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ABSTRACT

Homogeneous Organocalcium and Organolanthanide Catalysis for the
Formation of C—N Bonds and Selective C—O Bond Cleavage.

Rachel Dowrey Dicken

Among the most valuable applications of organometallic chemistry is its implementation
in the field of catalysis. Many industrial processes rely heavily on catalysis, employing
organometallic complexes in the production of commodity chemicals, fine chemicals, materials,
and even in the discovery and development of pharmaceuticals. Through decades of intense
study, homogeneous catalysis using the precious metals has allowed for tremendous advances in
modern synthesis by providing access to robust, reliable, and often predictable chemistry.
However, given that there are also a number of limitations associated with the use of precious
metals (i.e., Pt, Pd, Ir, Rh, Ru, Au, and Ag) including high cost and environmental impact, and
limited availability, the use of more sustainable metal catalysts and the new reactivity and
selectivity that they may offer has gained increasing attention.

Relative to the late transition metals, the catalytic chemistry of the more sustainable
alkaline earth and rare earth elements is less well understood, as their reactivity is fundamentally
different than that of the transition metals. The work described herein details the investigation of
two catalysts which make use of the abundant and environmentally benign metals calcium and
lanthanum. The first project involves the development of a direct enantioselective conjugate
addition of unprotected alkyl amines to maleimides using a chiral calcium(II)-phosphate

complex to generate chiral aminosuccinimides. The second project presents a chemoselective



3
organolanthanide amide-catalyzed deoxygenative reduction of amides with pinacolborane to

provide access to a diverse set of amines. Investigation into the kinetics, thermodynamics, and

mechanism of the latter is also described.

Thesis Advisor: Prof. Tobin J. Marks
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Chapter 1

Introduction to the Catalytic Behavior of Group 2 and 3.

Portions of this chapter appear in the following publication:
Rachel D. Dicken, Alessandro Motta, and Tobin J. Marks, Homoleptic Lanthanide Amide

Catalysts for Organic Synthesis: Experiment and Theory. ACS Catal. 2021, 11 (5),2715-2734.
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1 Chapter1

1.1 Introduction

Though the phenomenon of catalysis has played a central role in much of society
throughout the course of human history, the modern concept of catalysis was introduced only
185 years ago,' defining a catalyst as a substance that accelerates a chemical reaction without
being consumed in the process. Today, catalysis has become essential to our everyday lives, with
over 90% of all industrial chemical processes involving at least one catalytic step, many of which
would not proceed in the absence of a catalyst.” Intense research into new and increasingly
specialized catalysts continues to transform a variety of industries while decreasing global
energy demand and providing society with access to more environmentally benign fuels, life-
saving medicines, and higher quality, more easily recycled plastics.

In 2019, the global catalyst demand was valued at $33.9 billion and is currently projected
to reach $48 billion by 2027.3 Much of this demand has been driven by an increased awareness
of the environmental impact of our current industrial processes, causing many industries to shift
towards more sustainable (or “green”) chemical processes. At present, the most widely employed
catalysts are those based on the transition metals.* Of the transition metals, the catalytic
chemistry of the precious metals (i.e., Pt, Pd, Ir, Rh, Ru, Au, and Ag) is particularly well-
developed, and has allowed for tremendous advances in modern organic synthesis. This is
largely due to their high stability, unique selectivity, and the relative ease with which their
associated catalytic cycles can be studied and characterized. Additionally, in many cases, air,
moisture, and a variety of functional groups are well-tolerated by precious metal catalysts, and

their high catalytic activity allows for exceedingly low catalyst loadings.
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Though catalysis is superior to the use of stoichiometric reagents from a sustainability

standpoint, not all metal catalysts are created equal in terms of sustainability. Despite the clear
advantages afforded by the use of precious metal catalysts, there are also a number of
disadvantages associated with their continued use in catalytic processes, including high cost and
environmental impact, and limited availability. Precious metals are among the least abundant

elements in the earth’s crust (Figure 1.1), resulting in dramatically higher economic and enviro-

Relative Abundance of Elements in the Earth’s Crust

o sl Il Alkaline Earth (Group 2)
__ 1.00E01 B Rare Earth (Group 3)
2 [ Precious Metals
% 1.00E-02
£
N’
e
8 100E03 Ba
53
o
O 1.00E-04 CeNd
(=
£ La\f ¢ 29 py Po h
g tooEos ¢ | Ervb °
: " AT s ]
£ Cs Eu W
=  100E-06 | T Ho TI
£ | ™ Lu
[}
O  1.00E07 Hg
c
©
2 |
C  1.00E-08 | Pt Bi
3
o Os/ “Au
< 1.00E09 [ Ru
Rh  Te Re Ir
0 10 20 30 40 50 60 70 80 20 100

Atomic Number

Figure 1.1 Comparison of the crustal abundance of various metals used in catalysis. Original
data adapted from ref 5.

nmental impact from their use compared to more abundant metals. For example, regarding
environmental impact, life cycle analyses estimate that the combined environmental effects for

each kilogram of palladium metal produced is equivalent to releasing 3,380 kg of carbon dioxide
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into the atmosphere (Figure 1.2A).° In contrast, Group 2 and Group 3 metals are far more

abundant in the earth’s crust compared to the precious metals (Figure 1.1), allowing for
significantly reduced energy requirements when it comes to their mining, refining, and overall
production. As such, lanthanum is estimated to have a global warming potential (GWP) of only

11 kg CO,-eq/kg, and many other metals (including calcium) possess even lower GWPs (Figure

1.2B).

A) Global Warming Potential (GWP) of Common Precious Metals used in Catalysis (kg CO.-eq/kg)

M Rh M Pt Au oo M Pd M Ru 2,110
35,100 «——; 12,500 «— 12,500 «—; 8,860 «— 3,880 «—

B) Global Warming Potential (GWP) of Select Base Metals, La, and Ca Compared to Pd (kg CO,-eqkg)
| .
Figure 1.2 Contributions of various metals to Global Warming. (A) Comparison of Global

Warming Potential (GWP) of the precious metals; (B) Comparison of the GWP of Ca, La, and
the base metals to Pd.® Original data adapted from ref 6.

HMPd MLa Co M Ni M Fe Ca

In addition to this increased environmental impact, the scarcity of the precious metals has
resulted in their high and often volatile prices, as well as uncertainty regarding their future
availability. Since 2016, the cost of palladium has increased over 300%, and at the time of
writing, palladium metal is currently 4 orders of magnitude more expensive than lanthanum on a
per mol basis.”” Moreover, if consumption continues at the present rate, the known reserves of
many of these precious metals (including Pt, Ir, Rh, Ru, Au, and Ag) are projected to be depleted

within the next 50 years.!
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In light of the limitations associated with the use of precious metals, the development of

more sustainable catalysts based on earth-abundant metals has gained increasing attention. While
the use of these more abundant metals is clearly advantageous from an environmental as well as
an economical perspective compared to the transition metals, their overall reactivity is often
markedly different. This precludes the direct substitution of more abundant metals into many
catalytic processes currently dominated by the precious metals. Further, the catalytic behavior of
most abundant metals remains understudied, and more research is needed in order to better
characterize their unique reactivities and further improve their utility.

This thesis outlines the investigation of two earth-abundant metal catalysts based on the
alkaline earth (Group 2) and lanthanide (Group 3) metals. The purpose of this chapter is to
provide the reader with the necessary background regarding the catalytic chemistry of these
metals. It is worth emphasizing that, while the concept of developing more sustainable chemical
processes has so far focused solely on metal selection, in reality, sustainability is exceptionally
complicated, with numerous factors to consider, just one of which is the identity of the catalytic
metal center. The purpose of this discussion is not to suggest that precious metal catalysis can or
should be completely eliminated from our synthetic toolbox; rather, it is to suggest that
substituting more abundant metals for precious metals (where both possible and practical) could

make a significant difference in moving toward more sustainable chemical processes.

1.2 Catalytic Behavior of Group 3 Elements
1.2.1 Properties and Reactivity of the Lanthanides
Lanthanide elements are used in numerous applications in areas including materials

science,!'""® clean energy technologies,'* !> medical imaging,'*'® and catalysis.'*** Their ubiquity
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and success in these areas are undoubtedly due (at least in part) to their relatively high abundance

in the earth’s crust, low cost, and low toxicity.?* Lanthanides exhibit unique chemical
characteristics, many of which directly result from the presence of 4f orbitals. These f orbitals
(relative to the 5s and 5p orbitals) have a limited radial extension, and as a result, 4f electrons are
core-like in their behavior, imbuing lanthanide complexes with significantly attenuated covalent
bonding character and extremely labile and nondirectional metal-ligand interactions.!®: 2325
Consequently, the ligand environment is highly tunable, and organolanthanide catalysis is
heavily dominated by steric factors.

Whereas transition metals can access a number of different oxidation states,
organolanthanide chemistry is largely that of a single oxidation state (+3), and while exceptions
are known (+4 Ce, Tb; +2 Sm, Eu, YD), lanthanide redox processes are uncommon. This
inability to readily traverse multiple oxidation states also prevents 4f metals from participating in
the elementary catalytic steps typically observed in transition metal chemistry, including
oxidative addition and reductive elimination. Instead, the lanthanides primarily participate in

[1,2]-insertion and 0-bond metathesis pathways (Figure 1.3).2*2¢ Useful mechanistic details rega-

— ¢

Figure 1.3 General reactivity pathways characteristic of organolanthanide complexes (X = H or
main group element fragment) including (A) [1,2]-insertion and (B) o-bond metathesis steps.

A) [1,2]-Insertion B) o-Bond Metathesis
@ —[ @ |—> Qi O —[@'
= L= v X—H X- -

O = Ancillary Ligand Array

I--3
Te=D

rding organolanthanide reactivity have emerged from theoretical modeling applied to several

atom-efficient, environmentally benign catalytic processes including carbonyl hydroboration,?’ 28
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ring-opening polymerization,?®- 3° etheric C—O bond cleavage,’' olefin polymerization,*? olefin

hydrosilylation,*® and hydroamination®*3> as well as hydroalkoxylation processes.*

The combination of these unique characteristics means that the organometallic chemistry
of the lanthanides is fundamentally different from that of the d-block transition metals and
exempts organolanthanide complexes from the generally accepted rules and principles that
govern transition metal chemistry, including the 18 electron rule. This enables the viability of
many reaction pathways not observed in typical transition metal catalysis. The large, flexible
coordination numbers observed for 4f metal ions allow substrates to approach the metal center in
a variety of orientations. This, along with their labile polar/ionic bonding, enables even sterically
hindered substrates to coordinate and dissociate rapidly, allowing for extremely high catalytic
turnover rates. Additionally, the lanthanide contraction,”” along with the lack of orbital
interactions, allows for the lanthanides to contract in ionic radius across the series while their
fundamental chemistry and reactivity remain unchanged, allowing for catalysts to be fine-tuned
for a particular transformation by simply substituting different lanthanide metals.
1.2.1.1 Organolanthanide Catalysis

Considering much of lanthanide chemistry is determined by steric factors, fine-tuning and
modification of the metal-ligand environment is essential in order to control and explore catalytic
reactivity and selectivity. In general, most organolanthanide catalysts employ sterically
demanding, anionic ligands in order to saturate the coordination sphere, thereby stabilizing the
metal center and preventing common catalyst decomposition pathways (i.e., oligomerization,
ligand redistribution, etc.). Examples of common ligand frameworks employed in

organolanthanide catalysis are shown in Figure 1.4.
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Figure 1.4 Examples of well-defined organolanthanide catalysts. (A) Metallocenes; (B)
Constrained Geometry Catalysts (CGC); (C) Post-metallocenes. (Ln = lanthanide, TMS = —
SiMes;, OTf = —OSO,CF;).

Much of the catalytic chemistry of the lanthanides has been uncovered through the study
of lanthanide metallocene, ansa-metallocene, and constrained geometry (CGC) catalysts (Figure
1.4A and 1.4B). While these metallocene-based complexes are known to be highly effective and
reliable catalysts for a variety of transformations, the pursuit of organolanthanide complexes that
do not depend on cyclopentadienyl-type ligands has played an important role in advancing
organo-f-element catalysis. Much work has gone into the development of these alternative ligand
sets, many of which have enabled completely new modes of lanthanide reactivity (Figure 1.4C).
However, accessing many of these metallocene and post-metallocene complexes requires
complex multistep syntheses and the resulting catalysts are often highly sensitive to air and

moisture, limiting their use by non-lanthanide chemists. Recently, there has been increased
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interest in more simple and accessible lanthanide catalysts such as the lanthanide trisamides. This

will be explored in further detail in the next section.
1.2.1.2 Lanthanide Amides

Homoleptic lanthanide trisamides of the type Ln[N(TMS),]; (TMS = —-SiMe;) have been
known for nearly 50 years.*®#! These complexes were recognized as useful synthetic precursors
for organolanthanide catalysts and materials early on due to the high reactivity of the silylamide
group.*> However, their intrinsic catalytic potential has been largely unrecognized. Over the past
two decades, while these complexes have continued to serve as reliable precursors for a growing
number of organolanthanide catalysts, they have also proven to be efficient, selective, and
environmentally benign homogeneous catalysts in their own right.

Homoleptic lanthanide amides provide a simple and highly accessible bridge between
organolanthanide chemistry and the organic methodology community. While many
organolanthanide catalysts require laborious, multistep anaerobic syntheses and rigorous
exclusion of air and moisture, the homoleptic lanthanide amide catalysts are generally
commercially available and typically less sensitive to air and moisture in syntheses, making their
experimental use far more straightforward.*® To date, these complexes have proven to be
extremely active for a wide variety of atom-efficient homogeneous catalytic transformations,
including C-H functionalization,* 4> insertion reactions,**>° hydroelementations,’'5® as well as
reductions of diverse C=0 and C-C unsaturated systems.”% This exceptional versatility
demonstrated by the homoleptic lanthanide amides, paired with their ability to participate in a
wide variety of reactions and mechanisms, makes these catalysts attractive candidates for further
exploration, as their reactivity is understudied relative to lanthanide metallocenes, and even more

so relative to d-block catalysts.
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1.3 Catalytic Behavior of Group 2 Elements
1.3.1 Properties and Reactivity of the Alkaline Earth Metals

The catalytic behavior of Group 2 and Group 3 are quite similar in that the chemistry of
the alkaline earth metals (i.e., Mg, Ca, Sr, and Ba") is largely determined by steric factors and
primarily that of one oxidation state (+2). This redox inactivity again prohibits the catalytic
chemistry typical of many transition metals such as oxidative addition and reductive elimination.
Instead, catalytic cycles of the alkaline earth metals are based on [1,2]-insertion and c-bond
metathesis steps (Figure 1.3). Though much of the overall chemistry of Group 2 and 3 is the
same, compared to the lanthanides, the reactivity of the alkaline earth metals is more varied from
metal to metal. This is due to significant changes in both electronegativity and ionic radii as
Group 2 is descended (Table 1.1).%-% As a result, though organomagnesium complexes tend to
display some degree of covalency in metal-ligand interactions, the metal-ligand bonding
observed in organometallic complexes of calcium and the heavier alkaline earth elements is

almost exclusively ionic in nature.%

Table 1.1 Comparison of ionic radii, electronegativity, and M—C bond ionicity across the
alkaline earth metals.

Mg Caz* Sr2+ Baz+

“jonic radius 0.78 A 1.06 A 127 A 143 A
*Pauling electronegativity 1.31 1.00 0.95 0.89
‘M —C bond ionicity 7% 87% 91% 94%

« Original data adapted from ref 37; » Original data adapted from ref 65; < Original data adapted
from ref 66.

“Be and Ra are excluded here due to their difference in reactivity and lack of modern applications in catalysis.
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1.3.2 Organocalcium Catalysis

Of the Group 2 elements, the organometallic chemistry of magnesium is the most well-
studied due to the ubiquity of Grignard reagents in organic synthesis. In contrast, the
investigation and characterization of the organometallic chemistry of calcium has lagged
considerably, with a surge in academic interest emerging only around 20 years ago.t’- % One
possible explanation for the delay in the development of organocalcium chemistry is the fact that
traditional Grignard-type synthetic methods are ineffective in the synthesis of organocalcium
complexes due to the aforementioned difference in metal-ligand bonding observed between
magnesium and calcium. Instead, specialized synthetic techniques are necessary in order to
account for these differences in reactivity as well as the kinetic instability of many heteroleptic
calcium complexes.®-° Regardless, much progress has been made during this time with reports

of calcium-catalyzed polymerization,”’”> hydroelementation,’®” and C—H activation.®-%?> Additio-
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Figure 1.5 Examples of well-defined organocalcium catalysts. TMS = —SiMe;, NTf, = —
N(CF;S0,),.
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nally, well-defined calcium complexes have been reported as competent catalysts for a variety of

enantioselective transformations.?*% Examples of well-defined organocalcium catalysts are

shown in Figure 1.5.

1.4 Thesis Scope and Organization

The work described herein explores the use of more sustainable metals for catalysis
through the investigation of two catalytic systems which make use of the abundant and
environmentally benign metals calcium and lanthanum. Chapter 2 focuses on the development of
a direct enantioselective chiral calcium(Il)-phosphate complex (Ca[CPA],)-catalyzed conjugate
addition of unprotected alkyl amines to maleimides. This mild catalytic system represents a
significant advance towards the general convergent asymmetric amination of o,f3-unsaturated
electrophiles, providing medicinally relevant chiral aminosuccinimide products in high yields
and enantioselectivities. Chapter 3 then discloses an efficient and selective method for the
reduction of tertiary and secondary amides with pinacolborane using a tris[N,N-
bis(trimethylsilyl)amide]lanthanum (La¥™S) catalyst. Kinetic and thermodynamic studies,
isotopic labeling, and DFT calculations using energetic span analysis suggest a unique active
catalytic species and mechanism which is also discussed. The final chapter summarizes the key

findings disclosed in this thesis and briefly mentions possible future directions.



29

Chapter 2

Ca(II)-Catalyzed Enantioselective Conjugate Additions of Amines.

Portions of this chapter appear in the following publication:
Brice E. Uno, Rachel D. Dicken, Louis R. Redfern, Charlotte M. Stern, Greg G. Krzywicki, and
Karl A. Scheidt, Calcium(II)-catalyzed enantioselective conjugate addition of amines. Chem. Sci.

2018, 9, 1634-1639.
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2 Chapter 2

2.1 Introduction

The conjugate addition of nucleophilic amines to a,B-unsaturated systems is recognized
as a simple and atom-economical synthetic strategy for the formation of C—N bonds. While much
work has been done in the development of reactions involving nitrogen nucleophiles and a wide
range of conjugate acceptors, very few methods make use of maleimides. Additions to
maleimides often require elevated temperatures, high pressures, and extended reaction times.
Aside from the obvious impracticalities that these reaction conditions can present, the tendency
for maleimides to polymerize or hydrolyze under such conditions presents yet another challenge
and limits their application. Current methods for addition of amines to maleimides also
frequently encounter selectivity issues, resulting in mixtures of both 1,2- and 14-addition
products (Scheme 2.1). As a result, amine nucleophiles are currently underutilized in reactions

with maleimides.

Scheme 2.1 1,2- vs 1 ,4-additions of amines to maleimides.

o
1,2-addition N R
> R X H’
(0] (0]
R1' NH2 + I N— R2
o) W2
1,4-addition _ R
v N—R2

This chapter outlines the development of the direct enantioselective chiral calcium(II)-
phosphate complex (Ca[CPA],)-catalyzed conjugate addition of unprotected alkyl amines to

maleimides. This mild catalytic system represents a significant advance towards the general
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convergent asymmetric amination of o,-unsaturated electrophiles, providing medicinally

relevant chiral aminosuccinimide products in high yields and enantioselectivities. Furthermore,
the catalyst can be reused directly from a previously chromatographed reaction and still maintain

both high yield and selectivity.

2.2 Background and Motivation

Chiral amines are a ubiquitous motif in pharmaceuticals and natural products (Figure
2.1).%° The conjugate addition of amine nucleophiles to various a,fB-unsaturated systems is a
well-established transformation to access the corresponding [-amino carbonyl products.”*%}
However, catalytic enantioselective methods for the construction of C-N bonds directly from
amines remain a challenge in synthetic organic chemistry. Direct conjugate additions of amines

with o,3-unsaturated electrophiles have been shown to proceed at high temperatures and pressur-
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Figure 2.1 Enantioselective conjugate addition of amines.
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es;*¢ however the reversibility of the initial attack by the amine eventually leads to racemic

products (Figure 2.1A).°7-1% Stoichiometric homochiral lithium amides can be successfully
deployed under kinetic control, achieving high yield and selectivity. However, these sensitive,
strongly basic reagents are further limited by the need to remove the chiral a-methylbenzyl
moiety to carry the products forward to useful targets.!!- 192 To circumvent these issues, current
catalytic methods have relied upon the use of non-basic nitrogen nucleophiles as amine
surrogates to avoid catalyst poisoning (Figure 2.1B),!9319 which is common when basic amines
are used as reagents in the presence of chiral Lewis or Brgnsted acidic catalysts.!%- 197 Therefore,
numerous examples of non-basic nitrogen nucleophiles including azides,'%%!!3
hydroxylamines,''*!!7 O-functionalized carbamates,''®12° 1.2 4-triazoles,'?'"'> indoles,'”* and
anilines'?: 126 have been strategically deployed to avoid Lewis acid complexation,'?’- 12 Brgnsted
acid neutralization, or unselective iminium activation.!'”®* However, in all of these cases, a
protected nitrogen atom is installed which requires multiple steps to elaborate further. Thus, a
more convergent approach would be enabled by the direct asymmetric amination of basic
primary and secondary amines without the use of protecting groups.

Apparently, there are only three examples of catalytic asymmetric amino-conjugate
additions that have successfully employed alkyl amines.!*-3! In 2003, Togni briefly explored
asymmetric aminoconjugate additions to activated olefins as the initial step in a catalytic
asymmetric hydroamination reaction catalyzed by a novel chiral Ni(Il) phosphine complex
(Scheme 2.2).'?° Morpholine and piperidine produced modestly enantioenriched products when
reacted with methacrylonitrile (69% and 20% ee, respectively), which represents the first
significant example of an effective, enantioselective intermolecular hydroamination reaction

employing alkyl amines. Despite this promising proof-of-concept study, general asymmetric
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aminoconjugate additions with unfunctionalized/masked amines remain unrealized, which

underscores the fundamental challenge associated with the use of highly basic and sterically une-

Scheme 2.2 Ni(Il)-catalyzed addition of alkyl amines to activated alkenes reported by Togni and
co-workers.!?

X
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ncumbered reagents in conjunction with Lewis acidic metal catalysts. In 2015, Huang and co-
workers reported an efficient, highly enantioselective conjugate addition of primary alkyl amines
to activated B-aryl PB-trifluoromethyl nitroolefins (Scheme 2.3)."*! Unlike most catalytic

examples, their strategy uses a chiral N-heterocyclic carbene (NHC) Brgnsted base catalyst.!3?

Scheme 2.3 NHC Brgnsted base-catalyzed conjugate addition of primary alkyl amines to
activated B-aryl B-trifluoromethyl nitroolefins reported by Huang and co-workers.!*!
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However, a major limitation of this method is the lack of secondary amines as nucleophiles.
Additionally, strongly basic and cryogenic conditions are required, which potentially limit the
generality of this transformation."’! Therefore, we sought mild catalytic conditions capable of

providing enantioenriched amino-conjugate addition products from a general set of readily
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available alkyl amines with maleimides, which were chosen as an ideal substrate for catalyst

identification and optimization due to their ready availability and excellent conjugate acceptor
properties (Figure 2.1C). Additionally, enantioenriched aminosuccinimide products serve as an
easily functionalized scaffold to generate aminolactams and aminopyrrolidines.!3¥136
Aminosuccinimides and their derivatives are also a common motif in bioactive small molecules,
pharmaceuticals, and natural products (Figure 2.1D).137142 Access to these products from achiral
starting materials can facilitate the rapid generation of diverse small molecule libraries aimed at

probing new chemical spaces.

2.3 Development of the Enantioselective Conjugate Additions of Amines

We began our studies with a reaction between equimolar quantities of N-
benzylmaleimide and p-tolylamine. Our primary focus was to enhance the enantioselectivity of
the title reaction (Table 2.1). An initial exhaustive screen of various asymmetric catalyst families
including hydrogen bond donors (HBD), metal-TADDOL complexes, metal-BINOL complexes,
and chiral phosphoric acids (CPA), identified that CPA A-H possessing 1-napthyl substitution at
the 3,3’-positions has the capability to produce the title compound in modest yield and selectivity
(Table 2.1, entry 1). Subsequently, we investigated the role of water in the reaction and observed
that the addition of 4 A MS had a moderate but reproducible impact on selectivity (Table 2.1,
entry 2).

We then investigated a wide range of desiccants!!” and found that calcium oxide had a
greater than anticipated positive effect on the selectivity of the reaction (Table 2.1, entry 3).57- 14>
151 Additionally, we observed a moderate increase in e.r. over time to 80:20 e.r. (Table 2.1, entry

4). We therefore hypothesized that the reaction of calcium oxide with A-H led to the formation
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of a more enantioselective calcium phosphate catalyst. Our hypothesis was enlightened by

combining the prior elegant work of Ishihara, Antilla, and Rueping who demonstrated the role of

Table 2.1 Optimization of the amino-conjugate addition reaction.

Me
Me catalyst? (10 mol %) N :
\©\/ + QN—Bn > N—Bn
NH,
¢ o]
-4 -5 -6
entry catalyst temp (°C) additive % yieldP er
1. A-H 4 - 35 64:36
2. A-H 4 4 AmMs 37 69:31
3. A-H 4 Ca0 39 76:24
4, A-H 4 Ca0 55 80:20¢
5. CalA], 4 4 AMS 63 86:14
6. Ca[B], 4 4 AMS 76 95:5
7. Ca[Bl, 4 - 45 87:13
8. Ca[Bl, -20 4 AmMs 80 98:2
9. Ca[B], —40 4AMS 21 80:20
10. Ca[C], —-20 4 AMS 84 60:40
11. Ca[D], -20 4 AMS 73 73:27
12, CalE], -20 4 AmMs 65 72:28
13. Mg[Bl, -20 4 AmMs 65 74:26
144 Ca[Bl, -20 4 AmMs 94 94:6
15.¢ Ca[Bl, -20 4 AmMs 95 94:6
catalyst structures
R B R N CPAs:
OO OO A, R = 1-naphthalene
o o B, R = 9-phenanthracene
O\é/ o] él o C, R = 2-naphthalene
0~ ~OH o~ ~o D, R = SiPhy
) 99
R R

A-H; R = 1-naphthalene

M[CPA],

20,025 mmol scale, toluene 0.02 M, 18 h. ® '"H NMR yields with 1,3,5-trimethoxybenzene as an internal
standard. ¢ Time point taken at 48 h. @ Toluene 0.05 M. € Toluene 0.05 M, 5 mol % catalyst loading of

Ca[Bl,.

catalytic chiral alkali metal and alkaline earth metal-phosphate salts in various reactions.?’: 8. 152

162 Thus, we investigated two pre-formed calcium phosphate complexes (Table 2.1, entries 5 &
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6) and observed that the calcium CPA complex possessing 9-phenanthracenyl substitution on the

phosphate 3,3’-positions, Ca[B], (Table 2.1), facilitated the title reaction in 76% yield and 95:5
e.r. (Table 2.1, entry 6). Strikingly, removal of the 4 A MS diminished both yield and selectivity
(Table 2.1, entry 7). After investigating selectivity as a function of temperature (entries 8 & 9),
we looked at other CPA salts (Table 2.1, entries 10-12) and determined that Ca[B], was indeed
optimal. We then compared calcium and magnesium phosphate complexes, and demonstrated
again that Ca[B], was optimal (Table 2.1, entry 13). Furthermore, increasing its concentration to
0.05 M and lowering the catalyst loading to 5 mol% increased the yield to 95% with 94:6 e.r.

(Table 2.1, entries 14 & 15).

2.4 Substrate Scope

With the optimized conditions in hand, we next investigated the scope of the reaction
with a range of aliphatic amines and maleimides (Table 2.2). Para-substituted primary
benzylamines with a range of electron donating and withdrawing groups afforded the conjugate
addition products (II-6—1I-11) in 93:7-94:6 e.r. and 77-91% yield. Meta- and ortho-substituted
benzyl amines afforded II-12 and II-13 in similar yields and selectivities. The products derived
from less sterically bulky amines and linear amines were obtained with lower enantioselectivity
(II-14-11-17) and moderate yields. In contrast, bulkier amines gave products II-18 and II-19 in
high yield and selectivity. Notably, secondary cyclic amines provided conjugated products II-
20-1I1-24 in 93:7-97:3 e.r. These substrates would be difficult to access via other methodologies
or from an enantiopure amino acid derived starting material.'®* The enantioselectivity for the
arylpiperidine-derived II-24 uniquely improved at —40 °C which was not general for the other

substrates.
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Acyclic secondary amines showed the lowest selectivity among the nucleophiles (II-25).

Also, substitutions on the benzyl maleimide were tolerated (II-26-11-28). The cross-reaction bet-
ween piperidine and a substituted benzyl maleimide generated product II-29 in good yield and
selectivity. N-phenyl maleimide was a poor substrate with regard to selectivity (74:26 e.r.);
however, the desired 1,4-addition product II-30 was synthesized in 93% yield with no observed
1,2-addition product (a common side-reaction with N-aryl maleimides).!** 19 Maleimide
substrates with smaller appendages were observed to react with lower selectivities (II-31). The
unsubstituted maleimide product II-32 was not observed, presumably due to a lack of solubility.
The title reaction was successfully scaled up by 1000-fold from the initial screening
conditions (Scheme 2.4). Taking into account the observed dependence of enantioselectivity on
concentration, the amine nucleophile was added slowly to the other reaction components via a
cannula. These conditions afforded 7.15 g of the product (93% yield) in 94:6 e.r. The product
was successfully recrystallized to >99:1 e.r. Additionally, >95% of the catalyst Ca[B], was
recovered via column purification. The recovered Ca[B], was subsequently able to reproduce the

title reaction without loss of yield or selectivity. The ability to directly recover and reuse Ca[B],

Scheme 2.4 Reaction scale-up.

Me
Cal[B], (5 mol %) \©\/H H O 1I-6
4 A ___4AMS N 93%,% 94:6 e.r.
N—Bn 7.159
\©\/ E‘é toluene W:‘é recrystallized:
[¢]

36 h, 20 °C >99:1 e.r.

-4 -5
25 mmol

4|solated yield on 25 mmol scale using 1.1 equivalents of lI-4. Active catalyst was recovered after chromatography (96%, 1.6 g).

from each reaction at >95% efficiency gives this methodology more utility, especially given the

high molecular weight of the catalyst.
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2.5 Rationalization of the Observed Stereoselectivity

In an effort to rationalize the observed enantioselectivity, we obtained X-ray crystal
structure and *'P NMR spectroscopy data for the pre-formed calcium phosphate complex used in
our optimization and scope studies (Figure 2.2). Surprisingly, the observed structure shows a 4:2
ratio of B to Ca?*, not a Ca[B], complex. Additionally, both calcium atoms are coordinatively
saturated, with each cation bound to five molecules of water, which creates a hydrogen-bonding
network. Although it is possible that the observed ORTEP structure is the actual catalytic species
we hypothesize that it is more likely a precatalyst that is activated via dehydration in the
presence of molecular sieves. This observation is supported by the significant change in the *'P
NMR spectrum in the presence of 4 A MS (Figure 2.2). The yield and selectivity of the reaction
also diminished in the absence of the 4 A MS (Table 2.1, entry 7), which supports that
dehydration of the Ca,[B],(H,O);o complex is necessary. Interestingly, when all of the reaction
components are present, the *'P NMR data is reminiscent of the precatalyst (Figure 2.2). This
data indicates that the presence of the amine re-establishes the hydrogen-bonding network that is
lost upon dehydration of the Ca,[B],-(H,O),, complex. Understanding this Lewis base/Lewis acid
interaction between the active catalyst and a coordinated maleimide substrate will require further
investigation.

Based on the obtained spectroscopic data, we hypothesize that the Ca,[B],(H,O)0

complex is activated via dehydration in the presence of 4 A MS, inducing it to reorganize to form
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Figure 2.2 (A) Crystal structure of the proposed hydrated precatalyst at 80% probability and (B)

3P NMR spectra of reaction components.

Ca[B], complex II-33 (observed by HRMS). The extent of dehydration of Ca,[B],(H,O)0

required to form the active catalyst cannot be quantified by these experiments; however, it is

reasonable to postulate that the loss of some coordinating water ligands from the Ca,[B],:(H,O);0

complex should open up Lewis acidic sites on the calcium atom, which are then able to

coordinate the amine nucleophile. Based on structure II-33, we propose a model for enantiosele-
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Scheme 2.5 Synthesis and in situ activation of Ca[B], and proposed stereoinduction model.
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2.6 Substrate Diversification

After exploring the scope of our conjugate addition with a variety of amines and
maleimides, we also applied our methodology to the synthesis of II-35, a potent novel 5-HT,a
agonist developed by Acadia Pharmaceuticals (Scheme 2.6).!*7 Since the binding affinity of II-35
was measured as a racemic mixture, we envisioned that our methodology could readily
determine the more active enantiomer. Starting from recrystallized II-6, lithium aluminum
hydride reduction cleanly produced II-34 in 95% yield and >99:1 e.r. (Scheme 2.6). Selective ac
ylation of II-34 with 4-methoxyphenylacetic acid produced II-35 in 43% yield and >99:1 e.r. To

further demonstrate the utility of this methodology, we selectively removed the benzylic group
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on the amine (II-36) via hydrogenation as well as selectively deoxygenated the position adjacent

to the amine (II-37).

Scheme 2.6 Substrate diversification and target synthesis.
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2.7 Conclusion

In summary, we have discovered an efficient and scalable catalytic asymmetric conjugate
addition of unmasked and unfunctionalized amines to maleimides. This process accommodates
both primary and secondary amines, which underscores the unusual compatibility of these Lewis
basic nucleophiles with the Lewis acidic Ca** complex. Crystallographic studies indicate an
initial Ca,[B], species is formed through the reaction of a chiral phosphoric acid and calcium(II)
methoxide. Further spectroscopic studies indicate that a dynamic process is involved, where
molecular sieves are required for the observed reactivity and selectivity, which are thought to

play a role in the activation of the catalyst. The addition of amine nucleophiles can re-establish a
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hydrogen bonding network similar to that found in the hydrated Ca,[B],(H,O);,y complex.

Furthermore, although the calcium phosphate catalyst Ca[B], has a relatively high molecular
weight, it can be effectively recovered in >95% yield. Future investigations involve continued
analysis of the calcium-phosphate dynamics and applications of this reaction in the synthesis of

bioactive compounds.

2.8 Experimental
2.8.1 Materials and Methods

All reactions were carried out under an ambient atmosphere in non-oven-dried glassware
with magnetic stirring. THF, toluene, and DMF were purified by passage through a bed of
activated alumina.'® Reagents were purified prior to use unless otherwise stated following the
guidelines of Perrin and Armarego.'"” N-tolylamine was distilled from CaH,. Purification of
reaction products was carried out by flash chromatography using EM Reagent silica gel 60 (230-
400 mesh). Analytical thin layer chromatography was performed on EM Reagent 0.25 mm silica
gel 60-F plates. Visualization was accomplished with UV light and ceric ammonium nitrate stain
or potassium permanganate stain followed by heating. Infrared spectra were recorded on a
Bruker Tensor 37 FT-IR spectrometer. 'H NMR spectra were recorded on AVANCE III 500
MHz with direct cryoprobe (500 MHz) spectrometer and are reported in ppm using solvent as an
internal standard (CDCl; at 6 7.26 ppm). Data are reported as (ap = apparent, s = singlet, d =
doublet, t = apparent triplet, q = quartet, m = multiplet, b = broad; coupling constant(s) in Hz;
integration). Proton-decoupled *C NMR spectra were recorded on an AVANCE III 500 MHz
with direct cryoprobe (125 MHz) spectrometer and are reported in ppm using solvent as an

internal standard (CDCl; at 6 77.00 ppm). *'P NMR spectra were acquired at 26 °C on a 400
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MHz Agilent 400MR-DD2 spectrometer equipped with a OneNMR probe and a 7600AS

autosampler; this system was funded by NSF CRIF grant CHE-104873. Mass spectra were
obtained on a WATERS Acquity-H UPLC-MS with a single quad detector (ESI) or on a Varian
1200 Quadrupole Mass Spectrometer and Micromass Quadro II Spectrometer (ESI). All optical
rotation measurements were obtained on a Rudolph Research Analytical Autopol IV, Serial
#82239. X-ray data were collected on the Kappa Apex 2 diffractometer.

2.8.2 Synthesis and Characterization of Ca[B],

Calcium 2,6-di(phenanthren-9-yl)dinaphtho[2,1-d:1°,2°-f][1,3,2]dioxaphosphepin-4-olate 4-
oxide (Ca[B],): To a flame-dried flask at 23 °C, charged with dichloromethane:MeOH (1:1, 12
mL), was added B [(R)-9,9’-bisphenanthryl-BINOL phosophoric acid (2.57 mmol, 1.80 g, 2.0
equiv)] and freshly powdered calcium methoxide (1.28 mmol, 0.131 g, 1.0 equiv). The reaction
was stirred for 24 h at 23 °C at which point the slightly turbid solution was concentrated to
dryness, azeotroped with toluene (3 x 15 mL), and placed under high vacuum (~ 0.1 Torr) to
yield Ca[B], as an off white powder (1.28 mmol, 1.84 g, quantitative): 'H NMR (500 MHz,
DMSO-ds) 6 8.90 (dd, J = 14.0, 8.2 Hz, 8H), 8.06 (m, 16H), 7.57 (m, 36H), 4.11 (q, J = 5.2 Hz,
1H, MeOH), 3.34 (s, 14H, H,0), 3.17 (d, J = 5.0 Hz, 3H, MeOH); *C NMR (126 MHz, DMSO-

ds) O 1484, 148.3, 134.3, 133.3, 132.3, 1314, 131.2, 130.1, 129.6, 129.6, 129.3, 129.0, 128.3,
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126.8,126.5, 126.3, 124.9,123.0, 122.7, 122 4, 48.6 (MeOH); HRMS (ESI): Mass calculated for

CyHs7CaOsP, [M+H]*: 1439.3155; found: 1439.3149. For full 'H NMR and "*C NMR spectra of
Ca[B],, see Appendix A.
2.8.3 General Procedure and Characterization Data for the Synthesis of Aminosuccinimides

In a nitrogen-filled dry box, a screw-cap reaction tube equipped with a magnetic stir bar
was charged with the corresponding maleimide (0.2 mmol, 1.0 equiv), calcium phosphate
complex catalyst Ca[B], (14.0 mg, 0.01 mmol, 0.05 equiv), and 4 A MS (100 mg). The tube was
capped with a septum cap, removed from the drybox, and put under positive N, pressure. Dry
toluene (3.0 mL) was then added and the heterogeneous mixture was cooled to —20 °C. A
solution of the corresponding amine (0.20 mmol, 1.0 equiv) in toluene (0.9 mL) was added
dropwise, and the reaction was stirred at —20 °C for 14 h. At this point, an additional bolus of
amine (0.02 mmol, 0.1 equiv) in toluene (0.1 mL) was added. After 18 h, the entire crude
reaction mixture at —20 °C was directly transferred onto a SiO, column pre-equilibrated with 3:1
hexanes:EtOAc. Flash chromatography (gradient 3:1 hexanes:EtOAc — 1:1 hexanes:EtOAc)
afforded the aminosuccinimide product, followed by elution with 10:1 EtOAc:MeOH to recover

Ca[B],. For full 'H NMR, *C NMR, and chiral HPLC spectra of all products, see Appendix A.

(R)-1-benzyl-3-[(4-methylbenzyl)amino]pyrrolidine-2,5-dione (Compound II-6): Prepared
according to the general procedure using p-tolylmethylamine (0.027 g, 0.22 mmol, 1.1 equiv) to

afford 0.062 g (87% yield) of product as a clear crystalline solid: 'H NMR (500 MHz,
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Chloroform-d) 6 7.24 (m, 10H), 4.65 (s, 2H), 3.79 (m, 3H), 2.85 (dd, J = 18.0, 8.3 Hz, 1H), 2.51

(dd,J=18.1,4.8 Hz, 1H), 2.33 (s, 3H), 2.16 (s, 1H) ppm; '3C NMR (126 MHz, Chloroform-d) 6
177.6,174.9,137.2,135.5, 135.5, 129.3, 128.8, 128.7; 128.2, 128.0, 55.4,51.6,42.4,36.4, 21.1
ppm; HRMS (ESI): Mass calculated for C,oH,N,O, [M+H]*: 309.1603; found: 309.1603; IR
(thin film): 3302, 3291, 2913, 2846, 1763, 1690, 1514, 1495, 1453 cm™!; Enantiomeric ratio was
measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tx (major) =

18.07 min, tg (minor) = 15.16 min; e.r. = 94:6.

(R)-1-benzyl-3-(benzylamino)pyrrolidine-2,5-dione (Compound II-7): Prepared according to
the general procedure using benzylamine (0.024 g, 0.22 mmol, 1.1 equiv) to afford 0.049 g (84%
yield) of product as a clear crystalline solid: '"H NMR (500 MHz, Chloroform-d) 6 7.32 (m,
10H), 4.65 (d, J = 2.4 Hz, 2H), 3.86 (q, J = 13.1 Hz, 2H), 3.75 (dd, J = 8.2, 5.0 Hz, 1H), 2.87
(dd, J =179, 8.3 Hz, 1H), 2.52 (dd, J = 17.9, 5.0 Hz, 1H), 2.21 (s, 1H) ppm; “C NMR (126
MHz, Chloroform-d) 6 177.6, 174.8, 138.6, 135.5, 128.8, 128.7 (x 2), 128.3, 128.0, 127.6, 55.5,
51.8,42.4, 36.4 ppm; HRMS (ESI): Mass calculated for C;sH;sN,O, [M+H]*: 295.1447; found:
295.1445; IR (thin film): 3330, 3028, 2926, 2848, 1694, 1605, 1401, 1426, 1458, 1495 cm™;
Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% "PrOH/hexanes, 1.0

mL/min, 210 nm), tg (major) = 18.14 min, tg (minor) = 14.78 min; e.r. = 94:6.
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(R)-1-benzyl-3-[(4-fluorobenzyl)amino]pyrrolidine-2,5-dione (Compound II-8): Prepared
according to the general procedure using (4-fluorophenyl)methanamine (0.028 g, 0.22 mmol, 1.1
equiv) to afford 0.048 g (77% yield) of product as a clear crystalline solid: 'H NMR (500 MHz,
Chloroform-d) 6 7.32 (m, 7H), 7.01 (m, 2H), 4.65 (d, J = 2.0 Hz, 2H), 3.83 (s, 2H), 3.75 (dd, J =
8.3,5.0 Hz, 1H), 2.88 (dd, J = 17.9, 8.3 Hz, 1H), 2.50 (dd, J = 17.9, 50 Hz, 1H), 2.14 (s, 1H)
ppm; C NMR (126 MHz, Chloroform-d) 6 177.5, 174.7, 162.2 (d, Jcr = 245.7 Hz), 1355,
1345 (d, Jcp= 3.2 Hz), 1299 (d, Jcr= 8.1 Hz), 128.8, 128.7, 128.1, 115.5 (d, Jcr = 21.4 Hz),
55.6,51.1, 42.5, 36.4 ppm; HRMS (ESI): Mass calculated for C;sH;sFN,O, [M+H]*: 313.1352;
found: 313.1347; IR (thin film): 3300, 3035, 2845, 2912, 1598, 1507, 1482, 1446, 1429, 1401,
1357 cm™!; Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% ‘PrOH/hexanes,

1.0 mL/min, 210 nm), tg (major) = 20.17 min, tg (minor) = 15.66 min; e.r. = 93:7.

(R)-1-benzyl-3-[(4-fluorobenzyl)amino]pyrrolidine-2,5-dione (Compound II-9): Prepared
according to the general procedure using (4-chlorophenyl)methanamine (0.031 g, 0.22 mmol, 1.1
equiv) to afford 0.060 g (91% yield) of product as a clear crystalline solid: 'H NMR (500 MHz,
Chloroform-d) & 7.28 (m, 9H), 4.62 (d, J = 1.9 Hz, 2H), 3.80 (s, 2H), 3.71 (dd, J = 8.3, 5.0 Hz,

1H),2.84 (dd,J=17.9,8.3 Hz, 1H), 246 (dd,J=17.9,5.0 Hz, 1H), 2.11 (s, 1H) ppm; *C NMR
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(126 MHz, Chloroform-d) 6 177.5,174.7,137.2,135.4,133.3,129.6, 128.8, 128 .8, 128.7, 128.1,

55.5,51.1,42.5, 36.4 ppm; HRMS (ESI): Mass calculated for C;sH;sCIN,O, [M+H]*: 329.1057;
found: 329.1051; IR (thin film): 3302, 3036, 2911, 2833, 1690, 1445, 1429, 1400, 1335 cm™;
Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% "PrOH/hexanes, 1.0

mL/min, 210 nm), tg (major) = 22.05 min, tg (minor) = 18.0 min; e.r. = 93:7.
Br
0
T
N—Bn
o)

(R)-1-benzyl-3-[(4-bromobenzyl)amino]pyrrolidine-2,5-dione (Compound II-10): Prepared
according to the general procedure using (4-bromophenyl)methanamine (0.041 g, 0.22 mmol, 1.1
equiv) to afford 0.067 g (90% yield) of product as a clear crystalline solid: 'H NMR (500 MHz,
Chloroform-d) 6 7.45 (m, 2H), 7.37 (dd,J =7.9, 1.7 Hz, 2H), 7.30 (m, 3H), 7.18 (d, J = 8.1 Hz,
2H), 4.65 (d,J = 2.1 Hz, 2H), 3.82 (s, 2H), 3.74 (dd, J = 8.3, 5.0 Hz, 1H), 2.87 (dd, J = 18.0, 8.3
Hz, 1H), 2.49 (dd, J = 18.0, 5.0 Hz, 1H), 2.13 (s, 1H) ppm; *C NMR (126 MHz, Chloroform-d)
0 1775, 174.6, 137.7, 1354, 131.7, 1299, 128.8, 128.7, 128.1, 1214, 55.5, 51.2, 425, 36.4
ppm; HRMS (ESI): Mass calculated for C;sH;sBrN,O, [M+H]*: 373.0552; found: 373.0546; IR
(thin film): 3300, 3010, 2833, 1690, 1487, 1466, 1454, 1429, 1402, 1361 cm™!'; Enantiomeric
ratio was measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tg

(major) = 22.34 min, tg (minor) = 18.30 min; e.r. = 93:7.
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(R)-1-benzyl-3-[(4-methoxybenzyl)amino]pyrrolidine-2,5-dione (Compound II-11): Prepared
according to the general procedure using (4-methoxyphenyl)methanamine (0.030 g, 0.22 mmol,
1.1 equiv) to afford 0.058 g (90% yield) of product as a clear crystalline solid: 'H NMR (500
MHz, Chloroform-d) 6 7.36 (m, 2H), 7.30 (m, 4H), 7.21 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.6 Hz,
2H),4.65 (d,J = 2.4 Hz, 2H), 3.79 (m, 6H), 2.85 (dd, J = 17.9, 8.3 Hz, 1H), 2.50 (dd, J = 18.0,
5.0 Hz, 1H) ppm; *C NMR (126 MHz, Chloroform-d) & 177.7, 1749, 159.0, 135.5, 130.7,
129.5, 128.8, 128.7, 128.0, 114.0, 554, 553, 51.3, 424, 364 ppm; HRMS (ESI): Mass
calculated for C;oH,0N,O3;Na [M+Na]*: 347.1372; found: 347.1366; IR (thin film): 3301, 3050,
2836, 2957, 1689, 1607, 1401, 1428, 1445, 1482, 1513, 1581 cm™'; Enantiomeric ratio was
measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tx (major) =

26.30 min, tg (minor) = 20.72 min; e.r. = 94:6.

(R)-1-benzyl-3-[(3-methylbenzyl)amino]pyrrolidine-2,5-dione (Compound II-12): Prepared
according to the general procedure using (3-methylphenyl)methanamine (0.027 g, 0.22 mmol,
1.1 equiv) to afford 0.059 g (96% yield) of product as a clear crystalline solid: 'H NMR (500

MHz, Chloroform-d) & 7.37 (m, 2H), 7.30 (m, 3H), 7.22 (t, J = 7.5 Hz, 1H), 7.09 (m, 3H), 4.65
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(d,J =24 Hz, 2H), 3.77 (m, 3H), 2.87 (dd, J = 18.0, 8.2 Hz, 1H), 2.52 (dd, J = 17.9, 5.0 Hz,

1H), 2.34 (s, 3H), 2.21 (s, 1H) ppm; *C NMR (126 MHz, Chloroform-d) 6 177.6, 174.9, 138.5,
138.4, 135.5, 129.0, 128.8, 128.7, 128.5, 128.3, 128.0, 125.3,55.5,51.8, 424, 36 4, 21 .4 ppm;
HRMS (ESI): Mass calculated for C;oH»N,O, [M+H]*: 309.1603; found: 309.1598; IR (thin
film): 3289, 3009, 2810, 1689, 1607, 1432, 1453, 1496, 1513 cm™'; Enantiomeric ratio was
measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tx (major) =

14.20 min, tg (minor) = 11.72 min; e.r. = 95:5.

(R)-1-benzyl-3-[(2-ethoxybenzyl)amino]pyrrolidine-2,5-dione (Compound II-13): Prepared
according to the general procedure using (2-ethoxyphenyl)methanamine (0.033 g, 0.22 mmol,
1.1 equiv) to afford 0.062 g (92% yield) of product as a clear crystalline solid: 'H NMR (500
MHz, Chloroform-d) 6 7.35 (m, 2H), 7.26 (m, 4H), 7.17 (dd, J = 7.4, 1.7 Hz, 1H), 6.88 (m, 2H),
4.64 (m,2H),4.08 (q,J=7.0Hz,2H),3.95 (d,J=13.5 Hz, 1H),3.73 (d, /= 13.5 Hz, 1H), 3.66
(dd,J=8.1,48 Hz, 1H), 2.88 (dd, J = 17.8, 8.1 Hz, 1H), 2.58 (m, 2H), 1.45 (t, / = 6.9 Hz, 3H)
ppm; C NMR (126 MHz, Chloroform-d) 6 177.7, 175.2, 157.2, 135.5, 130.2, 128.9, 128.7,
128.6, 127.9, 126.5, 1204, 111.3, 63.5, 54.8, 474, 424, 36.3, 14.9 ppm; HRMS (ESI): Mass
calculated for Cy)H,;N,O5; [M+H]*: 339.1709; found: 339.1906; IR (thin film): 2933, 1699, 1430,
1354, 1476, 1493, 1587, 1599 cm'; Enantiomeric ratio was measured by chiral phase HPLC
(AD-H, 10% PrOH/hexanes, 0.5 mL/min, 210 nm), tg (major) = 31.75 min, tg (minor) = 33.25

min; er. = 97:3.
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(R)-1-benzyl-3-[(furan-2-ylmethyl)amino]pyrrolidine-2,5-dione (Compound II-14): Prepared
according to the general procedure using furan-2-ylmethanamine (0.021 g, 0.22 mmol, 1.1 equiv)
to afford 0.028 g (49% yield) of product as a clear oil: 'H NMR (500 MHz, Chloroform-d) 0
7.22 (m, 6H), 6.16 (m, 2H), 4.53 (d, J = 1.9 Hz, 2H), 3.77 (m, 2H), 3.62 (dd, J = 8.2, 5.0 Hz,
1H), 2.76 (dd, J = 17.9, 8.2 Hz, 1H), 2.36 (dd, J = 18.0, 5.1 Hz, 1H), 2.23 (m, 1H) ppm; *C
NMR (126 MHz, Chloroform-d) 6 177.3, 174.7, 152.1, 1424, 135.4, 128.8, 128.6, 128.0, 110.3,
108.0, 55.0, 44.1, 424, 36.2 ppm; HRMS (ESI): Mass calculated for C;sH;;N,O; [M+H]*:
285.1239; found: 285.1232; IR (thin film): 3291, 3010, 2982, 2850, 1690, 1604, 1505, 1494,
1456, 1432 cm™!; Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10%
‘PrOH/hexanes, 1.0 mL/min, 210 nm), tx (major) = 19.49 min, tg (minor) = 17.13 min; er. =

88:12.

(R)-1-benzyl-3-(hexylamino)pyrrolidine-2,5-dione (Compound II-15): Prepared according to
the general procedure using n-hexylamine (0.022 g, 0.22 mmol, 1.1 equiv) to afford 0.036 g
(63% yield) of product as a clear oil: 'H NMR (500 MHz, Chloroform-d) 6 7.32 (m, 5H), 4.65 (s,
2H), 3.75 (dd, J = 8.3,4.9 Hz, 1H), 2.92 (dd, J = 18.0, 8.3 Hz, 1H), 2.65 (dt, J = 11.1, 7.1 Hz,

1H), 2.54 (m, 2H), 1.83 (s, 1H), 147 (q,J = 7.3 Hz, 2H), 1.29 (m, 7H), 0.88 (t, J = 6.8 Hz, 3H)
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ppm; '3C NMR (126 MHz, Chloroform-d) 6 = 177.7, 175.0, 135.5, 128.8, 128.7, 128.0, 56.4,

47.7,42.4,36.3,31.6,299,26.8,22.5, 14.0 ppm; HRMS (ESI): Mass calculated for C;;H,sN,O,
[M+H]*: 289.1916; found: 289.1911; IR (thin film): 3298, 3031, 2952, 2928, 2849, 1694, 1494,
1465, 1455, 1430 cm™'; Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10%

‘PrOH/hexanes, 1.0 mL/min, 210 nm), tz (major) = 11.37 min, tzx (minor) = 9.12 min; e.r. = 92:8.

!

N—Bn

(R)-1-benzyl-3-(propylamino)pyrrolidine-2,5-dione (Compound II-16): Prepared according
to the general procedure using allylamine (0.013 g, 0.22 mmol, 1.1 equiv) to afford 0.048 g (97%
yield) of product as a clear solid: '"H NMR (500 MHz, Chloroform-d) 6 7.37 (d, J = 6.8 Hz, 2H),
7.30 (m, 3H), 5.85 (ddt, J = 16.5,10.3, 6.1 Hz, 1H), 5.18 (m, 2H), 4.65 (s, 2H), 3.79 (dd, J = 8.3,
5.0 Hz, 1H), 3.30 (m, 2H), 291 (dd, J = 17.9, 8.3 Hz, 1H), 2.53 (dd, / = 18.0, 5.0 Hz, 1H), 1.94
(s, 1H) ppm; *C NMR (126 MHz, Chloroform-d) 6 177.6, 174.8, 135.5, 1354, 128.8, 128.7,
128.0,117.3,55.5,50.3,42.4,36.5 ppm; HRMS (ESI): Mass calculated for C;,;H;,N,O, [M+H]*:
245.1290; found: 245.1285; IR (thin film): 3301, 3035, 2928, 2855, 1690, 1497, 1455, 1430,
1397 cm™!; Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% ‘PrOH/hexanes,

1.0 mL/min, 210 nm), tg (major) = 13.87 min, tg (minor) = 11.63 min; e.r. = 91:9.

Ph/\/ =
N—Bn
(6]
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(R)-1-benzyl-3-(phenethylamino)pyrrolidine-2,5-dione =~ (Compound 1II-17):  Prepared

according to the general procedure using phenethylamine (0.027 g, 0.22 mmol, 1.1 equiv) to
afford 0.062 g (81% yield) of product as a clear solid: 'H NMR (500 MHz, Chloroform-d) & 7.33
(m, 7H), 7.21 (m, 3H), 4.64 (d, J = 1.6 Hz, 2H), 3.75 (dd, J = 8.3, 4.9 Hz, 1H), 2.88 (m, 5H),
2.50 (dd, J = 18.0,4.9 Hz, 1H), 1.85 (s, IH) ppm; *C NMR (126 MHz, Chloroform-d) 6 177 4,
174.8, 139.1, 135.5, 128.8, 128.7, 128.6, 128.6, 128.0, 126.5, 56.3, 48.8, 42.4, 36.2, 36.2 ppm;
HRMS (ESI): Mass calculated for C;oH»N,O, [M+H]*: 309.1603; found: 309.1598; IR (thin
film): 3301, 3028, 2918, 2860, 1693, 1604, 1497, 1465, 1453, 1431 cm™!; Enantiomeric ratio was
measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tx (major) =

17.06 min, tzg (minor) = 14.05 min; e.r. = 88:12.

(R)-1-benzyl-3-[(cyclohexylmethyl)amino]pyrrolidine-2,5-dione (Compound I1-18):
Prepared according to the general procedure using cyclohexylmethanamine (0.025 g, 0.22 mmol,
1.1 equiv) to afford 0.058 g (97% yield) of product as a clear solid: 'H NMR (500 MHz,
Chloroform-d) 6 7.33 (m, 5H), 4.65 (d,J = 1.9 Hz, 2H), 3.73 (dd, J = 8.3,4.9 Hz, 1H), 2.91 (dd,
J =180, 8.3 Hz, 1H), 2.50 (dt, J = 17.8, 5.5 Hz, 2H), 2.37 (dd, J = 11.3, 6.7 Hz, 1H), 1.83 (s,
1H), 1.71 (m, 5H), 141 (m, 1H), 1.20 (m, 3H), 0.90 (m, 2H) ppm; “C NMR (126 MHz,
Chloroform-d) 6 = 177.7, 175.0, 135.5, 128.8, 128.6, 128.0, 56.5, 54.2, 42 4, 38.0, 36.3, 31.2,
26.5, 259 ppm; HRMS (ESI): Mass calculated for C;sHysN,O, [M+H]*: 301.1916; found:

301.1911; IR (thin film): 3303, 2916, 2850, 1694, 1494, 1461, 1431 cm™'; Enantiomeric ratio
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was measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tx

(major) = 9.75 min, tg (minor) = 9.18 min; e.r. = 97:3.

(R)-1-benzyl-3-(cyclohexylamino)pyrrolidine-2,5-dione  (Compound 1II-19):  Prepared
according to the general procedure using cyclohexylamine (0.022 g, 0.22 mmol, 1.1 equiv) to
afford 0.048 g (84% yield) of product as a clear solid: '"H NMR (500 MHz, Chloroform-d) 6 7.32
(m, 5H), 4.65 (s, 2H), 3.86 (dd, J = 8.2, 5.0 Hz, 1H), 2.93 (dd, J = 17.9, 8.2 Hz, 1H), 2.54 (m,
2H), 1.86 (m, 2H), 1.60 (m, 3H), 1.18 (m, 5H) ppm; 3C NMR (126 MHz, Chloroform-d) 0
178.2,175.0,135.5, 1289, 128.7, 128.0, 55.7,54.2,42.5,38.1,34.1,33.1, 25.8, 24.9, 24.9 ppm;
HRMS (ESI): Mass calculated for C;H,;N,O, [M+H]*: 287.1760; found: 287.1754; IR (thin
film): 3520, 3248, 3035, 2920, 2849, 1688, 1630, 1520, 1498, 1470, 1455, 1439, 1401 cm™;
Enantiomeric ratio was measured by chiral phase supercritical fluid HPLC (IA, 2% MeOH/CO,,

1.0 mL/min, 210 nm), tg (major) = 2.16 min, tg (minor) = 2.38 min; e.r. = 95:5.

(R)-1-benzyl-3-(piperidin-1-yl)pyrrolidine-2,5-dione (Compound II-20): Prepared according
to the general procedure using piperidine (0.019 g, 0.22 mmol, 1.1 equiv) to afford 0.052 g (95%

yield) of product as a clear oil: 'H NMR (500 MHz, Chloroform-d) 6 7.32 (m, 5H), 4.64 (m, 2H),
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3.77 (dd,J=9.1,4.7 Hz, 1H), 2.82 (dd, J = 18.6, 9.0 Hz, 1H), 2.69 (m, 3H), 2.41 (dt,J =110,

5.3 Hz, 2H), 1.59 (m, 4H), 1.43 (p, J = 6.0 Hz, 2H) ppm; '*C NMR (126 MHz, Chloroform-d)
176.2, 1750, 135.8, 128.8, 128.6, 127.9, 63.2, 50.2, 42.1, 31.6, 26.0, 24.0 ppm; HRMS (ESI):
Mass calculated for C;H,N,O, [M+H]*: 273.1603; found: 273.1598; IR (thin film): 2934, 2846,
1691, 1499, 1470, 1454, 1441, 1422 cm™'; Enantiomeric ratio was measured by chiral phase
HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tg (major) = 23.70 min, tg (minor) =

27.27 min; er.=97:3.

(R)-1-benzyl-3-[3 ,4-dihydroisoquinolin-2(1H)-yl]pyrrolidine-2,5-dione (Compound II-21):
Prepared according to the general procedure using 1,2,3 4-tetrahydroisoquinoline (0.029 g, 0.22
mmol, 1.1 equiv) to afford 0.045 g (71% yield) of product as a clear oil: '"H NMR (500 MHz,
Chloroform-d) 6 7.40 (m, 2H), 7.31 (m, 3H), 7.11 (m, 3H), 6.95 (m, 1H), 4.69 (m, 2H), 4.05 (d,
J =143 Hz, 1H), 3.97 (dd, J = 9.0, 4.7 Hz, 1H), 3.70 (d, J = 14.3 Hz, 1H), 2.87 (m, 6H) ppm;
3C NMR (126 MHz, Chloroform-d) 6 1759, 174.7, 135.7, 133.7, 133.6, 128.9, 128.8, 128.7,
128.0,126.5,126.3,125.8,62.2,51.9,47.0,42.3,32.3, 294 ppm; HRMS (ESI): Mass calculated
for C,H»1N,O, [M+H]*: 321.1603; found: 321.1598; IR (thin film): 3282, 3004, 2922, 1692,
1605, 1585, 1498, 1455, 1424, 1400 cm™!; Enantiomeric ratio was measured by chiral phase
HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tg (major) = 20.75 min, tg (minor) =

13.99 min; e.r. = 93:7.
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(R)-1-benzyl-3-morpholinopyrrolidine-2,5-dione (Compound II-22): Prepared according to
the general procedure using morpholine (0.019 g, 0.22 mmol, 1.1 equiv) to afford 0.051 g (93%
yield) of product as a clear oil: 'H NMR (500 MHz, Chloroform-d) 6 7.28 (m, 5H), 4.60 (m, 2H),
3.66 (dt,J=19.5,4.4 Hz, 5H), 2.76 (m, 3H), 2.61 (dd, J = 18.4,4.9 Hz, 1H), 2.43 (dt, J = 10.3,
4.6 Hz, 2H) ppm; *C NMR (126 MHz, Chloroform-d) & 175.5, 174.5, 135.6, 128.8, 128.7,
128.0, 66.8, 62.5,49.5,42.2, 31.4 ppm; HRMS (ESI): Mass calculated for C;sH;sN,O; [M+H]*:
275.1396; found: 275.1390; IR (thin film): 2853, 1698, 1496, 1454, 1429 cm™!; Enantiomeric
ratio was measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 0.5 mL/min, 210 nm), tg

(major) = 51.83 min, tg (minor) = 49.28 min; e.r. = 97:3.

(R)-1-benzyl-3-(4-benzylpiperazin-1-yl)pyrrolidine-2,5-dione (Compound II-23): Prepared
according to the general procedure using 1-benzylpiperazine (0.039 g, 0.22 mmol, 1.1 equiv) to
afford 0.068 g (93% yield) of product as a clear oil: '"H NMR (500 MHz, Chloroform-d) 6 7.32
(m, 10H), 4.65 (d, J = 5.3 Hz, 2H), 3.79 (dd, J = 8.8, 4.9 Hz, 1H), 3.51 (s, 2H), 2.80 (m, 3H),
2.67 (dd,J = 18.4,5.0 Hz, 1H), 2.50 (s, 6H) ppm; *C NMR (126 MHz, Chloroform-d) 6 175.8,
174.7, 1379, 135.7, 129.1, 128.8, 128.6, 128.2, 1280, 127.1, 62.8, 624, 52.8,49.0,42.2, 31.2

ppm; HRMS (ESI): Mass calculated for C,H,N;O, [M+H]*: 364.2025; found: 364.2020; IR
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(thin film): 2918, 2814, 1692, 1496, 1453, 1426, 1401 cm™'; Enantiomeric ratio was measured by

chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tg (major) = 22.91 min,

tg (minor) = 15.41 min; e.r. = 93:7.

MeO

(R)-1-benzyl-3-[4-(4-methoxyphenyl)piperidin-1-yl]pyrrolidine-2,5-dione (Compound II-
24): Prepared according to the general procedure using 4-(4-methoxyphenyl)piperidine (0.042 g,
0.22 mmol, 1.1 equiv) to afford 0.070 g (92% yield) of product as a colorless solid. An improved
procedure was developed by only changing the temperature to —40 °C to afford 0.068 g (90%
yield) of product as a colorless solid: '"H NMR (500 MHz, Chloroform-d) 6 7.33 (m, 5H), 7.12
(m, 2H), 6.84 (m, 2H), 4.67 (m, 2H), 3.85 (ddd, J =94, 4.8, 1.9 Hz, 1H), 3.78 (d, / = 1.9 Hz,
3H),2.87 (td, J = 13.3,11.2, 7.6 Hz, 4H), 2.69 (ddd, J = 18.5,4.9, 1.8 Hz, 1H), 2.45 (m, 1H),
227 (td,J =11.3,2.7 Hz, 1H), 1.77 (m, 4H) ppm; '3*C NMR (126 MHz, Chloroform-d) 6 176.1,
174.9, 158.0, 138.0, 135.7, 128.8, 128.7, 128.0, 127.6, 113.8, 62.8, 55.2, 51.5,48.5,42.2, 41 4,
33.8, 33.5, 31.7 ppm; HRMS (ESI): Mass calculated for C,;H»;N,O; [M+H]*: 379.2022; found:
379.2016; IR (thin film): 3291, 2848, 2914, 1691, 1597, 1514, 1491, 1454, 1435 cm™; For the
standard reaction run at —20 °C, enantiomeric ratio was measured by chiral phase HPLC (AD-H,
10% PrOH/hexanes, 1.0 mL/min, 210 nm), tz (major) = 31.84 min, tx (minor) = 17.77 min; er =

90:10. For the same reaction run at —40 °C, enantiomeric ratio was measured by chiral phase
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HPLC (AD-H, 10% ‘PrOH/hexanes, 1.0 mL/min, 210 nm), tg (major) = 32.26 min, tg (minor) =

1791 min; e.r. = 94:6.

M
Ie H O
Bn/N
N—Bn
(6]

(R)-1-benzyl-3-[benzyl(methyl)amino]pyrrolidine-2,5-dione (Compound II-25): Prepared
according to the general procedure using N-methyl-phenethylamine (0.024 g, 0.22 mmol, 1.1
equiv) to afford 0.055 g (89% yield) of product as a clear oil: 'H NMR (500 MHz, Chloroform-
d) 6 7.32 (m, 10H), 4.67 (m, 2H), 3.86 (m, 2H), 3.70 (d, J = 13.1 Hz, 1H), 2.80 (dd, J = 18.6,9.1
Hz, 1H), 2.63 (dd, J = 18.6, 4.8 Hz, 1H), 2.25 (s, 3H) ppm; '3*C NMR (126 MHz, Chloroform-d)
0 176.6, 1749, 1379, 135.8, 128.9, 128.8, 128.6, 128.5, 1280, 127.5, 60.3, 59.1, 42.2, 37.2,
31.8 ppm; HRMS (ESI): Mass calculated for C;oH,N,O, [M+H]*: 309.1603; found: 309.1598;
IR (thin film): 3069, 2955, 1701, 1493, 1467, 1417 cm™'; Enantiomeric ratio was measured by
chiral phase HPLC (IA, 2% PrOH/hexanes, 1.0 mL/min, 210 nm), tz (major) = 19.75 min, tg

(minor) = 20.98 min; e.r. = 78:22.

Me
\©\,n i
!
Me

(R)-1-(4-methylbenzyl)-3-[(4-methylbenzyl)amino]pyrrolidine-2,5-dione (Compound I1-26):

Prepared according to the general procedure using 1-(4-methylbenzyl)-1H-pyrrole-2,5- dione
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(0.040 g, 0.20 mmol, 1.0 equiv) and p-tolylmethanamine (0.027 g, 0.22 mmol, 1.1 equiv) to

afford 0.060 g (94% yield) of product as a clear solid: 'H NMR (500 MHz, Chloroform-d) & 7.23
(s, 2H), 7.12 (m, 6H), 4.58 (d, J = 2.9 Hz, 2H), 3.75 (m, 3H), 2.81 (dd, J = 17.9, 8.2 Hz, 1H),
247 (dd, J =179,5.0 Hz, 1H), 2.30 (d, J = 11.1 Hz, 6H), 2.13 (s, 1H) ppm; “C NMR (126
MHz, Chloroform-d) 6 177.7,174.9,137.8,137.2,135.6, 132.6,129.3, 129.3, 128 .8, 128.2,55 4,
51.6, 42.2, 36.5, 21.1, 21.1 ppm; HRMS (ESI): Mass calculated for C,)H»N,O, [M+H]*:
323.1760; found: 323.1554; IR (thin film): 3289, 2980, 2918, 2852, 1691, 1615, 1514, 1454,
1437 cm™'; Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% ‘PrOH/hexanes,

1.0 mL/min, 210 nm), tg (major) = 16.75 min, tg (minor) = 13.13 min; e.r. = 92:8.

Me
!
Cl

(R)-1-(4-chlorobenzyl)-3-[(4-methylbenzyl)amino]pyrrolidine-2,5-dione (Compound I1-27):
Prepared according to the general procedure using 1-(4-chlorobenzyl)-1H-pyrrole-2,5- dione
(0.044 g, 0.20 mmol, 1.0 equiv) and p-tolylmethanamine (0.027 g, 0.22 mmol, 1.1 equiv) to
afford 0.066 g (97% yield) of product as a clear solid: 'H NMR (500 MHz, Chloroform-d) 6 7.30
(m, 4H), 7.16 (m, 4H), 4.60 (d, J = 1.9 Hz, 2H), 3.78 (m, 3H), 2.85 (dd, J = 18.0, 8.2 Hz, 1H),
2.50 (dd, J = 18.0, 49 Hz, 1H), 2.33 (s, 3H), 2.15 (s, 1H) ppm; “C NMR (126 MHz,
Chloroform-d) 6 177.5,174.8, 137.3, 135.5, 134.0, 133.9, 130.3, 129.3, 128.8, 128.2, 554, 51.6,
41.7, 364, 21.1 ppm; HRMS (ESI): Mass calculated for C;sH,CIN,O, [M+H]*: 343.1213;

found: 343.1208; IR (thin film): 3291, 2917, 2847, 1691, 1597, 1514, 1491, 1454, 1435 cm™;
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Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% "PrOH/hexanes, 1.0

mL/min, 210 nm), tg (major) = 17.92 min, tg (minor) = 15.52 min; e.r. = 94:6.

Me
ﬁ
OMe

(R)-1-(4-methoxybenzyl)-3-[(4-methylbenzyl)amino]pyrrolidine-2,5-dione (Compound II-
28): Prepared according to the general procedure using 1-(4-methoxybenzyl)-1H-pyrrole-2,5-
dione (0.040 g, 0.20 mmol, 1.0 equiv) and p-tolylmethanamine (0.027 g, 0.22 mmol, 1.1 equiv)
to afford 0.062 g (91% yield) of product as a clear solid: '"H NMR (500 MHz, Chloroform-d) o
7.31 (m, 2H), 7.15 (m, 4H), 6.82 (m, 2H), 4.58 (d, J = 2.8 Hz, 2H), 3.78 (m, 5H), 3.71 (dd, J =
8.3,49 Hz, 1H), 2.83 (dd, J =179, 8.3 Hz, 1H), 248 (dd, J = 179, 5.0 Hz, 1H), 2.33 (s, 3H),
2.15 (s, 1H) ppm; C NMR (126 MHz, Chloroform-d) & 177.7, 174.9, 159.3, 137.2, 135.6,
130.3, 129.3, 128.2, 127.8, 114.0, 55.4, 55.3, 51.6, 419, 36.4, 21.1 ppm; HRMS (ESI): Mass
calculated for CyH,;3N,O5; [M+H]*: 339.1709; found: 339.1703; IR (thin film): 3284, 3018, 2913,
2857, 1687, 1614, 1585, 1513, 1437, 1398, 1353 cm™!; Enantiomeric ratio was measured by
chiral phase HPLC (AD-H, 10% ‘PrOH/hexanes, 1.0 mL/min, 210 nm), tz (major) = 31.8 min, tg

(minor) = 23.20 min; e.r. = 87:13.
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Cl

(R)-1-(4-chlorobenzyl)-3-(piperidin-1-yl)pyrrolidine-2,5-dione (Compound I1-29): Prepared
according to the general procedure using 1-(4-chlorobenzyl)-1H-pyrrole-2,5-dione (0.044 g, 0.20
mmol, 1.0 equiv) and piperidine (0.019 g, 0.22, 1.1 equiv) to afford 0.055 g (89% yield) of
product as a clear solid: '"H NMR (500 MHz, Chloroform-d) 6 7.30 (m, 4H), 4.62 (m, 2H), 3.77
(dd,J =9.1,4.7 Hz, 1H), 2.82 (dd, J = 18.6, 9.0 Hz, 1H), 2.67 (m, 3H), 2.40 (dt,J = 10.8,5.3
Hz, 2H), 1.55 (d, J = 5.5 Hz, 4H), 1.44 (m, 2H) ppm; *C NMR (126 MHz, Chloroform-d) 0
176.1, 1749, 134.2, 133.9, 130.3, 128.8, 63.2, 50.2, 41 .4, 31.6, 26.0, 24.0 ppm; HRMS (ESI):
Mass calculated for C;HyCIN,O, [M+H]*: 307.1213; found: 323.1208; IR (thin film): 2927,
2822, 1688, 1508, 1449, 1424, 1395 cm™'; For the standard reaction run at —20 °C, enantiomeric
ratio was measured by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tg
(major) = 10.68 min, tg (minor) = 13.16 min; er = 93:7. For the same reaction run at —-40 °C,
enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% "PrOH/hexanes, 1.0

mL/min, 210 nm), tg (major) = 10.64 min, tg (minor) = 13.13 min; e.r. = 84:16.

(R)-3-[(4-methylbenzyl)amino]-1-phenylpyrrolidine-2,5-dione (Compound II-30): Prepared

according to the general procedure using p-tolylmethanamine (0.027 g, 0.22 mmol, 1.1 equiv)
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and 1-phenyl-1H-pyrrole-2,5-dione (0.035 g, 0.2 mmol, 1.0 equiv) to afford 0.059 g (93% yield)

of 30 as a white solid: '"H NMR (500 MHz, Chloroform-d) 6 7.50 (dd, J = 8.4, 7.0 Hz, 2H), 7.43
(m, 1H), 7.29 (m, 4H), 7.20 (d, J = 7.7 Hz, 2H), 3.95 (m, 3H), 3.05 (dd, J = 18.0, 8.4 Hz, 1H),
2.73 (dd, J = 18.0, 5.3 Hz, 1H), 2.38 (s, 4H) ppm; *C NMR (126 MHz, Chloroform-d) 6 176.8,
174.1,137.4,135.3,131.6,129.4,129.2, 128.7, 128 4, 126.3,55.4,51.6, 36.5, 21.1 ppm; HRMS
(ESI): Mass calculated for CsH;oN,O, [M+H]*: 295.1447; found: 295.1441; IR (thin film): 3299,
3047, 1698, 1594, 1513,1495, 1453, 1395, 1370 cm™!; Enantiomeric ratio was measured by
chiral phase HPLC (IA, 30% PrOH/hexanes, 0.5 mL/min, 210 nm), tx (major) = 28.33 min, tx

(minor) = 27.03 min; e.r. = 74:26.

(R)-1-ethyl-3-[(4-methylbenzyl)amino]pyrrolidine-2,5-dione (Compound II-31): Prepared
according to the general procedure using p-tolylmethanamine (0.027 g, 0.22 mmol, 1.1 equiv)
and 1-ethyl-1H-pyrrole-2,5-dione (0.025 g, 0.20 mmol, 1.0 equiv) to afford 0.045 g (91% yield)
of product 31 as a clear oil: '"H NMR (500 MHz, Chloroform-d) 6 7.17 (m, 4H), 3.81 (m, 2H),
3.72(dd,J=82,49Hz,1H),3.55(q,/=7.2 Hz, 2H),2.83 (dd,J=17.9, 8.2 Hz, 1H), 2.49 (dd,
J =179, 49 Hz, 1H), 2.34 (s, 3H), 1.16 (t, J = 7.2 Hz, 3H) ppm; “C NMR (126 MHz,
Chloroform-d) 6 177.8,175.2,137.3,135.5,129.3, 128.2,55.4,51.7,36.5,33.8, 21.1, 13.0 ppm;
HRMS (ESI): Mass calculated for C;H;sN,O, [M+H]*: 247.1447; found: 247.1441; IR (thin

film): 3294, 2981, 2848, 1686, 1516, 1491, 1447, 1405 cm™'; Enantiomeric ratio was measured
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by chiral phase HPLC (AD-H, 10% PrOH/hexanes, 1.0 mL/min, 210 nm), tx (major) = 12.56

min, tg (minor) = 11.21 min; e.r. = 80:20.

Me
H
\©\/N ?
EN—Bn

(R)-1-benzyl-N-(4-methylbenzyl)pyrrolidin-3-amine (Compound II-34): A flame-dried 25
mL round bottom flask equipped with a magnetic stirring bar and a nitrogen inlet was charged
with THF (7.6 mL) and lithium aluminum hydride (0.215 g, 5.67 mmol, 5.0 equiv). To the
resulting suspension was added (R)-1-benzyl-3-[(4-methylbenzyl)amino]pyrrolidine-2,5-dione
I1-6 (0.350 g, 1.135 mmol) portion-wise as a solid. The reaction flask was equipped with a reflux
condenser and heated to 60 °C for 14 h. The reaction mixture was then cooled to 23 °C and
poured into ice cold 1.0 M NaOH (50 mL) and stirred for 10 min. The mixture was transferred to
a separatory funnel and extracted with diethyl ether (3 x 100 mL). The organic layer was
collected, dried over Na,SQO,, filtered and concentrated on a rotary evaporator to give the product
I1-34 as analytically pure pale yellow oil (0.305 g, 1.08 mmol, 95%): 'H NMR (500 MHz,
Chloroform-d) 6 7.31 (dt, J = 8.6, 4.1 Hz, 4H), 7.25 (m, 2H), 7.19 (m, 2H), 7.11 (m, 2H), 3.69
(d,J =18 Hz, 2H), 3.60 (qd, J = 12.9, 1.8 Hz, 2H), 3.34 (ddtd, J = 8.8, 6.7, 4.8, 1.7 Hz, 1H),
2.75(ddd,J =8.8,6.7,1.7 Hz, 1H), 2.63 (tdd, J = 8.4, 6.0, 1.8 Hz, 1H), 2.53 (tdd, J =94, 6.7,
1.7 Hz, 1H), 2.39 (ddd, J =9.5,5.0, 1.8 Hz, 1H), 233 (d, J = 1.7 Hz, 3H), 2.13 (m, 1H), 1.61
(dddt,J =12.8,109, 6.1, 3.0 Hz, 1H), 1.37 (s, IH) ppm; '*C NMR (126 MHz, Chloroform-d)
139.1, 137.3, 1364, 1290, 128.8, 128.2, 128.1, 126.9, 60.8, 60.5, 56.7, 53.1, 52.1, 32.2, 21.1

ppm; HRMS (ESI): Mass calculated for C;oH,sN, [M+H]*: 281.2018; found: 281.2012; IR (thin
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film): 3025, 2955, 2910, 2783, 1514, 1494, 1452 cm™'; Enantiomeric ratio was measured by

chiral phase HPLC (OD-H, 5% PrOH/hexanes, 1.0 mL/min, 210 nm), tzg (major) = 15.91 min, tx

(minor) = 11.56 min; e.r. = 99:1.

(0]
MeO v

Me

(R)-N-(1-benzylpyrrolidin-3-yl)-2-(4-methoxyphenyl)-N-(4-methylbenzyl)acetamide

(Compound 1II-35): To a 25 ml flask charged with dichloromethane (10.9 ml) was added
sequentially (R)-1-benzyl-N-(4-methylbenzyl)pyrrolidin-3-amine II-34 (0.305 g, 1.088 mmol),
Hiinig’s Base (2.280 mL, 13.05 mmol, 12 equiv), and 2-(4-methoxyphenyl)acetyl chloride
(0.602 g, 3.26 mmol, 3.0 equiv) at 23 °C. The reaction was allowed to stir at 23 °C for 48 h, at
which point it was poured into a separatory funnel containing saturated NaHCO; (10 mL) and
extracted with dichloromethane (3 x 15 mL). The combined organic layers were washed with
water (15 mL), saturated brine (15 mL), then dried over Na,SO,, filtered, and concentrated on a
rotary evaporator. The crude residue was purified via column chromatography (9:1
hexanes:acetone) to afford product II-35 as a colorless oil (0.201 g, 0.469 mmol, 43%), which
was characterized as a ~2:1 mixture of amide rotamers at 23 °C by NMR spectroscopy: 'H NMR
(500 MHz, Chloroform-d) & 7.20 (m, 11H), 7.06 (q,J = 8.5, 7.4 Hz, 6H), 6.83 (dd, J = 20.1, 8.1
Hz,3H),5.17 (m, 1H), 4.65 (dt,J=32.4,18.0 Hz,4H),3.79 (d,/ =73 Hz,6H),3.54 (t,/ = 14.2
Hz,2H), 3.47 (m, 4H), 2.79 (t,J = 7.5 Hz, 1H), 2.59 (ddd, J = 26.5, 104, 4.0 Hz, 1H), 2.47 (t,J

= 9.1 Hz, 1H), 2.30 (m, 8H), 1.90 (t, J = 8.8 Hz, 1H), 1.70 (dt, J = 18.2, 6.2 Hz, 2H) ppm; *C
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NMR (126 MHz, Chloroform-d) & 172.4,171.4,158.4, 138.9, 138.5, 136.7, 136.6, 136.0, 135.7,

129.7,129.7,129.5, 1290, 128.6, 128 .4, 128.3, 128.2, 127.3, 127.1, 127.0, 126.8, 126 .8, 125 4,
114.1,114.0,60.0,57.5,574,57.0,56.0,55.2,53.6,53.3,53.3,47.5,45.5,40.9,40.6,30.0,29.9,
247, 21.0 ppm; HRMS (ESI): Mass calculated for CyxHi3N,O, [M+H]*: 429.2542; found:
429.2537; IR (thin film): 3334, 3055, 2898, 2875, 1716, 1652, 1558, 1512, 1456, 1419, 1379

cm™.

(R)-3-amino-1-benzylpyrrolidine-2,5-dione (Compound II-36): To a flame dried 10 mL round
bottom flask under an inert atmosphere was added 10% Pd/C (21.28 mg, 0.020 mmol), (R)-1-
benzyl-3-[(4-methylbenzyl)amino]pyrrolidine-2,5-dione II-6 (61.7 mg, 0.2 mmol), followed by
MeOH (4.0 mL). The flask was then equipped with a balloon of H, (1 atm) and stirred at 23 °C
for 5 h, at which point the reaction mixture was filtered through a 0.5 cm plug of Celite™. The
filter cake was rinsed with 20 mL of ethyl acetate, and the resulting clear homogeneous filtrate
was concentrated in vacuo. The resulting crude residue was purified on SiO, in the following
manner: a chloroform solution (0.5 mL) of the crude residue was loaded onto a dry pad of silica
gel (2 x 2 cm), which was first flushed with hexanes (15 mL) then with MeCN (~15 mL) until all
of II-36 had been eluted (TLC monitoring). The MeCN eluent was concentrated in vacuo to give
I1-36 as a colorless solid (39 mg, 0.192 mmol, 96% yield): '"H NMR (500 MHz, Chloroform-d)
7.34 (m, 5SH), 4.66 (s, 2H), 3.90 (dd, J = 8.7, 5.3 Hz, 1H), 3.05 (dd, J = 18.1, 8.7 Hz, 1H), 2.46

(dd,J=18.1,54 Hz, 1H) 1.68 (s, 2H) ppm; 3*C NMR (126 MHz, Chloroform-d) 6 179.0, 174.5,
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1355, 128.9, 128.7, 128.1, 50.5, 42.5, 37.9 ppm; HRMS (ESI): Mass calculated for C,;H;;N,0,

[M+H]*: 205.0977; found: 205.0972; IR (thin film): 3302, 3036, 2932, 2810, 1697, 1608, 1581,
1512, 1501, 1455, 1423, 1362 cm™'; Enantiomeric ratio was measured by chiral phase HPLC
(OD-H, 2% "PrOH/hexanes, 1.0 mL/min, 210 nm), tg (major) = 52.71 min, tx (minor) = not

observed; er. =>99:1.

(R)-1-benzyl-4-[(4-methylbenzyl)amino]-5-hydroxypyrrolidin-2-one (SI-1): To a flame dried
25 mL flask charged with 2:1 CH,Cl,;MeOH (2 mL) was added (R)-1-benzyl-3-[(4-
methylbenzyl)amino]pyrrolidine-2,5-dione 6 (61.7 mg, 0.2 mmol), and the resulting solution was
cooled to 0 °C using an external ice bath. Sodium borohydride (7.6 mg, 0.2 mmol, 1.0 equiv)
was added in a single bolus, after which the reaction was warmed to 4 °C and stirred at this
temperature for 14 h. The crude reaction was quenched with 5 mL saturated aqueous NaHCOs,
washed into a separatory funnel with 5 mL of EtOAc, and extracted with EtOAc (3 x 5 mL). The
combined organic layers were washed with saturated aqueous brine (5 mL), dried over Na,SOy,
filtered, and concentrated on a rotary evaporator. The crude oily product was triturated with ethyl
acetate, resulting in precipitation of a white solid. The precipitate was filtered, washed with cold
ethyl acetate (0.5 mL) and dried under high-vacuum (~0.1 Torr) to give a white solid (0.026 g,
0.084 mmol, 42%) which was characterized as the trans-isomer of SI-1: 'H NMR (500 MHz,
Chloroform-d) & 7.32 (m, 6H), 7.13 (m, 4H), 4.83 (m, 2H), 4.25 (d, J = 14.9 Hz, 1H), 3.72 (m,

2H), 3.23 (m, 1H), 2.85 (dd,J=17.1,7.6 Hz, 1H), 2.33 (s, 3H), 2.22 (dd, J = 17.2, 4.1 Hz, 1H),
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2.07 (s, 1H) ppm; *C NMR (126 MHz, Chloroform-d), 6 172.6, 137.0, 136.3, 136.2, 129.2,

128.8,128.3,128.1,127.7,87.7,59.7,51.5,43.6,37.1,21.1 ppm.

(R)-1-benzyl-4-[(4-methylbenzyl)amino]pyrrolidin-2-one (Compound II-37): To a 25 mL
round bottom flask was added SI-1 (49 mg, 0.158 mmol, 1.0 equiv), followed by
dichloromethane (16 mL), and triethylsilane (0.252 mL, 1.58 mmol, 10.0 equiv). The resulting
solution was cooled to —78 °C in an acetone/dry ice bath, whereupon BF;¢OFEt, (0.050 mL, 0.395
mmol, 2.5 equiv) was added dropwise via syringe. The cooling bath was removed after 15 min,
and the reaction was stirred at 23 °C for 16 h. The crude reaction was quenched by addition of 10
mL of saturated aqueous NaHCO;, and then transferred to a separatory funnel. The mixture was
extracted with dichloromethane (3 x 15 mL), and the combined organic portions were washed
with brine (15 mL), collected and dried over Na,SO,, filtered, and concentrated to a crude oily
residue. The crude product was purified via flash column chromatography (hexanes:acetone,
gradient 10:1 — 1:1) to yield II-37 as a colorless oil (39 mg, 0.132 mmol, 84%): '"H NMR (500
MHz, Chloroform-d) 6 7.31 (m, 4H), 7.24 (m, 2H), 7.12 (m, 4H), 4.46 (d, J = 2.9 Hz, 2H), 3.69
(m, 2H), 348 (tt,J =7.5,5.0 Hz, 1H), 342 (dd, J = 9.8, 6.9 Hz, 1H), 3.07 (dd, J = 9.8, 4.4 Hz,
1H), 2.69 (dd, J = 169, 7.7 Hz, 1H), 2.34 (m, 4H) ppm; '*C NMR (126 MHz, Chloroform-d), 0
173.0, 1369, 136.4, 136.3, 129.2, 128.7, 128.1, 128 0, 127.6, 53.0, 51.4, 50.3, 46.4, 389, 21.1
ppm; HRMS (ESI): Mass calculated for C,0H,;N,O [M+H]*: 295.1810; found: 295.1805; IR (thin

film): 3283, 3017, 2919, 2856, 1685, 1614, 1585, 1513, 1496, 1437, 1399, 1354 cm™;
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Enantiomeric ratio was measured by chiral phase HPLC (AD-H, 10% "PrOH/hexanes, 1.0

mL/min, 210 nm), tg (major) = 18.35 min, tg (minor) = 20.53 min; e.r. = 97:3.

284 X-Ray Crystallography Data

Determination of the Absolute Configuration of Compound II-10: The absolute
stereochemistry of II-10 was determined by X-ray diffraction. II-10 was recrystallized from
ethyl acetate/hexane. X-ray diffraction was performed at 100.01 K and raw frame data were
processed using SAINT. Molecular structure was solved using direct methods and refined on F?
by full-matrix least-squares techniques. The GOF = 1.111 for 212 variables refined to R’ =
0.0485 for 2336 reflections with I > 2a(I). A multi-scan absorption correction was performed
and the Flack parameter was —0.02(4). Further information can be found in the CIF file. This
crystal was deposited in the Cambridge Crystallographic Data Centre and assigned as CCDC
1531303.

X-ray crystal structure of I1-10:

ORTEP: C = gray, O =red, N = Blue, Br = maroon
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Determination of the Structure of Ca[B],: The absolute stereochemistry and structure of

Ca[B], was determined by X-ray diffraction. Ca[B], was recrystallized from toluene. X-ray
diffraction was performed at 99.99 K and raw frame data were processed using SAINT.
Molecular structure was solved using the algorithm implemented in SHELXT and refined on F?
by full-matrix least-squares techniques. The GOF = 0.928 for 2078 variables refined to R/ =
0.0630 for 20787 reflections with I > 2a(I). A multi-scan absorption correction was performed
and the Flack parameter was 0.026(10). Further information can be found in the CIF file. This
crystal was deposited in the Cambridge Crystallographic Data Centre and assigned as CCDC
1531265.

X-ray crystal structure of Ca[B].:

ORTEP: C = gray, O =red, P = orange, Ca = pink
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Ca

e,

CYL View: C = gray, O =red, P = oran
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Chapter 3

La[N(SiMe;),];-Catalyzed Deoxygenative Reduction of Amides

with Pinacolborane. Scope and Mechanism.

Portions of this chapter appear in the following publications:

Christopher J. Barger, Rachel D. Dicken, Victoria L. Weidner, Alessandro Motta, Tracy L. Lohr,
and Tobin J. Marks, La[N(SiMe;),];-Catalyzed Deoxygenative Reduction of Amides with
Pinacolborane. Scope and Mechanism. J. Am. Chem. Soc. 2020, 142 (17), 8019-8028;
Rachel D. Dicken, Alessandro Motta, and Tobin J. Marks, Homoleptic Lanthanide Amide

Catalysts for Organic Synthesis: Experiment and Theory. ACS Catal. 2021, 11 (5),2715-2734.
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3. Chapter 3

3.1 Introduction

Carbonyl reduction is among the most important and valuable transformations in organic
synthesis.!*1" Among the various carbonyl-based functional groups, the reduction of amides to
the corresponding amines has proven to be the most challenging due to the significant resonance
stabilization provided by the delocalization of the nitrogen lone pair. This increased stabilization
yields a significant reduction in the electrophilicity of the amide C=0 bond compared to that of
ketones, aldehydes, and esters.!”!"'”* Therefore, amides are far less susceptible to nucleophilic
attack and do not readily undergo reduction in the presence of mild hydride sources, instead
requiring more highly reactive reducing agents.

In addition to the relatively low reactivity towards nucleophilic addition, a second
fundamental challenge regarding amide reduction lies in the selectivity of C—N vs C-O bond
cleavage. In general, amide reduction can proceed via two main pathways depending upon the
stability of the tetrahedral intermediate formed during the course of the reaction (Scheme 3.1).
While C-0O bond cleavage to yield the more valuable “higher amine” is often the more desirable
reduction pathway, C—N bond cleavage to afford the “lower amine” can also be synthetically
advantageous. Though traditional hydride reducing agents such as lithium aluminum hydride
(LAH) and diisobutylaluminum hydride (DIBAL) have proven to be reliable reagents for various
carbonyl reductions, when employed in amide reductions, undesirable side reactions and a lack
of selectivity between C—O and C-N bond cleavage are not uncommon.!’#!”7 Due to these
limitations, the development of more selective and convenient methods for amide reduction has

gained increasing attention.
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Scheme 3.1 General reaction pathways in the reduction of amides.
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This chapter outlines the development of the La[N(SiMe;),];-catalyzed deoxygenative
reduction of tertiary and secondary amides with pinacolborane (HBpin). The reaction, which
yields amines and O(Bpin),, operates under mild conditions and tolerates nitro, halide, and
amino functional groups. The amide reduction is also completely selective for C=0O bond
reduction, with the exclusion of both competing inter- and intramolecular alkene/alkyne
hydroboration. Kinetic studies indicate that amide reduction obeys an unusual mixed-order rate
law which is proposed to originate from saturation of the catalyst complex with HBpin. Kinetic
and thermodynamic studies, isotopic labeling, and DFT calculations using energetic span
analysis suggest the role of a [(Me;Si),N],La-OCHR(NR’,)[HBpin] active catalyst, and hydride
transfer is proposed to be ligand-centered. These results add to the growing list of
transformations that commercially available La¥™$ is competent to catalyze, further

underscoring the value and versatility of lanthanide complexes in homogeneous catalysis.

3.2 Background and Motivation
The deoxygenative reduction of amides to amines is an important transformation in

academic, pharmaceutical, and industrial synthetic chemistry (Scheme 3.2).168: 178181 The natural
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prevalence and synthetic accessibility of amides makes them valuable precursors to amines, but

the inertness of the resonance-stabilized amide C=0O bond generally necessitates the use of harsh
reductants such as LiAlH,, BH;, and pressurized H,.!”0: 18218 These reagents present significant

safety concerns and often suffer from poor functional group tolerance, particularly with nitro gr-

Scheme 3.2 Examples of large-scale deoxygenative reductions of amides in the pharmaceutical
industry.

A) Chemoselective reduction of amide IlI-1 en route to verapamil (lll-2)
1. BH3*SMe,, (1.85 equiv)

20°C,16h
2.1 M aq HCI, 80-100 °C
4h

OMe OMe

OMe OMe

verapamil (77 g)
calcium channel blocker
B) Red-Al reduction of imide IlI-3 to pyrrolidine llI-4 en route to ingliforib (llI-5)

1. Red-Al

O . . O Bn O

Bn, (65% in toluene; 4 equiv) *TsOH )\/[]\

N toluene, reflux, 4 h HN d N N OH

- — NI

o o then 20% aq NaOH ? cl O OH Q_
o/k~ 10-30 °C O/k\

OH
-3 2. Hp, Pd(OH),/C Ini-4 I1I-5
3. TsOH, MEK 83%, (89.7 kg) ingliforib
glycogen phosphorylase inhibitor
Bn Bn Bn_
~ o
HO
OPr O&*
byproducts of the reduction
of imide 1ll-3

oups and alkenes/alkynes. As such, novel methods enabling the safe, selective, and efficient
reduction of amides would be valuable additions to the synthetic chemist’s toolkit.'®> Significant
progress has been made in this area, with much of the focus directed toward catalytic
hydrosilylation.'3¢®8 Interestingly, amide reduction via catalytic hydroboration (with mild, easily
handled boranes such as HBpin) is largely unexplored, especially with lanthanide catalysts % 18-
1 despite extensive precedent for the use of boranes as reductants for ketones and aldehydes,'”!-

20 as well as the intense recent interest in the more challenging reduction of esters via
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hydroboration.®%: 191, 201204 Recently, we reported that the homoleptic lanthanide amide

La[N(SiMe;),]; (LaN™s) displays extremely high catalytic activity for a variety of carbonyl
reductions using HBpin, with 25-60 °C turnover frequencies as high as 40,000 h~! for ketones
and aldehydes and 400 h~! for esters (Scheme 3.3).%*: 62 With these results in mind, we sought to

explore the La¥N™S-catalyzed hydroboration of more challenging amides.

Scheme 3.3 (A) LnN™S-Catalyzed Hydroboration of Ketones and Aldehydes with HBpin; (B)
LnN™S_Catalyzed Hydroboration of Esters with HBpin.

A) Marks (2017)
» low catalyst loadings

o o c)/Bpin
JL + i Ln[N(TMS),]5 (0.01~1.0 mol %) « earth abundant La
R1” g2 H’B\O CgDg, 25 °C, 15-90 min H(i\ﬂg * wide substrate scope
i Ln=La, Ce, Sm, Y H .
(1.2 equiv) « fast rxn times
R' = alkyl, aryl 19 examples
R? = H, alkyl, aryl >99% yield

B) Marks (2019)

Bpin i i
o) o)§< o~ « rapid reduction
| . %, . q
JJ\ LR+ Bl LIR(TMS)els (1.0 mol %) R1+H + Bpin  _R® - selective over alkenes
R'" O H CgDg, 25-60 °C, 0.5-16 h and alkynes
(2.2 equiv) Ln=La, Ce, Sm, Y, Yb
R = alkyl, aryl 16 examples » mechanistic investigation
R? = alkyl, aryl 93-99% yield

Tris[N,N-bis(trimethylsilyl)amido]lanthanide complexes (Ln[N(SiMe;),];, abbreviated
here as Ln“™S) are encountered frequently in the lanthanide catalysis literature, both as
precursors to more complex lanthanide organometallics®*-2> and as homogeneous catalysts,
particularly for hydrofunctionalization/reduction of alkenes and alkynes.?? 3153, 36-58. 61, 216220 Thege
complexes are commercially available for many lanthanides, or can be readily synthesized and
purified, rendering them highly accessible and of great interest to the synthetic methods
community 3% 221 A report from the Marks laboratory showed that it is possible to carry out the

catalytic synthesis of amides with LnN™S 222 but the La¥™S-catalyzed reduction of amides had
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not yet been investigated. Given this, and the proven ability of La¥™S to catalyze carbonyl

hydroboration, LaN™3-catalyzed amide hydroboration was an intriguing target.

Here we report that LaN™S effectively mediates the deoxygenative reduction of a variety
of alkyl and aryl amides to the corresponding amines. This system, which utilizes a
commercially available catalyst, mild reaction conditions, and easily handled HBpin, constitutes
a significant advance over traditional amide reduction methods, and is the first report of a
borane-based amide reduction catalyzed by a lanthanide complex. We discuss here the scope of
this transformation, as well as a proposed mechanism informed by a combined experimental-

theoretical investigation.

3.3 Hydroboration Scope Development of the Deoxygenative Reduction of Amides

Amide reduction is found to occur via deoxygenation to yield the corresponding amine
and bis(pinacolboryl)oxide (pinB-O-Bpin, 'H NMR: & 1.00 ppm, "B NMR: 6 21.7 ppm in C¢D)
as a co-product (Table 3.1), analogous to that reported for other borane- and silane-based
reductions.® 188. 223 Near quantitative conversion of amide to amine is observed for each of the
substrates examined (Table 3.1) at a catalyst loading of 5 mol%, and acidic workup of
preparative reactions (0.5 g scale) affords the amine hydrochloride product in good yields
without the need for column chromatography (see Experimental Section 3.73). Although only 2
equiv of HBpin (relative to amide) is formally required by stoichiometry for complete amide
reduction, 5 equiv was typically found necessary to achieve full conversion over the time and
temperature range selected. This is likely attributable to reversible formation of transient amide-
borane and amine-borane adducts which, once formed, would effectively reduce the amount of

active HBpin available in solution. Considering the DFT-derived geometries in the proposed cat-



Table 3.1 Scope of the La¥™5-Catalyzed Amide Reduction with Pinacolborane.

et A _LalN(SiMegyls (5mol %)~ _R,

R
Ra

[0}
o
(O 'B/ ~ Blzo
C; 'il . 1 (¢] o
CsDg (0.25 M), Temp, time R,

77

M M
| me”>n-M N N )
/N\ I\I/Ie Me
-6 n-7 -8 -9
25°C, 1 h: 97% 25 °C, 6.5 h: 94% 25 °C, 1 h: 99% 25°C, 17 h: >99%
25 °C, 25 h: >99%?
)\ J\ 25 °C, 36 h: >99%®
Ph ° : >999
N Me/\lil’ CN_Me 60 °C, 2 h: >99%
Me Ph N/\/
n-10 -1 n-12 I
25 °C, 96 h: >99% 25 °C, 20 h: >99% 25 °C, 72 h: >99%° Me
60 °C, 24 h: >99% 60 °C, 0.5 h: >99% 60 °C, 24 h: >99%° 1
25 °C, 14 h: >99%
N,Ph N 60 °C, 1 h: >99%
H MeoN N
n-14 n-15 -16
25°C, 72 h: <1% 25°C, 72 h: <1% 25°C,1h:9% Me
60 °C, 24 h: 70% 60 °C, 48 h: 90% 60 °C, 2 h: 95% n-17
25°C, 1 h: 18%
60 °C, 2 h: >99%
sachNcaciaVeas
F O,N
n-18 n-19 1I-20
25 °C, 1 h: 28% 25°C, 1 h: 38% 25°C, 1 h: 68%
60 °C, 2 h: 99% 60 °C, 1 h: 97% 60 °C, 1 h: >99%

Reaction performed on a 0.25 mmol scale. % yield determined via "H NMR integrations vs hexamethylbenzene
as an internal standard. 2 Reaction performed using Y[N(SiMej).]; © Reaction performed using Sm[N(SiMes),]s.

¢Reaction performed using 10 equiv HBpin.
alytic cycle, bulky HBpin-amide or HBpin-amine adducts would be expected to approach the
catalyst complex and participate in amide reduction with greater difficulty. Such effects were
previously observed in similar reductions, and other catalytic systems require HBpin to be held
in even greater excess.'® Tertiary amides are reduced cleanly at 25 °C, although sterically
encumbered amides and imides (Table 3.1, III-12) require elevated temperature (60 °C) for rapid
reduction. Formamides (R = H) generally react more rapidly than amides (R # H; e.g., Table 3.1,

II1-6 vs III-7). Similarly, steric encumbrance at the R? and R? positions depresses the turnover
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rate (e.g., Table 3.1, III-6 vs III-10). Even with HBpin in excess, the reduction of amides is

completely chemoselective over the hydroboration of alkenes and alkynes in intermolecular
competition experiments (Scheme 3.4).
Scheme 3.4 Selective Reduction of N,N-Dimethylbenzamide in the Presence of 1-Octene (A)
and 1-Octyne (B).

A) 0

LaNT™S (5 mol % .
Ph)LN/ + CsH13/\ # ABen ph” N + O(Bpin),
| HBpin (5 equiv) Cothia |

0.125 mmol 0.125 mmol not detected -9, 89%
®) i LaN™S (5 mol %) - Bpin
P N7t CofteT= : = o PN oo
| HBpin (5 equiv) | 2
CeHia
0.125 mmol 0.125 mmol not detected -9, 92%

Yields calculated via "TH NMR of crude reaction mixtures. Conditions: 1.00 mL of CgDg, 60 °C, 2 h.

Likewise, no intramolecular alkene hydroboration products are observed during the reduction of
N-allyl-N-methylbenzamide (Table 3.1, III-13). In addition to La¥™S$ | the catalytic activity of
commercially available SmN™S and YN™S was also investigated for the reduction of N,V-
dimethylbenzamide (Table 3.1, III-9). While the reaction proceeds similarly in all three cases,
the observed rate of reduction diminishes (as expected) as the ionic radius of the central metal
decreases (i.e.,La>Sm>Y).

Secondary amides proved somewhat more challenging, requiring both elevated
temperatures and longer reaction times to reach satisfactory yields (Table 3.1, III-14 and III-11).
This is likely attributable to the rapid conversion of LaN™S to a lanthanide tris-amidate species in
situ, possibly hindering formation of the active catalyst for amide reduction (Figure 3.1). Such a
reactivity pattern has been reported previously??* and is supported by the presence of free

HN(SiMe;), in the 'H NMR spectrum of the secondary amide reaction mixture. In an attempt to
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fully characterize these tris-amidate complexes, the stoichiometric reaction of La¥™S and

benzanilide (1:3) was conducted. Upon mixing, the '"H NMR spectrum shows the complete
conversion of the La¥™S signal (6 0.29 ppm, C¢Ds) to a new signal corresponding to HN(SiMe;),
(6 0.10 ppm, C¢Ds). Additionally, upon complexation, the aromatic proton signals belonging to

benzanilide become quite broad when compared to the 'TH NMR spectrum of the secondary ami-

A 0
) J e

Ph N
H

Y

TMS)oN s,
B) ¢ @
(TMS),N
Ph)l\N’Ph >/’—F’h
H -3 HN(TMS), >
3

(3 equiv)

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
22 12,0 11.8 11.6 11.4 11.2 11.0 10.8 10.6 10.4 10.2 100 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 6.0
1 (ppm)

Figure 3.1 Observed Reaction of La¥™$ with Secondary Amides. (A) 'H NMR (500 MHz)
spectrum of benzanilide in CsDg; (B) 'H NMR (500 MHz) spectrum of in situ formed lanthanum
tris-amidate catalyst obtained from benzanilide and La¥™S (3:1 molar ratio) in C¢Ds.

de alone (Figure 3.1). Variable-temperature (VT) NMR studies were next performed in toluene-
ds due to the superior temperature profile enabled by toluene vs benzene. However, the aromatic
proton signals of the La-benzanilide tris-amidate species do not sharpen or coalesce with
increasing temperature (up to 100 °C in toluene-ds). Furthermore, integrations of these spectra

provide minimal information. However, in situ studies conducted by adding amide and HBpin to
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the aforementioned 1:3 mixture of La¥™$ and benzanilide (i.e., forming the lanthanide tris-

amidate species in situ) suggest this species is a less active but nevertheless competent amide
reduction catalyst. Our attempts to isolate these tris-amidate complexes were unsuccessful.
Reduction does not occur with the two primary amides tested (acetamide and
benzamide), and instead an intractable, off-white precipitate is formed. While ligand insertion
into carbon-heteroatom double bonds has been observed previously with similar rare earth
silylamide complexes,?>® DFT studies indicate that, in this system, a ligand insertion pathway is
energetically unfavorable (see Experimental Section 3.7.9). Furthermore, spectroscopic studies
reveal that upon addition of benzamide to LaN™5  HN(SiMe;), is produced instantaneously with
precipitation of a catalytically inactive La-amide species. Characterization of this marginally
soluble species by 'H and 2°Si NMR spectroscopy suggests that it is a La-hemiaminalate
complex, e.g., [(Me;Si),N],La{n?>-OC(NH)Ph} (monomeric or oligomeric; see Experimental
Section 3.7.5).2% Formation of this marginally soluble complex likely precludes the HBpin

coordination necessary for efficient reduction to take place.

3.4 Kinetics and Mechanism

To probe the mechanism of this reaction, the rate law for -catalytic N,N-
dimethylbenzamide reduction was determined by a combination of initial rates analysis at
various catalyst concentrations (for the order in La¥™$ concentration) and by monitoring
substrate consumption under pseudo-first-order conditions (see Experimental Section 3.7.5 for
details). Amide reduction is found to proceed with a first-order dependence on the LaN™S$
concentration and zero-order dependence on the amide concentration (Figure 3.2). The order in

HBpin was not amenable to determination under pseudo-zero-order conditions (10 equiv of
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amide), as evidenced by a non-linear correlation for zeroth-, first-, and second-order plots,

indicating that HBpin consumption is likely mixed-order for amide reduction (Figure 3.3). Initial
rates analysis reveals that at low HBpin concentrations ([HBpin] < 1.67 M, 5-7 equiv vs amide),

the rate has a first-order dependence on HBpin concentration;

A)
0.05 Zeroth-order plot First-order Plot
7 -10.0
0.04 - -10.5 -
11,0
—0.03 —_
2 2
E € -11.5
< <
=0.02 =
12,0
y=7.815*10"x + 2.1*10°® i y=4.065*10"x + 12.02
0011 R?=0.993 1254 n R’=0.849
1304 o
0.00
T T T T T T T -13.5 T T T T T T T
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
time (s) time (s)
500000 - B)
= Second-order Plot
9.0
400000
9.2
300000 -
2 94
= (9]
IS o =
<. 200000 - = s X g6
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100000 | 981 R’=0.983
-10.0
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0 1000 2000 3000 4000 5000 6000 64 62 60 -58 -56 -54 -52 50
time (s) In[La]

Figure 3.2 (A) Pseudo-first-order plots for reaction order in N,N-dimethylbenzamide (HBpin in
10-fold excess).” The zeroth-order plot ([Amine] vs. time) is linear, while the other two plots are
not. (B) Ln vs. In plot for the determination of the reaction order of La"™S for reduction of N,N-
dimethylbenzamide (see Section 3.7.5 for details). “Reaction conditions: La"™$ (6.25 umol),
N,N-dimethylbenzamide (0.125 mmol), HBpin (1.25 mmol), CsMes (0.0330 mmol), CsDs (Vo =
1.00 mL).
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Figure 3.3 (A) Pseudo-first-order plots for reaction order in HBpin for amide reduction (10-fold
excess of amide).” None of the plots are linear, indicating HBpin consumption is likely mixed-
order for amide reduction. (B) Ln vs. In plot for the determination of reaction order of HBpin in
amide reduction. A mixed-order system is observed, wherein at [HBpin] < 1.67 M, the order in
HBpin =1 (slope = 0.910 = 1, vide infra for derivation and explanation). At [HBpin] = 1.67 M,
the order in HBpin = 0 (slope = 0.0268 = 0). “Reaction conditions: La¥™$ (6.25 umol), N,N-
dimethylbenzamide (1.25 mmol), HBpin (0.125 mmol), CsMes (0.0330 mmol), CsDs (Vo =
1.00 mL).

however, a transition occurs when [HBpin] = 1.67 M (=8 equiv vs amide), and the order in
HBpin becomes zero. This mixed-order system (eq 3.1) is reminiscent of Michalis-Menten

kinetics, wherein the turnover-limiting step in the catalytic cycle depends on an equilibrium



83
involving a substrate-catalyst complex.?”’” While this regime is not frequently encountered

outside of enzyme catalysis,??® there are a few notable examples where saturation kinetics are ob-
Rate = k[LaN™S5]'[Amide]*[HBpin]*/° 3.1

served in hydroelementation reactions.?** 222! The presence of an equilibrium between a La
complex and HBpin in or immediately preceding the turnover-limiting step could explain the
unusual rate behavior observed above. However, a non-equilibrium process, such as the
availability of two different turnover-determining transition states, the relative energies of which
depend on [HBpin], could also explain this rate law. As such, activation parameters for the
reduction of N,N-dimethylbenzamide were determined at both low [HBpin] (5 equiv of HBpin vs
amide) and high [HBpin] (10 equiv of HBpin vs amide) conditions over a temperature range of
30-70 °C (Figure 3.4). Both low and high [HBpin] conditions yield very similar activation
parameters consisting of relatively small and positive enthalpies (AH# = 10.3 and 11.3 kcal/mol,

respectively) and extremely large and negative entropies (AS# = —49.7 and —46 .4 e.u., respectiv-
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Arrhenius Plot 2.0 y =-6036x - 7.171 [
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Figure 3.4 Eyring (blue) and Arrhenius (red) plots for the reduction of N,N-dimethylbenzamide.
(A) low [HBpin] (5 equiv); (B) high [HBpin] (10 equiv).
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ely). These data support assignment of a transition state that is highly organized, sterically

congested, and associative, and they strongly suggest the same rate-determining step is operative
in low and high [HBpin] reactions, indicating the mixed-order rate law is most likely due to
saturation of the catalyst complex with HBpin at ~8 equiv of HBpin vs amide (i.e., the reaction
becomes pseudo-first-order at this point; vide infra for a closer examination with DFT
techniques).

To gauge the impact of electron density at the carbonyl carbon on the rate of amide
reduction, a Hammett plot (Figure 3.5) was created using a series of para-substituted benzoyl
piperidines. A slight increase in activity is observed for substrates with electron-withdrawing
substituents at the R position, as indicated by a small, positive value for the Hammett parameter
p of 0.56. Additional mechanistic details were obtained from isotopic labeling studies. Replacing

HBpin with DBpin (see Experimental Section 3.7.5 for details) leads to complete disappearance

A) 0.6- B) 0014+ B
- Hammett Plot ﬁ =150 5
0.012 A e
0.3 0.010] 7
;: Eo.oos-
e;,’ 0.0 £
S 0.006
-0.34 0.004
0.002
'0'6_1 0 _d 5 0:0 0'5 1'0 0 500 1000 1500 2000
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Figure 3.5 (A) Hammett plot generated from the reduction of para-substituted N-
benzoylpiperidines with HBpin.“ (B) Plots for the determination of the kinetic isotope effect for
reduction of N,N-dimethylbenzamide using HBpin and DBpin. “Rates determined via integration
of product 'H NMR signals relative to a hexamethylbenzene internal standard.
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of the R'CH,NR?R? '"H NMR resonance when DBpin is the reductant. Rate studies with DBpin

and HBpin yield a kinetic isotope effect (KIE) of 1.50 for reduction of N,N-dimethylbenzamide

(Figure 3.5).

3.5 Computational Mechanistic Analysis

Informed by the above kinetic and thermodynamic data, DFT modeling was next
employed to better understand the mechanism of LaN™5-catalyzed amide hydroboration. In order
to accurately model the behavior of the central metal, various computational approaches were
taken, using a number of different basis sets including LANL2DZ, LANL2DZ+pol,?*? and Def2-
SVP.2? However, the addition of such polarization functions affords negligible changes in the
stabilization energies of the key intermediates and transition states along the proposed reaction
coordinate (see Experimental Section, Table 3.2). Therefore, as in our previous work detailing a
similar reduction of esters, the LANL2DZ basis set was ultimately used to model the lanthanum
atom in this transformation. It will be seen that the active catalyst for this transformation is found
to be the lanthanum hemiaminal species [(Me;Si),N],La-OCHR(NR',)-[HBpin] (Scheme 3.5, B),
a species which bears a striking resemblance to the active catalyst this laboratory found recently
for LaN™S-catalyzed ester hydroboration.®® While the transient nature of this complex (vide infra)
precludes its NMR spectroscopic observation in situ, the formation of this species is supported
by the appearance of 1.0 equiv (relative to LaN™$) of pinB-N(SiMe;), in the 'H NMR spectra of
catalytic reactions (at & 1.03 and 6 0.37 ppm),>** indicating that the hydroboronolysis of a single
—N(SiMe;), precatalyst ligand occurs. The formation of pinB-N(SiMe;), could also be indicative
of a metal-hydride active catalyst (e.g., [(Me;Si),N],La-H]), (A, Scheme 3.5) however the energy

required to form such a species (+20.5 kcal/mol vs —21.2 kcal/mol barrierless for structure B)
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makes its presence in the catalytic cycle highly unlikely (Scheme 3.5). Moreover, no

spectroscopic evidence indicating the presence of a La—H species is observed.

Scheme 3.5 Proposed catalyst activation process for the hydroboration/ reduction of amides
catalyzed by LaN™s,
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Attempts to isolate complex B were unsuccessful due to the formation of an off-cycle
product containing ring-opened pinacolborane (see Experimental Section 3.7.6 for
characterization details) that predominates at the low substrate concentrations required for
stoichiometric studies. This is identical to the deactivation product observed for La¥N™S-catalyzed
ester hydroboration and is analogous to that found in lanthanocene-catalyzed pyridine
dearomatization (Figure 3.6).%- 25 In an attempt to further investigate the proposed catalyst
activation process shown in Scheme 3.5, NMR-monitored stoichiometric experiments were
conducted. Species L1 was obtained from a 1:1 mixture of La™S and N,N-

dimethylbenzamide. Full conversion of the La[N(SiMe;),]; proton signal at 6 0.29 ppm (C¢Ds) to
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a new signal at 0 0.41 ppm (C¢Ds) indicates the formation of what is presumed to be L1 (see

Experimental Section 3.7.6). Regarding species L2 and L3, we attempted to isolate and
characterize these intermediates by adding 1.0 equiv of HBpin to a 1:1 mixture of LaN™$ and
N,N-dimethylbenzamide (L,-1), however, the resulting spectra revealed a complex mixture of
products and obvious decomposition. The ratios of LaN™5 amide, and HBpin were also varied
but these too yielded mixtures of products. Additionally, adding 1.0 equiv of amide to a solution

of a precoordinated HBpin-La"™S$ complex was carried out, but attempts to isolate or

unambiguously characterize L2 or L,-3 were ultimately unsuccessful.

\0 (Me3Si)o,N—Bpin
(4 equiv) (2 equiv) lo)

A) \

\ B’Q
1
: 7 H . o NiSMe)
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Figure 3.6 (A) Off-cycle product observed in stoichiometric studies of both amide and ester
hydroboration catalyzed by La¥™S5% (B) Comparable deactivation product reported for
[Cp*,LaH],-catalyzed pyridine dearomatization characterized by single-crystal X-ray diffraction;
Cp* = n’-pentamethylcyclopentadienyl.?”

The proposed mechanistic pathway consists of four major steps (Figure 3.7). First,
coordination of an additional amide molecule and approach of the Lewis acidic boron center of
the coordinated HBpin molecule toward the hemiaminal oxygen of active catalyst B, leads to the

formation of a new B—O bond and dissociation of the La—O bond. This step, which yields a La-
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coordinated pinacolborate species, proceeds spontaneously, providing an overall stabilization

energy of 19.4 kcal/mol and producing C as a relative minimum in the energetic profile (Figure
3.8). Next, a HBpin molecule approaches the catalyst complex. Hydride transfer from the La-
coordinated hemiaminal-hydroborate species to the coordinated HBpin forms La-coordinated
[H,Bpin]-, a species often proposed to facilitate hydride transfer in HBpin-mediated
reductions.?! 204. 236239 With reorganization, and the approach and subsequent coordination of an
additional amide substrate after TS1, the complex then forms species D with a stabilization

energy of 18.4 kcal/mol. A significant portion of this stabilization energy coming from amide co-
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Figure 3.7 Proposed DFT-computed catalytic cycle and transition states for the catalytic
hydroboration/reduction of N,N-dimethylbenzamide catalyzed by LaN™S$,
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Figure 3.8 DFT-computed Gibbs free energy profile/catalytic cycle for the

hydroboration/reduction of N,N-dimethylbenzamide catalyzed by LaN™S$,

ordination alone (Figure 3.8). Third, C—O bond scission of the hemiaminal-borane species D

results in a transient carbocationic species and La-bound —OBpin (TS2). The carbocationic

species is subsequently reduced by [H,Bpin]- to yield free amine. This step proceeds with a 4.0

kcal/mol barrier and is highly exergonic (—41.3 kcal/mol) forming species E. Next, a second

HBpin molecule approaches the catalyst complex forming complex Epgyin. Even though this step

is slightly exoenthalpic (AH = —3.2 kcal/mol), the entropy gain related to the association process

shifts up the energy value

along the Gibbs free energy profile (AG = 4.7 kcal/mol). Finally,

hydride transfer from the activated HBpin of Eggyin to the coordinated amide substrate acquired
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in the second step allows for the formation of the pinB-O-Bpin co-product and restoration of the

active catalyst B. It is worth noting that because the reaction described requires an excess of
HBpin, it is plausible that an equilibrium exists between catalyst-amide and catalyst-HBpin
coordination. For this reason, it is likely that other intermediates which are not shown in Figure
3.8 do exist within the proposed catalytic cycle. DFT calculation also supports this notion (see
Experimental Section 3.7.7). However, the proposed catalytic cycle includes only the most stable
intermediates and transition states, as these species are the largest contributors to the
thermodynamic and kinetic behavior experimentally observed. In the transition state structure
(TS3), HBpin interacts weakly with the carbonyl oxygen of the coordinated amide. This step is
isoergonic and proceeds with an energy barrier of 20.3 kcal/mol. The above energetic profile
shows that species E can be assigned as the turnover-determining intermediate (TDI) and TS3
can be assigned as the turnover determining transition state (TDTS). The computed parameters,
AH# = 10.9 kcal/mol and AS# = -35 e.u., agree well with the experimental findings. Moreover,
the formation of the Emgyn complex convincingly explains the shift from first to zero-order
[HBpin] experimentally observed by increasing the HBpin concentration (Figure 3.3B).

A first-order dependence on [HBpin] is expected, as HBpin enters the catalytic cycle
between the TDI and TDTS, in agreement with the low [HBpin] rate law determined
experimentally, Rate = k[LaN™S]'[Amide]°[HBpin]' (vide supra). However, the observation that
a high HBpin concentration can induce saturation of the catalyst complex with HBpin
(effectively eliminating Eugpin from the energetic profile) likely underlies the first-to-zero-order
transition observed for [HBpin] in the rate law.

In addition to the activation parameters discussed above, other experimental observations

point to E and TS3 as the TDI and TDTS, respectively. Steric encumbrance on the amide
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substrate strongly depresses the reaction rates at 25 °C, which is to be expected for an

associative, crowded transition state such as TS3. A small, positive Hammett p value (p = 0.56,
Figure 3.4) indicates that the transition state is stabilized by withdrawal of electron density from
the carbonyl carbon, but to a much lesser extent than is observed for typical base-catalyzed ester
cleavages (p = 1.9-2.5).1% This supports the present assignment that the turnover-limiting step
involves nucleophilic hydride attack on a carbonyl bond that has been activated, in this case by
simultaneous C=0 coordination to both HBpin and La, priming the acyl carbon for nucleophilic
attack and diminishing p. Similar results were recently found for the analogous ester
hydroboration process.® Finally, the observed HBpin/DBpin KIE of 1.50 indicates that a bond to
an HBpin-derived hydride is broken or formed during the rate-determining step.?*® No other KIEs
have been reported for amide hydroboration, making direct comparison impossible, but this
value is significantly smaller than KIEs found for several comparable reactions.?*!->** However,
this laboratory recently reported a nearly identical KIE (1.49) for ester hydroboration.®® Notably,
in the TDTS of both systems, the B—H bond of a coordinated hemiaminal-/hemiacetal-

hydroborate is broken, and a new C—H bond is formed.

3.6 Conclusion

The scope and mechanism of LaN™S-catalyzed, pinacolborane-based deoxygenative
reduction of a diverse group of variously substituted amides are reported. The catalyst shows
complete selectivity for amide reduction over nitro groups, alkenes, and alkynes, even at
temperatures as high as 60 °C and catalyst loadings of 5 mol%. A combined
experimental/theoretical analysis of the mechanism of this reaction reveals an unusual catalytic

cycle involving ligand-centered hydride transfer. This gives rise to a rate law that is mixed-order
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with respect to HBpin: Rate = k[La¥™S]'[Amide]’[HBpin]' at low [HBpin] and Rate =

k[LaN™S]I Amide]°[HBpin]® at high [HBpin]. This represents the first time a lanthanide catalyst
has been employed for the pinacolborane-based reduction of amides, and it is the first attempt at
a computationally aided analysis of the mechanism of amide hydroboration. By combining a
mild reductant such as HBpin with a highly active and readily accessible catalyst like LaN™3 a
safer, more selective, and convenient route to amide reduction has been realized, highlighting the

important role lanthanide catalysis can play in experimental chemical synthesis.

3.7 Experimental
3.7.1 Materials and Methods

All manipulations of air-sensitive materials were carried out with rigorous exclusion of
oxygen and moisture in flame- or oven-dried Schlenk-type glassware on a dual-manifold Schlenk
line or in an argon-filled glovebox with a high capacity recirculator (<1 ppm O,). Benzene-d;
(Cambridge Isotope Laboratories; 99+ atom % D) was stored over Na/K alloy and vacuum
transferred prior to use. La[N(SiMe;),]; (LaN™35)* and hexamethylbenzene were purchased from
Sigma-Aldrich Co. and sublimed under high-vacuum (10 Torr). Pinacolborane (“HBpin”) was
purchased from Sigma-Aldrich Co. and distilled under high-vacuum (10-¢ Torr) to remove trace
boronic acid impurities. Amide substrates were purchased from Sigma-Aldrich Co. and used as
received or prepared according to established procedures. The products of amide deoxygenation
were isolated as the amine hydrochlorides and then characterized by 'H NMR and '3C NMR
spectroscopy, unless otherwise noted.
*The LaN™S precatalyst can also be used as received without further purification.

3.7.2  Physical and Analytical Measurements
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NMR spectra were recorded on a Bruker Avance III (500 MHz, 'H; 125 MHz, *C; 125

MHz, #Si), Varian Inova 500 (500 MHz, 'H; 125 MHz, '*C), Agilent DD MR-400 (400 MHz,
'H; 100 MHz, 3C; 128 MHz, ''B; ), or Agilent DD2 500 (500 MHz, 'H; 125 MHz, C).
Chemical shifts (0) for 'H are referenced to residual solvent resonances (0 7.16 ppm for
benzene-ds; 6 7.26 ppm for CDCl;; 6 4.79 ppm for D,0O). 3C shifts are referenced to residual
solvent resonances (0 128.06 ppm for benzene-ds; 6 77.16 ppm for CDCI;) or external SiMe,
standard. ''B shifts are referenced to an external BF;-OEt, standard. 2*Si shifts are referenced to
an external SiMe, standard. NMR scale reactions were carried out either in Teflon-sealed J.
Young tubes or rubber septum-sealed tubes (vide infra).

3.7.3 Amide Hydroboration/Reduction Experimental Procedures

General Method A (NMR-scale reaction involving solid amides): In a glovebox, the amide
(0.25 mmol), internal standard hexamethylbenzene (50 pmol), and HBpin (1.25 mmol) were
dissolved in C¢Ds (total volume 1.0 mL). This solution was injected into a vial containing LaN™S$
(12.5 pmol), and shaken to dissolve the catalyst. The reaction mixture was transferred to a J.
Young capped NMR tube, and the reaction was monitored by 'H NMR spectroscopy.

General Method B (NMR-scale reaction involving liquid amides): In a glovebox, LaN™$
(12.5 umol) was placed in a septum-sealed NMR tube, and the cap was wrapped in Parafilm®.
Internal standard (50 pmol), HBpin (1.25 mmol), and C¢Ds were added to a septum-sealed vial.
Outside of the glovebox (to prevent amine poisoning of the glovebox circulation catalyst), the
liquid amide (0.25 mmol) was injected into the vial with HBpin and internal standard, the vial
was shaken, and the contents were injected into the NMR tube containing the catalyst, all under
N,. The tube was shaken to dissolve the catalyst, and the reaction was monitored by 'H NMR

spectroscopy.
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General Method C (Scale-Up/Isolation of Amine Hydrochlorides): In a glovebox, LaN™s

(0.125mmol) was weighed into a 25 mL round-bottom flask and dissolved in benzene (5 mL).
HBpin (12.5 mmol) and amide (2.5 mmol) were dissolved in benzene (5 mL), and the solution
was injected into the stirred catalyst solution at 25 °C or 60 °C. Low boiling amines
(trimethylamine, N,N-dimethylethylamine, N-methylpyrrolidine, N-methylethylamine) were
isolated by evaporation. Nitrogen gas was bubbled into a solution containing the reaction mixture
and a cannula needle was used to bubble the volatile amine product into a 1 M HCl/methanol
solution cooled to 0 °C. The methanol was then removed by rotary evaporation, and the
remaining solid was washed with pentanes. Amines with boiling points similar to HBpin (V-
methylpiperidine and N,N-diisopropylmethylamine) were first isolated by distillation under
vacuum. To the distillate, 1 M HCl/methanol was added, precipitating a solid that was
subsequently collected and washed with pentanes. The remaining high-boiling or solid amines
were isolated by first removing HBpin under vacuum, re-dissolving the amine in benzene, and
then filtering the solution through a basic alumina plug to remove trace HBpin, pinB-O-Bpin,
and the catalyst. A 1 M HCl/methanol solution was then added, precipitating a solid that was
collected and washed with ether or pentanes.
3.74 Amide Hydroboration/Reduction Characterization Data

Characterization data for the products of amide reduction are given below. Products were
converted to amine*HCls (unless otherwise noted) and characterized by 'H and '*C NMR
spectroscopy. Previously unreported products were compared to amine-HCls synthesized from
commercially available amines. For full 'TH NMR and »C NMR spectra of amine products, see

Appendix B.
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N «HCI

Trimethylamine hydrochloride (Compound III-6). Compound III-6 was prepared by General
Method C. The product was isolated as a white solid (0.119 g, 1.25 mmols, 50%).'H NMR (500
MHz, D,0) 6 293 (s, 9 H) ppm; “C NMR (125 MHz, D,0) 6 44.76 ppm. NMR spectra are

identical to those reported in the literature.!”®

Me™ N° .Hcl

N,N-dimethylethylamine hydrochloride (Compound III-7). Compound III-7 was prepared by
General Method C. The product was isolated as a white solid (0.153 g, 1.40 mmols, 56%). 'H
NMR (500 MHz, D,0) 6 3.20 (q, /= 7.2 Hz, 2H, N-CH,CH,), 2.87 (s, 6H, N-CH3), 1.32 (t, /=
7.3 Hz, 3H, N-CH,CH;) ppm; *C NMR (125 MHz, D,0O) & 53.01 (N-CH,CHj;), 42.01 (N-CHs),

9.02 (N-CH,CH;) ppm. NMR spectra are identical to those reported in the literature.'®

Me (
'O *HCI

N-methylpiperidine hydrochloride (Compound III-8). Compound III-8 was prepared by
General Method C. The product was isolated as a white solid (0.298 g, 2.20 mmols, 88%). 'H
NMR (500 MHz, D,0O) 6 3.48 (d, J=12.7 Hz, 2H N-CsH,), 2.95 (t, J= 12.5 Hz, 2H, N-CsH,),
2.84 (s, 3H, Me), 2.02 — 1.89 (m, 2H, N-CsH,), 1.88 — 1.65 (m, 3H, N-CsH,,), 1.54 — 1.40 (m,
1H, N-CsH,,) ppm; “C NMR (125 MHz, D,0O) & 54.92 (N-CsH,z), 43.19 (N-Me), 22.98 (N-
CsHyp), 20.61 (N-CsH;o) ppm. NMR spectra are identical to samples prepared from commercially

available amine.
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N,N-dimethylbenzylamine hydrochloride (Compound III-9). Compound III-9 was prepared
by General Method C. The product was isolated as a white solid (0.339 g, 1.97 mmols, 79%).'H
NMR (500 MHz, D,0) 6 7.58 — 7.49 (m, 5H, N-CH,Ph), 4.33 (s, 2H, N-CH,Ph), 2.87 (s, 6H, N-
CH;) ppm; C NMR (125 MHz, D,0O) 6 130.77 (N-CH,Ph), 130.15 (N-CH,Ph), 129.30 (N-
CH,Ph), 61.12 (N-CH,Ph), 42.07 (N-CH;) ppm. NMR spectra are identical to those reported in

the literature.'®°

A e

N,N-diisopropylmethylamine hydrochloride (Compound III-10). Compound III-10 was
prepared by General Method C. The product was isolated as a white solid (0.349 g, 2.30 mmols,
92%).'H NMR (500 MHz, D,0) & 3.70 (septet, J= 6.7 Hz, 2H, N-[CH(CH3),],), 2.70 (s, 3H, N-
CH;), 1.33 (dd, J= 6.7 Hz, 19.2 Hz, 12 H, N-[CH(CH5),],) ppm; *C NMR (125 MHz, D,0) 6
5492 (N-CH(CHs;),), 30.68 (N-Me), 18.06 (N-CH(CH;),), 15.57 (N-CH(CH;),) ppm. NMR

spectra are identical to samples prepared from commercially available amine.

N,N-diphenylethylamine (Compound III-11). Compound III-11 was prepared by General
Method A (>99%, determined via 'H NMR integration using Hexamethylbenzene as an internal

standard).'"H NMR (500 MHz, C¢D¢) 6 7.13 — 7.08 (m, 4H, N-Ph), 6.93 — 6.89 (m, 4H, N-Ph),
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6.86 — 6.81 (m, 2H, N-Ph), 347 (q, J= 7.0 Hz, 2H, NCH,CH3), 097 (t, J = 7.0 Hz, 3H,

NCH,CH;) ppm; *C NMR (125 MHz, CsDg) 0 148.28 (N-Ph), 129.58 (N-Ph), 121.46 (N-Ph),
121.38 (N-Ph), 46.51 (N-CH,CH;), 12.77 (N-CH,CH;) ppm. NMR spectra are identical to those

reported in the literature .

CN—Me *HCI

N-methylpyrrolidine hydrochloride (Compound III-12). Compound III-12 was prepared by
General Method C. The product was isolated as an oily solid (0.277 g, 2.28 mmols, 91%). 'H
NMR (500 MHz, D,O) 6 3.69 — 3.62 (m, 2H, N-C,Hs), 3.11 — 3.03 (m, 2H, N-C4H5), 2.93 (s, 3H,
N-Me), 2.22 — 2.13 (m, 2H, N-C,Hy); 2.08 — 1.98 (m, 2H, N-C,H;) ppm; *C NMR (125 MHz,
D,0) 6 55.76 (N-C,Hy), 40.56 (N-C,Hg), 22.83 (N-Me) ppm. NMR spectra are identical to

samples prepared from commercially available amine.

©/\N/\/
I «HCI
Me

N-allyl-N-methylbenzylamine hydrochloride (Compound III-13). Compound III-13 was
prepared by General Method C. The product was isolated as a white solid (0.461 g, 2.33 mmols,
93%).'H NMR (500 MHz, Chloroform-d) 6 7.65 — 7.59 (m, 2H, Ph), 7.48 — 7.42 (m, 3H, Ph),
6.29 - 6.17 (m, 1H, NCH,CH=CH,), 5.59 (d, /= 10.1 Hz, 1H, NCH,CH=CH,),549 (d,J=17.2
Hz, 1H, NCH,CH=CH,), 4.20 — 4.00 (m, 2H, N-CH,), 3.77 — 3.40 (m, 2H, PhCH,), 2.63 (d, 3H,
N-CH; coupling to N-H) ppm; *C NMR (125 MHz, CDCl;) 6 131.30, 130.34, 129.60, 128.50,
126.65, 126.09, 59.01, 57.77, 38.89 ppm. NMR spectra are identical to those reported in the

literature .24¢
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M
Me” SN7C «HCI

=z

N-methylethanamine hydrochloride (Compound III-14). Compound III-14 was prepared by
General Method C. The product was isolated as a white solid (0.158 g, 1.65 mmols, 66%). 'H
NMR (500 MHz, D,0) 6 3.09 (q, /= 7.5 Hz, 2H, N-CH,CH,), 2.70 (s, 3H, N-CH3), 1.28 (t, /=
7.5 Hz, 3H, N-CH,CH;) ppm; *C NMR (125 MHz, D,0) & 44.23 (N-CH,CHj;), 32.12 (N-CHs),
10.33 (N-CH,CH;) ppm. NMR spectra are identical to samples prepared from commercially

available amine.

N,Ph
©/\H «HCI

N-benzylaniline hydrochloride (Compound III-15). Compound III-15 was prepared by
General Method C. The product was isolated as a gray solid (0.412 g, 0.188 mmols, 75%). 'H
NMR (500 MHz, Chloroform-d) 6 7.40 —7.29 (m, 7H, Ph), 7.28 — 7.20 (m, 3H, Ph), 4.36 (s, 2H,
PhCH,-N) ppm; *C NMR (125 MHz, CDCl;) & 134.45 (Ph), 133.93 (Ph), 131.17 (Ph), 129.82
(Ph), 129.55 (Ph), 129.29 (Ph), 128.84 (Ph), 124.00 (Ph), 56.09 (PhCH,-N) ppm. NMR spectra

are identical to samples prepared from commercially available amine.

N,N-dimethyl-4-(piperidin-1-ylmethyl)benzamine (Compound III-16). Compound III-16 was
prepared by General Method B (95%, determined via 'H NMR integration using
Hexamethylbenzene as an internal standard). '"H NMR (500 MHz, C¢Dg) 0 7.54 (d, J= 8.1 Hz,

2H, Ph), 6.46 (d, J = 8.1 Hz, 2H, Ph), 3.45 (br s, 2H, PhCH,Npip), 2.48 (s, 6H, PhNMe,), 2.31
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(br s, 4H, pip), 1.56 (p, J= 5.9 Hz, 4H, pip), 139 — 1.29 (m, 2H, pip) ppm; *C NMR (125 MHz,

CsDg) & 136.24 (Ph), 134.86 (Ph), 131.86 (Ph), 121.25 (Ph), 62.96 (PhCH,-Npip), 55.58 (N-pip),
48.72 (PhNMe,), 23.25 (N-pip), 17.02 (N-pip) ppm. NMR spectra are identical to those reported

in the literature.?*’

4-methylbenzylpiperidine (Compound III-17). Compound III-17 was prepared by General
Method B (>99%, determined via 'H NMR integration using Hexamethylbenzene as an internal
standard). '"H NMR (500 MHz, CsDg) 6 7.28 (d,J= 8.1 Hz, 2H, Ph),7.02 (d, J= 8.1 Hz, 2H, Ph),
3.35 (br s, 2H, PhCH,Npip), 2.29 (br s, 4H, pip), 2.15 (s, 3H, PhCH;), 1.54 (p, J= 5.9 Hz, 4H,
pip), 1.39 — 1.28 (m, 2H, pip) ppm; C NMR (125 MHz, CsD¢) 0 136.81 (Ph), 136.32 (Ph),
131.76 (Ph), 129.26 (Ph), 63.97 (PhCH,-Npip), 54.85 (N-pip), 26.55 (N-pip), 21.15 (MePh),

16.94 (N-pip) ppm. NMR spectra are identical to those reported in the literature.>*

SR®
N-benzylpiperidine (Compound III-18). Compound III-18 was prepared by General Method B
(99%, determined via 'H NMR integration using Hexamethylbenzene as an internal standard). 'H
NMR (500 MHz, CsDs) & 7.38 — 7.33 (m, 2H, Ph), 722 —7.15 (m, 2H, Ph),7.12 - 7.07 (m, 1H,
Ph), 3.33 (s, 2H, PhCH,Npip), 2.26 (br s, 4H, pip), 1.47 (p,J= 5.6 Hz, 4H, pip), 1.35 — 1.25 (m,
2H, pip) ppm; 3C NMR (125 MHz, CsDs) & 139.86 (Ph), 131.76 (Ph), 129.21 (Ph), 127.10 (Ph),
64.17 (PhCH,-Npip), 54.86 (N-pip), 26.52 (N-pip), 16.94 (N-pip) ppm. NMR spectra are

identical to those reported in the literature.?*
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4-fluorobenzylpiperidine (Compound III-19). Compound III-19 was prepared by General
Method A (97%, determined via 'H NMR integration using Hexamethylbenzene as an internal
standard). '"H NMR (500 MHz, CsDs) 6 7.20 — 7.08 (m, 2H, Ph), 6.87 — 6.80 (m, 2H, Ph), 3.19
(s, 2H, PhCH,Npip), 2.20 (br s, 4H, pip), 1.45 (p, J= 5.4 Hz, 4H, pip), 1.32 — 1.24 (m, 2H, pip)
ppm; C NMR (125 MHz, CsDg) 6 131.76 (Ph), 130.62 (Ph), 115.24 (Ph), 115.07 (Ph), 63.17

(PhCH,-Npip), 54.71 (N-pip), 26.48 (N-pip), 16.94 (N-pip) ppm. NMR spectra are identical to

those reported in the literature.?°

2

4-nitrobenzylpiperidine (Compound III-20). Compound III-20 was prepared by General
Method A (>99%, determined via 'H NMR integration using Hexamethylbenzene as an internal
standard). '"H NMR (500 MHz, CsDs) 6 7.88 (d,J= 7.9 Hz, 2H, Ph),7.01 (d,/J=7.9 Hz, 2H, Ph),
3.05 (s, 2H, PhCH;Npip), 2.10 (br s, 4H, pip), 1.43 (p, J= 5.4 Hz, 4H, pip), 1.23 — 1.19 (m, 2H,
pip) ppm; C NMR (125 MHz, CsDs) 6 145.02 (Ph), 144.58 (Ph), 126.75 (Ph), 121.04 (Ph),
60.45 (PhCH,-Npip), 52.28 (N-pip), 23.92 (N-pip), 22.22 (N-pip) ppm. NMR spectra are
identical to those reported in the literature.?*’

3.7.5 Amide Hydroboration/Reduction Kinetic Analysis

General NMR-Scale Reaction for Kinetic Monitoring by 'H NMR Arrays: In a glovebox,
amide and HBpin were mixed in a vial and dissolved in CsDs (Viw = 1.0 mL).

Hexamethylbenzene was used as an internal standard. The solution was then added to a rubber
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septum-sealed NMR tube, wrapped with Parafilm®, and removed from the glovebox. At the

NMR instrument, the magnet was locked, tuned, and shimmed to the sample, then a stock
solution containing an appropriate loading of the La[N(SiMe;),]; catalyst was injected into the
NMR tube. The tube was shaken, reinserted into the instrument, and the experiment was started.
Single ('H NMR) scans were collected at regular intervals. Substrate and/or product
concentrations were determined relative to the intensity of the internal standard resonance and
plotted versus time.

Kinetic Analysis: Kinetic analysis of the NMR-scale reactions described above was carried out
by collecting multiple (>15) data points early in the reaction (<20% conversion). Under these
conditions, the reaction can be approximated as pseudo-zero-order with respect to the substrate
concentrations. The product concentration was measured from the area of the R'CH,NR’R?
product peaks relative to the CsMes internal standard. Data were fit by least-squares analysis (R?
> 0.98) according to eq 3.2, where “t” is time, “[product]” is the concentration of product at time

t, and “m” is the rate of reaction.
[product] = mt 3.2)

Reaction orders for HBpin and N,N-dimethylbenzamide were determined by running
reactions under pseudo-first-order conditions (10-fold excess of non-measured reactant). The
order of the reactant not held in excess was determined from the linearity of plots of [A] vs. time
(zeroth-order), In[A] vs. time (first-order), and [A]! vs. time (second-order).”! As discussed in
Section 3.4, the order in HBpin for amide reduction was not amenable to determination under
pseudo-first-order conditions (Figure 3.3A) and instead had to be determined by initial rates

analysis (Figure 3.3B).
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The order for La¥™S$ was determined from the rates of reduction of N,N-

dimethylbenzamide at 5 different catalyst loadings (0.5-2.5%). The rates were measured as the
slope of the line for the plot of [Product] vs. time (conversion <20%). These rates were then
plotted as In(rate) vs. In[LaN™S]. The negative rate of disappearance of La¥™S is proportional to
the concentration of LaV¥™S to the order (o) (eq 3.3). Therefore, the order is the slope of a plot of

In(rate) vs. In[La¥™S$] (eq 3.4).2%>

—d[LaNTMS) =k bS[LaNTMS](X (3.3)

dt o
In(rate) = In(k,ps) + aln[La¥™™5] 34

Isotopic Labeling Studies: DBpin was synthesized according to literature procedures.?”> Under
a strong flow of nitrogen, BD;*SMe, (Cambridge Isotope Laboratories, 8.5 mmol, 10 M) was
diluted in dichloromethane (10 mL) in an addition funnel. The resulting solution was added
dropwise over 30 min to a solution of pinacol (8.5 mmol, 1.0 g) in 20 mL of dichloromethane
held at 0 °C. After addition was complete, the solution was brought to rt and stirred until
bubbling was no longer observed (approx. 1 h). DBpin was isolated via distillation (0 °C at 10
mmHg) and characterized by 'H and "B NMR spectroscopy. 'H NMR (400 MHz, CsDs): 6 1.00
(s, 12H, DBpin); "B{'"H} NMR (128 MHz, C¢Ds): 6 28.37 (t, 2Jps = 22.8 Hz, DBpin). Rate
studies were carried out with HBpin and DBpin under the same 'H NMR kinetic monitoring
conditions outlined above using N,N-dimethylbenzamide.

Variable-Temperature Kinetic Analysis: Temperature-dependent rate data were obtained via
arrayed NMR scans as described above. Temperatures were set on the NMR instrument using an
external temperature controller and calibrated using ethylene glycol (> 25 °C) or methanol (< 25

°C) standards. Rates at each temperature were determined from the average of three trials. These
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data were then plotted as 1000/T vs. In(k/T). From the resulting plot, the enthalpy and entropy of

the transition state was obtained using the Eyring equation (eq 3.5). The linear form of the

*

R

Eyring equation (shown here) yields a straight line with negative slope, , and y-intercept,

kp | AS*

In .
h R

_AH* #
Ink = Z8HT ke 457 (3.5)
T RT h R

From a plot of 1000/T vs. In(k), the activation energy (E,) was obtained using the Arrhenius

equation (eq 3.6), where E, is the negative slope multiplied by R.
Eq
Ink= ——+1n4A 3.6)
RT

Hammett Analysis: A series of para-substituted N-benzoyl piperidines was synthesized from
the corresponding benzaldehydes according to literature procedures (‘H and *C NMR spectra
were identical to those previously reported).”* Reduction rates were determined by 'H NMR
spectroscopy (vide supra). The rates of reduction for each substrate were plotted according to the
Hammett equation (eq 3.7), so that the slope of the line gives rho (@), which indicates the

sensitivity of the reaction to the electron density at the carbonyl carbon of the substrate.>>
k
log— = ap 3.7
ky

Competition Studies: To gauge the selectivity of LaN™S for amide hydroboration over
olefin/alkyne hydroboration, intermolecular competition experiments were performed using 1-
octene and 1-octyne. N,N-dimethylbenzamide (0.125 mmol), 1-octene/1-octyne (0.125 mmol),

and HBpin (0.625 mmol) were dissolved in CsDs in a J. Young capped NMR tube. La¥™S (6.25
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umol) was added and the tube was shaken. After 2 h at 60 °C, complete conversion of the N,N-

dimethylbenzamide was observed, with no concomitant reduction of olefin.

Primary Amide Reduction: Reduction does not occur with the two primary amides tested
(acetamide and benzamide), and instead an intractable, off-white precipitate is observed. To
determine the identity of the precipitate formed during primary amide reduction, first LaN™S (50
umol, 1 equiv) and benzamide (50 pumol, 1 equiv) were dissolved in C¢Dg in a J. Young capped
NMR tube at 25 °C in an inert atmosphere glovebox. A white precipitate was immediately
formed and allowed to settle to the bottom of the NMR tube. The solvent was decanted and the J.
Young capped NMR tube containing the white precipitate was sealed, removed from the
glovebox, and dried on a high vacuum line. After drying, the NMR tube was again sealed and
taken into the glovebox where the precipitate was dissolved in THF to give a pale yellow
solution. A sealed capillary containing DMSO-ds; was added to the NMR tube to provide a
solvent lock. NMR spectroscopic experiments were then performed (Figures 3.10, top and Figure
3.11, top). After all data were collected, the NMR tube containing the precipitate dissolved in
THF was opened under strong flow of argon and 1 drop of D,O was added in order to confirm
ligand identities via hydrolysis of the metal complex. The tube was gently inverted to obtain a
homogeneous solution before additional NMR experiments were performed, again using a
DMSO-d;s solvent lock (Figure 3.10, bottom and Figure 3.11, bottom). The spectroscopic
experiments support the identity of the precipitate to be the unsymmetrical La-hemiaminalate
complex [(Me;Si),N],La{n>-OC(NH)Ph} which is not catalytically active under the reaction
conditions described here. Based on the low solubility of this complex, it is plausible that it may

exist as an oligomeric species, having bridging hemiaminalate ligands. There is no spectroscopic
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evidence of a ligand insertion reaction between the La¥™S precatalyst and the primary amide

(i.e., —N(SiMes;), insertion into the amide C=0 bond).

o)
NH, H
1
(TMS),N N
1,
(TMS)ZN;@_N(TMS)Q > § /@/ )P
(TMS),N CeDg, 1t (TMS),N 0
—-N(TMS), . . .
monomeric or oligomeric
H 4N
; -0 (TMS)N.  N(TMS),
N H %

(TMS)ZNH;@/

}—F’h OR Ph Q—N\,'O
o

TMS),N N NH

(TS)e SN Nawsy pn
monomeric oligomeric o -E—

La-hemiaminalate La-hemiaminalate

Figure 3.9 Proposed monomeric or oligomeric La-hemiaminalate complex [(Me;Si),N],La{n?*-
OC(NH)Ph} obtained from the reaction of La¥™S$ with the primary amide benzamide.
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Figure 3.10 Top: 'H NMR (500 MHz) spectrum of a proposed La-hemiaminalate complex
[(Me;Si),N],La{n>~OC(NH)Ph} obtained as a precipitate from the reaction of benzamide and
LaN™Ss (1:1 molar ratio) in C¢Ds. Spectrum obtained from a solution of precipitate in THF with a
sealed capillary containing DMSO-d;. (HN(SiMes),: 6 0.03 ppm); Bottom: 'H NMR (500 MHz)
spectrum of the D,O-quenched proposed La-hemiaminalate complex [(Me;Si).N],La{n*
OC(NH)Ph} obtained as a precipitate from the reaction of benzamide and La¥™$ (1:1 molar
ratio) in C¢Ds. Spectrum obtained from a solution of precipitate in THF with a sealed capillary
containing DMSO-ds. (HN(SiMe;),: 6 0.03 ppm).
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Figure 3.11 Top: #Si NMR (125 MHz) spectrum of a proposed La-hemiaminalate complex
[(Me;Si),N],La{n>~OC(NH)Ph} obtained as a precipitate from the reaction of benzamide and
LaN™Ss (1:1 molar ratio) in C¢Ds. Spectrum obtained from a solution of precipitate in THF with a
sealed capillary containing DMSO-d;. (HN(SiMe;),: 6 1.23 ppm); Bottom: 2°Si NMR (125 MHz)
spectrum of the D,O-quenched proposed La-hemiaminalate complex [(Me;Si).N],La{n*
OC(NH)Ph} obtained as a precipitate from the reaction of benzamide and La¥™$ (1:1 molar
ratio) in C¢Ds. Spectrum obtained from a solution of precipitate in THF with a sealed capillary

containing DMSO-ds. (HN(SiMe;),: 6 1.23 ppm).
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Secondary Amide Reduction: To determine the active catalyst for secondary amide reduction,

LaN™$ (2,08 umol, 1 equiv) and benzanilide (6.25 pmol, 3 equiv) were dissolved in C¢Ds in a J.
Young capped NMR tube. After 15 min at 25 °C, no La"™S was observed in the 'H NMR
spectrum (6 0.30 ppm), and only free HN(SiMes), (6 0.10 ppm) was present, indicating complete
conversion of the precatalyst to a lanthanide tris-amidate species had occurred. Introducing
additional benzanilide (0.125 mmol) and HBpin (0.625 mmol) to this in situ generated catalyst

resulted in ~90% conversion of the amide to the desired amine product.

ol NN L B

80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
ppm

0.09311

1.0000{

Figure 3.12 'H NMR (500 MHz) spectrum of the reduction of benzanilide with HBpin using an
in situ formed lanthanum tris-amidate catalyst.

3.7.6 Stoichiometric Reactivity Studies
Catalyst activation intermediate I-,-1 was obtained from a 1:1 mixture of the LaN™S

precatalyst and N,N-dimethylbenzamide. This intermediate was characterized using 'H and "*C
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NMR spectroscopy (Figure 3.15 and 3.16). Attempts to experimentally characterize additional

catalyst activation intermediates were carried out by monitoring stoichiometric mixtures of
LaN™s HBpin, and N,N-dimethylbenzamide via 'H and "B NMR spectroscopy. However, only
the proposed off-cycle/deactivation product described in Section 3.5 is observed. When various
mixtures of La¥™S and HBpin are examined (0.5-6.0 equiv HBpin), the spectrum below is
obtained with varying degrees of conversion of La¥™S, Full conversion is observed upon
reaction with 4 equiv of HBpin, which aligns well with the proposed deactivation pathway.
However, additional, uncharacterized decomposition products are observed at such high HBpin
concentrations, and therefore 1:3 LaN™S:HBpin mixtures were studied further (Figure 3.17-
3.19). A solution of La¥™S HBpin and N,N-dimethylbenzamide (1:3:1) yields incomplete
reduction of the amide, as evidenced by the appearance of O(Bpin), and amine, but primarily the

off-cycle product described below.
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Figure 3.13 'H NMR (500 MHz) spectrum of N,N-dimethylbenzamide in C¢Ds included for

reference.
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Figure 3.14 “C NMR (125 MHz) spectrum of N,N-dimethylbenzamide in C¢Ds included for

reference.
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Figure 3.15 'H NMR (500 MHz) spectrum of the proposed catalyst activation intermediate I-p=
l in C6D6.

©

5@_ <t @

o SCRT) 51:3

™ o © .

~ M ™ 1 p)
N -

(T™ ,
S)aN1s N(TMS),

(TMS),l

|_.

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)

Figure 3.16 '*C NMR (125 MHz) spectrum of the proposed catalyst activation intermediate I-,-
l in C6D6.
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Figure 3.17 'H NMR (500 MHz) spectrum of the catalyst deactivation product (Figure 3.6)
obtained from 1:3 mixture of La¥™S and HBpin in C¢Ds.
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Figure 3.18 '"B NMR (128 MHz) spectrum of the catalyst deactivation product (Figure 3.6)
obtained from 1:3 mixture of La¥™S and HBpin in C¢Ds. * = Unidentified side product, possibly
weakly and reversibly coordinated pinB-N(SiMes), or B,pins. The peak at & 31.6 ppm is a broad
doublet, likely due to coordination of the B-H to the metal center or exchange with RBH;~. The
downfield shift is similar to previously reported coordinated boranes.>>
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Figure 3.19 C NMR (125 MHz) spectrum of the catalyst deactivation product (Figure 3.6)
obtained from 1:3 mixture of La¥™S and HBpin in C¢Ds.
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3.7.7 Computational Details

Geometry optimizations of all reactants, products, intermediates, and transition states
were carried out along the entire catalytic cycle. Calculations were performed adopting the M06
hybrid meta-GGA functional. The effective core potential of Hay and Wadt,?* 27 (LANL2DZ)
and the relative basis set were used for the La and Si atoms. The standard all-electron 6-31G**
basis?® was used for all the remaining atoms. Molecular geometry optimization of stationary
points was carried out without symmetry constraints and used analytical gradient techniques. The
transition states were searched with the “distinguished reaction coordinate procedure” along the
emerging bonds. N,N-dimethylbenzamide was adopted as substrate model. Frequency analysis
was performed to obtain thermochemical information about the reaction pathways at 298 K using
the harmonic approximation. The difference in translational and rotational entropy when moving
from gas to solvent are accounted for by adding an energy contribution of 8RT to the Gibbs free
energy of each species as detailed in the literature.>® Moreover, the effect of concentration on
moving from 1 atm to 1 M is accounted for by adding an energy contribution of 1.89 kcal/mol
(RTIn(P;3/P1am)) to each species. All calculations were performed using the G16 code®® on a

Linux cluster system.
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Gibbs Free Energy (kcal/mol)

Figure 3.20 Gibbs free energy profile/catalytic cycle for the hydroboration/reduction of amides
catalyzed by LaN™3 and conversion of active catalyst B to species D.
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3.7.8 Evaluation of the Effect of Different Basis Sets on the Accuracy of the Theoretical Model

It is well known that while 4f electrons must be considered when spectroscopic properties
are being studied, it has been shown that the atomic 4f shells of the lanthanides are strongly
stabilized and do not contribute significantly to the chemical bonding or reactivity.®! For this
reason, it is expected that adding a polarization function (f function) to the basis set used on the
lanthanum atom should not have a significant effect on the calculated energetic profile
corresponding to the catalytic cycle discussed in this work. Nevertheless, in order to investigate
the effects of different basis sets a series of calculations on the key steps of the catalytic cycle
were performed. In particular, to evaluate the first hydrogen exchange step we have applied
alternative basis sets to the formation of complex C and TS1. Similarly, to evaluate the second
hydrogen exchange step we have applied alternative basis sets to the formation of complex E and
TS2. The data reported in Table 3.2 show the stabilization energy for the formation of complex
C, TS1, complex E and TS2 computed at the SCF level of theory (at zero Kelvin, without

considering temperature and pressure) using different basis sets.

Table 3.2. Stabilization energy (kcal/mol) obtained using different basis sets computed at the
SCF level of theory.

LANL2DZ¢ LAN2DZ + pol® Def2-SVP¢
C -32.2 -32.0 -32.7
TS1 -11.0 -11.0 -13.6
E —72.4 -72.4 -73.9
TS2 —61.1 —62.2 —62.6

“ECP and basis set applied to the lanthanum atom in the present work. “Geometry optimization
using a polarization function (f function) added only to the basis set of the lanthanum atom.>*?
‘Geometry optimization using the Def2-SVP basis set reported by Ahlrich and coworkers on all
atoms.>¥
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It is evident that adding the polarization function to the LANL2DZ basis set (see Table 3.2,

LANL2DZ + pol) produces negligible changes in the stabilization energies of complex C, TS1
as well as complex E. Only TS2 becomes slightly more stabilized, experiencing a decrease in
energy by approximately 1 kcal/mol. Additionally, upon using a full electron basis set plus
polarization for all atoms (see Table 3.2, Def2-SVP) we obtain a slightly greater stabilization for
all intermediates and transition states shown above. Ultimately, these additional calculations
suggest that adding the polarization function to the lanthanum atom does not significantly
modify the stabilization energies along the catalytic cycle and it does not produce any significant
improvement in the accuracy of the calculations.
3.7.9 DFT Examination of Primary Amide Hydroboration/Reduction

DFT calculations were performed to assess the feasibility of a ligand insertion reaction
between the LaN™S precatalyst and the primary amide benzamide (i.e., La-N(SiMe;), insertion
into the amide C=0 bond) (Figure 3.21). The insertion of the La-silylamide group (-N(SiMes),)
into the primary amide C=0 bond and subsequent silyl migration to yield a La-siloxide complex
was modeled. First, the approach of the primary amide produces a stabilization of 17.4 kcal/mol
due to an interaction between the carbonyl group of the amide and the La metal center. However,
the insertion of the La-silylamide (La-N(SiMe;),) into the primary amide C=0O bond is very
endoergonic (+22.8 kcal/mol) with an energy barrier of +32.6 kcal/mol. Finally, the silyl
migration and formation of a La-siloxide complex is exoergonic (0.6 kcal/mol with an energy
barrier of +21.2 kcal/mol). Thus, the overall reaction is slightly endoergonic (+4.8 kcal/mol) with

an energy barrier of +44.0 kcal/mol.
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Gibbs Free Energy (kcal/mol)

Figure 3.21 Gibbs free energy profile for a La-silylamide group (La-N(SiMes),) insertion of the
LaN™Ss precatalyst into the benzamide C=0 bond and subsequent silyl migration to yield a La-
siloxide complex.

3.7.10 DFT Examination of Catalyst Decomposition Pathway

DFT calculations were performed to better understand the decomposition path of the
LaN™Ss precatalyst induced by HBpin (Figure 3.22). The decomposition path involves four main
steps. The coordination of the first HBpin leads to the formation of the pinBH-N(SiMe;), borate
species (Lgeact-1, —7.0 kcal/mol). The second step is promoted by the approach of a second HBpin
leading to hydride transfer from the pinBH-N(SiMe;),” species to the coordinated HBpin,
producing a new H,Bpin- species and releasing pinB-N(SiMe;),. This intermediate is stabilized
by the coordination of a third HBpin (Igeac=2, —28.5 kcal/mol). The third step is analogous to the

first one involving the formation of a new pinBH-N(SiMe;),” borate species (Lgeact=-3, —29.4
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kcal/mol). The last step involves the ring-opening of the H,Bpin- species and the subsequent

hydride transfer from pinBH-N(SiMe;), to the opened H,Bpin-, leading to the final product. A
second pinB-N(SiMe;), molecule is released and a new HBpin coordinates and stabilizes the

final product (-34.5 kcal/mol). This last step is the rate determining step with a Gibbs free

energy barrier of 14.9 kcal/mol.

Tsdeact'1

Gibbs Free Energy (kcal/mol)

Figure 3.22 DFT-computed Gibbs free energy profile associated with the decomposition
pathway of LaN™S precatalyst induced by HBpin.
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Chapter 4

Thesis Overview.

Portions of this chapter appear in the following publications:
Rachel D. Dicken, Alessandro Motta, and Tobin J. Marks, Homoleptic Lanthanide Amide

Catalysts for Organic Synthesis: Experiment and Theory. ACS Catal. 2021, 11 (5),2715-2734.
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4. Chapter 4

4.1 Overview and Outlook

As discussed in Chapter 1, though precious metal catalysis has allowed for tremendous
advances in modern organic synthesis, there are also a number of disadvantages associated with
their continued use in catalytic processes, including high cost and environmental impact, and
uncertainty regarding their future availability. While the use of more abundant metals is clearly
advantageous in many respects, the overall reactivity and selectivity of non-precious metals is
often markedly different and therefore, they cannot act as direct substitutes for many of the
catalytic processes currently dominated by the precious metals. However, considering the
limitations associated with the use of precious metals, the development of more sustainable
catalysts based on earth-abundant metals has gained increasing attention.

In Chapter 2, we outlined the development of an efficient and scalable catalytic
asymmetric conjugate addition of primary and secondary amines to maleimides using a
calcium(Il)-phosphate catalyst. To our surprise, x-ray crystallographic studies of the pre-formed
calcium phosphate complex indicate the formation of a Ca,[B]s(H,O), species as opposed to the
Ca[B], complex expected from the reaction of chiral phosphoric acid and calcium methoxide.
Based on further spectroscopic studies, we hypothesize that the initial Ca,[B]y-(H,O);o complex
acts as a precatalyst which is activated via dehydration in the presence of 4 A MS.
Reorganization of this initial complex to form a more active Ca[B], complex then allows for
coordination of the amine nucleophile to the Lewis acidic calcium center and subsequent
nucleophilic attack on the maleimide, yielding medicinally relevant chiral aminosuccinimide
products in high yields and enantioselectivities. Investigation into the exact mechanism of

substrate activation via this system represents an interesting opportunity for further study.
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In Chapter 3, we disclosed the La[N(TMS),]s;-catalyzed deoxygenative reduction of

tertiary and secondary amides with pinacolborane (HBpin). It was found that this system is
completely selective for amide reduction over a number of reducible functional groups (i.e.,
C=C, C=C, NO,, etc.), yielding exclusively “higher amine” products in excellent yields. Kinetic
studies indicate that amide reduction operates according to an unusual mixed-order rate law
which is proposed to originate from HBpin induced saturation of the catalyst complex.
Additionally, a combined experimental/theoretical analysis of the mechanism of this reaction
reveals an unusual catalytic cycle involving ligand-centered hydride transfer. This represents the
first time a lanthanide catalyst has been employed for the pinacolborane-based reduction of
amides, and it is the first attempt at a computationally aided analysis of the mechanism of amide
hydroboration. Further studies towards the application of this work to other C=X bonds (X =

heteroatom) are ongoing.
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Supplementary to Chapter 2

Data included in this appendix appear in the following publication:
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Al.NMR Spectra

'H NMR spectrum of Ca[B], (500 MHz, DMSO-dj).
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'H NMR spectrum of I1-6 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-7 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-8 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1I-9 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-10 (500 MHz, Chloroform-d).
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'H NMR spectrum of II-11 (500 MHz, Chloroform-d).
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OEt

'H NMR spectrum of I1-13 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-14 (500 MHz, Chloroform-d).
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'H NMR spectrum of II-15 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-16 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-17 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-18 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-19 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-20 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-21 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-22 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-23 (500 MHz, Chloroform-d).
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'H NMR spectrum of 11-24 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-25 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-26 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-27 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-28 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-29 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1-30 (500 MHz, Chloroform-d).
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13C NMR spectrum of 11-30 (126 MHz, Chloroform-d).
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'H NMR spectrum of I1-31 (500 MHz, Chloroform-d).
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'H NMR spectrum of 11-34 (500 MHz, Chloroform-d).
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A2. HPLC Traces of Racemic and Enantioenriched Products

Chiral HPLC trace of racemic and enantioenriched II-6.

RDTC, S x 005 RAC.0)
™ H Me
1400-] )
g, HH
& N =
1200 =
N—Bn
1000-]
o
w00
Signal 2: DADl C, Sig=210,4 Ref=off
o0
Peak RetTime Type Width Area Height Area
“7 #  [min] [min] [mAU*s] [mAU] %
=== |====1 | | | |
0] 1 15.157 BB 0.3562 3.25920e4 1438.98767 49.8755
2 18.066 MM 0.4447 3.27548ed4 1227.72742 50.1245
oJ
1 P 5 16 17 Yy 1y i
AT, S210; x TARGE 36]
4

15282

2 18.130 BB 0.4282 4.17964e4 1532.23572 93.9992

8
1400
1200
1000
00
Signal 2: DAD1l C, Sig=210,4 Ref=off
600
] Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
200 === == |========== === | | |
1 15.282 BB 0.3438 2668.22388 120.72897 6.0008
17 18 1

Chiral HPLC trace of racemic and enantioenriched II-6 after recrystallization.
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800-] Signal 2: DAD1 C, Sig=210,4 Ref=off
. Peak RetTime Type Width Area Height Area
w00 # [min] [min] [mAU*s] [mAU] %
-===1 [====1 | | | |
- 1 15.034 BB 0.3636 4.03271e4 1758.21216 49.6235
2 17.745 BB 0.4216 4.09390e4 1532.84058 50.3765
5 14 75 o 17 T 1o .-'.
DADT G, Sig=2104 Ref-all BEVDEF [C 2017:02:08 194 TOBEU-DOW 10.05_ REGRVD)
-~ ©

2 17.975 BB 0.4127 2.34513e4 886.38623 99.9772
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a0
7009
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s00]
0]

Signal 2: DAD1 C, Sig=210,4 Ref=off
0]
01 Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
100 & el Rttt [====l======- |====m———— | === |======== |
;{‘ 1 15.185 MM 0.3149 5.34060 2.82687e-1 0.0228
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1 1 e




Chiral HPLC trace
recovered Ca[B],.

of racemic

YURAC_ADH_10IPA_INLMIN_8.24.0)

Me
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and enantioenriched II-6 synthesized via reaction with

HHQ
NG
N—Bn
o

Signal 2: DADl1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
il Rttt === === | | | |
1 13.111 BB 0.5815 1.63209e4 443.31677 50.0216
N 2 15.949 BB 0.7681 1.63068e4 337.26083 49.9784
W 2 1y A 15 % 77 o
DADTC, 5= s - ROH_TOPA_TMN D)
| g
2004
150
100 Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
50 # [min] [min] [mAU*s] [mAU] %
o ittt Bttt |====]======= |=======——= | === | === |
b 1 12.985 BB 0.6044 269.39487 6.73893 2.3068
0 2 15.803 BB 0.7572 1.14089e4 238.89505 97.6932
0 12 1 14 iy 1, 17 o
. . . .
Chiral HPLC trace of racemic and enantioenriched II-7.
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15001
1o00] Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
500+ # [min] [min] [mAU*s] [mAU] s
-1 [====1 | | | |
1 14.759 VB 0.4494 6.71655e4 2336.09424 48.6931
07 2 18.029 BB 0.5034 7.07709e4 2199.48340 51.3069
2 18 16 1 2 22 mi
DAD1 G, Sig=2104 Ref=off TC 20160723
m’) g O
&
14001
1200
1000
800
600 Signal 2: DAD1 C, Sig=210,4 Ref=off
4001 Peak RetTime Type Width Area Height Area
. @@4" #  [min] [min] [mAU*s] [mAU] %
=1 o i R I====1 | [ [ [
/ \ 1 14.773 MM 0.4003 3089.77832 128.65573 6.2890
¢ 2 18.140 MM 0.4997 4.60401e4 1535.71973 93.7110
12 14 1 18 2 2 mi




Chiral HPLC trace of racemic and enantioenriched II-8.

DADT C, Sig=2104 Ref=0if (RDDIDEF_LC 2016-08-17 11-16-34\RDD0B-36RAC_ADH_10IPA_IMLMIN_8-17.0)
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DADT C, Sig=2104 Ref=0ff (RODIDEF_LC 2016-08-17 11-16-34\RDD0B-48_ADH_10IPA_TMLMIN_8-17.0)
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Chiral HPLC trace of racemic and enantioenriched II-9.
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DAD1 C, $ig=2104 Ref=off (BEUDEF_LC 2016-07-21 12-62-09BEU-DOWE-33_ADH_10IPA_IMLMIN.D)
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Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [MAU*s] [mAU] %
-1 |====1 | | |
1 15.537 BB 0.6708 1.48897e4 349.64786 49.9823
2 19.959 BB 0.9712 1.49003e4 243.72934 50.0177
Signal 2: DADl1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 I====1 | | |
1 15.656 BB 0.6914 2142.71191 48.88052 7.3633
2 20.173 BB 0.9980 2.69571e4 434.41962 92.6367
Cl
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Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-===1 |====1 | -1 | |
1 17.923 VB 0.4680 5.88496e4 1917.96606 50.0455
2 21.805 BB 0.5564 5.87425e4 1614.99658 49.9545
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
it | |====1 | | | |
1 18.003 MM 0.4985 3709.58740 124.02554 7.5033
2 22.049 MM 0.6177 4.57299%e4 1233.80652 92.4967
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Chiral HPLC trace of racemic and enantioenriched II-10.

DADT C, 5ig=2104 Ref=off (RODDEF_LC 2016-08-17 11-16-341RDD08-37RAC_ADH_10IPA_TMLMIN_8-17.0)
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3 ~

&
&

s,

Chiral HPLC trace of racemic and enantioenriched II-11.

mAU

DADT C, Sig=210,4 Ref=off (RDD\DEF_LC 2016-08-17 11-16-34RDD01-19_ADH_10IPA_IMLMIN_8-17.0)

mAU

16 18 2 2 2 2

DADT C, Sg=2104 Ref=off (RODDEF_LC 2016:08-17 11-16-3ARDD03-18_AGH_T0IPA_TNLMIN_8-17.0)

g
&

R

&

Br
Hu @
NG
N—Bn
(e}
Signal 2: DAD1l C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-===1 |====1 | | |
1 18.309 BB 0.7636 2.32335e4 475.85065 51.0318
2 22.370 BB 0.9897 2.22940e4 359.37985 48.9682
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
il |====1 | | |
1 18.297 BB 0.7516 1010.53448 20.62597 7.0672
2 22.340 BB 0.9971 1.32884e4 212.62537 92.9328
MeO
HH
NG
N—Bn
o
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |====1 | | |
1 20.739 BB 0.9739 2.89144e4 467.28027 50.0415
2 26.337 BB 1.3426 2.88665e4 342.02682 49.9585
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
el R I-==-1 [ [ \ \
1 20.722 BB 0.9347 1730.00598 28.23901 5.7214
2 26.301 BB 1.3306 2.85073e4 339.16788 94.2786
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Chiral HPLC trace of racemic and enantioenriched II-12.

DAD1 C, 5ig=2104 Ref=off (BEUDEF_LC 2016:07-21 _ADH_10IPA_TMLMIN.D)
maU 3 Me

2000
1750
1500
1250

1000

Signal 2: DADl C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 I-==-1 \ I-- | \
1 11.667 BV 0.3187 4.53486e4 2198.07178 49.0752
2 14.135 BB 0.3701 4.70579e4 1960.18848 50.9248

500

10 1 12 13 14 15 16 17 mil
DADT C, Sig=2104 Ref=off (BEUDEF _LC 2016-07-23 13.29-52BEU-DOWE-50)
mAu
1200 by
1000
800
600
Signal 2: DADl C, Sig=210,4 Ref=off
400
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
200
8 it Rttt |====|======= | |- | |
b3 1 11.720 BB 0.2910 1419.42139 73.61469 4.8069
o - 2 14.203 BB 0.3550 2.81096e4 1210.07690 95.1931

Chiral HPLC trace of racemic and enantioenriched II-13.

BROTC, Sg-2104 IC 270130 ASO0ULMINA 30_T7DILU 5]
™ e 3
1600 & P
H (¢]
1400 =
—Bn
1200
1000 o)
s Signal 2: DAD1 C, Sig=210,4 Ref=off
60
Peak RetTime Type Width Area Height Area
400 # [min] [min] [mAU*s] [mAU] %
| I====1 | | | |
0] 1 31.748 vV 0.6436 6.77075e4 1633.26892 50.4118
2 33.222 VBA 0.6602 6.66012e4 1565.90356 49.5882
3
31 315 ' 25 3 35 34 ais md
DADIC, Sige2104 IC20T701-30 10PA-S00ULMIN-1_30_17DILU.D)
) B

Signal 2: DAD1l C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |====1 | | | |
1 31.748 MF 0.6652 6.11720e4 1532.58704 96.6543
2 33.245 FM 0.6720 2117.50317 52.51970 3.3457




Chiral HPLC trace of racemic and enantioenriched I1I-14.

DADT C, Sig=210,4 Ref=off (RDD\DEF_LC 2016-08-17 11-16-34\RDD08-39RAC_ADH_10IPA_TMLMIN_8-17.0)

] : 2

14 16 18 2 22
DADT C, Sig=210,4 Ref=off (RDD\DEF_LC 2016-06-17 11-16-3A\RDD08-51_ADH_10IPA_TMLMIN_6-17.0)

17128

350 4
300
250
2004
150
100
50
2 2 mi

Signal 2: DAD1

C, 8ig=210,4 Ref=off

Chiral HPLC trace of racemic and enantioenriched II-15.

DADTC, a 0507 WIN.D)
mAU H

1000

8 ] 10 11 12 13
DADTC, 5ig-210,4 Ref=cif (RDDIDEF LG 2017-02:06 10-50-111RDD-03-01-NEW-ADH- T0IPA-TMLMIN 2-6-17.0)
e >

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |====1 | I-- |
1 17.189 BV 0.8192 1.27507e4 248.27483 49.4372
2 19.568 VB 0.8726 1.30410e4 233.86095 50.5628
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| [====1 | |==== |
1 17.128 BB 0.8174 2530.27808 49.08475 11.4596
2 19.487 BB 0.8759 1.95498e4 352.04941 88.5404
Ho 9
7 S
"Hex
N—Bn
(e}
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |-=—=1 | | |
1 9.081 vv 0.2081 1.41470e4 1057.62500 50.4317
2 11.330 VB 0.2612 1.39049e4 831.24164 49.5683
Signal 2: DAD1l C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| [====1 |- -1 |
1 9.124 MM 0.2241 1295.73181 96.35020 8.5301
2 11.373 MM 0.2804 1.38944e4 825.96472 91.4699
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Chiral HPLC trace of racemic and enantioenriched II-16.

Hu 9
H NS
N—Bn
o
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
- [min] [min]) [mAU*s] [mAU] %
s [ s e [ e i | i [ et i |2 i e i e | e i
- 1 11.934 BV 0.2689 2.56631e4 1505.54968 49.3905
2 14.385 BB 0.3217 2.62964e4 1279.97986 50.6095
= . .
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
1 11.628 MM 0.2494 1810.41260 120.98 8.6084
2 13.868 MM 0.3267 1.92203e4 980.60352 91.3916
. . . .
Chiral HPLC trace of racemic and enantioenriched 1I-17.
DADT C, Sig=2104 Ref=off (BEUDEF LG 2076-07-21 16-00-50BEU-DOWE40_ADH_T0PPA_TNLWING)
mAu
1600 [e]
1400 N Ph Y
N—Bn
1200
1000 - o
800
Signal 2: DADl C, Sig=210,4 Ref=off
600
Peak RetTime Type Width Area Height Area
400 # [min] [min] [mAU*s] [mAU] %
it Rttt |====1 | === |
] 1 13.922 BB 0.3703 4.05253e4 1662.80652 49.7130
0 2 16.939 BBA 0.4413 4.09932e4 1417.85779 50.2870
12 : 14 15 16 17 18 10 20 i
DADT C, Sig=2104 Ref=olf (G 2016072 o)
mAU|
800
700
600
500
400
Signal 2: DAD1l C, Sig=210,4 Ref=off
200
>
201 3 5@“‘) Peak RetTime Type Width Area Height Area
= #  [min] [min] [mAU*s] [mAU] %
100 === |====1 | | |
1 14.053 MM 0.4021 3591.53125 148.85593 12.4573
7 2 17.059 BB 0.4405 2.52393e4 864.77283 87.5427
12 ) " 15 16 17 18 18 20 mid
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Chiral HPLC trace of racemic and enantioenriched II-18.

1000

800

600

400

200

DADT C, Sig=

=off (RODWDEF_LC

_ADH_10IPA_TMLMIN D)

/\/\

mAU
900
800
700
600
500
400

300

100

6 8 10 12
DADT C, Sig=2104 Ref=off (RODIDEF_LC 2016:07-11 10-38-05\RDD02-02_ADH_10IPA_TMLMIN D)

Signal 2: DAD1 C, Sig=210,4 Ref=off

Chiral HPLC trace of racemic and enantioenriched II-19.

T DAD1 A Sig-2504 Ref=360;

15261

" ] 21 22
T BAT A $157250 4 Ref-360,700 [CCHEWAT
N
g &
A
&

23 24 25 26 27
UICIN-BZ E-R-16 2017-01-21 15-26-111006-P2-AT-RDD-03-18-1B.D)

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== I====1 | | |
1 9.397 BV 0.2308 1.56068e4 1030.02271 49.3709
— 2 9.986 VB 0.2511 1.60045e4 966.76324 50.6291
Signal 2: DADl C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 [====1- | | -1
1 9.183 BV 0.2190 440.46912 30.77402 3.0544
2 9.746 VB 0.2390 1.39802e4 891.28406 96.9456
10)
HH
NG
O/ N—Bn
o
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
—=mm | |====|======= | -===1 -===1
1 2.157 BV 0.0559 25.96450 5.56657 51.6035
2 2.385 VW R 0.0550 24.35085 5.36130 48.3965
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-===1 |====1 | -1 |
1 2.094 MF 0.0921 271.93130 49.18518 94.7379
2 2.387 FM 0.0720 15.10422 3.49755 5.2621
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Chiral HPLC trace of racemic and enantioenriched I1-20.

DAD? B, Sig=254 4 Ref=0ff (RDD\DEF_LC 2016-07-12 16-5123RDDO0T-07_IA_2IPA_TMLMIN.D)

mAU

175

125

22 24 2 28
DADI C, Sig=2104 Ref=off (GKKDEF_LG 2016-07-13 15-54-56\RDD02-07_IA_2IPA_MLMIN.D)

Signal 3: DAD1 C,

Sig=210,4 Ref=off

Chiral HPLC trace of racemic and enantioenriched II-21.

600

DAD1 C, Sig=2104 Ref=off (RDDDEF_LG 2016-08-17 11-16-34RDDO1-06_ADH_10IPA_TMLMIN_6-17.0)

20809

12 14 16 18 2 2
DAD1 C, Sig=2104 Ref=olf (RDDIDEF_LC 2016-08-17 11-16-341RDD03-06_ADH_101PA_TMLMIN_6-17.0)

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| [====1 | | |
1 23.323 BB 0.6516 1.26442e4 288.33511 50.1073
2 26.540 BB 0.7273 1.25901e4 256.22342 49.8927
Signal 3: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| |====1 | | |
1 23.700 BB 0.6847 856.63623 18.21482 96.5167
2 27.273 MM 0.6432 30.91652 8.01082e-1 3.4833
H O
NG
N—Bn
(¢]
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |====1 | | |
1 13.978 BB 0.5953 3.09843e4 819.11908 49.6770
2 20.809 BB 0.8072 3.13872e4 609.10699 50.3230
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-—==1 |====1 | ==== | |
1 13.986 BB 0.5891 1076.27478 28.72956 6.8434
2 20.748 BB 0.8071 1.46510e4 285.32999 93.1566
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Chiral HPLC trace of racemic and enantioenriched II-22.

DAD' C, Sig=210.4 Ref=f (RODIDEF LG 20(707-14 1745-MRDD-01-0-ADHIOPASOQULMIN-FINAL.D)

mAU A
_ A :
2\ /6\

/

| \ Signal 2: DAD1 C, Si

g=210,4 Ref=off

‘\ Peak RetTime Type Width Area Height Area

[mAU*s] (mAU] %

S e ‘ 1 49.212 BV 0179 6.98475e4 1066.78760 49.8499
] I ] 5 5 5 5 2 51.7%¢ VB 1.1081 7.02682e4 984.04779 50.1501
DADA G, Sig=2104 Refzoff (RODIDEF LC 2017-07-14 10-42-000309-ADH-01PA-S00ULMINT-14:2D)
Al O
A ¢
0 s Y’
[
[ ¢
150 // Y‘ ‘\
[
/*' \\ Signal 2: DAD1 C, Sig=210,4 Ref=off
1004 o /
é’ / Peak RetTime Type Width Area Height Area
- 2 o}g / # )| [min) [MAU*s) [mAU) §
R
ai@@ """""""""""""""""""""""""""" |
« 1 49.281 MM 0.9598 549.66602 9.54489 3.3652
01 S 2 51.833 MM 1.1567 1.57839%4 227.4196%9 96.6348
U] L e e U L USRS
[} L L} L} 8 2 8

Chiral HPLC trace of racemic and enantioenriched II-23.

DAD1C, Sig=210,4 Ref=off (RDDIDEF_LC 2016-08-18 09-36-421RDDO1-10_ADH_10IPA_IMLMIN_&-16.0)

Sig=210,4 Ref=off

Width Area Height Area
[min] [mAU*s] [mAU] %

204

60

50

404

20 Signal 2: DAD1 C,

20| Peak RetTime Type
# [min]

10] -1 |====1
1 14.835 BB

o - S - = 2 22.836 BB

28 mi

14 16 18 2 2 2 %
DADT G, Sig-2104 Refoff (RODIDEF L 2016-08-18 09-3-42RDDO3-10_ADH_TOIPA_TNLMIN_&-18.0)

Signal 2: DAD1 C,

Peak RetTime Type
# [min]

| | | |
0.9519 4990.94092 72.42825 50.5357
1.4051 4885.12939 48.74817 49.4643

Sig=210,4 Ref=off

Width Area Height Area
[min] [mAU*s] [mAU] %

1 15.412 MM
2 22.913 MM

[ [==mmmmms == [
1.1937 487.00238 6.79948 6.7946
1.7035 6680.48145 65.35913 93.2054
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Chiral HPLC trace of racemic and enantioenriched II-24
°C.

188
synthesized via reaction at —20

Chiral HPLC trace
°C.

BADTC,

TC 20170111 1 RACD)

AT G, Sig-2104 Ref=afl BEUDEF LG 20170711 T1-17-5BEU-DOWST6_RACD)
mu MeO
7004
600
500
]
300
Signal 2: DAD1 C, Sig=210,4 Ref=off
20
Peak RetTime Type Width Area Height Area
100 # [min] [min] [mAU*s] [mAU] %
=== [====1 | | =1 |
o1 — 1 17.654 BB 0.4382 2.03667e4 723.91608 49.8625
T T v T T T T T 2 31.827 BB 0.7983 2.04790e4 397.99921 50.1375
15 175 2 25 % 275 @ s e
DAD1 C, Sig=210,4 Ref=off (BEUDEF_LC 2017-01-17 15-36-33\BEU-DOW9-87.0)
Signal 2: DADl1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |====1 | [ |-= |
1 17.774 MM 0.4657 2932.06128 104.93056 9.9425
2 31.835 BB 0.8028 2.65582e4 512.30676 90.0575
15 175 2 25 % 215 Py s g

of racemic and enantioenriched II-24 synthesized via reaction at —40

u 3 MeO
700
60
500
400 H
30
Signal 2: DAD1 C, Sig=210,4 Ref=off
20
Peak RetTime Type Width Area Height Area
too # [min] [min] [mAU*s] [mAU] %
=== |====1 | | | |
° 1 17.654 BB 0.4382 2.03667e4 723.91608 49.8625
& a5 > 25 % o P P pm 2 31.827 BB 0.7983 2.04790e4 397.99921 50.1375
OABTC, FFED o)
Signal 2: DADl C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
=== == |====1 -1 | | |
1 17.915 MM 0.4825 1140.01331 39.37619 6.1503
2 32.262 MM 0.8653 1.7395%e4 335.07153 93.8497



Chiral HPLC trace of racemic and enantioenriched II-25.

DAD1 D, 5ig=230,4 Ref=off (RODIDEF_LC 2016-07-18 12-10-1ZRDDO1-13_IA_2IPA_TMLMIN.D)
mAU-{

2 25 2

18 19 2 21
DADT D, Sig=2304 Ref=off (RODIDEF LG 20160716 16.27-T6IRDD02-13_1A_ZIPA_ IMLMIND)
mu

Chiral HPLC trace of racemic and enantioenriched I1-26.

DADI C, Sig=210,4 Ref=off (GKK\DEF_LC 2016-07-13 15-54-561GKK 1011.0)

600

2004

16690

mAU

1000

2004

T T T T
12 13 14 15 16 17
DAD C, Sig=2104 Rel=off (BEUIDEF_LC 2016-07-21 17-50-23BEU-DOW-24.0)

2

&
&

Me
| H O
NG
Bn -
N—Bn
o
Signal 4: DAD1 D, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
| I====1 | | |
1 19.754 BV 0.4637 4011.88379 130.86577 48.4948
2 20.798 VB 0.5143 4260.92627 123.55144 51.5052
Signal 4: DAD1 D, Sig=230,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 I--=-1 [ [ |
1 19.754 BV 0.4710 7256.53174 230.71039 78.1488
2 20.975 VB 0.4975 2029.00195 61.08556 21.8512
Me
Hu Q2
NG
N
o ‘Q
Me
Signal 2: DAD1 C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |====1 | | | |
1 13.080 BB 0.3302 2.18455e4 1002.63434 50.4142
2 16.690 VB 0.4191 2.14866e4 785.52014 49.5858
Signal 2: DAD1l C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-—==1 |====1 | | | |
1 13.130 MM 0.3626 2627.00659 120.75199 8.4097
2 16.748 MM 0.4608 2.86107e4 1034.79272 91.5903
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Chiral HPLC trace of racemic and enantioenriched II-27.

DADI C, Sig=210,4 Ref=off (GKK\DEF_LC 2016.07-13 15-54-56\GKK 1012.0)
mAU

Me

ZT
=

2 17.627 VB 0.4561 2.67419%e4 891.21863 48.2921

N
800
(e
600
Cl
Signal 2: DAD1 C, Sig=210,4 Ref=off
400
Peak RetTime Type Width Area Height Area
2004 # [min] [min] [mAU*s] [mAU] %
il Rttt [====] === | === [ ====mmm——- |======== |
1 15.272 BV 0.3997 2.86335e4 1078.62268 51.7079
o Jo|
¥ 4 2 26 mi

T y T

A 12 14 16 18 2
DADI C, 5ig=210,4 Ref=off (BEUIDEF_LC 2016-07-23 13-26-52BEU-DOW8 25_DILUTE D)
mAU

&

Signal 2: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %

=== [====1 | | | |
1 15.526 MM 0.4228 3190.17920 125.76527 5.4461
2 17.919 MM 0.5209 5.53866e4 1772.05261 94.5539

B 2 2 26 mi

Chiral HPLC trace of racemic and enantioenriched II-28.

DAD1 C, Sig=2104 Ref=off (BEUDEF_LC 2016-12-19 10-58-0BEU-DOWS-71_4-OME_RAC D)

mAU 2

e

2 4 2 0
DAD1 G, Sig=210.4 Ref=off (BEUDEF_LC 2016-12.20 09-21- 55 BEU-DOWS-72_4-OMED)
mAU 3

=

|

(o)

N
O ‘Q
OMe

Signal 2: DAD1 C, Sig=210,4 Ref=off

ZT
Il

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
it Bttt |====|======= | | |
1 23.058 BB 0.5263 5523.57617 164.27777 49.7196
2 31.543 BB 0.7464 5585.88477 116.29561 50.2804

Signal 2: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
e R [ \ -1
1 23.201 MM 0.5728 5039.52979 146.64676 13.4138
2 31.814 MM 0.8147 3.25302e4 665.46429 86.5862
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Chiral HPLC trace of racemic and enantioenriched I1-29 synthesized via reaction at —20
°C.

DAD1 C, Sig=2104 C 20170117

RACD)

1400

1200

800

600

400

2004

Signal 2:

# [min]

10
DAD1 G, Sig=2104 Rel=

2
C 20170117

8 °

g o
o

s

1400

1200
1000
800+
00
400

2004

Signal 2: DAD1

# [min]

DAD1 C,

Peak RetTime Type

1 10.614 MM
2 13.131 VB

Peak RetTime Type

1 10.683 MM
2 13.161 MM

191

Cl

Sig=210,4 Ref=off

Width Area Height Area

[min] [mAU*s] [mAU] %
il Rttt |==========- | === [ === | === |

0.2755 2.44124e4 1476.93445 48.7928

0.3093 2.56204e4 1292.45898 51.2072

C, Sig=210,4 Ref=off

Width Area Height Area

[min] [mAU*s] [mAU] %
it Bttt | === === | === | | |

0.2780 2.49658e4 1496.76892 92.4779

0.3043 2030.71130 111.20616 7.5221

Chiral HPLC trace of racemic and enantioenriched I1-29 synthesized via reaction at —40
°C.

DAD1C, Sig=2104 Ref=off (BEU\DEF _LC 2017-01-17 14-36-06BEU-DOW-84_RAC.D)

mAU o2 &
1400+ g‘ ,g\ 13 'L‘*Q«
[l o
" ¥
1200 \ ,\\
i
[ N
10001 | ||
| |
/ | [
3 \ [
|
|| [ cl
| | [ Signal 2: DADl C, Sig=210,4 Ref=off
w0l | ‘\\ (\ |
’ \ | " Peak RetTime Type Width Area Height Area
0 | \ | \ #  [min] [min]  [mAU*s] [mAU] %
[\ / \ -1 I====1 I==== [ -1 I
)N J N 1 10.614 MM 0.2755 2.44124e4 1476.93445 48.7928
- T T - T N 2 13.131 VB 0.3093 2.56204e4 1292.45898 51.2072
i
DAD1 C, Sig=210,4 Ref=off (BEU\DEF_LC 2017-01-23 08-29-37\BEU-DOW9-89.0)
mAU| 8 *'L
&
14001 ﬁs‘b
1200 | ‘\
w ]
i
[
500 ' \ Signal 2: DADl C, Sig=210,4 Ref=off
\‘ N
4004 ! | 3 & Peak RetTime Type Width Area Height Area
|| 5 4 [min) [min]  [mAU*s] [mAU] 5
a0 [ N -——-1- I====1 [ - [ [
/ \ \ 1 10.602 MM 0.2725 2.54442e4 1556.49866 84.3579
I SN N
o] - 2 13.084 MM 0.3178 4718.01318 247.41553 15.6421
|‘0 1‘! |‘Z 1‘3 1‘4 m'l
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Chiral HPLC trace of racemic and enantioenriched II-30.

DAD1 C, Sig=2104 Ref=off (RODIDEF _LC 2017-07-16 13-38-391BEU-09-26-1A-30IPA-500ULMIN-7-15.0)

Me
mAU - B4 9 %
1 B @“’ M mﬁ‘ Hu Q
1 oo 8w NG

] ‘ o
1%3 | |
104 ;‘ \ [\ Signal 3: DADL C, Sig=210,4 Ref=off
d | |
5= s \ | \ Peak RetTime Type Width Area Height Area
i \ . #  [min] [min]  [mAU*s] [mAU] %
0 ~— ----1 I====1 I I I [
- - - —— - - ——— 1 27.037 MF 0.6661 1.35937e4  340.14880 48.6513
% Pl ki) K % ¥ 2 28.443 FM 0.8875 1.43474e4  269.42029 51.3487
DAD1 C, Sig=2104 Ref=off (RODIDEF LC 20170717 10-29-221RDD-02-33-{A-30IPA-500ULMIN-FINAL D)
1 0
w: o
. X
bt g ,\‘b
150- G
] o & ¢
e g7 v
1 ) %w
100 N
- ! Signal 3: DAD1 C, Sig=210,4 Ref=off
wi Peak RetTime Type Width Area Height Area
1 [ # [min] [min] [mAU*s] [mAU] %
& N e Rt R R I |=m—mmmmmme [—=mmmmmn |
0 f S~ 1 27.030 MF 0.6436 3489.58740  90.36543 26.2684
: —— - — ‘ 2 28.329 FM  0.8633 9794.77637 189.09468 73.7316
% i K] R k! %

Chiral HPLC trace of racemic and enantioenriched II-31.

DADT G, 5ig-2104 Ref-off (RODDEF LG 2016-06-17 T1-16-34GRK-1076_ADH _T0PA_TNILNIN 5-170)
my
1000-| Me
8 Hu 9
H \©\,N :
w0 S
N—Et
] (e}
Signal 2: DADl C, Sig=210,4 Ref=off
w00
Peak RetTime Type Width Area Height Area
00 # [min] [min] [mAU*s] [mAU] %
| |====1 | | | |
1 10.951 v 0.3361 2.23300e4 1009.49506 50.0033
o] V 2 12.320 VB 0.4045 2.23271e4 838.82086 49.9967
5 10 15 2 2
BADT G, Sig-2104 Ref=ofl (RODDEF LC 2076-06-17 T1-T6-3R0D-27 ADF_TOPA. 1NLMIN_8-17.0]
my
s00-|
w00+
200
Signal 2: DAD1 C, Sig=210,4 Ref=off
204
2
T Peak RetTime Type Width Area Height Area
100 # [min] [min] [mAU*s] [mAU] %
-l |====1 |==-= | | === |
1 10.969 BV 0.3317 3358.74561 154.44734 19.4415
N 2 12.317 VB 0.3995 1.39174e4 531.48181 80.5585
5 1 i 2 % g
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Chiral HPLC trace of racemic and enantioenriched I1-34.

DAD1 C, Sig= =off (BEVIDEF T 0-11_RAG_D)

2T

<—§-I

N—Bn

Signal 1: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
il Rttt [==== === [===mm | === |======= |
1 11.300 BV 1.2625 2.71527e4 314.12094 48.1202
2 14.473 VB 1.4896 2.92742e4 287.57574 51.8798

175

125

Signal 1: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area

# [min] [min] [mAU*s] [mAU] %
it Rttt |====] === | == | === |
~ 1 11.559 BB 1.3959 2.11996e4 215.09189 99.7910
. i ] ) ] . ] 2 15.919 MM 0.3771 44.39747 1.96218 0.2090

Chiral HPLC trace of racemic and enantioenriched II-35.

DADTC, Sg°2104 oz 096 RACD]
mAU] g ‘4@
400+ g
350 5 & MeO
e
300
250
0] Me
ol Signal 2: DAD1l C, Sig=210,4 Ref=off
100 Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
s0]
il Bttt |====1 === | == | -1
1 17.282 MM 0.5642 1.45750e4 430.52969 50.1547
- - = A P 2 21.667 MM 0.7541 1.44850e4  320.14590 49.8453
DAD1C, Sig=2104 —LC 20170201 10-18_D)
mau.{
H 04&
5

Signal 2: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
il Bttt [l e | | | |
1 17.290 MM 0.5608 1.29722e4 385.51501 99.8227
2 21.672 MM 0.4016 23.03553 9.55973e-1 0.1773




Chiral HPLC trace of racemic and enantioenriched II-36.

DAD1 C, Sig-210

LG 20170201

T0-15_RAC_.D)

5
%

Signal 2: DAD1 C,

Sig=210,4 Ref=off

#

2

T

2

2

DADTC, S~

52
TLC 20176207

026.5)

2

2

-
1
2

#

Peak RetTime Type Width Area Height Area

[min] [min] [mAU*s] [mAU] %
|====1 | === | === | === |

52.880 BV 1.2273 2.80466e4 343.96411 49.5273
55.871 VB 1.2949 2.85820e4 311.37842 50.4727

Signal 2: DAD1 C, Sig=210,4 Ref=off

Peak RetTime Type Width Area Height Area
[min] [min] [mAU*s] [mAU] %

it Attt |==== === | |- | |
52.708 VB 1.2689 3.54968e4 426.52151 100.0000

Chiral HPLC trace of racemic and enantioenriched II-37.

DAD1C, Sig=2104 Ref=off (BEUDEF_LC 2017-02.09 20-03-45BEUDOW 10-21_RAC_ADH.0)

i

DADT G, Sig=

19
=il BEUIDEF_LC

1600

1400

1200

600

7025 ADHD)

20525

Me
H H
NG
N—Bn
(e
Signal 2: DADl C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mAU*s] [mAU] %
-1 |====1 | | | |
1 18.805 VB 0.4777 4496.20557 145.84627 48.1582
2 20.620 BB 0.5626 4840.10938 131.76305 51.8418
Signal 2: DAD1l C, Sig=210,4 Ref=off
Peak RetTime Type Width Area Height Area
# [min] [min] [mMAU*s] [mAU] %
niniad Rttt [====1 | | === |
1 18.354 BB 0.5225 5.42645e4 1596.57056 96.4660
2 20.525 BB 0.5319 1987.94116 58.00003 3.5340
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Appendix B

Supplementary to Chapter 3

Data included in this appendix appear in the following publication:
Christopher J. Barger, Rachel D. Dicken, Victoria L. Weidner, Alessandro Motta, Tracy L. Lohr,
and Tobin J. Marks, La[N(SiMe;),];-Catalyzed Deoxygenative Reduction of Amides with

Pinacolborane. Scope and Mechanism. J. Am. Chem. Soc. 2020, 142 (17), 8019-8028.



B1.NMR Spectra
'H NMR spectrum of I11-6 (500 MHz, D,0). * = residual O(Bpin),.
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'H NMR spectrum of I1I-7 (500 MHz, D,0).
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'H NMR spectrum of I11-8 (500 MHz, D,0). * = residual O(Bpin),.
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'H NMR spectrum of I11-9 (500 MHz, D,0).
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'H NMR spectrum of I11-10 (500 MHz, D,0). * = residual O(Bpin),.
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'H NMR spectrum of I1I-11 (500 MHz, C¢Dy).

201

_Ph
Me/\rll
Ph
A_A,g,J J 1 J_JJ LL ll l
3 2
8.0 7.5 60 55 50 4.5 4.0 3.5 25 20 1.5 1.0 0.5 0.0
ppm
13C NMR spectrum of II1-11 (126 MHz, CsDs).
p 5 %8 93 m g5 3R
2 3 NN o o 3 ¢ O o
— — — - 0 0 < NN - o
| \ N2 7 | N [
_Ph
Me/\rlq
Ph
a A l ]
150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Ppm



'H NMR spectrum of I11-12 (500 MHz, D,0). * = residual O(Bpin),.

CN—Me «HCI
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'H NMR spectrum of I11-13 (500 MHz, Chloroform-d).
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'H NMR spectrum of III-14 (500 MHz, D,0). * = residual O(Bpin),, ** = trace starting
material.
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'H NMR spectrum of I1I-15 (500 MHz, Chloroform-d).
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'H NMR spectrum of I1I-17 (500 MHz, C¢Dg).

-

200 bm-
1.96% .

22=

2.237

3
=

3

4 4.561

3

2,42z

206

T

8.0 75

ppm

13C NMR spectrum of II1-17 (126 MHz, C¢Dy).

70 65 6.0 55 50 45 40 35 3.0 25 220

1.5

1.0 0.5 0.0

/@”'O ieazfs e 3 8 fEeesg
I RRDGRIRDE e
Me
i I‘IL l 1 i ] N l
80 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0

ppm



'H NMR spectrum of I11-18 (500 MHz, C¢Dy).
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'H NMR spectrum of I11-19 (500 MHz, C¢Dy).
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'H NMR spectrum of I11-20 (500 MHz, C¢Dy).
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