pyrazolidinone (85-95% yield).
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CzeH37N304
Mol. Wt.: 479.61

Single pyrazolidinone-proline diastereomer for catalyst 2.9, 2.12 and 2.13. [o]p * -36.9
(¢ 0.58, CHCl3). '"H NMR (CDCls, 400 MHz) & 0.48 (s, 9H), 1.43 (s, 6H), 1.51 (s, 3H), 1.88-1.98
(m, 3H), 2.4-2.47 (m, 1H), 2.56 (d, J= 18 Hz, 1H), 3.03 (dd, /= 16, 9.6 Hz, 1H), 3.18 (dd, J =
18, 9.6 Hz, 1H), 3.46-3.58 (m, 1H), 3.67-3.73 (m, 1H), 3.9 (d, /= 11.2 Hz, 1H), 4.84 (d,J=11.2
Hz, 1H), 5.36 (dd, J = 8.8, 2 Hz, 1H), 7.36-7.44 (m, 2H), 7.5-7.56 (m, 1H), 7.64-7.7 (m, 1H),
7.85 (t, J= 7.2 Hz, 2H), 9.07 (d, J= 8 Hz, 1H); >C NMR (CDCl;, 100 MHz) § 22.5, 25.5, 28 4,
31.4,31.7,34.3,46.7,59.7, 60.4, 63.6, 77.2, 79.8, 124.5, 126.2, 126.6, 126.7, 127.9, 129.1, 129.4,
131.9, 133.1, 133.7, 154.1, 168.8, 174.3; IR (NaCl) 1748, 1706, 1687, 1402, 1384, 1215, 1166,

785 cm'l; ESI-HRMS: m/z calcd. for (ngH37N304Na)+ 502.2676; found 502.2673.
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C32H39N304
Mol. Wt.: 529.67

Single pyrazolidinone-proline diastereomer for catalyst 2.10. [o]p *° -25.7 (¢ 0.95,
CHCI3). "H NMR (CDCls, 400 MHz, 60 °C) & 0.38 (s, 9H), 1.47 (s, 9H), 1.93 (m, 3H), 2.46 (s,
1H), 2.61 (dd, J= 18, 1.2 Hz, 1H), 2.86 (d, /= 9.6 Hz, 1H), 3.31 (br, 1H), 3.56 (br, 1H), 3.7 (br,
1H), 4.85 (d, /=12 Hz, 1H), 5.17 (d, J= 12 Hz, 1H), 5.43 (dd, J = 8.8, 2.4 Hz, 1H), 7.48-7.52
(m, 2H), 7.62-7.66 (m, 2H), 8.03 (d, J = 8.4 Hz, 2H), 8.48 (s, 1H), 8.83 (br, 2H); °C NMR
(CDCl3, 100 MHz) 6 22.5, 25.4, 28.5, 29.6, 31.5, 32.5, 34.3, 46.8, 52.3, 60.5, 63.8, 77.1, 79.7,
125.0, 126.5, 128.6, 128.9, 131.3, 132.1, 154.1, 174.4, 188.2; IR (NaCl) 1748, 1698, 1479, 1460,

1385, 1166, 1123, 762 cm™'; ESI-HRMS: m/z caled. for (C3H3oN4O4Na)™ 552.2833; found
552.2826.

C1gH22N20
Mol. Wt.: 282.38

Chiral pyrazolidinone for catalyst 2.9, 2.12 and 2.13. [a]p” 158.4 (¢ 0.54, CHCL). 'H
NMR (CDCls, 400 MHz) & 0.86 (s, 9H), 2.27 (dd, J= 17.6, 2.4 Hz, 3H), 2.96 (dd, J = 17.6, 9.6
Hz, 1H), 3.12 (dd, J= 9.6, 2.4 Hz, 1H), 421 (d, J= 12.0 Hz, 1H), 4.37 (d, J= 12.0 Hz, 1H), 6.71
(br s, 1H), 7.40-7.42 (m, 2H), 7.47-7.56 (m, 2H), 7.80-7.87 (m, 2H), 8.24 (d, J= 8.0 Hz, 1H);
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C NMR (CDCls, 100 MHz) & 25.8, 30.2, 35.1, 64.1, 72.0, 124.6, 125.4, 126.1, 126.4, 128.8,
129.1, 129.2, 132.3, 132.4, 134.1, 174.5. HPLC analysis: HPLC (UV 220 nm, Chiralpak AD-H,

i-PrOH/Hexane = 4/96, 1 mL/min), t; (major) = 24.3 min, t, (minor) = 28.6 min.

CooH24N2O
Mol. Wt.: 332.44

Chiral pyrazolidinone for catalyst 2.10. [a]p”> 51.3 (c 0.89, CHCl;). '"H NMR (CDCl;,
400 MHz) & 0.84 (s, 9H), 2.38 (d, J = 14.8 Hz, 1H), 3.21(dd, J = 23.6, 9.2 Hz, 1H), 3.23 (s, 1H),
4.82 (d,J=12.4 Hz, 1H), 5.01 (d, J=12.4 Hz, 1H), 6.66 (s, 1H), 7.49-7.61 (m, 4H), 8.05 (d, J =
8.4 Hz, 2H), 8.43 (d, J= 8.8 Hz, 2H), 8.5 (s, 1H); ?C NMR (CDCls, 100 MHz) & 25.7, 30.2,
34.9,56.6,71.7,124.4, 125.0, 126.4, 126.9, 127.2, 128.6, 129.2, 131.3, 131.4, 134.1, 174.5.
HPLC analysis: HPLC (UV 254 nm, Chiralpak OD-3, i-PrOH/Hexane = 5/95, 1 mL/min), t,
(major) = 22.7 min, t, (minor) = 26.7 min.

The chiral DMAP catalysts 2.7, 2.8, 2.9, 2.10 and 2.11 were prepared from commercially

available 3-bromo-4-nitropyridine N-oxide according to the following Scheme 2.13.
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Scheme 2.13. General Procedure for the Praparartion of Chiral DMAP Catalyst
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Scheme 2.14. General Procedure for the Preparation
of Chiral Pyrazolidinone-4-Nitropyridine N-Oxide

General procedure for synthesis of chiral pyrazolidinone-4-nitropyridine N-oxide
(Scheme 2.14). A flask equipped with a stirrer and a reflux condenser was charged with chiral
pyrazolidinone (1.0 equiv), 3-bromo-4-nitro-pyridine N-oxide (1.0 equiv), Pdxdbas (5 mol%),
Xantphos (5 mol%), cesium carbonate (1.2 equiv). The mixture was degassed and backfilled
with argon, after adding the toluene, then stirring for 12 h at 100 °C, the reaction mixture was
cooled to room temperature, filtered through Celite, and concentrated. The crude material was
purified using column chromatography (hexane/ethyl acetate = 1/1-1/2) to give the product as a

yellow solid; average yields are 80-90%.
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C18H20N404
Mol. Wt.: 356.38

Chiral pyrazolidinone-4-nitropyridine N-oxide for catalyst 2.7. [a]p *° -735.9 (¢ 0.53,
CHCI3). "H NMR (CDCls, 400 MHz) & 0.82 (d, J= 6.8 Hz, 3H), 0.91 (d, J= 6.8 Hz, 3H), 1.59-
1.68 (m, 1H), 2.37 (d, J=16.0 Hz, 1H), 3.09-3.18 (m, 2H), 4.04 (d, J= 12.4 Hz, 1H), 4.14 (d, J
=12.4 Hz, 1H), 7.18-7.27 (m, 3H), 7.32-7.35 (m, 2H), 7.65 (d, /= 7.2 Hz, 1H), 7.83 (dd, J = 7.2,
1.6 Hz, 1H), 8.49 (d, J = 2.0 Hz, 1H); °C NMR (CDCls, 100 MHz) & 18.6, 18.9, 32.3, 32.7,
63.4, 66.1, 121.8, 128.7, 130.2, 130.3, 134.8, 135.1, 136.1, 171.2; IR (NaCl) 1724, 1601, 1567,

1521, 1466, 1267, 750 cm™; ESI-HRMS: m/z caled. for (CisH,0N4O4Na)" 379.1377; found

379.1394.

o OaN
N\ o/
NN

o0

C19H2oN404
Mol. Wt.: 370.40

Chiral pyrazolidinone-4-nitropyridine N-oxide for catalyst 2.8. [a]p *° -761.1 (¢ 0.58,
CHCI3). 'H NMR (CDCl3, 400 MHz) & 0.81 (s, 9H), 2.42 (d, J = 17.2 Hz, 1H), 3.01-3.15 (m,
2H), 4.08 (dd, J= 28, 12.4 Hz, 2H), 7.19-7.26 (m, 3H), 7.33-7.35 (m, 2H), 7.65 (d, J= 6.8 Hz,

1H), 7.81-7.83 (m, 1H), 8.52 (d, /=2.0 Hz, 1H); *C NMR (CDCls, 100 MHz) § 25.7, 31.2, 35.1,
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64.4, 68.9, 121.8, 128.7, 128.8, 129.7, 130.6, 134.5, 134.7, 135.8, 137.2, 171.2; IR (NaCl) 1727,
1600, 1567, 1521, 1467, 1272, 750 cm™'; ESI-HRMS: m/z caled. for (C19H,,N404Na)™ 393.1533;

found 393.1531.

(0] 02N

N
N

\ @/
N
0

C23H24N4O4
Mol. Wt.: 420.46

©

Chiral pyrazolidinone-4-nitropyridine N-oxide for catalyst 2.9, 2.12 and 2.13. [a]p * -
455.7 (¢ 0.52, CHCls). '"H NMR (CDCl3, 400 MHz) & 0.85 (s, 9H), 2.50 (dd, J = 14.0, 2.4 Hz,
1H), 3.27-3.35 (m, 2H), 4.51 (d, /= 12.0 Hz, 1H), 4.63 (d, /= 12.0 Hz, 1H), 7.15-7.19 (m, 1H),
7.47-7.58 (m, 4H), 7.63-7.70 (m, 2H), 7.8 (d, /= 8.0 Hz, 1H), 8.07 (d, /=2.0 Hz, 1H), 8.18 (d, J
= 8.8 Hz, 1H); °C NMR (CDCls;, 100 MHz) & 25.9, 31.0, 35.2, 63.1, 70.2, 121.4, 123.4, 124.9,
126.6, 127.6, 129.1, 129.6, 130.0, 130.3, 130.4, 132.1, 133.5, 134.4, 135.6, 136.2, 171.1; IR
(NaCl) 1726, 1600, 1567, 1519, 1467, 1272, 750 cm’; ESI-HRMS: m/z caled. for

(C23H24N404Na) " 443.1690; found 443.1692.
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Co7H26N404
Mol. Wt.: 470.52

Chiral pyrazolidinone-4-nitropyridine N-oxide for catalyst 2.10. [a]p *° -363.2 (¢ 0.53,
CHCI3). "H NMR (CDCls, 400 MHz) § 0.47 (s, 9H), 2.56 (d, J=17.6 Hz, 1H), 3.14 (d, J=9.2
Hz, 1H), 3.47 (dd, J=17.2,9.2 Hz, 1H), 5.16 (d, J=12.8 Hz, 1H), 5.26 (d, /= 12.8 Hz, 1H),
7.51-7.55 (m, 2H), 7.66-7.7 (m, 2H), 7.77 (d, J= 7.2 Hz, 1H), 7.97 (dd, J = 7.2, 2 Hz, 1H), 8.04
(d, J= 8.4 Hz, 2H), 8.34-8.36 (m, 2H), 8.47 (s, 1H), 8.73 (d, J= 1.6 Hz, 1H); °C NMR (CDCl;,
100 MHz) ¢ 25.5, 30.9, 34.5, 54.4, 67.4, 121.9, 124.9, 125.3, 127.2, 129.2, 129.2, 129.4, 131.1,
131.4,134.8, 136.3, 137.3, 171.0; IR (NaCl) 1726, 1625, 1600, 1569, 1522, 1469, 1273, 734 cm”

1; ESI-HRMS: m/z calcd. for (C27H26N4O4Na)+ 493.1846; found 493.1839.

N\ e
N N
50

Co3H24N404
Mol. Wt.: 420.46

Chiral pyrazolidinone-4-nitropyridine N-oxide for catalyst 2.11. [o]p = -725.0 (¢ 0.50,
CHCI3). "H NMR (CDCls, 400 MHz) & 0.83 (s, 9H), 2.42 (m, 1H), 3.05 (m, 1H), 3.19 (m, 1H),

4.19 (dd, J = 26, 12.4 Hz, 1H), 7.41-7.52 (m, 4H), 7.60 (dd, J= 7.2, 2.0 Hz, 1H), 7.67-7.69 (m,
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1H), 7.74-7.76 (m, 2H), 7.80 (d, J = 8.0 Hz, 1H), 8.50 (d, J = 2.0 Hz, 1H); '°C NMR (CDCl,,
100 MHz) § 25.7, 31.3, 35.2, 64.7, 68.9, 121.5, 126.8, 127.9, 128.6, 129.6, 130.0, 132.1, 133.0,
133.1, 134.4, 135.5, 137.0, 171.1; IR (NaCl) 1727, 1600, 1567, 1521, 1467, 1272, 751 cm™"; ESI-

HRMS: m/z calcd. for (C23H24N404Na)+ 443.1690; found 443.1686.

O OxN
\ OH- HN ‘O
®N THF/H,O é
(e

e o
Ar 60 °C, 48h

Scheme 2.15. General Procedure for the Preparation of
Chiral Pyrazolidinone-4-Dimethylamino Pyridine N-Oxides

General procedure for synthesis of chiral pyrazolidinone-4-dimethylaminopyridine N-
oxides. To a solution of the 2-(4-nitro-1-oxy-pyridin-3-yl)-pyrazolidin-3-one (1 equiv.) in
THF/H,O (ratio = 10/1) was added the N, N-dimethylammonium N', N'-dimethylcarbamate (5
equiv.) dropwise. After stirring at 60 °C for 48 h, the reaction mixture was cooled to room
temperature, filtered through Celite, and concentrated. The residue was purified by column
chromatography (methanol/ethyl acetate = 1/10) to give the product as a yellow solid; average

yields are 80-90%.
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C2oH26N40>
Mol. Wt.: 354.45

Chiral pyrazolidinone-4-dimethylaminopyridine N-oxide for catalyst 2.7. [a]p % -16.4 (¢
0.52, CHCI;). '"H NMR (CDCl3, 400 MHz) § 0.72-0.75 (m, 6H), 1.58-1.63 (m, 1H), 2.36 (dd, J =
16.8, 3.2 Hz, 1H), 2.88 (s, 6H), 2.94-2.99 (m, 1H), 3.06-3.12 (m, 1H), 3.84 (d, /= 12.4 Hz, 1H),
4.1(d,J=12.4Hz, 1H), 6.48 (d,J=7.6 Hz, 1H), 7.17-7.23 (m, 5H), 7.8 (dd, J= 3.6, 2.0 Hz,
1H), 8.26 (d, J=2.0 Hz, 1H); >C NMR (CDCls, 100 MHz) & 18.2, 19.4, 31.4,32.5, 41.5, 61.4,
65.4,113.1, 123.2, 128.1, 128.5, 129.6, 135.8, 137.9, 138.6, 146.4, 170.6; IR (NaCl) 1703, 1506,

1425, 750 cm™'; ESI-HRMS: m/z caled. for (C20H2N4O,Na)* 377.1948; found 377.1938.

e} Me2N

\ @
N N

‘O@

C21H2gN40,
Mol. Wt.: 368.47

Chiral pyrazolidinone-4-dimethylaminopyridine N-oxide for catalyst 2.8. [a]p * -13.2 (c
0.57, CHCl3). "H NMR (CDCls, 400 MHz) & 0.66 (s, 9H), 2.45 (dd, J=17.2, 5.6 Hz, 1H), 2.92
(s, 6H), 3.01 (dd, J=9.6, 1.6 Hz, 1H), 3.25 (dd, /=17.2, 9.6 Hz, 1H), 3.86 (d, /= 11.6 Hz, 1H),
4.2 (d, J=11.6 Hz, 1H), 6.61 (d, J= 7.2 Hz, 1H), 7.25-7.29 (m, 5H), 7.87 (dd, /= 7.2, 2.0 Hz,

1H), 8.6 (d, J= 2.4 Hz, 1H); '°C NMR (CDCls, 100 MHz) § 25.9, 31.3, 34.7, 41.0, 62.2, 66.8,
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113.8, 123.3, 128.5, 128.6, 130.3, 135.4, 136.4, 137.3, 145.4, 169.1; IR (NaCl) 1704, 1508,

1425, 747 cm™'; ESI-HRMS: m/z caled. for (C21HysN4O,Na)* 391.2104; found 391.2112.

e} Me2N

N
N

\ @/
N
0

Ca5H30N40,
Mol. Wt.: 418.53

©

Chiral pyrazolidinone-4-dimethylaminopyridine N-oxide for catalyst 2.9. [o]p *° -127.3 (c
0.52, CHCl3). 'H NMR (CDCl3, 400 MHz) & 0.45 (s, 9H), 2.46 (dd, J=17.2, 1.2 Hz, 1H), 2.96
(s, 6H), 3.12-3.14 (m, 1H), 3.31 (dd, J=17.2, 10.0 Hz, 1H), 4.2 (d,/J=11.6 Hz, 1H), 4.81 (d, /=
11.6 Hz, 1H), 6.66 (d, J= 7.2 Hz, 1H), 7.35-7.4 (m, 2H), 7.45-7.49 (m, 1H), 7.60-7.64 (m, 1H),
7.78-7.82 (m, 2H), 7.92-7.95 (m, 2H), 8.62 (d, J= 2.4 Hz, 1H); ?C NMR (CDCls, 100 MHz) &
25.7, 31.1, 34.6, 41.3, 59.9, 66.4, 113.9, 123.3, 123.7, 124.9, 126.4, 127.4, 128.9, 129.5, 129.7,
131.2, 132.6, 133.8, 137.3, 137.7, 146.0, 169.7; IR (NaCl) 1703, 1509, 1425, 751 cm™'; ESI-

HRMS: m/z calcd. for (C25H30N402Na)+ 441.2261; found 441.2280.

e} MezN

\ @
N

N
0

CooH32N40,
Mol. Wt.: 468.59

Chiral pyrazolidinone-4-dimethylaminopyridine N-oxide for catalyst 2.10. [a]p > -118.1

(c 0.5, CHCL3). "H NMR (CDCls, 400 MHz) § 0.26 (s, 9H), 2.52 (d, J= 16.8 Hz, 1H), 3.06 (d, J
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= 9.6 Hz, 1H), 3.15 (s, 6H), 3.5 (dd, J= 17.2, 9.6 Hz, 1H), 5.08 (d, /= 12 Hz, 1H), 5.23 (d, /=
12 Hz, 1H), 6.84 (d, J= 7.2 Hz, 1H), 7.51-7.54 (m, 2H), 7.67-7.71 (m, 2H), 8.05 (d, J= 8.4 Hz,
2H), 8.13 (dd, J= 7.2, 2 Hz, 1H), 8.24 (d, J = 8.8 Hz, 2H), 8.52 (s, 1H), 8.8 (d, /= 2 Hz, 1H);
3C NMR (CDCls, 100 MHz) § 25.3, 25.8, 29.7, 31.1, 34.3, 41.2, 52.3, 65.7, 113.6, 122.8, 123.4,
1252, 125.2, 127.2, 129.1, 129.5, 131.2, 131.5, 136.9, 137.7, 146.4, 169.6; IR (NaCl) 1704,

1525, 1384, 735 cm™'; ESI-HRMS: m/z caled. for (C20H3,N40,Na)" 491.2417; found 491.2421.

e) MesN

Cos5H39N40,
Mol. Wt.: 418.53

Chiral pyrazolidinone-4-dimethylaminopyridine N-oxide for catalyst 2.11. [a]p > -0.20 (c
0.53, CHCl3). "H NMR (CDCls, 400 MHz) & 0.66 (s, 9H), 2.45 (dd, J=17.2, 1.6 Hz, 1H), 2.92
(s, 6H), 3.07 (dd, J=9.6, 1.6 Hz, 1H), 3.27 (dd, J=17.2, 9.6 Hz, 1H), 4.03 (d, /= 7.6 Hz, 1H),
4.34 (d, J=12.0 Hz, 1H), 6.54 (d, J= 7.2 Hz, 1H), 7.43-7.47 (m, 3H), 7.66 (s, 1H), 7.76-7.80
(m, 3H), 7.84 (dd, J= 7.2, 2.0 Hz, 1H), 8.65 (d, J= 2.0 Hz, 1H); *C NMR (CDCls, 100 MHz) &
26.0, 31.4,34.7,41.1, 62.5, 66.8, 113.7, 123.3, 126.5, 127.9, 128.0, 128.4, 130.0, 133.0, 133.0,
133.1, 133.2, 136.5, 137.3, 145.5, 169.2; IR (NaCl) 1703, 1508, 1425, 748 cm™'; ESI-HRMS: m/z

calcd. for (C25H30N402Na)+ 441.2261; found 441.2267.
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Scheme 2.16. General Procedure for the Preparation of
Chiral Pyrazolidinone-4-Dimethylamino Pyridine
Catalyst 2.7, 2.8, 2.9, 2.10 and 2.11

Iron powder (10 mmol) and the chiral 4-dimethylamine pyridyl-N-oxide (2 mmol) was
suspended in glacial acetic acid (10 mL) and heated at 85 °C for 8 hours. The reaction mixture
was poured onto the crushed ice, and was neutralized with 6 N sodium hydroxide to basic, the
solution was filtered through Celite, and extracted with dichloromethane three times (50 mL x
3), the combined organic extracts were dried over Na,SO4 and concentrated in vacuo. The

residue was chromatographed on silica gel (methanol / EtOAc =1/ 10) to give the catalyst in 80-

85% yield.

0 Me2N

CooH2sN4O
Mol. Wt.: 338.45

Catalyst 2.7. [o]p 2° -54.3 (¢ 0.65, CHCl3). 'H NMR (CDCls, 400 MHz) § 0.72-0.80 (m,
6H), 1.65-1.72 (m, 1H), 2.36-2.41 (m, 1H), 2.89 (s, 6H), 2.91-3.05 (m, 2H), 3.78 (d, J= 12.8 Hz,
1H), 4.07 (d, J= 12.8 Hz, 1H), 6.41-6.43 (m, 1H), 7.10-7.14 (m, 5H), 8.02 (dd, J= 5.6, 2.8 Hz,

1H), 8.29 (s, 1H); >C NMR (CDCls, 100 MHz) & 18.2, 19.6, 31.0, 32.9, 41.4, 60.9, 66.1, 111.0,
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127.6, 128.2, 129.4, 136.6, 149.1, 151.7, 153.5, 170.8; IR (NaCl) 1698, 1591 cm™; ESI-HRMS:

m/z calcd. for (Con%NA;ONa)+ 361.1999; found 361.2009.

o) MesN

Co1H28N40O
Mol. Wt.: 352.47

Catalyst 2.8. [a]p 2 -4.6 (¢ 0.41, CHCL). '"H NMR (CDCls, 400 MHz) § 0.71 (s, 9H),
2.47 (dd, J=16.8, 2.0 Hz, 1H), 2.93 (s, 6H), 2.99 (dd, J = 9.6, 2.0 Hz, 1H), 3.23 (dd, J= 17.2,
9.6 Hz, 1H), 3.85 (d, J= 12.0 Hz, 1H), 4.24 (d, J= 12.0 Hz, 1H), 6.55 (d, J= 6.0 Hz, 1H), 7.19-
7.23 (m, 5H), 8.08 (d, J= 6.0 Hz, 1H), 8.76 (s, 1H); *C NMR (CDCls, 100 MHz) 5 26.0, 31.8,
34.8, 40.9, 61.9, 67.0, 111.5, 121.5, 128.0, 128.3, 130.0, 136.3, 148.3, 148.8, 152.2, 169.1; IR

(NaCl) 1691, 1191 cm™'; ESI-HRMS: m/z caled. for (C21HasN4ONa)™ 375.2155; found 375.2185.

e} MezN

CosH30N40
Mol. Wt.: 402.53

Catalyst 2.9. [a]p 2 -133.3 (¢ 0.53, CHCL). '"H NMR (CDCls, 400 MHz) & 0.46 (s, 9H),
2.46 (dd, J=17.2, 1.6 Hz, 1H), 3.0 (s, 6H), 3.12 (dd, J= 10.0, 1.6 Hz, 1H), 3.27-3.34 (m, 1H),
4.12 (d, J=11.6 Hz, 1H), 4.89 (d, J= 12.0 Hz, 1H), 6.67 (d, J= 5.6 Hz, 1H), 7.35-7.44 (m, 4H),
7.76-7.84 (m, 3H), 8.20 (d, J= 5.6 Hz, 1H), 8.80 (s, 1H); >°C NMR (CDCls, 100 MHz) & 25.7,
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31.5,34.6,41.3,59.7, 664, 111.7, 121.5, 121.6, 124.3, 124.9, 126.1, 126.6, 128.6, 129.1, 129.4,
132.1, 132.8, 133.8, 148.8, 149.9, 153.0, 169.9; IR (NaCl) 1697, 1591 cm™; ESI-HRMS: m/z

calcd. for (C25H30N40Na)+ 425.2312; found 425.2305.

e) MezN

=

N\
N

N

CooH32N40
Mol. Wt.: 452.59

Catalyst 2.10. [a]p 2> -136.8 (c 0.5, CHCls). "H NMR (CDCls, 400 MHz) & 0.29 (s, 9H),
2.55 (dd, J = 16.8, 1.2 Hz, 1H), 3.09 (d, J = 9.6 Hz, 1H), 3.18 (s, 6H), 3.5 (dd, /= 17.2, 9.6 Hz,
1H), 5.09 (d, J= 12.4 Hz, 1H), 5.23 (d, J = 12 Hz, 1H), 6.85 (d, J= 6 Hz, 1H), 7.48-7.52 (m, 2H),
7.55-7.59 (m, 2H), 8.03 (d, J= 8.4 Hz, 2H), 8.23 (d, J= 8.8 Hz, 2H), 8.33 (d, J = 5.6 Hz, 2H),
8.49 (s, 1H), 8.97 (s, 1H); °C NMR (CDCls, 100 MHz) & 25.4, 31.6, 34.3, 41.3, 51.9, 65.8,
111.7, 121.3, 123.8, 125.0, 126.1, 126.6, 128.7, 129.3, 131.2, 131.5, 169.8; IR (NaCl) 1702,

1590 cm'l; ESI-HRMS: m/z calcd. for (C29H32N40Na)+ 475.2468; found 475.2455.
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Cas5H30N40
Mol. Wt.: 402.53

Catalyst 2.11. [o]p ** -25.2 (¢ 0.52, CHCL3). '"H NMR (CDCls, 400 MHz) & 0.72 (s, 9H),
2.49 (dd, J=17.2, 2.4 Hz, 1H), 2.95 (s, 6H), 3.08 (dd, J = 10, 2.4 Hz, 1H), 3.27 (dd, J=16.8, 9.6
Hz, 1H), 4.04 (d, J= 12.0 Hz, 1H), 4.40 (d, J= 12.0 Hz, 1H), 6.50 (d, J = 5.6 Hz, 1H), 7.38 (dd,
J= 8.4, 1.6 Hz, 1H), 7.44-7.47 (m, 2H), 7.64 (s, 1H), 7.71-7.80 (m, 3H), 8.06 (dd, J = 6.0, 2.0
Hz, 1H), 8.85 (s, 1H); °C NMR (CDCls, 100 MHz) & 26.1, 31.9, 34.8, 41.0, 62.2, 67.1, 111.5,
121.5, 126.3, 126.4, 127.9, 128.0, 128.1, 128.5, 133.1, 133.2, 134.0, 148.2, 148.7, 152.2, 169.2;

IR (NaCl) 1698, 1591 cm™'; ESI-HRMS: m/z caled. for (C2sHaN4O)' 403.2492; found 403.2499.

Chiral pyrazolidinone-4-aminopyridine N-oxides for catalyst 2.12 and 2.13 were prepared

according to the following Scheme 2.17.

or "Bu,NH
\ % _ACCIACOH _ N \ ¥ \ o/
o@ " 100°c \ THF/HZO N "o
K,CO3, 60 °C

R' = pyrrolldlno or
di-n-butyl-amino

Scheme 2.17. General Procedure for the Preparation of Other Chiral Pyrazolidinone-4-
Aminoalkyl Pyridine N-Oxides
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Scheme 2.18. General Procedure for the Preparation
of Chiral Pyrazolidinone-4-Chloro Pyridine N-Oxide

Acetic acid (10 mL) and acetic chloride (50 mmol) were added to 2-(4-nitro-1-oxy-
pyridin-3-yl)-pyrazolidin-3-one (5 mmol) at room temperature. The reaction was heated with
stirring at 100 °C for 2 hours. The reaction mixture was poured onto the crushed ice, and was
basified using 6 M NaOH and extracted with dichloromethane three times (50 mL x 3). The
combined organic extracts were dried over Na,SO4 and concentrated in vacuo. The residue was
purified by flash column chromatography (methanol/ethyl acetate = 1/10) to afford 2-(4-chloro-
1-oxy-pyridin-3-yl)-pyrazolidin-3-one; average yields are 90-97%. [o]p > -28.2 (¢ 0.57, CHCL,).
'H NMR (CDCls, 400 MHz) & 0.85 (s, 9H), 2.49 (d, /= 16.8 Hz, 1H), 3.18 (d, /= 9.6 Hz, 1H),
3.3(dd, J=16.8, 9.6 Hz, 1H), 4.35 (d, /= 12 Hz, 1H), 4.45 (d, /= 12 Hz, 1H), 6.87 (d, /=72
Hz, 1H), 7.23-7.28 (m, 1H), 7.4 (d, J= 7.2 Hz, 1H), 7.46-7.5 (m, 1H), 7.54-7.57 (m, 1H), 7.61-
7.66 (m, 2H), 7.72 (d, J = 8.4 Hz, 1H), 8.06 (d, J= 8.4 Hz, 1H), 8.12 (d, J = 2.0 Hz, 1H); °C
NMR (CDCls, 100 MHz) & 26.0, 31.1, 35.2, 63.2, 69.7, 123.8, 125.0, 126.5, 126.6, 127.3, 127.8,
128.7, 129.7, 129.8, 130.6, 131.9, 133.4, 134.8, 136.9, 137.2, 169.8; IR (NaCl) 1720, 1470,

1265, 753 cm™'; ESI-HRMS: m/z caled. for (C23Ha4CIN3O,Na)™ 432.1449; found 432.1450.

107



R3 0 R3

o ¢« o)
— Vo "Bu,NH — —
N o, N N\ o/ FeacoH N
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0° THF/H,O 0© 80 °C

SO NG & 99

R3 = pyrrolidino or R3 = pyrrolidino or
di-n-butyl-amino di-n-butyl-amino

Scheme 2.19. General Procedure for the Preparation of Catalyst 2.12 and 2.13

To a solution of the 2-(4-chloro-1-oxy-pyridin-3-yl)-pyrazolidin-3-one (2 mmol) in 10
mL THF and 1 mL H,O was added the corresponding amine. After stirring the mixture at 60 °C
for 48 hours, the reaction mixture was cooled to room temperature, and extracted with
dichloromethane three times (50 mL x 3), the combined organic extracts were dried over Na;SO4
and concentrated in vacuo. To the residue was added Iron powder (10 mmol), glacial acetic acid
(10 mL) and heated at 80 °C for 8 hours. The reaction mixture was poured onto crushed ice, and
was basified with 6 N NaOH. The solution was filtered through Celite and extracted with
dichloromethane three times (50 mL x 3). The combined organic extracts were dried over
Na,SO4 and concentrated in vacuo. The residue was chromatographed on silica gel
(methanol/ethyl acetate = 1/10) to give the desired product; the average total yields of two steps

are 70-80%.
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Co7H32N40
Mol. Wt.: 428.57

Catalyst 2.12. [o]p ¥ -193.6 (¢ 0.50, CHCls). 'H NMR (DMSO-d6, 400 MHz) & 0.45 (s,
9H), 1.86-1.89 (m, 4H), 2.31-2.36 (m, 1H), 3.14 (d, J= 10 Hz, 1H), 3.38-3.5 (m, 5H), 4.33 (d, J
=12.4 Hz, 1H), 4.72 (d, J= 12.4 Hz, 1H), 6.58 (d, J = 6.0 Hz, 1H), 7.28-7.32 (m, 1H), 7.37-7.44
(m, 2H), 7.53 (d, J= 6.8 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H), 7.79-7.84 (m, 2H), 8.03 (d, J= 5.6
Hz, 1H), 8.46 (s, 1H); °C NMR (CDCls, 100 MHz) & 25.7, 25.8, 31.8, 34.7, 49.2, 59.8, 66.3,
110.2, 119.0, 124.5, 124.9, 126.1, 126.6, 128.6, 129.1, 129.4, 132.1, 132.8, 133.8, 148.7, 150.0,

170.5; IR (NaCl) 1693, 1592 cm’'; ESI-HRMS: m/z caled. for (CasHasCIN;O,Na)' 432.1449;

found 432.1450.

/
O”BU\N

7
C31H4oN4O
Mol. Wt.: 486.69

"Bu
V/,
N

Catalyst 2.13. [a]p »* -110.7 (¢ 0.50, CHCls). "H NMR (CDCls, 400 MHz) & 0.46 (s, 9H),
0.88 (t, J= 7.2 Hz, 1H), 1.26-1.35 (m, 4H), 1.49-1.63 (m, 4H), 2.48 (dd, J= 16.8, 1.2 Hz, 1H),
3.14-3.25 (m, 3H), 3.32 (dd, J = 16.8, 9.6 Hz, 1H), 3.42-3.49 (m, 2H), 4.13 (d, J= 11.6 Hz, 1H),

4.88 (d, J=11.6 Hz, 1H), 6.82 (d, J= 6 Hz, 1H), 7.39 (d, J = 5.2 Hz, 2H), 7.45-7.47 (m, 2H),
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7.80-7.86 (m, 3H), 8.25 (d, J= 5.6 Hz, 1H), 8.89 (s, 1H); °C NMR (CDCl;, 100 MHz) & 14.2,
20.6, 25.7, 30.0, 31.4, 34.6, 50.6, 60.0, 66.2, 114.0, 123.6, 124.4, 124.9, 126.2, 126.7, 128.6,
129.2,129.5, 132.1, 132.8, 133.8, 148.7, 150.0, 152.4, 169.4; IR (NaCl) 2957, 2932, 1700, 1586,
1498, 1362, 793 cm™'; ESI-HRMS: m/z calcd. for (C3;H43N4ONa)™ 487.3431; found 487.3427.
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CHAPTER 3. KINETIC RESOLUTION OF SECONDARY ALCOHOLS AND AXIALLY
CHIRAL BIARYL COMPOUNDS USING FLUXIONALLY CHIRAL 4-
DIMETHYLAMINO PYRIDINE (DMAP) CATALYSTS

3.1. Introduction

The resolution of racemic substrates to get enantioenriched product or enantioenriched
substrate is a significant process in organic synthesis. Kinetic resolution is a process leading to
the partial or complete separation of enantiomers by the unequal rates of reaction of the
enantiomers with a chiral agent (reagent, catalyst, solvent, etc.), according to the 1996 ITUPAC
definition." It allows the preparation of samples that are enantiomerically pure and this feature is
very attractive to both academic and industrial applications. In a typical catalytic kinetic
resolution, two enantiomers react with different reaction rates with a chiral catalyst in a chemical
reaction, resulting in one of the enantiomers being transformed to the product, and the other
enantiomer is recovered unchanged® (Scheme 3.1). In contrast to chiral resolution, kinetic
resolution does not rely on the different physical properties but rely on the different chemical
properties of racemic substrate. The efficiency of a kinetic resolution is typically evaluated by
selectivity factor (s) or ki = knast / ksiow, the relative rates of reaction, which reflects the free
energy difference of two diastereomeric transition states in the selectivity-determining step of the
catalytic reaction (In some cases, this is also referred to as the E factor). Usually in simple
kinetic resolution experiments, the following equation is used: s = In[1-c(1+eep)]/In[1-c(1-
eepro)] (based on ee of the product) or equation: s = In[(1-c)(1-eesm)]/In[(1-c)(1+eesm)] (based on
ee of the recovered substrate) to calculate the selectivity factor (s), where ¢ is the conversion.
The enantiomeric excess of the substrate and the product in a simple kinetic resolution change as

a function of conversion, so the selectivity factor (s) is generally considered as the evaluation of
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the efficiency of kinetic resolution.” A sufficient rate difference allows the consumption of one
enantiomer and recovery of the other. The maximum theoretical yield in simple kinetic
resolution is 50%. High selectivity factors are necessary to obtain high enantioselectivity for the

product in kinetic resolution.

1 kR
' (R)-Substrate ———» (R)-Product
' (R) fast ( )ma'or regular column (R)-Product
J chromatography
Catalyst* ! >
1 ks ! (S)-Substrate
. (S)-Substrate ———> (S)-Product
‘ slow minor | Recovered

Scheme 3.1. General Scheme for Catalytic Kinetic Resolution

Kinetic resolution exhibits advantages among other preparation methods if the racemate
are not expensive and the catalyst can be recycled; and if the starting material and the product are
easily separated.

The kinetic resolution of racemic substances can be achieved by biocatalysis, metal
catalysis and organocatalysis. Microorganisms, such as lipase, or isolated enzymes catalyze
resolution in an effective way to produce optically pure enantiomers. Thus chiral recognition of
alcohols by enzyme has been widely used in synthesis in the past few years. A large number of
hydrolytic lipases have been successfully used for the kinetic resolution of racemic secondary
alcohols.* However, only very limited number of enzymes are able to resolve racemates and
enzymeric reactions are usually require high standards for their use in organic reactions, for
example, the use of enzymes in organic solvents would decrease their catalytic activities.

Recent advances based on a non-enzymatic kinetic resolution strategy have been
achieved with high efficiency comparable to biocatalysts,” such as the acylation of alcohols or

amines, oxidative kinetic resolution of alcohols, Mitsunobu reactions of alcohols, alcoholysis of

115



racemic carbonyl derivatives, ring opening reactions of epoxides, epoxidation of alkenes,
oxidative transfer hydrogenation, ring closing metathesis, hydrogenation of alkenes and imines,
hydrosilylation or hydroboration strategies, Pd-catalyzed allylic alkylation, 1,4-conjugate
addition. Moreover, important advances in the application of non-enzymatic chiral catalysts for
dynamic kinetic resolution have also been made.

3.2. Kinetic Resolution of Secondary Alcohols

3.2.1. Background

Enantiomerically pure secondary alcohols are very important synthetic building blocks
and key targets in the manufacture of a wide range of chemical products, such as agrochemicals,
pharmaceuticals and fine chemicals.

Consequently, a wide variety of methodologies have been developed for preparing these
synthons in high enantiomeric excess, including asymmetric hydrogenation of prochiral ketones
catalyzed by metal complexes,” enantioselective addition of carbon nucleophiles to aldehydes,”
hydration of alkenes,’ ring opening of epoxides,'® the enzymatic kinetic resolution of racemic
secondary alcohols through acylation,'' and non-enzymatic kinetic resolution.'” In the non-
enzymeric kinetic resolution of secondary alcohols, many research groups have developed
several methods to obtain optically pure alcohols, such as asymmetric nucleophilic acyl transfer
reactions, Sharpless asymmetric epoxidation of allylic alcohols, selective oxidation of alcohols to
ketones, asymmetric hydrogenation of allylic alcohols and Sx2 displacement/Mitsunobu
reactions, efc (Scheme 3.2). Among these methodologies, the kinetic resolution of racemic
alcohols via asymmetric acylation has been widely used to construct various chiral alcohol
skeletons, since the acylation reagents like anhydrides, acyl halides, and carboxylic acids are

commercially available and can react under mild conditions. The challenge of developing easily
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accessible and effective non-enzymatic asymmetric acylation catalysts has attracted many

research groups over the last decade.
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Scheme 3.2. Alcohol Non-Enzymeric Kinetic Resolution Strategies

The mechanism of asymmetric nucleophilic catalyst catalyzed acyl transfer in the kinetic
resolution of secondary alcohols can be considered as a three-step process' (Scheme 3.3). Step
A involves attack of the chiral nucleophilic catalyst on an achiral acylating agent. The resulting
chiral acylium cation intermediate will be further attacked by a racemic mixture of nucleophilic
secondary alcohols (Step B). Two enantiomeric secondary alcohols react with different reaction
rates in a chemical reaction with this chiral acylating intermediate and result in a resolution
process. Both the enantioenriched starting material and enantioenriched acylation product are
formed. The chiral nucleophilic catalyst is regenerated by a stoichiometric amount of achiral
base (Step C). The role of the base is still under investigation and it is generally accepted that the
base neutralizes the acid produced during the reaction to avoid catalyst deactivation by

protonation."*
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A significant number of efficient acyl transfer catalysts has been developed for the
kinetic resolution of racemic secondary alcohols and they can be divided into different groups,
including 4-dialkylamino pyridine derivatives, N-alkylimidazoles, amidines, vicinal diamines,
phosphines and phosphoric acids, N-heterocylic carbenes, etc.
3.2.1.1. 4-Dialkylamino Pyridine Derived Chiral Catalyst

Vedejs and Chen designed the first chiral 4-dimethylamino pyridine (DMAP) catalyst 3.1
with a chiral center incorporated on the 2-position of the pyridine ring. The kinetic resolution of
secondary alcohols required stoichiometric amount of catalyst, excess Lewis acids and bases.
The established principle showed that the closer the chirality center to the active reaction center,
the lesser the activity the catalyst would exhibit."> This study provided a starting point for the
design of chiral DMAP analogues in the application of secondary alcohol resolutions. Shortly

after, Fu and coworkers independently designed and synthesized planar-chiral ferrocenyl DMAP

analogues 3.2 with a chiral plane.'® This type of catalyst realized the effective kinetic resolution
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of variety of alcohols, amines, and diols with low catalyst loading. The incorporation of a
ferrocene skeleton brought two advantages: it can differentiate two mirror planes of DMAP; on
the other hand, the iron would increase the nucleophilicity of pyridine and stabilize the acylium
cation intermediate.'” Additionally, there were no substituents at the cyclopentadiene ring

besides DMAP. The less hindered space at 2-position of DMAP won’t affect the catalytic

activity.
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Figure 3.1. Selective Examples of 4-Dialkylamino Pyridine Chiral
Catalysts for Kinetic Resolution of Alcohols

Fuji and coworkers designed chiral 4-pyrrolidinopyridine derivatives 3.3, which
promotes the kinetic resolution of racemic alcohols with s = 4.7-12.3, through an “induced fit”
mechanism like natural enzymes.'® Campbell’s chiral 4-pyrrolidinopyridine catalyst 3.4 is based
on the proline chirality and is more efficient for the kinetic resolution of monoprotected cis-
cyclohexane-1,2-diol than secondary monoalcohols.” Spivey and cowokers developed the first

axially chiral 4-dialkylamino pyridine type catalyst 3.5, which relied on the high rotation barrier
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of aryl-aryl bond at 3-position of DMAP to form single atropisomer for kinetic resolution by
acylation.”® These catalysts provided moderate to good selectivities for the kinetic resolution of
secondary alcohols. Yamada and coworkers developed a chiral DMAP catalyst possessing chiral
thiazolidine-2-thione.”' This type of catalyst was able to resolve allyl-alkyl, propargyl-alkyl,
alkyl-alkyl alcohols, diols and meso diols with moderate to excellent selectivities. Besides the
catalyst mentioned here, there are still some other chiral 4-dialkylamino pyridine derived
catalysts, which showed high efficiency in the kinetic resolution of secondary alcohols (Figure
3.1).%
3.2.1.2. Amidines

Amidine derivatives became increasingly popular acyl transfer catalysts due to their high
nucleophilicity. Birman and coworkers have developed a number of excellent catalysts for the
kinetic resolution of secondary alcohols. Their first contribution in this area is the design of 3.7,
which was shown to be effective in the kinetic resolution of benzylic secondary alcohols.”® The
transition states are proposed to form smt-;t or cation-r interactions between the pyridinium ring of
the catalyst and the aryl part of the alcohol. The alcohol enantiomer with less steric repulsive
alkyl group orientation was favored. After several structure optimizations, the
homobenzotetramisole (HBTM) core 3.8 seems to be efficient catalysts for the kinetic resolution
of benzylic, cinnamoyl, propargyl and cyclic secondary alcohols.** Fossey and Deng group
combined Birman’s amidine design and Fu’s planar chiral DMAP design principles to synthesize
catalyst 3.9, which exhibited remarkable selectivity control for the resolution of benzylic

alcohols (Figure 3.2).%
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Figure 3.2. Selective Examples of Amidine and Isothiourea Derivatives
for the Kinetic Resolution of Secondary Alcohols

3.2.1.3. N-Alkylimidazoles

Miller and coworkers developed the first small peptide catalysts with nucleophilic N-
alkylimidazole moiety for the kinetic resolution of secondary alcohols.”® Later they developed a
screening assay employing fluorescence and applied this assay to discover a highly selective
octapeptide catalyst 3.10 for the kinetic resolution of aryl-alkyl and also alkyl-alkyl secondary
alcohols.”” Further studies showed that the peptide backbone might serve to recognize and
stabilize the transition state leading to acylated product. The p-methyl histidine and #-trityl

histidine moieties play an important role in the recognition.

s
#—N
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© /\otBu
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3.10

Figure 3.3. Selective Peptide Catalyst for the Kinetic Resolution
of Secondary Alcohols
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3.2.1.4. Vicinal Diamines and Phosphines

Oriyama and coworkers developed di(zer-amine) catalyst 3.11 based on chiral proline.
3.11 was proved to be highly selective in the kinetic resolution of racemic secondary alcohols.?®
Vedejs and coworkers first applied chiral phosphines in the kinetic resolutions. After catalyst
structure exploration, the bicyclic phosphine catalysts 3.12 showed the best performance in the
resolution of aryl-alkyl, aryl-aryl secondary alcohols.*® Furthermore, phosphine catalyst 3.12 was
also found efficient for the kinetic resolution of allylic alcohols and desymmetrizations. The mt-nt

interactions between catalysts and substrates may play a role in the resolution process.

CHj,
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Figure 3.4. Selective Examples of Chiral
Vicinal Diamine and Phosphine

3.2.1.5. N-Heterocyclic Carbenes

Suzuki group published the first example of N-heterocyclic carbene catalyzed acylative
kinetic resolution of racemic secondary aryl-alkyl alcohols with moderate selectivities.”® Later,
Maruoka and coworkers found that in the presence of 3.13a or 3.13b (Scheme 3.4), vinyl
diphenylacetate can be used as the acyl transfer agent to resolve aryl-alkyl and allyl-alkyl
alcohols and increased the selectivities significantly.’’ The carbene is formed in situ after
deprotonation of their precursor salts using strong base like ‘BuOK. Compared to the acylation of
secondary alcohols catalyzed by nucleophilic catalyst with acid chloride or acid anhydrides,

these two examples proceeded via transesterification process.
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Scheme 3.4. Proposed Chiral Carbene Activation Process

Another way of asymmetric esterification of alcohols is employing chiral acyl azolium
species generated from aldehydes catalyzed by oxidative N-heterocyclic carbene catalysis.** This
strategy was initiated by the nucleophilic addition of chiral carbene to aldehyde to generate
tetrahedral intermediate, followed by the oxidation to provide a chiral acylazolium ion and
subsequent stereoselective acylation of the racemic alcohol (Scheme 3.5). Studer and coworkers
reported the first case of NHC-catalyzed oxidative kinetic resolution of secondary alcohols and

moderate to good selectivities were obtained using catalyst 3.14.%
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Scheme 3.5. Generation of Acylazolium Ions by NHC
Catalyzed Oxidative Esterification
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3.2.1.6. Chiral Phosphoric Acids and Thiourea Derivatives

Takasu and coworkers demonstrated the conventional method for kinetic resolution of
secondary alcohols using chiral phosphoric acids.** Compared to the nucleophilic catalysts that
generates chiral acylating reagents in sifu, Brensted acid can activate the acylating agent by
hydrogen bonding. The binaphthyl-based phosphoric acid 3.15 with two nitro groups at the 6,6’-
positions was found to promote the resolution of cis-2-arylcycloalkanol with high selectivities.
Reaction procedure was simple and no additives were required. The geometry of proposed
transition state was calculated and suggested the phosphonic acid played a bifunctional role
involving selective coordination of one alcohol enantiomer and protonation of acyl agent®

(Figure 3.5).
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Figure 3.5. Proposed Transition State
for the Kinetic Resolution of Secondary
Alcohols by Phosphonic Acid
The selective functionalization of a variety of hydroxyl groups in different molecules is

an essential problem for molecular constructions. Besides the catalysts discussed above, others

have also served as a tool for the kinetic resolution of a variety types of alcohols and provide a
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catalyst library. The development of new selective catalysts for different hydroxyl groups’
transformation is still an important task for the synthetic organic community.
3.2.2. Results and Discussion

The kinetic resolution of racemic secondary alcohols has always served as the primary
testing reactions at the beginning of novel chiral dialkylamino pyridine development. Herein the
synthesis of novel fluxionally chiral DMAP catalysts and their application in the acylative
kinetic resolution of sec-alcohols is presented. In our design, we surmised that a fluxional group
in the newly designed DMAP catalyst would be effective in relaying stereochemical information
from the fixed chiral center to the catalytic center of pyridine ring, therefore the stereochemistry
outcome could be controlled.
3.2.2.1. Solvent Effects on the Kinetic Resolution of Secondary Alcohols

We initiated the evaluation of the kinetic resolution of sec-alcohols using 1-(2-naphthyl)
ethanol rac-3.16a as a test substrate and isobutyric anhydride as acylation reagent (Table 3.1).
Five different solvents were tested. Using THF as the solvent, we were pleased to see a
selectivity factor of 9 (entry 1). Diethyl ether gave the best result among all the solvents tested
(entry 2). Toluene as the solvent gave similar result as diethyl ether (entry 3). Interestingly, using
more polar solvents, such as acetonitrile and dichloromethane, decreased selectivity factors were

observed (entries 4 and 5). Diethyl ether was selected for further screening.
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Table 3.1. Solvent Effects for the Kinetic Resolution of Secondary Alcohols

I
OO OH QJ\R
rac-3.16a (10 mol%) -
* ashrt *
0O o ’

RJ\OJ\R 3.16a 3.16b

entry R Solvents Conv.(%) s factorla-c]
1 i-Pr THF 57 9
2 i-Pr Et,0 59 12
3 i-Pr PhMe 59 11
4 i-Pr CHACN 57 4
5 i-Pr CH,Cl, 55 6

4 Conditions: racemic alcohol (1 equiv.) and anhydride (0.6 equiv.) in the presence of a
chiral DMAP catalyst, solvent (2 ml), rt, 48h; ® Conversions and selective factors were
calculated by the method of Kagan and Fiaud: Conv. = €€;icoho1 / (€€product T €€alcohol)- §
factor = In[1-conv(1+eeqg,,)] / In[1-conv(1-eeqg,)]. € Determined by HPLC analysis.

3.2.2.2. Novel 4-Dialkylamino Pyridine Catalysts and Temperature Evaluation

Six different chiral DMAP catalysts were synthesized and evaluated in the kinetic

resolution of secondary alcohols (Figure 3.6). Using 10 mol% catalyst loading and Et;O as

solvent, the catalyst evaluation results are shown in table 3.2. Catalyst 3.17 bearing an i-propyl

chiral group at the C-5 position and a benzyl fluxional group gave low selectivity for the

resolution (s = 4, Table 3.2, entry 1). The selectivity factor (s) was largely influenced by the

chiral substituent; replacement of the i-propyl group in 3.17 by the more sterically demanding ¢-

butyl group (3.18) raised the s factor from 4 to 15 (entry 2). Increasing the size of the relay group

from benzyl to 1-naphthylmethyl (3.19) gave the best result: s = 23 (entry 3). However, installing
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an even larger 9-methylanthracenyl fluxional group (3.20) reduced selectivity compared to 3.19
(s = 14, entry 4). The dialkylamino group on the pyridine unit of the catalyst was also
investigated and found to impact selectivity: 3.19 bearing a dimethylamino group gave higher
selectivity (s = 23) than 3.20 (s = 11) or 3.21 (s = 9) with pyrrolidine or di-n-butylamino
substituents respectively (Table 3.2, compare entry 3 with entries 5-6). Results of catalyst
screening thus demonstrate that 3.19 is the best catalyst for the kinetic resolution of rac-3.16a.
These results suggested that the size of the fluxional substituent, C-5 substituent as well as amino
substituents on the pyridine ring could work together to affect the stereochemical outcome due to
steric effects or electronic effects. R, R? and R® can be tuned to obtain the optimal enantiomeric

control. Catalyst 3.19 was selected for the following evaluations.

(0] R3
N \ o
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3.17 R' = i-Pr, R? = phenyl, R3 = dimethylamino

3.18 R' = t-Bu, R? = phenyl, R3 = dimethylamino

3.19 R' = t-Bu, R? = 1-naphthyl, R3 = dimethylamino
3.20 R = t-Bu, R? = 9-anthracenyl, R? = dimethylamino
3.21 R' = t-Bu, R? = 1-naphthyl, R® = pyrrolidine

3.22 R'" = t-Bu, R? = 1-naphthyl, R3 = di-n-butylamino

Figure 3.6. Fluxionally Chiral DMAP Catalysts

The effect of temperature was also investigated (Table 3.2). Using the optimal catalyst
3.19, the inverse relationship was observed between the temperature and selectivity factor. When
the temperature decreased, the selectivity factor increased correspondingly. At room temperature,
kinetic resolution gave s factor = 12 (entry 7). Lowering the temperature to 0 °C, there was a

remarkable increase of s factor compared to room temperature (entry 3). Lowering the

127



temperature from 0 °C (s = 23) to -10 °C (s = 24) showed limited improvement (entry 3 and
entry 8). But when the reaction was carried out at -50 °C, the s factor increased dramatically to
37 (entry 9). Notably, in this case, addition of a base, such as 2,6-di-tert-butylpyridine, was
detrimental to the selectivity (s = 22, entry 10).

Table 3.2. Catalyst and Temperature Screening

O RS
N /
1 N \ N ]
rac-3.16a (10 mol%)
* ash *
O O
%OJ\( 3.16a 3.16b

entry Cat. Temp.(°C) Conv.(%) s factorl@-c]

1 3.17 0 53 4

2 3.18 0 54 15
3 3.19 0 56 23
4 3.20 0 49 14
5 3.21 0 52 11
6 3.22 0 51 9

7 3.19 rt 59 12
8 3.19 -10 57 24
9 3.19 -50 47 37
10l 3.19 -50 47 22

4Conditions: racemic alcohol (1 equiv.) and anhydride (0.6 equiv.) in the presence of
chiral catalysts, Et,O (2 ml), 48h; see table 3.1 notes; %2,6-di-tert-butyl pyridine (0.6
equiv.) was added.

3.2.2.3. Evaluation of Different Anhydrides
Our screening of anhydrides revealed that isobutyric anhydride was optimal, affording

higher selectivity factor than other anhydrides (Table 3.3, entry 2). Small anhydride acetic
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anhydride showed similar selectivity as larger anhydride, like diphenylacetic anhydride (entry 1
and entry 3). Surprisingly, the use of 2-naphthyl substituted anhydride showed dramatically
lower selectivity (entry 4).

Table 3.3. Evaluation of Different Anhydrides

OH

i
oH QJLR
rac-3.16a 3.19 (10 mol%)
+ > +
o O

RJ\OJ\R 3.16a 3.16b

entry R Conv.(%) s factorla-cl
1 CH, 51 14
2 i-Pr 56 23
3 Ph,CH 33 15
4 2-Naphthyl 4 2

@ Conditions: racemic alcohol (1 equiv.) and anhydride (0.6 equiv.)
in the presence of catalyst 3.19, Et,O (2 ml), 0 °C, 48h; b.c see table
3.1 notes.

3.2.2.4. Substrate Scope for the Kinetic Resolution of Secondary Alcohols

On the basis of these investigations, we conducted the kinetic resolution of various
racemic secondary alcohols with isobutyric anhydride (0.6 equiv.) and 3.19 (10 mol %) at -50 °C,
and the results are summarized in Scheme 3.6.

The 2-naphthyl (rac-3.16a) and propargylic (rac-3.27a) alcohols could be efficiently
resolved within 48 h with s factor = 17-37. In contrast, resolution of 1-naphthyl based alcohol,
rac-3.23a, gave lower selectivity (s = 6). The steric bulk of the alkyl group on secondary alcohols
3.24a-3.26a had a significant impact on selectivity factors. More bulky #-butyl (rac-3.25a, s = 10)
and ethyl groups (rac-3.26a, s = 12) displayed higher selectivity factors than methyl substituted

benzyl alcohol (rac-3.24a, s = 6).
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@

OH YJ\ )H/ (10 mol%) )H/
+ (@] _ENO
RAr)\ Ralkyl 50°C, B0 RAr RA”‘V' Rar” > Raikyl

rac-a a b
OH HO
o o
rac-3.16a rac-3.23a rac-3.24a
ester: 88%ee, alcohol: 77%ee  ester: 61%ee, alcohol: 44%ee ester: 55%ee, alcohol: 61%ee
48h, 47% conv., s factor: 37 48h, 42% conv., s factor: 6 5d, 53% conv., s factor: 6
OH OH
(YK oy o
rac-3.25a rac-3.26a rac-3.27a

ester: 70%ee, alcohol: 57%ee  ester: 71%ee, alcohol: 67%ee ester: 78%ee, alcohol: 73%ee
7d, 45% conv., s factor: 10 7d, 49% conv., s factor: 12 48h, 48% conv., s factor: 17

@ Conditions: racemic alcohol (1 equiv.) and anhydride (0.6 equiv.) in the presence of chiral
catalyst 3.19, Et,O (2 ml), -50 °C; b.¢ see table 3.1 notes.

a,b,c

Scheme 3.6. Substrate Scope for the Kinetic Resolution of Secondary Alcohols

3.2.3. Conclusion

In conclusion, we have developed an efficient non-enzymatic acylative kinetic resolution

of racemic secondary alcohols with novel fluxionally chiral 4-dialkylamino pyridine catalysts. A

number of secondary alcohols were resolved with moderate to good selectivities (s factor up to

37), which are comparable to other chiral pyridine catalysts in the kinetic resolution of secondary

alcohols. The a-methyl-2-naphthalenemethanol was resolved with the best result. The suitable
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substrates in this study are limited currently. Additionally, this study defined a new benchmark
for the application of fluxional chirality in chiral catalyst design.
3.2.4. Experimental
3.2.4.1. General

All solvents were dried and degassed by standard methods and stored under nitrogen.
Flash chromatography was performed using EM Science silica gel 60 (230-400 mesh) or on an
ISCO Combiflash. 'H NMR spectra were recorded on Varian Unity/Inova-400 NB (400 MHz)
spectrometer or Bruker Ascend™ 400 (400 MHz for 'H) spectrometer. °C NMR spectra were
recorded on Varian Unity/Inova-400 NB (100 MHz) spectrometer or Bruker Ascend™ 400 (100
MHz for "*C) spectrometer. HPLC analyses were carried out with Waters 515 HPLC pumps and
a 2487 dual wavelength absorbance detector connected to a PC with Empower workstation. High
resolution mass spectra were obtained at a Bruker Daltonics BioTOF HRMS spectrometer.
Racemic secondary alcohols are purchased from Sigma-Aldrich.
3.2.4.2. General Procedure for the Kinetic Resolution of Racemic sec-Alcohols

To a solution of racemic alcohol (0.1 mmol) and catalyst (0.01 mmol) in 2 mL Et,O was
added isobutyric anhydride (0.06 mmol) at -50 °C. After stirring for indicated time in Table 2,
the reaction mixture was purified by column chromatography (hexane/ethyl acetate = 9/1) to
afford alcohol and the corresponding ester. The optical purity of the alcohol was determined by
HPLC, the conversion was determined using chiral HPLC, where conversion (%)= €€aicohol /
(€alcohol T €€ester), the s factor = In[1-conv(1+eeester)] / In[1- conv(1-e€egter)].
3.2.4.3. Characterization of Recovered Substrates and Products

Rac-3.16a, rac-3.23a, rac-3.24a, rac-3.25a, rac-3.26a and rac-3.27a were purchased

from Sigma-Aldrich®. The absolute configuration of the recovered alcohol 3.16a, 3.23a, 3.24a,
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3.25a and 3.26a was assigned to be S by comparison with the known literature retention time on
the same column which establishes that the major enantiomer is the S isomer.*® 3.26a was

assigned by comparison with the known literature retention time.’

OH

C12H4120
Mol. Wt.: 172.22

3.16a (77% ee) HPLC analysis: HPLC (UV 254 nm, Chiralpak OJ-H, i-PrOH/Hexane =

5/95, 1 mL/min), t; (major)= 28.2 min, t, (minor)= 38.3 min.

C16H1802
Mol. Wt.: 242.31

3.16b (88% ee) HPLC analysis: HPLC (UV 254 nm, Chiralpak OJ-H, i-PrOH/Hexane =
4/96, 1 mL/min), t; (major) = 8.5 min, t, (minor) = 11.7 min. "H NMR (CDCls, 400 MHz) & 1.19
(d, J=7.2 Hz, 3H), 1.22 (d, J= 7.2 Hz, 3H), 1.62 (d, J= 6.8 Hz, 3H), 2.58-2.65 (m, 1H), 6.05-
6.1 (m, 1H), 7.47-7.51 (m, 3H), 7.82-7.86 (m, 4H); °C NMR (CDCls;, 100 MHz) & 19.2, 22.5,

34.4,72.3,124.3,125.1, 126.2, 126.4, 127.9, 128.3, 128.6, 133.2, 133.5, 139.5, 176.5.
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C12H120
Mol. Wt.: 172.22

3.23a (44% ee) HPLC analysis: HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane =

4/96, 1 mL/min), t; (major)= 18.8 min, t; (minor)= 30.2 min.

C16H1802
Mol. Wt.: 242.31

3.23b (61% ee). The ester obtained was hydrolyzed by heating to reflux in 5%
NaOH/MeOH (2 mL) for 20 min and passed through a short flash silica column and eluted with
ethyl acetate. The enantiomeric excess for the alcohol obtained by ester (3.23b) saponification
was established by HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 1.0 mL/min),
t; (minor) = 18.5 min, t, (major) = 29.1 min. '"H NMR (CDCls;, 400 MHz) & 1.18 (d, J= 7.2 Hz,
3H), 1.22 (d, J= 7.2 Hz, 3H), 1.7 (d, J = 6.8 Hz, 3H), 2.59-2.66 (m, 1H), 6.63-6.68 (m, 1H),
7.45-7.55 (m, 3H), 7.61 (d, J= 7.2 Hz, 1H), 7.78-7.88 (m, 2H), 8.09 (d, J = 8 Hz, 1H); °C NMR
(CDCl3, 100 MHz) 6 19.2, 21.9, 34.5, 69.4, 123.3, 123.5, 125.6, 125.9, 126.4, 128.6, 129.1,

130.5, 134.1, 137.9, 176.5.
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C8H1oo
Mol. Wt.: 122.16

3.24a (61% ee) HPLC analysis: HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane =

1/99, 1 mL/min), t; (minor)= 23.0 min, t, (major)= 31.4 min.

S

C12H1602
Mol. Wt.: 192.25

3.24b (55% ee) The ester obtained was hydrolyzed by heating to reflux in 5%
NaOH/MeOH (2 mL) for 20 min and passed through a short flash silica column and eluted with
EtOAc. The enantiomeric excess for the alcohol obtained by ester (3.24b) saponification was
established by HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane = 1/99, 1.0 mL/min), t;
(major) = 23.6 min, t, (minor) = 34.6 min. '"H NMR (CDCls;, 400 MHz) & 1.15 (d, J = 6.8 Hz,
3H), 1.18 (d, J= 6.8 Hz, 3H), 1.52 (d, /= 6.8 Hz, 3H), 2.53-2.6 (m, 1H), 5.85-5.9 (m, 1H), 7.24-
7.35 (m, 5H); °C NMR (CDCls, 100 MHz) & 19.1, 22.5, 34.4, 72.1, 126.1, 127.9, 128.7, 142.2,

176.5.

S OH

C41H460
Mol. Wt.: 164.24
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3.25a (57% ee) HPLC analysis: HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane =

3/97, 0.5 mL/min), t; (major)= 19.0 min, t; (minor)= 24.5 min.

o

C15H2202
Mol. Wt.: 234.33

3.25b (70% ee). The ester obtained was hydrolyzed by heating to reflux in 5%
NaOH/MeOH (2 mL) for 20 min and passed through a short flash silica column and eluted with
EtOAc. The enantiomeric excess for the alcohol obtained by ester (3.25b) saponification was
established by HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane = 3/97, 0.5 mL/min), t;
(minor) = 19.1 min, t, (major) = 24.1 min. "H NMR (CDCl;, 400 MHz) & 0.92 (s, 9H), 1.17 (d, J
= 6.8 Hz, 3H), 1.19 (d, J= 7.2 Hz, 3H), 2.56-2.63 (m, 1H), 5.46 (s, 1H), 7.23-7.28 (m, 5H); °C
NMR (CDCl;, 100 MHz) & 19.1, 19.2, 26.3, 34.0, 34.6, 35.4, 82.6, 127.6, 127.8, 127.9, 138.8,

176.0.

ZbH

C9H120
Mol. Wt.: 136.19

3.26a (67% ee) HPLC analysis: HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane =

2/98, 0.5 mL/min), t; (minor)= 28.8 min, t, (major)= 36.5 min.
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oy

C13H1802
Mol. Wt.: 206.28

3.26b (71% ee). The ester obtained was hydrolyzed by heating to reflux in 5%
NaOH/MeOH (2 mL) for 20 min and passed through a short flash silica column eluted with
EtOAc. The enantiomeric excess for the alcohol obtained by ester (3.26b) saponification was
established by HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane = 2/98, 0.5 mL/min), t;
(major) = 28.5 min, t, (minor) = 36.1 min. '"H NMR (CDCls, 400 MHz) & 0.88 (d, J= 7.2 Hz,
3H), 1.14 (d, J= 6.8 Hz, 3H), 1.18 (d, J = 6.8 Hz, 3H), 1.76-1.94 (m, 2H), 2.54-2.60 (m, 1H),
5.64-5.67 (m, 1H), 7.24-7.34 (m, 5H); °C NMR (CDCls, 100 MHz) & 10.1, 19.1, 19.2, 29.7,

34.4,77.1,126.6, 127.9, 128.5, 141.1, 176.5.

X _OH

C10H100
Mol.Wt.: 146.19

3.27a (73% ee) HPLC analysis: HPLC (UV 254 nm, Chiralpak OD-H, i-PrOH/Hexane =

3/97, 1 mL/min), t; (minor)= 15.9 min, t, (major)= 53.9 min.
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A o%

O

C14H1602
Mol. Wt.: 216.28

3.27b (78% ee). The ester obtained was hydrolyzed by heating to reflux in 5%
NaOH/MeOH (2 ml) for 20 min and passed through a short flash silica column and eluted with
EtOAc. The enantiomeric excess for the unreacted alcohol (S)-6a and the alcohol obtained by
ester (6b) saponification was established by HPLC (UV 254 nm, Chiralpak OD-H, i-
PrOH/Hexane = 3/97, 1.0 mL/min), t, (major) = 15.4 min, t, (minor) = 53.2 min. '"H NMR
(CDCls, 400 MHz) 6 1.17-1.19 (m, 6H), 1.55 (d, J = 6.8 Hz, 3H), 2.53-2.60 (m, 1H), 5.66-5.71
(m, 1H), 7.24-7.30 (m, 3H), 7.41-7.43 (m, 2H); *C NMR (CDCls;, 100 MHz) & 19.0, 19.1, 21.7,
34.2,60.7, 84.6, 87.8, 122.6, 128.4, 128.7, 132.0, 176.2.

3.3. Kinetic Resolution of Axially Chiral Biaryls
3.3.1. Background

In principle, the two conformers of biaryl scaffolds can interconvert thermally through a
single bond. Atropisomerism refers to stereoisomerism resulting from hindered rotation around a
single bond where the energy barrier to rotation is high enough to allow for the isolation of the
conformers™® thus for those with a half-life of interconversion of ~1000s or longer, analytical

separation is possible (Figure 3.7).”
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Figure 3.7. Selected Examples of Axially Chiral Molecules in Natural Products,
Catalysts and Ligands
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The importance of atropisomers arises to a significant degree from their stability as they
can display axial chirality. This form of chirality most frequently occurs in biaryls and
nonbiaryls. Ryoji Noyori was co-awarded the Nobel Prize in Chemistry, in part for his work with
highly selective catalysts derived from the axially chiral 2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl (BINAP) ligand.*® Chiral biaryl skeletons are prolific among useful organic
molecules. The unique structures and special biological activities make the investigation of
axially chiral natural biaryls highly attractive.' Axially chiral molecules also process excellent
chiral control elements and serve as a privileged scaffold for chiral auxiliaries, ligands, and
catalysts in asymmetric synthesis.* C,-symmetric dihydroxy biaryl derivatives have been
extensively applied in a variety of enantioselective processes.*

Owing to the importance of axially chiral biaryl compounds, a variety of synthetic
approaches to this structural motif have been developed. These can be divided into three major
categories.** They are: (1) stereoselective biaryl coupling of two aryl counterparts, (2) kinetic
resolution/desymmetrization of prostereogenic biaryls and (3) aryl axis formation from non-aryl
substituents attached to an aromatic ring.

The first example of kinetic resolution of 2,2’-dihydroxy-1,1’-binaphthyl via a microbial
asymmetric hydrolysis of diester of dihydroxy binaphthyl was reported by Ikekawa group in
1985.* Two years later, Miyano and coworkers reported that a commercial porcine pancreatic
lipase (PPL) could be utilized as an atropselective hydrolysis reagent for 2,2’-dihydroxy-1,1’-
binaphthyl based valeric acid diester 3.28.* The reaction was carried out by vigorously stirring
an emulsion of rac-3.28 in EtOH/hexane/0.1M phosphate buffer with PPL. When the reaction

was terminated at 46% conversion, (5)-3.29 was obtained with 95 %ee (Scheme 3.7).
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I I OCOR PPL OO OH

> (R)-3.28 +

OCOR H,O/EtOH/hexane _ OH
99 9¢

rac-3.28 (S)-3.29
R = "C4Hq 95% ee
46% conv.

Scheme 3.7. Enzymatic Hydrolysis of Racemic 1,1’-Binaphthyl-2,2’-Diester

Later, Aoyagi group and Seki group developed an enzymatic kinetic resolution of biaryl
compounds by introducing variety of microorganisms and high enantiomeric excess was
obtained in most cases.’’ Although the enzymatic kinetic resolution strategy is a widely used
method, this strategy can suffer from drawbacks such as high cost, stability of the catalyst, less
solvent choices, and narrow substrate scope. The non-enzymetic kinetic resolution was much
more attractive for the kinetic resolution of biaryls.

Palladium catalyzed kinetic resolution of 2,2’-dihydroxy-1,1’-biaryls by atropselective
alcoholysis of their vinyl ethers was reported by Tsuji, Tokunaga and coworkers (Table 3.4).**
The ligand derived from (R,R)-1,2-cyclohexanediamine 3.31 showed higher selectivity than
other diamine ligands. In addition, the effect of the relative bulkiness of the acyl group on
BINOL was examined. The nonacylated compound 3.30a showed almost no selectivity. The
selectivity factor increased from 3.30b < 3.30c < 3.30d < 3.30e with larger substituents on
BINOL. The scope of this reaction system was applicable to different types of substrates,
including 1,1°-bi-phenols as well as 1,1’-bi-2-naphthols, giving moderate to high selectivity (s

factor = 12.1-35.8).
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Table 3.4. Atropselective Alcoholysis Kinetic Resolution of
2,2’-Dihydroxy-1,1’-Biaryls Catalyzed by Palladium Catalyst

5 mol% Pd(OAc),
OO 10 mol% (R,R)-3.31 OO
o OH

10 eq MeOH
o e . (R)-3.30 +

O ‘ OR CH,ClI,, 20 °C

rac-3.30 Q (S)-3.32
O

R' = 2,3,4,5-Ph,CeH

(R,R)-3.31
Entry BINOL R % conv. % ee % ee s factor
(rac) (R)-3.30  (5)-3.32
1 3.30a H 43 4 6 1.1
2 3.30b COCH; 49 54 57 6.1
3 3.30c CO("C¢H3) 44 61 77 143
4 3.30d CO('Bu) 58 96 69 20.3
5 3.30e CO(1-adamantyl) 56 96 77 28.7

Axially chiral amino compounds have found many applications in the synthesis of chiral
ligands, catalysts, and biologically active compounds. An efficient approach towards the kinetic
resolution of axially chiral 2-amino-1,1’-biaryls by a phase-transfer-catalyzed N-allylation

method was developed by Maruoka and coworkers in 2013 (Scheme 3.8).%
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110 |
R (S,5)-3.34 (2 mol%) R s
NHSOPh 509, aq KOH NSOzPh
3 > (R)-3.33 + 3
= R o ( R
5 | toluene, 0°C 73
R2T_ R2E_ |
rac-3.33 (S)-3.35

g

F3C CF
AI‘ 3 3
SONA04N O @
¥ NHSO,Ph
N OMe
99 O JO e, L
(S,5)-3.34 O (R)-3.33a 93 %ee

(S)-3.35a 81 %ee
l NHSO,Ph MeO
= OMe
N

s =32

NHSO,Ph
OMe

NHSO,Ph

OMe NMe,

Hagel

‘ NHSO,Ph

(R)-3.33b 74 %ee (R)-3.33c 94 %ee (R)-3.33d 37 %ee (R)-3.33e 67 %ee
(S) -3.35b 62 %ee ( ) 5¢c 85 %ee (S)-3.35d 60 %ee ( )-3.35e 86 %ee
s=9.2 3 s=57 =32

Scheme 3.8. Kinetic Resolution of Axially Chiral 2-Amino-1,1’-Biaryls by a
Phase-Transfer-Catalyzed N-Allylation

They proposed that a phase-transfer catalyst might directly interact with axially chiral
amino compounds by the formation of an ion pair, which may facilitate the efficient chiral
recognition of the amino compound. The asymmetric alkylation was catalyzed by a binaphthyl-
modified chiral quaternary ammonium salt (S,5)-3.34. The reaction conditions could tolerate
substrates containing binaphthyl or biphenyl structures. 2-Amino-1,1’-biaryls possessing other
functional groups were also tolerated in this kinetic resolution. Good to high selectivities were
achieved in this process.

Tan, Liu, Tian and coworkers developed the kinetic resolution of axially chiral 1,1°-
binaphthyl-2,2’-diamine (BINAM) with high selectivity factors.® This work used a chiral
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Brensted acid-catalyzed imine formation and transfer hydrogenation cascade process (Scheme
3.9). They found that the installation of a bulky group in one of the amines of racemic BINAM
could increase the rotation energy barrier and provide steric interaction to improve
enantioselectivity. The reaction was performed between racemic BINAM 3.36 and aryl aldehyde,
using chiral phosphoric acid 3.37 as the Brensted acid catalyst and Hantzsch ester 3.38 as a
hydride source in ethyl acetate at room temperature. Screening of functional groups on the
aldehydes showed that 2-naphthaldehyde gave the best result in terms of stereoselectivity for
both the product and recovered starting material, suggesting that an aromatic stacking interaction
during the transfer hydrogenation step. This reaction also showed excellent compatibility with
different types of protecting groups. Furthermore, the reaction also tolerated functional groups at
the 6-position or 6,6’-positions of BINAM skeleton of the substrates, such as rac-3.36d, rac-
3.36e, etc. The substrates with silicon-based functional groups also showed excellent s factor
(rac-3.36f). Further study demonstrated that the first imine formation step might not be the stereo
determining step in the resolution, but the cooperation of Hantzsch ester and phosphoric acid for

the transfer hydrogenation might play a role in the kinetic resolution process.
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3.38 (0.7 eq.)
> (R)3.36 +
OO NH, EtOAc, rt OO NH
. . W,
rac-3.36
(S)-3.39
allylo,C COallyl
XL
N
H
3.38
CF3
1
OO N/§
NH
e N
(R)-3.36a, 98% ee R)-3.36b, 96% ee ) -3.36¢, 92% ee
(S)-3.39a, 97% ee (S) -3.39b, 92% ee ( )-3.39¢, 44% ee
s =303 s =94 =8
R2 9
Ly
HO R2=R3®=Br R2=H;R3=Br  R2=H;R3=TMS
(R)-3.36d, 90% ee (R)-3.36e, 90% ee (R)-3.36f, 96% ee
OO NH; (S)-3.39d, 85% ee (S)-3.39, 98% ee (S)-3.39f, 93% ee
R3 s =38 s =307 s =108

Scheme 3.9. Kinetic Resolution of BINAM by Chiral Brensted Acids

A N-heterocylic carbene (NHC)-catalyzed atroposelective kinetic resolution of 1,1°-

biaryl-2,2’-diols (BINOL) and protected 2-amino-2’-hydroxy-1,1’-binaphthyls (NOBIN) was

reported by Zhao and coworkers (Scheme 3.10).°" The selectivity in the resolution was largely

influenced by the aldehyde substituent, which is incorporated into the chiral acyl azolium

intermediate and has a significant effect on the enantioselectivity of the process.
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C (\ O
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& S
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(S)-3.43a 82% ee (S)-3.43b 77% ee (S) -3.43c 81% ee
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¢ =56%,s=40 c=57%,s=34 € =62%, s =22 c=52%,s =116

Scheme 3.10. N-Heterocyclic Carbene Catalyzed Kinetic Resolution of Axially
Chiral Biaryls

After screening many different aldehydes, a a-aryloxy aldehyde showed the best result.

The scope of this catalytic system is very broad. Various binaphthyl and biphenyl diols with

different substitution patterns were tested and all substrates were recovered in >99 %ee. For the

different binaphthyl diols such as rac-3.40a, rac-3.40b, rac-3.40c, rac-3.40d, etc,

substitution pattern did not have a significant impact on selectivities. Substrates rac-3.40f

containing a biphenyl showed relatively lower selectivity. Remarkably, the widely used ligand
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VANOL rac-3.40g with phenyl substituent was resolved with an excellent selectivity of 116. It
was also discovered that the kinetic resolution of acyl- or Boc-protected NOBIN worked well
with s factor = 34 (rac-3.40e). Further study found that an intramolecular H-bond interaction
between the two phenols (or with aniline) of the substrate presumably increases the
nucleophilicity of the substrate and/or help to organize the substrate conformation leading to
better enantioselectivity.

Spivey and coworkers developed the first organocatalytic kinetic resolution of the
atropisomeric anilines (Scheme 3.11).>* In this work, the chiral pyridine-based nucleophilic
catalyst was used to selectively N-acylate one isomer of NOBIN derivative rac-3.44. Attempted
N-acylative kinetic resolution of atropisomeric aniline rac-3.44 was achieved with a selectivity
factor of 4.4+1 at 31.4% conversion using just 1 mol% of catalyst 3.45. This is the only example
of chiral DMAP catalyzed acylative kinetic resolution of 1,1’-binaphthyl derivatives proceeding

with modest selectivities.

1) cat. 3.45 (1 mol%) ')
O (‘PrC0O),0, EtN'Pr, O
NHz  CH,Cl, -50°C N
OMe 2 _~_-NH; OMe
0

rac-3.44 3.46
conv. = 31.4%

‘ \ $=4.4%1.0
N

cat. 3.45

Scheme 3.11. Kinetic Resolution of Atropisomeric Aniline using Axially
Chiral 4-Dialkylamino Pyridine Derivatives
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3.3.2. Results and Discussion

Encouraged by the previous results of kinetic resolution of sec-alcohols catalyzed by
fluxionally chiral 4-dialkylaminopyridine catalysts, we began the study on kinetic resolution of
biaryl compounds. Our investigation started with the acylation of dihydroxy biaryl compounds.
Optically active 2,2’-dihydroxy-1,1’-biaryls have received significant attention as they are highly
effective as ligands and also serve as precursors for the synthesis of many important biaryl

compounds.

3.3.2.1. Kinetic Resolution Study of (+)-1,1’-Bi(2-naphthol) (BINOL) by Chiral
Dialkylamino Catalysts

At the beginning, we selected (£)-1,1’-Bi(2-naphthol) (BINOL) rac-3.47 as the
dihydroxy substrate for reaction condition optimization. It reacted with half amount of isobutyric
anhydride in the presence of 5 mol% catalyst 3.19 and produced the acylated product 3.47b. The

unreacted Bi(2-naphthol) was recovered with a low selectivity factor (Scheme 3.12, s = 1.8).

rac-3.47a (5 mol%) - OO OH . OO OH
" -50°C, DCM OH OTH\
O O 48h OO OO o
%O)H/ 3.47a 3.47b
c=52%,s=1.8

Scheme 3.12. Kinetic Resolution of (£)-1,1°-Bi(2-naphthol) by Chiral DMAP Catalyst
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3.2.2.2. Catalyst Screening Study of (+)-Bi-2-Naphthol

Considering two reactive hydroxyl groups on Bi-2-naphthol might contribute more
background reactions, we set out to synthesize mono-hydroxyl substituted biaryl compound 1,1°-
binaphthalen-2-ol rac-3.49a and investigated its reactivity in the chiral DMAP catalyst (Scheme
3.13). To our delight, at -50 °C in the presence of catalyst 3.19, the selectivity factor for rac-
3.49a was improved to 10. We started to evaluate different chiral 4-dialkylamino pyridine
catalysts to examine effect of the substituents. The N1 fluxional group was found to affect the
selectivity. It seems that when N1 was substituted by 1-naphthylenemethyl group, the reaction
gave the optimal selectivity. However, smaller size like benzyl substituted 3.18, less sterically
demanding 2-naphthylene-methyl substituted 3.50 and larger 9-anthracene-methyl substituted
3.20 lowered the selectivity. This observation suggested that the proper size of fluxional group is
crucial to control the selectivity. Replacing tert-butyl substituent on C5 with iso-propyl group
(3.17) led to poor selectivity. The dialkylamino group evaluation showed the 3.19 bearing
dimethylamino group is still the best choice. Moreover, pyrrolidine substituted catalyst 3.21

provided much higher selectivity than di-tert-butylamino substituted 3.22.
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Scheme 3.13. Catalysts Screening for Kinetic Resolution of 1,1’-Binaphthalen-2-ol

3.3.2.3. Solvents and Anhydrides Effect Investigation of (+)-Bi-2-naphthol

The anhydride screening results showed isobutyric anhydride is still the best acylating

reagent in this study (Table 3.5, entry 3). The selectivity factor increased gradually as the size of

acyl group increased from acetic anhydride to propionic anhydride to isobutyric anhydride

(entries 1-3). The bulky anhydride, such as trimethylacetic anhydride, exhibited low reactivity
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and moderate selectivity (entry 4). The kinetic resolution with aliphatic anhydride gave higher
selectivity than aromatic anhydride in this case.

Table 3.5. Anhydride Screening in the Kinetic Resolution of Biaryl Compound

O fi I
rac-3.49a catalyst (5 mol%
+ OH
O O
NN

entry R Solvent Time Temp.(°C)  Conv.(%) s factor(®c]
1 Methyl CH,CI, 2d -50 35 3
2 Ethyl CH,Cl, 2d -50 28 5
3 iso-Propyl CH,(CI, 4d -50 31 10
4 tert-Butyl CH,Cl, 10d -50 4 6
5 Ph CH,Cl, 1d -50 38 2
6 iso-propyl Et,0 6d -50 39 7
7 iso-propyl CH;CN 4d -30 41 4
8 iso-propyl t-BuOH 1d r.t. 46 4
9 iso-propyl THF 6d -50 40 10

4 Conditions: racemic phenol (1 equiv.) and anhydride (0.6 equiv.) in the presence of a
chiral DMAP catalyst, solvent (2 ml); © Conversions and selective factors were calculated
by the method of Kagan and Fiaud: Conv. = eeyiconol / (€€product T €€alconol)- s factor = In[1-
conv(l+eeqge)] / In[1-conv(1-eeqge,)]. ¢ Determined by HPLC analysis.

The solvent effect was examined next (Table 3.5). Similar to dichloromethane, reaction
conducted in tetrehydrofuran also gave good selectivity (entry 9). In contrast to the kinetic
resolution of secondary alcohols, no significant improvement was observed when the reaction
was conducted in diethylether (entry 6). At an elevated temperature, reaction conducted in

acetonitrile or tert-butyl alcohol showed reduced selectivities (entries 7 and 8).
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The results of kinetic resolution of 1,1’-binaphthalen-2-ol were good but still in need of
improvement. The breakthrough was achieved by choosing mono-methylated Bi-2-naphthol
(BINOL) rac-3.50a as the biaryl substrate.
3.3.2.4. Kinetic Resolution of mono-Methylated Bi-2-Naphthol

We examined the kinetic resolution of mono-methylated bi-2-naphthol (BINOL) rac-
3.50a under various conditions with catalyst 3.19 and isobutyric anhydride (0.6 equiv). In the
presence of 5 mol % catalyst at room temperature, after 72 hours, rac-3.50a was resolved with
an s factor of 9. Lowering the reaction temperature led to increased selectivity (Table 3.6, entries
1-3), and at -50 °C, catalytic resolution gave s = 33, although the acylation proceeded slowly
with 24% conversion. Use of higher amounts of the catalyst improved conversion (Table 3.6,
entries 3-5). Using 15 mol% 3.19, (R)-3.50a was produced with increased selectivity (s = 38, 49%
conversion, Table 3.6, entry 5).

We speculated that adding a base might lead to a higher acylation rate, because base
could remove the byproduct isobutyric acid and thus prevent deactivation of the catalyst. To our
delight, as shown in Table 3.6 (entries 6-9), the bulky 2,6-di-fert-butylpyridine was the best
among the tested bases, providing sufficient selectivity (s = 36) and 41% conversion in 84 hours
with 15 mol% 3.19. We observed diminished s value with 1,8-bis(dimethylamino)-naphthalene
(proton sponge). The absolute configuration of the product alcohol was assigned by HPLC

comparison with an authentic sample of mono-methylated enantiopure BINOL.
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Table 3.6. Optimization of the Reaction Conditions for mono-Methylated
Bi-2-Naphthol Resolution

e S

rac-3.50a 3.19 .
OH (0]
o o 99 9¢
o
3.50a 3.50b

+ CH,Cl,

entry Cat. Loading Temp. Additive Time  Conv. ee% ee% s factorl®<
(mol%) (°C) (0.6 eq.) (h) (%) (ester) (alcohol)

1 5 rt - 72 44 69 54 9

2 5 -30 - 72 46 82 71 20
3 5 -50 - 144 24 92 30 33
4 10 -50 - 120 39 90 56 34
5 15 -50 - 120 49 87 84 38
6 15 -50  2,6-di-tert-butyl 84 41 90 63 36

pyridine

7 15 -50 2,6-Lutidine 60 45 88 71 34
8 15 -50 pyridine 60 50 84 84 31
9 15 -50  proton sponge 60 50 81 79 21

@ Conditions: racemic phenol (1 equiv.) and anhydride (0.6 equiv.) in the presence of 3.19,
additives, CH,Cl, (2 ml); ? Conversions and selective factors were calculated by the method of
Kagan and Fiaud: Conv. = €€,jconol / (E€product T €€alcohol)- § factor = In[1-conv(1+eeq,)] / In[1-
conv(l-eeqge )] € Determined by HPLC analysis.
3.3.2.5. Substrate Scope Investigation of Dihydroxy Biaryl Derivatives
The scope of the kinetic resolution was investigated using the optimal conditions

(Scheme 3.14) and a variety of substrates (rac-3.49a to rac-3.58a) were competent in the

resolution. A number of 2-hydroxyl-1,1’-biaryl analogues were resolved with good to excellent
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selectivities (s = 10-51). Biaryls without substituents at the ’-position, like rac-3.49a, gave
reduced selectivity factor (s = 10). Notably, compounds with electron-rich groups at the
’-position gave higher selectivity factors: resolution of substrates rac-3.50a, rac-3.51a, rac-
3.52a, rac-3.53a, rac-3.54a proceeded with s values more than 18. In contrast, compounds with
electron-deficient groups at the P’-position gave lower selectivities (rac-3.55a, rac-3.56a).
Pyridine was used for more bulky substituents, like rac-3.54a and rac-3.55a, to increase
conversion.

The catalytic kinetic resolution of 2-amino-2’-hydroxy-1,1’-binaphthyl (NOBIN)
derivatives remains a challenging problem and only limited examples have been reported.
Among them, the reported chiral DMAP acylation showed only modest selectivity. To expand
the utility of our DMAP catalysts, we synthesized NOBIN derivative rac-3.57a and resolved it.
To our surprise, the kinetic resolution afforded the acylation product with 35% conversion and
high selectivity factor (s = 21). Remarkably, the substrate possessing a biaryl structure rac-3.58a

was resolved with very high selectivity and s factor of 51 with 50% conversion.
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ester: 63%ee
alcohol: 73%ee
s factor: 10

O

rac-3.53a
5d, 42% conv.
ester: 85%ee
alcohol: 62%ee
s factor: 23

P

rac-3.56a
4d, 57% conv.
ester: 60%ee
alcohol: 85%ee
s factor: 11

I I OBn
oes

rac-3.51a
5d, 47% conv.
ester: 83%ee
alcohol: 72%ee
s factor: 23

rac-3.50a
3.5d, 41% conv.
ester: 90%ee
alcohol: 63%ee
s factor: 36

OO O/\/
o9

rac-3.52a
5d, 44% conv.
ester: 84%ee
alcohol: 68%ee
s factor: 25

o 0

-2
L]

rac-3.54a
6d, 45% conv.*
ester: 80%ee

alcohol: 67%ee
s factor: 18

OJ\
OH

rac-3.57a
6d, 35% conv.
ester: 86%ee
alcohol: 46%ee
s factor: 21

rac-3.55a
6d, 47% conv.*
ester: 71%ee
alcohol: 63%ee
s factor: 11

OH

= OMe
NS
rac-3.58a

3.5d, 50% conv.
ester: 89%ee
alcohol: 90%ee
s factor: 51

0
o)J\oJ<
OH

*0.6 equiv. pyridine was used instead of 2,6-di-tert-butyl pyridine. Conditions:
racemic phenol (1 equiv.) and anhydride (0.6 equiv.) in the presence of 3.19,

additives, CH,Cl,.

Scheme 3.14. Substrate Scope for Kinetic Resolution of BINOL Derivatives
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3.3.2.6. Crystal Structure Analysis for Catalyst 3.19
In order to get insight into the origin of the catalytic activity and stereoselectivity, we

obtained the single-crystal X-ray structure of catalyst 3.19 (Figure 3.8).

Figure 3.8. X-ray Analysis of Catalyst 3.19

According to the X-ray structure, the pyridine ring lies at the top of the fluxional
naphthalene ring. Similar to our prior observation, the #-butyl group and the fluxional
naphthylmethyl substituent are on opposite face of the five membered ring due to steric
interaction. The fluxional group blocked the backside as well as bottom side. Thus, based on the
experimental results and structure analysis, we propose a stereochemical model for selectivity as
shown Figure 3.9. In the proposed stereochemical model, the DMAP ring and the acyl group of
the acylpyridinium ion lie approximately in a single plane. One naphthalene ring A with
hydroxyl group attacks the N-acyl group from the top face and the other ring B approaches from
the backside. To minimize steric repulsion between naphthylmethyl group of pyrazolidinone and
B ring, the OR’ side of B ring prefers to approach the catalyst, thus (S)-BINOL derivative is
more favored than (R)-BINOL derivative to afford the acylation product. However, the bulky

substituents on B ring having relatively strong repulsion showed decreased selectivity. The high
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selectivity exhibited by B’-OR’ substituted biaryls possibly results from the intervention of

attractive m-m interaction between N-acyl and OR’ group.

(S)-isomer

favored approach
Figure 3.9. Proposed Stereochemical Model for Kinetic
Resolution of Biaryl Compounds
3.3.3. Conclusion

In summary, we have established that novel fluxionally chiral DMAP molecules serve as

an effective acylation catalyst for the kinetic resolution of racemic sec-alcohols, and especially
biaryl compounds. This report adds a new family of DMAP based organocatalysts to the field of
nucleophilic acylation catalysis. Biaryl substrates were resolved with selectivity factors of up to
51 by using this catalyst system. To the best of our knowledge, the selectivities obtained for
kinetic resolution of biaryl compounds are better than previously reported asymmetric acylation
catalysts. In addition, we proposed a stereochemical model to illustrate the enantioselectivities in
this process. Further applications of the chiral DMAP catalysts in other asymmetric

transformations are underway.
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3.3.4. Experimental
3.3.4.1. General

All solvents were dried and degassed by standard methods and stored under nitrogen.
Flash chromatography was performed using EM Science silica gel 60 (230-400 mesh). "H NMR
spectra were recorded on Varian Unity/Inova-400 NB (400 MHz) spectrometer or Bruker
Ascend™ 400 (400 MHz for 'H) spectrometer. *C NMR spectra were recorded on Varian
Unity/Inova-400 NB (100 MHz) spectrometer or Bruker Ascend™ 400 (100 MHz for "*C)
spectrometer. HPLC analyses were carried out with Waters 515 HPLC pumps and a 2487 dual
wavelength absorbance detector connected to a PC with Empower workstation. Rotations were
recorded on a JASCO-DIP-370 polarimeter. High resolution mass spectra were obtained at a
Bruker Daltonics BioTOF HRMS spectrometer.
3.3.4.2. Preparation of Biaryl Compounds

Racemic substrates, rac-3.50a53, rac-3.51a54, rac-3.52a>, rac-3.53a°® and rac-3.54a>
were prepared using the following method.

To a solution of a racemic mixture of 1,1’-binaphthalene-2,2’-diol (3 mmol) in acetone
was added potassium carbonate (3.2 mmol). After stirring for 10 min, RX (X = I or Br, 3.2
mmol) in acetone was added dropwise at room temperature and the mixture stirred for 30h. The
mixture was filtered and washed with acetone three times. Acetone was evaporated under
reduced pressure and the racemic mixture was purified by column chromatography (hexane/ethyl
acetate = 20/1) to afford the corresponding mono-protected 1,1’-binaphthalene-2,2’-diol, average
yield 70-80%.

Rac-3.49a was prepared according to the literature.’’ 1-Bromo-2-naphthol (4.78mmol),

I-naphthylboronic acid (9.56 mmol), dry K;PO4 (9.56 mmol), #BusP (0.239 mmol) and
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Pd(OAc); (0.12 mmol) were placed under Argon in a two-necked round bottom flask. Toluene
was then added and heated to reflux for 12h. Solid was then filtered off and washed with toluene.
The solvent was removed in vacuum, and the residue was separated by column chromatography
on silica gel using hexane/ethyl acetate = 1/1 as eluent. The rac-3.49a was obtained in 60%
yield.

Rac-3.55a was prepared according to the literature.”® A round bottom flask was charged
with 1,1’-binaphthalene-2,2’-diol (3 mmol), DMAP (0.3mmol), CH,Cl, (10 mL) and NEt; (3.3
mmol). Boc,O (3.3 mmol) was added to the reaction vessel, and the reaction was stirred until the
bubbling subsided (about 15 min). The solution was transferred to a separatory funnel, and
NaHSO4 (0.5 M, 9 mL) was added. The layers were separated, and the aqueous layer was
extracted with CH,Cl,. The combined organic layers were washed with brine, dried over MgSOQOy,
and concentrated under reduced pressure. The crude residue was purified by flash
chromatography (hexane/ethyl acetate = 9/1) to yield rac-3.55a as a white solid (80%).

Rac-3.56a was prepared according to the literature.” To a solution of a racemic mixture
of 1,1’-binaphthalene-2,2’-diol (3 mmol) and pyridine (1.4 mL) in dichloromethane (20.0 mL)
was added methanesulfonyl chloride (3.9 mmol) at 0 °C. The reaction mixture was stirring at
room temperature for 12 hours. The reaction mixture was quenched with saturated aqueous
ammonium chloride, and the resulting mixture was extracted with ethyl acetate. The combined
organic extracts were washed with brine, dried over magnesium sulfate, filtered, and
concentrated under reduced pressure. The mixture was purified by silica gel column
chromatography (hexane/ethyl acetate = 5/1 to 2/1) to afford rac-3.56a (89%).

Rac-3.57a was prepared according to the literature.’ A solution of racemic o-

methylbenzylamine (10 mmol) in degassed 2-propanol (10 mL) was added to a solution of CuCl,
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4H,0 (2.5 mmol) in degassed propanol (10 mL), the mixture was stirred for 10 min under argon,
and then a solution of a mixture of 2-naphthylamine (I mmol) and 2-naphthol (I mmol) in
degassed propanol (10 ml) was added. The mixture was stirred under argon at rt for 20h. After
evaporating the solvent, the reaction mixture was washed by water, extracted using
dichloromethane and purified by column chromatography (hexane/ethyl acetate = 4/1) to afford
the 2-amino-2’-hydroxy-1,1’-binaphthyl (70 %). To a solution of 2-amino-2’-hydroxy-1,1’-
binaphthyl (0.35 mmol) in glacial acetic acid (10 mL) was added (HCHO), (1.05 mmol),
followed by NaBH3;CN (1.05 mmol). The reaction mixture were was stirred for 1 h at 40 °C, then
another (HCHO), (1.05 mmol) and NaBH;CN (1.05 mmol) were added. The mixture was stirred
for 16 h at 40 °C. The solvent was removed under reduced pressure. The residues were
partitioned between ethyl acetate and water. The organic layer was collected and dried over
Na,SOq,, filtered and concentrated under reduced pressure. The crude product was purified by
column chromatography on silica gel, eluting with hexane/ethyl acetate = 9/1 to afford rac-3.57a
(85%).

Rac-3.58a was prepared according to the literature.’> A mixture of 2-
methoxynaphthalene-1-boronic acid (1.5 mmol), 2-hydroxy-1-bromobenzene (1 mmol), Pd,dba;
(0.01 mmol, 1 mole %), 2-dicyclohexylphosphino-2'-(N,N'-dimethylamino)biphenyl (0.03 mmol,
2.4 mole %) and K;3PO,4 (1.8 mmol) in dry toluene (10 mL) was stirred under nitrogen at 70 °C
for Sh. The mixture was diluted with ethyl acetate, washed with saturated NaHCO; solution,
water, brine, dried over Na,SOy4 and the solvent was removed in vacuo. Flash chromatography

eluting with hexane/EtOAc = 9/1 gave compound rac-3.58a (60%).
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3.3.4.3. General Procedure for the Kinetic Resolution of Racemic Biaryl Compounds

To a solution of racemic biaryl compounds (0.1 mmol), and catalyst (0.015 mmol) in 2
mL CH,Cl, was added 2,6-di-fert-butyl pyridine (0.06 mmol). Under -50 °C, isobutyric
anhydride (0.06 mmol) was added. After stirring for indicated time in Table 3.7, the reaction
mixture was purified by column chromatography (hexane/ethyl acetate = 9/1) to afford alcohol
and the corresponding ester, separately. The optical purity of the recovered alcohol and obtained
ester were determined by chiral HPLC, the conversion was determined using chiral HPLC,
where conversion (%) = €€aiconol / (€€alcohol T €Cester), the s factor = In[1-conv(l+eeester)] / In[1-
conv(1-eeester)].

3.3.4.4. Characterization of Recovered Substrates and Products

o

C2oH140
Mol. Wt.: 270.32

3.49a (73 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 19.6 min, t, (minor) = 35.9 min. [a]p * -70.8 (¢ 0.5, CHCL;). '"H NMR
(CDCls, 400 MHz) & 4.95 (s, 1H), 7.14 (d, J = 8.4 Hz, 1H), 7.25-7.29 (m, 1H), 7.34-7.44 (m,
4H), 7.54-7.59 (m, 2H), 7.7 (dd, J = 8.4, 7.2 Hz, 1H), 7.9 (d, J = 8 Hz, 1H), 7.94 (d, J= 8.8 Hz,
1H), 8.01 (d, J = 8 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H); °C NMR (CDCl;, 100 MHz) & 117. 5,
118.8, 123.4, 125.0, 125.8, 126.0, 126.6, 126.6, 126.9, 128.0, 128.5, 129.0, 129.3, 129.7, 129.9,
131.4, 132.8, 133.9, 134.2, 151.0; ESI-HRMS: m/z calcd. for (CoH14ONa)" 293.0937; found

293.0932.
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Iy T
Co4H2002
Mol. Wt.: 340.41

3.49b (63 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 1/99, 0.5
mL/min), t; (minor) = 12.0 min, t, (major) = 15.8 min. [o]p > -28.2 (¢ 0.53, CHCl3). '"H NMR
(CDCls, 400 MHz) & 0.65 (d, J= 7.2 Hz, 1H), 0.7 (d, J = 6.8 Hz, 1H), 2.33 (m, 1H), 7.31-7.38
(m, 4H), 7.4 (d, J = 8.8 Hz, 1H), 7.44 (dd, J = 6.8, 1.2 Hz, 1H), 7.48-7.52 (m, 2H), 7.6 (dd, J =
8.4,7.2 Hz, 1H), 7.94-7.99 (m, 3H), 8.03 (d, J= 8.8 Hz, 1H), 8.01 (d, /= 8 Hz, 1H), 8.06 (d, J =
8.4 Hz, 1H); >C NMR (CDCls;, 100 MHz) & 18.1, 18.3, 33.8, 121.8, 125.3, 125.6, 125.9, 126.1,
126.3, 126.6, 128.0, 128.0, 128.2, 128.3, 129.0, 129.2, 131.8, 132.7, 132.9, 133.5, 133.9; ESI-

HRMS: m/z calcd. for (C24H2002Na)+ 363.1356; found 363.1360.

C21H1602
Mol. Wt.: 300.35

3.50a (63 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 30.6 min, t, (minor) = 47.7 min. [o]p * -28.9 (¢ 0.51, CHCl;). '"H NMR
(CDCls, 400 MHz) & 3.83 (s, 3H), 4.94 (s, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.21 (d, J = 8.8 Hz,
1H), 7.23-7.34 (m, 3H), 7.36-7.42 (m, 2H), 7.51 (d, J= 9.2 Hz, 1H), 7.88-7.95 (m, 3H), 8.08 (d,

J=9.2 Hz, 1H); °C NMR (CDCls;, 100 MHz) § 56.7, 113.8, 115.0, 115.3, 117.5, 123.2, 124.2,
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124.8, 124.9, 126.4, 127.3, 128.1, 128.2, 129.1, 129.4, 129.8, 131.1, 133.8, 134.0, 151.2, 156.0;

ESI-HRMS: m/z calcd. for (C21H1602Na)+ 323.1043; found 323.1102.

Cos5H203
Mol.Wt.: 370.44

3.50b (90 %ee) HPLC (UV 220 nm, Chiralpak AD-H, i-PrOH/Hexane = 2/98, 0.5
mL/min), t; (major) = 25.9 min, t, (minor) = 38.1 min. [o]p > -26.8(c 0.53, CHCl3). '"H NMR
(CDCls, 400 MHz) & 0.64 (d, J= 7.2 Hz, 3H), 0.71 (d, J= 7.2 Hz, 3H), 2.34 (m, 1H), 3.9 (s, 3H),
4.94 (s, 1H), 7.16 (d, J = 8.4 Hz, 1H), 7.24-7.28 (m, 1H), 7.31-7.36 (m, 3H), 7.44 (d, J = 2.8 Hz,
1H), 7.46-7.5 (m, 2H), 7.87 (d, J = 8.4 Hz, 1H), 7.97 (d, J = 8.4 Hz, 1H), 8.0 (d, J = 8.8 Hz, 1H),
8.02 (d, J = 8.8 Hz, 1H); °C NMR (CDCls;, 100 MHz) & 18.2, 33.8, 56.8, 113.6, 117.9, 122.0,
123.7, 125.2, 125.3, 125.4, 126.1, 126.4, 126.6, 127.7, 128.1, 129.0, 129.0, 129.9, 131.8, 133.7,

133.8, 146.7, 155.0, 174.9; ESI-HRMS: m/z calcd. for (C,5H,,03Na)” 393.1461; found 393.1479.

Co7H2002
Mol. Wt.: 376.45

3.51a (72 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 33.7 min, t, (minor) = 47.1 min. [a]p * 5.29 (¢ 0.5, CHCL;). '"H NMR
(CDCls, 400 MHz) & 4.97 (s, 1H), 5.13 (m, 2H), 7.06-7.14 (m, 3H), 7.2-7.43 (m, 9H), 7.49 (d, J
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=8 Hz, 1H), 7.91-8.02 (m, 4H); '*C NMR (CDCls, 100 MHz) § 71.1, 115.1, 116.0, 116.8, 117.5,
123.3, 124.4, 125.0, 125.1, 126.4, 126.9, 127.3, 127.7, 128.1, 128.2, 128.3, 129.2, 129.7, 129.9,

130.9, 133.8, 134.1, 136.9, 151.3, 155.0; ESI-HRMS: m/z caled. for (Ca7H200,Na)" 399.1356;

found 399.1367.

o,

YT
C31H2603

Mol. Wt.: 446.54

3.51b (83 %ee) HPLC (UV 220 nm, Chiralpak OD-3, i-PrOH/Hexane = 2/98, 0.5
mL/min), t; (minor) = 15.0 min, t, (major) = 17.3 min. [o]p > -40.9 (¢ 0.51, CHCl3). '"H NMR
(CDCls, 400 MHz) 8 0.59 (d, J = 7.2 Hz, 3H), 0.73 (d, J = 7.2 Hz, 3H), 2.35 (m, 1H), 5.11 (d, J =
2.4 Hz, 2H), 7.07-7.09 (m, 2H), 7.19-7.41 (m, 8H), 7.42 (d, J= 9.2 Hz, 1H), 7.48-7.52 (m, 2H),
7.86 (d, J= 8 Hz, 1H), 7.94 (d, J= 9.2 Hz, 1H), 8.0 (d, J= 8 Hz, 1H), 8.05 (d, J= 8.8 Hz, 1H);
C NMR (CDCl3, 100 MHz) § 18.18, 18.2, 71.1, 115.5, 119.0, 122.1, 123.9, 125.3, 125.4, 125.5,
126.2, 126.4, 126.6, 126.8, 127.4, 127.6, 128.1, 128.2, 129.0, 129.2, 129.7, 131.8, 133.8, 133.9,

137.4, 146.8, 153.9, 175.0; ESI-HRMS: m/z calcd. for (C3;H,603Na)" 469.1774; found 469.1768.
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T

Co3H1802
Mol. Wt.: 326.39

3.52a (68 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 23.2 min, t, (minor) = 30.9 min. [a]p *° -15.8 (¢ 0.5, CHCls). '"H NMR
(CDCls, 400 MHz) & 4.57-4.6 (m, 2H), 4.98 (s, 1H), 5.07 (t, J= 1.6 Hz, 1H), 5.11 (dd, J=4, 1.6
Hz, 1H), 5.79 (m, 1H), 7.11 (d, J= 8.4 Hz, 1H), 7.23-7.43 (m, 6H), 7.47 (d, J = 8.4 Hz, 1H),
7.89-7.95 (m, 3H), 8.04 (d, J= 9.2 Hz, 1H); °*C NMR (CDCl;, 100 MHz) § 70.0, 115.1, 115.8,
116.5, 117.2, 117.5,123.2, 124.4, 124.9, 125.1, 126.4, 127.3, 128.1, 128.2, 129.1, 129.7, 129.8,

130.8, 133.1, 133.8, 134.1, 151.2, 155.0; ESI-HRMS: m/z calcd. for (C3H;30,Na)" 349.1199;

found 349.1198.

Co7H2403
Mol. Wt.: 396.48

3.52b (84 %ee) HPLC (UV 220 nm, Chiralpak AD-H, i-PrOH/Hexane = 2/98, 0.5
mL/min), t; (major) = 18.7 min, t, (minor) = 24.9 min. [o]p > -36.4 (¢ 0.53, CHCl3). '"H NMR
(CDCls, 400 MHz) & 0.61 (d, J = 6.8 Hz, 3H), 0.71 (d, J = 6.8 Hz, 3H), 2.33 (m, 1H), 4.54-4.56
(m, 1H), 5.02-5.09 (m, 2H), 5.74-5.83 (m, 1H), 7.19 (d, J = 8.4 Hz, 1H), 7.24-7.29 (m, 1H),

7.31-7.37 (m, 3H), 7.46 (d, J = 8.8 Hz, 1H), 7.46-7.5 (m, 1H), 7.86 (d, J= 8 Hz, 1H), 7.95 (d, J=

164



4.8 Hz, 1H), 7.97 (d, J = 3.6 Hz, 1H), 8.01 (d, J = 8.8 Hz, 1H); *C NMR (CDCls, 100 MHz) &
18.2, 33.8, 70.0, 115.3, 116.6, 118.7, 122.0, 123.8, 125.2, 125.4, 125.5, 126.2, 126.3, 126.5,
127.6, 128.1, 128.9, 129.1, 129.6, 131.7, 133.6, 133.7, 133.8, 146.7, 154.0, 174.9; ESI-HRMS:

m/z calcd. for (C27H2403Na)+ 419.1618; found 419.1623.

CooH1g03
Mol. Wt.: 330.38

3.53a (62 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 21.9 min, t, (minor) = 28.4 min. [o]p > -18.1 (¢ 0.56, CHCl3). '"H NMR
(CDCls, 400 MHz) & 3.21 (s, 1H), 5.02 (s, 1H), 5.11 (dd, J= 19, 7.2 Hz, 2H), 7.1 (d, J= 8.4 Hz,
1H), 7.23-7.28 (m, 2H), 7.3-7.37 (m, 2H), 7.39 (d, J = 8.4 Hz, 1H), 7.42-7.46 (m, 1H), 7.63 (d, J
=92 Hz, 1H), 7.9 (d, J = 8 Hz, 1H), 7.94 (m, 2H), 8.05 (d, J = 8.8 Hz, 1H); °*C NMR (CDCl;,
100 MHz) & 56.2, 95.0, 115.1, 117.1, 117.5, 117.6, 123.3, 124.8, 124.8, 125.1, 126.5, 127.3,

128.1, 128.2, 129.1, 129.8, 130.2, 131.0, 133.8, 134.0, 151.3, 153.7; ESI-HRMS: m/z calcd. for

(C2oHy503Na)” 353.1148; found 353.1150.

CoeH2404
Mol. Wt.: 400.47
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3.53b (85 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 1/99, 0.5
mL/min), t; (minor) = 14.4 min, t, (major) = 17.6 min. [o]p > -39.7 (¢ 0.54, CHCl3). '"H NMR
(CDCls, 400 MHz) § 0.62 (d, J = 7.2 Hz, 3H), 0.69 (d, J = 6.8 Hz, 3H), 2.33 (m, 1H), 3.22 (s,
3H), 5.06 (dd, J = 18.4, 6.8 Hz, 1H), 7.17 (d, J = 8.8 Hz, 1H), 7.24-7.28 (m, 1H), 7.31-7.39 (m,
3H), 7.45 (d, J = 8.8 Hz, 1H), 7.46-7.58 (m, 1H), 7.58 (d, J = 9.2 Hz, 1H), 7.87 (d, J = 7.6 Hz,
1H), 7.95-7.97 (m, 2H), 8.02 (d, J = 8.8 Hz, 1H); *C NMR (CDCl;, 100 MHz) § 18.2, 33.8, 55.9,
95.0, 116.6, 119.3, 122.0, 124.1, 125.2, 125.5, 125.5, 126.1, 126.4, 126.5, 127.6, 128.1, 129.0,
129.6, 129.8, 131.7, 133.7, 146.8, 152.7, 175.0; ESI-HRMS: m/z calcd. for (CasH4O4Na)™

423.1567; found 423.1574.

Co3H5002
Mol. Wt.: 328.40

3.54a (67 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 16.0 min, t, (minor) = 19.0 min. [a]p * -51.3 (¢ 0.5, CHCl;). '"H NMR
(CDCls, 400 MHz) & 1.02 (d, J = 6 Hz, 3H), 1.15 (d, J = 6 Hz, 3H), 4.47 (m, 1H), 5.09 (s, 1H),
7.09 (d, J = 8.4 Hz, 1H), 7.19-7.35 (m, 4H), 7.37-7.42 (m, 2H), 7.47 (d, J=9.2 Hz, 1H), 7.9 (dd,
J =12, 8 Hz, 2H), 7.92 (d, J = 8.8 Hz, 1H), 8.02(d, J = 8.8 Hz, 1H); °C NMR (CDCl;, 100
MHz) § 22.2, 22.3, 72.6, 115.6, 117.6, 118.1, 123.1, 124.3, 125.2, 125.3, 126.2, 127.1, 128.0,
128.1, 129.1, 129.6, 129.8, 130.7, 133.8, 134.2, 151.3, 154.6; ESI-HRMS: m/z calcd. for

(Ca3Ha00,Na)™ 351.1356; found 351.1361.
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COL L
Iy
Co7H2603
Mol. Wt.: 398.49

3.54b (80 %ee) HPLC (UV 220 nm, Chiralpak OD-3 OD connection, i-PrOH/Hexane =
1/99, 0.5 mL/min), t; (minor) = 20.2 min, t, (major) = 22.7 min. [a]p *° -29.1 (¢ 0.5, CHCl3). 'H
NMR (CDCls, 400 MHz) & 0.63 (d, J = 7.2 Hz, 3H), 0.74 (d, J = 6.8 Hz, 3H), 1.0 (d, J =2 Hz,
3H), 1.1 (d, J = 2 Hz, 3H), 2.35 (m, 1H), 4.45 (m, 1H), 7.17 (d, J = 8.4 Hz, 1H), 7.23-7.27 (m,
1H), 7.3-7.36 (m, 3H), 7.41 (d, J = 8.8 Hz, 1H), 7.45-7.49 (m, 2H), 7.86 (d, J = 8 Hz, 1H), 7.95
(d, J=9.2 Hz, 1H), 7.96 (d, J = 8 Hz, 1H), 8.0 (d, J = 8.8 Hz, 1H); °C NMR (CDCls, 100 MHz)
§18.2,18.2,22.2,22.3,71.9, 117.2,119.9, 122.0, 123.7, 125.3, 125.4, 125.5, 126.1, 126.4, 126.4,
127.6, 128.0, 128.6, 129.2, 129.5, 131.6, 133.7, 134.0, 146.7, 153.6, 174.9; ESI-HRMS: m/z

calcd. for (C27H2603Na)+ 421.1774; found 421.1790.

DOBW
OO OH

Co5H2204
Mol. Wt.: 386.44

3.55a (63 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 15.1 min, t, (minor) = 18.7 min. [a]p > 55.2 (¢ 0.52, CHCl;). '"H NMR
(CDCls, 400 MHz) & 1.29 (s, 9H), 5.41 (s, 1H), 7.05 (d, J = 8 Hz, 1H), 7.24-7.3 (m, 2H), 7.33-

7.39 (m, 3H), 7.49-7.55 (m, 2H), 7.88 (d, J= 8 Hz, 1H), 7.93 (d, J= 8 Hz, 1H), 8.0 (d, /=8 Hz,
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1H), 8.1 (d, J= 8 Hz, 1H); '*C NMR (CDCls, 100 MHz) § 27.3, 84.0, 114.1, 118.5, 121.5, 123.5,
123.6, 124.7, 125.8, 126.3, 126.7, 127.4, 127.9, 128.2, 129.1, 130.4, 130.8, 132.3, 133.6, 133.6,
148.1, 151.9, 152.6; ESI-HRMS: m/z caled. for (C2sHz,04Na)” 409.1410; found 409.1536.

OO 8k

(e (0]
Iy T
CogH2g05
Mol. Wt.: 456.53

3.55b (71 %ee) HPLC (UV 220 nm, Chiralpak OD-3, i-PrOH/Hexane = 1/99, 0.5
mL/min), t; (minor) = 11.7 min, t, (major) = 17.6 min. [a]p © -4.9 (¢ 0.55, CHCL). '"H NMR
(CDCls, 400 MHz) & 0.6 (d, J= 7.2 Hz, 3H), 0.74 (d, J= 8 Hz, 3H), 1.23 (s, 9H), 2.36 (m, 1H),
7.29-7.33 (m, 4H), 7.45-7.52 (m, 4H), 7.92-7.96 (m, 2H), 8 (d, J= 7.2 Hz, 1H), 8.03 (d, J= 7.2
Hz, 1H); >C NMR (CDCls;, 100 MHz) § 18.1, 18.1, 27.3, 33.8, 83.1, 121.6, 121.9, 123.4, 123.8,
125.5, 125.7, 126.3, 126.6, 126.7, 127.8, 127.9, 129.5, 129.5, 131.5, 131.6, 133.3, 133.4, 146.9,

146.9, 151.5, 175.0; ESI-HRMS: m/z caled. for (Co9HasOsNa)™ 479.1829; found 479.1805.

C21H1604S
Mol. Wt.: 364.41

3.56a (85 %ee) HPLC (UV 220 nm, Chiralpak AD-H, i-PrOH/Hexane = 10/90, 0.5
mL/min), t; (minor) = 43.0 min, t, (major) = 48.5 min. [a]p > 27.6 (¢ 0.52, CHCl;). '"H NMR

(CDCls, 400 MHz) & 2.47 (s, 3H), 5.17 (s, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.29-7.33 (m, 1H),
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7.36-7.44 (m, 4H), 7.56-7.6 (m, 1H), 7.73 (d, J= 8.8 Hz, 1H), 7.9 (d, /= 8 Hz, 1H), 7.97 (d, J=
8.8 Hz, 1H), 8.02 (d, J= 8 Hz, 1H), 8.12 (d, J= 9.2 Hz, 1H); *C NMR (CDCls, 100 MHz) &
38.5, 113.8, 118.0, 122.0, 123.6, 123.9, 124.5, 126.0, 126.9, 127.2, 127.9, 128.2, 128.5, 129.0,
130.9, 131.2, 132.6, 133.3, 133.4, 146.3, 151.9, 145.5, 146.9, 175.0; ESI-HRMS: m/z calcd. for

(C21H1604SNa)" 387.0662; found 387.0668.

Co5H2,05S
Mol. Wt.: 434.50

3.56b (60 %ee) HPLC (UV 220 nm, Chiralpak IA, i-PrOH/Hexane = 2/98, 1 mL/min), t,
(major) = 23.8 min, t, (minor) = 26.6 min. [a]p * 7.4 (¢ 0.57, CHCL). '"H NMR (CDCls, 400
MHz) 6 0.72 (d, J= 8 Hz, 3H), 0.8 (d, /= 8 Hz, 3H), 2.4 (m, 1H), 2.41 (s, 3H), 7.29-7.32 (m,
2H), 7.35-7.40 (m, 2H), 7.48-7.55 (m, 3H), 7.71 (d, J = 8 Hz, 1H), 7.98 (dd, J = 4, 4 Hz, 2H),
8.06 (t, J = 4 Hz, 2H); C NMR (CDCl;, 100 MHz) & 18.2, 33.9, 38.4, 121.5, 122.1, 122.8,
124.1, 126.0, 126.1, 126.4, 126.5, 127.1, 127.2, 128.0, 128.2, 129.9, 130.2, 131.4, 131.9, 133.2,
133.2, 145.5, 146.9, 175.0; ESI-HRMS: m/z calcd. for (C,sH»OsSNa)™ 457.1080; found

457.1075.
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C22H19NO
Mol. Wt.: 313.39

3.57a (46 %ee) HPLC (UV 220 nm, Chiralpak AD-3, i-PrOH/Hexane = 2/98, 1.0
mL/min), t; (minor) = 8.6 min, t, (major) = 14.0 min. [o]p * -52.7 (¢ 0.55, CHCL;). '"H NMR
(CDCls, 400 MHz) & 2.65 (s, 6H), 7.06-7.08 (m, 1H), 7.11-7.24 (m, 4H), 7.3-7.34 (m, 2H), 7.4
(d, J=8.8 Hz, 1H), 7.5 (d, J=9.2 Hz, 1H), 7.84 (d, J = 8 Hz, 1H), 7.87 (d, J= 8 Hz, 1H), 7.9 (d,
J =92 Hz, 1H), 7.95 (d, J = 9.2 Hz, 1H); °C NMR (CDCl;, 100 MHz) & 43.9, 118.6, 118.7,
119.7, 122.4, 123.5, 124.4, 126.0, 126.1, 126.6, 126.8, 128.2, 128.4, 129.5, 129.9, 130.2, 130.3,

134.2, 134.4, 149.7, 151.9; ESI-HRMS: m/z calcd. for (C2,H20NO)" 314.1539; found 314.1540.

NMe2
YT
Co6H25NO5
Mol. Wt.: 383.48

3.57b (86 %ee) HPLC (UV 220 nm, Chiralpak AD-3, i-PrOH/Hexane = 1/99, 0.5
mL/min), t; (major) = 15.9 min, t, (minor) = 25.5 min. [a]p © -13.0 (¢ 0.5, CHCL). '"H NMR
(CDCls, 400 MHz) & 0.68 (d, J = 6.8 Hz, 3H), 0.76 (d, J = 6.8 Hz, 3H), 2.35 (m, 1H), 2.54 (s,
3H), 7.08 (d, J= 8.4 Hz, 1H), 7.18 (t, J= 8 Hz, 1H), 7.3-7.35 (m, 3H), 7.46-7.5 (m, 3H), 7.81 (d,
J = 8 Hz, 1H), 7.9-8.0 (m, 3H); °C NMR (CDCl;, 100 MHz) & 18.2, 18.3, 33.9, 43.7, 113.3,

119.5, 122.3, 123.6, 123.8, 125.4, 125.5, 126.1, 126.4, 126.5, 127.5, 128.1, 128.6, 129.2, 129.6,
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131.7, 133.8, 133.8, 146.6, 150.1, 174.8; ESI-HRMS: m/z caled. for (CasHasNO,)" 384.1958;

found 384.1955.

Cor

C17H1402
Mol. Wt.: 250.29

3.58a (90 %ee) HPLC (UV 220 nm, Chiralpak OD-H, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (major) = 28.7 min, t, (minor) = 36.4 min. [o]p > -30.2 (¢ 0.58, CHCl3). '"H NMR
(CDCls, 400 MHz) & 3.92 (s, 3H), 4.97 (s, 1H), 7.1 (td, J= 7.6, 1.2 Hz, 1H), 7.14 (dd, J=8, 1.2
Hz, 1H), 7.25 (dd, J = 7.6, 2 Hz, 1H), 7.38-7.44 (m, 4H), 7.51-7.54 (m, 1H), 7.87-7.89 (m, 1H),
7.99 (d, J = 9.2 Hz, 1H); *C NMR (CDCls, 100 MHz) § 56.8, 113.5, 116.0, 118.5, 120.5, 122.4,
124.1, 125.0, 127.1, 126.6, 126.8, 128.1, 129.4, 129.4, 130.5, 132.1, 133.7, 153.8, 154.5; ESI-

HRMS: m/z calcd. for (C17H1402Na)+ 273.0886; found 273.0894.

C21H003
Mol. Wt.: 320.38

3.58b (89 %ee) HPLC (UV 220 nm, Chiralpak AD-3, i-PrOH/Hexane = 2/98, 0.5
mL/min), t, (minor) = 14.5 min, t, (major) = 17.7 min. [o]p *° 62.7(c 0.55, CHCL;). 'H NMR
(CDCls, 400 MHz) § 0.66 (d, J = 6.8 Hz, 3H), 0.7 (d, J = 6.8 Hz, 3H), 2.3 (m, 1H), 3.86 (s, 3H),
7.28-7.31 (m, 1H), 7.34-7.43 (m, 6H), 7.48-7.52 (m, 1H), 7.81-7.83 (m, 1H), 7.9 (d, J = 9.2 Hz,
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1H); *C NMR (CDCl;, 100 MHz) § 18.2, 18.3, 33.8, 56.7, 113.4, 120.4, 122.8, 123.6, 125.2,
125.7, 126.4, 127.6, 128.6, 128.8, 129.4, 129.5, 132.5, 133.4, 149.3, 154.2, 174.7; ESI-HRMS:
m/z calcd. for (C21H2003Na)+ 343.1305; found 343.1302.
3.3.4.5. Determination of Absolute Configuration for Chiral Biaryl Compounds

The absolute configuration of 3.50a was confirmed by acylating the mono-methylated
(R)-(+)-1,1’-bi(2-naphthol) or mono-methylated (S)-(+)-1,1’-bi(2-naphthol) by catalyst 3.19.
Mono-methylated (S)-(+)-1,1’-bi(2-naphthol) took 16 hours to complete the acylation but mono-
methylated (R)-(+)-1,1’-bi(2-naphthol) took 8 days to complete the acylation. Compared with
methylated (R)-(+)-1,1’-bi(2-naphthol), mono-methylated (S)-(+)-1,1’-bi(2-naphthol) acylated
faster by isobutyric anhydride under catalyst 3.19, which indicates that the product obtained in
kinetic resolution is (S)-isomer, the recovered starting material is (R)-isomer.

The absolute configurations of 3.49a to 3.57a were confirmed by comparison of the
retention time of HPLC with authentic samples, which were prepared from commercially
available (R)-(+)-1,1’-bi(2-naphthol)™****! or (R)-(+)-2’-amino-1,1’-binaphthalen-2-0l.** The

absolute configuration of 3.58a was assigned by analogy to 3.50a.
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3.3.4.6. Crystal Structure of Catalyst 3.19
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Figure 3.10. X-ray Structure Determination

Single crystal X-ray diffraction data of 3.19 was collected on a Bruker APEX-II CCD
diffractometer. The crystal was kept at 100K during data collection. Cu radiation was used for
the sample. Using Olex2, the structure was solved with the ShelXS® structure solution program
using Direct Methods and refined with the XL refinement package using Least Squares
minimization. Basic information pertaining to crystal parameters and structure refinement is

summarized in Table 3.7.
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Table 3.7. Crystal Data and Structure Refinement

Identification code cu gxm3 Om

Empirical formula Cy5sH30N4O

Formula weight 402.53

Temperature 100K

Crystal system orthorhombic

space group P2:212;

alA 11.2926(3)

b/A 12.7919(3)

c/A 15.5672(4)

a, deg 90

B, deg 90

7, deg 90

v, A’ 2248.74(10)

Z 4

dealod, g.om™ 1.189

u, mm’' 0.580

F(000) 864.0

Crystal size/mm’ 0.25x0.23 x 0.2
Radiation CuKa (1=1.54178)

20 range for data collection 8.948 to 133.288

Index ranges -12<h<13,-15<k<11,-18<1<18
Reflections collected 15267

Independent reflections 3960 [Rin = 0.0252, Ryigma = 0.0209]
Data/restraints/parameters 3960/0/276

GOOF on F* 1.057

Final R indexes [[>=2c (I)] R; =0.0279, wR;, = 0.0693
Final R indexes [all data] R;=0.0292, wR, =0.0702
Largest diff. peak/hole/e A~ 0.15/-0.16

Flack parameter 0.00(8)
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3.4. Conclusion
In summary, we have established that novel fluxionally chiral DMAP molecules serve as
an effective acylation catalyst for the kinetic resolution of racemic sec-alcohols, and especially
biaryl compounds. This report adds a new family of DMAP based organocatalysts to the field of
nucleophilic acylation catalysis. Biaryl substrates were resolved with good to high selectivities
with up to 51 by using this catalyst system. To the best of our knowledge, the selectivities
obtained for kinetic resolution of biaryl compounds are better than previously reported
asymmetric acylation catalysts. Our approaches still required improvement. The catalyst
preparation could be further simplified and this approach is limited in the substrate scope,
especially for the more complicated biaryl structures. The emergence of new chiral routes to
access various enantiopure compounds is of importance for the discovery and the development
of new bioactive compounds and catalyst for both pharmaceutical as well as chemical sciences.
In addition, we proposed a stereochemical model to illustrate the enantioselective outcome in this
process. The computational studies will be performed to better understand the basis for
asymmetric induction in this catalytic system in the future.
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CHAPTER 4. DYNAMIC KINETIC RESOLUTION OF ATROPISOMERS BY CHIRAL
DIALKYLAMINO CATALYSTS

4.1. Introduction

In kinetic resolution, one of the enantiomers of the racemic mixture is transformed into
the desired product while the other is recovered unchanged. However, this procedure suffers
from being limited to a maximum theoretical yield of 50%. The effort devoted to overcome this
limitation has led to the evolution of dynamic kinetic resolution.! Dynamic kinetic resolution is
possible when racemization of the starting material occurs during the reaction process, resulting
in the conversion of both enantiomers of a racemic substrate into a single enantiomer of the
product. According to the Curtin-Hammett principle, the isolation of highly enriched non-
racemic product with a theoretical maximum 100% yield can be reached.” For this reason,
dynamic kinetic resolution has practical applications in organic synthesis. A dynamic kinetic
resolution reaction involving two enantiomeric substrates can be illustrated as shown in Scheme
4.1. kg and kg are the rate constants for the conversion of Substrater and Substrates to the
corresponding Productg and Products, respectively. k.. is the rate for the racemization. Assume
Substratey is the fast reacting enantiomer, the design of a successful dynamic kinetic resolution
system requires the following features: kg, ks and k,,. are rate constants of first-order kinetics;
Substratezy and Substrates interconvert at the same rate; Substratez and Substrates convert to
Productz and Products irreversibly; Productz and Products don’t racemize under reaction
conditions. Dynamic kinetic resolution will become more efficient when kg / ks or k. / ks
increases.” Racemization of the substrate can be performed either chemically, biocatalytically or

physically and the reaction conditions must avoid the racemization of the product.
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In the past few years, significant developments in the efficiency and scope of the
applications of dynamic kinetic resolution have taken place and have attracted an increasing
amount of interest from both the industrial and academic perspectives. A number of excellent
reviews have been published, detailing the theory and practical applications of dynamic kinetic

resolution.”

Substrateg fast >  Productg
kg
A
Krac || inversion
Substrateg slow » Productg
ks
B

If Krae > ke >> kg, 100% theoretical yield of A

Scheme 4.1. Kinetic Scheme of Dynamic
Kinetic Resolution

An atropselective alkylation of 2-(1-naphthyl)-pyridine/1-(1-naphthyl)-isoquinoline via
transition metal-catalyzed C-H/olefin coupling using chiral ferrocenyl phosphine as the ligand
was developed by Murai and coworkers (Scheme 4.2).” The low inversion barriers of these kinds
of biaryl substrates make the interconversion spontaneous during the dynamic kinetic process. In
contrast, the alkylation products are produced with enough inversion barriers to restrict the

racemization of products.
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rac-4.4

Scheme 4.2. Atropselective Alkylation of 2-(1-Naphthyl)-Pyridine/

[RhCl(coe)s]» (5 mol%) OO
cat. 4.2 (30 mol%)

ethylene, toluene, 120°C SN 4.3

|| 37% yield
QLOMB X 49% ee

Fe PPh;

<>
cat. 4.2

[RhCl(coe)s], (5 mol%) OO
cat. 4.2 (30 mol%)

ethylene, toluene, 120°C / N
| 4.5

A 33% yield
22% ee

1-(1-Naphthyl)-Isoquinoline

Ethylene reacted with the biaryl compound rac-4.1 using [RhCl(coe),],/4.2 catalyst
system giving the corresponding addition product 4.3 in 37 % yield with 49 %ee. Naphthyl
1soquinoline 4.4 also reacted with ethylene using the same catalytic system to give product 4.5,
but the chemical yields and enantiomeric excesses were slightly lower (33 %yield and 22 %ee).

The dynamic kinetic asymmetric cross-coupling strategy in the deracemization of
configurationally stable 2-aryl pyridines and analogs was investigated by Lassaletta, Fernandez
and coworkers (Scheme 4.3).° In their study, the Pd(0)-catalyzed coupling of racemic 2-triflate
rac-4.6 with aryl boroxines 4.7 using a TADDOL-derived phosphoramidite ligand 4.8 provided
the corresponding coupling products with good to excellent enantioselectivities. This kinetic

dynamic coupling process was proposed to occur via the interconversion of two diastereomers of

cationic five-membered palladacylic intermediate 4.10.
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g-O-g-A"  Pd(dba), (5 mol%)
CI)\ /(') Ligand 4.8 (5 moI%L
B Cs,CO3, Dioxane, T

AN

_N OMe O
9@
g 9¢

4.9a 4.9b
87 %yield 79 %yield
90 %ee 90 %ee

86 %yield 76 %yield
90 %ee 93 %ee
Scheme 4.3. Dynamic Kinetic Suzuki-Miyaura Coupling of Biaryls

Colobert, Wencel-Delord and coworkers investigated the stereoselective sulfoxide-
directed acetoxylation and iodination of biaryls occurring through a mild C-H
activation/dynamic kinetic resolution sequence.” An enantiopure sulfoxide substituent was used
as both a chiral auxiliary and a traceless directing group in this process. The configurationally
stable racemic biaryl substrate bearing the coordinating sulfoxide group underwent a direct C-H
cleavage to generate a small-ring-size, metal-bridged intermediate, which could lower the

rotational barrier thus facilitating an isomerization process (Scheme 4.4).
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75% yield 88% yield 56% yield

Scheme 4.4. Asymmetric Direct Acetoxylation through Dynamic Kinetic Resolution

In the acetoxylation process, substrate 4.11, a mixture of two diastereomers, was reacted

with Pd(OAc), an acetoxylating agent and an oxidant. The reaction proceeded smoothly for an

array of 2’-substituted biaryls. The catalytic system is compatible with both electron-rich and

electron-poor substrates, 2,6’- and 2,6-disubstituted biaryls. The products were formed in good to

excellent yields and selectivities. In contrast, for 2,6,6’-trisubstituted biaryls, bearing more

sterically demanding substituents (4.12g), the corresponding acetoxylated products were

obtained in enantiometrically pure form but in lower yields, which likely underwent a simple

kinetic resolution process. They also conducted an asymmetric C-H iodination of biaryl

compounds. The efficiency of iodination for ortho-trisubstituted substrates depended on steric
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hindrance. The iodinated products were obtained in high yields with diasteroselectivities ranging
from 91:9 to >98:2.

An asymmetric rthodium(III)-catalyzed C-H activation with direct alkenylation of biaryl
derivatives with olefins was developed by You group.® The dynamic kinetic resolution of axially
chiral biaryls by C-H activation requires the two sterically hindered biaryl systems to be coplanar
in order to form the five-membered cyclometalated intermediate, which can interconvert during
the reaction process. They first utilized a series of chiral Cp-rhodium complexes to promote the
oxidative couplings in the DKR process of biaryls (Scheme 4.5). In the presence of 5 mol% of
catalyst 4.15 and 5 mol% (BzO),, a variety of biaryl substrates were tested in this transformation.
The desired alkenylated products were obtained with moderate to excellent yields and
enantioselectivities. Both electron-donating and electron-withdrawing substituent in the

substrates were tolerated in this reaction.

1
O N t. 4.15 (5 mol%) I\ A
cat. 4. MOl
N
=N o~ (BZO) (5mol%) / 7
R Cu(OAd),
OO 414 MeOH, 80°C OO
\\~1’/I v ’
R2

rac-4.13

(aS)-4.16
er: 88:12 - 93:7

Scheme 4.5. Rhodium-catalyzed Enantioselective Alkenylation of Biaryls

A variety of chiral small organic molecules have proved to be efficient for the dynamic
kinetic resolution besides transition metal complexes.

A dynamic kinetic resolution of racemic biaryl substrates via an atropisomer-selective

electrophilic bromination reaction was developed by Miller group (Scheme 4.6).” The tripeptide-
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derived small-molecule catalyst 4.18 was found to catalyze the electrophilic aromatic
substitution at the ortho-position of biaryls resulting in chiral biaryl products with
atropselectivity. When ortho-substituted bromo products are formed, the rotation barrier is high
enough to maintain the configuration of products.'® Substrates with electron-withdrawing or
electron-donating substituents proved compatible with this transformation. The substituent
pattern can also be varied. This methodology also worked well for heteroarene substrates:

products such as 4.19f and 4.19g, both of which were produced with good selectivities.

cat. 4.18 (10 mol%)

COH NBP (300 mol%) COoH e
oH _CHCls/acetone O Br . Cw\ 2
25°C, 18h 5
0 ! ‘/EO
Br Br : BocHN
rac-4.17 N-Br (R)-4.19 : 7 cat.4.18
MezN
O NBP
CO2H 02N CO,H COH MeO CO,H
Br Br Br O Br
OH O,N O OH O OH
Br Br Br Br
4.19a 4.19b 4.19¢c 4.19d
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Scheme 4.6. Dynamic Kinetic Resolution of Biaryls via Small Peptide Catalyzed Electrophilic
Bromination

Control experiments confirmed the possibility of amide catalysis through the activation

of bromo-cation species in this process. Based on these findings and the crystal structure of the
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major enantiomeric product, a docking model 4.20 was deduced’ (Figure 4.1). The
stereochemical outcome and the configuration of atropisomeric products were deduced from
folding properties of the peptide, the conformation of N-acyl piperidines, and the hydrogen

bonds between the phenolic proton and the amide diacetate.

NMGZ
Z A9 _Br
3 o~

_a
-

Figure 4.1. Proposed Docking Model

Bringmann and coworkers have developed several efficient methods for synthesizing
axially chiral biaryl compounds from racemic biaryl lactones (Scheme 4.7)."" Aromatics in 4.21
are pre-installed by an ester functionality and undergo intramolecular aryl-coupling. The
helically-twisted structure of lactone-bridged biaryls shows a lower isomerization barrier than
their corresponding non-bridged axially chiral derivatives. Mechanistically, this strategy
constitutes a dynamic kinetic resolution of the rapidly interconverting lactone enantiomers, like
4.22 and 4.23, then atroposelective ring opening of one lactone-bridged biaryl precursor to afford
a corresponding axially chiral biaryl coumpound, which is configurationally stable. The non-
reactive conformer will provide more reactive species through the rapid interconversion and thus
permit a high-yield conversion of virtually all of the racemic starting material into one particular

atropisomeric biaryl. Various methods for stereoselective lactone cleavage have been developed.
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Scheme 4.7. Atropselective Cleavage of the Prochiral Biaryl Compounds

The development of highly efficient methodologies for axially chiral biaryls is of
importance in synthetic organic chemistry, medicinal chemistry and material science. One way to
obtain the enantiopure biaryl is by applying kinetic resolution process to differentiate two
atropisomers and realize the kinetic separation of them. The methods applied in differentiating
two conformers in the kinetic resolution opened the door for the development of asymmetric
approaches and provided biaryl compounds with efficient stereocontrol.
4.2. Results and Discussion
4.2.1. Substrate in the Dynamic Kinetic Resolution Study

Inspired by our previous studies on regular kinetic resolution of dihydroxy biaryl
derivatives, we decided to explore the dynamic kinetic resolution of atropisomeric biaryls using
our novel fluxionally chiral DMAP catalysts. Our dynamic kinetic resolution approach is shown
in Scheme 4.8 and the biaryl substrate possessing a phenol structure 2-(2-methoxynaphthalen-1-
yl)phenol rac-4.26 was selected as a model substrate. In the acylations of racemic 2-(2-

methoxynaphthalen-1-yl)phenol, the interconversions between two corresponding atropisomers
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take place during the reaction process due to the low rotation barriers and after acyl transfer
process, product racemization must be difficult because of restricted rotation. In the presence of
chiral 4-dialkylaminopyridine catalyst, two isomers will react with the acyl donor with different
rates, if two enantiomers are equilibrated at a rate that is faster than that of the slow-reacting

enantiomer, one enantioenriched acylated isomer will be produced exclusively.

O Low rotation O
OH OH

barrier
oo r
rac-4.26
ChiralDMAP | O O Chiral DMAP j\ )OL
catalyst . J\O J\R catalyst R7 N0 R
FAST SLOW

O ? tricted rotati O i
restricted rotation

oor o r

! ! OMe | ! ! OMe

enantioenriched

Scheme 4.8. Illustration of Dynamic Kinetic Resolution
of 2-(2-Methoxynaphthalen-1-yl)phenol
4.2.2. Anhydride Evaluation

The reaction of rac-4.26a with different anhydrides in the presence of catalyst 4.27 was
performed to see the anhydride effect (Table 4.1). Among all the anhydrides tested, isobutyric
anhydride was identified as the best anhydride since it can produce more configurationally stable
product in 70 %yield and 58 %ee (entry 3). Trimethylacetic anhydride can also provide the

product with good enantioselectivity but the reactivity is low (entry 5). Notably, the isobutyrate
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substituted product is much more configurationally stable at room temperature than propionate
and acetate substituted product.'?

Table 4.1. Anhydrides Evaluation for Dynamic Kinetic Resolution of Atropisomers

/
o TN

P

C SCRNSY
OH OJ\R

O O
4.27 (15 mol%)
l ! OMe R 07 R rt. DCM l ] OMe

rac-4.26a
entry? R Time Yield% ee%P
1 methyl 12h 85 49
2 ethyl 24h 93 57
3 isopropyl 24h 70 58
4 phenyl 5d 82 44
5¢ tert-butyl 10d 66 67

4conditions: racemic biaryl substrate (1 equiv.) and anhydride (1.2 equiv.) in
the presence of catalyst 4.27 (15 mol%), DCM (2 ml), at room temperature; ?
Determined by HPLC; “Reaction was conducted at 40 °C.

4.2.3. Evaluation of Different Fluxional Chiral 4-Dialkylamino Pyridine Catalysts

The next focus of our study was to evaluate our novel 4-dialkylamino pyridine catalysts,
especially the effect of size of the N-1 fluxional group on enantioselectivity (Scheme 4.9). Six
different chiral DMAP catalysts were evaluated. Catalyst 4.29 bearing a ¢z-butyl chiral group at
the C-5 position and a benzyl fluxional group gave low selectivity (25 %ee). Similar results were
observed with 2-naphthylmethyl substituted catalyst 4.30 (23 %ee) and mesityl substituted
catalyst 4.31 (31 %ee). It was pleased to see increasing the size of the relay group to 1-

naphthylmethyl (4.27) provided the best result (57 %ee). Installing a larger 9-anthracenylmethyl
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fluxional group (4.32) gave similar selectivity compared to 4.27. These results suggested that the
effective size of fluxional substituent has a dramatic effect on the enantioselectivity. The larger
fluxional group can provide effective steric shielding only if its effective size matches the high

selectivity chiral environment.

chiral DMAP (15 mol%) J\(
OMe
( tt, CH,Cl,, 40-48h OMe

NN
rac-4.26a 4.28a
/ - o)
o N o] N —
—_— N — /N \ Y
'N \U ! \ N N
N N N N
4.27 4.29 4.30
91 %yield, 57 %ee 86 %yield, 25 %ee 89 %yield, 23 %ee
—N / n-Bu
O N O \N On—Bu N N/
N—( = —
o\ 7 N\, N
4.31 4.32 4.33
93 %yield, 31 %ee 80 %yield, 57 %ee 86 %yield, 41 %ee

Scheme 4.9. Survey of Chiral 4-Dialkylamino Pyridine Catalysts
The dialkylamino group on the pyridine unit of the catalyst was also investigated and
found to impact selectivity: catalyst 4.27 bearing dimethylamino group gave much higher

selectivity (57 %ee) than catalyst 4.33 with di-n-butylamino substituent (41 %ee). This result
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demonstrated that large amino substituent is less selective. Results of catalyst screening thus
demonstrate that 4.27 is the best catalyst for the dynamic kinetic resolution of rac-4.26a.
4.2.4. Temperature Screening

Previous investigation has shown that during the dynamic kinetic resolution process, a
lower temperature enhanced the proper recognition of each enantiomer, whereas a higher
temperature caused a fast equilibrium between them but also lead to more background reaction,
which can decrease the enantioselectivity.'> HPLC analysis of 2-(2-methoxynaphthalen-1-
yl)phenol rac-4.26a suggested that at higher temperature, the lesser resolution occurred (Scheme
4.10). At room temperature, two clear peaks were assigned to two enantiomers of rac-4.26a.
When raising the temperature, two peaks were getting close and started overlapping at 55 °C.

Finally a single peak was observed at 80 °C.

O 80°C
OH
OMe
o0

450C i

350C AN
250€ '

Scheme 4.10. HPLC Racemization Test (Chiralpak OD-H)
The temperature might play an important role in tuning the enantioselectivity, thus the
reaction temperature was examined in this case. The temperature effect is shown in Table 4.2.

When the reaction was carried out at a low temperature like 0 °C, it took a long reaction
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time and the corresponding acylated biaryl 4.28a was obtained with low enantioselectivity
(Table 4.2, entry 1). Increasing to the room temperature, the enantioselectivity for the product
increased remarkably to 57 % and the reactivity was also largely improved (Table 4.2, entry 2).

Table 4.2. Examination of Reaction at Different Temperatures

f

NS
rac-4.26a 4.28a
entry? T (°C) Time Yield% ee%?
1 0 5d 77 19
2 rt 48h 91 57
3 35 48h 94 74
4 45 48h 93 73
5 55 48h 93 65
6 75 24h 96 50
7 40 48h 95 74

4Conditions: racemic biaryl substrate rac-4.26 (1 equiv.) and anhydride
(1.2 equiv.) in the presence of catalyst 4.27 (15 mol%), DCM (2 ml), at
different temperatures; ?Determined by HPLC.
These two trials encouraged us to explore more temperature variations. To our delight,
the reaction at 35 °C gave the biaryls in 74 %ee (Table 4.2, entry 3). At a higher reaction

temperature (45 °C), the enantioselectivity was similar to the result at 35 °C, with a slight

decrease in the selectivity (entry 4). Interestingly, when the temperature was raised to 55 °C, the
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selectivity was reduced (entry 5). This might be because the high temperature also promoted
more racemization of the product. The reaction conducted at 75 °C showed remarkable reduction
(entry 6). We then put attention to temperature between 35 °C and 45 °C. Finally, it was found
that 40 °C was the best reaction temperature for the catalytic atropselective acylation of 2-(2-
methoxynaphthalen-1-yl)phenol rac-4.26a and the product was obtained with 74 %ee (entry 7).
4.2.5. Evaluation of Solvents

In terms of solvent effects, better results were observed with alkyl halide solvents (Table
4.3, entry 1, 3 and 5) and chloroform exhibited relatively higher selectivity. Using ethereal
solvent (THF) provided moderate selectivity (entry 2). An aromatic solvent like toluene was
more effective in controlling the selectivity than ethereal solvents (entry 4). Amide and ester
solvents were also tested and unfortunately they didn’t improve the enantioselectivity (entry 6

and 7).
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Table 4.3. Evaluation of Solvents

I o
oSl

/
o TN

N —

: 4

N \ N

= 4.27

O OH O O | o
. X (15 mol%)
OMe 0
OO 40°C, solvent
rac-4.26a
entry? Solvents Time Yield% ee%P

1 CH,Cl, 48h 95 74
2 THF 3d 64 43
3 CICH,CH,Cl 40h 92 73
4 Toluene 40h 95 69
5 CHCl; 48h 95 75
6 DMF 3d 60 44
7 EtOAc 24h 87 62

4Conditions: racemic biaryl substrate rac-4.26a (1 equiv.) and anhydride (1.2
equiv.) in the presence of catalyst 4.27 (15 mol%), Solvent (2 ml), at 40 °C;

bDetermined by HPLC.

4.2.6. Survey of Different Types of Bases

In order to further improve the selectivity, we were interested in determining whether
additional base would be able to make an impact, since base could remove the byproduct
isobutyric acid and thus prevent deactivation of the catalyst. Additionally, base can also promote
the proton transfer in the acylation. In the beginning, we evaluated N-heterocyclic bases as
additives. Reaction with 2,6-di-fert-butyl pyridine, 2,6-dimethyl pyridine and simple pyridine as
the base provided the acylated product with similar reactivity and selectivity (Table 4.4, entries
1-3). More bulky base gave slightly higher enantiocontrol. In contrast, addition of N-methyl

imidazole had a detrimental effect on the selectivity as it may promote the background reaction

(entry 4).
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Table 4.4. Evaluation of Additional Aromatic Amine Bases

O 7? i
4 27 O
(15 mol%) O)H/
OMe - O O OMe

40°C, CHCI3
additive

rac-4.26a 4.28a
entry? additives Time Yield% ee%P
| AN
1 z 72h 91 76
~X
2 | 48h 87 75
N
X
3 | _ 48h 89 72
4 7\ 48h 97 15

“Conditions: racemic biaryl substrate rac-4.26a (1 equiv.) and isobutyric

anhydride (1.2 equiv.) in the presence of catalyst 4.27 (15 mol%), Additive

(1.2 equiv.), CHCl; (2 ml), at 40 °C; ®Determined by HPLC.

Alkyl amines as additives were also evaluated (Table 4.5). Acyclic simple tertiary amines

didn’t improve the selectivity and showed similar efficiency (entries 1-4). Cyclic amine gave a
small decrease in enantioselectivity (entry 5). The small loss of enantioselectivity was observed
in the cyclic diamine-DABCO (entry 6). In contrast, tetramethylethylenediamine as a diamine
gave similar result as single tertiary amines (Table 4.5, entry 7). To our delight, addition of

proton sponge (1,8-Bis(dimethylamino)naphthalene) improved the enantioselectivity slightly to

76% (entry 8). It was found that molecular sieves could further impact the selectivity (entry 9).

202



Table 4.5. Evaluation of Additional Alkyl Amine Bases

/
o) \N
7? O
4.27 o
(15 mol%)
OMe > OO OMe

40°C, CHCI3
additive
rac-4.26a 4.28a
entry® Additives Time  Yield% ee%" entry Additives Time  Yield% ee%
1 Et;N 48h 89 74 ] 4
: 48h 95 69
IN
2 "BusN 60h 90 75
|
)\ 7 _N_ -~y 72h 95 72
3 N/\ 60h 85 74

/N —Z

48h 87 76

e 2]

4 q 60h 92 75

A4

2\ /; <

/ N\

¢ 48h 81 80
5 60h 96 70 ?

4Conditions: racemic biaryl substrate rac-4.26a (1 equiv.) and isobutyric anhydride (1.2 equiv.) in the
presence of catalyst 4.27 (15 mol%), Additive (1.2 equiv.), CHCl; (2 ml), at 40 °C; ?Determined by HPLC;
¢ with Molecule sieve 13X.

We were also interested in the efficiency of inorganic bases to affect dynamic kinetic
resolution. The counter anion of inorganic salt as Lewis base could help to promote the proton
transfer. In order to avoid the Lewis acidity of metal salts, the alkali metal carbonates were
selected (Table 4.6). Not surprisingly, when using cesium carbonate as additive, no selectivity
was observed since cesium cation was able to act as strong Lewis acid, which can activate the
anhydride by coordination and facilitate the acyl transfer (entry 1). Potassium carbonate, a

weaker Lewis acid, gave the product with moderate selectivity (entry 2). In contrast, sodium and
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lithium carbonates imporoved the selectivity to levels comparable to organic bases and sodium
carbonate showed better reactivity than lithium carbonate (entries 3 and 4). Two other sodium
salts were also tested. Sodium acetate exhibited similar selectivity as sodium carbonate (entry 5).
Loss of enantioselectivity was observed by adding sodium methoxide since methoxide may
promote uncatalyzed background reactions to some extent (entry 6).

Table 4.6. Evaluation of Additional Inorganic Salts

C 7? L f
4.27
O O
oH | ) (15 mol%) ©
OMe 0 > OMe
0 mee 0
add|t|ve

rac-4.26a 4.28a
entry? Additives Time Yield% ee%P
1 Cs,CO;5 24h 96 racemic
2 K,CO;3 48h 94 37
3 Na,CO;3 48h 91 73
4 Li,CO;3 60h 74 70
5 NaOAc 60h 87 70
6 NaOMe 60h 96 62

4Conditions: racemic biaryl substrate rac-4.26a (1 equiv.) and
isobutyric anhydride (1.2 equiv.) in the presence of catalyst 4.27 (15
mol%), Additive (1.2 equiv.), CHCl; (2 ml), at 40 °C; ®Determined
by HPLC.
4.2.7. Substrate Scope of Dynamic Kinetic Resolution of Biaryls
With an optimized set of reaction conditions in hand, we set out to investigate biaryl

substrates in the newly developed dynamic kinetic resolution strategy (Scheme 4.11). The size of

R group was found to affect the enantioselectivity. Larger size decreased the reaction efficiency.

204



The reaction with methoxy substituted biaryl rac-4.26a (R = OMe) gave the best result.
Replacing methoxy group with ethoxy group (R = OEt) slightly lowered the enantioselectivity
and reactivity. Lower enantioselectivity was observed when the R was replaced by larger
benzyloxy group (67 %ee). It seems alkoxy substituent at R position is essential in the dynamic
kinetic resolution outcome. For example, methoxy methyl substituted biaryl substrate (rac-4.26d)
experienced a remarkable decrease of enantioslectivity. Switching 2-substituent with 2’-
substituent of rac-4.26a formed substrate rac-4.26e, which was synthesized and tested. However,
significant decrease of enantioselectivity was observed in rac-4.26e case compared to rac-4.26a.
To further extend the scope for this methodology, a survey of substitution pattern in the substrate
was conducted. It was found that substitution at bottom naphthyl ring in 4.26 had detrimental
effect on the enantioselectivity of product. 4’-methyl substituted rac-4.26f only provided the
corresponding product with 25 %ee and moderate reactivity. In contrast, substitution at the top
phenyl ring displayed much more promising results. The corresponding products were obtained
with high enantioselectivities. Furthermore, substrates with electron-donating or mild electron-
withdrawing substituted phenol ring were well tolerated in the dynamic kinetic resolution

Process.
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4.28l, 24h
94 %yield, 2 %ee

Scheme 4.11. Substrate Scope for Dynamic Kinetic Resolution of Biaryls Catalyzed

by Chiral DMAP Catalysts
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The enantioselectivity for the substrate with substitution at 4-position of phenyl ring
showed good enantioselectivity and reactivity (rac-4.26g and rac-4.26h). The improvement was
observed when phenyl ring had 5-substitution. 5-methyl and 5-methoxy substituted substrate rac-
4.26i and rac-4.26j gave the product with 78 %ee and 75 %ee, respectively. The differentiation
was observed when electron-withdrawing groups were substituted at the 5-position. The mild
electron-withdrawing group, like fluoro substituted biaryl (rac-4.26Kk) still can provide efficient
stereocontrol. However, rac-4.261 with strong electron-withdrawing nitro group showed poor
selectivity in the corresponding product, presumably because the hydroxyl group became very
active and took part in the uncatalyzed background reactions.

4.2.8. Stereochemical Model

Based on the experimental results, we propose the stereochemical model as shown in
Scheme 4.12. The DMAP ring and the acyl group of the acylpyridinium ion lie approximately in
a single plane. The naphthalene ring with methoxy group approaches the N-acyl group from the
top face due to the intervention of attractive m-it interaction between N-acyl and OMe group. The
hydroxyl group on the phenol ring will stay at the bottom and attack the acyl group to generate

the S-isomer.

O
Qs
\__

w

Scheme 4.12. Proposed Stereochemical Model
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4.3. Conclusion

The development of highly efficient methodologies for axially chiral biaryls is of
significance in synthetic organic chemistry, medicinal chemistry and material science. In this
chapter, we have demonstrated that the novel fluxionally chiral 4-dialkylamino pyridine
molecules can serve as an effective acylation catalyst for the dynamic kinetic resolution of biaryl
compounds. The equilibrium between the atropoisomers of the biaryl substrates was
demonstrated from chiral HPLC analysis and the temperature was found to be a key point in
controlling the stereochemical outcome of acylative dynamic kinetic resolution. Good yield and
enantioselectivities were obtained for configurationally stable biaryl product. The best
enantioselectivity was achieved with 80 %ee. Fluxional organocatalysts can be used in
enantioselective processes and transfer stereochemical information, and enantioselectivity can be
affected by changing fluxional groups. Compared to simple kinetic resolution of biaryls, the
dynamic kinetic resolution of configurationally unstable biaryls shows less effciency under
higher temperature. In the substrate scope study, the enantioselectivity is largely affected by the
biaryl substrate’s structure. Additionally, the parameters that influenced the reactivity were also
investigated. Our present protocol provides a new approach for the preparation of optically active
biaryl compounds. Mechanistic and computational studies are currently underway to better
understand the basis for asymmetric induction in this system.
4.4. Experimental
4.4.1. General

All solvents were dried and degassed by standard methods and stored under nitrogen.
Flash chromatography was performed using EM Science silica gel 60 (230-400 mesh). "H NMR

spectra were recorded on Varian Unity/Inova-400 NB (400 MHz) spectrometer or Bruker
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Ascend™ 400 (400 MHz for 'H) spectrometer. *C NMR spectra were recorded on Varian
Unity/Inova-400 NB (100 MHz) spectrometer or Bruker Ascend™ 400 (100 MHz for "*C)
spectrometer. HPLC analyses were carried out with Waters 515 HPLC pumps and a 2487 dual
wavelength absorbance detector connected to a PC with Empower workstation. Rotations were
recorded on a JASCO-DIP-370 polarimeter. High-resolution mass spectra were obtained at a
Waters ACQUITY UPLC with ESI Positive Mode.

4.4.2. The Absolute Stereochemistry Discussion

Electronic circular dichroism (ECD or CD) is a powerful spectroscopic method for
solving stereochemical problems of chiral molecules.' By using quantum chemical calculations
of time-dependent density functional theory (TD-DFT), ECD has become a rapid and reliable
way to establish the absolute configuration of chiral compounds." In this study, we employed
ECD spectra and TD-DFT calculation to assign the absolute configuration of 4.28a. The ECD
spectra of 4.28a in methanol at a concentration of 0.8-0.9 mg/mL were recorded in a Imm path
length quartz cuvette using a Jasco J-815 CD spectrometer (Jasco Inc., Japan).

The ECD spectra were calculated by the TD-DFT method, which has been proven to be
reliable in predicting ECD spectra and assigning the absolute configuration of organic molecules.
Calculations of the ECD spectra of 3D structure of S-4.28a (Figure 4.2) were carried out using
the TD-M06/6-31+G** level with Gaussian 09.'® Electronic excitation energies (nm) and
rotational strengths (Ag) were calculated for structures A. In order to cover the 200-400 nm
range, 19 transitions were calculated. As shown in Figure 4.2, the simulated spectra is in good
agreement with the experimental spectral data, and the S configuration could be reliably assigned
to compound 4.28a. The remaining configurations of acylated products were assumed by

analogy.
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Figure 4.2. TD-DFT Simulated Spectrum Calculated using B3LYP Method. (M06/6-
31+G(d,p)optimization, the first 19 excited states were calculated. )
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4.4.3. General Procedure for the Preparation of Biaryl Compounds

o. .0 Br Pd(PPh3)4 (7mol%)

B O._ CsF (3eq.
o ot 0N ‘R Beq)
R XU~ REw P dimethoxyethane

_ 95°C

Conc. HCI OH
S —
Methanol, reflux O.

R2++

Scheme 4.13. Reaction Condition A"’

Under an atmosphere of argon, degassed dimethoxyethane solution was added to a
mixture of 1-bromo-2-methoxynaphthalene (1 equiv.), 2-[2-(methoxymethoxy)phenyl]-4,4,5,5-
tetramethyl-1,3,2-dioxaborolane (1.1 equiv.), CsF (3 equiv.) and Pd(PPhs)s (7 mol%). After
being stirred for overnight at 95 °C, the resulting suspension was filtered through a pad of celite
and washed with ethyl acetate. After evaporation in vacuo, the residue was purified by flash
chromatography on silica gel eluting with ethyl acetate/hexane (5/95) to yield methoxymethyl
(MOM) protected product (60-80 %yield). Concentrated hydrochloric acid was added to a
solution of MOM protected compound in methanol. The reaction mixture was stirred overnight
under reflux. After removal of the solvent, flash column chromatography with ethyl

acetate/hexane (5/95) gave the desired product (70-80 %yield).
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o + 3PO4 (1.8 eq.) OH
Toluene, 70°C OO

Scheme 4.14. Reaction Condition B'®

Under an atmosphere of argon, degassed toluene solution was added to a mixture of 1-
bromo-2-naphthol (1 equiv.), 2-methoxyphenylboronic acid (1.5 equiv.), 2-
dicyclohexylphosphino-2’-(N,N’-dimethylamino)biphenyl (Davphos) (2.4 mol%), Pd»(dba); (1
mol%) and K3;PO,4 (1.8 eq.). After being stirred for overnight at 70 °C, the resulting suspension
was filtered through a pad of celite and washed with ethyl acetate. After evaporation in vacuo,
the residue was purified by flash chromatography on silica gel eluting with ethyl acetate/hexane

to yield product. - oy1eld).
(5/95) to yield product. (50-60 %yield)

OH
! ! OMe

C17H1402
Mol. Wt.: 250.29

rac-4.26a. Condition A. "H NMR (CDCls, 400 MHz) § 3.92 (s, 3H), 4.97 (s, 1H), 7.1 (td,
J=176,12 Hz, 1H), 7.14 (dd, J = 8, 1.2 Hz, 1H), 7.25 (dd, J = 7.6, 2 Hz, 1H), 7.38-7.44 (m,
4H), 7.51-7.54 (m, 1H), 7.87-7.89 (m, 1H), 7.99 (d, J = 9.2 Hz, 1H); '*C NMR (CDCls;, 100
MHz) § 56.8, 113.5, 116.0, 118.5, 120.5, 122.4, 124.1, 125.0, 127.1, 126.6, 126.8, 128.1, 129.4,
129.4, 130.5, 132.1, 133.7, 153.8, 154.5; ESI-HRMS: m/z caled. for (C;7H;40,Na)" 273.0886;

found 273.0894.
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OH
] ! OEt

C1gH1602
Mol. Wt.: 264.32

rac-4.26b. Condition A. 'H NMR (CDCls, 400 MHz) & 1.3 (t, J = 7.2 Hz, 3H), 4.1-4.2 (m,
2H), 5.18 (s, 1H), 7.08 (td, J=7.2, 1.2 Hz, 1H), 7.14 (dd, J= 8, 1.2 Hz, 1H), 7.26 (dd, J=7.2, 2
Hz, 1H), 7.37-7.42 (m, 4H), 7.56-7.59 (m, 1H), 7.85-7.87 (m, 1H), 7.93 (d, J = 9.2 Hz, 1H); '*C
NMR (CDCl;, 100 MHz) § 15, 65.7, 115.4, 116.2, 119.9, 120.4, 122.7, 124.2, 125.2, 126.9,
128.1, 129.3, 129.7, 130.3, 132.3, 133.8, 153.7, 153.9; ESI-HRMS m/z calcd. for (CisH70,)"

265.1229; found 265.1232.

O OH
= OBn
NS

Ca23H1g02
Mol. Wt.: 326.39

rac-4.26¢. Condition A. "H NMR (CDCls, 400 MHz) & 4.96 (s, 1H), 5.12-5.19 (m, 2H),
7.07 (td, J= 7.2, 1.2 Hz, 1H), 7.13 (dd, J= 8, 1.2 Hz, 1H), 7.2-7.25 (m, 3H), 7.25-7.31 (m, 3H),
7.37-7.42 (m, 4H), 7.51-7.55 (m, 1H), 7.82-7.86 (m, 1H), 7.9 (d, J = 9.2 Hz, 1H); '*C NMR
(CDCLs, 100 MHz) 5 71.8, 116, 120.2, 120.5, 122.5, 124.4, 125.1, 127.04, 127.05, 127.8, 128.1,
128.5, 129.4, 129.8, 130.4, 132.1, 133.7, 136.8, 153.6, 153.8; ESI-HRMS m/z calcd. for

(Ca3H150,Na)™ 349.1205; found 349.1207.
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I OH
L™

C1gH1602
Mol. Wt.: 264.32

rac-4.26d. Condition A. "H NMR (CDCls, 400 MHz) & 3.33 (s, 3H), 4.34 (d, J= 10.8 Hz,
1H), 4.38 (d, J= 10.8 Hz, 1H), 5.4 (s, 1H), 7.05-7.14 (m, 3H), 7.38-7.45 (m, 3H), 7.48-7.52 (m,
1H), 7.67 (d, J = 8.4 Hz, 1H), 7.9 (d, J = 8.4 Hz, 1H), 7.95 (d, J = 8.4 Hz, 1H); °C NMR
(CDCLs, 100 MHz) 5 58.6, 73.3, 116.8, 120.7, 124.9, 126.2, 126.3, 126.61, 126.64, 128, 128.9,
129.7, 131.4, 132.9, 133, 133.5, 134.8, 153.9; ESI-HRMS m/z caled. for (CisHi¢O,Na)®

287.1048; found 287.1055.

C17H1402
Mol. Wt.: 250.29

rac-4.26e. Condition B. '"H NMR (CDCls, 400 MHz) & 3.78 (s, 3H), 5.32 (s, 1H), 7.15-
7.21 (m, 2H), 7.29-7.4 (m, 5H), 7.51-7.55 (m, 1H), 7.83-7.85 (m, 2H); *C NMR (CDCls;, 100
MHz) § 55.8, 111.9, 117.7, 117.8, 121.5, 122.5, 123.2, 124.8, 126.3, 128, 129.1, 129.5, 130.2,

133.4, 133.5, 150.6, 157.8; ESI-HRMS m/z calcd. for (Ci7H;50,)" 251.1072; found 251.1077.
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l ! OMe

Me
C1gH1602
Mol. Wt.: 264.32

rac-4.26f. Condition A. 'H NMR (CDCls, 400 MHz) & 2.26 (s, 3H), 4.06 (s, 3H), 4.65 (s,
1H), 6.81 (s, 1H), 7.03-7.14 (m, 3H), 7.35-7.44 (m, 4H), 8.27-8.3 (m, 1H); °C NMR (CDCl,,
100 MHz) & 21.1, 55.8, 106.9, 115.4, 120.8, 122.2, 123.1, 124.7, 124.9, 125.3, 125.4, 127.4,
129.5, 131.7, 134.1, 136.4, 153.7, 155.8; ESI-HRMS m/z calcd. for (CisH;70,)" 265.1229; found

265.1223.

OMe

OH
! ! OMe

C1gH1603
Mol. Wt.: 280.32

rac-4.26g. Condition A. 'H NMR (CDCls, 400 MHz) & 3.87 (s, 3H), 3.9 (s, 3H), 5.01 (s,
1H), 6.67 (td, J = 8.4, 2.4 Hz, 2H), 7.11 (d, J = 8.4 Hz, 1H), 7.35-7.42 (m, 3H), 7.52-7.55 (m,
1H), 7.83-7.86 (m, 1H), 7.94 (d, /= 9.2 Hz, 1H); *C NMR (CDCls, 100 MHz) § 55.5, 57, 101.6,
107.1, 113.7, 114.8, 118.6, 124.2, 125.3, 127.2, 128.2, 129.7, 130.5, 132.8, 134.3, 154.8, 154.9,

160.9; ESI-HRMS m/z caled. for (C1sH;703)" 281.1178; found 281.1183.
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] ] OMe

C17H13FO,
Mol. Wt.: 268.28

rac-4.26h. Condition A. "H NMR (CDCls, 400 MHz) & 3.9 (s, 3H), 5.09 (s, 1H), 6.8 (td, J
= 8.4, 2.8 Hz, 1H), 6.84 (dd, J = 10, 2.4 Hz, 1H), 7.16 (dd, J = 8.4, 6.8 Hz, 1H), 7.37-7.44 (m,
3H), 7.46-7.49 (m, 1H), 7.85-7.87 (m, 1H), 7.97 (d, J = 9.2 Hz, 1H); '°*C NMR (CDCls, 100
MHz) § 56.7, 103.6 (d, J= 25 Hz), 107.7 (d, /=22 Hz), 113.4, 117.4, 118.3 (d, J= 4 Hz), 124.2,
124.7,127.3, 128.2, 129.4, 130.8, 132.9 (d, J= 9 Hz), 133.8, 154.7, 155 (d, J = 12 Hz), 163.4 (d,
J = 244 Hz); "°F NMR (CDCls, 376 MHz) & -112.7; ESI-HRMS m/z caled. for (Ci7H4FO,)"

269.0978; found 269.0976.

C1gH1602
Mol. Wt.: 264.32

rac-4.26i. Condition A. 'H NMR (CDCls, 400 MHz) & 2.35 (s, 3H), 3.91 (s, 3H), 4.8 (s,
1H), 7-7.03 (m, 2H), 7.17 (dd, J = 8.4, 2.4 Hz, 1H), 7.36-7.42 (m, 3H), 7.51-7.53 (m, 1H), 7.84-
7.86 (m, 1H), 7.95 (d, J = 8.8 Hz, 1H); *C NMR (CDCls, 100 MHz) & 20.6, 56.8, 113.4, 115.8,
118.7, 122.1, 124, 125.1, 127, 128, 129.4, 129.6, 130, 130.4, 132.4, 133.8, 151.6, 154.4; ESI-

HRMS m/z caled. for (C1sH170,)" 265.1229; found 265.1231.
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MeO l
OH
= OMe
x

C1gH1603
Mol. Wt.: 280.32

rac-4.26j. Condition A. 'H NMR (CDCls, 400 MHz) & 3.78 (s, 3H), 3.91 (s, 3H), 4.72 (s,
1H), 6.79 (d, J = 3.2 Hz, 1H), 6.95 (dd, J = 8.8, 3.2 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H), 7.37-7.43
(m, 3H), 7.55-7.57 (m, 1H), 7.84-7.87 (m, 1H), 7.95 (d, J = 9.2 Hz, 1H); *C NMR (CDClLs, 100
MHz) § 55.8, 56.8, 113.5, 115.1, 116.81, 116.84, 118.7, 123.1, 124.1, 125, 127.1, 128.1, 129.4,
130.5, 133.6, 147.9, 153.4, 154.3; ESI-HRMS m/z caled. for (CisH;705)" 281.1178; found

281.118l1.

D
OH
! ! OMe

C17H13FO,
Mol. Wt.: 268.28

rac-4.26k. Condition A. 'H NMR (CDCls, 400 MHz) § 3.91 (s, 3H), 4.82 (s, 1H), 6.95
(dd, J= 8.8, 2.8 Hz, 1H), 7.02-7.1 (m, 2H), 7.37-7.44 (m, 3H), 7.48-7.51 (m, 1H), 7.85-7.87 (m,
1H), 7.97 (d, J = 9.2 Hz, 1H); '>*C NMR (CDCls, 100 MHz) § 56.8, 113.3, 115.8 (d, J = 23 Hz),
116.9 (d, J= 8 Hz), 117.5, 118.2 (d, J = 23 Hz), 123.5 (d, J= 8 Hz), 124.2, 124.6, 127.4, 128.2,
129.4, 130.9, 133.3, 149.9 (d, J = 3 Hz), 154.4, 156.8 (d, J = 236 Hz); '°F NMR (CDCl, 376

MHz) § -124.5; ESI-HRMS m/z calcd. for (C17H14FO,)" 269.0978; found 269.0976.

217



C17H13NO4
Mol. Wt.: 295.29

rac-4.261. Condition A. '"H NMR (CDCls, 400 MHz) & 3.91 (s, 3H), 5.57 (s, 1H), 7.17 (d,
J=9.2 Hz, 1H), 7.36-7.46 (m, 4H), 7.87-7.9 (m, 1H), 8.03 (d, /= 8.8 Hz, 1H), 8.18 (d, /= 2.8
Hz, 1H), 8.28 (dd, J=9.2, 2.8 Hz, 1H); *C NMR (CDCls, 100 MHz) & 56.6, 113, 115.1, 116.3,
123.1, 123.9, 124.5, 125.6, 127.9, 128.4, 128.5, 129.3, 131.8, 133.1, 141.6, 154.9, 159.5; ESI-
HRMS m/z caled. for (C17H;4NO,)" 296.0923; found 296.0926.

4.4.4. General Procedure for Dynamic Kinetic Resolution of Biaryl Compounds

To a mixture of racemic biaryl compounds (0.05 mmol), catalyst (15 mol%), Proton
sponge” (0.06 mmol, Aldrich) and Molecular sieves 13X" (100mg, Aldrich), 2 mL dry CHCl;
was added and heated to 40 °C. Isobutyric anhydride (0.06 mmol) was added at this temperature.
After stirring for indicated time in Scheme 4.11, the reaction mixture was purified by column
chromatography (hexane/ethyl acetate = 95/5) to afford the corresponding ester. The optical

purity of the obtained product was determined by HPLC.
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C21H2003
Mol. Wt.: 320.38

4.28a (80 %ee) HPLC (UV 254 nm, Chiralpak AD-3, i-PrOH/Hexane = 2/98, 0.5
mL/min), t; (minor) = 17.1 min, t, (major) = 22.3 min. [o]p 2 12.1 (¢ 0.66, CH,Cl,). '"H NMR
(CDCls, 400 MHz) § 0.66 (d, J = 6.8 Hz, 3H), 0.7 (d, J = 6.8 Hz, 3H), 2.3 (m, 1H), 3.86 (s, 3H),
7.28-7.31 (m, 1H), 7.34-7.43 (m, 6H), 7.48-7.52 (m, 1H), 7.81-7.83 (m, 1H), 7.9 (d, /= 9.2 Hz,
1H); *C NMR (CDCl;, 100 MHz) & 18.2, 18.3, 33.8, 56.7, 113.4, 120.4, 122.8, 123.6, 125.2,
125.7, 126.4, 127.6, 128.6, 128.8, 129.4, 129.5, 132.5, 133.4, 149.3, 154.2, 174.7; ESI-HRMS:

m/z calcd. for (C21H2003Na)+ 343.1305; found 343.1302.

LI
O)k(
Z OEt

NS ‘

CooH2003
Mol. Wt.: 334.41

4.28b (77 %ee) HPLC (UV 220 nm, Chiralpak AD-3, i-PrOH/Hexane = 1/99, 0.5
mL/min), t;, (minor) = 14.7 min, t, (major) = 20 min. [a]p = 19.1 (¢ 0.69, CH,CL). '"H NMR
(CDCls, 400 MHz) § 0.63 (d, J = 6.8 Hz, 3H), 0.68 (d, J = 6.8 Hz, 3H), 1.24 (t, J = 6.8 Hz, 3H),
2.27 (m, J = 6.8 Hz, 1H), 4.04-4.12 (m, 2H), 7.27 (d, J = 8 Hz, 1H), 7.3-7.42 (m, 6H), 7.45-7.49

(m, 1H), 7.78-7.8 (m, 1H), 7.85 (d, J = 8.8 Hz, 1H); *C NMR (CDCls, 100 MHz) § 15, 18.2,
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33.8,65.4,115.3,121.3, 122.7, 123.6, 125.3, 125.5, 126.3, 127.6, 128.4, 129, 129.4, 129.5, 132.6,

133.5, 149.3, 153.6, 174.7; ESI-HRMS m/z calcd. for (C2pH203Na)" 357.1467; found 357.1460.

W
oJ\(
! ! OBn
Co7H2403
Mol. Wt.: 396.48

4.28¢c (67 %ee) HPLC (UV 220 nm, Chiralpak AD-3, i-PrOH/Hexane = 1/99, 0.5
mL/min), t; (minor) = 30.4 min, t, (major) = 40.3 min. [a]p ** 9.5 (¢ 0.71, CH,CL). 'H NMR
(CDCls, 400 MHz) & 0.55 (d, J= 7.2 Hz, 3H), 0.63 (d, J = 7.2 Hz, 3H), 2.24 (m, J = 7.2 Hz, 1H),
5.1 (s, 2H), 7.2-7.34 (m, 9H), 7.35-7.38 (m, 2H), 7.4-7.43 (m, 1H), 7.45-7.5 (m, 1H), 7.75-7.78
(s, 1H), 7.8 (d, J= 8.8 Hz, 1H); >*C NMR (CDCls, 100 MHz) § 18.3, 34, 71.7, 115.9, 121.9, 123,
124, 125.6, 125.9, 126.6, 127.1, 127.7, 127.8, 128.5, 128.8, 129.3, 129.6, 129.7, 132.8, 133.6,

137.7, 149.5, 153.5, 175; ESI-HRMS m/z calcd. for (Co7H,403Na)” 419.1623; found 419.1633.

LA
Ao
g

CooH503
Mol. Wt.: 334.41

4.28d (11 %ee) HPLC (UV 220 nm, Chiralpak OD-3, i-PrOH/Hexane = 1/99, 0.5
mL/min), t;, (major) = 13.4 min, t, (minor) = 16.1 min. [a]p ** -6.7 (¢ 0.6, CH,CL). 'H NMR
(CDCls, 400 MHz) & 0.51 (d, J = 7.2 Hz, 3H), 0.55 (d, J = 6.8 Hz, 3H), 2.2 (m, J= 7.2, 6.8 Hz,
1H), 3.3 (s, 3H), 4.32 (s, 2H), 7.25 (dd, J=8, 1.2 Hz, 1H), 7.33-7.39 (m, 4H), 7.42-7.46 (m, 1H),
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7.5-7.54 (m, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.84 (d, J= 8 Hz, 1H), 7.88 (d, J = 8.4 Hz, 1H); "°C
NMR (CDCls, 100 MHz) § 18, 18.1, 33.7, 58.3, 72.3, 122.9, 125.5, 125.6, 125.9, 126.1, 126.3,
127.7, 128.2, 129.1, 131.3, 131.9, 132.4, 132.7, 133, 134.5, 149.1, 174.9; ESI-HRMS m/= calcd.

for (C22Hx,05)" 357.1467; found 357.1472.

O OMe

(0]
I
o]

C21H2003
Mol. Wt.: 320.38

4.28e (23 %ee) HPLC (UV 220 nm, Chiralpak AD-H, i-PrOH/Hexane = 0.5/0.995, 0.5
mL/min), t; (minor) = 22.3 min, t, (major) = 29.1 min. [a]p > 5.5 (¢ 0.71, CH,CL). 'H NMR
(CDCls, 400 MHz) & 0.94 (d, J = 6.8 Hz, 3H), 0.99 (d, J = 6.8 Hz, 3H), 2.53 (m, J = 6.8 Hz, 1H),
3.68 (s, 3H), 7.02-7.07 (m, 2H), 7.16-7.19 (m, 1H), 7.3 (d, J = 8.8 Hz, 1H), 7.35-7.49 (m, 4H),
7.87-7.9 (m, 2H); °C NMR (CDCls, 100 MHz) & 18.7, 18.8, 34.2, 55.9, 111.2, 120.6, 121.8,
124.1, 125.5, 126.2, 126.4, 127.7, 128.2, 129, 129.6, 131.9, 132.2, 133.6, 146.1, 157.8; ESI-

HRMS m/z caled. for (C21H2003Na)+ 343.1310; found 343.1315.
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C2oH2003
Mol. Wt.: 334.41

4.28f (25 %ee) HPLC (UV 220 nm, Whelk-(R,R), i-PrOH/Hexane = 1/99, 0.5 mL/min),
t; (major) = 18.2 min, t, (minor) = 20.6 min. [o]p ** -7.4 (¢ 0.69, CH,Cl,). '"H NMR (CDCls, 400
MHz) § 0.58 (d, J = 6.8 Hz, 3H), 0.61 (d, J = 6.8 Hz, 3H), 2.22 (s, 3H), 2.23 (m, J = 6.8 Hz, 1H),
4.03 (s, 3H), 6.73 (s, 1H), 7.23 (dd, J= 8, 1.2 Hz, 1H), 7.27-7.3 (m, 2H), 7.32-7.4 (m, 3H), 7.47
(td, J= 7.6, 2 Hz, 1H), 8.21-8.23 (m, 1H); °*C NMR (CDCl;, 100 MHz) & 18.1, 18.2, 21, 33.8,
55.5, 106.4, 121.5, 122.9, 123.9, 124.1, 125.5, 125.6, 126, 126.5, 128.5, 132.4, 132.8, 133.6,

134.4, 149.5, 154.9, 175; ESI-HRMS m/z calcd. for (C2,H»,03Na)" 357.1467; found 357.1477.

OMe

Wi

O)K(

= OMe

. ‘
CooH2004

Mol. Wt.: 350.41

4.28g (72 %ee) HPLC (UV 220 nm, Chiralpak AD-3, i-PrOH/Hexane = 4/96, 0.5
mL/min), t; (minor) = 16.7 min, t, (major) = 20.7 min. [a]p * 4.7 (¢ 0.8, CH,CL,). '"H NMR
(CDCls, 400 MHz) & 0.63 (d, J= 6.8 Hz, 3H), 0.66 (d, J = 6.8 Hz, 3H), 2.26 (m, J = 6.8 Hz, 1H),
3.84 (s, 3H), 3.89 (s, 3H), 6.83 (d, J = 2.8 Hz, 1H), 6.94 (dd, J = 8.8, 2.8 Hz, 1H), 7.26 (d, J =

8.4 Hz, 1H), 7.29-7.36 (m, 3H), 7.42-7.44 (m, 1H), 7.77-7.79 (m, 1H), 7.86 (d, J= 9.2 Hz, 1H);
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C NMR (CDCls, 100 MHz) 3 18.21, 18.24, 33.8, 55.5, 56.7, 108.4, 111.9, 113.5, 120.2, 121.3,
123.5, 125.3, 126.4, 127.6, 128.9, 129.3, 132.8, 133.8, 150, 154.5, 159.8, 174.6; ESI-HRMS m/z

calcd. for (C22H2204Na)+ 373.1416; found 371.1423.

F

L f
O)k(
l i OMe

C21H19FO3
Mol. Wt.: 338.37

4.28h (67 %ee) HPLC (UV 220 nm, Chiralpak AD-3, i-PrOH/Hexane = 1/99, 0.5
mL/min), t; (minor) = 15.8 min, t, (major) = 23.2 min. [a]p > 8.7 (¢ 0.76, CH,CL). 'H NMR
(CDCls, 400 MHz) & 0.63 (d, J = 6.8 Hz, 3H), 0.67 (d, J= 7.2 Hz, 3H), 2.27 (m, J= 7.2, 6.8 Hz,
1H), 3.84 (s, 3H), 7.05 (dd, J=9.2, 2.8 Hz, 1H), 7.1 (td, J = 8.4, 2.4 Hz, 1H), 7.31-7.38 (m, 5H),
7.78-7.81 (m, 1H), 7.89 (d, J = 9.2 Hz, 1H); >C NMR (CDCls;, 100 MHz) & 18.15, 18.17, 33.8,
56.6, 110.8 (d, J =24 Hz), 112.9 (d, J =21 Hz), 113.3, 119.3, 123.6, 124.9, 125.3 (d, J = 3 Hz),
126.6, 127.8, 128.8, 129.8, 133.2 (d, J = 9 Hz), 133.5, 149.9 (d, J= 11 Hz), 154.3, 162.2 (d, J =
246 Hz), 174.4; "F NMR (CDCl;, 376 MHz) & -112.8; ESI-HRMS m/z caled. for

(C21H19FO3Na)" 361.1216; found 361.1207.
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CooH2003
Mol. Wt.: 334.41

4.28i (78 %ee) HPLC (UV 220 nm, Whelk (R, R), i-PrOH/Hexane = 1/99, 0.5 mL/min),
t; (major) = 22.9 min, t, (minor) = 26.6 min. [o]p > 36.2 (¢ 0.69, CH,CL,). '"H NMR (CDCl,
400 MHz) & 0.63 (d, J = 7.2 Hz, 3H), 0.67 (d, J = 6.8 Hz, 3H), 2.28 (m, J = 7.2, 6.8 Hz, 1H),
2.42 (s, 3H), 3.85 (s, 3H), 7.15 (d, J = 8.4 Hz, 1H), 7.17-7.18 (m, 1H), 7.26-7.37 (m, 4H), 7.41-
7.44 (m, 1H), 7.78-7.81 (m, 1H), 7.87 (d, J=9.2 Hz, 1H); *C NMR (CDCls;, 100 MHz) & 18.26,
18.28, 21, 33.8, 56.7, 113.4, 120.5, 122.4, 123.5, 125.3, 126.4, 127.6, 128.9, 129, 129.3, 129.4,

132.9, 133.5, 135.2, 147, 154.2, 174.9; ESI-HRMS m/z caled. for (Cs,H»,03Na)" 357.1467;

found 357.1475.

MeO
RO
O)H/
= OMe
. ‘
CooH204
Mol. Wt.: 350.41

4.28j (75 %ee) HPLC (UV 220 nm, Chiralpak 1A, i-PrOH/Hexane = 1/99, 0.5 mL/min),
t; (minor) = 20.5 min, t, (major) = 27.7 min. [a]p ** 28.3 (¢ 0.84, CH,ClL,). '"H NMR (CDCl,
400 MHz) 8 0.61 (d, J = 6.8 Hz, 3H), 0.65 (d, J = 6.8 Hz, 3H), 2.25 (m, J = 6.8 Hz, 1H), 3.82 (s,
3H), 3.85 (s, 3H), 6.9 (d, J=2.8 Hz, 1H), 7 (dd, J= 8.8, 3.2 Hz, 1H), 7.17 (d, J= 8.8 Hz, 1H),
7.3-7.37 (m, 3H), 7.42-7.45 (m, 1H), 7.78-7.8 (m, 1H), 7.87 (d, J = 9.2Hz, 1H); *C NMR
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(CDCls, 100 MHz) 6 18.2, 18.3, 33.8, 55.6, 56.8, 113.4, 114, 117.3, 120.3, 123.4, 123.6, 125.2,

126.5,127.6, 128.8, 129.6, 130.2, 133.3, 142.9, 154.1, 157, 175.1; ESI-HRMS m/z calcd. for

(C2oH2,04Na)” 373.1416; found 373.1414.

F
LS
O)K(
] ! OMe
C21H19FO3
Mol. Wt.: 338.37

4.28k (75 %ee) HPLC (UV 220 nm, Chiralpak IA, i-PrOH/Hexane = 1/99, 0.4 mL/min),
t; (minor) = 16.6 min, t, (major) = 22.5 min. [a]p % -0.4 (¢ 0.83, CH,CL). '"H NMR (CDCls, 400
MHz)  0.61 (d, J = 6.8 Hz, 3H), 0.65 (d, J = 6.8 Hz, 3H), 2.25 (m, J = 6.8 Hz, 1H), 3.85 (s, 3H),
7.09 (dd, J = 8.8, 2.8 Hz, 1H), 7.13-7.23 (m, 2H), 7.31-7.4 (m, 4H), 7.79 (dd, J = 6.8, 1.6 Hz,
1H), 7.89 (d, J = 9.2 Hz, 1H); *C NMR (CDCl;, 100 MHz) & 18.16, 18.19, 33.7, 56.7, 113.2,
115.2 (d, J=23 Hz), 119.07 (d, J = 17 Hz), 119.2, 123.7, 124 (d, J = 9 Hz), 124.8, 126.7, 127.8,
128.8, 130, 131.2 (d, J= 8 Hz), 133.1, 145.2 (d, J=2 Hz), 154.1, 160 (d, J = 243 Hz), 174.8; "°F

NMR (CDCls, 376 MHz) & -117.6; ESI-HRMS m/z calcd. for (Cy1H19FO3Na)" 361.1216; found

361.1215.
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C21H19NO5
Mol. Wt.: 365.38

4.281 (2 %ee) HPLC (UV 220 nm, Chiralpak AD-H, i-PrOH/Hexane = 5/95, 0.5
mL/min), t; (major) = 28.2 min, t, (minor) = 36 min. [a]p > 2.5 (¢ 0.9, CH,Cl,). 'H NMR
(CDCl3, 400 MHz) 6 0.66 (d, J = 7.2 Hz, 3H), 0.69 (d, J = 6.8 Hz, 3H), 2.3 (m, J= 7.2, 6.8 Hz,
1H), 3.85 (s, 3H), 7.27-7.3 (m, 1H), 7.33-7.4 (m, 3H), 7.44 (d, J = 9.2 Hz, 1H), 7.81-7.84 (m,
1H), 7.94 (d, J=9.2 Hz, 1H), 8.29 (d, J = 2.8 Hz, 1H), 8.35 (dd, J = 8.8, 2.8 Hz, 1H); °C NMR
(CDCl3, 100 MHz) 6 18.08, 18.1, 33.9, 56.5, 112.9, 117.6, 123.8, 123.9, 124, 124.2, 127.1, 128,
128.4, 128.7, 130.6, 131.1, 132.8, 145.4, 154.2, 154.4, 174; ESI-HRMS m/z calcd. for
(C21H9NOsNa)" 388.1161; found 388.1164.

4.5. References
1. Pellissier, H. Recent Developments in Dynamic Kinetic Resolution. Tetrahedron 2008,

64, 1563-1601.

2. Seeman, J. I. Effect of Conformational Change on Reactivity in Organic Chemistry.

Evaluations, Applications, and Extensions of Curtin-Hammett/Winstein-Holness

Kinetics. Chem. Rev. 1983, 83, 83-134.

3. Kitamura, M.; Tokunaga, M.; Noyori, R. Quantitative Expression of Dynamic Kinetic

Resolution of Chirally Labile Enantiomers: Stereoselective Hydrogenation of 2-

Substituted 3-oxo carboxylic Esters Catalyzed by BINAP-Ruthenium (II) Complexes. J.

Am. Chem. Soc. 1993, 115, 144-152.

226



. a) Pellissier, H. Dynamic Kinetic Resolution. Tetrahedron 2003, 59, 8291-8327; b) Kim,
M.-J.; Ahn, Y.; Park, J. Dynamic Kinetic Resolution and Asymmetric Transformations
by Enzymes Coupled with Metal Catalysis. Curr. Opin. Biol. 2002, 13, 578-587; c)
Faber, K. Non-Sequential Processes for the Transformation of A Racemate into A Single
Stereoisomeric Product: Proposal for Stereochemical Classification. Chem. Eur. J. 2001,
7, 5004-5010; d) Steinreiber, J.; Faber, K.; Griengl, H. De-racemization of Enantiomers
versus De-epimerization of Diastereomers-Classification of Dynamic Kinetic
Asymmetric Transformations (DYKAT). Chem. Eur. J. 2008, 14, 8060-8072; ) Lee, J.
H.; Han, K.; Kim, M. -J.; Park, J. Chemoenzymatic Dynamic Kinetic Resolution of
Alcohols and Amines. Eur. J. Org. Chem. 2010, 999-1015.

. Kakiuchi, F.; Gendre, P. L.; Yamada, A.; Ohtaki, H.; Murai, S. Atropselective Alkylation
of Biaryl Compounds by Means of Transition Metal-Catalyzed C-H/Olefin Coupling.
Tetrahedron: Asymm. 2000, 11, 2647-2651.

. Ros, A.; Estepa, B.; Ramirez-Lopez, P.; Alvarez, E.; Fernandez, R.; Lassaletta, J. M.
Dynamic Kinetic Cross-Coupling Strategy for the Asymmetric Synthesis of Axially
Chiral Heterobiaryls. J. Am. Chem. Soc. 2013, 135, 15730-15733.

. Hazra, C. K.; Dherbassy, Q.; Wencel-Delord, J.; Colobert, F. Synthesis of Axially Chiral
Biaryls through Sulfoxide-Directed Asymmetric Mild C-H Activation and Dynamic
Kinetic Resolution. Angew. Chem. Int. Ed. 2014, 53, 13871-13875.

. Zheng, J.; You, S. -L. Construction of Axial Chirality by Rhodium-Catalyzed
Asymmetric Dehydrogenative Heck Coupling of Biaryl Compounds with Alkenes.

Angew. Chem. Int. Ed. 2014, 53, 13244-13247.

227



9.

10.

11.

12.

13.

14.

15.

Gustafson, J. L.; Lim, D.; Miller, S. J. Dynamic Kinetic Resolution of Biaryl
Atropisomers via Peptide-Catalyzed Asymmetric Bromination. Science 2010, 328, 1251-
1255.

Cozzi, P. G.; Emer, E.; Gualandi, A. Atroposelective Organocatalysis. Angew. Chem. Int.
Ed. 2011, 50, 3847-3849.

a) Bringmann, G.; Breuning, M.; Tasler, S. The Lactone Concept: An Efficient Pathway
to Axially Chiral Natural Products and Useful Reagents. Synthesis 1999, 525-558; b)
Bringmann, G.; Gulder, T.; Gulder, T. A. M.; Breuning, M. Atroposelective Total
Synthesis of Axially Chiral Biaryl Natural Products. Chem. Rev. 2011, 111, 563-639; ¢)
Bringmann, G.; Mortimer, A. J. P.; Keller, P. A.; Gresser, M. J.; Garner, J.; Breuning, M.
Atroposelective Synthesis of Axially Chiral Biaryl Compounds. Angew. Chem. Int. Ed.
2005, 44, 5384-5427; d) Bringmann, G.; Menche, D. Stereoselective Total Synthesis of
Axially Chiral Natural Products via Biaryl Lactones. Acc. Chem. Res. 2001, 34, 615-624.
We observed that isobutyrate substituted 4.28 underwent slow racemization after several
months at room temperature and the racemization was faster in solvent.

Ashizawa, T.; Tanaka, S.; Yamada, T.; Catalytic atropo-Enantioselective Reduction of
Biaryl Lactones to Axially Chiral Biaryl Compounds. Org. Lett. 2008, 10, 2521-2524.

a) Berova, N.; Bari, L. D.; Pescitelli, G. Application of Electronic Circular Dichroism in
Configurational and Conformational Analysis of Organic Compounds. Chem. Soc. Rev.
2007, 36, 914-931; b) Nugroho, A. E.; Morita, H. Circular Dichroism Calculation for
Natural Products. J. Nat. Med. 2014, 68, 1-10.

a) Chen, Y.-H.; Cheng, D.-J.; Zhang, J.; Wang, Y.; Liu, X.-Y.; Tan, B. Atroposelective

Synthesis of Axially Chiral Biaryldiols via Organiccatalytic Arylation of 2-Naphthols. J.

228



16.

Am. Chem. Soc. 2015, 137, 15062-15065; b) Li, L.; Wang, L.; Si, Y. Electronic Circular
Dichroism Behavior of Chiral Phthiobuzone. Acta Pharmaceutica Sinica B 2014, 4, 167-
171; c¢) Goerigk, L.; Grimme, S. Calculation of Electronic Circular Dichroism Spectra
with Time-Dependent Double-Hybrid Density Functional Theory. J. Phys. Chem. A
2009, 713,767-776; d) Abbate, S.; Lebon, F.; Longhi, G.; Morelli, C. F.; Ubiali, D.;
Speranza, G. Vibrational and Electronic Circular Dichroism Spectroscopies and DFT
Calculationa for the Assignment of the Absolute Configuration of Hydroxyl-Substituted
2-Tetralols. RSC Adv. 2012, 2, 10200-10208.

Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,
J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato,
M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.;
Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.;
Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, J. A., Jr.; Peralta, J. E.;
Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.;
Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.;
Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.;
Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels,
A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian 09,

Revision E.01, Gaussian, Inc., Wallingford CT, 2009.

229



17. Chausset-Boissarie, L.; Arvai, R.; Cumming, G. R.; Besnard, C.; Kiindig, E. P. Total
Synthesis of (£)-Vertine with Z-Selective RCM as A Key Step. Chem. Commun. 2010,
46, 6264-6266.

18. Arseniyadis, S.; Mahesh, M.; McDaid, P.; Hampel, T.; Davey, S. G.; Spivey, A. C.
Studies Towards the N-Acylative Kinetic Resolution of NOBIN. Collect. Czech. Chem.

Commun. 2011, 76, 1239-1253.

230



CHAPTER 5. ENANTIOSELECTIVE ALLYLIC AMINATION OF MORITA-BAYLIS-
HILLMAN CARBONATES CATALYZED BY NOVEL CHIRAL 4-
DIALKYLAMINOPYRDIDINE CATALYSTS

5.1. Introduction

The use of multifunctional Morita-Baylis-Hillman (MBH) adducts (Figure 5.1) for
further transformations has attracted the attention of many research groups, due to the possibility
of generating densely functionalized products in one step.' In the last decade, these efforts have
resulted in great success being made in terms of rate, scope and enantioselectivity in

transformation of MBH adducts.’

OPG

PG =Ac
R EWG PG = Boc
EWG: electron-withdrawing group

Figure 5.1. Protected Morita-Baylis-Hillman Adducts

After conversion of the alcohol to a leaving group such as an acetoxy (Ac) or a tert-
butoxycarbonyl (Boc) group, two modes are generally recognized to control the regioselectivity
at a-position in the initial steps of MBH adducts transformation. One mode is that nucleophilic
substitution takes place directly at the stereogenic allylic site (Scheme 5.1, Mode A). Trost and
coworkers developed direct allylic substitution reaction using chiral palladium catalysts in the
dynamic kinetic resolution of MBH acetates.’ The other mode of selectivity can occur in an Sy2
fashion (Scheme 5.1, Mode B), Here the allylic alcohol is converted to a better leaving group,
thereby increasing the electrophilic character at the allylic position of the MBH adduct. However,
direct nucleophilic attack at the allylic position is disfavored at least partially due to the steric

hindrance around this position. In fact, a series of nucleophiles react with these modified MBH
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adducts in an Sx2’ fashion favoring the nucleophilic substitution at the olefinic site. MBH

adducts which are activated by Lewis base organocatalysts prefer this way in most cases.

favored
OPG ¢
Mode A R)\WEWG L R/E}(EWG
Pal Copg
favored
OPG ¢ EWG

Nu R™™
Mode B R)\WEWG — /\[@ S
-7 “Nu

Scheme 5.1. Two Initialization Steps in MBH Adduct Transformation

Organocatalysis, with the advantages of being environmentally besign, metal-free and
mild reaction conditions, has experienced a remarkable growth for the construction of carbo- and
heterocycles. One dominant type of organocatalysts is Lewis base, which has long been applied
in organic transformations to activate electrophiles. Lewis bases such as a tertiary phosphine or
amine were employed in the activation of MBH adducts and achieved great success.” The
mechanism proceeding with tertiary amine catalyzed nucleophilic substitution of MBH
carbonates was proposed as Scheme 5.2. A tandem Sy2’-Sn2’ sequence was involved.’ Initial
formation of a quaternary ammonium ion 5.3 through the tertiary amine addition to terminal site
of the alkene conjugated to an electron-withdrawing group (EWG) in 5.1, followed by
elimination of the zert-butyl carbonate anion. After elimination of carbon dioxide, the fert-butoxy
anion deprotonates the pronucleophile NuH. Then, the in sifu formed nucleophile Nu attacks the
olefinic bond of the cation intermediate 5.4 to afford the observed product 5.6 and eliminate the

tertiary amine catalyst. In another situation, The quaternary ammonium ion intermediate 5.3 can
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be further deprotonated by an extra or in situ generated base to give allylic amine ylide, like 1,3-

dipole, which can undergo annulation reaction with an electrophile.

O
N <6JJ\F\(‘)tBu

OBoc II\I ©0Bu
R)W‘/EWG | RO EWG e EWG
NT /\[ -
5.1 |
5.2 53
S
Nu-H NU\V Nu N
R/\(EEWG R)\@[EWG ) EWG
q (
N R
©) N/ O - N~ )ﬁr
OBu HOBu SN @f|\l\ llxl
5.4 55 5.6

Scheme 5.2. Mechanism for Tertiary Amine Catalyzed Allylic Substitution
of MBH Carbonates

The proper choice of the nucleophile, the leaving group and the catalyst are very critical
for the desired regioselectivity of the reaction. If the nucleophilicity of the NuH is too strong,
even without the assistance of the nucleophilic catalyst, direct addition of nucleophile to the
electron deficient olefin will occur. In contrast, the nucleophilicity of the nucleophile must be
stronger than catalyst in the second addition step. Thus a pronucleophile should be used in the
first step and become a strong nucleophile after being deprotonated by in situ generated anion,
which can add to the olefinic bond of the cation intermediate 5.4 and eliminate the catalyst.® In
the asymmetric version of this process, since the Lewis base is incorporated into active
intermediate 5.4, a chiral Lewis base can potentially affect asymmetric induction in the
subsequent steps.

A number of chiral tertiary amines and phosphines have been applied in the

enantioselective allylic substitution of MBH adducts and achieved remarkable success. The
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nucleophile could be carbon anion or heteroatom anions, like oxygen, nitrogen, efc. The
multifunctional asymmetric allylic-substituted compounds have been synthesized using this
approach. Among them, the enantioselective allylic amination of MBH adducts will produce
asymmetric oa-alkylidene (-amino carbonyl compounds, which are highly valuable building
blocks in the synthesis of medicially relevant compounds as well as complex natural products.
To access these valuable compounds, the aza-Morita-Baylis-Hillman (aza-MBH) reaction at first
provided the direct synthetic approach.” However, the aza-MBH approach was limited by the
reaction efficiency and substrate scope. In contrast, the asymmetric allylic substitution of MBH
adducts with nitrogen nucleophiles is a much more efficient way to synthesize enantioenriched
a-methylene-B-amino carbonyl compounds through carbon-nitrogen bond formation.

Kim and coworkers investigated the reaction of p-toluenesulfonamide (TsNH,) and MBH
acetate 5.7 in the presence of 0.5 equiv. chiral cinchona alkaloid derivative (DHQD),PHAL 5.8
in aqueous THF.® The enantioselectivity of corresponding product reached up to 70 %ee, but the

chemical yield was low due to the low reactivity of sulfonamide (Scheme 5.3).

OAc 13 (5DHQD_I)_%_|PFI-/|QL O‘ii o NHTs
o COEt + TsNH, (05eq.). i COE
2) nucleophile (2 eq.) Ph
- o]
. 40-50°C, 4d 5.9
12 Yyield
70 %ee

MeO

(DHQD),PHAL 5.8

Scheme 5.3. Enantioselective Amination of MBH Acetates using (DHQD),PHAL
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Lu and coworkers reported the TQO-catalyzed allylic amination of MBH carbonate 5.10.
A number of pronucleophiles, containing nitrogen, oxygen, and active carbon pronucleophiles
have been tested. Among them, the amination products were obtained with moderate

enantioselectivity and good yields (Scheme 5.4).°

PBec TQO (20 mol%) "
CO.Et 4+ NuH mot7) CO,Et
Ph)\ﬂ/ . toluene, rt Ph
5.10 5.12
0
TsNH, @QNH
84 %yield, 66 %ee o)

96 %yield, 68 %ee

Scheme 5.4. TQO-Catalyzed Allylic Nucleophilic Substitution

To further improve the reaction efficiency of amination of MBH adducts, Chen group
conducted this reaction with modified cinchona alkaloid catalyst (DHQD),PYR 5.15, which are
more efficient to deliver a-methylene f3-amino esters with good to excellent enantioselectivities
and high yields (Scheme 5.5).” Naphthaline 1,8-dicarboximide 5.14 proved to be the most
appropriate nitrogen source in this case.

They also investigated indole as pronucleophile in the allylic amination. The Friedel-
Crafts reaction with indole compounds usually happens at the C3 position of indole. In the allylic
amination study, they found that the in sifu generated tert-butoxy anion could deprotonate the
acidic N-H of an indole and resulting in nitrogen anion. This in turn reacted in an Sy2’ fashion to

attack olefin bond of ammonium salt intermediate. A diverse array of indole derivatives could be
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tolerated under the catalysis of (DHQD),PHAL, affording the corresponding amination products

with moderate to high enantioselectivities.

OBoc O (DHQD),PYR
0,
A CO,Me  + NH (10moH®,515: o N0
' O DCE, 35°C /H(COzMe
(o) Ar
5.13 514 e
86-97 %yield
80-94 %ee

(DHQD),PYR 5.15

Scheme 5.5. Allylic Amination of MBH Carbonates with Naphthaline-1,8-Dicarboximide
Benzophenone imine, produced by condensation of benzophenone and ammonia, was
utilized by Cheng and coworkers in the allylic amination of MBH carbonates. This method
provided the most efficient way of producing unprotected a-methylene B-amino esters.'
Benzophenone imine functioned as an ammonia surrogate. After reacting with MBH adduct, the
benzophenone part can be recoveded by acidic hydrolysis and the primary f-amino ester were
obtained as the hydrochloride salt. The reaction proceeded in good yields with excellent

enantioselectivities (up to 99 %ee) for a wide range of MBH carbonates (Scheme 5.6).
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Ph. _Ph  5.18 (20 mol%) Ph
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R = OMe, OEt, 53-86 %yield
OPh, OBn, Me 90-99 %ee

\/
z

NH, HCI
aq. HCl, Et,0 y \/m
0

OMe

(DHQD),AQN

Scheme 5.6. Enantioselective Amination of MBH Carbonates with Ammonia Equivalent

Cinchona alkaloid derivatives have been widely used as efficient organocatalysts for
asymmetric allylic amination of MBH adducts with various pronucleophiles and the substitution
product scope was explored. High yields and enantioselectivities were achieved under mild
reaction conditions with respect to a wide range of MBH adducts and various nitrogen
pronucleophiles such as pyrrole derivatives, carbamates, tosyl carbamates and isatins.

Chiral tertiary phosphine were also explored in the allylic amination of MBH adducts.
Hou group developed planar chiral cyclophane monophosphines for the reaction between MBH
adducts and phthalimide and the corresponding allylic substituted product were obtained with
good to moderate enantioselectivity.'> To improve the allylic amination reaction efficiency by
using phosphine catalyst, Shi group further developed chiral bifunctional phosphine
organocatalyst containing Lewis basic phosphine site and Brensted acidic thiourea site for the
amination of MBH acetate derived from the methyl vinyl ketone or ethyl vinyl ketone. The
reaction between phthalimide and MBH adducts afforded the amination product in up to 99 %
yield and 90 %ee (Scheme 5.7)."
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OAc O
+ 5.22 (25 mol%) \ %
o R 1,2-dichlorobenzene, ©
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R = Methyl or Ethyl o 4AMS,10°C Ar R

5.21 5.23
71-99 %yield

OO ) OMe 81-90 %ee
NJL ﬁ

NN
PPh,
OO 5.22
Scheme 5.7. Allylic Amination of MBH Acetates Catalyzed by Chiral
Bifunctional Thiourea-Phosphane Organocatalysts
Cinchona alkaloid tertiary amine and phosphine have been identified as effective
catalysts in the allylic amination of MBH adducts. Inspired by these elegant progress, and
continuing our interest in fluxional pyridine type catalyst, we reasoned that our novel chiral 4-
dialkylamino pyridine organocatalysts would be suitable for similar activation and provide the
stereochemical control during the reaction process.
5.2. Results and Discussion
In the previous chapters, we have discussed the development of novel chiral DMAP
catalysts that incorporate a fluxional group to control stereoselectivity in several types of kinetic
resolutions. We are also interested in the application of the newly designed DMAP catalysts in
other enantioselective transformations. To evaluate the nucleophilic characteristics of the new
DMAP catalysts we have chosen the allylic amination of Morita-Baylis-Hillman (MBH)
carbonates. Although there are a number of reports, which utilize chiral palladium complexes,
chiral tertiary amines and phosphines for the transformation of MBH adducts, to the best of our

knowledge, there is no example of using chiral DMAP for such a transformation.
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5.2.1. Mechanism for DMAP Catalyzed Allylic Substitution of MBH Adducts

For the nucleophilic allylic amination of MBH adducts, a tandem Sx2’-Snx2’ mechanism
with DMAP is illustrated in Scheme 5.8. The nucleophilic catalyst (DMAP) first adds to the
MBH adduct in an SN2’ fashion, followed by elimination of the tert-butyl carbonate anion. After
elimination of carbon dioxide, the fert-butoxy anion deprotonates the pronucleophile. Then the in
situ formed anionic nucleophile attacks the olefinic bond of the cation intermediate to afford the

observed amination product.

allylic amination N
R)ﬁfcoo © e > R)W‘/COOMe
@)
\N/ N \N/
CO, H O
X o X
| P t-BuO _ | P

Scheme 5.8. Allylic Amination of MBH Carbonates Catalyzed by DMAP
5.2.2. Evaluation of Nitrogen Nucleophiles

We began our investigation by screening MBH carbonates 5.24a with a variety of
nitrogen nucleophiles 5.25 in toluene in the presence of 10 mol% 5.27 at room temperature to

furnish the amination product. The results are summarized in Table 5.1.
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Table 5.1. Screen Studies of Nitrogen Nucleophiles

N/
o]
A0
M
M CORET'
OBoc 3 A 0N ~=0
. 5.27 (10 mol%)
CO,Me 4 ;«NH CO,Me
Ny PhMe, rt
o]
5.24a 5.25 5.26
entry Nitrogen Nu Product Time Yield (%) ee (%o)le-c]
0
1 NH 5.26a 24h 76 31
o)
0
2 NH 5.26b 24h 75 39
o]
O O
3 ”)KQ 5.26¢ 36h 26 3
O O
4 MeJ\NJ\Me 5.26d 7d 16 11
o)

S.
5 /©/(n) NH, 5.26¢ 3d 17 25

9Reaction conditions: the reaction were performed with 1 equiv. of 5.24a, 1.5 equiv.
of 5.25 and 10 mol% of catalyst in toluene at room tem; bIsolated yield; ‘Determined
by chiral HPLC analysis.

In general, better yield as well as enantioselectivity was obtained when cyclic imide
pronucleophiles were used (Table 5.1, entries 1, 2). Succinimide was slightly better than

phthalimide (compare entry 2 with 1). Both yield and enantioselectivity in reactions with acyclic
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benzoylbenzamide and acetylacetamide were lower than cyclic nitrogen nucleophiles (entries 3,
4). Benzenesulfonamide as a nucleophile was better than acyclic pronucleophiles but inferior to
cyclic imides (entry 5).
5.2.3. Evaluation of Solvents

A variety of solvents were screened for the reaction (Table 5.2). Four common solvents
were investigated and reaction conducted in toluene showed the optimal result than other
solvents.

Table 5.2. Solvent Evaluation for Allylic Substitution of MBH Carbonates

5.27 (10 mol%)

H >
PhMe, rt COMe
0

0
OBoc O/A/:\A\o
COMe 4 N

5.24a 5.25b 5.26b
entry Solvents Time Yield (%) ee (%)lac
1 THF 24 62 35
2 DCM 24 80 17
3 PhMe 24 75 39
4 MeOH 48 45 29

ab.c gee Table 5.1.

5.2.4. Optimization of MBH Adducts

Next we examined MBH adducts with different leaving groups (R?) and different electron
withdrawing substituents (R') using succinimide as an aminating agent and 5.27 as the catalyst
(Table 5.3). We found that the tert-butoxycarbonyl group (Boc) was optimal as a leaving group
compared to an acetate or a benzoate (compare entry 1 with 2 and 3). The Boc group which
produces a tert-butoxide anion in situ, generates the nucleophile from the pronucleophile more

effectively, leading to the amination product in good yield (75%). Of the different electron
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withdrawing groups evaluated, the methyl ester gave the product with the highest selectivity
(compare entry 1 with 4, 5, and 6). In contrast, ethyl and benzyl esters as well as the methyl
ketone gave adduct 5.26 in high yields but with only modest enantioselectivity (entries 4-6).

Table 5.3. Optimization Studies of MBH Carbonates

0
ORe 527 (10mol%) O N7 ©
R' , NH — R
PhMe, rt
0
5.24 5.25b 5.26
entry R! R2 Product Time Yield (%)  ee (%)
1 CO,Me Boc 5.26b 24h 75 39
2 CO,Me Ac 5.26b 7d 30 39
3 CO,Me 4-NO,PhCO  5.26b 6d 9 33
4 CO,Et Boc 5.26f 36h 88 29
5 CO,Bn Boc 5.26g 36h 80 29
6 COMe Boc 5.26h 36h 90 27

abe gee Table 5.1.

5.2.5. Evaluation of Chiral DMAP Catalysts and Reaction Temperature

Based on the above results, reaction between MBH carbonates 5.24a and succinimide
5.25b was chosen as a model reaction. A number of chiral relay DMAP catalysts were examined
next, and these results are summarized in Table 5.4. In general, all the DMAP catalysts examined
in this study were able to catalyze the enantioselective amination of MBH carbonates and
provided the product in yields ranging from 75-95% (entries 1-6). The catalysts examined in this
study varied in the size of the fluxional group and the nature of the dialkylamino substituent on
the pyridine ring (catalysts 5.27-5.31). Generally, catalysts with a dimethylamino substituent at

4-pyridine gave higher selectivity (compare 5.27 with 5.28 and 5.30 with 5.31). Interestingly,
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catalyst 5.27 with a bulkier 1-naphthyl fluxional group was less effective than a smaller phenyl
group (5.30) with respect to enantioselectivity. Catalyst 5.29 with a smaller chiral i-Pr group
gave the product in lower selectivity as compared to 5.30 with a bigger #-Bu chiral group (33%
vs 59%). Based on these results, catalyst 5.30 was chosen for further studies.
Table 5.4. Catalyst Optimization Studies
o R

N

—
0 R1ﬁﬁ\ A

R2

oA o

OBoc
10 mol%
CO,Me NH ( o) CO,Me
PhMe, rt
O
5.24a 5.25b 5.26b
Catalysts Time Yield (%)  ee (%)l
5.27 R! = £-Bu, R2 = |-naphthyl, R? = dimethylamino 24h 75 39
5.28 R! = 1-Bu, R? = 1-naphthyl, R? = pyrrolidine 40h 95 29
5.29 R! = i-Pr, R% = phenyl, R? = dimethylamino 48h 95 33
5.30 R! = ¢-Bu, R? = phenyl, R3 = dimethylamino 40h 85 59
5.31 R! = +-Bu, R? = phenyl, R? = pyrrolidine 36h 90 43

@b gee Table 5.1.

After identifying catalyst 5.30 that gave high yield and good selectivity, we evaluated the
effect of reaction temperature and catalyst loading on the amination reaction. Results from these
experiments are tabulated in Table 5.5. Reactions with 5, 10, and 25 mol% 5.30 gave the product
with similar enantioselectivities and yields (entries 1-3). However, using 5 mol% catalyst, a
relatively longer reaction time was required for good conversion (entry 3). Lowering the
temperature to -10 °C led to improvement in enantioselectivity up to 67%, although the yield

suffered slightly (62% vs 85%, entry 4).
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Table 5.5. Temperature and Catalyst Loading Studies

OBoc O o o
COsMe N NH 5.30 (10 mol%) _ N o
PhMe 2vie
5.24a 5.25b 5.26b
entry  Temp (°C) Cat.loading Time Yield (%)  ee (%)
(mol%)
1 t 10 40h 85 59
2 rt 25 48h 88 57
3 rt 5 72h 80 57
4 -10 10 120h 62 67

YReaction conditions: the reaction were performed with 1 equiv. of
5.24a, 1.5 equiv. of 5.25b and 5.30 in toluene at given temp.
bsolated yield. “Determined by chiral HPLC analysis.

5.2.6. Substrate Scope of the Asymmetric Allylic Amination of MBH Carbonates

Having established the optimal reaction conditions for the asymmetric allylic amination
with succinimide, a variety of MBH carbonates were synthesized to study the substrate scope.
Results from these experiments are shown in Table 5.6. MBH carbonates with electron-deficient
aromatics were facile giving the products in excellent yield and good selectivity (entries 2 and 3).
Reaction with an electron-rich aromatic proceeded with comparable enantioselectivity (entry 4).
A MBH carbonate with disubstituted aromatic produced the product with good yield and the
highest enantioselectivity observed in this series (entry 5, 72 %ee). A substrate containing an
ortho substituent was less efficient, giving the product with low enantioselectivity (entry 6).
Allylic amination of an alkyl substituted MBH substrate gave low yield and low
enantioselectivity (entry 7). Several groups have developed a series of chiral organoamines or
organophosphines as efficient organocatalysts for asymmetric substitutions of MBH adducts with

various pronucleophiles. High yields and enantioselectivities were achieved with a wide range of
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MBH adducts. *** Our results suggested that compared to cinchona alkaloid based tertiary
amines or chiral tertiary phosphine catalysts, the chiral DMAP catalyst can also be used for the
allylic amination of MBH carbonates. Although the selectivity is inferior, it opens a new insight

into chiral DMAP catalysis, especially organocatalyst with fluxionality control.

Table 5.6. Substrate Scope of the Asymmetric Allylic Amination of

MBH Carbonates
0
DBoc 5.30 (10 mol% A
. CO,Me . NH _230(10mol%) 07> N0
PhMe, -10 °C, 5d-7d CO,Me
0 R
5.24 5.25b 5.26
entry R Product Yield (%) ee (%)la-l
1 CeHs 5.26b 62 67
2 4-NO,CcHy 5.26i 90 62
3 4-CNC¢Hy 5.26jf 81 61
4 3-MeOC4H, 5.26k 70 63
5 3,5-(Me0),C¢H,  5.261 78 72
6 2-BI'C6H4 5.26m 61 39
7 n-C4Ho 5.26n 27 16

“Reaction conditions: the reaction were performed with 1 equiv. of
5.24, 1.5 equiv. of 5.25b and 10 mol% of 5.30 in toluene at -10 °C.
bIsolated yield. “Determined by chiral HPLC analysis.

5.2.7. Structural Analysis of Catalyst 5.30

The structure and absolute configuration of catalyst 5.30 was ascertained by single crystal
X-ray analysis (Figure 5.2). The X-ray crystal structure unambiguously shows that the ters-butyl
group could control the stereochemistry of the adjacent benzyl group because of the fluxionality
of N-benzyl group. The steric repulsion between the fixed tert-butyl group and N-benzyl group

lead to the opposite orientation and fluxional benzyl group looks like blocking the back as well
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as the bottom of DMAP pyridine part, thus disfavoring attack from the back and the bottom,

which facilitates enantiocontrol.

Figure 5.2. Single Crystal X-ray
Structure of Catalyst 5.30

5.3. Conclusion

In conclusion, MBH adducts transformation have opened up new opportunities for
construction of complex molecules. Our studies have shown that newly designed DMAP
catalysts containing fluxional groups as a stereocontrol unit could also be effectively applied as a
nucleophilic catalyst in asymmetric allylic aminations, which provide a novel tool to synthesize
useful molecules. The catalyst preparation is highly tunable and up to 72% ee was achieved
using catalyst 5.30 and a range of a-methylene (3-amino esters were obtained with good yield
and selectivities. Higher selectivity obtained with catalyst 5.30 with a bulky chiral C-5
substituent in comparison to reaction with 5.29 with a smaller C-5 substituent demonstrates that
the ‘chiral relay’ concept is operative. Applying fluxionally chiral 4-dimethylamino pyridines in
the enantioselective substitution of MBH adducts is less selective than asymmetric acylation.

Further applications of chiral relay DMAP catalysts in asymmetric catalysis are in progress.
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5.4. Experimental
5.4.1. General

All solvents were dried and degassed by standard methods and stored under nitrogen.
Flash chromatography was performed using EM Science silica gel 60 (230-400 mesh). "H NMR
spectra were recorded on Varian Unity/Inova-400 NB (400 MHz) spectrometer. "C NMR
spectra were recorded on Varian Unity/Inova-400 NB (100 MHz) spectrometer. HPLC analyses
were carried out with Waters 515 HPLC pumps and a 2487 dual wavelength absorbance detector
connected to a PC with Empower workstation. Rotations were recorded on a JASCO-DIP-370
polarimeter. High resolution mass spectra were obtained at a Bruker Daltronics BioTOF HRMS
spectrometer.
5.4.2. Experimental Details and Characterization

The Morita-Baylis-Hillman carbonates were prepared according to the literature
reported.' ">

5.4.2.1. General Procedure for the Allylic Nucleophilic Substitution of Morita—Baylis—

Hillman Carbonates

RS _ Chiral DMAP catalysts 1 A&
; COR? NH 10 mol% 0~ "N" "0
R 1+ - R1H(COR2
O

Scheme 5.9. General Procedure for the Allylic Amination

Under an argon atmosphere, a solution of MBH carbonate (1 equiv.), succinimide (1.5
equiv.) and chiral DMAP catalyst (10 mol%) in toluene was stirred at the given temperature.
Once the reaction was judged complete by TLC, the solvent was removed under reduced
pressure, and the residue was chromatographed on silica gel (elution with ethyl acetate / hexane

1:5-1:2) to provide the product.
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o

O™\
mCOZMe

C1gH15NO4
Mol. Wt.: 321.33

5.26a Enantiomeric excess was determined by HPLC with a Chiralcel OD column (90:10
hexane:2-propanol, 0.5 mL/min, 254 nm); minor enantiomer t; = 19.2 min, major enantiomer t, =
42.6 min; '"H NMR (CDCl3, 400 MHz) & 3.67 (s, 3H), 5.6 (d, J= 1.6 Hz, 1H), 6.37 (s, 1H), 6.53
(d, J= 1.2 Hz, 1H), 7.27-7.34 (m, 3H), 7.41 (d, J = 7.2 Hz, 2H), 7.67-7.69 (m, 2H), 7.79-7.81
(m, 2H); C NMR (CDCls, 100 MHz) & 52.4, 54.8, 123.6, 123.8, 128.3, 128.8, 129.9, 132,
134.3, 134.5, 137.2, 137.8, 166.3, 168.1; ESI-HRMS m/z caled. for (C1oHi;sNO4Na)" 344.0893;

found 344.0902.

O

oA =
mcoznﬂe

C45H15NO4
Mol. Wt.: 273.28

5.26b Enantiomeric excess was determined by HPLC with a Chiralcel OD column (90:10
hexane:2-propanol, 0.5 mL/min, 254 nm); minor enantiomer t; = 33.4 min, major enantiomer t, =
50.4 min; [a]p *° -121.1 (¢ 0.58, CHCl3); "H NMR (CDCls, 400 MHz) & 2.65-2.66 (m, 4H), 3.7
(s, 3H); 5.45 (d, /=2 Hz, 1H), 6.1 (t, J= 2 Hz, 1H), 6.45(d, J= 2 Hz, 1H), 6.45(d, J= 2 Hz,
1H), 7.27-7.37 (m, 5H); *C NMR (CDCl;, 100 MHz) & 28.3, 52.3, 55.8, 128.5, 128.9, 129,
129.8, 136.8, 137.3, 166.2, 177.1; ESI-HRMS m/z calcd. for (C;sH;sNO4Na)" 296.0893; found

296.0893.
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mCOZMe

Cos5H21NO4
Mol. Wt.: 399.44

5.26¢ Enantiomeric excess was determined by HPLC with a Chiralcel OD-3 column
(97:3 hexane:2-propanol, 1.0 mL/min, 254 nm); minor enantiomer t; = 15.7 min, major
enantiomer t, = 32.9 min; "H NMR (CDCls, 400 MHz) & 3.7 (s, 3H), 5.68 (d, J= 1.6 Hz, 1H),
6.52(m, 1H), 6.9 (s, 1H), 7.06(t, J= 7.6 Hz, 4H), 7.13-7.18 (m, 2H), 7.23-7.28(m, 1H), 7.32-7.36
(m, 2H), 7.55(d, J= 7.6 Hz, 2H); *C NMR (CDCls, 100 MHz) & 52.4, 61.8, 128.2, 128.3, 128.9,
129.1, 129.3, 129.7, 131.9, 137.6, 137.9, 139.3, 166.7, 173.7; ESI-HRMS m/z calcd. for

(C25H21NO4Na)" 422.1363; found 422.1362.

pyw

mcone

C15H17NO4
Mol. Wt.: 275.30

5.26d Enantiomeric excess was determined by HPLC with a Chiralcel OD-3 column
(98:2 hexane:2-propanol, 0.5 mL/min, 254 nm); minor enantiomer t; = 25.1 min, major
enantiomer t, = 27.8 min; '"H NMR (CDCls, 400 MHz) & 2.32 (s, 6H), 3.74 (s, 3H); 5.61 (d, J =
1.6 Hz, 1H), 6.26 (s, 1H), 6.49 (d, J = 1.6 Hz, 1H), 7.18-7.21(m, 2H), 7.25-7.35(m, 3H); "°C
NMR (CDCls, 100 MHz) 6 27, 52.5, 60.7, 127.9, 128.1, 128.6, 128.8, 129.6, 137.2, 138.4, 166.9,

174.4; ESI-HRMS m/z caled. for (CsH7NO4Na)™ 298.1050; found 298.1044.
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CO,Me

C1gH19NO4S
Mol. Wt.: 345.41

5.26e Enantiomeric excess was determined by HPLC with a Chiralcel OD-3 column
(99:1 hexane:2-propanol, 0.7 mL/min, 254 nm); minor enantiomer t; = 112.4 min, major
enantiomer t, = 117.1 min; "H NMR (CDCls, 400 MHz)  2.38 (s, 3H), 3.57 (s, 3H), 5.28(d, J =
8.8 Hz, 1H), 5.64 (d, J= 8.8 Hz, 1H), 5.8 (s, 1H), 6.19 (s, 1H), 7.1-7.13 (m, 2H), 7.17-7.24 (m,
5H), 7.65 (d, J = 8.8 Hz, 2H); >C NMR (CDCls;, 100 MHz) & 21.7, 52.2, 59.2, 126.6, 127.4,
127.9, 128.1, 128.8, 129.7, 137.8, 138.7, 138.8, 143.6, 166; ESI-HRMS m/z calcd. for

(C1sH19SNO4Na)" 368.0927; found 368.0924.

)

oA =
mcoza

C16H17NO4
Mol. Wht.: 287.31

5.26f Enantiomeric excess was determined by HPLC with a Chiralcel OD-3 column
(90:10 hexane:2-propanol, 0.5 mL/min, 254 nm); minor enantiomer t; = 26.7 min, major
enantiomer t, = 37.4 min; 'H NMR (CDCls, 400 MHz) o 1.21 (t, J= 7.2 Hz, 3H), 2.65 (m, 4H),
4.10-4.2 (m, 2H), 5.41-5.42 (m, 1H), 6.1 (d, J= 1.6 Hz, 1H), 6.45 (m, 1H), 7.23-7.33 (m, 3H),

7.37 (d, J = 8 Hz, 1H); °C NMR (CDCl;, 100 MHz) & 14.2, 28.3, 55.9, 61.2, 128.5, 128.9,

250



129.0, 129.5, 137, 137.6, 165.8, 177.1, 134, 136.6, 166.3, 177.2; ESI-HRMS m/z calcd. for

(C16H17NO4Na)" 310.1050; found 310.1055.

0]

qux
[::j/J\H/COZCHZPh

C21H19NO4
Mol. Wt.: 349.38

5.26g Enantiomeric excess was determined by HPLC with a Chiralcel OD-3 column
(95:5 hexane:2-propanol, 1.0 mL/min, 254 nm); minor enantiomer t; = 49.6 min, major
enantiomer t, = 56.7 min; 'H NMR (CDCls, 400 MHz) & 2.43 (s, 4H), 5.02 (d, J= 12 Hz, 1H),
5.29 (d, J= 12 Hz, 1H), 5.41 (d, J= 2 Hz, 1H), 6.08 (t, J/ = 2 Hz, 1H), 6.51 (d, /=2 Hz, 1H),
7.27-7.38 (m, 10H); *C NMR (CDCls, 100 MHz) & 28.2, 55.9, 66.9, 128.5, 128.6, 128.8, 129,
129.1, 130.2, 135.8, 136.9, 137.5, 165.5, 177; ESI-HRMS m/z calcd. for (C,H;gNOsNa)"

372.1206; found 372.1198.

0]

oA =
[::rijTCOMe

C15H15NO3
Mol. Wt.: 257.28

5.26h Enantiomeric excess was determined by HPLC with a Chiralcel AD-3 column
(96:4 hexane:2-propanol, 1.0 mL/min, 254 nm); minor enantiomer t; = 36.1 min, major
enantiomer t, = 63.9 min; '"H NMR (CDCls;, 400 MHz) & 2.36 (s, 3H), 2.63 (m, 4H), 5.51 (d, J =

2 Hz, 1H), 6.06 (t, J= 1.6 Hz, 1H), 6.23 (d, J = 2 Hz, 1H), 7.23-7.33 (m, 5H); *C NMR (CDCl,,
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100 MHz) 6 14.3, 28.3, 55.9, 61.2, 128.5, 128.9, 129, 129.5, 136.9, 137.6, 165.8, 177, 198.8;

ESI-HRMS m/z calcd. for (C;sH1sNOs;Na)" 280.0944; found 280.0950.

)

Oka
mCOZMe
O,N

C15H14N20¢
Mol. Wt.: 318.28

5.26i Enantiomeric excess was determined by HPLC with a Chiralcel OD-3 column
(70:30 hexane:2-propanol, 0.5 mL/min, 254 nm); minor enantiomer t; = 42.9 min, major
enantiomer t, = 75.2 min; [a]p 2 344 (c 0.77, CHCl3); '"H NMR (CDCls, 400 MHz) & 2.7-2.71
(m, 4H), 3.7 (s, 3H), 5.47 (d, /=2 Hz, 1H), 6.24 (s, 1H), 6.5 (d, J= 2 Hz, 1H), 7.52 (d, /= 8.8
Hz, 2H), 8.18 (d, J = 8.8 Hz, 2H); *C NMR (CDCls, 100 MHz) § 28.3, 52.6, 54.8, 124.1, 129.9,
130.1, 136.1, 143.8, 147.9, 165.7, 176.8; ESI-HRMS m/z calcd. for (C;5H14N2OgNa)" 341.0744;

found 341.0749.

0]

O[NX
mcozm
NC

C16H14N204
Mol. Wt.: 298.29

5.26j Enantiomeric excess was determined by HPLC with a Chiralcel AD-3 column (95:5
hexane:2-propanol, 1.0 mL/min, 254 nm); minor enantiomer t; = 71.6 min, major enantiomer t, =
102.9 min; [a]p * -37.7 (¢ 1.03, CHCl3); "H NMR (CDCls, 400 MHz) & 2.69-2.7 (m, 4H), 3.7 (s,
3H), 5.45 (d, J=2 Hz, 1H), 6.18 (s, 1H), 6.5 (d, J=2 Hz, 1H), 7.47 (d, J=8 Hz, 1H), 7.6 (d, J =

252



8 Hz, 1H); >C NMR (CDCls, 100 MHz) & 28.3, 52.4, 55.1, 115.7, 115.9, 129.5, 131, 132.6,
132.7, 137.2, 161.5, 164, 166.1, 177; ESI-HRMS m/z caled. for (CisH14N,O4Na)" 321.0846;

found 321.0838.

)

Oﬁqx
MeomCOzMe

C16H17NOs
Mol. Wt.: 303.31

5.26k Enantiomeric excess was determined by HPLC with a Chiralcel AD-3 column
(95:5 hexane:2-propanol, 1.0 mL/min, 254 nm); minor enantiomer t; = 31.1 min, major
enantiomer t, = 47.0 min; [a]p 2.101.9 (c 1.22, CHCl3); '"H NMR (CDCl3, 400 MHz) 6 2.65-
2.66 (m, 4H), 3.71 (s, 3H), 3.75 (s, 3H), 5.5 (d, J= 2 Hz, 1H), 6.07 (s, 1H), 6.46 (d, /= 2 Hz,
1H), 6.82 (dd, J= 8, 2.8 Hz, 1H), 6.92-6.96 (m, 2H), 7.23(t, J= 8 Hz, 1H); °C NMR (CDCl;,
100 MHz) & 28.3, 52.4, 55.4, 55.8, 113.9, 114.7, 121.3, 129.91, 129.94, 137.1, 138.3, 160, 166.2,

177; ESI-HRMS m/z caled. for (C16H;7NOsNa) 326.0999; found 326.1002.

o o

MeO COsMe

OMe

C17H19NOg
Mol. Wt.: 333.34

5.261 Enantiomeric excess was determined by HPLC with a Chiralcel AD-3 column (95:5
hexane:2-propanol, 1.0 mL/min, 254 nm); minor enantiomer t; = 39.1 min, major enantiomer t, =

66.7 min; [a]p 2 -116.5 (¢ 1.02, CHCL); 'H NMR (CDCls, 400 MHz) § 2.65-2.66 (m, 4H), 3.7
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(s, 3H); 3.73 (s, 6H), 5.54(d, J= 2.4 Hz, 1H), 6.01 (s, 1H), 6.37 (t, J= 2.4 Hz, 1H), 6.45 (d, J=
1.6 Hz, 1H), 6.53 (d, J = 2.4 Hz, 2H); *C NMR (CDCls, 100 MHz) & 28.3, 52.3, 55.6, 55.9,

100.3, 107.1, 130, 137, 139.1, 161.1, 166.2, 177; ESI-HRMS m/z calcd. for (Ci7H;9NOgNa)"

356.1105; found 356.1110.

oA o

mC02Me
B

r

C15H14BFNO4
Mol. Wt.: 352.18

5.26m Enantiomeric excess was determined by HPLC with a Chiralcel AD-3 column
(95:5 hexane:2-propanol, 1.0 mL/min, 254 nm); minor enantiomer t; = 29.2 min, major
enantiomer t, = 37.9 min; [o]p » -13.9 (¢ 1.27, CHCLs); '"H NMR (CDCls, 400 MHz) & 2.7 (m,
4H), 3.7 (s, 1H), 5.42 (d, J= 1.6 Hz, 1H), 6.47 (s, 1H), 6.5 (d, J= 1.6 Hz, 1H), 7.15 (td, J = 8§,
1.6 Hz, 1H), 7.26 (td, J= 8, 1.2 Hz, 2H), 7.4 (dd, /=8, 1.6 Hz, 1H), 7.54 (dd, /=8, 1.2 Hz, 1H);
C NMR (CDCl;, 100 MHz) § 28.3, 52.5, 55.5, 124.1, 127.7, 129.2, 130, 130.5, 133.3, 135.82,

135.84, 165.8, 176.8; ESI-HRMS m/z calcd. for (C;sH;4BrNO4Na)" 373.9998; found 373.9971.

o)

oA =
M(Cone

C13H19NO4
Mol. Wt.: 253.29

5.26n Enantiomeric excess was determined by HPLC with a Chiralcel OD-3 column

(95:5 hexane:2-propanol, 1.0 mL/min, 220 nm); minor enantiomer t; = 17.9 min, major
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enantiomer t, = 26.1 min; [o]p *° -15.8 (¢ 0.58, CHCLs); '"H NMR (CDCls, 400 MHz) & 0.85 (t, J
= 7.2 Hz, 3H), 1.13-1.35 (m, 4H), 1.82-1.89 (m, 1H), 2.09-2.18 (m, 1H), 2.63 (m, 4H), 3.7 (s,
3H), 5.04 (q, J = 4.4 Hz, 1H), 5.99(d, J = 1.6 Hz, 1H), 6.48(m, 1H); *C NMR (CDCl;, 100
MHz) ¢ 14.1, 22.5, 28.2, 28.7, 29.1, 50.4, 52.3, 128.8, 136.8, 166.5, 177.1; ESI-HRMS m/z

calcd. for (C13H19NO4Na)+ 276.1206; found 276.1204.

5.4.2.2. X-ray Analysis

Figure 5.3. X-ray Structure Determination

Single crystal X-ray diffraction data of 5.30 was collected on a Bruker APEX-II CCD
diffractometer. The crystal was kept at 99.99K during data collection. Cu radiation was used for
the sample. Using Olex2, the structure was solved with the ShelXS structure solution program
using Direct Methods and refined with the XL refinement package using Least Squares
minimization. Basic information pertaining to crystal parameters and structure refinement is

summarized in Table 5.7.
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Table 5.7. Crystal Data and Structure Refinement

Empirical formula Co1HagNJO
Formula weight 352.47
Temperature 99.99K
Crystal system trigonal
space group P3,

alA 13.2040(2)
b/A 13.2040(2)
c/A 11.5028(10)
a, deg 90

B, deg 90

7, deg 120

v, A’ 1736.78(5)
Z 3

dealed, g.om™ 1.011

u, mm’' 0.501
F(000) 570.0

Crystal size/mm’

0.22 x 0.137 x 0.065

Radiation

CuKa (1= 1.54178)

20 range for data collection

7.732 to 133.186

Index ranges

-15<h<15,-15<k<15,-13<1<13

Reflections collected

18957

Independent reflections

3975 [Rin = 0.0240, Rgigma = 0.0162]

Data/restraints/parameters

3975/1/241

GOOF on F*

1.056

Final R indexes [[>=2c (I)]

R;=0.0226, wR, = 0.0579

Final R indexes [all data]

R;=0.0230, wR, = 0.0582

Largest diff. peak/hole/e A~

0.09/-0.13

Flack parameter

0.12)
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CHAPTER 6. CONCLUSION AND OUTLOOK

We have developed synthetic methodology of fluxionally chiral 4-dialkylamino pyridine
catalysts that is amenable for scale up and diversity can be introduced in the fluxional group, C5
substituent on the pyrolidinone as well as the pyridine 4-substituent without much difficulty.
Different catalysts were synthesized with R', R and R? substituents for reaction evaluation.

The novel fluxionally chiral DMAP molecules serve as an effective acylation catalyst for
the kinetic resolution of racemic sec-alcohols, and especially biaryl compounds. A number of
secondary alcohol racemates were resolved with moderate to good selectivities (s factor up to 37),
which are comparable to other chiral pyridine catalysts in the kinetic resolution of secondary
alcohols. Biaryl substrates were resolved with good to high selectivities with up to 51 by using
this catalyst system. To the best of our knowledge, the selectivities obtained for kinetic
resolution of biaryl compounds are better than previously reported asymmetric acylation
catalysts.

The novel fluxionally chiral 4-dialkylamino pyridine molecules served as an effective
acylation catalyst for the dynamic kinetic resolution of biaryl compounds. The equilibrium
between the atropoisomers of the biaryl substrates was demonstrated from chiral HPLC analysis
and the temperature was found to be a key point in controlling the stereochemical outcome of
acylative dynamic kinetic resolution. The efficiency of novel chiral DMAP catalyst in dynamic
kinetic resolution declined compared to simple kinetic resolution under high temperature. Good
yields and enantioselectivities were obtained for configurationally stable biaryl product. The best
enantioselectivity was achieved with 80 %ee. Our present protocol provides a new approach for

the preparation of optically active biaryl compounds.
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Finally, MBH adducts transformation have opened up new opportunities for construction
of complex molecules. Our studies have shown that newly designed DMAP catalysts containing
fluxional groups as a stereocontrol unit could also be effectively applied as a nucleophilic
catalyst in asymmetric allylic aminations, which provide a novel tool to synthesize useful
molecules. The catalyst preparation is highly tunable and up to 72 %ee was achieved for the
product and a range of a-methylene P-amino esters were obtained with good yield and
selectivities.

Fluxional organocatalysts can be used in enantioselective processes and transfer
stereochemical information and enantioselectivity can be affected by changing fluxional groups.
Further applications of chiral relay DMAP catalysts in asymmetric catalysis are in progress. In
this type of fluxional chiral catalyst, the role of chiral axis C-N bond between pyridine ring and
pyrazolidinone ring in the reaction process and the conformational change of the transition state
during the reaction will be investigated by computational studies.

Future study of chiral relay project will focus on applying chiral template with fluxional
chirality as a platform for novel catalyst design. Different kinds of catalytic center could be
utilized to connect with chiral template with fluxional group, such as imidazole, thiourea,
phosphine, etc. More and more new catalysts could be developed by using this platform for
stereocontrol in a variety of asymmetric transformations including the exploration of new

reaction types.
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