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ABSTRACT

Asymmetric catalysis is essential to meeting increasing demands of chiral molecules and
substances for pharmaceutical and material industries. Combination of major catalytic
approaches to achieve efficient asymmetric catalysis is of current interest but often limited by the
design of compatible and cooperative catalytic systems. MAP-based trifunctional systems,
containing phosphine as a Lewis base, amine as a Bronsted base, and an aromatic Brensted acid
group, are proficient in cooperative organocatalytic aza-MBH processes and can potentially also
serve as multidentate ligands in metal-catalysed reactions for developing hybrid catalysts in
sequential organo- and metal-catalysed processes. The application of a single structure as an
organocatalyst and ligand in a complex process may present new opportunities for addressing the

compatibility issue of hybrid catalysis.

In this thesis, we report the design, synthesis, and catalytic investigations of new MAP-based
trifunctional catalysts for organo- and metal-based catalysis, in single or cascade reactions. First,
a new series of trifunctional organocatalysts with various pyrrole-type Brensted acids were
investigated in the aza-MBH reaction to improve catalytic cooperativity and reaction scope. The
main representatives of trifunctional MAP-based systems were then tested as ligands in
asymmetric allylic substitution and demonstrated the potential to enantiodivergent catalysis,
based on the additional ligand-induced H-bonding interactions. A model trifunctional system
possessing a phenolic Brensted acid was also investigated on its organizational ability to
translate chirality in cascade or sequential processes. The findings on the organisational
properties of MAP-based trifunctional catalytic systems should lead to new design principles in

the development of cascade and hybrid catalysis for efficient asymmetric synthesis.
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CHAPTER 1

The MAP Scaffold as

a Versatile Platform for Hybrid Catalysis



CHAPTER 1. The MAP Scaffold as a Versatile Platform for Hybrid Catalysis
1.1. Background

Pharmaceutical and material industry needs in asymmetric catalysis are growing rapidly over the
last decades and require intense investigations in this field.!” Designing asymmetric catalytic
systems de novo, however, remains a difficult task.* We have coined the “REAP” factor to
describe the challenges for finding and developing high-performance catalysts: Rationale,
Efficiency, Adaptability, and Proficiency.® Rational design of catalysts requires well-defined
mechanistic understanding. Efficiency relies on finding the optimal cost-benefit ratio.
Adaptability characterizes the necessary modular nature to catalyst syntheses for easier
customization and, as a consequence, a reaction scope expansion. Proficiency is primarily
defined as a concurrent enantioselectivity and reaction rate enhancement. Very few designed
catalysts can fulfil the requirements of the “REAP” factor, however, many catalytic systems can

satisfy the requirements partially.

All catalytic asymmetric processes can be broadly divided into three main domains: enzymatic
systems, metal-based systems, and organic catalysts.®!” Enzymes provide the highest catalytic
proficiency out of the three. However, enzymes often have very limited substrate scope.!! Metal-
catalytic processes can demonstrate high reaction rates and enantioselectivity, however,
scalability and purification can present issues in terms of efficiency and sustainability.'? '3
Organocatalysts are readily available, easily modifiable, and less toxic than metal catalysts.
However, lower proficiency and high loadings limit the application of organocatalysts in many

scenarios.> '+ 1

In order to improve catalytic proficiency, novel generations of organo- and metal-catalysts,
mimicking the enzymatic types of activation, have been developed.'®!” Various combinations of
four major catalytic motifs such as Brensted and Lewis bases and acids became a dominant

strategy in enzyme-mimicking design.? These catalytic motifs can be tuned and organized to



deliver precise chains of weak interactions between substrate and catalyst, similar to those
formed between enzymes and substrates. “Hybrid catalysis”, defined as a combination of
organocatalytic and metal activations supported by weak interactions, can increase the potential
of higher catalytic proficiency, however, catalytic generality of this approach is challenging due
to the complexity required in the design process. Nonetheless, hybrid catalysis is one starting
point of developing complex catalysis that may in the long-term reveal new catalytic concepts

and lead to novel catalytic systems with high performance potentials.

1.2. 1,1’-Binaphthyl Scaffold as a Candidate for “Hybrid” System Design

The 1,1’-binaphthyl scaffold (Figure 1a) is considered a privileged structure for developing
catalytic systems®' due to its high resistance to racemization in various reaction conditions,
opportunities for the modular installation of functional groups, and extensive investigations in
both organo- and metal-catalysed processes. The activity of main representatives of symmetrical
binaphthyls, BINAP and BINOL, has been thoroughly investigated in cyclization, aldol,
Strecker, Morita—Baylis—Hillman, reduction, Reissert, Diels—Alder, Friedel-Crafts, Nazarov,
Ugi, Henry, ene-type, Mannich, Michael, cross-metathesis, ring-expansion, Bayer—Villiger,

pericyclic, and coupling reactions.??°

@ Brensted
@ Lewis

M = Metal

BINAP: X =Y = PPh,
BINOL: X =Y = OH Multifunctional MAP-based prototype
MAP: X = PPh,; Y = NMe,

Figure 1 a) Privileged 1,1’°-binaphthyl scaffold representatives; b) MAP-based multifunctional

prototype.



The 2-amino-2’-phosphino-representatives of 1,1’-binaphthyls, also known as MAP-based
derivatives, are a focus here due to several unique structural features (Figure 1b). The phosphine
fragment can serve as a strong metal-chelating motif in metal-catalysed reactions or as a Lewis
base catalytic function for initiation of organocatalytic processes. The second fragment, a protic
secondary amine, can also serve as a mild metal-chelating fragment or a donor or acceptor of
hydrogen bonds for an improved catalytic organization. Moreover, the amino group is easily
modifiable, and additional catalytic functions such as Brensted acids can be introduced as
substituents. Clearly, the MAP-based multifunctional prototype, possessing diverse catalytic
motifs for organocatalysis activation, metal-chelating centers for metal-catalysed processes
promotion, and protic Brensted acid and base fragments for H-bonding network formation, can
be an excellent candidate for hybrid catalysis. The following literature survey will first highlight
the main aspects of MAP-based structures application in metal- and organocatalysed asymmetric
processes, followed by catalytic structures that are known to act as both ligands and

organocatalysts.

1.3. MAP-based Structures in Metal- and Organocatalysed Asymmetric Processes
1.3.1. MAP-metal coordination

Seminal investigations of palladium coordination modes on MAP 1.1a were performed by the
Kocovsky’s group. Initially, the P,N coordination mode 1.2 was postulated (Scheme 1).3!-3
However, the isolation and X-ray characterization of the MAP-PdCl, complex, prepared from
bis(benzonitrile)palladium(Il) dichloride and (S)-MAP, demonstrated a P,Cs coordination mode
1.3 rather than monodentate P 1.4 or bidentate PN 1.2 modes.** The additional NMR

investigations of the MAP-PdCl, complex in solvent showed that all possible P,N- 1.2, P,Cs- 1.3,

and P-species 1.4 were present as a 10 : 85 : 5 mixture, respectively, in a dynamic equilibrium.



NMe, _(PhCN);PdCl, OO
oPh, " oom O O

MAP 1.1a 1.2 (10%) 1.3 (85%) 1.4 (5%)

Scheme 1 Palladium complexation modes on MAP.

The initial studies of MAP as ligand were carried out in Pd-catalysed allylic alkylation

31,3439 and the nP-allyl complexes of MAP with palladium were synthesized to

reactions,
investigate the possible catalytic species that may form in the reaction conditions (Figure 2a).
The X-ray crystallography data of complexes 1.5 confirmed the unusual P,Cs-ligation character
of palladium on MAP.** ¥ The P,Cs-coordination is proposed to be driven by the lower
distortion in the formed complex 1.3 than in P,N-mode 1.2.3* The similar P,Cs-coordination of
palladium is also common for biaryl ligands that have been successfully applied in Suzuki-

Miyaura coupling processes.*% 4!

//> E - z - b)
P N N\
/

ya
Ph' Ph  Ph
1.5a 1.5b "M" type 1.5b "W" type 1.6

Figure 2 a) P,C; allyl complexes of MAP; b) P,N allyl complex of Hs-MAP.

The NMR investigations of complex 1.5b in deuterated chloroform solution revealed the
presence of two diastereomeric rotamers, “M” and “W” (by the positioning of the allylic unit),
along with the presence of minor P,N-chelated Pd species. However, the change of the bite angle
between two palladium donors in these MAP-type ligands may switch the chelating mode from
P,Cs to P,N due to the increased energy of P,Cs-mode in the system with the partially reduced
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binaphthyl core.?* Thus, the X-ray data collected from complex 1.6 (Figure 2b), formed from the
partially reduced ligand Hg-MAP (bite angle 98.9°, compared to 85.02° for MAP),

unambiguously showed the P,N-coordination mode of palladium.*

The presence of additional strong chelation centers can also induce HO
the change in the MAP ligand’s coordination mode. As such, the OO ;
N
. . - \
replacement of the amine fragment with an imine changes the pq—Cl

/ ~N
Cl
PPh,
coordination pattern from P,Cs; to P,N mode, furnishing the seven-

1.7

Figure 3 Shi’s P,N
complex 1.7.

membered chelate 1.7 (Figure 3).*> Remarkably, the phenolic
fragment in complex 1.7 does not participate in the coordination of

palladium and can further be used as a Bronsted acid functionality for organized catalysis.

The inclusion in the MAP structure of another strongly chelating center, such as a pyridine ring,
changes the chelation pattern further to tridentate P,N,N,y: mode for the first-row transition
metals and Ru-complexes.*® X-ray analysis demonstrates that copper(I) forms an uncommon
trigonal monopyramidal (Figure 4 left) complex 1.8 while iron(Il), cobalt(Il), and nickel(I)
provide similar square monopyramidal complexes 1.9 (Figure 4 middle). Ruthenium(II)
furnished the classic octahedral sp’P, sp’N, sp’N complex 1.10 with a DMSO-S/CI trans

arrangement (Figure 4 right).

cl o] Cl
B ]ow o
Cu:\_N CI_’\M—\:'N CI_’_RIU:"N
NS NS PN
o > “,,é\ =
/ O
M = Fe, Co, Ni
1.8 1.9 1.10

Figure 4 P,N,Nyyr MAP-based complexes 1.8-1.10.

The coordinating behaviour of N-heterocyclic carbene-containing MAP analogous was studied

on the examples of Ir, Rh, and Pd complexes 1.11 and 1.12 (Figure 5).** % Based on the X-ray



data, all complexes demonstrated the expected P,Ccabene cis-chelation mode between the metal

and the ligand.

_ 1+

OO u o
N\\<N_ N\‘ ‘N—
_F _
p—M o —Pd '
I Ph A
Ph ph Ph

M =1Ir, Rh
1.1 1.12

Figure 5 P,Ccarbene MAP-based complexes 1.11 and 1.12.

In summary, there is limited consistency of the data on the coordinational behaviour of MAP-
based ligands. The complexation of these ligands directly depends on the additional functional
motifs and structural features of the binaphthyl core. Classic MAP as a ligand tends to form
unusual P,Cs; complex. However, the insertion of additional strongly coordinating motifs or the

alteration of the bite angle of metal donors may redirect the complexation to a P,N-mode.

1.3.2. MAP and its derivatives in metal-catalysed processes

Metal-catalysed processes where MAP-based structures have been applied as ligands can be
broadly classified by the metal used. At the early stages of MAP investigation, most reactions
have been carried out with palladium or copper. However, in the later decades, the attention
turned to hydrogenation and hydrofunctionalisation reactions, catalysed predominantly by
rhodium and ruthenium (see Appendices Al for the full list of MAP-based ligands and

applications).

Historically, MAP 1.1a was developed as a ligand and extensively studied in complexes with

palladium. The range of asymmetric reactions, catalysed by PA/MAP varies from common allylic

31, 36, 42, 46, 47 44, 48-51 52-55

substitution, coupling reactions, and o-arylation or vinylation of enolates to

exotic dearomatization processes’® 7 (further details in Chapter 3). In addition to in-depth
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studies of PA/MAP-catalysed reactions, the next first-row transition metal MAP complexes that
have received significant attention come from copper. The weaker binding of the metal to the
ligand donors can provide a wider opportunity to introduce functional fragments in

organocatalytic pathway together with metal-catalysed cycles.

: ) —
a) [Cu(OTH)],*CgHg/Ligand ! N
0 (1 mol% / 5 mol%) o) l NH N
/\)J\ + Et22n > ! R
Ar’ Ar? Toluene / DCE Ar! Ar2
113 (0.5M/1M),-20°C, 48 h 114 ; OO PPh;
: 1.16aR = H

Ligand = 1.16a: 92% yield; 83% ee; 1.16b: 69-97% yield; 90-98% ee 116b R = Me

! 0 —
CuCl (1 mol%) E \ /
_/<O 1.16¢ (1.25 mol%) OH ! NH N
Ar + EtyZn > : .
’ 7 Toluene,0°C,12h a7 " !
1.15a 78-00% yield | OO PPh,
75-98% ee ! 1.16¢c

b)
Et,Zn (1.5 eq. in 1 M hexane),

O Cu(OTf), (0.5 mol%), 1.17 (1 mol%) M 5 OO NHTs
Ar”* ,

AN ° g
Ar/\)k Toluene (0.17 M),0°C, 5h OO PPh,

1.13 1.14
1.17

44-63% yield; 84-98% ee

Scheme 2 a) Cu/1.16-catalysed diethylzinc addition to chalcones and aldehydes; b) Cu/1.17-

catalysed diethylzinc addition to benzylideneacetones.

An early investigation of Cu/MAP catalysis was carried out on the asymmetric diethylzinc
addition to enones 1.13 and later to aromatic aldehydes 1.15 where reactions most probably
proceed through the formation of cuprates. Pyridineamide MAP-derived ligands 1.16 were
developed by Zhang et al. and demonstrated high selectivity in Cu-catalysed diethylzinc addition
to acyclic chalcones 1.13 (83-98% ee)’® or aromatic aldehydes 1.15 (75-98% ee)*® (Scheme 2a).
The more rigid amide bridge in the ligand structure may support the conformational rigidity of
the binaphthyl backbone providing better asymmetry transfer. The pyridineamide ligands (R)-

1.16b have been recently applied in Cu-catalysed tandem double Michael process.®® Another



ligand that was successfully used in Cu-catalysed asymmetric diethylzinc addition to acyclic
substrates such as benzylideneacetones 1.13 is a sulfonyl-substituted MAP-ligand 1.17 which
provided the corresponding products 1.14 in >90% ee (Scheme 2b).*! Both ligands 1.16 and 1.17
contain carbonyl or sulfonyl oxygen fragments in their structures that may improve the

asymmetric induction of diethylzinc addition via an additional ligation of zinc to these

fragments.
a) o) [Cu(OTf)],eCeHg/Ligand OH
! 5 mol% / 10 mol% NO,
+ CH3N02 > *
MeOH, 4A MS, rt, 48 h
O,N O2N
__________________ 1A% . M8
Ligands: phenol acidity decreases .
cl R2 . CONTROL !
y ! i
It ) )
HO  Cl HO HO R i ;
OO PPh; 1.19¢ 1.19d 1.19b 119e | 1.20a |
94°/: yield 99% vyield R'=H:R2=Me: R'=R2=11Bu . up to 87%.yield !
L ) | !
7% ee 68% ee 94% yield 87% yield 1._____ racemic
73% ee 71% ee
b) NCS (1.2 eq.) o o E )
(R)-1.19g (10 mol%)  R?2 : §
> * OR1 ' O /
DCE (0.2 M), 2h , Cl ; N
, 0 (CuOTf),*CHg R 192 :
0, " |
Riﬂ 20, _ (10mol%) | o 78-99% yield : OO PPh,
4A MS, 0°C / 50-82% ee !
3 1 ’ NA\ '
R OR 15 Ph(12eq) 0 o : J
1.21 (R)-1.19f (10 mol%) R?2 :
* ,
OR' %é kR
DCM, 18 h - oH |
1.23 : HO  OH
90-99% yield ! 1.19g R = NO,
39-71% ee : 1.19f R=H

Scheme 3 a) MAP-based ligands 1.19 and 1.20a in Cu-catalysed asymmetric Henry reaction; b)

MAP-based ligands 1.19 in Cu-catalysed asymmetric chlorination and hydroxylation.

t%2 were tested in

Phosphine—Schiff ligands 1.19 or 1.20a, containing a phenolic fragmen
asymmetric Henry reaction (Scheme 3a) where copper participates as a Lewis acid for aldehydes

activation. The enantioselectivity of the reaction clearly responds to the alteration of the phenolic



hydroxyl acidity that may indicate supporting H-bonding interactions in the catalytic process.
Phenol-containing ligand 1.19¢ with a more acidic phenol provides almost racemic outcome
when the ligand 1.19d with the unsubstituted phenol affords a substantial rise of the product’s
1.18a ee level to 68% in comparable reaction conditions. Further introduction of electron-
donating moieties in the para-position to the phenolic hydroxyl in ligands 1.19b and 1.19e
increased the ee level further up to 73% (Scheme 3a). While the control ligand 1.20a without the
Bronsted acid gave the racemic product 1.18a. The 'H NMR investigations of the Cu/1.19b
complex demonstrated a downfield shift of the imine signal and disappearance of the phenolic
hydrogen signal as compared to the free ligand spectra. The phosphorus signal revealed a
downfield shift and was thought to indicate that Cu(I) can be potentially N,O,P-coordinated on
the ligand 1.19b. Later, Schiff base ligands 1.19 were also tested in Cu-catalysed asymmetric
hydroxylation® or chlorination® of S-keto esters 1.21 and provided products 1.22 and 1.23 in up
to 82% ee (Scheme 3b). For both reactions, ligands 1.19f, g containing catechol-like fragments
were found to be more enantioselective than their monophenol containing analogue 1.19b-e.
However, the enhancement of the complex’s Lewis acidity by insertion of electron-withdrawing

substituents may also influence the starting aldehyde recruitment and cannot be excluded.

a) 1) Ph,SiH, (2 eq.),
Rh/(R)-Ligand (2 mol%)
O Toluene, 20 °C, 24 h . OH
Ph)J\ 2) 1% TsOH in MeOH, rt, 2 h Ph/'\ -
1.25a 1.26a OO N/_\N+_ R
Ligand: (R)-1.24a 91% yield, 72% ee N

(R)-1.24b  76% yield, 53% ee *

(R)-1.24c  82% yield, 49% ee | OO PPh,
b) 5

H, (50 atm)

J\ Ir/(S)-Ligand (1 mol% : 1.24a R = Me

Ph._~ > Ph -~ _

R DCM,25-50°C,24h > 'R 1.24b R = Et
R = COzMe; COzEt, Ph 1.24c R="'Pr

1.27 1.28

Ligand: (S)-1.24a 35-99% yield, 32-61% ee
(S)-1.24c 37-99% yield, 25-30% ee

Scheme 4 a) Rh-catalysed acetophenone 1.25a hydrogenation; b) Ir-catalysed olefins 1.27

hydrogenation.
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The modern MAP-based catalysis demonstrated a significant shift from palladium- or copper-
catalysed processes to hydrogenation and hydrofunctionalisation reactions, catalysed by
rhodium, iridium, and ruthenium where metals serve as hydride carriers. The early works in
hydrogenation have been performed using carbene-derived MAP ligands 1.24 (Scheme 4).** #°
All complexes demonstrated moderate enantioselectivity in Rh-catalysed acetophenones 1.25a
hydrogenation (Scheme 4a)** and Ir-catalysed olefins 1.27 hydrogenation (Scheme 4b).*°
Enantioselectivity erosion was observed with the introduction of bulky substituents into the
carbene core. For example, iso-propyl-substituted ligand 1.24c provides the hydrogenation
product 1.26a in 49% ee, when its methyl-substituted analog 1.24a gives 72% ee (Scheme 4a).
Based on the analysis of experimental and crystallographic data, authors proposed that the

extrusion of metal from the chiral backbone is higher than it is necessary for the enantioselective

reaction that negatively affects efficient chirality transfer.

The pyridine-containing complex of 1.29a with ruthenium, described previously in complexation
section (Figure 4, complex 1.10), demonstrated good to excellent enantioselectivity (in most
cases >96% ee) in ketone 1.25 hydrogenation (Scheme 5a).** 6% ® The DMSO additive was
found crucial for the enantioselective catalysis. The chiral transfer occurs in the pocket formed
by the ligand and a DMSO molecule ligated trans to the sp* N ligand site (Scheme 5b).°® The
DMSO molecule is additionally fixed by an H-bond between an o-hydrogen of the ligand’s

pyridine moiety and the DMSO oxygen that allows the formation of a chiral pocket.

11



a) [Ru((S)-1.29a)(DMSO)3](BF ), 5 =
(0.01-1 mol%) ! OO \
o) : NH N

I H, (100 atm), DMSO (140 mol%) iH
R" "R? 'BUOK (10-20 mol%), R RZ oBh
1.25 MeOH, rt-50 °C, 24-72 h 1.26 ; OO 2
91-98% yield ! 1.29a
78-98% ee T TTTTTTTTTTTTTTTTTT
o [Ru((S)-1.29a)(DMS0);](BF 4), (1 mol%) OH
A H, (100 atm), DMSO (140 mol%)  _~_ %
I i GO
! ‘BuOK (10 mol%), MeOH, rt, 24 h, f(><
oo n=t2 ) 1.31 )
1.30 94-97% vyield
52-90% ee

Scheme 5 a) Ru-catalysed ketones 1.25 hydrogenation; b) H-bond fixation of DMSO additive for

the chiral pocket formation.

Recently Zhang et al. developed regio- and enantioselective protocols of Rh/1.32-catalysed
asymmetric hydroformylation of vinyl heteroarenes (>90% ee)®’, a-methylstyrenes (77-92%
ee),% allylic alcohols and amines (80-92% ee),% 1,1°-dialkyl olefins (90-99% ee),”® acrylic acid
derivatives (up to 96% ee),”! and hydrocyanation of alkenes.”” For the Rh-catalysed a-
methylstyrenes 1.33 hydroformylation, (S,R)-1.32 ligands were inefficient, providing little
conversion while ($,5)-1.32, especially (S,5)-1.32¢, provided the products with excellent regio-
and enantioselectivity (Scheme 6a).® P,P-mode of Rh complexation was proposed, based on the

previous investigations of 1.32 analogs’> 7

and the importance of hindered phosphine centers in
the (§,5)-configuration. As a further development of hydroformylation protocols, silicon-oriented
(S,R)-1.32a/Rh-catalysed p-hydroformylation of alkenes 1.35 has been recently published
(Scheme 6b).”> High regio- and enantioselectivity of hydroformylation was achieved for

aromatic and aliphatic substrates. The importance of silicone substituent for regioselectivity was

proved experimentally by using control substrates without the silicon moiety.
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a) Rh(acac)(CO), (2 mol%),
R’ (S,S)-1.32¢ (6 mol%) R’

R CO/M, = 2.5/2.5 bar, Toluene, RszCHO

86-98% yield
91-97% ee; Blo. > 92/8

133 820 C,48-72h 1.34 |
R" and R? = alkyl, aryl, heteryl 84-95% yield

77-92% ee N\P
b) :
Rh(acac)(CO), (0.5 mol%) !

_ (S.R)-1.32a (1.5 mol%)  OHC, , ; OO PArz
RZ SI\_ CO/H2 = 5/5 bar > 2>—\ . !

/ 'R'"  Toluene, 70 °C, 20 h RE I 1 1.32a Ar=Ph; 1.32¢ Ar = 3,5-BuCqHs

135 R'and R? =alkyl, aryl, heteryl RY

Scheme 6 a) a-Methylstyrenes 1.33 Rh-catalysed hydroformylation; b) Silicon-oriented Rh-

catalysed B-hydroformylation of alkenes 1.35.

1.3.3. MAP and its derivatives in organocatalysed processes

MAP-based structures, bearing a phosphine Lewis base and a protic amine, have the potential to
initiate reactions by the nucleophilic phosphine fragment and additionally organize reactions by
weak interactions with the participation of the amino group. Almost all tests of MAP-based
structures as organocatalysts were performed in two processes, namely Morita—Baylis—Hillman
(MBH) reactions and allylic substitution of MBH adducts. This section reviews how different
protic fragments of MAP-based organocatalysts can help organize reactions by H-bonding

interactions (see Appendices A2 for the full list of MAP-based organocatalysts and applications).

The general MBH mechanism (Figure 6)7° starts with a reversible Michael addition of a catalyst
to an activated alkene that forms a zwitterionic intermediate, which is exposed to an
aldehyde/imine for the aldol addition (rate-limiting step). The adduct undergoes the proton
transfer elimination (PTE) that gives the final MBH product and regenerates the catalyst, and this
step may be rate-limiting in aprotic solvents. The reversibility of the first two steps, the shift of

rate-determining step from PTE to aldol addition upon the product accumulation, and the
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presence of the aldol intermediate as four diastereomers complicates the reaction mechanism
making it very challenging for catalyst design that can control selectivity throughout the reaction

process.

EWG = electron-withdrawing group; R = alkyl, aryl;
X = O (MBH reaction); NR' (aza-MBH reaction)

X ©
Michael ~ © L X 1
EWG addion ~EWG R H
r) ‘[ - — e EWe— » L Ewe
| Cat  Aldol addition Proton-transfer R
® (rate determining Cat elimination
step) ® (rate determining

T, .. step in aprotic

NR"3 or PR" conditions)
Catalyst (Cat)

Figure 6 General mechanism of an MBH reaction.

1.3.3.1. MAP-based bifunctional organocatalysts

All bifunctional amide-containing MAP-based organocatalysts have been investigated in detail

77,78 and allylic amination (Scheme 7).”” 80 N-acyl substituted catalyst

in aza-MBH reactions
1.38d (Scheme 7a) was able to proficiently catalyze the aza-MBH reaction providing the product
1.37a in 99% yield and 93% ee.”” Moreover, model tests demonstrate a clear dependence of
proficiency on the presence and acidity of the organocatalyst’s amide proton. Thus, the reaction
does not occur with catalyst 1.38b, bearing the most acidic amide proton, or with 1.38g in the
absence of an amide proton. The N-tosyl substituted catalyst 1.17, which was described as an

efficient ligand in asymmetric diethylzinc addition (Scheme 2b), demonstrated high activity in

the organocatalysed asymmetric aza-MBH processes (Scheme 7a).
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a) “ 1 O Catalyst(10mol%) 'SHY O
2 RIS § -

o DCE, rt Ph
1.36a (2eq.)
1.37a
Catalysts: U
0. Q& /@/ O>\g | CONTROL |
;) \O /S\\O CH3 : :
$NH © $NH 4-NH . $NAc, |
1.38b 1.17 1.38d | 1.38g
PPh2| time:48h  time: 96 h time: 48 h : time:96 h !
yield: - yield: 94% yield: 99% | vyield:- |
- ee: 86% ee:93% | i

U\ Catalyst
* OTMS >
R @) rt
(1.5-2.5 eq.)
1.39

b) Conditions: R = Ph;
Solvent: Toluene;
Additive: H,O (6 eq.),
Catalyst (10 mol%)

1.38d: 36 h,
94% vyield, 94% ee
(no water): 48 h,
74% yield, 61% ee

c) Conditions: R = 4-CICgHy;
Solvent: CH3CN; Catalyst (20 mol%):

0]
LY
NH N 24 h,
B

0C  76% yield,
0,
OO PPh, 99% ee
1.41c

Scheme 7 a) MAP-based amides 1.38b,d,g and 1.17 in aza-MBH reactions; b) MAP-based

favoured transition state

amides 1.38d and 1.41c in allylic substitution of MBH acetates 1.39.

The amide catalysts were further tested in the asymmetric substitution of MBH acetates 1.397% 8%
82 and carbonates.®® In these reports, the amide proton again plays a pivotal role in asymmetric
induction.®? Catalyst 1.38d provides the alkylation product 1.40a in 94% yield and 94% ee
(Scheme 7b).*? The enantioselective protocol requires water as an additive, and a proposed
transition state illustrates how the amide moiety fixes both substrates through a water molecule
via a network of H-bonding interactions (Scheme 7b). Later new pyrrolidine-containing MAP-
based amides 1.41 were reported, bearing an additional source of chirality in the amide
sidearm.® 8! The catalyst 1.41c, containing an N-Boc protected pyrrolidine fragment, was the

most proficient among the series, providing the product 1.40 in 76% yield and 99% ee over 24 h
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(Scheme 7b right).! A set of control experiments with pyrrolidine unsubstituted catalysts

indicated that the pyrrolidinic nitrogen may not play a significant role in chirality transfer.®!

Thiourea-containing MAP-based catalysts 1.42 and 1.43 constitute another type of bifunctional
organocatalysts, bearing a phosphine as the Lewis base and a thiourea fragment as a multidentate

Bronsted acid motif. A set of diverse MAP-based urea and thiourea organocatalysts were

80, 84-86 87-90

designed and tested in the aza-MBH reaction,® allylic substitution, and annulations.
The model thiourea catalyst 1.42a demonstrated the ability to implement enantioselective aza-
MBH reactions in excellent yields and up to 91% ee (Scheme 8a).** The catalysis requires an
external Bronsted acid additive to switch on the proficient pathway providing faster and more
enantioselective formation of the product 1.37 (Scheme 8a). It was proposed that benzoic acid

may help stabilize the phosphonium enolate intermediate cooperatively with the thiourea moiety

via H-bonding (Scheme 8a right).

a) s o 142a(10mol%) TSHN O s j\
<15 + R —— !
Ar” °N \)k BzOH (5 mol%) Ar/ﬁﬁl\ : OO )J\ Ph N~ N-Phoph
. N - {
A H

\
136 (26q) DCM.rt 1080h | N HH /H‘*oﬁo
61-98% yield | oPh o ©
Ar = Ph; Conditions variation: Toluene, 10 h 70-97% ee | OO 2 ®/\/)\
BzOH (10 mol%): 97% yield, 77% ee ; 1.42a OO B
BzOH (0 mol%): 12% vyield, 16% ee ! 2

'~ Phosphonium intermediate —

~ Arp Arp 7
b) OBoc *F’/ \r re-face
coe +Y\(EO1 43 (20 moi%) ><Tf"\ .
)ﬁ( DCM, tt, 24 h Nqi: 6j\ o
1.44 R—alklyl tas OO o S)\N\H/@O
82-95% yield 1.43a i Hy |

3:1-20:1 dr; 91-98% ee Both substrates recognized

by the H-bonding motif
FAVOURED

Scheme 8 a) Catalyst 1.42a in aza-MBH reaction; b) Catalyst 1.43a in allylic substitution of

MBH carbonates 1.44 with oxazolones.

80. 85 oxazolones, and

Diphenyl phosphite and phosphane,® oxoindols and benzofuranones,
phthalimide®® have been used as nucleophiles in allylic substitution reactions catalysed by

thiourea-derived MAP catalysts. The first generation of N-aryl substituted thiourea catalysts 1.42
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84.86 and the next generation of more structurally

was inefficient in allylic substitution reactions,
flexible thioureas 1.43 was developed. Catalysts 1.43 bear a methylene bridge between thiourea
and the aromatic ring that allows the positioning of this ring to sterically restrict one of the
nucleophile approaches.® In allylic substitution of MBH carbonates 1.44 with oxazolones, the
thiourea catalyst 1.43a provided highly diastereo- and enantioselective catalysis (Scheme 8b).
Adequate phosphine nucleophilicity and acidity of the thiourea Brensted acid motif were found
crucial for enantioselective catalysis. In the suggested mechanism, the oxazolone anion,
generated by ‘BuO~ (formed after BocO~ decomposition), can be recognized by the thiourea

moiety (Scheme 8b right) to set up a selective attack of the oxazolone nucleophile to the allylic

substrate.

1.3.3.2. Trifunctional MAP-based organocatalysts with an amino bridge and external acid

activation

Acid activated, trifunctional MAP-based catalysts, containing a phosphine Lewis base, amino
Brensted base, and phenol Bronsted acid, were designed and applied in aza-MBH reactions.”!*
The extension from bifunctional to trifunctional mode was achieved by the insertion of a
Bronsted base motif that can interact with an external Bronsted acid additive. The polar or ionic
nature of this interaction may help stabilize the zwitterionic intermediate increasing the reaction
rate in non-polar aprotic solvents without enantioselectivity erosion.”® The interaction between
the external acid and the Brensted base function could additionally favour a proficient proton
transfer elimination pathway.”®> The trifunctional mode requires the external acid activation for

enhancing reaction rate and enantioselectivity at ambient temperature, while the bifunctional

mode requires low temperatures (low reaction rates) to achieve high enantioselectivity.

The model catalyst 1.46a with an unsubstituted phenol ring is able to proficiently catalyze the

aza-MBH reaction between N-tosylsubtituted benzaldimine 1.36b and MVK, providing product
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1.37b in >95% conversion over 3 h and up to 92% ee (Scheme 9).”* The catalytic system is
switchable and requires an external Brensted acid additive for the proficient pathway activation
(Scheme 9, 1.46a example).” The role of every catalytic motif in cooperative catalysis has been

investigated by a series of control experiments (Scheme 9).

Catalyst (10 mol%),

NTs BzOH (0 or 50 mol%), TS ~\H
| MVK (2 eq.)
DCM, 4A MS, rt
Br Br
1.36b 1.37b

Lewis Brensted

Catalysts:

BzOH no BzOH BzOH no BzOH BzOH no BzOH
time: 3h 3h time: 4 h 6 h time: 6 h 6 h
conv.: >95% 10 % conv.. 81 % 49 % conv.. 78 % 66 %
ee: 92 % racemic ee: 46 % 17 % ee: 42 % 71 %

Scheme 9 Tests of functional motif roles in MAP-based trifunctional system.

Bifunctional control catalysts 1.46e (Bronsted acid control) and 1.47 (Brensted base control)

were tested in reactions with or without the benzoic acid additive. Catalyst 1.46e, containing only

the Lewis base and Bronsted base, demonstrated lower proficiency but
retained its catalytic response to acid activation, while the catalyst 1.47,
bearing only the Lewis base and Brensted acid, was deactivated by the

external acid additive.

FAVOURED

In the trifunctional mechanism of catalysis, an acid additive is able to
Figure 7 Proposed
regulate mechanistic complications mentioned on page 14, activating the  favoured TS with
benzoic acid
reaction by H-bonding interactions. The acid additive facilitates a promoted PTE.
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transition state with lower activation energy that favours one particular enantioselective PTE

pathway (Figure 7).°1%

The acidity of the phenol Brensted acid function plays a significant role in the formation of
efficient H-bonding interactions. The tests of trifunctional MAP-based systems 1.46, bearing
electron-withdrawing and electron-donating substituents on the phenolic ring, showed that
increased acidity of the Bronsted acid function can improve the proficiency of catalysis up to a
certain limit (Scheme 10a).”> The introduction of electron-withdrawing fluorine and bromine
atoms in catalyst 1.46h decreased the reaction time from 3 h to 15 minutes without the loss of
enantioselectivity, providing one of the fastest aza-MBH processes at ambient temperature
(Scheme 10a, catalyst 1.46h vs. 1.46a). However, the insertion of the nitro group into the catalyst
structure (1.46j example) reduced the reaction rate, highlighting the importance of adequate
acidity of the Bronsted acid motif for proficient catalysis. The negative influence of highly acidic
Brensted acid motif presence has been demonstrated earlier showing the possible quenching of
the zwitterionic intermediate or phosphine Lewis base motif.** The influence of the bulky ortho-
tert-butyl group is not so prominent on the reaction rate as the acidity influence that has been
demonstrated by control experiments.”? Altering of the phenol Brensted acid to N-tosylaniline
allowed a lower catalyst loading from 10 mol% for 1.46a to 2 mol% for 1.48a (Scheme 10).7> %
This is significantly lower than for most organocatalysts where loadings are typically 10-50
mol%. The ability of trifunctional catalyst 1.48a to provide proficient organocatalysis also
depends on an adequate acidity of the Brensted acid function.”® All catalysts presented in
Scheme 10 are acid-switchable and required external acid activation for catalytic proficiency.’”
93.95.96 The phenol and aniline Bronsted acid motif position was found particularly important for

enantioselectivity as well.”
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Catalyst

Ts <
NTs Catalyst, BzOH NH O !
| MVK ! NH
DCM, 4A MS, rt !
O,N O,N ! OO PPh,
1.36¢ 1.37c i

a) Conditions: Catalyst/BzOH (10/10 mol%), MVK (2 eq.) b) Conditions: Catalyst/BzOH 1/1, MVK (3 eq.)

Br NO, ?j@
HN
HO H
H;Ij o !

F tBU Ts
1.46a 1.46h 1.46j 1.48a
10 mol% 5 mol% 2 mol%
3h 15 min 15 min 15 min 30 min 30 min 30 min
>95% conv 15% conv ~ 87% conv 57% conv >95% conv >95% conv  89% conv
80% ee 80% ee 88% ee 87% ee 82% ee 88% ee 90% ee

Scheme 10 a) Phenol acidity influence on multifunctional catalysis; b) Efficiency improvement

in aniline-derived MAP-based multifunctional catalysts 1.48.

Despite the proficient catalysis provided by the trifunctional catalysts 1.46 and 1.48, the reaction
scope remains limited. The trifunctional prototype catalysts show significantly lower activities in
the MBH reaction between 4-nitrobenzaldehyde 1.15a and MVK, compared to the aza-MBH

system (further details in Chapter 2, Scheme 14).%% 936

Therefore, MAP-based structures were extensively studied in both metal- and organocatalyzed
processes. The H-bonding activation was widely applied in organocatalytic processes but not
prominent in the hybrid approach. So far, only N-tosyl substituted MAP-based structure 1.17 has

been tested for a dual role of ligand and organocatalyst.

1.3.4. Synthesis of MAP-based trifunctional catalysts

Currently, there are three main strategies for MAP core formation. The first is the lithiation

133, 53

strategy was reported by Buchwald et a and includes initial Pd-amination of 2,2°-dibromo-

1,1’-binaphthyl followed by a lithiation step for the phosphine insertion. This protocol affords
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MAP-derivatives in 22% yield over four steps. The second approach was described by

Maarseveen et al.’’

and it is based on the initial triflate coupling of BINOL derivative for
phosphine insertion, followed by a Staudinger ligation step for amino group installation. The

Staudinger pathway affords a MAP core in 41 h with 88% yield over five steps.

Amine insertion Phosphine insertion
l I OH 5 I OTf NHBn | —» l I NHAc NHAc
OH OMOM (81% OMOM OTf (78% P(O)Ph,
OO 2 steps O 5 steps O )
(92%) (85%)
(S)-BINOL Buchwald-Hartwig Pd-amination Pd-catalysed triflate-phosphine oxide coupling

Bronsted asid insertion

R
NH :
— X
- PPhZ X Bransted asid PPh
2 steps 2
(88%)

1.49 (44% over
11 steps from BINOL) Reductive amination

Scheme 11 Synthesis of a MAP-based multifunctional prototype.

The third and more reliable pathway was used in this project and includes a sequential
modification of BINOL to N-benzyl-O-MOM-protected NOBIN (2-amino-2’-hydroxy-1,1’-

’s”® and Briickner’s”

binaphthyl) in 74.5% yield over three steps by combined Maruoka’s
procedures (Scheme 11). The key step, amino group installation, occurs via a Buchwald—Hartwig
amination protocol. The further modification of N-benzyl-O-MOM-protected NOBIN to MAP-

derivative can be performed in 58% yield over eight steps by Kocovsky’s®!

procedure with the
key insertion of phosphine fragment via Pd-catalysed triflate coupling. This protocol results in
the aminophosphine 1.49 which further has been used to reductively aminate an aldehyde,
bearing an additional Brensted acid function. This approach is modular to improve the

“adaptability” characteristic of this catalytic system by readily incorporating different catalytic

motifs in a convergent way.
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1.4. Metal- and Organocatalytic Hybrid Catalysis
1.4.1. Structures exhibiting catalytic dualism

The combination of metal catalysis and organocatalysis is a modern and extensively developing
field.'9-192 The application of metal- and organocatalytic cycles in one-pot or sequential
processes afforded reactions that were not accessible by metal- or organocatalysis separately.
However, the main issue remains the compatibility of catalysts applied in combination.!®® The
use of one structure as the ligand and the organocatalyst may address the compatibility issue.
Despite the simplicity of the idea, an efficient combination of organocatalytic and metal-ligating
properties in a structure is challenging with only limited examples known (Table 1) such as
carbene- 1.52,'% 1 yrea- 1.51,'% pyrrolidine-containing structures 1.50,'” and 1,4-

hydroxyarylalcohols 1.53 (HAROLs).!%®

Pyrrolidine-containing diamines 1.50 have been tested as organocatalysts in asymmetric o-
amination of aldehydes and as ligands in ruthenium-catalysed hydrogenation of prochiral ketones
(Table 1, Entry 1).!%7 The organocatalytic tests of 1.50 demonstrated the formation of the final N-
aminooxazolidinones in modest yields, however in >80% ee. The efficiency of these structures
as ligands is lower than as organocatalysts. Ruthenium-catalysed ketone hydrogenation tests
demonstrated poor conversions and enantioselectivity. Attempts to prolong the reaction time did
not lead to increased conversion that may indicate the decomposition of catalysts in reaction

conditions.

Other structures 1.51 reported as organocatalyst and ligand, includes an N-substituted urea
moiety as a core Lewis base fragment (Table 1, Entry 2).!% Structures 1.51a and 1.51b were
tested in aldolic condensations as organocatalysts and in copper-catalysed diethylzinc addition as
ligands. Compound 1.51a was found more efficient as organocatalyst providing high regio- and
enantioselectivity, however, it demonstrated poor activity in the metal-catalysed process

providing the racemic adduct in 16% yield. The structure 1.51b, in turn, is able to provide both
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organo- and metal-catalysed processes albeit at a modest level. As a ligand in diethylzinc
addition, 1.51b furnishes the adduct in 50% yield and 46% ee level. The further optimization of

the diethylzinc addition process reached 62% ee using butyllithium as an additive.

Table 1 Application of structures exhibiting dual catalytic properties.

(@] = OH
2 Ao -
N S Ph” >N~ >N Ph
o)
1.50 v OH OH ’O

(R,R)-1.51a {Bu
F 1.53 Ph O
. a
~ @ OH HO OH

Ph «Ph
N EA O Ph  OH
/_</ N /\[ J\ j Ph Ph
"

Sda
OH 1.53b
‘Bu 1.52 (1S,2R,1'S,2'R)-1.51b 1.53¢
Ligand role Organocatalyst role
Entry  Structure
Reaction ee, [%] Reaction ee, [%]
Ru-catalysed o-Amination of
1 1.50'"7 hydrogenation of 31-61 aldehydes by 61-86
prochiral ketones DEAD
Diethylzinc addition to ~ 1.51a: -2 1.51a: 89
2 1.51a,b'% Aldol condensation
aldehydes 1.51b: 62 1.51b: 10
Cu-catalysed a-sylilation a-Sylilation of N-
80-98 68-92
of N-tosylimines'* tosylimines!%*
3 1.52
Cu-catalysed f-Borylation of
58-99 65-84
S-borylation of enones!'% enones'®
1.53a: 58 1.53a: rac

Ti-promoted diethylzinc

4 1.53a—'®® 1.53b: 83 MBH 1.53b: 14
addition to benzaldehyde

1.53¢: 80 1.53c: 40
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The next example is [2.2]paracyclophane-derived N-heterocyclic carbene 1.52 that was applied
in organocatalytic and copper-catalysed asymmetric a-silylation of N-tosylimines or /-borylation
of enones (Table 1, Entry 3).!%% !9 The enantioselectivity of organocatalytic processes are
slightly lower than for copper-catalysed counterparts, however, it still reaches 92% and 84% ee
for silylation and borylation processes, respectively. Structure 1.52 as a ligand exhibited high
proficiency in copper-catalysed processes providing excellent yields and enantioselectivities.

These impressive results highlight the catalytic dualism of carbenecyclophane 1.52.

HAROL-type structures 1.53 have been tested as organocatalysts in the MBH reaction and as
ligands in diethylzinc addition (Table 1, Entry 4).!% Exhibiting a modest organocatalytic activity
in the MBH reaction, HAROLs provided the MBH adduct in up to 52% yield over 48 h. The best
results from catalyst 1.53¢ furnished the product in 40% ee. All HAROLSs 1.53 served better as

ligands in diethylzinc addition, allowing product formation in up to 83% ee.

All presented structures exhibiting catalytic dualism mostly tend to provide proficient catalysis

as either an organocatalyst or a ligand for metal-catalysis but not in both. The next section

109-115 115-124

reviews the latest cases of aminophosphine-containing organocatalysts and ligands.

1.4.2. Aminophosphine ligands as organocatalysts

While diverse aminophosphines have been thoroughly investigated as catalytic structures, only a
few have been successfully tested in both metal- and organocatalysis. The data on the application

of aminophosphines as dual catalysts are compiled in Table 2.

Aminophosphine 1.54a was able to proficiently catalyse a formal [4+4] annulation as
organocatalyst, providing product in 83% yield and 92% ee.!?*> Notably, the same 1.54a structure
as a ligand demonstrated efficient asymmetric induction in copper-catalysed diethylzinc addition
to cyclic enones, furnishing a wide row of products in 84-97% ee.!?® This activity makes

aminophosphine 1.54a one of the most efficient hybrid catalytic systems providing metal- and
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organocatalysis. Analogous to aminophosphine 1.54a,

enantioselectivity in a vast range of organocatalytic processes such as Rauhurt-Currier,

structure 1.54b exhibited high

127-130

MBH,!*! 132 Michael domino,'** and annulations.!?> 13% 135 However, the activity of 1.54b in

copper-catalysed diethylzinc addition test was limited with the product formation in only 50%

66.126

Table 2 Application of structures exhibiting dual catalytic properties.

X |\
> N

-

Ts—NH PPh, NH HN
PPh,
1.54a: X = t‘Bu OO PPh, Ph,P
1.54b: X = 'Pr
(R)-QUINAP Trost ligand
Ligand role Organocatalyst role
Entry Structure
Reaction ee, [%] Reaction ee, [%]
Formal [4+4]
1.54a: 92
annulation'?
1.54a:
Cu-catalysed 1.54b:
84-97 Rauhurt-Currier, ?7-13°
diethylzinc up to 98
1 1.54a, b
addition to MBH, 3! 132 1.54b: 40-57
1.54b:
cyclic enones!?¢ Michael domino, '™ 1.54b: 84
50%
1.54b:
Annulations!?> 134 135
up to 99
Recognised
(R)-QUINAP,
2 privileged up to 99 [34+2] annulation'3® 19-28
Trost ligand
ligandSHG, 136, 137
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An opposite approach, where privileged phosphine ligands were screened in organocatalytic
[3+2] annulation process was applied by Marinetti et al.'*®* Among other phosphines, well-
known aminophosphine ligands QUINAP!''® and the Trost ligand'*® ' have been tested.
Unfortunately, while highly efficient in metal-catalysed processes, (R)-QUINAP and Trost

ligand as organocatalysts provided the product in only 28% and 19% ee, respectively.

1.5. Aim and Project Outline

This project is focused on the investigation and further development of the MAP-based
trifunctional prototype and its organisational abilities. MAP-based trifunctional systems, such as
1.46 and 1.48, can be investigated as organocatalysts as well as ligands for metal-catalysed

processes in hybrid cascades or multistep reactions.
Three specific goals are listed below:

1. Investigate new Bronsted acid motifs that may maintain or improve the organocatalytic scope
while potentially providing metal chelation capabilities.

2. Test MAP-based multifunctional systems as ligands in metal-catalysed processes for a deeper
understanding of their dualistic nature.

3. Investigate MAP-based multifunctional systems for their ability to organize chirality transfer
through hybrid multistep and cascade processes to complex molecules with several

stereocenters.

In Chapter 2, a pyrrole-type Bronsted acid was tested in the trifunctional system to potentially
improve catalytic cooperativity and reaction scope. Chapter 3 is focused on the application of
MAP-based organocatalysts as ligands in metal-catalysed processes and highlights the influence
of Brensted acid functionalities on the degree and sense of asymmetric induction. Chapter 4

provides the preliminary investigations of MAP-based systems in multistep/cascade processes
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with potentially dual catalytic properties. The last chapter summarises the main findings and

provides potential avenues for future investigations.
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CHAPTER 2. New MAP-based Multifunctional Organocatalysts with Improved

Cooperativity
2.1. Introduction

Multifunctional catalytic systems are able to organize a reaction environment providing
proficient catalysis in most cases via the creation of a subtle H-bonding network." 2 To build
such an efficient network, catalytic motifs work in cooperation to provide a synergistic
outcome. > The following chapter is devoted to the development of MAP-based catalytic
systems with new Brensted acid motifs to potentially enhance cooperation between the activator
and the catalytic system in order to extend the reaction scope of the trifunctional MAP-based

organocatalysts.

2.1.1 Catalysts efficient in both aza-MBH and MBH reactions

Many efficient catalysts were developed for aza-MBH or MBH processes over the last decades.
However, only a few of them were able to proficiently catalyse both reactions.*!” This issue of
catalytic generality could be explained by the complex, condition-dependent mechanisms of the
MBH processes.! For example, bifunctional catalyst S-isocupreidine (3-ICD) demonstrated the
ability to furnish aza-MBH adducts 1.37 in excellent enantioselectivity and up to 80% yields
(Scheme 12a).> '7 However, the activity of -ICD was poor in the MBH tests with only up to
49% ee and 43-88% yields (Scheme 12b), except for very reactive substrates such as 1,1,1,3,3,3-

12,19

hexafluoroisopropyl acrylate'* ! or isatins.*’
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Ts <

a
) N © AI1CD (10 mol%) NH O
i -
R | MeCN/DMF 171, R
1.36 -30 °C, 24-36 h
_ _ 1.37
R = Ar, 2-furyl, PhCH=CH 54-80% yield.
46-99% ee
ICD (10 mol%)
o
b) j 4 additive _ oH O
R ‘Hk THF, -30 °C, R)*ﬁ(k
115 42-120 h
R = Ar, PhCH,CH, 2.1
43-88% yield,
26-49% ee

Scheme 12 f-ICD in selected aza-MBH (a) and MBH (b) reaction tests.

Other MOP-based bifunctional catalysts 2.2 and 2.3 have been tested in both aza-MBH and
MBH reactions.?’?> However, in spite of their good activities in aza-MBH processes (Scheme

13a), these catalysts demonstrated low levels of efficiency in MBH reactions (Scheme 13b).

a) Ts . Catalysts:

)ll\lTs Q' Catalyst (10 mol%) NH O OO 0 OO
+ >
1.36 137 PPh, HO
2.2: R = Ar, PhCH=CH, THF, -20 °C, 24-48 h: 70-97% yield, 90-96% ee; OO OO
2.3:R=Ar, THF or Diethyl ether, rt, 48 h: 43-56% yield, 30-45% ee 2.2

b) )'O . Q Catalyst (10 mol%) OH O OO oH
R ,HJ\

THF R™* /

~—N
rt, 24-48 h
Oy
2.2: R = Ar, PhCH,CH,, THF, 10 °C, 3-7 d: 16-88% yield, 4-45% ee; \

23:R=Ar, THF, rt, 24 h: 88-99% vyield, <12% ee 2.3

Scheme 13 Catalysts 2.2 and 2.3 in selected aza-MBH (a) and MBH (b) reaction tests.

An L-proline/imidazole co-catalytic system was able to provide proficient catalysis of aza-
MBH!'! and MBH'* processes. Nevertheless, this system was not tested in reactions with

aromatic electrophiles and MVK.

In conclusion, general asymmetric catalysis for the aza-MBH and MBH reactions is a long-

standing issue for this class of reactions.
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2.1.2  MAP-based trifunctional systems in the MBH reaction

The trifunctional MAP-based organocatalytic systems 1.46 and 1.48 were developed using aza-
Morita—Baylis—Hillman reactions.”>?> The complex mechanism of MBH reaction (Paper,
Scheme 1a) also limited the generality of this system.?’> The attempts to apply the trifunctional
prototypes in MBH reaction between 4-nitrobenzaldehyde 1.15a and MVK demonstrated a
dramatic loss of activity, compared to aza-MBH reactions (Scheme 14).23-% The reaction rate of
1.46a and 1.46j was 825 times slower with up to only 52% ee value.?* >* Catalysts 1.48a and
1.48b exhibited higher catalytic rates (73-95% conversion in 3—6 h) with little improvements in
enantioselectivity (up to 54% ee).”’> These observations raised new questions on possible new

catalytic motifs for investigation in order to improve the generality of the catalysis.

Catalyst

(I) Catalyst, BzZOH

, OH O O
MVK
A *
solvent, 4A MS, rt mj\
O,N O,N OO PPh,
1.15a 21a

Conditions: Catalyst/BzOH 10/10 mol%,
Diethyl ether, MVK (3 eq.)

b HO HN
HO '

Conditions: DCM, MVK (2 eq.)

Bu Ts NHTs
1.46a 1.46j 1.48a 1.48b
Cat/BzOH Cat/BzOH BzOH no BzOH BzOH no BzOH
10/50 mol% 10/10 mol%
3 days 24 h time: 3h 3h time: 6 h 6 h
86% conv 95% conv conv.. 73 % 9 % conv.. 95 % 30 %
26% ee 52% ee ee: 47 % n.d. ee: 54 % racemic

Scheme 14 MAP-based trifunctional catalysts 1.46 and 1.48 in MBH reaction tests.
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2.1.3  Pyrrole as a candidate for improved cooperative catalysis design

The pyrrolyl fragment may serve as a good candidate for the catalytical functionality and
cooperativity improvement. Firstly, a pyrrole ring can be used as a metal ligating fragment. The

application of pyrrolyl compounds as ligands®*3°

indicates the efficiency of this fragment for
metal ligation. Another property of the pyrrole ring is its ability to form H-bonding interactions.
The recent examples demonstrated pyrrole substances as H-bonding catalysts in Mannich-type®’
and Michael addition reactions.*® Electron-rich pyrrole rings can also provide CH/x bonding as
indicated by crystallographic investigations.*” %° Pyrrole-containing MAP-based multifunctional
organocatalysts are novel and have not been investigated before. The initial synthesis and several
tests of two pyrrolyl-containing catalysts (1a, b in Paper) were performed prior to this PhD thesis

in the master of research training program. All other data in the publication was performed

during this thesis work.

2.2 Results and Discussion

The synthesis of new catalysts, their catalytic activity investigation, and major findings in terms
of their catalytic generality in the MBH reaction class are discussed in the following

publication.?
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1. Introduction

Pyrroles are chemical motifs prevalent in bioactive compounds
[1], ligands [2], sensors [3], and molecular assemblies [4]. The
versatile chemistry of pyrroles in part derives from the multifunc-
tional pyrrolyl NH group that is weakly acidic and basic, in addition
to the electron-rich 7 system primed for electrophilic substitution
reactions and also hydrogen-bonding interactions [5]. The role of
pyrroles as catalytic components, however were mainly explored
within the context of calix[4]pyrrole systems and remain under
developed [6]. More recently, pyrrole NH motifs have been used in
hydrogen bonding catalysis as part of a tunable H-bonding catalyst
[6a,c], expanding significantly from its normal coordination role as
a ligand. Questions now can be raised on new roles of pyrrole in
switchable catalysis [7] given pyrrole's multifunctional nature. Here
we report a novel example of a pyrrole-containing, acid-switchable,
enantioselective trifunctional organocatalytic system with
enhanced generality and enantioselectivity, likely due to the
multifunctional aspect of the pyrrole motif involving not only the
NH hydrogen-bond donor but also the 7 electron system through
CH/m hydrogen bonding [8]. This catalysis extends beyond the

* Corresponding author.
E-mail address: fei.liu@mg.edu.au (F. Liu).

https://doi.org/10.1016/j.tet.2018.12.016
0040-4020/© 2018 Elsevier Ltd. All rights reserved.

typical role of pyrrole as a coordination or pH switching site.

We have, in our prior work, originated a switchable, enantio-
selective trifunctional organocatalytic prototype for activating
enones in carbon-carbon bond forming reactions such as the
Morita—Baylis—Hillman (MBH) reaction (Fig. 1a) [9]. The prototype
trifunctional system is built on a very versatile MAP-based chemical
system [10]. The MAP-based catalysts typically contain three cata-
lytic motifs: a phosphine nucleophile for reaction initiation, an
amine Brensted base for responding to the external acid switch,
and a phenol Brgnsted acid for H-bonding interactions that help
stabilize the formation of zwitterionic intermediates [9,11]. An
external, strong Brensted acid additive, such as benzoic acid,
switches the catalysis from slow and racemic to fast and enantio-
selective, particularly for the aza-MBH reactions that are often slow
in rate with capricious catalytic scope [12]. We have also investi-
gated multiple generations of this system by tuning the acidity of
the internal Brensted acid motif [12f,13a,11,13b,c,9], and in all cases,
benzoic acid has been the best additive to switch on the fast and
enantioselective catalysis. One persistent issue for this switchable
system however is to extend the generality to cover not just the
aza-MBH but also the MBH reactions. One potential solution is to
find more synergistic noncovalent interactions between the acid-
activator and the catalyst. This may also address a long-standing
challenge of engineering compact molecular assemblies with
tunable catalytic properties that require a more synergistic
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How can we improve the synergic interactions
between external and internal Br@nsted acids?
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MBH between p-nitrobenzaldehyde and MVK

Fig. 1. a) Switchable and enantioselective trifunctional organocatalytic prototype
given a general mechanism of a test MBH reaction; b) Enhancing switchable catalysis
with multifunctional recognition motifs such as pyrroles.

network of molecular recognition arrangements.

To test this hypothesis, we investigated the potential of the
multifunctional pyrrole motif that contains weakly acidic NH group
for H-bonding interactions and the electron-rich 7 system that
could act, in close spatial proximity, as an H bond acceptor that may
enhance the interaction with the external acid activator (Fig. 1b).
We found that a pyrrole-based catalyst, activated by 3-methyl
benzoic acid, provided catalytic improvement in MBH catalysis
with an increase in ee by 15% (approx. 1.5 fold by e.r., up to 73%), in
comparison to our earlier generations of catalysts such as trifunc-
tional catalyst TF-1. Pyrrole phosphines were previously used as N-
phosphinepyrrole ligands in complexes with Rh in hydro-
formylations [14], Pd in CO-ethene co-polymerization [15], Pt in
benzene vinylation [16], and Ir in enantioselective hydrogenation
[17]. The complexation patterns of N-pyrrole-phosphine ligands
with Cr, Ru, Mo, W, and Se were also reported [18]. The 2-
phosphino-N-aryl or alkyl substituted pyrroles were investigated
as ligands for Pd [19] and Ru [20]. The ligands where both pyrrole
and phosphine fragments bind Ni [21] or Cu [22] were also
described. Pyrrole-containing phosphines are also known as
bioactive molecules [23]. However, phosphine pyrroles have not
been wused previously as organocatalysts and our chiral
phosphine—pyrrole system here represents the first set of such
examples.

2. Results and discussion

A series of pyrrole-containing catalysts were designed and
synthesized (Scheme 1). The unsubstituted pyrrole catalyst 1a was
synthesized as the base model, and other catalysts, 1b—f, were
developed to vary the acidity of the pyrrole NH motif and its steric

Trifunctional

OO prototype catalyst
o o
PPh2 TF-1

R1’§O
1. 3-5 (2-3 equiv),
Toluene, R!
Formic acid (cat),
NH
PhSiH, [ 2 rt.-50°C, 4.5-17 h [NH
110°C, 16 h pph2 2. NaBH3CN, MeOH, PPh,
86% yield rt.-45°C,3.5-7.5h
1a-c
"D o H IO
[NHz HN N
P(O)Ph, 1a, 3 1b, 4 1c, 5
(S)-MAPO 6
R2Sg
1. 79 (2-3 equiv), R2 R?
Toluene, 4A MS, N{—r -

i NH
110°C, 15-39h  _ PhSiH,
2. NaBH;CN, MeOH, 90-105 °C,

rt-40°C, 2544 h POPh2 4968 h PPhy
10-12 1d-f
R2: N
Lo e a0
HN—Z HN—Z N
1d, 7,10 1e, 8, 11 1,9, 12

Scheme 1. Synthesis of catalysts 1a—f.

factor. Considering that changing the Brensted acid motif acidity
can improve the catalytic proficiency [13c], catalysts 1d—f con-
taining more acidic imidazole motifs were also investigated for
comparison. The additional steric variation may influence the
enantioselectivity by biasing the substrate approach. To investigate
the steric influence around the pyrrolic NH center, catalysts 1b, c, f
containing sterically bulky and electron withdrawing bromine
atoms or fused benzene ring were synthesized. Catalysts 1c and 1f
contain benzimidazolyl and benzopyrrolyl fragments with a more
extended 7 system that may also influence the catalytic proficiency
via 7 interactions with the substrate or external acid activator.
Tuning of the phosphine Lewis base was not attempted, as our prior
investigations (unpublished data) indicated that adding sub-
stituents onto the aryl phosphine to increase the Lewis base
nucleophilicity actually resulted in loss of catalysis, likely due to
unexpected interference with the acid switch.

The synthesis of new catalysts 1a—f was performed by modified
reported procedures [9] from the key intermediate (S)-MAPO 6
[10a-c,24,9] in 2 steps (Scheme 1). For the synthesis of pyrrolyl- and
indolyl-containing catalysts 1la—c, the aminophosphine 2 was
initially synthesized from 6 by chemoselective phosphine oxide
reduction. Further reductive amination of the corresponding al-
dehydes 3—5 by aminophosphine 2 furnished catalysts 1a—c
(Scheme 1). Attempts to synthesize imidazolyl- and
benzimidazolyl-containing catalysts 1d—f were met with signifi-
cant difficulties as phosphine oxidation occurred during the
reductive amination step. Therefore, the reductive amination of
aldehydes 7—9 was performed with (S)-MAPO 6, followed by a
subsequent phosphine oxide reduction to afford catalysts 1d—f
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(Scheme 1).

The synthesis of 11 and 1e required up to 70 h of reactions
whereas all other catalysts and their phosphine oxide precursors
can be synthesized in much less time (~20 h). The purification of
catalysts 1a—f and precursors 10—12 were challenging due to the
low stability of these compounds [25]. Catalyst 1b was chosen for
solvent screening due to its easier purification process (Table 1).
Consistent with earlier hallmark profiles of our trifunctional orga-
nocatalysts, dichloromethane and diethyl ether were the best sol-
vents for the aza-MBH and MBH model reactions, respectively
(Table 1, entries 1 and 10) [11,13¢,9]. More polar solvents such as
acetonitrile resulted in poor yields and low enantioselectivity
(Table 1, entries 6 and 13). No product formation occurred in polar
protic solvents such as methanol (Table 1, entries 7 and 14). This
confirms our working hypothesis that this enantioselective tri-
functional catalysis relies on ion pairing upon activation by an acid
additive.

After the identification of the best solvent for the aza-MBH and
MBH test reactions, the external acid additives were screened
(Table 2). For comparison, model TF-1 (Scheme 1) was also tested
(Table 2, entries 24, 25). The response of switching on catalytic
proficiency (coupled rate and ee enhancement) to the acid activa-
tion is one of the main criteria of a trifunctional catalysis mode [9],
in which the activation by an external acid likely occurs via the
participation of its counterion in the irreversible, final proton-
transfer step [9,11]. Benzoic acid (pK, 4.20) was found to be the
best activator for previous generations of catalysts [11,13c,9].
Therefore, a set of aromatic acids with comparable pK, values was
tested along with other types of organic acids such as phenyl-
phosphinic and acetic acids (Table 2). Interestingly, 3-methyl ben-
zoic acid (pK, 4.24) was found to be the best acid additive for both
the aza-MBH and MBH test reactions, providing the corresponding
products in the good ee (88% for aza-MBH; 73% for MBH) and good
yields (Table 2, entries 6 and 13). Notably, benzoic acid, which was
the best activator for previous generations of catalysts, demon-
strated lower proficiency than 3-methyl benzoic acid, providing
aza-MBH and MBH products in 84% and 70% ee, respectively
(Table 2, entries 1 and 11). The 3-chloro- and 4-cyanobenzoic acid
additive with lower pK, values (3.83 and 3.55 correspondingly)

Table 1
Solvent screening of 1b-catalyzed aza-MBH and MBH reactions.

1b (10 mol%)
BzOH (10 mol%) XH O

X
! MVK (3 eq.), \
—_—
Solvent, 4A MS, r.t.
Y

13a,14a: X =NTs; Y =Br; ¥
15a; 16a: X = O; Y = NO,

13a, 15a 14a, 16a
Entry X (Y) Solvent Time [h] Conv*® (ee®) [%]
1 NTs (Br) DCM 3 77 (84)
2 NTs (Br) Chloroform 3 73 (79)
3 NTs (Br) Ether 3 95 (59)
4 NTs (Br) THF 3 89 (76)
5 NTs (Br) Toluene 3 >95 (73)
6 NTs (Br) Acetonitrile 3 50° (18)
7 NTs (Br) Methanol 24 No reaction (n.d.)
8 0 (NOy) DCM 6 17 (69)
9 0 (NOy) Chloroform 6 18 (64)
10 0 (NO>) Ether 6 75 (70)
11 0 (NO>) THF 6 29 (69)
12 0 (NO3) Toluene 6 53(73)
13 0 (NO3) Acetonitrile 6 8(39)
14 0O (NO2) Methanol 24 No reaction (n.d.)

3 Calculated by "H NMR spectroscopy.
b Determined by chiral HPLC analysis.
¢ 27 mol% loading of 1b.

Table 2
Acid additive and loading screening of aza-MBH and MBH reactions.

Catalyst (10 mol%)

X Acid (10 mol%) XH O
! MVK (3 eq.) L
Solvent, 4A MS, r.t.
Y 13a, 14a: X =NTs; Y =Br; Y

13a, 15a 15a; 16a: X = O; Y = NO, 14a, 16a
Entry Catalyst X(Y) Acid additive Solvent Time Conv® (ee”)
(h] [%]

1 1b NTs BzOH DCM 3 77 (84)
(Br)

2 1b NTs 4-F-BzOH DCM 3 62 (85)
(Br)

3 1b NTs 2-Naphthoic DCM 3 60 (81)
(Br)

4 1b NTs Acetic DCM 3 >95 (80)
(Br)

5 1b NTs Phenylphosphinic DCM 24 8(-2)
(Br)

6 1b NTs 3-Me-BzOH DCM 3 89 (88)
(Br)

7 1b NTs 2-Me-BzOH DCM 3 >95 (86)
(Br)

8 1d NTs BzOH DCM 3 29 (56)
(Br)

9 1d NTs 4-F-BzOH DCM 3 25 (54)
(Br)

10 1d NTs 3-Me-BzOH DCM 3 27 (60)
(Br)

11 1b 0 (NOy) BzOH Ether 6 75 (70)

12 1b 0 (NOy) 4-F-BzOH Ether 6 70 (69)

13 1b 0 (NOy;) 3-Me-BzOH Ether 6 81 (73)

14 1b 0 (NOy) 2-Me-BzOH Ether 6 85 (74)

15 1b 0 (NOy) 3-Cl-BzOH Ether 6 11 (69)°

16 1b 0 (NOy) 4-CN-BzOH Ether 6 >5 (61)°

17 1b 0 (NO;3) Acetic Ether 6 81 (51)

18 1b 0 (NO;) Phenylphosphinic Ether 24 7 (34)

19 1b 0 (NO2) 1-Naphthoic Ether 6 35 (69)

20 1b O (NO;) 2-Naphthoic Ether 6 62 (73)

21 1d 0 (NO3) BzOH Ether 24 70 (39)

22 1d 0 (NOy) 3-Me-BzOH Ether 24 93 (39)

23 1d O (NO;) 2-Naphthoic Ether 24 70 (37)

24 TF-1 NTs 3-Me-BzOH DCM 3 89 (89)
(Br)

25 TF-1 0 (NOy) 3-Me-BzOH Ether 6 79 (58)

3 Calculated by "H NMR spectroscopy.
b Determined by chiral HPLC analysis.
¢ ee level determined for conversion after 24 h.

provided significant rate loss in the MBH reaction (Table 2, entries
15, 16), suggesting likely quenching of the zwitterionic intermedi-
ate via protonation [12d].

Benzoic acid and 3-methyl benzoic acid both have comparable
pK;, values, but 3-methyl benzoic acid provided better results with
little observable steric interference. A further test of 2-
methylbenzoic acid with a significantly lower pK, than 3-
methylbenzoic acid (3.91 vs. 4.24 correspondingly) demonstrated
a comparable proficiency in both aza-MBH and MBH reactions
(Table 2, entries 6 and 13 vs. 7 and 14). These results suggest an
important role of the methyl substituent in the acid additive for the
proficient catalysis that is independent of the pK, Such an
improvement with a bulkier acid activator is unexpected and may
be explained by the additional CH/m hydrogen bonding stabiliza-
tion possibly between the electron rich pyrrole fragment of the
catalyst and methyl group of the external acid additive (Scheme
1b).

The screening of the acid additive influence on the imidazolyl-
containing catalyst 1d provided a comparable trend albeit at
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lower proficiency (Table 2, entries 8—10 and 21—23). We have
shown [13c] that the acidity and the spatial position of the Brensted
acid motif on the catalyst will impact on the proficiency of the
catalysis. The lower proficiency (e.g. slower rate and lower enan-
tioselectivity) of the imidazole-containing catalysts, compare to the
pyrrole series, may be due to the higher acidity of the imidazole NH
and also the position of the NH proton. The activity of 1b, activated
by 3-methyl benzoic acid, is comparable to the control, phenol-
containing catalyst TF-1 in the test aza-MBH reaction, but notice-
ably higher in the MBH reaction (Table 2, entries 1, 11 vs 24, 25).
Thus, catalyst 1b provided the highest enantioselectivity in MBH
test reactions among other generations of MAP-base trifunctional
catalysts, likely due to the aforementioned additional CH/m coop-
eration in the switchable catalytic system [11,13¢,9].

For catalyst 1b, the acid additive loading effect was next inves-
tigated and found to be consistent for both aza-MBH and MBH
reactions (Table 3). The use of an acid loading more than the
equimolar loading to catalyst 1b showed significant erosion of both
reaction rate and enantioselectivity in the aza-MBH reaction
(Table 3, entries 5, 6 vs 4), but only erosion of the reaction rate in
the MBH test reaction (Table 3, entries 14, 13 vs 12). Less than
equimolar acid additive loading to that of the catalyst demon-
strated slight reduction in proficiency for aza-MBH test reactions
(Table 3, entry 3 vs 4) and slightly higher reaction rates in MBH test
reactions albeit in lower enantioselectivity (Table 3, entry 11 vs 12).
The catalytic profile of the pyrrole catalysts is different from that of
phenol-containing catalyst TF-1 as this catalyst demonstrated the
highest proficiency at 5 equivalent loading of an acid additive to the
catalyst [9]. The catalyst loading, as expected, influenced mostly the
reaction rate, providing a higher rate at a higher loading (Table 3).
The enantioselectivity of test reactions did not vary as significantly
with different catalyst loadings (Table 3, entry 1 vs 2,4,7 and 8 vs 9,
10, 15). Therefore, a loading at 5 mol% of the catalyst with the acid
additive could also be used in aza-MBH and MBH reactions.

With the conditions optimized, new catalysts 1a—f were tested
in aza-MBH and MBH reactions in the presence and absence of the
3-methyl benzoic acid additive (Fig. 2). All catalysts require the acid

Table 3
Acid activator loading screening of 1b-catalyzed aza-MBH and MBH reactions.

1b (x mol%)
X 3-Me-BzOH (x mol%) XH O

| MVK (3 eq.), w

Solvent, 4A MS, r.t.
Y 13a, 14a: X = NTs; Y =Br; ¥

13a, 15a 15a; 16a: X = O; Y = NO, 14a, 16a
Entry 1bloading 3-MeBzOH X (Y) Solvent Time Conv® (ee”)
[mol %] loading [mol %] [h] [%]

1 1 1 NTs (Br) DCM 3 19 (88)
2 5 5 NTs (Br) DCM 3 57 (86)
3 10 5 NTs (Br) DCM 3 76 (84)
4 10 10 NTs (Br) DCM 3 89 (88)
5 10 25 NTs (Br) DCM 3 49 (78)
6 10 50 NTs (Br) DCM 3 24 (75)
7 20 20 NTs (Br) DCM 3 >95 (84)
8 1 1 O (NOy) Ether 24 14 (67)
9 5 5 O (NOy) Ether 6 70 (69)
10 10 10 O (NOy) Ether 6 81 (73)
11 10 5¢ O (NOy) Ether 6 66 (63)
12 10 10° O (NOz) Ether 6 62 (73)
13 10 25¢ O (NOy) Ether 6 46 (74)
14 10 50°¢ O (NOy) Ether 6 35(74)
15 20 20 O (NOy) Ether 3 >95 (72)

3 Calculated by "H NMR spectroscopy.
b Determined by chiral HPLC analysis.
¢ 2-Naphthoic acid was used instead of 3-methyl benzoic acid.

Catalyst (10 mol%)

oy

3-MeBzOH (x mol%) XH O
MVK (3 eq.),

Solvent, 4A MS, r.t.

PPh
Y 2
13a, 15a Y 14a, 16a OO

aza-MBH: X = NTs; Y = Br; in DCM

MBH: X = O; Y = NOy; in Ether

= = =

Br
m HN—?/ HN
Br

1a 1b 1c

aza-MBH aza-MBH aza-MBH

Acid (+): 3h; 92%, 77% ee
Acid (-): 24h; 22%, -35% ee
MBH
Acid (+): 6h; 84%, 66% ee
Acid (-): 24 h; trace, ee n.d.

“N

HN~Z

1d
aza-MBH
Acid (+): 3h; 41%, 57% ee
Acid (-): 24h; 15%, -21% ee
MBH
Acid (+): 6h; 48%, 38% ee

Acid (+): 3h; 89%, 88% ee
Acid (-): 24h; 12%, -29% ee
MBH
Acid (+): 6h; 81%, 73% ee
Acid (-): 24 h; trace, ee n.d.

N

=

HN—/

1e
aza-MBH
Acid (+): 3h; 74%, 78% ee
Acid (-): 24h; 15%, -16% ee
MBH
Acid (+): 6h; 91%, 53% ee

Acid (+): 3h; 89%, 83% ee
Acid (-): 24h; 6%, ee n.d.
MBH
Acid (+): 6h; 79%, 64% ee
Acid (-): 24 h; trace, ee n.d.

N

=

HN

1f
aza-MBH
Acid (+): 3h; 51%, 85% ee
Acid (-): 24h; 12%, -26% ee
MBH
Acid (+): 6h; 52%, 69% ee

Acid (-): 24 h; 8%, ee 18% ee Acid (-): 24 h; 12%, 22% ee Acid (-): 24 h; 6%, 6% ee

Fig. 2. Activity profile of acid-switchable catalysts 1a—f in aza-MBH and MBH test
reactions.

activation to switch on the catalysis. The control reactions without
the acid additive demonstrated a sharp reduction in both the re-
action rate and the level of enantioselectivity (Fig. 2). Again this
concurrent rise of both the enantioselectivity and the reaction rate
with acid activation, which is performed at room temperature to
maintain the catalytic rate (i.e. no enantioselectivity improvement
at lower temperatures), is consistent with our switchable trifunc-
tional catalytic mode as noted before for trifunctional MAP-based
catalysts [9,11]. The aza-MBH product 14a of opposite enantiose-
lectivity (up to —35% ee) were observed in aza-MBH reactions
without the acid additive (Fig. 2, 1a, b, d—f).

The substituted pyrrole-containing catalysts 1b and 1c (fused
benzene ring), compared to the unsubstituted catalyst 1a, provided
higher enantioselectivity in both aza-MBH and MBH reactions,
albeit in lower reaction rates due to likely higher steric congestion
(Fig. 2). The imidazolyl-containing catalysts 1d—f were less active
than pyrrolyl-containing analogs with lower reaction rates. The 4-
imidazolyl-containing catalyst 1d showed the lowest activity,
resulting in the formation of aza-MBH product 14a in only 41%
conversion and 57% ee over 3 hours and the MBH product in 48%
conversion and 38% ee over 6 hours (Fig. 2). As discussed earlier,
this may be explained by possible imidazole ring tautomerization
that makes the position of the Brensted acid function less optimal
for hydrogen bonding interactions between all catalytic motifs. The
imidazole ring tautomerization in catalysts 1e or 1f does not seem
to influence significantly the catalytic proficiency, as both of the
nitrogen centers are in equal a-positions to the methylene bridge.
Therefore 2-imidazolyl-containing catalysts 1e or 1f provided
products in comparable enantioselectivity to that of pyrrolyl-
containing catalysts 1a or 1c, albeit in lower conversion. This is
consistent with our prior observations that increasing the internal
Brensted acid acidity can improve the catalytic activity to a certain
point [13c]. Catalyst 1b was found to be the most active in both aza-
MBH and MBH test reactions providing products up to 88% ee at 89%
conversion over 3 hours in the aza-MBH case and 73% ee at 81%
conversion over 6 hours in the MBH case (Fig. 2).

Taking into account the promising activity of new catalysts, the
substrate scope of the best catalyst 1b was investigated in the aza-
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Table 4
Substrate scope investigation with 1b.

1b (10 mol%)
X 3-MeBzOH (10 mol%) XH O
! MVK (3 eq.), X
Y Solvent, 4A MS, r.t. Y
13a-h, 15a-f 14a-h, 16a-f

Entry X (Y) Solvent  Time [h] Conv?® [%] ee” [%)
1 NTs (4-Br) 14a DCM 3 89 (>95%) 88
2 NTs (3-NO;) 14b DCM 3 >95 77
3 NTs (2-Cl) 14¢ DCM 3 40 (>959) 76
4 NTs (4-Me) 14d DCM 3 18 (86°) 86¢
5 NTs (2-NO,) 14e  DCM 3 53 (>95%) 58
6 NTs (4-Cl) 14f DCM 3 59 (>95¢) 82
7 NTs (4-F) 14g DCM 3 21(>959) 79
8 NTs (4-CN) 14h DCM 3 55(>95%) 57
9 0 (4-NO3) 16a Ether 6 81 (>95°) 73
10 0 (3-NO,) 16b Ether 6 68 (>95°) 73
1 0 (4-CN) 16¢ Ether 6 64 (95%) 73
12 O (4-Br) 16d Ether 6 16 (56°) 75¢
13 0 (2-NO,) 16e Ether 6 14 (58 59¢
14 0 (3-Br) 16f Ether 6 10 (48°) 774

2 Calculated by "H NMR spectroscopy.

b Determined by chiral HPLC analysis.

¢ Conversion in 24 h.

d ee level determined for conversion after 24 h.

MBH and MBH reaction (Table 4). Substituted N-tosyl benzaldi-
mines with ortho-, meta-, and para-substituents and aromatic al-
dehydes bearing electron-withdrawing groups were investigated
under the optimized conditions.

Catalyst 1b catalyzed both aza-MBH and MBH reactions and
demonstrated the widest scope in all of our generations of tri-
functional organocatalysts. Most of the aza-MBH substrates, con-
taining para-substituents, provided the corresponding adducts in
comparable enantioselectivity (79—88% ee) although with lower
conversion for deactivated imine 13d as expected (Table 4, entries 4
vs. 1). The aza-MBH reactions with substrates containing meta- and
ortho-substituents (Table 4, entries 2, 3, 5) showed some loss in
enantioselectivity or rate, again consistent with prior observations
for substrates that are more sterically congested.

For the MBH reactions, aromatic substrates bearing electron-
withdrawing groups provided adducts with consistent ee around
73—77% (Table 4. Entries 9—11). Less active 4-bromo- or 3-bromo-
substituted aldehydes (15d or 15f) demonstrated only 10—16%
conversion in 6 h but longer reaction time to 24 h improved con-
version significantly without ee erosion (Table 4, entries 12, 14).
Substrates with larger ortho-substitution, such as imine 14e and
aldehyde 15e, provided reduced reaction rate and enantiose-
lectivity, suggesting unfavorable steric interactions at that position
(Table 4, entries 5 and 13). To date there have been many proficient
catalysts reported for the aza-MBH or MBH reactions [12f], how-
ever, only a few can demonstrate good proficiency in both re-
actions, due to the very complex mechanisms behind this reaction
class [12f]. Bifunctional catalyst §-isocupreidine (3-ICD) provided
aza-MBH [26] products in up to 99% ee and 54—80% yield over
24—-36hat —30°C, but demonstrated significantly lower profi-
ciency in MBH [27] product formation (up to 49% ee and 43—88%
yield over 72 hat —30°C), except for very reactive isatins [28] or
1,1,1,3,3,3-hexafluoroisopropyl acrylate (HFIPA) [29] as an activated
alkene. Other examples of bifunctional catalytic systems, active in
both aza-MBH and MBH reactions between MVK and aromatic
electrophiles are MOP-based Shi's [30] and He's [31] catalysts that
demonstrated low proficiency in MBH despite the promising ac-
tivity in the aza-MBH analogs. The chiral proline/imidazole

catalytic system was also used for proficient catalysis of both aza-
MBH [32] and MBH [33] reactions, however, substrates such as
MVK and aromatic electrophiles were not tested with this catalytic
system. The ability of pyrrolyl-containing catalyst 1b to catalyze
both aza-MBH and MBH reactions with expanded substrate scope is
suggestive of an enhanced molecular recognition network provided
by the pyrrole motif in the presence of 3-methyl benzoic acid and
encouraging for future work of catalyst design that may help find
additional solutions to the generality limitation of this type of
reactions.

3. Conclusions

In conclusion, new catalytic roles of a pyrrole motif have been
established in a switchable and enantioselective trifunctional
organocatalytic cycle that improved the generality of the catalytic
systems. Such improvement may be attributed to additional,
favourable CH/m hydrogen bonding interactions between the
electron rich pyrrolyl moiety and the external activator, 3-methyl
benzoic acid to switch on the catalysis. While pyrrole phosphines
have commonly been used as ligands before, we show here for the
first time that they can be effective organocatalysts. This will
facilitate future work in developing the pyrrole motif in catalysis
beyond its common ligand role. Further work will involve addi-
tional investigation and characterization of substituted pyrroles
and acid switches with compact molecular recognition network for
new or enhanced catalysis. This may also, in general, contribute to
the new use of pyrroles for building molecular assemblies in roles
different from the established utility as a coordination or pH-
switching site.

4. Experimental section
4.1. General information

All reagents unless specified otherwise are commercially avail-
able and purified by standard procedures [34]. Chloroform-d was
purchased from Cambridge Isotope Laboratories, USA and stored
over anhydrous potassium carbonate before use. Bromomethyl
methyl ether was distilled from anhydrous sodium sulfate and used
immediately after distillation. Cesium carbonate was dried before
reactions. Air and moisture sensitive reactions were performed
under a nitrogen atmosphere. Reactions were magnetically stirred
and monitored by thin-layer chromatography (TLC) using Merck
silica gel 60 Fy54 aluminium pre-coated plates (0.25 mm). Flash
column chromatography was performed on Merck silica gel 60
(0.015—0.040 mm). 'H, 13C, and >'P experiments were performed at
298 K on either a Bruker DPX 400 MHz spectrometer equipped with
a 5 mm QNP probe. Chemical shifts were reported in ppm using the
residual CHCl3 peak as an internal reference (dy=7.26ppm,
6c=7716 ppm). All 3'P NMR spectroscopy was performed on a
Bruker DPX 400 MHz spectrometer at 298 K, and all spectra were
referenced to external H3PO4 (0 ppm). All spectra were processed
using Bruker TOPSPIN software versions 3.5pl7. Infrared spectra
were taken on Thermo Scientific Nicolet iS5FT-IR Spectrometer
with an attenuated total reflectance (ATR) accessory and maximum
absorption peaks were reported in cm~L High-resolution mass
analysis was provided by Australian Proteome Analysis Facility
(APAF), Macquarie University, Sydney, Australia. Chiral HPLC anal-
ysis was performed using a Shimadzu Prominence system with
either a Daicel Chiral Columns CHIRALPAK® AD—H column or a
Regis Chiral Technologies Whelk-O1 column. HPLC grade solvents
were degassed before use. Specific rotation was measured at
23-24°C on a P1010 digital polarimeter (Jasco, Japan). The
commercially available aldehydes were used for catalysts synthesis
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except for 4,5-dibromopyrrole-2-carboxaldehyde 4 that was ob-
tained [35] via the bromination of pyrrole-2-carboxaldehyde 3. (S)-
MAPO 6 and aminophosphine 2 were synthesized by established
procedures [9,24]

4.2. Experimental details

4.2.1. General procedure for MBH or aza-MBH reactions

Catalyst (10 mol%, 0.0025mmol), imine or aldehyde
(0.025 mmol) and acid additive (10 mol%, 0.0025 mmol) were
combined under N; from dichloromethane stock solutions in a
1.5 mL teflon capped vial with 4 A molecular sieves. Dichloro-
methane was evaporated by nitrogen flow. Then reaction solvent
was added to the mixture (final concentration C = 0.2 M to imine or
aldehyde after addition of MVK in the reaction solvent). A solution
of MVK (0.075 mmol) was added to the mixture at stirring at room
temperature. Aliquots (10 pL) of the reaction mixture were taken at
0.5, 3, 6,24 h and dried immediately by nitrogen flow to remove the
volatiles. The residue was re-dissolved in chloroform-d and filtered
to determine the conversion of starting material to product by 'H
NMR and then analyzed by chiral HPLC (1:4 i-propanol:hexane) to
determine ee ratios.

4.2.2. (S)-N-((1H-pyrrol-2-yl)methyl)-2'-(diphenylphosphaneyl)-
[1,1"-binaphthalen]-2-amine (1a)

To a solution of (S)-(+)-2-(diphenylphosphine)-1,1’-binaphthyl-
2’-amine 2 (100 mg, 0.221 mmol) and 2-pyrrolecarboxaldehyde
(42 mg, 0.441 mmol) in dry toluene (4 mL) was added a drop of
formic acid at room temperature and the reaction mixture was
stirred for 15 h. The mixture was pre-cooled (ice/NaCl bath) and dry
methanol (15 puL) was added followed by the addition of NaBH4
(21 mg, 0.551 mmol) in one portion and stirred at room tempera-
ture for 10 min. The mixture was treated with water and the
organic phase was extracted by dichloromethane 3 times. The
combined organic phases were washed with brine, dried over
anhydrous magnesium sulfate and concentrated under vacuum.
The residue was purified by flash chromatography on silica gel
(toluene; crude mixture/SiO, as 1/250 w/w) to furnish 1a (28 mg,
24% yield) as a white solid. "H NMR (400 MHz, CDCl3) 6 3.72 (bs, TH),
4.15—4.28 (m, 2H), 5.93—5.98 (m, 1H), 6.05—6.10 (m, 1H), 6.44—6.50
(m, 1H), 6.53 (d, J=8.0Hz, 1H), 6.87—6.94 (m, 1H), 6.97—7.03 (m,
2H), 7.05—7.20 (m, 5H), 7.24—7.38 (m, 7H), 7.44 (dd, ] = 2.9, 8.6 Hz,
1H), 7.49—7.55 (m, 1H), 7.69 (d, J=8.0Hz, 1H), 7.81 (d, J=8.9 Hz,
1H), 7.91 (d,J = 8.5 Hz, 1H), 7.92 (d, ] = 8.2 Hz, 1H), 8.23 (bs, 1H); 3'P
NMR (162 MHz, CDCl3) § —13.06; *C NMR (100 MHz, CDCl3) § 41.59,
104.80, 108.43, 113.59, 116.97, 121.88, 124.22, 125.44, 126.25, 126.33
(d, Je—p=2.2Hz), 127.09, 127.36, 127.90, 128.23, 128.30, 128.35,
128.37, 128.50, 128.64, 128.68, 128.78, 128.84, 129.18, 129.93 (d,
Je—p= 2.9 HZ), 130.69 (d, Je—p= 15 HZ), 133.61 (d, Je—p= 8.07 HZ),
133.81 (d, Jc—p=8.5Hz), 134.02 (d, Jc_p=2.2 Hz), 134.41, 137.75,
141.43,141.78,143.42 (d, Jc_p = 2.2 Hz); IR (ATR, cm~ ') » 3427, 3051,
1618, 1596, 1511, 1492, 1430, 1332, 1298, 1255, 1214, 1151, 1089,
1024; HRMS Found [M+H]', 533.21356. C37H3oNoP requires
[M+H]*, 533.21466; [«]3° -15.94 (c 1.0, CHCl5).

4.2.3. (S)-N-((4,5-dibromo-1H-pyrrol-2-yl)methyl)-2’-
(diphenylphosphaneyl) -[1,1’-binaphthalen|-2-amine (1b)

To a solution of (S)-(+)-2-(diphenylphosphine)-1,1’-binaphthyl-
2'-amine 2 (56mg, 0.124mmol) and 4,5-dibromo-2-
pyrrolecarboxaldehyde (63 mg, 0.248 mmol) in dry toluene
(2.3 mL) was added a drop of formic acid at room temperature and
the reaction mixture was stirred for 4.5 h. The mixture was pre-
cooled (ice/acetone bath) and dry methanol (15pL) was added
followed by the addition of NaBH3CN (15.5 mg, 0.247 mmol) in one

portion and stirred at room temperature for 7.5 h. The mixture was
treated with water and the organic phase was extracted by
dichloromethane 3 times. The combined organic phases were
washed with brine, dried over anhydrous magnesium sulfate and
concentrated under vacuum. The residue was purified by flash
chromatography on silica gel (hexane/dichloromethane gradient)
to furnish 1b (44 mg, 51% yield) as a white solid. 'H NMR (400 MHz,
CDCl3) 6 3.92 (bs, 1H), 4.18—4.34 (m, 2H), 5.96—6.12 (m, 1H), 6.36 (d,
J=8.5Hz, 1H), 6.73—6.81 (m, 1H), 6.94—7.13 (m, 7H), 7.21-7.33 (m,
4H), 7.34-7.39 (m, 3H), 742 (dd, ] = 3.3, 8.5 Hz, 1H), 7.49—-7.55 (m,
1H), 7.62 (d, J=8.0Hz, 1H), 7.79 (d, J=89Hz, 1H), 7.92 (d,
J=8.6Hz, 1H), 7.93 (d, J=81Hz, 1H), 9.74 (bs, 1H); 3P NMR
(162 MHz, CDCl3) ¢ —12.38; '3C NMR (100 MHz, CDCl3) ¢ 41.08,
98.21, 108.20, 113.25, 121.99, 124.28, 126.09 (d, Jc—p=2.2Hz),
126.20, 127.22,127.36, 127.42, 127.71, 128.19, 128.27, 128.38, 128.73
(d, Je—p=1.5Hz), 128.85, 128.91 (d, Jc—p= 2.2 Hz), 130.07, 130.19,
131.70, 133.20, 133.57, 133.76, 134.08, 134.29, 134.36, 136.47 (d,
Je_p=81Hz), 136.99 (d, Jc_p=6.6 Hz), 141.69; IR (ATR, cm™ ') »
3416, 3051, 1617, 1596, 1512, 1492, 1431, 1293, 1254, 1152, 1092,
1024, 968; HRMS Found [M+H]", 691.03129. C37H»gBr,N,P requires
[M-+H]", 691.03364; [a]3 -41.98 (c 0.77, CHCl3).

4.2.4. (S)-N-((1H-indol-2-yl)methyl)-2'-(diphenylphosphaneyl)-
[1,1'-binaphthalen]-2-amine (1c)

To a solution of (S)-(+)-2-(diphenylphosphine)-1,1’-binaphthyl-
2’-amine 2 (50mg, 0.11 mmol) and 2-indolecarboxaldehyde
(48 mg, 0.331 mmol) in dry toluene (2 mL) was added a drop of
formic acid at room temperature and the reaction mixture was
stirred for 15 h. The mixture was pre-cooled (ice/acetone bath) and
dry methanol (134 uL, 3.308 mmol) was added followed by the
addition of NaBH3CN (69.3 mg, 1.103 mmol, 10 eq) in one portion
and stirred 40 °C for 3.5 h. The mixture was treated with water and
the organic phase was extracted by dichloromethane 3 times. The
combined organic phases were washed with brine, dried over
anhydrous magnesium sulfate and concentrated under vacuum.
The residue was purified by flash chromatography on silica gel
(hexane/dichloromethane gradient) to furnish 1c (45mg, 70%
yield) as a white solid. 'TH NMR (400 MHz, CDCl3) ¢ 3.92 (bs, 1H),
4.34—451 (m, 2H), 6.28—6.35 (m, 1H), 6.50 (d, J=8.5Hz, 1H),
6.83—6.91 (m, 1H), 6.99—7.20 (m, 10H), 7.29—7.40 (m, 7H), 7.47 (dd,
J=3.0, 8.5Hz, 1H), 7.50—7.57 (m, 2H), 7.66 (d, J = 8.0 Hz, 1H), 7.76
(d, J=8.9Hz, 1H), 7.93 (d, J=8.5Hz, 1H), 7.94 (d, J]=8.2 Hz, 1H),
8.82 (bs, 1H); 3'P NMR (162 MHz, CDCl3) 6 —13.01; '3C NMR
(100 MHz, CDCl3) ¢ 41.82,98.73,111.02,113.51,119.67,120.02, 121.19,
121.97,124.26, 126.25,127.14, 127.37,127.43, 127.83, 128.25, 128.32,
128.41,128.69, 128.75, 128.86, 128.92, 129.02, 130.06, 130.41, 133.16
(d, Je.p=7.2Hz), 133.52, 133.71, 133.88, 133.93 (d, Jc_p=2.2Hz),
134.08, 134.41, 135.80, 135.87, 135.96, 137.26, 13736 (d,
Je_p=2.9Hz), 13752, 141.10, 141.43, 142.80; IR (ATR, cm ') v 3416,
3050, 1886, 1618, 1596, 1512, 1490, 1455, 1430, 1339, 1292, 1216,
1152, 1091, 1023; HRMS Found [M-+H]*, 583.22877. C4;H32N,P re-
quires [M+H]*, 583.23031; [a]3° -122.07 (c 1.0, CHCl5).

4.2.5. (S)-(2'-(((1H-imidazol-5-yl)methyl)amino)-[1,1'-
binaphthalen]-2-yl)diphenylphosphine oxide (10)

A  mixture of (S)-(+)-2-(diphenylphosphine oxide)-1,1’-
binaphthyl-2’-amine 6 (150mg, 0.320mmol) and 4(5)-for-
mylimidazole (61.4 mg, 0.640 mmol) in the presence of 4 A mo-
lecular sieves (0.7 g) in dry toluene (5.8 mL) was stirred at 110 °C for
17 h in a pressure tube. The mixture was cooled down to room
temperature and then pre-cooled (ice/NaCl bath). After cooling, dry
methanol (0.5mL) was added and then NaBH3CN (20 mg,
0.320 mmol) was added in one portion and stirred at room tem-
perature for 2.5 h. The mixture was filtered through folded filter.
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The reaction mixture was treated with water and the organic phase
was extracted with ethyl acetate (3 times). The combined organic
phases were washed with brine, dried over anhydrous magnesium
sulfate and concentrated under vacuum. The residue was purified
by flash chromatography on silica gel (1—10% ethanol in chloro-
form; gradient) to furnish 10 (119.1 mg, 68% yield) as yellow foam.
'H NMR (400 MHz, CDCl3) ¢ 4.06 (bs, 1H), 4.33—4.43 (m, 1H),
452—-4,62 (m, 1H), 6.32 (d, J=8.3Hz, 1H), 6.61-6.70 (m, 2H),
6.78—6.88 (m, 2H), 6.91-6.98 (m, 1H), 6.96 (d, ] =9.0 Hz, 1H), 7.00
(s,1H), 7.02—7.11 (m, 2H), 7.22 (d, ] = 8.3 Hz, 1H), 7.26—7.33 (m, 1H),
7.36 (d, J=7.9Hz, 1H), 7.48 (d, ] = 8.9 Hz, 1H), 7.50—7.65 (m, 5H),
7.70 (s, 1H), 7.87—8.00 (m, 4H). *'P NMR (162 MHz, CDCl3) 6 28.16;
13C NMR (100 MHz, CDCl3) ¢ 39.41, 113.23, 113.83 (d, Jc_p=5Hz),
121.44,124.23,126.00, 126.65, 127.19, 127.25,127.32, 127.83, 128.32,
128.55,128.64,128.67,128.73,128.85,128.92,129.10,129.24, 129.62,
129.71,129.72, 130.12 (d, J = 2.3 Hz), 130.53, 130.59, 131.56, 132.01,
132.05, 132.10, 132.37,133.41, 133.52, 135.68 (dd, Jc_p= 8.8, 2.2 Hz),
141.8 (d, Jc_p=9.5Hz), 144.42; IR (ATR, cm~ ') » 3054, 1618, 1597,
1497,1435,1342,1301, 1258,1215, 1153, 1112; HRMS Found [M+H] ™,
550.20391. C36H29N30P requires [M+H]™, 550.20483; [2]3* +80.83
(c 1.0, CHCl3).

4.2.6. (S)-N-((1H-imidazol-5-yl)methyl)-2’-
(diphenylphosphaneyl)-[1,1’-binaphthalen]- 2-amine (1d)

A solution of 10 (70.5 mg, 0.128 mmol) in neat phenylsilane
(80uL) was heated at 96°C for 19 hours. The volatiles were
removed via nitrogen blow down and the residue was purified by
flash chromatography on silica gel (hexane/ethyl acetate to ethyl
acetate/ethanol; gradient) to yield 1d (36.3 mg, 53%) as a white
foam. "H NMR (400 MHz, CDCl5) 6 3.76 (bs, 1H), 4.21 (s, 2H), 6.53 (d,
J=8.4Hz, 1H), 6.71—6.75 (m, 1H), 6.86—6.92 (m, 1H), 6.97—7.04 (m,
2H), 7.05—7.20 (m, 6H), 7.21—7.34 (m, 6H), 7.35—7.38 (m, 1H), 7.45
(dd, J=2.8, 8.6 Hz, 1H), 7.47—7.53 (m, 1H), 7.69 (d, ] = 8.0 Hz, 1H),
7.80 (d, J = 8.9 Hz, 1H), 7.90 (d, J = 8.5 Hz, 2H); >'P NMR (162 MHz,
CDCl3) 6 —13.61; 13C NMR (100 MHz, CDCl3) ¢ 40.47, 113.44, 116.43
(d, Je_p=8.7Hz), 121.89, 124.22, 126.27, 126.40 (d, Jc_p=2.9 Hz),
127.06,127.29,127.37,127.89, 128.25, 128.32, 128.55, 128.60, 128.66,
128.71, 128.77, 129.84, 130.69, 133.08 (d, Jc_p=7.0Hz), 133.40,
133.59, 133.70, 133.90, 134.09 (d, Jc—p=2.2 Hz), 134.39, 134.54,
136.62 (d, Je_p=115Hz), 137.22 (d, Je_p=9.5Hz), 137.79 (d,
Je_p=12.5Hz), 141.43, 141.76, 142.97 (d, Jc_p=2.2Hz); IR (ATR,
cm™ 1) » 3051, 1618, 1596, 1492, 1430, 1340, 1301, 1251, 1214, 1150,
1088; HRMS Found [M+H]", 534.20872. C3gH9N3P requires
[M+H]*, 534.20991; [«]3® -2.68 (c 1.0, CH,Cly).

4.2.7. (S)-(2’-(((1H-imidazol-2-yl)methyl)amino)-[1,1'-
binaphthalen]-2-yl)diphenylphosphine oxide (11)

The mixture of (S)-(+)-2-(diphenylphosphine oxide)-1,1’-
binaphthyl-2’-amine 6 (200mg, 0.426mmol) and 2-
formylimidazole (82 mg, 0.852 mmol) in the presence of 4 A MS
(0.85¢) in dry toluene (8 mL) was stirred at 110°C for 70h in a
pressure tube. The mixture was cooled down to room temperature
and then pre-cooled (ice/NaCl bath). After cooling, dry methanol
(2 mL) was added and then NaBH4 (80 mg, 2.13 mmol) was added in
one portion and stirred at room temperature for 3 h. The mixture
was filtered through folded filter. The reaction mixture was treated
with water and the organic phase was extracted with ethyl acetate
(3 times). The combined organic phases were washed with brine,
dried over anhydrous magnesium sulfate and concentrated under
vacuum. The residue was purified by flash chromatography on silica
gel (toluene/ethyl acetate to ethyl acetate; gradient) to furnish 11
(80.4 mg, 34.3% yield) as yellow foam. TH NMR (400 MHz, CDCl5)
0 423 (t, J=6.5Hz, 1H), 446 (dd, J=6.1, 17.5Hz, 1H), 5.20 (dd,
J=71, 17.5Hz, 1H), 6.23 (d, J=8.4Hz, 1H), 6.69—6.77 (m, 3H),

6.85—6.95 (m, 3H), 7.05-7.14 (m, 4H), 7.25 (d, J=8.5Hz, 1H),
7.28—7.34 (m, 1H), 7.37 (d, J=8.0Hz, 1H), 7.48—7.63 (m, 6H),
7.84—8.00 (m, 4H), 13.40 (bs, 1H); 3'P NMR (162 MHz, CDCl3)
6 28.17; 13C NMR (100 MHz, CDCl3) 6 4148, 112.39, 113.95 (d,
Je_p=5.1Hz), 121.49, 124.11, 126.00, 126.72, 12712, 127.48, 127.60,
127.78,128.02, 128.32,128.47,128.54,128.67,128.79, 128.91, 129.04,
129.09, 129.17, 129.53, 129.95, 130.05, 130.53 (d, Jc_p= 2.9 Hz),
130.72, 132.07, 13215, 13233, 133.12, 13341, 133.52 (d,
_]C_p:10.3 HZ), 135.71 (d, ]C_p:2.2 HZ), 142.00 (d, _]C_p:8.7 HZ),
143.58, 147.54; IR (ATR, cm 1) » 3053, 1618, 1598, 1551, 1498, 1436,
1300, 1178, 1155, 1113, 1096, 1024, 998, 869, 810, 744, 722, 696, 633;
HRMS Found [M-+H]", 550.20362. C36H29N30P requires [M-+H]",
550.20483; [2]4® 33.25 (¢ 1.0, CHCl3).

4.2.8. (S)-N-((1H-imidazol-2-yl)methyl)-2’-
(diphenylphosphaneyl)-[1,1’-binaphthalen]-2-amine (1e)

A solution of 11 (18.1 mg, 0.033 mmol) in neat phenylsilane
(200 puL) was heated at 90°C for 68 hours. The volatiles were
removed via nitrogen blow down and the residue was purified by
flash chromatography on silica gel (hexane/ethyl acetate; gradient)
to yield 1e (8.1 mg, 46%) as a white foam. 'H NMR (400 MHz, CDCl3)
0 4.02 (t, J=5.8Hz, 1H), 4.34 (dd, J=6.3, 17.5Hz, 1H), 4.59 (dd,
J=523, 17.5Hz, 1H), 6.41 (d, J=8.5Hz, 1H), 6.79—6.90 (m, 3H),
6.92—7.00 (m, 3H), 7.02—7.10 (m, 3H), 7.11—7.17 (m, 1H), 7.23—7.38
(m, 7H), 7.40 (dd, J=3.2, 8.5Hz, 1H), 7.50—7.57 (m, 1H), 7.65 (d,
J=81Hz, 1H), 7.78 (d, J=9.0Hz, 1H), 7.93 (d, J= 8.4 Hz, 2H); 3'P
NMR (162 MHz, CDCl3) 6 —12.79; '3C NMR (100 MHz, CDCl3) 6 42.01,
112.88, 116.38 (d, Jc—p=8.6Hz), 122.14, 124.18, 126.16 (d,
Je—p=2.2Hz),127.37,127.30, 127.48, 127.51, 127.82, 128.30, 128.38,
128.40, 128.85, 128.94, 128.96, 129.03, 130.26, 133.13 (d,
Je—p=7.2Hz), 133.33, 133.52, 133.92 (d, J=2.2 Hz), 133.97, 134.18,
134.434,135.00(d, Jc_p= 7.3 Hz),136.68 (d, Jc_p= 6.7 Hz), 136.88 (d,
Jc—p=9.4Hz), 140.87, 141.19, 141.84 (d, Jc_p=2.2Hz), 147.00; IR
(ATR, cm™ 1) » 3050, 1618, 1596, 1511, 1493, 1431, 1295, 1262, 1215,
1151,1091,1023, 996, 914,852, 810, 773, 739, 694, 629; HRMS Found
[M+H]*, 534.20915. C36H29N3P requires [M+H]*, 534.20991; [«]3
-55.16 (c 1.0, CH,Cly).

4.2.9. (S)-(2'-(((1H-benzo[d]imidazol-2-yl)methyl)amino)-[1,1'-
binaphthalen]-2-yl)diphenylphosphine oxide (12)

A  mixture of (S)-(+)-2-(diphenylphosphine oxide)-1,1"-
binaphthyl-2’-amine 6 (200 mg, 0.426 mmol) and 2-formyl-1H-
benzoimidazole (187 mg, 1.278 mmol) in the presence of 4 A MS
(0.85¢g) in dry toluene (8 mL) was stirred at 110°C for 14h in a
pressure tube. The mixture was cooled down to room temperature
and then pre-cooled (ice/NaCl bath). After cooling, dry methanol
(3 mL) was added and then NaBH4 (54 mg, 1.43 mmol) was added in
one portion and stirred at room temperature for 1 h. The mixture
was filtered through folded filter. The reaction mixture was treated
with water and the organic phase was extracted with ethyl acetate
(3 times). The combined organic phases were washed with brine,
dried over anhydrous magnesium sulfate and concentrated under
vacuum. The residue was purified by flash chromatography on silica
gel (20—50% of hexane in ethyl acetate; gradient) to furnish 12
(212 mg, 83% yield) as yellow foam. The sample for analysis was
recrystallised from toluene/hexane. 'H NMR (400 MHz, CDCl3)
0 4.38 (t, J=6.6 Hz, 1H), 4.63 (dd, J=6.3, 18.0Hz, 1H), 4.88 (dd,
J=70, 18.0Hz, 1H), 6.30 (d, J=8.4Hz, 1H), 6.62—6.70 (m, 2H),
6.74—6.80 (m, 1H), 6.82—6.95 (m, 3H), 7.08—7.38 (m, 7H), 7.44 (d,
J=9.0Hz, 1H), 7.50—-7.67 (m, 6H), 7.76 (d, ] = 7.9 Hz, 1H), 7.93—8.06
(m, 4H), 13.99 (bs, 1H); 3'P NMR (162 MHz, CDCl3) 6 —27.87; 13C
NMR (100 MHz, CDCl3) 6 42.60, 111.75, 112.54, 113.89 (d,
Je—p=5.1Hz), 118.72, 121.46, 121.89, 124.23, 125.44, 125.95, 126.65,
127.20,127.43,127.55,127.80, 127.94, 128.35, 128.77, 128.89, 129.00,
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129.09, 129.68, 129.78, 130.23 (d, Jc_p = 3.8 Hz), 130.72, 132.07 (d,
Je_p=2.2Hz), 132.11, 132.20, 133.25, 133.48, 133.52, 133.59, 135.75
(d,Je_p=2.2 Hz),142.01,143.86,154.91; IR (ATR, cm ') » 3052, 1619,
1597, 1507, 1434, 1300, 1269, 1220, 1175, 1154, 1113; HRMS Found
[M-+H]*, 600.21910. C4oH3;N30OP requires [M+H]", 600.22048;
[«]&® -117.44 (¢ 1.0, CHCl3).

4.2.10. (S)-N-((1H-benzo[d]imidazol-2-yl)methyl)-2'-
(diphenylphosphaneyl)-[1,1’-binaphthalen]-2-amine (1f)

A solution of 12 (40 mg, 0.067 mmol) in neat phenylsilane
(300 uL) was heated at 110°C for 14 hours. The volatiles were
removed by nitrogen flow and the residue was purified by flash
chromatography on silica gel (20—40% of hexane in ethyl acetate;
gradient) to yield 1f (32.8 mg, 84% yield) as white foam. '"H NMR
(400 MHz, CDCl3) 6 418 (t, ] = 5.9 Hz, 1H), 4.55 (dd, ] = 6.5, 18.0 Hz,
1H), 4.77 (dd, ] = 5.4, 18.0 Hz, 1H), 6.40 (d, ] = 8.5 Hz, 1H), 6.76—6.84
(m, 1H), 6.96—7.08 (m, 6H), 7.10—7.20 (m, 3H), 7.28—7.40 (m, 9H),
7.45 (dd, ] = 3.4, 8.5 Hz, 1H), 7.51-7.57 (m, 1H), 7.61 (d, ] = 8.0 Hz,
1H), 7.73 (d, J=9.0Hz, 1H), 794 (d, J=82Hz 1H), 7.95 (d,
J=8.6Hz, 1H), 10.52 (bs, 1H); >'P NMR (162 MHz, CDCl3) 6 —12.52;
13C NMR (100 MHz, CDCl3) 6 42.02, 112.61, 116.54 (d, Jc_p = 8.2 Hz),
122.30, 122.95, 124.27, 126.08 (d, Jc—p=2.2Hz), 126.43, 12740,
127.58,127.62,127.78,128.34,128.42,128.99, 129.09, 129.15, 129.94,
130.52, 133.17, 133.26, 133.44, 133.87 (d, Jc—p= 1.5Hz), 134.06,
13412, 134.33, 134.44, 13625 (d, Jcp=6.6Hz), 136.67 (d,
Je_p=>5.1Hz), 140.55, 140.86, 141.13 (d, Je_p= 2.2 Hz), 153.71 (d,
Jc—p=1.5Hz); IR (ATR, cm‘]) v 3051, 1618, 1596, 1511, 1492, 1452,
1428, 1323, 1293, 1266, 1216, 1151, 1092, 1023, 998, 951, 917, 845,
809, 737, 694, 628. HRMS Found [M+H]*, 584.22415. C4qH3N3P
requires [M+H]*, 584.22556; [a.]§® -126.95 (c 1.0, CHCly).
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purification. The catalyst is unstable under extended exposure of high vacuum.
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Figure 8. °'P NMR spectra of catalyst 1c.
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Figure 11.°'P NMR spectra of catalyst precursor 10.
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Figure 14.'P NMR spectra of catalyst 1d.
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Figure 17.°'P NMR spectra of catalyst precursor 11.



[44

07" T od

0 =3

ZH 00T g1
0 gae¢8
nd NaMm
ZHW THBLLT2° 00T as
89,2 is
sxz3swexed Hursssooad - Zd

EINId
TINId
TMId
zaana
glo¥aaan
TOON

ZHW 3009TCT" zoas
M 89.66T€ES MIa
280 00°0T T8
€T TOON

ZHW £€6G8LT9° 00T T0as
T 0dx

‘0 114
e 1a
e

=a

ma

8 28
TE9E"T o) 4
€EL 0O SEEAId
€0¥2 HMS
sa

0c SN
2ao INEATOS
s9 az
dbz 90¥dIng
LSO 8609772 augoyd
ds HOEELENI
SWIL

8102 T=3eq
eg uot3itstnboy - za

@

w o0

MM -

)P PO W0 MDY DD
sl

ERURS IR

£

L]
o]
[
2
i

ON2O¥E
ONdX3
18C-dse EHYN
I2g T3lRQ IUSIIND

I°

[}

o

|

—
0 Mo
Mo
P ™M

[
W
51
w0

<)
AdA3IMNAGE
<)

"UOI30T ONEWIOTE PAPUIXS Y} YHIM [T 10s1n021d JsATe1ed Jo enoads YN O, "81 I3

08
I

001 0zl ovl 091 081 00¢
I I I I I 3 I 3

y6€° 2114
616°€TT

‘ETT

696

I

>

866" G¢

: Aﬂ _ﬂ T

wdd zZT T 9CT 82T O0OET <TET FHET 9€T
| x | i | i | i | " | " | " | " | "

AT Al

PP, g
\

LR
el el el e e e e e
MNMWWwWwwWwwwwwwwww
WOOOOOOHFNNMNDNMNW

d

(PO
>N
~l 0 o

SN WN
Wb W (1

WONSTUUTJdWdOFWH
UFEJdRBNNONOWN
OOWNWNWEOWLU & WW

PES 6CT
LLSTERT

NS
—
N



€¢

‘wnnoeA Y31y Jo 21nsodxd popudlxd Iopun dyqeisun SI 3sA[eied oy, ‘uonedyund
UWIN(od Jo)e POAIdSqo o1k syjead 9)ejaoe [AYI0 Y, "UOISI OeLIOoIe POPUI)XD AU} UM T ISA[eIed Jo e1oads YIAN H, 61 N3]

N PIEY) Y N FXCY
= INOIO|=
N =]

00°LL

wdd 2z 1= o0 L T ¢ 8 oL L 2L €L ¥L Sl

00°T 24
0 =9
2H 0€°0 =4
0 gss
Pt nam
ZHW L6000ST 00F a8
3€8893 Is
sxzzswered Buisszooxd - za
E€SL°ST ™NIa
1a
TOON
00% TOaS
0az
1S° T 1d
4 jctid
T =a
4 Ma
v 86 29
238 C2%Ps o) 4
2ZH CZTESPY SEEAId
2H 0g8°Cc108 HMS
(4 =a
91 SN
£10d2 INEATOS
26553 azn 9l
negbz 20¥4d1Ing
) €LS0 8609T7Z dEE0¥d
3o=ds MOELSNI z
4 11791 _3WTL udd
LZ60LTINC 23eq
sI=a3sweIvg Q,U..nuﬂ‘mﬂﬁuuod. - &
H
1 ONDO¥E N HN
g _ ON&xa _
Ty-8€d TTO205CT-ISE TNYN \v
SIs22weIed ©awg 1uU=IIND Z

YOV OOV O - N JDNG NG NS DU (NG S RPN RPN R R (R RN DR IR AN QR [PNG

W ooy oY )
WO W W o)~
WURrVwOURNW

W W W W
w1 Y O O
WO oW ©

) O O O WO WO WY
oo
N Wwo =

R W V- R RS



[
| ]
uy M
™ i =
)
0 Cl M - 9 P 0
Mol Eom o o o

o N
[
noun W

&l

of

~

in

Ao
) | oo [
'»: oW b
o PEDOA =
R ol med 7D a0 o
LSI=A 1 ] E S T I T * PO S 3 =

z._ ZT

NH

7]
1]
o -
(=] [=elal =
HOWUE B AQR[RD A
el (6 A A H QB D Z LD
N
e
o
o
[
-—

PC

ppm

-200

-150

-100

-50

0

50

100

Figure 20. *'P NMR spectra of catalyst 1e.
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Figure 23.*'P NMR spectra of catalyst precursor 12.
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Figure 26. >'P NMR spectra of catalyst 1f.
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2.3 Cross Reference of Compounds in Tetrahedron paper and Thesis

Structure Number in reference?® Number in thesis

HO TF-1 1.46a

G-
y

X
a
NH N X
H 1: X = H (a), Br (b) 2.4: X =H (a), Br (b)
OO PPh,
0L 0
NH N
H 1c 2.4¢
OO PPh,
e
|
CIL
H 1d 2.4d
OO PPh,
N
QPNad
NH N
H le 2.4e
g
N
~ T
CILGS
H 1f 2.4f
g
NTs 13: X =4-Br (a), 3-NOs (b),  1.36: X = 4-Br (b), 3-NO>
2-Cl (c), 4-Me (d), 2-NO> (e), (d), 2-Cl (h), 4-Me (i), 2-NO>
X 4-C1 (f), 4-F (g) (e), 4-Cl (g), 4-F ()
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14: X = 4-Br (a), 3-NO (b),
2-Cl (¢), 4-Me (d), 2-NO (e),
4-C1 (), 4-F (g)

15: X=4-NOz: (a), 3-NO>
(b), 4-CN (¢), 4-Br (d), 2-
NO: (e), 3-Br (f)

16: X = 4-NO; (a), 3-NO»
(b), 4-CN (c), 4-Br (d), 2-
NO; (e), 3-Br (f)

1.37: X = 4-Br (b), 3-NO,
(d), 2-Cl (h), 4-Me (i), 2-NO;
(e), 4-Cl (g), 4-F (f)

1.15a: X =4-NO> (a), 3-NO»
(b), 4-CN (¢), 4-Br (d), 2-
NO: (e), 3-Br (f)

2.1: X =4-NOz (a), 3-NO>
(b), 4-CN (c¢), 4-Br (d), 2-
NO: (e), 3-Br ()
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in Enantiodivergent Catalysis



CHAPTER 3. Multifunctional MAP-based Systems as Ligands in Enantiodivergent

Catalysis

3.1 Introduction

3.1.1 Catalytic dualism: organocatalysts as ligands

Catalytic dualism where efficient organocatalysts are able to behave as ligands has been
discussed in Chapter 1. MAP scaffold, in particular structure 1.17 (Chapter 1, Scheme 2b and
Scheme 7a), has already demonstrated the ability to efficiently serve as a ligand and
organocatalyst. These examples and a wide application of MAP structures in metal- and
organocatalysed processes set the stage for investigating our trifunctional MAP systems in
metal-catalysed reactions. The multifunctional nature of the trifunctional system potentially may
provide the multidentate, metal-complexation as well as H-bonding catalysis organization. This
H-bonding activation, supported by a metal environment, may influence the degree and sense of

the asymmetric induction.!

The coordination of the trifunctional system to metal could occur through the phosphine
fragment. Palladium-catalysed asymmetric allylic alkylation (AAA) processes have been
thoroughly studied over the last four decades.*” Here, we focus on palladium-catalysed allylic

processes as a classical test reaction for multidentate MAP-based ligand investigation.

3.1.2 MAP-based ligands in Pd-catalysed asymmetric allylic substitution

In the seminal report,® Kocovsky et al. demonstrated the ability of palladium complexes from
MAP 1.1a and its derivatives with bulkier N-substituents 1.1 b, ¢, j to catalyze the allylic
substitution of 1,3-diphenylprop-2-en-1-yl acetate 3.1a with malonate nucleophiles (Scheme
15a) with up to 73% ee after 24 h at room temperature. The increased steric congestion around

the nitrogen atom of the MAP-based ligands did not improve the enantioselectivity. However,
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the application of bulkier malonates as nucleophiles provided the alkylation products 3.2ab,ac in
the opposite configuration (Scheme 15a nucleophile scope). This work was also the first

investigation of MAP’s “memory effect” in allylic substitution reactions.®!!

Ligand, NuH,
OAc Pd source Nu
Ph/\)\ pp base, solvent 'Ph/\)*\Ph
3.1a 3.2aa-e
a) Conditions: Pd(dba), (5 mol%), Ligand (7.5 mol%),

CH,(CO,Me), (a) (2 eq.), Cs,CO3 (2 eq.), DCM, rt, 24 h

Ligands: MAP core -§-NR1R2

OO 11a:R'=R2=Me:  87% yield, 71% ee (S)
1.1b: R' ='Pr, R? = Me: 85% vield, 73% ee (S)
1.1c:R'=Cy, R?=Me: 80% yield, 69% ee (S)

PPh
OO 2 _EN/% 1.1j: 77% yield, 68% ee (S)

Nucleophile scope:
1.1a: NuH = MeCH(CO,Me), (b):  85% yield, 70% ee (R)
AcNHCH(CO,Me), (c): 85% yield, 68% ee (R)

b) Conditions: [Pd(allyl)Cl], (5 mol%), Ligand (7.5 mol%),
CH,(CO,Me), (a) (2 eq.), BSA (2 eq.), KOAc (10 mol%), DCM, 20 °C, 12 h

Ligands: Hg-MAP core ~NMey, Ar _
3.3a: Ar = Ph: 99% vyield, 83% ee (S)
‘O 3.3b: Ar = 4-MeCgH,:  99% yield, 75% ee (S)
3.3c: Ar = 3-MeCgH,:  99% vyield, 81% ee (S)
3.3d: Ar = 4-MeOCgH,: 96% yield, 79% ee (S)
‘O PA2 | 3.3e: Ar=4-BuCgH,:  89% yield, 73% ee (S)

3.3f: Ar = 3,5-Me,CgH3: 98% yield, 84% ee (S)

C) Conditions: [Pd(allyl)Cl], (5 mol%), Ligand (7.5 mol%),
CH,(CO,Me), (a) (2 eq.), Cs,CO3 (2 eq.), DCM, 20 °C, 24 h

Ligands: MAP core [see a)]

3.4: axial (S), R =H: 81% yield, 55% ee (R)

R 3.5a: axial (S), R = OMe: 97% vyield, 83% ee (R)

%NG\ axial (R), R = OMe: 98% yield, 27% ee (S)

R Ligands: Hg-MAP core [see b)]:
3.5b: axial (S), R = OMe: 90% yield, 50% ee (R)
axial (R), R = OMe: 97% yield, 31% ee (S)

d) Conditions: Pdy(dba)z*CHCI3 (5 mol%), Ligand (5 mol%),
CH,(COsMe), (a) (2 eq.), BSA (2 eq.), KOAc (3 mol%), THF, rt, 6 h
Ligands: MAP core [see a)], axial (S):

JN—Ar 3.6a: Ar = Ph: 96% yield, 88% ee (S)
N 3.6b: Ar = 3,5-Me,CgH3: 81% yield, 42% ee (S)

Nucleophile scope:
3.6a: NuH = MeCH(COsMe), (d):  98% yield, 88% ee (S)
CH,(COMe), (e): 37% yield, 88% ee (S)

Scheme 15 a) Kocovsky’s work; b) and ¢) Ding’s works; d) Kudo’s work.
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Improvement in Pd-catalysed allylic substitution was made by Ding et al. (Scheme 15b) who
presented a new type of MAP ligand 3.3 with partially reduced naphthyl rings (Hs-MAP ligands)
and allowed product formation in up to 84% ee over 12 h at 20 °C.!? Later, new MAP-derived
ligands 3.4 and 3.5 with additional central chirality were developed (Scheme 15¢).!* The central
chirality in 3.5 was found necessary for enantioselective catalysis. Thus, ligand 3.4 without the
chirality in the pyrrolidine fragment provided the alkylation product 3.2aa in only 55% ee. At the
same time, new ligands 3.5 did not improve MAP-catalysed allylic substitution outcomes and
showed comparable selectivities to that of Hs-MAP 3.3 (up to 83% ee) albeit at a lower reaction

rate (24 h at 20 °C) (Scheme 15c).

During the same period, Kudo et al. reported new arylazo-substituted MAP-based ligands 3.6
(Scheme 15d)."* New AZOP generation 3.6 enhanced the reaction rate and enantioselectivity of
Pd-catalysed allylic substitution, providing product 3.2aa in up to 88% ee over 6 h at room
temperature. Interestingly, (S)-AZOP provided AAA product 3.2aa in the S configuration that
differs from MAP and Hs-MAP cores that provided the S product 3.2aa from the R axial
chirality. It was proposed that the azo-moiety changed the Pd-coordination pattern from the usual
P,Cs mode (Chapter 1, Figure 2a) to P,(Ci-C2) n’-coordination'’ that is similar to the case of
MeO-MOP ligand providing (S)-3.2aa from the S axial chirality.'® Another key feature of new
AZOPs 3.6 was the photoinduced trans-to-cis isomerization of the azo-fragment, however, the

photoresponse of catalysis was not observed in a control test.

In conclusion, the chirality transfer of MAP-based structures in AAA can be significantly
improved by the ligand’s bite angle expansion (Hs-MAP 3.3) or by the introduction of additional
central chirality. The reversed enantioselectivity can be additionally achieved by the
modification of MAP’s dimethylamine moiety as it was demonstrated on the AZOP ligands 3.6.
The insertion of additional H-bonding motifs into the MAP core may improve the chirality

transfer further via a higher level of the reaction organization.'”*!
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[PdClI(allyl)], (5 mol%)
OAc Ligand 1.19 (15 mol%) MeO,C.__CO,Me

Ph Ph BSA (3 eq.), THF, rt Ph/\/\[Ph

time is unknown

/
Y

(until starting consumed) 3.2aa
Ligands:
R R' R’
Vs % R2 R?
N
HO HO  OH MeO  OMe
PPh, 1-R2=H: 9
OO 119h R = NO,: 12% ee  1.19fR'=RZ= H: 20% ee 1 ,
119k R'=NO,; R*=H: 5% ee
119dR=H: 7%ee  1.19iR'=NOy R2=H: 4% ee 2
. 2 ? 1.191R" = H; R2= NO,: 25% ee

119b R =Me: 35%ee 1.19gR'=H;R?=NO, 47% ee

Scheme 16 MAP-based imine ligands 1.19 with phenol moieties in AAA.

Almost a decade later, imine-based MAP ligands 1.19 bearing phenol fragments were tested in

Pd-catalysed allylic substitution reactions (Scheme 16).%2

As shown in Chapter 1, Figure 3, a
protic phenolic fragment is not coordinating palladium and may potentially serve as an additional
Bronsted acid catalytic motif participating in H-bonding interactions. The reaction
enantioselectivity depends on changing phenolic hydroxyl acidities in ligands 1.19h, d, b that
may indicate the formation of hydrogen bonding interactions important for catalysis. The
introduction of an additional hydroxyl group at a p-position to the imine improved the
enantioselectivity due to an elongated H-bonding chain. The insertion of a strongly electron-
withdrawing nitro group at the para position to the a-hydroxyl position in ligands 1.19i and
1.19k turned off the enantioselective pathways completely. However, the shift of the nitro group
position from para to meta in ligand 1.19g afforded the highest enantioselective outcome. The
pivotal role of the hydroxyl protons in ligand 1.19 has been additionally confirmed by a control
ligand 1.19Kk, 1 with methylated hydroxyls. The ee value dropped from 47% for 1.19g to 25% for

the control 1.191 (Scheme 16). It demonstrated how an appropriate phenolic motif could support

the metal catalysis and help with chirality transfer via H-bonding interactions.

91



3.1.3 H-bonding ligands for enantiodivergency in asymmetric allylic substitution

Enantiodivergent catalysis can be performed by H-bonding ligands. The enantioselectivity
switch often can be achieved by using different metal sources, ligand properties, additives,
loading order, and reaction parameters.' ?** 24 Ligand-induced enantiodivergency in allylic

25,26 steric hindrances,”’

substitution reactions can be attributed to a ligand’s electronic properties,
and ability to form weak interactions with substrates.?® ¥ Here we focus on enantiodivergent

catalysis, provided by H-bonding interactions between the ligand and substrates in allylic

substitution processes.

Ait-Haddou ef al. demonstrated the ability of bis(oxazoline) ligands 3.7 to provide
enantiodivergent catalysis in Pd-catalysed asymmetric allylic alkylations (Scheme 17a).% Ligand
3.7a, bearing free hydroxy groups, provided products (S)-3.2aa in up to 92% ee while ligand
3.7b with protected hydroxyls furnished the product (R)-3.2aa in up to 90% ee under comparable
conditions. The ability of hydroxyls to form an H-bond with the tetrafluoroborate counterion was
confirmed by X-ray investigations of Pd/3.7a-allyl complex.? Further investigation showed the
presence of both stereogenic centers (in the oxazoline cycles and in the side chains) and free

hydroxy groups in ligand structure were found crucial for the enantiodivergent catalysis.*°

Two hypothetical scenarios were proposed to explain the origin of the enantiodivergency
(Scheme 17b). To form (S)-3.2aa, the attack of the nucleophile needs to occur at the C3 allyl
carbon. A hydroxy group proximal to C3 allyl carbon may form a hydrogen bond with the
malonate for the C3-attack (Scheme 17b left) or the malonate may bind to the hydroxy group
proximal to the C1 allyl carbon and sterically shield the attack of another nucleophile to the C1

carbon (Scheme 17b right).
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L

NaCH(CO,Me), ' o) o
X [PdCl(allyl)], / 3.7 CH(CO,Me), ! /0 |
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Scheme 17 a) Enantiodivergency of AAA by bis(oxazole) H-bonding ligand 3.7a; b) The

proposed origin of the enantiodivergency.

Another interesting type of ligand-induced H-bonding stabilization of a palladium-allyl isomer
for enantiodivergency was reported by Hayashi et al.?® %> The ferrocenylphosphine ligands 3.8
with a pendant side chain were able to furnish allylic amination product 3.2af (Scheme 18a). The
characteristics of the hydroxy groups were important for the enantioselective catalysis. Thus 3.8a
containing two hydroxyls provided product (R)-3.2af in 97% ee, while ligand 3.8b with only one
hydroxyl gave (R)-3.2af in only 79% ee. Ligands with protected hydroxyl (3.8¢) or without the
pendant chain (3.8d) demonstrated significant erosion in enantioselectivity. The switch of the
product 3.2af in the sense of asymmetric induction occurred in the case of ligand 3.8e. X-ray
investigations and *'P NMR analysis demonstrated that the remote hydroxyl of 3.8a would
stabilize the “W”-isomer of the allyl-palladium complex, leading to the formation of (R)-3.2af.
Thus, ligand 3.8a provides a “W” to “M” isomer ratio of 20:1 (Scheme 18b, top), while ligand
3.8d without the pendant chain gives only 2:1 ratio of “W” and “M” isomers, respectively

(Scheme 18b, bottom).
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3.8a: 21 h, 20 °C, 83% vyield, 97% ee
3.8b: 31 h, 40 °C, 80% yield, 79% ee
3.8¢: 31 h, 40 °C, 75% vyield, 27% ee

3.8b: X = NMe(CH,),0H
3.8¢c: X = NMG(CHz)ZoMe

a) 5 Tl x
o) BnNH; (1.2 eq.) | PPh
P Pd(dba)3*CHCI3 (1.5 mol%) : . 2
EtO” "0 Ligand 3.8 (3-6 mol%) NHBn l Fe
L | |
> : < >,—PPh
Ph/\)\Ph THF Ph/\/LPh . PP
: o OH
3.1a (R)-3.2af : 3.8a: X = NMe{OH

3.8d: 24 h, 40 °C, 79% vyield, 31% ee 3.8d: X = NMe,
3.8e: 17 h, 40 °C, 86% yield, 8% ee (S) 3.8e: X = OH
P P
N \ .
NHB ~ _

o : n<"" OH Pd — OH Pd high ee o NHBn
Ph” " ph Ph” " ph PhAPh Ph Ph
(S)-3.2af ("M"isomer 1 : 20 "W'-isomer ) (R)-3.2af

Me,N Me,N
2 P
NHBH Pd/P AN _P low ee NHBnN
S e i _ Pd — S
Ph” ""ph e T Ph._._Ph Ph Ph
(5)-3.2af {"M"-isomer 1:2 "W'"-isomer ] (R)-3.2af

Scheme 18 a) H-bonding ligands 3.8a, b and control ligands 3.8c—e in asymmetric allylic

amination; b) Stabilization of the “W™-isomer by the remote hydroxy the group.

In conclusion, MAP-based structures were extensively studied and found efficient in palladium-

catalysed asymmetric allylic substitution processes. It makes AAA a good candidate for the

investigation of dual catalytic properties of our trifunctional MAP-based systems. Moreover, the

presence of H-bonding motifs in the ligand structure can improve enantioselectivity and switch

the sense of asymmetric induction in AAA.
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3.1.4 Chapter 3 goals and plan

To test their capability in dual metal/organic catalysis, multidentate MAP-based systems
1.46a,d,h,i and 1.48a are studied in palladium-catalysed asymmetric allylic substitution between
1,3-diphenyl-2-propylacaetate 3.1a and dimethylmalonate (Scheme 19a). In case of successful
AAA catalysis, the reaction scope of trifunctional ligands 1.46a,d,h,i and 1.48a can also be
investigated in Cu-catalysed diethylzinc addition to chalcone 1.13a (Scheme 19b) and Rh-

catalysed hydrogenation of methyl 2-acetamidoacrylate 3.9 (Scheme 19c).

Ph/\)\Ph base, solvent /\I
3.1a 3.2aa: ee?
b)

Cu source, Ligand

o) Et,Zn (1 M in hexane) M
Ph/\)J\Ph Solvent o Ph

1.13a 1.14a: ee?

|  Rhsource, Ligand
(0] H, (4 bar)
HN > HN

®) Solvent
/go

L|gands
Bronsted
acid
function
th

X =OH: R =H (1.46a); 5-Bu (1.46d); 3-F,5-Br (1.46h); 3-'Bu,5-Br (1.46i)
X = NHTs: R = H (1.48a)

Scheme 19 Planned a) Pd-catalysed AAA; b) Cu-catalysed diethylzinc addition; ¢) Rh-catalysed

hydrogenation.
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3.2 Results and Discussion

3.2.1 MAP-based structures 1.46a,d,h,i and 1.48a in Pd-catalysed allylic substitution

MAP-based structures 1.46a,d,h,i and 1.48a were synthesized and tested as multidentate ligands
in Pd-catalysed asymmetric allylic alkylation. Catalytic proficiency was dependent on the
ligand’s Brensted acid acidity. This may be attributed to the weak, non-covalent H-bonding
interactions between the ligand and substrate. The switch of the sense of asymmetric induction
from R to S was achieved by the change of ligand’s H-bonding fragment from phenol to
tosylamide. Crystals of ligands 1.46a and 1.48a complexes to palladium were investigated by X-
ray crystallography and demonstrated unusual P,N-coordination mode. The detailed discussion
of results in terms of chirality switch is provided in the following manuscript submitted to review

in Chirality journal.
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Multifunctional chiral aminophosphines for enantiodivergent catalysis
in a palladium-catalyzed allylic alkylation reaction

Sviatoslav S. Eliseenko,!2 Mohan Bhadbhade,®! and Fei Liu*!

Abstract: Trifunctional MAP-based chiral phosphines were tested as new ligands in a Pd-catalyzed asymmetric allylic alkylation,
demonstrating fast and enantiodivergent catalysis. The palladium complexes of representative ligands by X-ray analysis revealed
a novel mode of P, N-coordination of the ligand to the palladium center, which may contribute to switching the sense of the
asymmetric induction via combined steric and tunable H-bonding interactions between the metal complex and the substrates.

Keywords: Enantiodivergent catalysis, Catalytic dualism, H-bonding ligands.

1. Introduction

Chiral compounds are essential in chemical research, and
asymmetric catalysis remains the main avenue for efficiently
accessing chiral compounds. While a high performing chiral
catalyst can readily enable reaction conversion with the
preferred sense of asymmetric induction, a more versatile goal is
to achieve enantiodivergent or stereodivergent asymmetric
catalysis in which the sense of asymmetric induction can be
switched to access either enantiomeric product without changing
the catalyst’s initial chirality." This atom economic mode of
asymmetric catalysis, however, is also very challenging in
reaction design in both metal-catalysed and organocatalyzed
processes. Interestingly, given that the combination of metal
catalysis and organocatalysis is a rapidly developing field,%* in
which an organocatalyst can serve as either a catalyst or a
ligand, exploring enantiodivergent catalysis in this hybrid mode
of catalysis may present new opportunities in finding cooperative
catalytic modes. Here we report an enantiodivergent catalysis in
a Pd-catalyzed asymmetric allylic alkylation reaction, induced by
a multifunctional chiral phosphine ligand. The novel chelation
mode of Pd to the P, N ligand, as shown by X-ray analysis,
suggested potential cooperativity in substrate activation and
direction, from tuning hydrogen-bonding interactions within the
multifunctional ligand coordinated to the palladium center, for
switching the sense of the asymmetric induction in the reaction
even when the chirality of the ligand remained unchanged.

In combined metal-/organo-catalysis, the dominant concepts
include the cooperative mode (both types of catalysts participate
in the same catalytic cycle), the synergistic mode (distinct metal-
and organocatalytic cycles in cooperation), and the sequential or
relay mode (two detached catalytic cycles are performed in a
consecutive manner through the formation of an intermediate).?
The use of one chiral structure as a ligand and a catalyst may
improve both catalytic compatibility and cooperativity in the
cooperative mode. Despite the simplicity of the idea, an efficient
combination of organocatalytic and metal-ligating properties in a
structure (catalytic dualism) is challenging with only limited
examples known from carbene-,>® urea-,” pyrrolidine-containing
structures,® N,N’-dioxides,® aminophosphines,’®?® and 1,4-
hydroxyarylalcohols (also known as HAROLs).?" Therefore, one
current challenge is to design catalytic roles with a more
complex organization in the reaction environment to enable not

just efficient asymmetric catalysis but also dynamic properties
such as catalytic dualism and chiral induction switching.

a) H-bonding motif for substrate recruitment remote
from the metal coordination site for reaction
Single substrate recruitment

b) H-bonding motif for substrate recruitment as an
acceptor and also directly coordinated to metal
Single substrate recruitment

side arm, remote H-bonding
\mkerﬂ\ S molif of ligand H ,,HYR
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FIGURE 1 a-b) Types of known H-bonding ligands in metal-catalyzed
reactions; c) Proposed catalytic dualism by the MAP-based trifunctional
system in H-bonding assisted metal-catalysis with more organization.

Ligands with H-bonding properties are excellent candidates for
designing more organized catalysis, and existing H-bonding
ligands may be broadly classified into two different approaches
of substrate recruitment. The first “ligand—substrate” approach
is provided by ligands with metal-binding fragment and an H-
bonding moiety, located in a remote position away from the
metal center (Figure 1a). This strategy allows the binding of a
specific substrate by a certain H-bonding moiety of the ligand
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through a set of weak interactions in order to orient the
substrate’s reactive site to the coordinated metal center
selectively. This approach was successfully applied in a series
of highly enantioselective processes (mostly >95% ee) such as
Pd-catalyzed allylic substitution??2® (including enantiodivergent
examples),?*?®  Mn-sulfoxidation,?® Ru-epoxidation,?® Pd-
arylation and vinylation,%"%2 and Rh-hydrogenation.33-3"

The second acceptor type “metal-ligand—substrate” strategy is
provided by a ligand where its metal-binding fragment also
serves as an H-bonding acceptor in close proximity to the metal
coordination site. This strategy allows the formation of a planar
pseudo cycle (Figure 1b) and is mostly applied in aldehyde
recruitment.®®4° The coordination of the aldehyde oxygen to
boron or titanium enhances the electron density on the ligand’s
oxygen atom attached to the Lewis acid. It makes the oxygen
atom more susceptible to form the H-bond with the formyl
hydrogen where the positive charge is increased due to the
coordination. The five-membered cycle formed keeps the
aldehyde in a specific position that favours enantioselective
outcomes in allylation, aldol, Diels-Alder, hydrocyanation, and
ene-reactions.3%40

In this work, a new type of “metal-ligand—substrate” donor-type
ligands is investigated (Figure 1c). These ligands are
multifunctional chiral phosphines, studied as trifunctional
organocatalysts in our previous work*'8 that have demonstrated
proficient catalysis in Morita—Baylis—Hillman model reactions.
Our trifunctional system, which combines catalytic motifs such as
phosphine Lewis base, amine Brgnsted base, and phenol or
sulfonamide Brgnsted acid, can now be tested for its ability to
provide potential metal-coordination sites and H-bonding
interactions concurrently for dual activation in a model Pd-
catalyzed allylic alkylation. The multifunctional chiral phosphine
may act as a ligand to the metal and also organize H-bonding
interactions for synergistic substrate direction.

We used the well-established Pd-catalyzed asymmetric allylic
alkylation (AAA) to test the applicability of our multifunctional
chiral phosphines as ligands as well as H-bonding activators,
with the phosphine center as the expected metal coordination
site.?#?® We found that trifunctional MAP-based ligands provide
unusual P, N-coordination sites for the palladium center. The
tuning of the trifunctional ligand’s Brgnsted acid motif resulted in
responses from both the enantioselectivity and reaction rate.
Further alteration of the Brgnsted acid type allowed switching of
the sense of the asymmetry induction and demonstrated the
ability of the trifunctional MAP system to provide
enantiodivergent catalysis.

2. Materials and Methods

2.1. General information: All reagents unless specified are
commercially available and purified by standard procedures.*®
Deuterated solvents were purchased from Cambridge Isotope
Laboratories, USA. Potassium carbonate, potassium acetate,
and BSA were used in a glovebox under nitrogen atmosphere.
Air and moisture sensitive reactions were performed under
nitrogen or argon atmosphere. Flash column chromatography
was performed on Merck silica gel 60 (0.015-0.040 mm). 'H, "*C,
and 3'P experiments were performed at 298 K on a Bruker DPX
400 MHz spectrometer equipped with a 5mm QNP probe.
Chemical shifts were reported in ppm using the residual CHCI3
(01 = 7.26 ppm, d¢c = 77.16 ppm) or CHxCl, (dn = 5.32 ppm, &¢ =
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53.8 ppm) peaks as an internal reference. All *'P NMR
spectroscopy was performed on a Bruker DPX 400 MHz
spectrometer at 298 K, and all spectra were referenced to
external H3PO.s (0 ppm). All spectra were processed using
Bruker TOPSPIN software versions 4.0.7. High resolution mass
analysis was provided by the Australian Proteome Analysis
Facility (APAF), Macquarie University, Sydney, Australia. HPLC
analysis was performed using a Shimadzu Prominence system
with CHIRALPAK® AD-H column. HPLC grade solvents were
degassed before use. The X-ray diffraction measurements were
carried out on a Bruker D8 Quest Single Crystal diffractometer
with Photon Il detector at 150 K by using IuS 3.0 Microfocus
Source with Mo-Ka radiation (A = 0.710723 A). Starting acetate 6
was synthesized by a known procedure.*

2.2. Experimental Details

General procedure for Pd-catalyzed asymmetric allylic
alkylation (diethylzinc conditions): Ligand (3.0 pmol) and
palladium(ll) dichloride diprop-2-en-1-ide (0.73 mg, 2.0 pmol)
were placed in a 2-mL amber, oven-dried vial (“Catalyst” vial) as
stock solutions in freshly distilled dioxane. The volume of
dioxane was adjusted to 150 uL and the mixture left to stir for 40
min at room temperature. Acetate 8 (10 mg, 40 pmol) was then
added into the vial as a solution in dioxane and the mixture left to
stir for 10 min more at room temperature. Dimethyl malonate
(9.1 pL, 80 pmol) was placed in a separate 2-mL amber, oven-
dried vial (“Nucleophile” vial), diluted with 100 pL of dioxane, and
cooled down in an ice bath. Then diethylzinc (9.8 mg, 80 umol)
as 1 M solution in hexanes was slowly added into the
“Nucleophile” vial with stirring and the volume of dioxane was
adjusted to 600 pL. Then the cold mixture from the “Nucleophile”
vial was transferred slowly into the “Catalyst” vial. The
“Nucleophile” vial was rinsed with 100 pL of dioxane twice, and
the resulting solution was added to the “Catalyst” vial. The
mixture (final volume ~1 mL) was left to stir at room temperature
for 48 h. Then the reaction mixture was diluted with ethyl acetate
and quenched with a saturated ammonium chloride solution. The
aqueous layer was extracted with ethyl acetate twice, and the
combined organic layer was washed with brine, dried over
sodium sulfate, and concentrated by nitrogen flow to yield
dimethyl-2-(1,3-diphenylallyl)malonate 9 and reduction product
10.

General procedure for Pd-catalyzed asymmetric allylic
alkylation (BSA conditions): Ligand (3.0 pmol) and
palladium(ll) dichloride diprop-2-en-1-ide (0.73 mg, 2.0 pmol)
were placed in a 2-mL amber, oven-dried vial (“Catalyst” vial) as
stock solutions in freshly distilled dichloromethane. The volume
of dichloromethane was adjusted to 100 yL and the mixture left
to stir at room temperature for 1 h. Potassium carbonate (0.41
mg, 3.0 ymol) was placed in a separate 2-mL amber, oven-dried
vial (“Nucleophile” vial) in a glovebox under nitrogen atmosphere
following by the addition of 100 uL of dichloromethane, BSA (29
pL, 119 pmol), and dimethyl malonate (14 pL, 119 umol). The
volume was adjusted to 250 yL and the mixture left to stir at
room temperature for 1 h. Acetate 8 (10 mg, 40 ymol) was
added into the “Catalyst” vial as a solution in dichloromethane
and the mixture left to stir for 0.5 h more at room temperature.
Then the mixture from the “Catalyst” vial was transferred slowly
into the “Nucleophile” vial. The “Catalyst” vial was rinsed with
100 pL of dichloromethane twice, and the resulting solution was
added to the “Nucleophile” vial and the mixture (final volume 500
pL) left to stir at room temperature for an indicated time. During
the reaction time, 30 pL aliquots were taken at 0.5, 1.5, 3, and 6



h for the conversion and enantioselectivity analysis. Then the
reaction mixture was dissolved in ethyl acetate and treated with
saturated ammonia chloride solution. The aqueous layer was
extracted with ethyl acetate twice, and the combined organic
layer was washed with brine, dried over magnesium sulfate,
filtered, and concentrated by nitrogen flow to yield dimethyl-2-
(1,3-diphenylallyl)malonate 9. A pure product sample for
characterization was obtained by purification of the crude
mixture on a silica gel pipette column (gradient hexanes/ethyl
acetate).

Ligand 6: Aminophosphine 7 (49 mg, 0.11 mmol) was placed
into a dry 4-mL amber HPLC vial with septa in glovebox under
nitrogen atmosphere and dissolved in 0.3 mL of freshly distilled
1,2-dichloroethane under argon environment. Neat distilled p-
methoxy benzaldehyde (29 mg, 0.22 mmol) and acetic acid (16
mg, 0.27 mmol) were added and the mixture left to stir at room
temperature for 3.5 h then cooled down by ice bath, and sodium
triacetoxyborohydride (85 mg, 0.40 mmol) was added in one
portion. The mixture left to stir at room temperature for another
40 minutes them cooled down by ice bath and sodium
tetrahydroborate (33 mg, 0.86 mmol) was added in one portion.
The mixture left to stir at room temperature for 25 minutes then

cooled down by ice bath and 1 mL MiliQ water was added slowly.

The mixture was transferred to a separating funnel and extracted
with DCM three times. The combined organic layer was treated
with brine, dried over magnesium sulfate and concentrated by
nitrogen flow. The crude mixture was purified by column
chromatography (gradient hexanes / ethyl acetate) yielding
product 6 in 25 mg (41% vyield). '"H NMR (400 MHz, CDCl3) &
3.64 (br. s., 1H), 3.74 (s, 3H), 3.96 (dd, J = 4.3, 15.3 Hz, 1H),
4.07-4.18 (m, 1H), 6.60 (d, J = 8.5 Hz, 1H), 6.70 (d, J = 8.7 Hz,
2H), 6.89-6.95 (m, 1H), 6.98 (d, J = 8.6 Hz, 2H), 7.02-7.11 (m,
4H), 7.12—-7.38 (m, 10H), 7.44-7.55 (m, 2H), 7.71 (d, J = 8.0 Hz,
1H), 7.82 (d, J = 8.6 Hz, 1H), 7.88 (d, J = 8.5 Hz, 1H), 7.89 (d, J
= 8.1 Hz, 1H); 3C NMR (100 MHz, CDCl;) & 47.27, 55.35,
113.73, 113.90, 116.16 (d), 121.62, 124.23, 126.17, 126.66 (d),
126.91, 127.13, 127.26, 127.92, 128.09, 128.20, 128.26, 128.33,
128.49, 128.55, 129.64, 130.87 (d), 131.85, 133.08 (d), 133.53,
133.59, 133.73, 133.79, 134.21 (d), 134.36, 137.61, 137.74 (d),
138.16, 138.30, 141.76, 142.11, 143.85 (d), 158.61; 3'P NMR
(162 MHz, CDCl3) § —14.21; IR (ATR, cm™) v 3426, 3050, 2927,
1742, 1616, 1597, 1510, 1430, 1339, 1299, 1244, 1172, 1151,
1093, 1027, 953, 915, 808, 773, 739, 695, 628; HRMS (ESI,
m/z): [M + HJ]", calcd. for CisH3:3sNOP 574.22997; found,
574.22914; [a]p® = +33.81° (¢ 1.0, CHCI3).

Complex Pd/1: To a solution of ligand 1 (31.8 mg, 56.82 umol)
in 0.57 mL of degassed dry dichloromethane was added
bis(benzonitrile)palladium(ll) chloride (21.79 mg, 56.82 pmol)
over argon. The reaction was stirred for 5 minutes at room
temperature in an inert atmosphere providing a suspension. The
precipitate was filtered out and washed with dichloromethane,
providing 17 mg (41% vyield) of the desired product as a yellow
solid. The precipitate was dissolved in 0.9 mL of degassed
dichloromethane and filtered through KimVap into a 2 mL clear
HPLC vial. Then 0.3 mL of degassed hexane was added to the
solution through a KimVap filter. The resulting solution was
shaken to mix the solvent layers and left in a fridge for slow
evaporation. After 6 days, yellow crystals of compound Pd/1
were formed. '"H NMR (400 MHz, CDCl,, §) 3.92 (br.s, 1H), 4.66
(dd, J = 14.5, 2.9 Hz, 1H), 4.82 (dd, J = 14.5, 9.9 Hz, 1H), 5.71
(d, J=8.0 Hz, 1H), 6.22 (d, J = 8.4 Hz, 1H), 6.24 (br.s, 1H), 6.28
(d, J = 8.6 Hz, 1H); 6.54 (td, J = 7.5, 0.9 Hz, 1H), 6.74-6.89 (m,
6H), 6.94-7.00 (m, 1H), 7.13-7.19 (m, 1H), 7.25 (t, J = 8.5 Hz,
1H), 7.48-7.64 (m, 8H), 7.96-8.04 (m, 3H), 8.20 (d, J = 9.0 Hz,
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1H); "*C NMR (100 MHz, CD.Cl,, §) 54.03, 115.47, 120.47,
121.09, 121.24, 123.89, 124.36, 124.95, 125.34, 125.80, 126.43,
126.50, 126.92, 128.02, 128.24, 128.29, 128.41, 128.51, 128.60,
128.71, 128.78, 128.85, 128.88, 128.95, 130.03, 130.28, 130.35,
131.35, 131.65, 131.72, 131.80, 131.93, 132.02, 134.00, 134.79,
135.58, 138.92, 139.86, 153.42; 3'P NMR (162 MHz, CD,Cl,, d)
24.97; IR (ATR, cm™) v 3222, 3054, 2918, 1595, 1502, 1456,
1436, 1337, 1261, 1227, 1184, 1099, 1028, 995, 894, 869, 817,
746, 688, 628; UV (Amax, NM [¢, Mcm™]): 278 [21534], 292
[18022], 320 [9231], 350 [4423]; HRMS (ESI, m/z): [M — CIJ*
calcd. for C39H30CINOPPd 700.07828; found, 700.07848; [a]p®° =
-461.93° (c 0.4, CH.Cl,).

Complex Pd/5: To a solution of ligand 5 (37.5 mg, 526 L, 52.6
pmol) in 0.53 mL of degassed dry dichloromethane was added
bis(benzonitrile)palladium(ll) chloride (20.18 mg, 52.6 pmol) over
argon. The reaction was stirred for 5 minutes at room
temperature in an inert atmosphere and then filtered through
KimVap and washed with dichloromethane. Degassed hexane
was added to the solution to form a double-layer mixture that left
to stay overnight. Next morning, the clusters of yellow solid
formed on the bottom of the vial. The clusters were filtered out,
providing 31.4 mg (67% yield) of the desired product. The aliquot
of solid was dissolved in 0.9 mL of degassed dichloromethane
and filtered through KimVap into a 2 mL clear HPLC vial. Then
0.3 mL of degassed hexane was added to the solution through
KimVap filter. The resulted solution was shaken to mix the
solvent layers and left in a fridge for slow evaporation. After 3
days, yellow crystals of compound Pd/5 were formed. '"H NMR
(500 MHz, CDCls, 8) 2.34 (s, 3H), 5.01 (dd, J = 14.5, 10.0 Hz,
1H), 5.11 (dd, J = 14.5, 2.0 Hz, 1H), 5.93 (d, J = 7.7 Hz, 1H),
6.02 (d, J = 8.4 Hz, 1H), 6.51 (s, 1H), 6.55-6.63 (m, 3H), 6.70—
6.85 (m, 8H), 6.95-7.02 (m, 3H), 7.14-7.20 (m, 1H), 7.25-7.31
(m, 1H), 7.44-7.61 (m, 7H), 7.67 (d, J = 8.1 Hz, 1H), 7.83 (d, J =
8.8 Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H), 8.08 (d, J = 9.0 Hz, 1H),
8.46 (d, J = 9.0 Hz, 1H); 3C NMR (100 MHz, CDCls, §) 21.73,
52.16, 118.92, 118.88, 121.34, 124.14, 125.39, 125.95, 126.33,
126.66, 127.10, 127.65, 127.98, 128.07, 128.10, 128.31, 128.53,
128.81, 129.22, 129.41, 129.55, 129.64, 130.84, 130.86, 131.18,
131.64, 131.77, 131.89, 131.90, 133.14, 133.22, 134.63, 134.65,
134.67, 134.83, 135.34, 135.54, 135.66, 138.59, 139.85, 143.49;
3P NMR (162 MHz, CDCls, §) 23.56; IR (ATR, cm™) v 3055,
2956, 2918, 2850, 1717, 1596, 1455, 14.37, 1377, 1329, 1260,
1184, 1158, 1093, 1021, 892, 868, 812, 744, 687; UV (Amax, NM
[e, M'em™]): 294 (15346), 319 (7355); HRMS (ESI, m/z): [M -
CI]* calcd. for C4sH37CIN,O,PPdS 853.10312; found, 853.10308;
[a]p?® = -137.3° (¢ 0.5, CH,Cl).

3. Results and Discussion

3.1 Synthesis of ligands.

A set of trifunctional ligands 1-6 was synthesized by reported
earlier procedures*>47:4¢ and tested in palladium-catalyzed AAA.
The late-stage precursor (S)-MAPO was synthesized from
commercially available (S)-BINOL via Buchwald-Hartwig
amination (amine insertion) and triflate—phosphine oxide
coupling (phosphine insertion) in 46% vyield over 10 steps
(Scheme 1a). The final multidentate ligands 1-6 can be further
obtained from (S)-MAPO in 2 steps via phosphine oxide
reduction and reductive amination of a corresponding aromatic
aldehyde (Brgnsted acid insertion) (Scheme 1b). The different
acidities of H-bonding motifs in ligands 1-4 may influence
enantioselectivity of the reaction as observed earlier for



organocatalysis.*>*” Ligands 2 and 4 bearing bulky tert-butyl
groups in different positions were tested for assessing the
potential steric requirements on the reaction outcome. Ligand 5
has a tosylamide Brgnsted acid motif that significantly differs
from the phenolic moiety in ligands 1-4 and may alter the level
and sense of the asymmetric induction. The ligand 6 does not
have an H-bonding fragment and was synthesized as a control
ligand.

Amine insertion via
Hartwig Pd i

5 steps
(70%)

(s; -BINOL

Phosphine insertion via
lyzed triflate-phosphine oxide coupling

PhSIH
NH2 ! il NH,
O)Pn2 %) PPh,
5steps
(66%)

(S)-NOBIN (5) -MAPO
46% yield over

10 steps

Brensted acid insertion via
initial phosphine oxide reduction
followed by reductive amination

<
O NH, 1PhS|H4 OO NH X=X
P(O; th 2 /\@ PP
2

X = 2-NHTs (5); 4-OMe (6)

b) Bronsted acid insertion via
reductive amination followed by
phosphine oxide reduction

NrQ

PPh, 2. PhSiH,

1:R'=R?=H; 2:R"=H; R? = Bu; (S)-MAPO

3:R'=F;R?=Br;4:R'='By;R?=B

SCHEME 1 Synthesis of ligands 1-6.

3.2. Palladium complexation: novel “metal-ligand-substrate”
donor-type P, N-mode.

In the seminal investigations of palladium coordination on 2-
dimethylamino-2’-diphenylphosphino-1,1’-binaphthyl (MAP)
ligand, Kocovsky®' and Ding®? described the predominant
formation of P, Cs-complexes (Figure 2a). The further partial
reduction of ligand’s binaphthyl core®® or the change of the
amino group to imine fragment® allowed the formation of P, N-
coordination to the palladium center, consistent with the
expectation for a more basic nitrogen donor (Figure 2b).
Furthermore, a recent study confirmed again that unreduced
binaphthyl-containing aminophosphines tend to form the Pd
complex in the P, Cy-coordination mode.5

The structure of palladium complexes of multifunctional ligands 1
and 5 was investigated by X-Ray crystallography (Figure 2c).
The complexes Pd/1 and Pd/5 were synthesized by equimolar
addition of bis(benzonitrile)palladium(ll)  chloride to a
corresponding ligand in dichloromethane at room temperature.

The X-ray investigation showed a P, N-coordination pattern of
palladium in Pd/1 and Pd/5 that is novel for unreduced
binaphthyl-containing aminophosphines. The crystal structures
have also revealed the ability of ligands 1 and 5 to form
hydrogen bond networks. Ligand 1 provides the hydrogen bond
using the phenolic oxygen and the hydrogen of the exo-amino
group that is ligated to the metal. Ligand 5 forms a different type
of hydrogen bonding. The sulfonamide group (a different
Bregnsted acid compared to the phenol in Pd/1) in Pd/5
demonstrated H-bonding interaction between one of the sulfonyl
oxygen atoms and again the exo-amino group that is ligated to
palladium. In both cases, the nitrogen coordinated to the
palladium center is shown to be involved in H-bonding network,
suggesting that the H-bonding interactions from the ligand may
influence the ligand-metal coordination interactions. This novel
complex type, in which the palladium coordination site is also
part of an H-bonding network through a ligating protic motif, can
provide a new donor-type “metal-ligand—substrate” strategy for
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potentially cooperative catalysis (Figure 1c). Both complexes
Pd/1 and Pd/5 also showed the ability to form halogen bond
networks between two dichloromethane molecules and aromatic
hydrogens (H8A, H19B for Pd/1 and H8A for Pd/5) through
chlorine atoms of the complexes (Figure 2c).

%R

Shi's P, N-complex

: b)

Ding's P, N-complex

Pd/M1 | \T

0 } /\ HX———C-‘-'}\I
@)

FIGURE 2 a) MAP complexes with P, Co-coordination mode of palladium;"52
b) Modified MAP ligands in P, N-complexes with palladium;%>% ¢) ORTEP
drawings of Pd/1 and Pd/5 complexes with hydrogen and halogen bond
networks.

3.3. Pd-catalyzed asymmetric allylic substitution:

suppression of elimination competition.

Symmetrically disubstituted allyl precursor 1,3-diphenyl-2-
propylacaetate 8 was chosen as a standard test case to avoid
unnecessary regioselectivity complications. Dimethyl malonate
was used as a classic representative of C-nucleophiles for model
allylic alkylation of acetate 8. Diethyl zinc was reported to
promote enantiomeric excess in AAA for biindane-based
diphosphine ligands®® and therefore tested along with N,O-
bis(trimethylsilyl)acetamide (BSA). Ligand 1 with unsubstituted
phenolic fragment was chosen as a model for the initial
optimization process. It was initially tested in dry 1,4-dioxane but
demonstrated only 7% conversion to the desired diester 9 over
48 h while the unexpected reduction side product 10 was
detected in 82% conversion (Scheme 2, Conditions 1).



[PdCI(allyl)], (5 mol%)
Ligand 1 (7.5 mol%)

OAc CH,(CO,Me), MeO,C_-CO,Me PN
_— + Ph Ph
PhA)\Ph base, solvent, rt /\;E
Ph Ph
8 9 10
Conditions 1; conv.®: 7% 82%

Conditions 2; conv.?:  >95% not observed

Conditions 1: 8 (1 equiv), CHy(CO,Me), (2 equiv), Et,Zn (2 equiv), 1,4-dioxane, 48 h
Conditions 2: 8 (1 equiv), CH,(CO,Me), (3 equiv), BSA (3 equiv),

K,COj3 (7.5 mol%), DCM, 1.5 h
2 Calculated by 'H NMR

SCHEME 2 Initial test of ligand 1 in different AAA conditions.

Such palladium-catalyzed reduction of allyl acetates in the
presence of alkyl zinc reagents, containing (-hydrogens, has
been reported previously.%® The formation of the reduction side
product 10 in AAA conditions, containing diethyl zinc as a base,
was also reported for binaphthyl-based®” and nicotine-based®
monophosphine ligands but not for diphosphine ligands. This
diethyl zinc interruption of the process probably occurs due to
more weakly coordinated palladium-allyl intermediate with
monophosphines compared to that from diphosphines. The use
of another model Trost's AAA conditions,>® where BSA was used
instead of diethyl zinc as a malonate activator, afforded the
formation of desired alkylation product 9 selectively over 1.5 h in
2.7:1 er as predominantly the R-isomer (assigned by analogy
with reference®) (Scheme 2, Conditions 2).

TABLE 1 Reaction temperature and base additive/loading tests.

[PdCl(allyl)], (5 mol%)
OAc 1 (7.5 mol%)

~ CH,(CO,Me); (3 equiv)

MeO,C.__CO,Me

BSA (x equiv),
Base (y mol%)
8 DCM, rt 9
Base (loading), BSA Time .

Entry [n(wl% | 9) o] ] Conv?[%] RSer
1 K2CO;s (5) 3 1.5 70 (>95)° 26:1
2 K2COs (7.5) 3 0.5 30 (>95) 2.7:1
3 K2COs (10) 3 1.5 >95 2.7:1
4 K2COs (7.5) 1.05 1.5 69 (>95)9 26:1
5 K2COs (7.5) 1.05 1.5 61 (>95)9 26:1
6 KOACc (7.5) 3 0.5 >95 24:1
7° KOAc (7.5) 3 6 67 (>95)9 2.7:1
8¢ KOAc (7.5) 3 48 10 n.d.

@ Calculated by 'H NMR spectroscopy. ° Determined by HPLC analysis. ©
Reaction at 0 °C. ¢ Reaction at -25 °C. © 3 h of reaction. f 1.5 h of reaction. 9
24 h of reaction.

The enantioselectivity of the AAA reaction is known5%-536165 tg be
influenced by base choice or loading and therefore was also
investigated by changing these two parameters in an AAA test
reaction with 1 as the ligand (Table 1). The potassium carbonate
loading did not alter the enantioselectivity of reaction (Table 1,
entries 1-3). However, the decreased loading from 7.5 to 5
mol% reduced the reaction rate, providing 70% conversion to 9
at 1.5 h (Table 1, entry 2 vs 1). The equimolar to substrate
loading of BSA also led to a decline of the reaction rate to 61—
69% conversion over 1.5 h without change in enantioselectivity
(Table 1, entries 4, 5 vs 2). The use of potassium acetate
instead of potassium carbonate allowed increasing the reaction
rate and afforded >95% conversion over 0.5 h, albeit with little
change in enantioselectivity (Table 1, entry 6 vs 2). A previous
report of AAA with MAP-based ligands showed enantioselectivity
improvement at lower temperatures.> However, in our case, the
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AAA at 0 °C led to a significant reaction rate decline with little
difference in ee (Table 1, entry 7 vs 6). Further decrease of
reaction temperature to —25 °C decreased the rate further to a
negligible level, providing 9 in only 10% conversion over 48 h
(Table 1, entry 8). Thus, the most practical conditions for
monitoring the model AAA reaction were performed with 7.5
mol% loading of potassium carbonate and 3 equivalents of BSA
as the dimethyl malonate activator at room temperature.

3.4. Pd-catalyzed asymmetric
enantiodivergent catalysis.

allylic  substitution:

Classic AAA reactions proceed through a symmetrical Pd-allyl
intermediate that present as “M” and “W’-isomers in rapid
equilibrium (Figure 3a, left panel).®66” The “M” and “W’-isomers
interconvert readily even at temperatures below zero,68%°
however, the ratio can be controlled by ligands with bulky
substituents, disfavouring the formation of the W-isomers that
position the terminal phenyl group of the allyl intermediate closer
to the bulkier ligand (Figure 3a, right panel).”"2 In the case of
the P, N-ligands investigated here, it is likely that the “M” isomer
may be favoured with the phosphorous center being the ligand
side with bulkier substituents (Figure 3b). The following attack by
a nucleophilic species can further contribute to the selectivity
due to electronic factors, as the nucleophilic attack tends to
prefer the allyl carbon frans to the better m-accepting
phosphorous ligating atom (Figure 3b, paths a/c preferred over
paths c/d).”>7 Given that the enantioselectivity of the reaction is
a complex outcome of multiple factors/pathways, ligands 1-6
were tested in a model AAA reaction in order to ascertain how
the rate and enantioselectivity of the reaction may respond to the
overall steric and electronic environment provided by these
ligands.

a) “M” and “W” isomers in equilibrium Sterically biased equilibrium
"M"-isomer "W"-isomer "M"-isomer "W"-isomer
L L LN L
N Ph A\ P Ph \
SR Pd_ -5 @ —= |a.P¢
Ph W L ) F'rlf Ph bulkier T
bh te ph  figand ‘
Less steric hindrance More steric hindrance
more favourable less favourable
b) The non-symmetrical P.N ligands, with the bulkier phosphine group, prefer the M isomer,
leaving the nucleophile to prefer attacking from the nitrogen side
"M"-isomer "W"-isomer
BINAP Nu =
R_HA N\ packbone CH,(COMe), R_n\/
a : JPde h . . PR ba-
PN by bulkier ....
Nu (P swe N4
d
path a path b path ¢ path d
MeO,C._CO;Me  MeO,C._CO,Me MeO,C._COzMe  MeO,C_COMe

: L
PhI/‘Ph PhN e Ph Ph

R-product S-product S-product R-product

)

FIGURE 3 a) Factors influencing “M” and “W” Pd-allyl isomer ratio in the AAA;
b) Anticipated pathways leading to the R and S product in the AAA catalysed
by the chiral phosphine P, N-ligand system.

Using the optimal condition for the model AAA reaction as
investigated earlier, the conversion and enantiomeric ratios of
the AAA between acetate 8 and dimethyl malonate were
monitored for one hour (Figure 4). Overall, these ligands showed
fast conversion of reaction (1 to 6 hr for complete conversion)
with  moderate enantiomeric ratios (~2-5 to 1) and
enantiodivergent catalysis (e.g. ligand 3 preferring the R product
vs. ligand 5 preferring the S product). Ligands 2 and 3,
containing phenolic fragments with altered acidities compared to
that of ligand 1, demonstrated small variations in



enantioselectivity, albeit with more significant differences on the
reaction rate for ligand 3 (Figure 4, ligand 2 and 3 vs. ligand 1).
Ligand 3, containing a fluorine substituent ortho to the phenol
OH group, demonstrated a lower reaction rate than that by
ligand 1 or 2 without any ortho-substituent (Figure 4, ligand 3 vs.
ligands 1 and 2). However, the reaction rate of ligand 3 was still
faster than that for ligand 4, suggesting that a bulky ortho-tert-
butyl fragment would drastically reduce the reaction rate,
providing full conversion to the desired product 9 only after 6 h
(Figure 4, ligand 3 vs. ligand 4). Furthermore, the sense of the
asymmetric induction switched from preferring R for ligand 3 to S
for ligand 4. Ligand 5, bearing a different tosylamide Brgnsted
acid, also exhibited a switch of the sense of the asymmetric
induction from R to S, as compared to ligand 3 (Figure 4, ligand
5 vs. ligand 3), although the rate of conversion for ligand 5 was
faster than that of ligand 3 and ligand 4 and close to that of
ligand 1 and 2. The ligand 6 demonstrated almost no reactivity
providing only traces of product 9 over 1 h (Figure 4, ligand 6).

[PdCI(allyl)]; (5 mol%)

Ligand (7.5 mol%) MeO,C._CO,Me
CHz(COzMe); 3equlv)
‘/\)\‘ BSA (3 equiv),
K5COs (7.5 mol%)
DCM, rt, 1h

R-product

prl el Y O +Q 2

™ ;
Canv %: Conv %: Conv %: Conva/ : Conv %: Conv,? %:

86 (>95)° 85 (>95)° 26 (>95)¢ <5% (>95) | 9(>95)° 59 (>95)¢
er’27:1  e18:1  ef:3.0:1 e 17:1 1 ef1:16 er’:1:4.6

S-product

Ligand:

SNy

a Calculated by 'H NMR spectroscopy. ® Determined by HPLC analysis.
©1.5 h of reaction. ¢ 3 h of reaction. ® 6 h of reaction.

FIGURE 4 Ligands 1-6 used in a model Pd-catalysed AAA.

The relatively fast reaction rate, such as that from ligand 1
(>95% over 1.5 h) compared to previously reported MAP-based
ligands’®7® (>95% conversion over 6-48 h), suggests that this
type of P, N-ligands may have different activation modes and
potential for further development. The enantiodivergent catalysis
from this series, along with the X-ray structural insight, also
assisted in hypothesizing on the possible transition structures
that may explain the observed reaction outcomes controlled by
the complex outcomes of multiple pathways (Figure 3b, path a to
d). The fast reaction rate can be attributed to a possible
hydrogen-bonding interaction between ligand 1 (or a comparable
ligand 2) and the nucleophile (Figure 5a). The dramatic reduction
of reaction rate provided by control ligand 6 may additionally

confirm the influence of H-bonding on the reaction rate. However,

the moderate R-enantioselectivity and high reaction rate of Pd-
catalyzed AAA provided by ligand 1 may require consideration of
not just the H-bonding capacity of the ligand but also the steric
environment in which the H-bonding interactions can be
organized. As discussed earlier, preference for the the “M”- over
the “W’-isomer for the geometry of the Pd-allyl intermediate can
be achieved by steric biasing with a bulkier phosphine group for
ligation, along with the favourable nucleophile approach trans to
the better 1-accepting phosphorous ligating atom (Figure 3b,
path a), to prefer the R product. The low to moderate
enantiomeric ratio of product 9 in this series suggests that in this
model, the bias for the “M” over the “W” isomer is likely also
moderate and possibly prone to alteration of other steric factors
also come into play.
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a) "M"-isomer. Favoured "W"-isomer. Disfavoured

S

Rlvd

"
! P —— ‘~p
:
OTMS @ H.CO /%MLP @
H3CO/(/( 3
OCH; HsCO

less steric
hindrance

more steric

electronically favourable electronically favourable hindrance

trans attack trans attack
pro-R pro-S

"M"-isomer. Disfavoured W"-isomer. Favoured

N
/ m less steric ——H/\ 0
“H hindrance H
more steric d - Nk ,Pd\
hindrance ~ > 1 AN PRR
P VA
O LN
OT & /O)OTMS &
HyCO Ph Hyco™ &
OCHs OCH3

electronically favourable electronically favourable
trans attack trans attack
pro-R pro-S

FIGURE 5 Proposed transition structures for ligand 1 (a) and 5 (b).

The moderate reduction of reaction rate in the case of ligand 3,
compared to that of ligand 1 and 2, may be due to the change in
Brgnsted acidity and also in the position of the phenolic
hydrogen with an ortho fluorine substitution. However, the sense
and level of the asymmetric induction was not significantly
altered and still preferred the R product. As the steric bulk
around the phenol increased in the case of ligand 4, the sense of
the asymmetric induction was switched to slightly prefer the S
product, along with a large reduction in the conversion,
suggesting the preclusion of H-bonding activation by the steric
hindrance in the preferred trans nucleophilic approach and also
consequentially higher preference for the cis approach in both
the “M”- and “W’-isomer cases. Ligand 5 delivered a reaction
rate comparable to that of ligand 1, while significantly altering the
sense of the asymmetric induction to prefer the S product. This
enantiodivergence can be most consistently explained by a
switched preference for the “W” isomer over the “M” isomer
(Figure 5b), due to the large tosylsulfonamide group in closer
proximity to the allyl substrate, a supposition consistent with the
structural features shown by the X-ray analysis (Figure 2). While
the H-bonding interactions between the tosyl NH and the
nucleophile would still enhance the reaction rate and prefer the
trans nucleophilic approach, the switched M/W preference would
favour the S product overall. Effectively, enantiodivergent
catalysis would be possible without changing the ligand chirality,
by altering the coordination between the various types of non-
covalent interactions such as H-bonding interactions and steric
hindrance in this series of multifunctional P, N-ligands.

4. Conclusion

In summary, the ability of MAP-based, multifunctional chiral
phosphines 1-6 to serve as ligands in model palladium-
catalyzed asymmetric allylic alkylation (AAA) was demonstrated.
Crystals of ligands 1 and 5 as palladium complexes were
investigated by X-ray analysis and demonstrated an unusual P,
N-coordination mode. The ligands in general promoted fast AAA
reactions suggesting potential H-bonding activation in a donor-
type “metal-ligand-substrate” strategy, with the ligand’s Brgnsted
acid motif serving as a hydrogen bond donor for recruiting the
nucleophile. The switch of the sense of the asymmetric induction
to changing the ligand’s Brgnsted acid, without ligand chirality

6



change, can be attributed to non-covalent interactions that alter
H-bonding interactions between the ligand and the nucleophile
as well as the bias for the preferred geometry of the metal-
ligand-allyl complex. Thus, the ligand’s set axial chirality, in
coordination with non-covalent interactions organised by the
ligand’s Brgnsted acid motif between the metal, ligand, and
substrates can lead to enantiodivergent catalysis by tuning both
the H-bonding motif and its associated steric environment.
Future work will involve tuning this type of ligands for further
investigation of this model of organised non-covalent interactions
in dynamic chirality translation.
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1. NMR data of Pd-catalyzed AAA products.

MGOQC COzMe

Ph/\/\[Ph

9
Dimethyl-2-(1,3-diphenylallyl)malonate 9.!

"H NMR (400 MHz, CDCl3) 8 3.52 (s, 3H), 3.71 (s, 3H), 3.96 (d, /= 10.9 Hz, 1H),
4.27 (dd, J=10.9, 8.6 Hz, 1H), 6.33 (dd, J = 15.7, 8.6 Hz, 1H), 6.48 (d, J = 15.7
Hz, 1H), 7.17-7.30 (m, 10H); HPLC conditions: CHIRALPAK® AD-H; 0.8
ml/min; hexane/i-PrOH 80/20; time: 9.36 min (R) and 12.02 min (S).
Stereochemistry is assigned by analogy with reference’> where the same chiral

column and conditions used.

Prop-1-ene-1,3-diyldibenzene 10.°

'H NMR (400 MHz, CDCL3) & 3.55 (d, J = 6.7 Hz, 2H), 6.35 (dt, J = 16.3, 6.4 Hz,
1H), 6.46 (d, J= 16.3 Hz, 1H), 7.38-7.17 (m, 10H).



2. NMR spectra of ligand 6 and complexes Pd/1 and Pd/5.
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Figure 1. '"H NMR spectra of ligand 6 with the extended aromatic region in CDCls.
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Figure 2. 3'P NMR spectra of ligand 6 in CDCls.
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Figure 3. *C NMR spectra of ligand 6 with the extended aromatic region in CDCl;.
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3. Chiral HPLC traces for product 9 provided by ligands 1 and 5.

The UV traces of the product 9 on Figures 10 and 11 were obtained using the same HPLC
column and conditions on the same day. The samples have been prepared from products,
obtained in the same set of experiments.
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Figure 10. HPLC trace of product 9 provided by ligand 1 and the HPLC trace of the
corresponded racemic control in the extension.
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Figure 11. HPLC trace of product 9 provided by ligand 5 and the HPLC trace of the
corresponded racemic control in the extension.



4. X-Ray Crystallography

Suitable single crystals of Pd/1 were selected under the polarizing microscope (Leica M165Z),
mounted on a MicroMount (MiTeGen, USA) consisting of a thin polymer tip with a wicking
aperture. The X-ray diffraction measurements were carried out on a Bruker D8 Quest Single
Crystal diffractometer with Photon II detector at 150 K by using IuS 3.0 Microfocus Source with
Mo-Ka radiation (A = 0.710723 A). The single crystal, mounted on the goniometer using cryo
loops for intensity measurements, was coated with paraffin oil and then quickly transferred to the

cold stream using an Oxford Cryo stream 800 attachment.

Yellowish orange plate like crystal of Pd/S was selected under the polarizing microscope (Leica
M165Z7), was picked up on a MicroMount (MiTeGen, USA) consisting of a thin polymer tip with
a wicking aperture. The X-ray diffraction measurements were carried out on a Bruker kappa-II
CCD diffractometer at 150 K using IuS Incoatec Microfocus Source with Mo-Ka radiation (A =
0.710723 A). The single crystal, mounted on the goniometer using a cryo loop for intensity
measurements, was coated with immersion oil type NVH and then quickly transferred to the cold

nitrogen stream generated by an Oxford Cryostream 700 series.

For both the data, symmetry related absorption corrections using the program SADABS' were
applied and the data were corrected for Lorentz and polarisation effects using Bruker APEX3
software.* The structures were solved by program SHELXT?® (with intrinsic phasing) and the
full-matrix least-square refinements were carried out using SHELXL-2015° through Olex2’ suite

of software. The non-hydrogen atoms were refined anisotropically.
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Crystal data
Chemical formula
M.

Crystal system,
space group
Temperature (K)
a, b, c(A)

V(A

VA

Radiation type

{ (mm-)

Crystal size (mm)
Data collection
Diffractometer

Absorption
correction

Ty T

No. of measured,
independent and

observed [/ > 26([)]

reflections
R
(sin O/A),.. (A1)
Refinement
R[F>>

20(F?)], wR(F>), S
No. of reflections
No. of parameters
H-atom treatment
ApPuw, Apn (€ A)

Absolute structure

Absolute structure
parameter

Pd/1

ngHnglzNOPPd' 1 25(CH2C12)
841.05

Orthorhombic, P2.2.2,

150

9.6377 (6), 15.8598 (9), 25.1274 (15)
3840.8 (4)

4

Mo Ka

0.87
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Bruker D8Quest
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Figure 9. ORTEP drawing of Pd/1 complex (CCDC 1998913).
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Figure 10. ORTEP drawing of Pd/5 complex (CCDC 1998914).
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3.2.2 MAP-based structures 1.46a,i, 1.48a, and 2.4c in other metal-catalysed reactions

The reaction scope of trifunctional dual catalysts 1.46a,i, 1.48a, and 2.4¢ was preliminarily
investigated in Cu-catalysed diethylzinc addition to chalcone 1.13a (Table 3) and in Rh-

catalysed hydrogenation of methyl 2-acetamidoacrylate 3.9 (Scheme 20).
Table 3 Ligands 1.46a,i, 1.48a, and 2.4¢ in Cu-catalysed diethylzinc addition to chalcone 1.13a.
Cu(acac), (1 or 5 mol%) /_(/\/©
Ligand (2 or 10 mol%) ! OO NH ”

o) Et,Zn (3 eq., 1 M in hexane) j\)(l :
phMPh DCM-75C->-46 C->rt, 16 h pp, Ph |

foo
1.13a 1.14a i

2.4c
Entry Ligand [Cu]/Ligand loading  Conv.?, % ee®, %
1 1.46a 5/ 10 mol% >95 46
2 1.46a 1 /2 mol% >95 31
3 1.46i 1 /2 mol% 40 11
4 1.48a 5/ 10 mol% 53 -6
5 2.4c 5/ 10 mol% 65 34
6 no ligand no copper 27¢ rac

[2lCalculated by '"H NMR spectroscopy. 'Determined by HPLC analysis. [/16.6 h of reaction.

The initial tests of Cu-catalysed diethylzinc addition were performed in dichloromethane in the
presence of Cu(acac); from -46 °C to room temperature overnight. Ligand 1.46a demonstrated
the cleanest and most proficient reaction providing product 1.14a in full conversion and 46% ee
over 16 h (Table 3, Entry 1). The comparison of obtained HPLC data for 1.14a and UV traces
from reference®* where the same column and condition were used for the analysis of 1.14a
allows assigning the absolute configuration of the product as (S)-1.14a. Such a practice of a
preliminary assignment of absolute configuration is common and also conceded as inferred. The
other tested ligands 1.46,i, 1.48a, and 2.4¢ demonstrated lower activity furnishing 1.14a in up to

65% conversion and 6—34% ee at the comparable conditions (Table 3, Entry 3—-5). The decrease
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of copper source and ligand loading from 5/10 mol% to 1/2 mol% led to slight erosion in
enantioselectivity from 46% to 31% ee (Table 3, Entry 1 vs. 2). The control test without a
catalyst still demonstrated the formation of racemic product 1.14a in 27% in comparable
conditions (Table 3, Entry 6). Therefore, the poor asymmetric induction provided by ligands
1.46a,i, 1.48a, and 2.4¢ can be partially explained by a concurrent but non-selective background
reaction which “dilutes” the final enantioselective outcome. Despite the unoptimized conditions
and the presence of concurrent racemic process, ligand 1.46a demonstrated promising activity
for further investigations. The higher reaction rate, provided by ligand 1.46a, can potentially be

attributed either to H-bonding interactions or to zinc ligation to the phenolic fragment.

Ligand 1.46a (10 mol%)
Rh(cod),BF,4 (5 mol%)

| H, (4 bar) c|)
HN © X » HN7*

3 0
/§O 0 DCM, 26 °C, 24 h 0
3.9 3.10
no conv.

Scheme 20 Ligand 1.46a in Rh-catalysed hydrogenation of methyl 2-acetamidoacrylate 3.9.

The initial Rh-catalysed hydrogenation of methyl 2-acetamidoacrylate 3.9 was carried out in
dichloromethane with 5 mol% of Rh(cod);BF4 and 10 mol% of ligand 1.46a under
approximately 4 bar of hydrogen gas pressure (Scheme 20). Unfortunately, no conversion of 3.9
was observed after 24 hours. The control experiment with TPP instead of the chiral trifunctional
ligand 1.46a afforded the product 3.10 in 40% conversion in comparable conditions. The low
activity of 1.46a may be due to the lack of hydrogen gas pressure or intrinsic steric hindrance of

the ligand.

In summary, trifunctional H-bonding ligands 1.46a,i, 1.48a, and 2.4c demonstrated some ability
to transfer chirality in a copper-catalysed process, namely diethylzinc addition to chalcone 1.13a.

The ability of ligand 1.46a to act in Rh catalysis was not observed in the initial test case.
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3.3  Experimental

3.3.1 General information

All reagents unless specified are commercially available and purified by standard procedures.>”
Chloroform-d was purchased from Cambridge Isotope Laboratories, USA and stored over
anhydrous potassium carbonate before use. Air and moisture sensitive reactions were performed
under nitrogen or argon atmosphere. Reactions were magnetically stirred and monitored by thin-
layer chromatography (TLC) using Merck silica gel 60 F2s4 aluminium pre-coated plates (0.25
mm). Flash column chromatography was performed on Merck silica gel 60 (0.015-0.040 mm).
'H and '3C, experiments were performed at 298 K on a Bruker DPX 400 MHz spectrometer
equipped with a Smm QNP probe. Chemical shifts were reported in ppm using the residual
CHCI; peak as an internal reference (0u = 7.26 ppm, 6c = 77.16 ppm). All spectra were
processed using Bruker TOPSPIN software versions 4.0.7. HPLC analysis was performed using
a Shimadzu Prominence system with CHIRALPAK® AD-H column. HPLC grade solvents were
degassed before use. The peaks of enantiomers in UV traces were integrated and the
enantiomeric excess was calculated by the formula: ee (%) = [(Area A — Area B) / (Area A +
Area B)] * 100%. The ee difference of less than 3% in the racemic case was considered as
racemic. The H-bonding ligands 1.46a,i, 1.48a, and 2.4¢ were synthesized by known

procedures. >

3.3.2  Experimental part

General procedure for Cu-catalysed diethylzinc addition

Ligand (4.8 pmol or 0.96 umol) and copper(Il) 4-oxopent-2-ene-2-olate (63 pg, 2.4 umol or 13
pug, 0.48 umol) were placed in a 2-mL amber, oven-dried vial as stock solutions in freshly
distilled dichloromethane. The volume of dichloromethane was adjusted to 190 uL and the

mixture left to stir at room temperature for 1 h. Then chalcone 1.13a (10 mg, 48 pmol) was
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added as a stock solution in dichloromethane and the mixture left to stir at room temperature for
another 30 min. Then the reaction mixture was pre-cooled to -75 °C (dry ice/acetone bath) and
diethylzinc (17.8 mg, 144 pmol) was slowly added as 1 M solution in hexanes. The reaction
mixture left to stir at -75 °C for 1.6 h and then the temperature was increased to -46 °C (dry
ice/acetonitrile Dewar bath) and left to stir at gradually increasing temperature (due to melting of
dry ice in acetonitrile) for 16 h. Then the reaction mixture was re-dissolved in ethyl acetate, and
5% hydrochloric acid was added with cooling (ice/acetone bath). The aqueous layer was
extracted with ethyl acetate twice, and the combined organic layer was washed with brine, dried
over magnesium sulfate, and concentrated in vacuo. A pure product 1.14a sample for

characterization was obtained on a silica gel pipette column (gradient hexane/ethyl acetate).

1,3-Diphenylpentan-1-one 1.14a*

"H NMR (400 MHz, CDCl3) § 0.81 (t, J = 7.3 Hz, 3H), 1.59-1.72 (m, 1H), 1.73—-1.86 (m, 1H),
7.15-7.32 (m, 5H), 7.40-7.46 (m, 2H), 7.51-7.57 (m, 1H), 7.87-7.94 (m, 2H). HPLC conditions:
CHIRALPAK® AD-H, 0.5 ml/min; 99.5% Hexane / 0.5% iPrOH, time: 23.52 min (S) and 31.30

(R). The integration error was determined as <1% based on the racemic standard.

General procedure for Rh-catalysed hydrogenation

Ligand 1.46a (3.5 mg, 6.3 umol), bis(1,5-cyclooctadiene)rhodium(I) tetrafluoroborate (1.3 mg,
3.1 pmol), methyl 2-acetamidoacrylate 3.9 (15 mg, 0.1 mmol), and freshly distilled
dichloromethane (1 mL) were placed in a an Ace-glass pressure tube with an equalizing tube
connected to a T-shape adapter. One T-adapter shoulder was attached to the vacuum line, and the
second shoulder was attached to a hydrogen gas balloon and to a bubbler. The reaction was
purged with vacuum/hydrogen gas three times at room temperature. Then the pressure tube was

immersed into a liquid nitrogen bath and refilled with hydrogen gas until the bubbler was
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bubbling. When the bubbling stopped, the pressure tube was sealed. The reaction mixture was

left to stir at 26 °C for 24 h, then the reaction pressure was equalized to 1 atm, and the mixture

was concentrated in vacuo yielding unreacted starting material 3.9.

3.4  Cross Reference of Compounds in Manuscript and Thesis

Structure

Number in Manuscript

Number in thesis

PPh, TS

raWad

PPh,

Me/OiC/\ECOZMe
Ph \ Ph

P "pp

Ri=R,=H (1)

Ri = H; R, = 'Bu (2)
R; ='Bu; R,=Br (3)
Ri =F; R: = Br (4)

10

1.46:

Ri =R, =H (a)

R; =H; R ="Bu (d)
Ri ='Bu; R> = Br (i)
Ri1=F; R, =Br (h)

1.48a

1.461

1.49

3.1a

3.2aa

3.9
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CHAPTER 4. MAP-based Catalytic Systems for Cascade Chirality Transfer in Model

Reactions

4.1 Introduction

4.1.1  Chirality induction from non-racemic substrates

One of the strategies for the introduction of multiple stereocenters is the use of non-racemic
substrates in stereoselective synthesis.! In this strategy, the chirality of starting material can be
transferred to new asymmetric centers with or without transformation of the original chiral
element.> 3 The chirality transfer from non-racemic substrates as a variation of the chiral
auxiliary strategy has a diverse set of approaches. Main approaches of chiral transfer include 1)
atroposelective synthesis which is commonly used for the generation of compounds with axial
chirality;* ° 2) self-regeneration of stereocenters;>’ 3) memory of chirality (MOC)® ° that occurs
through trigonalized “pseudo-chiral” intermediates; 4) axial-to-central chirality transfer® '°
where chiral allenes are mostly used as precursors; 5) stereochemical relay'! for the stereocontrol
over long-chain molecules; and 6) intermolecular chiral transfer.> Despite the established
reactivity protocols and accumulated research data, these approaches are not always useful for a
target stereoselective synthesis as they occur with the transformation of the original chiral center.
An example of MOC approach in which the nature of original tertiary chiral element has been
transformed with the generation of a new chiral center is presented in Scheme 21.'> The

intramolecular conjugate addition of chiral acrylate 4.1 afforded the highly enantioselective

formation of hydroisoquinoline cycle 4.2 with two chiral centers (Scheme 21)
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CO,Et t
CO,Bu ~C0O2Bu
X _ KHMDS Et0,C

Boc o e
_N
Boc

4.1 4.2
94% yield
95% ee

Scheme 21 Example of MOC approach with the transformation of the initial chirality element.

The processes where a non-racemic molecule serves as a chiral auxiliary and also becomes a part
of the product structure can be advantageous for the syntheses of molecules with multiple chiral
centers. A seminal demonstration of this approach is Cram’s chelation model.'*"!> This model
was later applied in combination with sulfinimines auxiliary 4.3 in asymmetric amines 4.4

synthesis (Scheme 22).!6- 17

| H 2
O H  R2MgBr S - o R
g _ g R/ \\N/%Fv ISI /L 1
PAAN 1 N R/ > R
RN "R 5--Mg—R2 N
4.3 Br 4.4

Scheme 22 Example of the chelation model with maintained nature of the initial chiral center.

Multistep processes in which a chiral center is initially formed by asymmetric catalysis and later
serves as an auxiliary in the following steps can be developed with higher efficiency for
synthetic utility, as well as model systems for investigating the catalytic organization. In these
models, the catalyst may initially transfer the chirality to an intermediate and at later steps can
dynamically interact with the pre-formed chiral auxiliary providing highly enantioenriched
molecules bearing multiple chiral centers. However, the design of such processes is challenging
because of the limited reaction scope from single catalysts and condition compatibility issues in

multistep reactions.
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4.1.2 Design of processes with complex catalytic organisation

The ability to actively exploit the chirality of the substrates in asymmetric catalytic reactions
may lead to new and more efficient synthesis of molecules bearing multiple chiral centers. In a
cascade or sequential reaction, the chirality of the substrate, formed in sifu, may act as an
intrinsic chiral bias that influences the formation of subsequent chiral centers on the same
substrate, as well as serving as a chiral ligand to interact with the chiral catalyst. The
determinants of the stereo-outcome will be complex but may be primarily attributed to two
factors: (a) the enantio-biasing effect of the chiral substrate/intermediate and (b) the
diastereoselectivity of the subsequent reaction steps. Synergistic relationships between the two
factors will likely lead to one dominant enantiomer (high enantioselectivity coupled to high

diastereoselectivity).

The trifunctional MAP-based catalytic system 1.46a is investigated here as a good candidate for
designing these hybrid models. First, this catalyst provides highly enantioselective and fast aza-
MBH reactions at ambient temperature.'®?* The densely functionalized aza-MBH adducts may
become excellent chiral intermediates as well as auxiliaries for further modifications during a
cascade or a sequential process (Figure 8). Functional groups such as a terminal enone or
allylamine provide an opportunity for diverse addition and substitution processes. Moreover, the
appropriate R’ substituent in the aromatic cycle can enable further intramolecular reactions in a

cascade manner.
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N

Reactive site

depends on R Conjugate
and its position add|t|on,
[M] coupling

Figure 8 Potential of aza-MBH adducts as intermediates and ligands/auxiliaries in multistep

Processes.

Secondly, trifunctional MAP-based catalytic structures demonstrated catalytic dualism and

18,20.23.24 and organometallic catalysis (see Chapter 3).

provided both asymmetric organocatalysis
The development of a cascade or a sequential process where a single catalyst provides organo-

and metal-catalysed processes is an extraordinarily challenging task and would be the first and

unique example of such a type of highly organised catalysis.

4.1.3 MAP-based structures as catalysts in cascade or sequential processes

Despite the intensive investigation of MAP-based ligands in asymmetric metal-catalysed
reactions, the reports of a cascade or one-pot reactions with meta/MAP complexes were limited

and published two decades after the first MAP synthesis.

An elegant protocol of one-pot interrupted asymmetric Rh-catalysed hydroaminomethylation
(HAM) was reported by Zhang et al. using (S,R)-1.32a as a ligand (Scheme 23).2° The
unavoidable racemization of the iminium intermediate due to a water molecule elimination is
common for HAM processes. The described protocol converted the chiral hemiacetal
intermediate 4.5 into stable products 4.6 and 4.7 preventing the iminium racemization. The
corresponding pyrrolidinones 4.6 (oxidative pathway) and pyrrolidines 4.7 (reductive pathway)

were obtained in more than 90% ee in most cases (Scheme 23). However, the role of the (S,R)-
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1.32a is limited to the asymmetric hydroformylation step. The ligand does not participate in or

influence the following oxidation or reduction stage.

PCC (2 eq.) ;I's
Rh(acac)(CO), _NaOAc(2eq) _ O N
(5 mol%) Toluene/DCM 1/4, '
(S,R)-1.32a rt,4h R !
(10 mol%) Ts 46 | Hoand:
CO/H, = 10/10 bar | HO { )
N 2 N
RTN"DNHTs ———————>| = — 83-95% yields / OO
Toluene, * 90-94% ee
R =Ar, Het, AcO 70 °C, 24-70 h R
HSIEt; (3 eq.) Ts
__ stable BF3eEt,0 (3 eq.) N PPy
intermediate —
4.5 Toluene/DCM 1/4,
-10-0°C, 10 min R (S.R)-1.32a
4.7
80-95% vyields
90-95% ee

Scheme 23 Cascade of hydroaminomethylation interrupted by oxidation and reduction.

Another example®® is a three-component cross-coupling cascade providing biaryl atropoisomers
4.8. (R,R)-1.1k/Pd-norbornene co-catalytic system was used in the process, furnishing the
aldehyde products 4.8 in 28-90% yields and 76-96% ee (Scheme 24). (R,S)-1.1k was also tested
in the reaction and demonstrated no enantioselectivity at a slightly lower yield. It was proposed
that the (R,S)-1.1k palladium complex participates in both norbornene co-catalysed Cattelani-

type and the following Suzuki steps.

Pd(TFA), (10 mol%), ,
I , (R,R)-1.1k (11 mol%) R !
. C'> LR NBE (2eq) CHO : NMe,
CHO - | PR’IRZ
K,CO3 (3 eq.), |
Ar(0)CO 2CO4 .
1 A0 B(OM),  CH,CN, 60 °C, 22 h OO OC(O)Ar: OO .
(25€q)) (2 eq.) o 5 ' .
4.8 1 R'=/Pr, R?=3,5-Bu,CgH3;
22 examples

28-90% yields
76-96% ee

Scheme 24 Pd-catalysed three-component cross-coupling cascade.

The latest example of a tandem double Michael addition was reported by Hu et al?’ The
sequence includes the initial Cu-catalysed diethylzinc addition to a chalcone 1.13 followed by

trapping of a nitrostyrene 4.9. This tandem reaction afforded molecules 4.10 with three chiral
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centers in excellent diastero- and enantioselectivity (Scheme 25). The catalyst 1.16b participates
in the initial Cu-catalysed diethylzinc addition step and, most probably, is not involved in the

subsequent step. However, this hypothesis requires additional substrate-controlled investigations.

Ligand:
oz CuCl (2 mol%) L0 9 o ,=
o 2 NO (R)-1.16b (2.5 mol%) A A 2 E OO \
+ 5 2 » Ar r .
ArK\)J\Arz Ar Toluene, 0 °C, 12 h NO, ! NN
g vs Ar3 ) 2 E CH3
4.10 | PPh
28 examples
60-88% yield
0-88% yield (R)-1.16b
>20:1dr

Scheme 25 Asymmetric tandem double Michael reactions catalysed by (R)-1.16b.

In conclusion, so far only a very limited number of reports describe cascade reactions catalysed
by MAP-based structures. In these cases, MAP representatives serve only as ligands, and there
are no cascade or sequential processes in which MAP-based systems participate as an

organocatalyst and/or as a ligand.

4.1.4 Chapter 4 goals and plan

This chapter focuses on the investigation of the organization potential of the trifunctional MAP-
based catalysts to transfer chirality from the initially generated benzylic chirality in aza-MBH

intermediate through the following steps into more complex products with chiral centers.

The first model is the simplest aza-MBH initiated cascade reaction that is based on the use of an
ortho-substituted N-tosyl benzaldimine 1.36j possessing a nucleophilic hydroxy fragment
(Scheme 26). This nucleophilic hydroxy group in ortho-position, after the formation of the aza-
MBH adduct 1.37j, would be capable of an intramolecular attack to the enone fragment
providing the cyclized cascade product 4.11. Such cascades have been previously reported,

however only as racemic processes (Scheme 26).25-3
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1.46a (10 mol%) | i
TS~\ BzOH (10 mol%) TS<\H © N1 o
| MVK (3 eq.)
== . — o
Solvent
OH OH 0
1.36] - 1377 - 4.11
dr? ee?

Scheme 26 Proposed aza-MBH / nucleophilic cyclization cascade.

The next step of the investigation will expand from an intramolecular cyclisation to an
intermolecular oxidation reaction in a consecutive aza-MBH / epoxidation process. The initial
formation of a chiral aza-MBH adduct 1.37b between a benzaldimine 1.36b and MVK is
followed by the base-catalysed epoxidation step (Scheme 27a). The enantioselectivity of
diastereomers 4.12 will depend on the chiral center of 1.37b and may also be influenced by the
trifunctional catalysts that can provide chelating groups. The epoxidation of racemic MBH

adducts 2.1 derived from aldehydes and various activated alkenes was reported previously

(Scheme 27b).3!
1.46a (10 mol%)
MVK (3 eq.) Epoxidation
R DCM. it * o
y R R o
1.36b 1.37b 412
dr? ee?
b)

OH O NMPOOH (2 eq.)
C32C03 (1 A eq)
| R NMP, rt R

21 413

18 examples
71-95% yield
1.6:1 to >20:1 dr

Scheme 27 a) Proposed chiral aza-MBH / epoxidation sequential process; b) Racemic

epoxidation of MBH adducts 2.1.

The last investigation of organizational catalytic behaviour of MAP-based structures involves

metal species in an aza-MBH / diethylzinc addition sequential process. As discussed in Chapter
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1, Cu-catalysed processes, including the addition of organozinc reagents, are common models for
the catalytic dualism investigation. The MAP-based trifunctional system 1.46a could serve as an
organocatalyst during the asymmetric aza-MBH step and then participate as a ligand for the Cu-
complex in asymmetric diethylzinc addition step that may also be influenced by the chirality of

the aza-MBH-adduct 1.37b intermediate (Scheme 28).

Organocatalyst 1.46a

(10 mol%) Ligand 1.46a
NTs BzOH (10 mol%) Ts “NH O Cu salt Ts “NH O
I MVK (3 eq.) Et,Zn
> M - > M
: DCM, rt
. o o 4.14
1.36b 1.37b dr? ee?

Scheme 28 Proposed chiral aza-MBH / diethylzinc addition dual catalytic sequential process.

To the best of our knowledge, there have been no prior reports in which a single catalytic
structure serves as a chiral organocatalyst and as a chiral ligand in the frame of one process.
Such a new level of catalytic organization is extremely challenging to design and achieve by a
singular catalyst but can be readily tested in the aza-MBH / diethylzinc addition sequential

process that may become a unique example of a highly organized hybrid catalysis.

4.2 Results and Discussion

4.2.1 Trifunctional system in an aza-MBH / nucleophilic addition cascade

A known aza-MBH / nucleophilic cyclization cascade (Table 4, Scheme) was chosen for the
initial investigation of the trifunctional systems organisational ability. The cascade was

previously reported®® and performed in a racemic manner.
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Table 4 Conditions investigation for aza-MBH / nucleophilic addition cascade.

NTs TPP (10 mol%) Ts NH O Ts "NH O 0
| MVK (3 eq.)
> — + ~
Solvent, 4A MS, rt w
OH OH o) o)
1.36j - 1.37j - 4.1 4.15

Conv® to 1.37j, Conv?to 4.11, [%] Conv?to 4.15,

Entry Solvent Time [h]
[%] (anti/syn)* [%]
1 DCM 24 9.7 421 (1.8:1) <5%
2 THF 24 <5% 89.0(2.92:1) 9.5
3 Diethyl ether 24 <5% 32.7(2.82: 1) 66.4
4 Toluene 24 no 91.8(3.4:1) 8.2

[2lCalculated by "H NMR spectroscopy.

The initial racemic test of the cascade was carried out with triphenylphosphine (TPP) as the
catalyst. A limited solvent screen was carried out, and toluene was found as the optimal solvent
for conversion to the cyclized product 4.11 (Table 4, Entries 1—4). Dichloromethane, while an
efficient solvent for the aza-MBH processes, provided poor conversion of the starting imine
1.36j to the product 4.11 over 24 h (Table 4, Entry 1). Diethyl ether facilitated the tosylamide
elimination from the cyclized product 4.11, converting 66% of the starting imine to the
elimination side-product 4.15 (Table 4, Entry 3). The reactions in THF and toluene provided the
comparable results furnishing 4.11 in 89 and 92% conversion, respectively, over 24 h. However,
the diastereomeric ratio of the product 4.11 was slightly higher for the reaction in toluene (Table
4, Entries 2 and 4). The diastereoselectivity of the product 4.11 formed in toluene was found as
3.4 to 1 with the major anti diastereomer (Table 4, Entry 1). The sense of diastereoselectivity has
been confirmed by the comparison of isolated diastereomers with the reference’® NMR and X-
Ray data and calculated by integration of the following '"H NMR signals: a quadruplet at 3.27

ppm for anti, and by a multiplet at 3.05 ppm for syn isomer (Figure 9 for 'H NMR proton
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patterns). The level of the diastereomeric ratio is lower than the reported previously for the
cascade in toluene where product 4.11 was obtained as 7:1 anti : syn diastereomers.>* Such a
significant discrepancy may be due to the reaction conditions here with 4A molecular sieves and

triple excess of methyl vinyl ketone.
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jm Syn H @) :
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3.3 3.2 3.1 plpm
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Figure 9 'H NMR spectra of 4.11 in CDCI; indicating key proton patterns for anti/syn
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diastereomers assignment.

With the racemic control conditions in hand, model trifunctional system 1.46a was next tested in
DCM and toluene with benzoic acid as the activator (Table 5, Scheme). In DCM, reaction
version showed poor conversion providing the product 4.11 in only 15% conversion and 1.4:1 dr
over 24 h (Table 5, Entry 1). In toluene, the reaction rate was slightly higher furnishing the
product 4.11 in 22% conversion over 24 h (Table 5, Entry 2). The reaction in toluene was further
continued at 50 °C for 65 h when conversion to 4.11 reached 86% (Table 5, Entry 3). The

elimination side product 4.15 was also detected (8.3% conv.).
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Table 5 Test of trifunctional organocatalyst 1.46a in aza-MBH / nucleophilic addition cascade.

146a (10 mol%) T
NTs BzOH (10 mol%) TSswH © °>NH o O
| MVK (3 eq.) + N
Solvent,
OH 4A MS, rt oH o o)
1.36j - 1.37j - 4.11 4.15

Catalyst:
O NH
HO
PPh,
1.46a

Conv? to 1.37j, Conv?to 4.11,[%] Conv?to 4.15,

Entry  Solvent  Time [h]

[%] (anti/syn.?); /eel [Yo]
1 DCM 24 8.6 15(1.4:1)Mmnd./ no
2 Toluene 24 10.8 22 (2.4 :1)/nd./ no
3 Toluene 65° <5% 86.3 (3.5 : 1) /rac/ 8.3

[Calculated by "H NMR spectroscopy. 28h at room temperature then 65 h at 50 °C.

HPLC analysis of product 4.11 demonstrated the equal amount of enantiomers for the major
anti-diastereomer indicating that it was obtained as a racemic mixture (Figure 10). The ortho-
positioned hydroxyl of the substrate 1.36j may form an internal H-bond between the hydroxyl
and imine fragments that interferes with the subtle H-bonding system built by the chiral catalyst
1.46a during the aza-MBH catalysis and could lead to the erosion and complete loss of the

reaction enantioselectivity.
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Figure 10 HPLC traces of product 4.11, obtained from the 1.46a-catalysed cascade.

4.2.2  Trifunctional system in an aza-MBH / epoxidation sequential process

Based on a literature precedent,’! the epoxidation of MBH adducts 2.1 required a base as a
catalyst for hydroperoxide activation (Scheme 27b). At the same time, a base and a
hydroperoxide may induce the decomposition of the intermediate aza-MBH adduct 1.37b.
Therefore, the effect of a base on the reaction and aza-MBH adduct 1.37b decomposition was
initially investigated (Scheme 29). The control (with or without the addition of 0.4 equivalents of
potassium fert-butoxide, Scheme 29, right arrow) demonstrated no decomposition of the aza-
MBH adduct 1.37b in basic conditions during the first 2 h at room temperature. However, after
20 h decomposition of 1.37b was observed. It should be noted that without a base, aza-MBH
adduct 1.37b did not decompose in dichloromethane even over 20 h at room temperature
(Scheme 29, right arrow). The reaction with the base and hydroperoxide addition demonstrated
the formation of the product 4.12b in 30 minutes at room temperature without any

decomposition (Scheme 29 left).
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Ts < Ts < Ts <
S NH O TBHP (1.1 eq.) s NH O S

‘BUOK (0 or 0.4 eq.) ‘BUOK (0 0r 04 eq.)
M DCM, -10 °C to rt M DCM, -10 °C to rt . /@/KH/U\
Br Br Br
4.12b 1.37b 1.37b
Base (+): Epoxidation occurs Base (+): Decomposition starts after 2 h at rt

Base (-): NO rxn, NO decomposition over 20 h Base (-): NO decomposition over 20 h

Scheme 29 aza-MBH adduct 1.37b decomposition investigation in epoxidation conditions.

The next question was whether the reaction sequence could be performed in one step or one-pot.
Unfortunately, the formation of the aza-MBH product 1.37b was not detected in the presence of
the base and TBHP. Thus, aza-MBH reaction was performed first between N-tosyl-p-
bromobenzaldimine 1.36b and MVK in dichloromethane at room temperature (Scheme 30).
After the full conversion of the starting imine to the aza-MBH adduct, potassium tert-butoxide in
THF and TBHP were added to the pre-cooled (ice/acetone bath) reaction mixture and left to stir

for 45 minutes at room temperature, providing the desired epoxide product 4.12b in 2.4 : 1 dr.

' -
lh' Major\i l NH O
+ Minor Major
Minor H H
H H/. 0
n Br H
| | | 4.12b
2.4 3,2 3.0 Ppm
ll_ LHN I 0 ]l A | JL_LL
I I I I I I I I [ I I I
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 ppm

o
-
-

cilcza . SR - I

Figure 11 '"H NMR spectra of 4.12b in CDCI; indicating key proton patterns for diastereomers

assignment.
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Figure 11 shows the 4.12b key proton patterns for both major diastereomer at 2.85 (d) and 2.91
(d) ppm (J = 4.5 Hz) and minor diastereomer at 2.91 (d) and 3.41 (d) ppm (J = 4.6 Hz). This

pattern is similar for all other 4.12 structures.

The significant excess (5 equivalents) of TBHP was used to increase the rate of epoxidation and
shorten the time of the aza-MBH intermediate 1.37b in the basic environment to avoid its
decomposition. However, product 4.12b was isolated in only 41% yield after purification on
silica gel. The low yield may be partially attributed to a decomposition of the product during
purification as ring-opening of epoxides on silica gel is a known process and can occur in the

presence of amines.

TPP (10 mol%)
Phenol (10 mol%)

NTs BzOH (10 mol%) TSsuH © TBHP (5 eq.) TS \H O
| MVK (3 eq.) ‘BUOK (0.4 eq.) _
DCM, rt DCM/THF 5
Br Br 5°Ctort Br
1.36b 1.37b 4.12b

Scheme 30 Model racemic conditions for the MBH / epoxidation sequential process.

With the optimised protocol in hand, a set of N-tosylbenzaldimines 1.36b-i using 1.46a as the

chiral catalyst were subjected to this aza-MBH / epoxidation sequence (Table 6).

The chiral sequential tests provided epoxides 4.12b-i with no diastereoselectivity (1:1 in most
cases) that demonstrates the detrimental effect of 1.46a compared to TPP. This difference may
potentially indicate the participation of 1.46a or TPP in the epoxidation process. Low
diastereoselectivity in general could also be explained by the sterically unrestricted rotation of
the f-peroxyenolate intermediate. This was observed in the formation of epoxides derived from
acyclic MBH adducts 2.1 earlier.’! The enantioselectivity of epoxides 4.12b-i is comparable to
the ee levels of the corresponding aza-MBH intermediates 1.37b-i (Table 6). This may suggest
that the enantiomeric excess of the initially formed aza-MBH adducts was transferred to the final

epoxides. In most cases, it was difficult to separate all four peaks from the enantiomeric pairs of
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the epoxide 4.12b-i completely on the HPLC even though a set of chiral columns
(CHIRALPAK® AD-H, Regis Chiral Technologies Whelk-O1, Phenomenex Lux® 5 um
Amylose-1, Advanced Separation Technology Inc. Cyclobond I 2000 SN) was screened.
However, m-nitro- 4.12d and o-chloro 4.12h substituted epoxides unambiguously demonstrated

comparable enantioselectivity of both diastereomers (Table 7, Entries 7, 4).

Table 6 Test of trifunctional organocatalyst 1.46a in an aza-MBH / epoxidation sequence.

1.46a (10 mol%)

NTs BzOH (10 mol%) SsWH © tTBHP (5eq) S o
| MVK (3 eq.), BuOK (0.4 eq.)
R‘©) DCM, 4AMS, Rw DCM/THF, 'Rw
rt, 5-48 h rt, 2.25-8.3 h O
1.36b-i 1.37b-i 4.12b-i
Time of aza- ee of MBH Time of Yield of ee major
Entry R MBH step, adduct Epoxidation 4.12, [%]* drP (minor),
[h] 137,[%]° _ step,[n] " [%]°
1 p-Br (b) 22 86 2.3 63 1.2/1 84 (n.d.)
2 p-NO2 (¢) 5 81 2.25 46 1.25/1 85 (n.d.)
3 m-NO; (d) 5 81 2.25 51 1/1 83 (84)
4 0-NO (e) 48 74 8.3 49 1/1 n.d (n.d)
5 p-F (@ 48 85 3.5 41 1/1 88 (n.d.)
6 p-Cl(g) 22 89 23 26 1/1 91 (n.d.)
7 0-Cl (h) 48 72 2.8 38 1/1 71 (72)
8 p-Me (i) 48 77 5 11 1/1 n.d (n.d)

[[solated yield after column chromatography. Calculated by 'H NMR spectroscopy of crude mixtures.

[[IDetermined by HPLC.

The (R,S)-4.12 and (R,R)-4.12 were proposed as major enantiomers based on the predominant
formation of (R)-1.37 in the aza-MBH step. The epoxidation in this sequence required a longer
time for complete conversion to 4.12 than that for the racemic control with TPP, and partial

decomposition of aza-MBH intermediates in the basic conditions was observed. The poor
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yielding of the epoxides 4.12b-i (11-63% isolated yields) can also be partially attributed to the

decomposition of epoxides 4.12 during purification on silica gel.

Fe(OTf), (5 mol%)
a T Phenanthroline (10 mol%) Ts « b
) S>NH 0 Peroxide (5 eq.) NH O ) on o
M X > /@% R%
O
Br CH5CN, rt, 21 h B ,
1.37 412 )
37b b R = alkyl
Peroxide: HyO5 (35 wt% in water), AcOOH (32 wt% in AcOH),
TBHP (5.0 M in decane), Cumene hydroperoxide (80% tech grade).

Scheme 31 a) aza-MBH adduct 1.37b for Fe-catalysed epoxidation; b) Active in Sharpless

epoxidation conditions MBH adducts 2.1.

In an attempt to create a hybrid process where 1.46a could serve as an organocatalyst as well as a
ligand, aza-MBH / Fe-catalysed epoxidation sequence was further examined. The initial control
screening of hydroperoxides in Fe-catalysed epoxidation of racemic aza-MBH adduct 1.37b,
however, demonstrated no epoxide 4.12b formation over 21 h at room temperature (Scheme
31a). The reaction with 3-chloroperbenzoic acid as a peroxide provided product 4.12b in 26%
conversion at room temperature over 1 h and did not require the iron salt and phenanthroline.
Sharpless conditions that were efficient in the epoxidation of MBH adducts 2.1 bearing allylic
alcohol functionality (Scheme 31b)** were tested in allylamine 1.37b epoxidation. Substrate
1.37b demonstrated no reactivity over 7 days in Sharpless epoxidation conditions designed for
allylic alcohols as starting materials. Therefore, all attempts to apply iron catalysis for 1.37b

epoxidation were not successful.

145



4.2.3 Trifunctional system in an aza-MBH / diethylzinc addition sequence

As the initial control, racemic aza-MBH adduct 1.37b was investigated in an aza-MBH /

diethylzinc addition sequence in various conditions (Table 7, Scheme).

Table 7 Investigation of diethylzinc addition to racemic aza-MBH adduct 1.37b.

Ts NH O Conditions, Ts “NH O 0
Et,Zn (0.8 M in hexanes, 3 eq.) + A
DCM
Br Br Br
1.37b 4.14 4.16

Temperature Conv. to Conv to
Entry Catalyst p > Time 4.14, 416,

el %1 [%]"

Tosylamide,
[O/O]a

Cu(acac)2 (5 mol%), BINOL
1 -25°C 2.75h 54° 19 27
(5 mol%), TPP (10 mol%).

Cu(acac)2 (5 mol%), BINOL
2 -66 °C 20 min 63 13% 22
(5 mol%), TPP (10 mol%),

Cu(acac): (5 mol%),

3 -66 °C 20 min 52 31 16
NO Ligands
NO [Cu], BINOL (5 mol%),
4 -66 °C 20 min 48 26 26
TPP (10 mol%)
5 none -66 °C 20 min 63 27 9

[slCalculated by 'H NMR spectroscopy. solated yield 38%.

The initial racemic test with the presence of Cu source and co-catalytic system TPP and BINOL
demonstrated the formation of the desired product 4.14. However, NMR analysis of the crude
mixture indicated significant presence of side-product 4.16 (19% conversion) and tosylamide
(27% conversion) indicating the potential decomposition of 4.14 by elimination (Table 7, entry

1) that may be initialized by diethylzinc as a base. Moreover, after pipette column purification,
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significant mass loss was observed, providing only 38% isolated yield of 4.14 and the
elimination side-product 4.16 was isolated. Additional controls, including no ligand addition
(Table 7, entry 3), no copper source addition (Table 7, entry 4), and no catalyst at all (Table 7,
entry 5), were performed at -66 °C to help suppress the decomposition process (Table 7, entry 2—
5). All control reactions demonstrated the full consumption of starting material and conversion to
product 4.14 and side-products 4.16, tosylamide. Therefore, the reaction proceeds even without a
catalyst addition. Considering that organozinc reagents usually provide sluggish uncatalysed
reactions and require ligation to reveal the reactivity,>* * it was hypothesized that the aza-MBH
adduct 1.37b and product 4.14 may serve as ligands stabilizing organozinc reagent and
promoting the reaction (Scheme 32a). This is consistent with a prior report that N, O-stabilisation
of zinc reagents is common in Reformatsky processes (Scheme 32b)*® and that N,O-coordinated
zinc complexes are active for ring-opening polymerization (Scheme 32c¢).3” N,O-paracyclophane
ligands were previously successfully used in metal-free asymmetric conjugate addition of zinc
reagents (Scheme 32d),*® and numerous aminoalcohols are also known as privileged ligands in

organozinc chemistry.*’

a Et Et Et Et :
) \,Z”\/ Sz c) - d)
Ts \N/H \O Ts \N/H \O

! N
NN NH ¢
. Bt/ !
Br Br ' ] Zn—o0 |

S

------------------------------------------ - O— . :
! Zn I
Br X ~ |
b) 2 » NS | HNA(
a 0 | Bu :@ | OH Ph
R)ﬁ)\oa E N |
R ; ;

Scheme 32 a) Proposed stabilization of organozinc reagent by aza-MBH adduct 1.37b; b) Six-
membered N, O-stabilisation of Zn in Reformatsky reaction; ¢) N,0O-Zn complex for

polymerization processes; d) N,O-ligand for conjugate addition of organozinc reagents.
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To test this hypothesis, the control substrate 4.17 without a benzylic substituent was synthesized
and tested in diethylzinc addition (Scheme 33). Nevertheless, the control substrate 4.17, without
the nitrogen coordination site, provided the corresponding alkylation product 4.18 in 93%

conversion over 10 minutes of the reaction at -78 °C.

Et,Zn (0.8 M in hexanes, 3 eq.)

-
v

DCM, -78 °C, 10 min

417 4.18
93% conversion

Scheme 33 A control experiment with substrate 4.17.

The source of this unusual reactivity is currently unclear. However, it is known that organozinc
reactions can be promoted by various factors such as solvents-dependent aggregation*’ and even
traces of copper in the starting diethylzinc solution.® Given the fast reaction rate in the
uncatalysed racemic pathway, the chiral version with 1.46a was investigated nonetheless

(Scheme 34).

To understand the influence of the catalyst 1.46a on diethylzinc addition, the selectivity of the
process starting from racemic and chiral aza-MBH adduct 1.37b in the presence and absence of
trifunctional catalyst 1.46a has been investigated (Scheme 34a). Both diastereoselectivity and
enantioselectivity of the process mostly depend on the enantiomeric excess of the starting 1.37b.
The diastereoselectivity of 4.14 is only 5 : 1 dr when it is obtained from racemic 1.37b, and can
be increased to 19 : 1 dr if chiral (R)-1.37b (84% ee) used as starting material. The addition of
the catalyst 1.46a can marginally improve diastereoselectivity of the diethylzinc addition. It may
suggest the 1.46a can coordinate on zinc, however, a catalytic amount of chiral ligand 1.46a
would not efficiently compete with the stoichiometric amount of the racemic 1.37b which ligates
zinc too. The HPLC analysis of the product 4.14, obtained from the racemic 1.37b revealed the
racemic mixture of enantiomers (Figure 12 top) meaning that the trifunctional catalytic system

1.46a was not able to transfer the chirality in the tested conditions.
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a) Ts < Et,Zn (0.75 M in hexanes, 1.1 eq) Ts <

NH - Q 1.46a (0 or 10 mol%) RO
M DCM, 68 °C’ 3.3 h /@/]\é
Br Br
1.37b 414
racemic 1.46a (+): 5.5 : 1 dr racemic

1.46a (-): 5: 1 dr racemic

Ts < Et,Zn (0.75 M in hexanes, 1.1 eq) Ts <
NH - Q 1.46a (0 or 10 mol%) RO
M DCM’ 68 °C, 33h /@/]\é
Br Br
(R)-1.37b 4.14
84% ee 1.46a (+): >20 : 1 dr; ee n.d.

1.46a (-): 19 : 1 dr; ee n.d.

b)
1.46a (10 mol%)
NTs BzOH (10 mol%) Ts “NH O Et,Zn (0.72 M in Ts NH O
| MVK (3 eq.) hexanes, 3 eq.)
DCM, 4A MS, M DCM, -78 °C, 3.3 h /@%
Br rt, 23.5h Br Br
1.36b 1.37b 414
87% ee 42% yield,

dr (ee): >20 (87%) : 1 (81%)

Scheme 34 a) Control tests of diethylzinc addition to aza-MBH adduct 1.37b; b) A tandem chiral

aza-MBH / diethylzinc addition sequence.

Further, a chiral aza-MBH / diethylzinc addition tandem sequence was tested (Scheme 34b).
Interestingly, the product 4.14 was isolated in excellent >20:1 diastereoselectivity with 87% ee
as a single major isomer (Figure 12 bottom for HPLC traces). The relative configuration of the
formed product was preliminarily assigned as (S,5)-4.14. It is known that catalyst 1.46a forms
the benzylic chiral center in the R-configuration in product 1.37b,'® and this chiral center should
be maintained during the diethylzinc addition step (it becomes S in product 4.14 due to the
nomenclature rules). The S-configuration for the second chiral center was proposed by the
comparison of 'H NMR coupling constants of the ketonic o-proton which appears as a triplet at
4.38 ppm (J = 8.2 Hz) in the major syn diastereomer and as a doublet of doublets at 4.51 ppm (J

=9.2, 5.0 Hz) in the minor anti diastereomer (Figure 13).
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Figure 12 HPLC traces of product 4.14 obtained from 1.46a-catalysed diethylzinc addition to
racemic aza-MBH adduct 1.37b (top) and from the 1.46a-catalysed aza-MBH / diethylzinc

addition sequence (bottom).
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Figure 13 '"H NMR spectra of 4.14 in CDCl; indicating key proton patterns for diastereomers

assignment.

The high stereoselectivity of the sequential process (Scheme 34b) cannot be explained by effects
from catalyst 1.46a alone given the control diethylzinc addition test results (Scheme 34a). Thus,
the participation of the in sifu formed chiral aza-MBH intermediate 1.37b as a ligating agent in
the diethylzinc addition step was hypothesized. However, the influence of catalyst 1.46a on the
diethylzinc addition step in the absence of a copper salt cannot be excluded yet and requires
future investigation. The unexpected substrate effect observed in the diethylzinc addition step
suggests that the highly organized catalytic model where a sub-stoichiometric chiral catalyst is
involved in the early, as well as late steps in the cascade, is intrinsically difficult. It may happen
because the new pool of chiral intermediates/products continues to grow larger and compete

more significantly with the initial catalyst for chiral bias in the diethylzinc addition step.
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4.3 Conclusions

The ability of a trifunctional, MAP-based system 1.46a to transfer chirality through multistep
processes was investigated in an aza-MBH / nucleophilic cyclization cascade, an aza-MBH /
epoxidation tandem sequence, and an aza-MBH / diethylzinc addition sequence. The
trifunctional system 1.46a furnished only a racemic product in the aza-MBH / nucleophilic
cascade. The failure to transfer chirality from the MAP core to the aza-MBH intermediate 1.37j
most likely could be attributed to the presence of the protic ortho-substituent in the substrate
1.36j structure which can potentially interfere with the H-bonding organization created by the

catalyst 1.46a.

For the aza-MBH / epoxidation tandem sequence, the chirality information generated by the
trifunctional catalyst 1.46a in aza-MBH intermediates 1.37b-i was preserved and translated into
the epoxides 4.12b-i. The lack of diastereoselectivity of the epoxidation step did not afford the
formation of a single enantioenriched epoxide, translating the early benzylic chirality in a linear
manner and providing two (R,S)- and (R,R)-4.12 species out of four possible stereoisomers. In
this process, the trifunctional system 1.46a catalyses only the initial aza-MBH step of the
process and does not participate in the organization of the subsequent epoxidation stage. Further
investigation may be focused on the improvement of epoxidation step diastereoselectivity by the

use of different epoxides or starting cyclic enones.

The unique chiral aza-MBH / diethylzinc addition sequence catalysed by the trifunctional
catalyst 1.46a afforded a new product 4.14 as one dominant enantiomer. The preliminary tests
demonstrated that the trifunctional system 1.46a is able to affect both the initial aza-MBH step
and the subsequent diethylzinc addition step. However, intermediate 1.37b may out-compete
1.46a in the diethylzinc addition process either by having better zinc ligating properties or higher
stoichiometric presence in the reaction mixture. The diethylzinc addition to a racemic 1.37b in

the various amounts of 1.46a (or even excess) may be investigated in future to answer this
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question. Thus, a new level of complexity in catalytic self-organization of the reaction was
demonstrated. Future studies will focus on the optimization, non-linear effect investigation, and
mechanistic elucidation of collective chirality induction through the chiral pool formed in situ

and the confirmation of the absolute configuration of synthesized products 4.12 and 4.14.

4.4  Experimental Section

4.4.1 General information

All reagents unless specified are commercially available and purified by standard procedures.*!

Chloroform-d was purchased from Cambridge Isotope Laboratories, USA and stored over
anhydrous potassium carbonate before use. Potassium fert-butoxide was used in glovebox. Air
and moisture sensitive reactions were performed under nitrogen or argon atmosphere. Reactions
were magnetically stirred and monitored by thin-layer chromatography (TLC) using Merck silica
gel 60 Frs4 aluminium pre-coated plates (0.25 mm). Flash column chromatography was
performed on Merck silica gel 60 (0.015-0.040 mm). 'H, *C, “F, and 3'P experiments were
performed at 298 K on a Bruker DPX 400 MHz spectrometer equipped with a Smm QNP probe.
Chemical shifts were reported in ppm using the residual CHCl3 peak as an internal reference (6u
= 7.26 ppm, ¢ = 77.16 ppm). All *'P NMR spectroscopy was performed on a Bruker DPX 400
MHz spectrometer at 298 K, and all spectra were referenced to external H;PO4 (0 ppm). All '°F
NMR spectroscopy was performed on a Bruker DPX 400 MHz spectrometer at 298 K, and all
spectra were referenced to external a,a,a-trifluorotoluene (-63.8 ppm). All spectra were
processed using Bruker TOPSPIN software versions 4.0.7. High resolution mass analysis was
provided by the Australian Proteome Analysis Facility (APAF), Macquarie University, Sydney,
Australia. HPLC analysis was performed using a Shimadzu Prominence system with
CHIRALPAK® AD-H column, Regis Chiral Technologies Whelk-O1 column, or Phenomenex

Lux® 5 pm Amylose-1 column. HPLC grade solvents were degassed before use. The peaks of
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enantiomers in UV traces were integrated and the enantiomeric excess was calculated by the
formula: ee (%) = [(Area A — Area B) / (Area A + Area B)] * 100%. The ee difference of less
than 3% in the racemic case was considered as racemic. N-Tosylbenzaldimines 1.36 were
synthesized by a known procedures.*> ** The trifunctional catalyst 1.46a was synthesized by a
known procedure.'® Racemic standards of epoxides 4.12b-i were obtained using a TPP/Phenol
co-catalytic system in conditions, indicated further for chiral tests. Standard aza-MBH adduct
1.37b was obtained by known procedure®® with the use of TPP/Phenol or 1.46a/BzOH as a

catalytic system. The control substrate 4.17 was obtained by known procedure** in 6% yield.

4.4.2 aza-MBH / nucleophilic cyclization cascade

ll\lTs
@QH
1.36j

N-(2-hydroxybenzylidene)-4-methylbenzenesulfonamide 1.36j%

Salicyl aldehyde (0.87 mL, 8.19 mmol), p-toluenesulfonamide (1.40 g, 8.19 mmol), p-
toluenesulfonic acid monohydrate (15.6 mg, 0.082 mmol), and toluene (20 mL) were combined
in a flask equipped with a Dean-Stark adapter filled with toluene. The reaction mixture was
refluxed for 21.5 h. The solvent was then evaporated, and the crude mixture recrystallized from

hexane/ethyl acetate providing 1.6g (71% yield) of 1.36j as pink needles.

'H NMR (400 MHz, CDCls) & 2.44 (s, 3H), 6.96-7.04 (m, 2H), 7.35 (d, J = 8.3 Hz, 2H), 7.46—
7.56 (m, 2H), 7.86 (d, J = 8.3 Hz, 2H), 9.09 (s, 1H), 10.82 (br s, 1H); 3C NMR (100 MHz,
CDCly) § 21.81, 116.76, 118.08, 120.43, 128.07, 130.16, 135.20, 135.53, 137.48, 145.20, 162.29,

171.56.
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N-(3-acetylchroman-4-yl)-4-methylbenzenesulfonamide 4.11.%°

N-(2-hydroxybenzylidene)-4-methylbenzenesulfonamide 1.36j (6.9 mg, 25 umol) was placed in
a 2-mL amber, oven-dried vial. The catalyst 1.46a (1.4 mg, 2.5 umol) and benzoic acid (0.31
mg, 2.5 umol) were added into the reaction vials as stock solutions in freshly distilled
dichloromethane. The volume was adjusted to 150 uL, and neat but-3-en-2-one (7.2 ul, 88.7
umol) was added slowly to the resulting mixture with stirring and left to stir for 28 h at room
temperature. The reaction temperature was then increased to 50 °C and the mixture left to stir for
another 65 h. The resulting mixture was concentrated under nitrogen flow to remove volatiles
and the crude mixture analyzed by NMR and purified later on silica gel (gradient hexanes/ethyl

acetate) yielding 4.11 in 6.1 mg (71% yield).

Anti: 'TH NMR (400 MHz, CDCI3) & 2.25 (s, 3H), 2.49 (s, 3H), 3.26 (q, J = 3.0 Hz, 1H), 4.33
(dd, J=2.8,12.0 Hz, 1H), 4.57-4.64 (m, 1H), 4.64—4.69 (m, 1H), 4.72 (d, /= 5.1 Hz, 1H), 6.47—
6.54 (m, 1H), 6.72-6.80 (m, 2H), 7.07-7.14 (m, 1H), 7.40 (d, J = 8.3 Hz, 2H), 7.83 (d, J = 8.3
Hz, 2H); Syn: TH NMR (400 MHz, CDCl3) § 2.17 (s, 3H), 2.45 (s, 3H), 3.03-3.09 (m, 1H),
4.25-4.33 (m, 1H), 4.49 (dd, J= 5.0, 12.2 Hz, 1H), 4.85 (dd, J = 5.0, 9.85 Hz, 1H), 5.60 (d, J =
9.9 Hz, 1H), 6.68—6.73 (m, 1H), 6.80-6.87 (m, 1H), 7.06-7.13 (m, 2H), 7.33 (d, J = 8.3 Hz, 2H),
7.79 (d, J = 8.3 Hz, 2H). HPLC conditions: CHIRALPAK® AD-H, 0.8 ml/min; gradient from
95% to 50% of Hexane in iPrOH, time of syn diastereomer: 25.79, 29.39 min; anti diastereomer:

24.92,26.37 min; A = 226.
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1-(2H-chromen-3-yl)ethan-1-one 4.15.%8

Isolated as an elimination side-product from the synthesis of compound 4.11.

TH NMR (400 MHz, CDCL3) & 2.41 (s, 3H), 5.01 (d, J = 1.3 Hz, 2H), 6.86 (d, J = 8.2 Hz, 1H),

6.94 (dt, J=17.5, 1.1 Hz, 1H), 7.17 (dd, J= 7.5, 1.6 Hz, 1H), 7.23-7.32 (m, 2H).

4.4.3 aza-MBH / epoxidation sequential process
General Procedure for aza-MBH / Epoxidation sequential process

N-tosylbenzaldimine 1.36 (30 umol) was placed in a 2-mL amber, oven-dried vial in a glovebox.
Then 140 pl of freshly distilled dichloromethane was added into the vial. The catalyst 1.46a
(1.65 mg, 3 umol) and benzoic acid (0.36 mg, 3 umol) were added into the reaction vial as stock
solutions in dichloromethane. Then to the resulting mixture neat but-3-en-2-one (7.2 pl, 88.7
pmol) was added at room temperature with stirring and left to stir for an indicated time. The
reaction mixture was cooled down by ice/acetone bath, and the potassium zert-butoxide (1.66
mg, 14.8 umol), as 0.1 M solution in freshly distilled THF was added to the reaction mixture
followed by the addition of terz-butyl hydroperoxide (13.32 mg, 148 umol) as 5 M solution in
decane with stirring. The reaction mixture was left to stir at the reduced temperature for 5
minutes. Then the cooling bath was removed, and the reaction mixture left to stir at room
temperature for an indicated time. Then the reaction mixture was diluted with dichloromethane,
washed with MiliQ water three times and with brine once. The resulting organic layer was
concentrated, and the crude mixture was analyzed by NMR and purified later by a pipette silica

gel column (gradient hexanes/ethyl acetate).
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N-((2-acetyloxiran-2-yl)(4-bromophenyl)methyl)-4-methylbenzenesulfonamide 4.12b (new)

aza-MBH time: 22 h; Epoxidation time: 2.3 h; Yield 63%. dr: 1.2:1, ee: 84% (major), n.d.

(minor)

Major: "TH NMR (400 MHz, CDCl3) & 1.88 (s, 3H), 2.37 (s, 3H), 2.84 (d, J = 4.5 Hz, 1H), 2.91
(d, J=4.5 Hz, 1H), 4.48 (d, J = 10.0 Hz, 1H), 6.24 (d, J = 10.0 Hz, 1H), 7.02 (d, J = 8.6 Hz,
2H), 7.15 (d, J = 8.0 Hz, 2H), 7.28 (d, J = 8.6 Hz, 2H), 7.57 (d, J = 8.0 Hz, 2H); '*C NMR (100
MHz, CDCl;) & 21.58, 24.55, 51.28, 58.60, 63.48, 122.02, 127.02, 128.54, 129.62, 131.57,
135.55, 137.72, 143.72, 207.48. Minor: '"H NMR (400 MHz, CDCl3)  1.84 (s, 3H), 2.38 (s, 3H),
291 (d, J=4.6 Hz, 1H), 3.41 (d, J = 4.6 Hz, 1H), 5.05-5.11 (m, 2H), 6.88 (d, J = 8.6 Hz, 2H),
7.15 (d, J= 8.6 Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H), 7.52 (d, J = 8.6 Hz, 2H); 3C NMR (100 MHz,
CDCl) 6 21.60, 24.42, 48.39, 54.04, 64.71, 122.39, 127.17, 129.32, 129.69, 131.84, 136.63,
137.20, 143.86, 205.83; HRMS Found [M — HJ, 422.00644, 424.00429. C1sH17BrNO4S requires
[M — HJ, 422.00619, 424.00414; IR (ATR, cm™) v 3232, 2925, 1718, 1597, 1489, 1438, 1361,
1326, 1244, 1163, 1091, 1063, 1011, 939, 884, 856, 814, 704, 659, 610; [a]p*® =—13.98° (¢ 1.0,
CHCI3); HPLC conditions: WhelkO-1, 0.8 ml/min; 80% Hexane / 20% iPrOH, time of minor

diastereomer: 26.99, 28.13 min; major diastereomer: 33.56, 40.68 min; A = 226.
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N-((2-acetyloxiran-2-yl)(4-nitrophenyl)methyl)-4-methylbenzenesulfonamide 4.12¢ (new)

aza-MBH time: 5 h; Epoxidation time: 2.25 h; Yield 46%. dr: 1.27:1, ee: 85%.(major), n.d.

(minor)

Major: "TH NMR (400 MHz, CDCl3) & 1.89 (s, 3H), 2.37 (s, 3H), 2.98 (d, J = 4.6 Hz, 1H), 3.02
(d, J=4.6 Hz, 1H), 4.50 (d, J = 10.0 Hz, 1H), 6.25 (d, J = 10.0 Hz, 1H), 7.20 (d, J = 8.3 Hz,
2H), 7.39 (d, J = 8.8 Hz, 2H), 7.63 (d, J = 8.3 Hz, 2H), 8.05 (d, J = 8.8 Hz, 2H); ¥*C NMR (100
MHz, CDCl3) & 21.63, 24.36, 51.55, 59.01, 63.36, 123.70, 127.03, 127.71, 129.86, 137.68,
144.16, 144.18, 147.63, 207.56. Minor: "TH NMR (400 MHz, CDCls) & 1.87 (s, 3H), 2.37 (s, 3H),
3.00 (d,J=4.5Hz, 1H), 3.43 (d, J=4.5 Hz, 1H), 4.90 (d, J=10.0 Hz, 1H), 5.25 (d, /= 10.0 Hz,
1H), 7.17 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.8 Hz, 2H), 7.54 (d, J = 8.3 Hz, 2H), 7.99 (d, J = 8.8
Hz, 2H); 3C NMR (100 MHz, CDCl3) & 21.64, 24.23, 48.48, 54.08, 64.41, 123.96, 127.18,
128.66, 129.84, 137.09, 144.30, 144.81, 147.66 205.56. HRMS Found [M — HJ", 389.08103.
C1sH17N206S requires [M — HJ, 389.08077; IR (ATR, cm™) v 3270, 2926, 1711, 1599, 1520,
1436, 1345, 1159, 1159, 1091, 1070, 1018, 946, 896, 853, 814, 727, 698, 661, 610; [a]p*’ = —
24.5° (¢ 1.0, CHCI3); HPLC conditions: WhelkO-1, 0.8 ml/min; gradient from 95% to 50% of
Hexane in iPrOH, time of minor diastereomer: 48.29, 52.77 min; major diasterecomer: 43.22,

43.93 min (overlaps); A = 226.
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N-((2-acetyloxiran-2-yl)(3-nitrophenyl)methyl)-4-methylbenzenesulfonamide 4.12d (new)
aza-MBH time: 5 h; Epoxidation time: 2.25 h; Yield 51%. dr: 1:1, ee: 83% (major), 84% (minor)

Major: "TH NMR (400 MHz, CDCl3) 8 1.91 (s, 3H), 2.34 (s, 3H), 2.97 (d, J = 4.5 Hz, 1H), 3.04
(d, J=4.5 Hz, 1H), 4.54 (d, J=9.9 Hz, 1H), 6.31 (d, J=9.9 Hz, 1H), 7.16 (d, J = 8.3 Hz, 2H),
7.40 (t, J = 8.0 Hz, 1H), 7.57-7.60 (m, 1H), 7.61 (d, J = 8.3 Hz, 2H), 7.94 (t, J = 2.0 Hz, 1H),
8.01-8.06 (m, 1H); 3C NMR (100 MHz, CDCl3) 8 21.57, 24.37, 48.45, 54.06, 64.45, 121.89,
122.94, 127.02, 129.59, 129.87, 133.01, 137.57, 139.96, 144.05, 148.28, 207.46. Minor: 'H
NMR (400 MHz, CDCls) 8 1.88 (s, 3H), 2.35 (s, 3H), 3.01 (d, J=4.5 Hz, 1H), 3.47 (d, J=4.5
Hz, 1H), 5.05 (d, J=10.0 Hz, 1H), 5.24 (d, /= 10.0 Hz, 1H), 7.15 (d, J = 8.3 Hz, 2H), 7.35 (t, J
= 8.0 Hz, 1H), 7.46-7.51 (m, 1H), 7.54 (d, J = 8.3 Hz, 2H), 7.69 (t, J = 2.1 Hz, 1H), 7.98-8.02
(m, 1H); 13C NMR (100 MHz, CDCI3) & 21.55, 24.25, 51.49, 58.75, 63.29, 122.87, 123.16,
127.17,129.83, 129.91, 133.51, 136.98, 139.78, 144.32, 148.14, 205.68. HRMS Found [M — H]"
, 389.08107. C13Hi7N206S requires [M — HJ", 389.08077; IR (ATR, cm™) v 3272, 1709, 1598,
1528, 1419, 1346, 1158, 1089, 1065, 879, 842, 813, 728, 681, 663; [a]p*® = —15.61° (¢ 1.0,
CHCIz); HPLC conditions: WhelkO-1, 1.0 ml/min; 70% Hexane / 30% iPrOH, time of minor
diastereomer: 22.21, 19.96 min; major diastereomer: 29.37, 35.82 min; A = 229; or Lux
Amylose-1, 1.0 ml/min; 70% Hexane / 30% iPrOH, time of minor diastereomer: 14.16, 31.59

min; major diastereomer: 13.13, 18.48 min; A = 226.
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N-((2-acetyloxiran-2-yl)(2-nitrophenyl)methyl)-4-methylbenzenesulfonamide 4.12¢ (new)
aza-MBH time: 48 h; Epoxidation time: 8.3 h; Yield 49%. dr: 1:1, ee: n.d

Major: '"H NMR (400 MHz, CDCl3) § 2.01 (s, 3H), 2.34 (s, 3H), 2.38 (d, J = 4.4 Hz, 1H), 2.88
(d, J=4.4 Hz, 1H), 5.89 (d, J= 9.6 Hz, 1H), 6.09 (d, J=9.6 Hz, 1H), 7.14 (d, J = 8.3 Hz, 2H),
7.33-7.45 (m, 3H), 7.60 (d, J = 8.3 Hz, 2H), 7.83 (d, J = 8.3 Hz, 1H); 1*C NMR (100 MHz,
CDCl) 6 21.62, 24.63, 51.96, 52.22, 63.79, 124.73, 127.23, 127.71, 129.00, 129.56, 129.68,
130.89, 136.92, 143.83, 148.69, 204.72. Minor: '"H NMR (400 MHz, CDCl3) 5 1.87 (s, 3H), 2.36
(s, 3H), 2.93 (d, J = 4.5 Hz, 1H), 3.20 (d, /= 4.5 Hz, 1H), 5.37 (d, J= 8.8 Hz, 1H), 6.14 (d, J =
10.0 Hz, 1H), 7.17 (d, J = 8.3 Hz, 2H), 7.45-7.58 (m, 3H), 7.65 (d, J= 8.3 Hz, 2H), 7.83 (d, J =
7.9 Hz, 1H); 13C NMR (100 MHz, CDCls) § 21.66, 24.06, 47.82, 50.09, 63.61, 125.15, 127.47,
129.12, 129.32, 129.64, 132.58, 136.67, 143.93, 148.52, 205.27, HRMS Found [M — HT,
389.08084. C1sH17N206S requires [M — HJ~, 389.08077; IR (ATR, cm™) v 3235, 1717, 1596,
1579, 1528, 1449, 1349, 1320, 1235, 1188, 1162, 1112, 1089, 1065, 959, 941, 918, 871, 858,
840, 816, 793, 768, 725, 706, 688, 664, 616; [a]p?> = -26.46° (¢ 1.0, CHCI3); HPLC conditions:
CHIRALPAK® AD-H, 0.8 ml/min; gradient from 95% to 50% of Hexane in iPrOH, time of

minor diastereomer: 36.65, 37.58 min; major diastereomer: 35.44, 38.56 min; A = 227.
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N-((2-acetyloxiran-2-yl)(4-fluorophenyl)methyl)-4-methylbenzenesulfonamide 4.12f (new)
aza-MBH time: 48 h; Epoxidation time: 3.5 h; Yield 41%. dr: 1:1, ee: 88% (major), n.d. (minor)

Major: 'TH NMR (400 MHz, CDCl3) § 1.89 (s, 3H), 2.36 (s, 3H), 2.86 (d, J = 4.6 Hz, 1H), 2.92
(d, J=4.6 Hz, 1H), 4.48 (d, J=10.1 Hz, 1H), 6.17 (d, /= 10.1 Hz, 1H), 6.86 (t, J = 8.7 Hz, 2H),
7.10-7.15 (m, 2H), 7.16 (d, J = 8.3 Hz, 2H), 7.59 (d, J = 8.3 Hz, 2H); 1*C NMR (100 MHz,
CDCls) 6 21.60, 24.64, 51.44, 58.67, 63.60, 115.43 (d, J = 21.8 Hz), 127.06, 128.52 (d, J = 8.2
Hz), 129.64, 132.37 (d, J = 3.2 Hz), 137.88, 143.67, 162.41 (d, J = 246.7 Hz), 207.76; 1’F NMR
(300 MHz, CDCl3) 8 -115.39. Minor: 'H NMR (400 MHz, CDCl3) & 1.85 (s, 3H), 2.39 (s, 3H),
292 (d,J=4.6 Hz, 1H), 3.43 (d, /= 4.6 Hz, 1H), 4.81 (d, /= 9.7 Hz, 1H), 5.12 (d, J=9.7 Hz,
1H), 6.78 (t, J = 8.7 Hz, 2H), 6.95-7.03 (m, 2H), 7.17 (d, J = 8.3 Hz, 2H), 7.55 (d, J = 8.3 Hz,
2H). 3C NMR (100 MHz, CDCls) § 21.62, 24.48, 48.52, 53.92, 64.88, 115.75 (d, J = 21.4 Hz),
127.24, 129.36 (d, J = 8.3 Hz), 129.73, 133.73 (d, J = 3.2 Hz), 137.30, 143.86, 162.50 (d, J =
248.3 Hz), 205.92; F NMR (300 MHz, CDCl3): 8 -114.21; HRMS Found [M — HJ,
362.08663. Ci1sH17FNO4S requires [M — HJ7, 362.08652; IR (ATR, cm™) v 3273, 2925, 1711,
1603, 1510, 1431, 1363, 1332, 1226, 1158, 1092, 1065, 1018, 929, 894, 835, 814, 785, 736, 705,
664, 612; [a]p?® = —14.11° (¢ 1.0, CHCl3); HPLC conditions: CHIRALPAK® AD-H, 1.0
ml/min; 70% Hexane / 30% iPrOH, time of minor diastereomer: 9.88, 12.48 min; major

diastereomer: 10.56, 17.73 min; A = 257.
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N-((2-acetyloxiran-2-yl)(2-nitrophenyl)methyl)-4-methylbenzenesulfonamide 4.12¢ (new)
aza-MBH time: 48 h; Epoxidation time: 8.3 h; Yield 49%. dr: 1:1, ee: n.d

Major: "H NMR (400 MHz, CDCl3) § 2.01 (s, 3H), 2.34 (s, 3H), 2.38 (d, J = 4.4 Hz, 1H), 2.88
(d, J=4.4 Hz, 1H), 5.89 (d, J= 9.6 Hz, 1H), 6.09 (d, J=9.6 Hz, 1H), 7.14 (d, J = 8.3 Hz, 2H),
7.33-7.45 (m, 3H), 7.60 (d, J = 8.3 Hz, 2H), 7.83 (d, J = 8.3 Hz, 1H); 1*C NMR (100 MHz,
CDCl) 6 21.62, 24.63, 51.96, 52.22, 63.79, 124.73, 127.23, 127.71, 129.00, 129.56, 129.68,
130.89, 136.92, 143.83, 148.69, 204.72. Minor: '"H NMR (400 MHz, CDCl3) 5 1.87 (s, 3H), 2.36
(s, 3H), 2.93 (d, J = 4.5 Hz, 1H), 3.20 (d, /= 4.5 Hz, 1H), 5.37 (d, J = 8.8 Hz, 1H), 6.14 (d, J =
10.0 Hz, 1H), 7.17 (d, J = 8.3 Hz, 2H), 7.45-7.58 (m, 3H), 7.65 (d, J= 8.3 Hz, 2H), 7.83 (d, J =
7.9 Hz, 1H); 13C NMR (100 MHz, CDCls) § 21.66, 24.06, 47.82, 50.09, 63.61, 125.15, 127.47,
129.12, 129.32, 129.64, 132.58, 136.67, 143.93, 148.52, 205.27, HRMS Found [M — HJ,
389.08084. Ci3sH17N>06S requires [M — HJ", 389.08077; IR (ATR, cm™) v 3274, 1710, 1597,
1492, 1421, 1362, 1331, 1266, 1159, 1090, 1067, 1015, 928, 889, 813, 734, 708, 662, 609; [a]p?
= —48.57° (¢ 1.0, CHCl3); HPLC conditions: CHIRALPAK® AD-H, 0.8 ml/min; gradient from
95% to 50% of Hexane in iPrOH, time of minor diastereomer: 36.65, 37.58 min; major

diastereomer: 35.44, 38.56 min; A = 227.
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N-((2-acetyloxiran-2-yl)(2-chlorophenyl)methyl)-4-methylbenzenesulfonamide 4.12h (new)
aza-MBH time: 48 h; Epoxidation time: 2.8 h; Yield 38%. dr: 1:1, ee: 71% major, 72% minor

Major: "TH NMR (400 MHz, CDCl3) 8 2.05 (s, 3H), 2.28 (d, J = 4.5 Hz, 1H), 2.31 (s, 3H), 2.80
(d, J=4.5 Hz, 1H), 5.74-5.82 (m, 2H), 6.98-7.17 (m, 3H), 7.09 (d, J = 8.3 Hz, 2H), 7.21-7.25
(m, 1H), 7.64 (d, J = 8.3 Hz, 2H); *C NMR (100 MHz, CDCls) & 21.56, 24.76, 51.23, 53.10,
64.09, 126.90, 127.17, 128.68, 129.23, 129.44, 133.09, 133.46, 137.11, 143.50, 204.92; Minor:
'"H NMR (400 MHz, CDCls) & 1.87 (s, 3H), 2.34 (s, 3H), 2.92 (d, J = 4.5 Hz, 1H), 3.43 (d, J =
4.5 Hz, 1H), 5.14 (d, J = 9.8 Hz, 1H), 5.67 (d, J = 9.8 Hz, 1H), 6.98-7.17 (m, 3H), 7.11 (d, J =
8.3 Hz, 2H), 7.36-7.40 (m, 1H), 7.64 (d, J = 8.3 Hz, 2H); *C NMR (100 MHz, CDCls) § 21.60,
24.67, 48.00, 51.40, 64.38, 127.25, 127.44, 128.85, 129.48, 129.96, 133.62, 135.77, 137.19,
143.55, 205.38; [M — HJ~, 378.05683. Ci1gH17CINO4S requires [M — HJ~, 378.05670; IR (ATR,
cm™) v 3270, 2925, 1714, 1597, 1474, 1441, 1333, 1267, 1158, 1090, 1037, 939, 892, 849, 813,
735, 703, 664; [a]p*> = —16.98° (¢ 0.67, CHCI3); HPLC conditions: Lux Amylose-1, 0.8
ml/min; gradient from 95% to 50% of Hexane in iPrOH, time of minor diastereomer: 21.97,

39.93 min; major diastereomer: 29.96, 33.35 min; A = 227.
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Ts<
SSNH O

Jogs

4.12i

N-((2-acetyloxiran-2-yl)(p-tolyl)methyl)-4-methylbenzenesulfonamide 4.12i (new)
aza-MBH time: 48 h; Epoxidation time: 5 h; Yield 11%. dr: 1:1, ee: n.d.

Major: '"H NMR (400 MHz, CDCls) 8 1.89 (s, 3H), 2.25 (s, 3H), 2.35 (s, 3H), 2.84 (d, J = 4.7
Hz, 1H), 2.88 (d, /=4.7 Hz, 1H), 4.51 (d, J=10.1 Hz, 1H), 6.10 (d, /= 10.1 Hz, 1H), 6.95-7.06
(m, 4H), 7.14 (d, J = 8.3 Hz, 1H), 7.60 (d, J = 8.3 Hz, 1H); 3C NMR (100 MHz, CDCls) &
21.10, 21.58, 24.71, 51.31, 58.82, 63.78, 126.58, 127.09, 129.19, 129.53, 133.52, 137.63,
137.99, 143.39, 207.75; Minor: 'TH NMR (400 MHz, CDCl3) 8 1.85 (s, 3H), 2.23 (s, 3H), 2.38 (s,
3H), 2.90 (d, J=4.7 Hz, 1H), 3.43 (d, J=4.7 Hz, 1H), 4.79 (d, /= 9.4 Hz, 1H), 5.07 (d, /= 9.4
Hz, 1H), 6.84-6.95 (m, 4H), 7.17 (d, J = 8.3 Hz, 1H), 7.57 (d, J = 8.3 Hz, 1H); 3C NMR (100
MHz, CDCl3) 6 21.16, 21.62, 24.57, 48.49, 54.42, 64.91, 127.30, 127.40, 129.50, 129.66,
134.74, 137.37, 138.15, 143.62, 206.10; HRMS Found [M — H]J", 385.11129. Ci9H20NO4S
requires [M — HJ, 385.11132; IR (ATR, cm) v 3281, 2923, 1710, 1598, 1515, 1422, 1362,
1331, 1267, 1185, 1158, 1091, 1066, 1021, 928, 888, 851, 812, 771, 736, 706, 663, 613; [a]p*® =
—40.83° (¢ 0.67, CHCl3); HPLC conditions: Lux Amylose-1, 1.0 ml/min; 70% Hexane / 30%
iPrOH, time of minor diastereomer: 10.18, 11.82 min; major diastereomer: 11.07, 15.09 min; A =

229.

General Procedure for Fe-catalysed epoxidation.

Iron(II) trifluoromethane sulfonate (0.17 mg, 0.49 umol), phenanthroline (0.17 mg, 0.98 umol),
and aza-MBH adduct 1.37b (4 mg, 9.8 umol) were transferred in a 2-mL amber, oven-dried vial

as stock solutions in freshly distilled acetonitrile. The resulting mixture was stirred for 10
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minutes at room temperature then it was cooled down by ice/acetone bath and peroxide (49
umol) was added with stirring. The reaction mixture was left to stir at room temperature for 21 h

then aliquots were taken and analysed by 'H NMR demonstrating no epoxide 4.12b formation.
4.4.4 aza-MBH / diethylzinc addition sequential process

T\
S>NH O

Jope

4.14

N-(2-acetyl-1-(4-bromophenyl)pentyl)-4-methylbenzenesulfonamide 4.14 (new)

Procedure the sequential process:

p-Bromosubstituted N-tosylbenzaldimine 1.36b (10 mg, 30 umol) was placed in a 2-mL amber,
oven-dried vial in a glovebox. Then 140 pl of freshly distilled dichloromethane was added into
the vial. The catalyst 1.46a (1.65 mg, 3 pmol) and benzoic acid (0.36 mg, 3 pmol) were added
into the reaction vials as stock solutions in dichloromethane. Then to the resulting mixture, neat
but-3-en-2-one (7.2 pl, 88.7 pmol) was added at room temperature with stirring and left to stir
for 23.5 h. The reaction mixture was cooled down to -78 °C by dry ice/iso-propanol bath, and the
diethylzinc (4.0 mg, 33 umol) was slowly added as 0.71 M solution in hexanes with stirring. The
reaction mixture was left to stir at -78 °C for 3.3 h. Then the reaction mixture was quenched by
citric acid at cooling, washed with MiliQ water three times and with brine once. The resulting
organic layer was concentrated, and the crude mixture was analyzed by NMR and purified later
by a pipette silica gel column (gradient hexanes/ethyl acetate) yielding product 4.14 in 5.5 mg

(42% yield), dr: >20 : 1, ee: 87% (major), 81% (minor).

Procedure of the diethylzinc addition to aza-MBH adduct:
The aza-MBH adduct 1.37b (5 mg, 12.25 pmol) and the catalytic system (TPP and Phenol or

1.46a and BzOH, 1.225 pumol) were placed in a 2-mL amber, oven-dried vial as stock solutions
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in freshly distilled dichloromethane. The total volume was adjusted to 300 pL, the mixture was
cooled down to -68 °C by dry ice/iso-propanol bath, and the diethylzinc (1.7 mg, 13.5 pumol) was
slowly added as 0.75 M solution in hexanes with stirring. The reaction mixture was left to stir at
-78 °C for 3.3 h. Then the reaction mixture was quenched by citric acid at cooling, washed with
MiliQ water three times and with brine once. The resulting organic layer was concentrated, and
the crude mixture was analyzed by NMR and purified later by a pipette silica gel column

(gradient hexanes/ethyl acetate) yielding product 4.14.

Major: "TH NMR (400 MHz, CDCl3)  0.84 (t, J = 7.3 Hz, 3H), 1.06—1.37 (m, 2H), 1.49—1.70 (m,
2H), 1.81 (s, 3H), 2.37 (s, 3H), 2.78-2.86 (m, 1H), 4.38 (t, /= 8.2 Hz, 1H), 5.26 (d, J = 8.2 Hz,
1H), 6.85 (d, /= 8.4 Hz, 2H), 7.11 (d, J = 8.3 Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 7.47 (d, /= 8.4
Hz, 2H); 3C NMR (100 MHz, CDCl3) § 14.20, 20.56, 21.61, 30.69, 31.36, 58.13, 58.38, 121.76,
127.31, 128.97, 129.51, 131.62, 137.09, 137.99, 143.66, 210.18; Minor: '"H NMR (400 MHz,
CDCl) 6 4.51 (dd, J = 9.2, 5.0 Hz, 1H); HRMS Found [M — HJ", 436.05835, 438.05614.
C20H23BrNOsS requires [M — H]~, 436.05822, 438.05617; IR (ATR, cm™) v 3248, 2956, 1710,
1598, 1490, 1446, 1358, 1321, 1239, 1159, 1094, 1073, 1050, 1010, 935, 888, 828, 810, 721,
684, 658, 622; [a]p*® = —45.27° (¢ 0.67, CHCl3); HPLC conditions: CHIRALPAK® AD-H, 0.8
ml/min; gradient from 95% to 50% of Hexane in iPrOH, time of major diasterecomer: 21.45,

23.39 min; minor diastereomer: 23.94, 25.38 min; A = 226.
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0

o0
Br

4.16

3-(4-bromobenzylidene)hexan-2-one 4.16
Isolated as an elimination side-product from the synthesis of compound 4.14.

H NMR (400 MHz, CDCl3) § 0.93 (t, J= 7.3 Hz, 3H), 1.39-1.51 (m, 2H), 2.39-2.48 (m, 2H),

2.43 (s, 3H), 7.24 (d, J = 8.4 Hz, 2H), 7.34 (s, 1H), 7.54 (d, J = 8.4 Hz, 2H).

4-methylbenzenesulfonamide*
Isolated as an elimination side-product from the synthesis of compound 4.14.

TH NMR (400 MHz, CDCl3) § 2.4 (s, 3H), 4.72 (br s, 2H), 7.32 (d, J = 8.0 Hz, 2H); 7.82 (d, J =

8.0 Hz, 2H).
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CHAPTER 5. Conclusions and Future Directions

5.1 Conclusions

This thesis describes the ability of multifunctional MAP-based systems to organize the catalytic
processes by H-bonding supported metal- and organocatalytic activations. A series of novel
MAP-based multifunctional catalysts 2.4a-f, bearing pyrrolyl and imidazolyl fragments were
designed, synthesized, and tested in aza-MBH and MBH reactions providing corresponding
products in excellent and synthetically useful enantioselectivity. The extended generality could
be potentially attributed to the improved cooperativity by the formation of CH/m-interaction
between the organocatalyst’s pyrrole fragment and the methyl moiety of the external acid
activator. Novel pyrrole-containing structures became the first representatives of

pyrrolephosphine organocatalysts.

Trifunctional organocatalysts 1.46, 1.48, and novel indolyl-containing catalyst 2.4¢ were tested
as H-bonding ligands in Pd-catalysed asymmetric allylic alkylation, Cu-catalysed diethylzinc
addition, and Rh-catalysed hydrogenation. All structures demonstrated ability to provide
palladium and copper catalysis albeit at modest enantioselectivity. The enantiodivergency of
palladium catalysis was observed for 1.46a and 1.48a and could be attributed to a possible
synergistic influence of ligand’s H-bonding and steric repulsion factors. A new donor-type
“metal-ligand-substrate” H-bonding activation strategy was proposed for the trifunctional MAP-
based ligands. Palladium complexes provided by 1.46a and 1.48a confirmed the possibility of H-
bonding formation and revealed the new for MAP-core structures P,N-coordination mode of

palladium.

The model dual catalyst 1.46a was investigated for the ability to transfer chirality through the in
situ generated chiral aza-MBH intermediate in designed aza-MBH / nucleophilic cyclization
cascade, an aza-MBH / epoxidation tandem sequence, and an aza-MBH / diethylzinc addition

sequence. The epoxidation of in sifu generated chiral aza-MBH intermediates led to the two
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dominant enantiomers formation due to poor diastereoselectivity of the process. The chirality
translation through the aza-MBH / diethylzinc addition sequence afforded the single dominant
enantiomer of the corresponding product. It was proposed that the in situ formed chiral
intermediate serves as a chiral ligand for the following diethylzinc addition and out-compete the

chiral catalyst 1.46a preventing the realization of hybrid catalysis.

Finally, the dualistic nature of trifunctional MAP-based systems providing H-bonding metal- and
organocatalysis has been confirmed, however, its application as a single catalyst in challenging

hybrid processes requires further design and investigations.

5.2 Future directions

Despite significant advances achieved in MAP-based trifunctional systems in cooperative
organocatalysis thus far, the development of their catalytic dualism has remained limited. The
interesting enantiodivergent reactivities, as observed in Pd-catalysed AAA reactions, warrant
further mechanistic investigations in order to understand cooperative drivers leading to the
enantiodivergency. Tests of control and new catalysts with modifications to the phenol/aniline
groups can help understanding better the role of the Breonsted acid fragment in the catalysis.
NMR-based study of allyl-palladium complexes may also help characterize the allyl isomer
formed in the reaction and how it may influence the final enantioselectivity. The additional
investigations of MAP-based multifunctional systems in complexes with cobalt, nickel, and iron

could be useful in understanding of the generality characteristic of the multifunctional ligands.

Based on the initial tests in copper catalysis, MAP-based ligands can be further investigated in
diethylzinc addition. More extensive screening of conditions could be done in order to
understand the catalytic profile and find a way to suppress the racemic reaction. The interesting
catalytic organization of aza-MBH / diethylzinc addition sequence can be further explored by

additional control experiments to clarify the influence of in situ generated chiral aza-MBH
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intermediate on the following diethylzinc addition step. Other organozinc reagents and
conditions could also be examined. Future non-linear effect (NLE) investigations could help

better understand the synergy between the chiral intermediate and ligand 1.46a.

Given the catalytic dualism exhibited by MAP-based trifunctional systems, further development
of hybrid cascades could reveal new potentials of these complex catalysts. Each one of the
functional motifs could be varied to introduce different coordination groups, acid-base catalytic
motifs, and H-bonding donors/acceptors. New catalytic cooperativities may derive from these
structures for constructing new cascade reactions. Multiple trifunctional systems could also be

connected to test the possibility of spatially relayed reaction cascades.
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Al. Representatives of M

AP-based ligands

1.5 (Hg-MAP)

)»-1.17

NHTs
PPh,

Ar =

PPh,

=H (1 16a);
Ph (1. 160)

SOFL SO G
Ty (I

N%Q

1.1a (MAP): R'=R2=Me, R3=R*=Ph;
1.1b: R'=/Pr, R%=Me, R3=R*=Ph;

1.1¢c: R'=Cy, R>=Me, R3=R*=Ph;
OO ., 11d:R'=R?=Me, R*=R*=Cy; OO =7
«  NR'R® 4 1e: R1=R2=Me, R3=!Bu, R*=Ph; N
PR’R®  1.4f. R'=/Pr, R2=Me, R3=R*=Cy: PPh,
OO 1.1g: R'=R?=Me, R3=R*=Bu; OO
11 1.1h: R'=R?=Me, R3=R*=/Pr; 140
1.1i: R'=R?=Me, R3=R*=Et; =
1.1j: R'=R?=Me, R3=/Pr, R*=3,5-Me,C¢H3;
1.1k: R'=R?=Me, R3="Pr, R*=3,5-'Bu,CgH3;
L
3.3a: R=Ph; )
‘O 3.3b: R=4-MeCgHy; N(j\
NMe; 3.3¢c: R=3-MeCgHy; h R
PRz 3.3d: R=4-MeOCgH,; OO PPh,
‘O 3.3e: R=4-BuCgHy;
3.3f: R=3,5-(Me),CqHs R=H: (5)-3.4;

R=OMe: (S,S,5)-3.5, (R,S,S)-3.5
Hg-(S,S,S)-3.5; Hg-(R.S,S)-3.5
N

PPh,

O PPh,

1.20k

SONaW,
L

R = H (1.29a); Ph (1.29b)

PPh,

R = Me (1.24a); Et (1.24b);
Pr (1.24c)

Ph (3.6a);
3,5 M6206H3 (36b)

1.20a:
1.20b:
1.20c:
1.20d:
1.20e:
1.20f:

1.20g:
1.20h:
1.20i:

1.20j:

R'=R?=R3=R*=R°=H;
R'=R3=Cl, R?=R*=R5%=H;
R'=R5=CI, R%=R3=R*=H;
R'=R?=Cl, R%=R*=R%=H;
R'=F, R%=R3=R*=R%=H;
R'=Br, R?=R%=R*=R%=H;
R'=CF;, R?=R%=R*=R°%=H;
R'=R%=0Me, R?=R*=R°=H;
R'=0Bn, R*=R*=Bu, R*=R°=H;

R'=Cl, R?=R3=R*=R®%=H

1.19j

R4

w

PPh,

R'=R3=H, R?>=OMe;
R'=R2=H, R3=Me;
R'=R3=ClI, R2— ;
R'=R2?=R%=H

1.19e: R'=R3=/Bu, R2— ;
1.19f: R'=0H, R?=R%=H;
1.19g: R'=0H, R?=NO,, R®=H;
1.19h: R'=R?=H, R3=NO,;
1.19i: R'=0OH, R?=H, R®=NO,

0D ¢

PPh,

1.19a:
1.19b:
1.19c¢:
1.19d:

1.32a: Ar = Ph;

1.32b: Ar = 3,5-Me,CgHs;
1.32c: Ar = 3,5-Bu,CgHs;
1.32d: Hg-BINOL core

(1.16b); 1.16d




Table A1 Application of MAP-based structures as ligands.

yield,

ee, [%]

Reactions Catalysts Metal (%] (dr) References
1.1a, 1.1[3, 1.1c, Pd 77-95 68-73 |
1.4j
. o 33 Pd 89—99 73-84 2
Allylic substitution 34,35 Pd R1-97 2783 3
3.6 Pd 37-98 42-88 4
1.19 Pd 21-99 0-76 >
Vlnylatlo‘n and 1.1a, 1.1d, 1.1e, Pd <10-99 597 6-9
Arylation 1.1g
Dearomatization 1.1d, 1.1e, 1.1f Pd 62-99 50-93 10, 11
Intrarqolegular 11g Pd 8395 98-99 12
cyclization
Suzuki-Miyaura 1% 1111‘:1 Llg,  py 56-96 40-94 13-15
Three-component 1.1k Pd 2890  76-96 16
cross-coupling
1.17 Cu 44-63 84-98 17
Et>Zn addition 1.16 Cu 69-97 83-98 18
1.16 Cu <10-89 9-97 19
Tandem Et2Zn 20
addition / Michael 1.6a,b Cu 0088 2097
Henry 1.19a-¢, Cu 28-99 7-80 2
a-Hydroxylation
and chlorination of 1.19a-g, j Cu 78-99 39-82 2,23
P-keto esters
Vinylogous 38-81 24
Mannich 1.20 Ag 191 (3:1-99:1)
Hydrogenation of 1.29 Ru  91-98 52-98 2527
ketones
Vinylogous 24
Mannich 1.19a, b Ag 50-53 33-35
Hydroformylation 1.32a-c Rh  80-98 7796 2530
of alkenes
Hydroformylation 1.32¢ Rh 6090  80-93 31
of allylic alcohols
Interrupted
Hydroaminomethyl 1.32a Rh 62-99 81-95 32
ation
Hydrocyanation of 1.32a,¢ Rh 7590  86-90 3

alkenes




A2. Representatives of MAP-based organocatalysts

1.17: R'=S0,C4H,Me-p; R®
1.38a: R'=SO,Me;
NHR' 1.38b: R'=SO,CFs; NAc, OO
PPh2 1.38c: R'=COPh, PPh2 NH
1.38d: R'=COMe; R! R?
1.38e: R'=COOMe; PPh,
1.38f: R'=PO(Ph)s; 1.38g OO 1.46, 1.48
PhoP 1.46a: R'=OH, R%=R3=H;
PPh 1.46b: R'=R%=H, R?=0H;
QS C H;N |: 2 1.46c: R'=R?=OH, R%=H;
LRIz 2_ 3_tR
NH Y NH 1.46d: R'=0H, R2%=H, R3=Bu;
[ O@ o 1.46e: R'=OMe, R2=R3=H;
. R1= 2_ 3_-
PPh, 6.1 o 1.46f: R'=0H, R?='Bu, R3=H;
C1 1.46g: R'=0OH, R?=F, R%=H;
PhaR 1.46h: R'=0H, R?=F, R3=Br;
[ N\H) 1.46i: R'=0OH, R?>='Bu, R%=Br;
NH PPh, 1.46j: R'=OH, R?='Bu, R3=NO;
6 1c 1.46k: R'=OH, R?=NHTs, R3=H
PP“ 1.48a: R'=NHTs, R2=R3=H;
6.1b 1-p3 2
1.48b: R'=R%=H, R2=NHTs;
1.48¢c: R'=NH,, R?=R3=H;
1.48d: R'=NHTs, R?=H, R3=Me;
NH PPh; Rl 214 R3_R.
1.48e: R'=NHTs, R?=H, R3=Br;
Ph 1.48f: R'=NHAc, R>=R3=H;
2 }-1.41c: X=NBoc; 1.48g: R'=NHMs, R?=R3=H;
SR -1.41¢: X=NBoc 1.48h: R'=NHTs, R%=H, R3=NO,;
1.41a: X=CHy; _ X Y. Z'52
(R,S)-1.41b: X=NH; OO /4 7 -§<’j© < f
(R,R)-1.41b: X=NH; NH H X ” N
(R,S)-1.41c: X=NBoc; 24'; -
(R,R)-1.41c: X=NBoc Pth PPh, s
24a:X=H 24c:Y=H Zc=N

2.4b: X =Br 24f: Y=N 24e:7'=N
Z’=H

™

™

= =Ph

2(32.‘ Qiph. 1.43a: R=Ph, Ar=3,5-Me;CgH3;

6.3b: R=Bn- 1.43b: R=Ph, Ar=3,5-(Me0),CgH3;
Py : 1.43c: R=Ph, Ar=Ph;

6.3c: R=4-CICgH ' '

ng R 6 1.43d: R=3,5-(CF3)CgH3, Ar=Ph;

1.42a: R=Ar=Ph; 1.43e: R=naphthalen-1-yl, Ar=Ph;

1.42b: R=3,5-(CF3)CgH3, Ar=Ph; 1.43f: R=2-MeOCgH,, Ar=Ph;

1.42c: R=Ph, Ar=3,5-Me,CgHs; 1.43g: R=2-CICgH,, Ar=Ph;

1.42d: R=3,5-(CF3)CgH3;, Ar=3,5-Me,CgH3; 1.43h: R=2,6-Cl,CgHs, Ar=Ph;

1.42e: R=4-CICgH,, Ar=Ph; 1.43i: R=2,6-(Me0),CgHs, Ar=Ph;

1.42f: R=naphth-1-yl, Ar=Ph; 1.43j: R=2,6-F,C¢H3, Ar=Ph;

1.43k: R=2-HOCgH,, Ar=Ph

::Pth
6.6b

1.42g: R=adamant-1-yl

QBN

H

™

N

Sem
‘ PPh,Ph,P

F PN

N R
H

6.4a: R=Ph, Ar=Ph; S
6.4b: R=naphth-1-yl, Ar=Ph; N N
6.4c: R=naphth-2-yl, Ar=Ph; H H
6.4d: R=phenanthr-9-yl, Ar=Ph; PPh,HO

6.4e: R=Ph, Ar=3,5-Me,CgH; 2 PPh,HO
6.4f: R=naphth-1-yl, Ar=3,5-Me,CgH3 6 6.6c




Table A2 Application of MAP-based structures as organocatalysts.

ee, [%]

Reactions Catalysts yield, [%] (dr) References
1.17,1.38 0-99 rac—95 34
6.1 69-98 35-91 3
aza-MBH
6.3a, 1.42a,b 50-98 64-97 36
1.46, 1.48, 2.4 86-96 54-94 37-41
1.46a,j, 2.4, 38-40
MBH 1.48 2677
. rac—98 42,43
1.1a,1.38a, d 25-99 (51:49 — >95:5)
85-99 44
1.41 47-97 (>95:5)
1.41b,c 40-95 34-78 4
Allylic substitution _
y 1.38d, 6.3a, 76-95 85-98 46
1.42¢,d, 1.43a—c (2:1-20:1)
1.423,[), 1.43¢c— u _ 47
i; 1.35a 20-99 26-90
1.43C,f,l, 6.43, 53-99 64—97 48
6.6
. 74 49
[3+2] Annulation 6.4a 92 ©:1)
. 1.42b.f, g 7-98 50, 51
[4+1] Annulation 1.43a,e,d, 6.4 29-99 (1:1=7:1)
6.3,c, 1.42f,
[3+2] 143c, 6.4a,cd, 4288 36-63 52
Cycloaddition 6.5




A3. NMR Spectra of epoxides 4.12 and product 4.14.
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Figure A2 '*C NMR spectra of 4.12b in CDCl;.
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Figure A1 "H NMR spectra of 4.12b in CDCls.
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Figure A4 *C NMR spectra of 4.12¢ in CDCI;.
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Figure A3 "H NMR spectra of 4.12¢ in CDCls.
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Figure A8 1°C NMR spectra of 4.12¢ in CDCls.
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Figure A10 '*C NMR spectra of 4.12f in CDCl;.



Figure A11 ’F NMR spectra of 4.12f in CDCl;.
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Figure A12 '"H NMR spectra of 4.12g in CDCl;.
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Figure A13 "°C NMR spectra of 4.12g in CDCl;.
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Figure A14 "H NMR spectra of 4.12h in CDCls.
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Figure A15 *C NMR spectra of 4.12h in CDCls.
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Figure A16 "H NMR spectra of 4.12i in CDCls.
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Figure A18 "H NMR spectra of 4.14 in CDCl;.
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Figure A19 *C NMR spectra of 4.14 in CDCls.

A4. HPLC traces of selected epoxides 4.12, product 4.14, and product 3.11.

Time: 49.8252 Minutes - Amplaude: 005% mAs

NH O ¢
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4.12b Ls

FE

&

—

Figure A20 HPLC trace of 4.12b and the HPLC trace of the corresponding racemic control in the

extension.
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Time: 549855 Minutes - Amplitude: 297 mAu

e, =
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Figure A21 HPLC trace of 4.12¢ and the HPLC trace of the corresponding racemic control in the

extension.

Tme: 35.8217 Minutes - Amplitude: 0014 mAs

Figure A22 HPLC trace of 4.12d and the HPLC trace of the corresponding racemic control in the

extension.
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Figure A23 HPLC trace of 4.12g and the HPLC trace of the corresponding racemic control in the

extension.
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Figure A24 HPLC trace of 4.12h and the HPLC trace of the corresponding racemic control in the

extension.
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Figure A25 HPLC trace of 4.14 and the HPLC trace of the corresponding racemic control in the
extension.
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Figure A26 HPLC trace of 3.11 and the HPLC trace of the corresponding racemic control in the
extension.
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