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ABSTRACT

Development of Enantioselective Reactions Utilizing Nitrones as Effective Iminium

Surrogates

Tessa Lynch-Colameta

Natural products are the source of many valuable folk medicines and pharmaceutical agents
used throughout the world every day. However, due to their structural complexity, short and
efficient syntheses of natural products are still a challenge to perform in the laboratory setting.
Thus, there is always a need for new methodology developments to enhance our ability to execute
effective total syntheses. In the pursuit to construct biologically significant alkaloids and other
nitrogen-containing compounds of importance, there are numerous synthetic problems that cannot
be easily solved using traditional imine or iminium chemistry. Nevertheless, nitrones, which are
rapidly prepared, relatively stable and quite reactive, are known to be competent imine or iminium
cation surrogates in a range of reactions. In this dissertation, we detail our efforts to develop
Mannich-type and Pictet—Spengler-type reactions by engaging nitrones to achieve superior results

to their iminium congeners.

Hence, Chapter 1 will provide a brief introduction into nitrone chemistry. To begin, the
methods commonly used for the synthesis of nitrones will be described. Then, while there are
many types of transformations that nitrones can undergo, this section will focus on reactions of
nitrones as electrophiles that lead to N,N-disubstituted hydroxylamines. More specifically,
asymmetric reactions will be of particular interest. Our intent is not to comprehensively cover
nitrone chemistry, but to highlight some useful examples to demonstrate the current state-of-the-

art chemistry available and what general challenges still exist in this area.
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Chapter 2 will present our investigations into Mannich-type reactions of cyclic nitrones.
Though 2-substituted and 2,6-disubstituted piperidine moieties are found in an array of natural
products and synthetic drugs, there are only a finite number of approaches for the synthesis of such
compounds. Within, is described two distinct Mannich-type reactions capable of generating -N-
hydroxy-aminoketones in both a racemic and asymmetric format. The first procedure uses -
ketoacids under catalyst-free conditions, while the second employs methyl ketones in the presence
of chiral thioureas. Both processes have broad scope, with the latter providing products with high
enantioselectivity (up to 98% ee). The combination of these methods, along with other critical
steps, has enabled 8-step total syntheses of the 2,6-disubstituted piperidine alkaloids (—)-lobeline

and (—)-sedinone.

Next, in Chapter 3, we will detail our work on the synthesis of aza-quaternary centers via
Pictet—Spengler reactions of ketonitrones. Despite substantial investigation into the synthesis of -
carbolines, due to their diverse medicinal properties and complex structures, effective methods to
access aza-quaternary centers through direct Pictet-Spengler reactions remain limited. Herein, we
report on the discovery of a facile procedure that utilizes a broad variety of ketonitrones activated
by commercially available acyl chlorides to readily induce such Pictet—Spengler reactions. Notably,
the reaction process is mild, fast, and high-yielding (54-97%) for a collection of >40 substrates.
In addition, an asymmetric variant of the process with good levels of enantioselectivity (up to 83%
ee) was established by deploying an acyl bromide in combination with a thiourea promoter. Lastly,
the products can also be transformed in a number of distinct ways by taking advantage of the
resultant N-O bond, affording valuable complementarity to existing Pictet—Spengler variants

based on the use of imines.
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Finally, Chapter 4 will reveal our current efforts in the exploration of iso-Pictet—Spengler
reactions utilizing ketonitrones. During the last decade, iso-Pictet—Spengler reactions have been
of interest to provide access to underexplored indole core structures, which may have considerable
potential as drug candidates. In spite of this, much of the pioneering work focused on the formation
of aza-tertiary centers, instead of the arguably more challenging aza-quaternary centers. The sparse
examples that create aza-quaternary centers require stoichiometric chiral reagents and/or very
specific substrate control for the cyclization to successfully occur with high enantioselectivity.
Here, is proposed the development of several catalytic, enantioselective iso-Pictet—Spengler
reactions that are capable of producing three distinct scaffolds with aza-quaternary centers and
diverse substrate scopes. To achieve this, we envision employing the power of organocatalysis and

the unique reactivity of nitrones.
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CHAPTER 1

NITRONE CHEMISTRY



1.1 Synthesis of Nitrones
1.1.1 Oxidation Reactions

The term “nitrone” was first coined by Pfeiffer in 1916 as a contraction for “nitrogen ketone”
due to their observed similarities with ketones.! Since their discovery over a century ago, nitrones
(1) have proven to be a powerful synthetic tool.? In fact, there are numerous methods to access
these desirable compounds. One of the most common approaches is through the use of oxidation

reactions, as seen in Scheme 1.1, which are able to produce both cyclic and acyclic nitrones.

Scheme 1.1. Examples of common types of oxidation reactions utilized to form nitrones.

FOS ,R2 R2
R1 N R1/\N,
OH H
2 \ / 3
R1/§(3’R2
|
0o

1

COLH ,
_R? 17X -R
R‘J\N R" N
H
4 5

The oxidation of N,N-disubstituted hydroxylamines (6) can be easily performed using a
variety of stoichiometric and catalytic oxidants (Scheme 1.2).° Traditionally, yellow mercury(II)
oxide (HgO) has been utilized as an extraordinarily effective stoichiometric oxidant,* however,
because of its toxicity other oxidants have been heavily explored in the last few decades. For
example, manganese dioxide (MnO),> sodium hypochlorite (NaOCl),° 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO),” and triphenylbismuth carbonate (Ph3BiCO3)® are more

environmentally friendly options that can be applied on large scale. While all of these reagents can



provide good regiocontrol, 2-iodoxybenzoic acid (IBX), is typically the best oxidant for the

preparation of aldonitrones in the absence of directing groups.’

Scheme 1.2. Oxidation of N,N-disubstituted hydroxylamines to nitrones.
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The first catalytic oxidation of N,N-disubstituted hydroxylamines, which deployed
palladium black as the catalyst and air as the oxidant, was published by Murahashi and co-workers
in 1983.1% Since then, multiple highly efficient aerobic oxidations catalyzed by nanoparticles (such
as gold nanoparticles supported on silica, unsupported nanoporous gold, and rhodium
nanoparticles supported on carbon nanotube) have been reported.!! In addition, the Goti group
developed an aerobic oxidation using tetra-n-propylammonium perruthenate (n-Pr4NRuO4, TPAP)
as a catalyst, based upon their earlier work where N-methylmorpholine N-oxide (NMO) was an
oxidant with the same catalyst.!? Another facile procedure used methyltrioxorhenium (MTO) as
an exceptionally capable oxygen transfer catalyst with hydrogen peroxide (H20O:z) or urea-hydrogen

peroxide complex (UHP) as the terminal oxidant."

Although the oxidation of N, N-disubstituted hydroxylamines has proven to be synthetically
useful, the oxidation of secondary amines (8) to nitrones (7) is arguably more convenient due to
the abundance of readily available amine starting materials (see Scheme 1.3). The first method for
the oxidation of secondary amines was discovered by Murahashi and co-workers in 1984 utilizing
stoichiometric aqueous 30% hydrogen peroxide in the presence of catalytic sodium tungstate
dihydrate (NaxWO4-2H,0).!* While hydrogen peroxide is cheap and environmentally friendly, it
can cause issues during work-up because of the high solubility of some nitrone products in water.

In those cases, UHP can be used as the oxidant instead to prevent this problem.!> Multiple other



catalysts (1-10 mol %) can be substituted in the oxidation reaction with hydrogen peroxide,
including selenium dioxide (Se0>),'* MTO,!” Ti(IV) triphenolate amino complexes,'® and Pt(II)
complexes.'® It was later reported that alkyl hydroperoxides (fert-butyl hydroperoxide or cumyl
hydroperoxide) were also competent oxidants when combined with catalytic amounts of
(trialkanolaminato)titanium(IV) complexes.?’ Though less common, it was demonstrated that the
oxidation of secondary amines was possible by exploiting heterogeneous catalysts.?! In addition,
metal free versions can be executed using oxone,?? dimethyldioxirane (DMDO),?? Davis reagent,**
and m-chloroperbenzoic acid (m-CPBA).? Finally, biomimetic flavin-*® or cyclohexanone
monooxygenase-catalyzed?’ reactions applying molecular oxygen as the oxidant have been

established.

Scheme 1.3. Oxidation of secondary amines to nitrones.
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A method that is highly advantageous for the regioselective synthesis of nitrones (1) is the
oxidation of N-alkyl-a-amino acids (4) (Scheme 1.4). This strategy employs hydrogen peroxide in
the presence of Na;WOs, but also requires the addition of a phase transfer catalyst
(tetraecthylammonium chloride) and stoichiometric base (K2COs) to succeed.?® The ability to make
a single regioisomer by way of decarboxylative oxidation allows for the synthesis of nitrones that

would be quite challenging under other conventional oxidation conditions.?

Scheme 1.4. Oxidation of N-alkyl-a-amino acids to nitrones.
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As shown in Scheme 1.5, the conversion of imines (5) to nitrones (1) can also be performed.
For decades, the peroxyacid oxidation of imines was studied, but these reactions usually favored
the formation of oxaziridines, with only a minority of cases obtaining nitrones as the major
product.’® Nonetheless, other oxidants, such as DMDO, have been found to be proficient in
selectively synthesizing the corresponding nitrones.?! The Jorgensen group also developed a
method capable of oxidizing imines to nitrones in reasonable yields employing permanganate ion

under phase-transfer conditions.*?

Scheme 1.5. Oxidation of imines to nitrones.

Q]
R1/%N,R2 T e R1/§$,R2
0o
5 1

The first successful catalytic oxidation procedure for the oxidation of imines to nitrones
was reported by Goti and co-workers in 2007.3* This mild and high yielding method treats benzylic
and cyclic imines with UHP in the presence of catalytic amounts of MTO to form the desired
nitrones. They later extended this work to a one-pot protocol that promoted the condensation and

oxidation of primary amines and aromatic aldehydes under the same conditions (UHP and MTO).3*

It should be noted that there are several other less common oxidation methods available to
forge nitrones, including, but not limited to, the oxidation of hydroxylamides® and

isoxazolidines.3®
1.1.2 Condensation Reactions

The condensation of N-monosubstituted hydroxylamines (10) with aldehydes or ketones
(9) is a robust way to synthesize a diverse array of nitrones (7) (Scheme 1.6). One advantage of

the condensation approach is the avoidance of poor regioselectivity observed with some oxidation



reactions. The simplest condensation procedure combines aldehydes and N-monosubstituted
hydroxylamines in an organic solvent (typically CH>Cl,) in the presence of a heterogeneous drying
agent (commonly MgS04).” Although the addition of acid can dramatically improve results, the
reaction generally proceeds more smoothly with aldehydes or ketones with small R groups.
When trying to condense sterically encumbered ketones, it may be necessary to increase the
temperature to form the corresponding nitrones.*® Solvent-free condensation methods are also
available via exploitation of a ball-mill*® or microwave reactor.*! Additionally, while condensation
reactions are widely used to create acyclic nitrones, they can be utilized to make cyclic nitrones
when the hydroxylamine and carbonyl components are appropriately placed in the same

molecule.*?

Scheme 1.6. Condensation of N-monosubstituted hydroxylamines with aldehydes or ketones.
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1.1.3 Other Reactions

There are various other methods available to construct nitrones, such as reactions of oximes
with electrophiles and reactions of nitro compounds with aldehydes under reductive conditions,
which have been comprehensively summarized in a recent review.” Though relevant in their own
right, these systems will not be detailed here due to their subsidiary synthetic utility in our own

chemistry in comparison to oxidation or condensation reactions.



1.2 Reactions of Nitrones as Electrophiles

Despite the long history of synthetic applications of nitrones, new transformations of
nitrones are continuously being disclosed. Nitrones are particularly useful in comparison with their
corresponding imines or iminium ions because they are easily prepared, quite stable, and highly
reactive. In addition, diastereoselective and enantioselective reactions are sometimes more facile
due to the configurational stability and possible chelation effect of nitrones. Traditionally,
reactions of nitrones as electrophiles* and 1,3-dipoles** were studied extensively (Figure 1.1). Yet,
in the last two decades, several novel reaction classes involving nitrones have been discovered.*
Three examples with considerable synthetic applicability are the formal [2+2] cycloaddition with
terminal alkynes (the Kinugasa reaction),*® formal [3+3]/[4+3] cycloaddition with
cyclopropanes/cyclobutanes,*”*® and Sml> coupling based on the umpolung reactivity nitrones.*
However, since the focus of our work is on the reactions of nitrones as electrophiles to generate
N,N-disubstituted hydroxylamine derivatives, this chapter will solely discuss that topic, with a

particular emphasis on asymmetric methodology developments.

Figure 1.1. Traditional reaction types of nitrones.
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1.2.1 Hard and Soft Nucleophiles

The addition of nucleophiles into the highly electrophilic C=N double-bond of nitrones has
been studied for well over a century now and has proven to be a formidable approach in the
synthesis of biologically important nitrogen compounds (Scheme 1.7). In fact, the first report of a
Grignard addition to a nitrone was published in 1911, which described the reaction of PhMgX with
N,a-diphenyl nitrone.>® Since then, a wide variety of nucleophiles have been investigated with
prochiral nitrones, including other organometallic reagents, allylic organometallic reagents,
silylated nucleophiles under Mukaiyama conditions, hydrogen cyanide, and more. Lombardo and

Trombini have done an excellent job reviewing this topic.*3®

Scheme 1.7. Nucleophilic additions to nitrones.
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More impressive, though, are the investigations into stereocontrolled processes. Still, the
application of asymmetric catalysis to nucleophilic additions to nitrones has proven to be a
particular challenge. For instance, the incorporation of chiral additives in nucleophilic reactions
with organometallic reagents was probed by the Ukaji group. They described how 3.4-
dihydroisoquinoline N-oxide derivatives (12) could be reacted with dialkylzinc compounds (13)
in the presence of catalytic chiral magnesium salts (14 or 15) to yield products of type 16 in high
enantioselectivity (Scheme 1.8a).>! These reactions benefit from the ability of the oxygen atom of
the nitrone to strongly coordinate with metal complexes. Nevertheless, this tactic has limited
applications and is very sensitive to the reaction conditions.? Another useful strategy is the
addition of chiral nucleophiles to achiral nitrones. As shown in Scheme 1.8b, Murahashi and co-

workers designed a highly diastereoselective reaction between nitrone 17 and lithiated (R)-(+)-



methyl p-tolyl sulfoxide 18 with stoichiometric quinidine as an additive for the synthesis of

optically active tetrahydroquinoline alkaloids.>?

Scheme 1.8. Stereocontrolled reactions: (a) chiral additives with organometallic compounds; (b) chiral

nucleophiles.
@) Ph Ph
14 0r 15 )_< o/
0.2 equiv
©©\1 o + EtzZn _(0-2equv) ©3 Me,N OMgBr
® 0 THF or CH,Cl, “OH 14
25°C
12 13 16 C'CSHQOQC pOQCSHg'C
14: 78%, 65% ee BrMgO OH
15: 88%, 90% ee 15

Meo]@@ i Meo]@@
+ .
MeO NS HOTHR -78°C  Meo N-on

17 18 19

Entry Additive Yield (%) dr

1 None 78% 64:36
2 Quinidine 68% 92:8
(1 equiv)

Nonetheless, the most exhaustively studied approach for the stereocontrolled synthesis of
enantiomerically pure hydroxylamines is via nucleophilic additions to chiral nitrones. In particular,
Merino and Tejero heavily focused on three chiral nitrones 20, 22a, and 22b, derived from
protected versions of D-glyceraldehyde and L-serinal, respectively, to determine how to effectively
control the diastereofacial induction for the addition of different nucleophiles (Scheme 1.9).43 It
was found that the reaction of a-alkoxynitrones (20) with a variety of organometallic reagents gave
rise to the syn product. The same trend was noted when zinc (II) bromide (ZnBr;), magnesium (II)
bromide (MgBr2), trimethylsilyl triflate (TMSOTY), or trimethylchlorosilanes (TMSCI) were
utilized as promoters (o-chelation model, Re attack). Yet, when diethylaluminum chloride

(EAICI), boron trifluoride etherate (BF3-OEt,), or titanium (IV) chloride (TiCls) were used as



precomplexing agents (at f-oxygen, Si attack), a reversal in selectivity was observed favoring the
anti adduct. This Lewis acid modulated stereocontrol was extended to other a-alkoxynitrones as
well. Unlike for 20, the stereocontrol of a-aminonitrones (22) was not affected by different Lewis
acids. Instead, the type of protection of the a-amino substituent dictated the stereochemical
outcome of the reaction. Ultimately, it was determined that diprotected nitrones (22a)
preferentially generated the syn product, while monoprotected nitrones (22b) greatly favored the
formation of the anti product regardless of whether Lewis acid additives were included. This is
just one example of the power of chiral nitrones in the synthesis of nitrogen-containing compounds
of importance, but further information about reactions with chiral nitrones can be found in several

exceptional reviews.2e*3

Scheme 1.9. Diastereoselectivity outcomes with chiral nitrones 20 and 22.
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Table 1.1. Selected reactions of nitrones with nucleophiles via N-benyloxyiminium ions.
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Notwithstanding the impressive chemistry that has been explored with hard carbon
nucleophiles, soft carbon nucleophiles, such as enolates, do not react as readily with nitrones and
pose an additional challenge. Typically, these Mannich-type reactions are promoted by Lewis
acids (similar to Scheme 1.9).43¢ However, it was shown that if nitrones such as 24, are transformed
into their corresponding N-acyloxyiminium ions (25), their reactivity is greatly enhanced and can

rapidly undergo nucleophilic attack to produce adducts of type 26 (Table 1.1).* The N-



acyloxyiminium species formed in sifu is compatible with a range of less reactive nucleophiles
and can even be used in diastereoselective reactions with chiral boron enolates (34) and chiral
titanium enolates (36). This method was also applied to the asymmetric synthesis of indolizidine
alkaloids.**® In 2002, Murahashi and co-workers found the first enantioselective addition of silyl
ketene acetal 28 to nitrones (38) catalyzed by a chiral titanium complex (prepared from Ti(O-i-
Pr)s, (S)-BINOL, and fert-butylcatechol) that yields optically active B-amino acids (39) (see

Scheme 1.10).%°

Scheme 1.10. Enantioselective reaction with a silyl ketene acetal (28) catalyzed by a
titanium complex.

® Ti-(S)-BINOL-Ar(OH)2 R
Bn\l}lAR . (20 mol /o) . Bn\N/'
tol -78°
0]S) oluene, -78 °C (IDTB S
38 28 39

R = Ph: 99%, 92% ee (S)
R = 2-naphthyl: 94%, 88% ee (-)
R = 3-pyridyl: 90%, 80% ee (+)

1.2.2 Pictet—Spengler Reactions

While standard nucleophilic addition reactions to nitrones have been well studied, a lesser
explored application of nitrones as electrophiles is in the Pictet—Spengler reaction. Although the
Pictet-Spengler reaction®®is one of the most important methods for the synthesis of indole alkaloid
scaffolds, only a limited number of nitrone-based Pictet-Spengler reactions have been reported.>’
The idea to use nitrones was originally inspired by the 1984 isolation of a new class of marine
alkaloids, the eudistomins (40), which possessed an unprecedented oxathiazepine ring (highlighted
in yellow) and a 2-oxytetrahydro-p-carboline moiety (colored in red) in addition to potent
biological activities (Scheme 1.11a).°® Cava and co-workers quickly published the first example
of a nitrone-based Pictet—Spengler reaction in 1985, where N-hydroxytryptamine (41) was

condensed with a series of aldehydes with ease to build nitrones (42) that were subsequently

12



cyclized to 2-hydroxytetrahydro-B-carbolines (43) under acidic conditions (Scheme 1.11b).38 A
one-pot protocol facilitated by excess TFA in CH2Cl, at room temperature or reflux, depending on

the aldehyde, was disclosed soon after.>’

Scheme 1.11. (a) The eudistomin natural products isolated in 1984 with potent antiviral properties;
(b) the first nitrone-based Pictet-Spengler reaction.
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R = Me: 100% R = Me: 60% 43
R = p-MeCgH,4: 90% R = p-MeCgH,: 90%
R = p-BrCgH,: 69% R = p-BrCgH,: 90%

During the next few years, Pictet—Spengler reactions with N-hydroxytryptamine and N-
hydroxytryptophan attracted the attention of numerous other academic groups as well. Of note, the
reactions with N-hydroxytryptophans provided rapid access to collections of optically active 1-
substituted tetrahydro-B-carbolines.’’>¢ Yet, more impressive was the work from Nakagawa and
co-workers that demonstrated the first reagent-controlled enantioselective Pictet—Spengler
reaction.’”™ As seen in Table 1.2, by using diisopinocampheylchloroborane (Ipc2BCl) as a chiral
Lewis acid catalyst, the Pictet—Spengler reaction of aldonitrones 42 delivered the corresponding
2-hydroxy-tetrahydro-p-carbolines (43) with high enantioselectivity (up to 90% ee). The largest
disadvantages of this method were that (1) stoichiometric chiral promoter was required, and (2) no
enantioselectivity was observed in the reaction of the nitrone with an electron-withdrawing nitro

group on the benzene ring (entry 3). To address the latter concern, they later employed Brensted

13



acid-assisted Lewis acids (BLAs) to swiftly access compounds of type 43.°7 In particular, the
enantioselectivity of the reaction with the aldonitrone containing an electron-withdrawing nitro

substituent was improved to a more acceptable 74% ee.

Table 1.2. Chiral Lewis acid-mediate Pictet—-Spengler reaction of aldonitrones.

S .
Q_SB;N—O (+)-Ipc,BCI (1.9 equiv) Q—\/QN‘OH
N N

CH,Cl,, -78 °C

42 : 43 3
Entry R Yield (%) ee (%)

1 Ph 92 75

2 4-MeOCgH, 65 90

3 4-NO,CgH,4 81 rac

4 1-naphthyl 94 86

5 Me 91 43

6 i-Bu 75 35

Overall, these examples highlight the current state-of-the-art chemistry available and what
general challenges still exist for reactions where nitrones are electrophiles. Notably, all of the
methods discussed above applied aldonitrones and not their less reactive ketonitrone counterparts.
There are far fewer examples of asymmetric methodologies utilizing ketonitrones, emphasizing
the considerable difficulty they pose in comparison to aldonitrones. The information presented
here about Mannich-type and Pictet—Spengler reactions of nitrones is especially significant to

provide context for our developed methodologies in the next three chapters.
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CHAPTER 2

MANNICH-TYPE REACTIONS OF CYCLIC NITRONES:

EFFECTIVE METHODS FOR THE ENANTIOSELECTIVE

SYNTHESIS OF PIPERIDINE-CONTAINING ALKALOIDS



2.1 Introduction

Although piperidine heterocycles are a prevalent moiety found in numerous natural
products and therapeutic drugs, equally common is their possession of 2- or 2,6-substitution
patterning that includes a B-carbonyl and/or alcohol functionality (Figure 2.1, colored in red).!
Molecules 1-7 are representative examples containing this scaffold that were isolated from a
diverse array of plants and insects, many of which also exhibit potent pharmacological activities.?
Biosynthetically, these side-chains are believed to arise via enzyme-catalyzed Mannich-type
reaction of carbonyl-derived nucleophiles with piperidine-derived iminium intermediates.?"

Despite this, only a limited number of approaches exist for their synthesis in the laboratory setting.

Figure 2.1. Selected piperidine-containing natural products.

OH O OH
N RO
R Me
1: R = H, (-)-norsedamine 3: R = Ph, (-)-lobeline
2: R = Me, (-)-sedamine 4: R = Me, (-)-sedinone
Ph,, H
HO
L N
W O HO/
K Ph H
5: porantheridine 6: (+)-homocrepidine A 7: chilocorine C

Scheme 2.1 provides two examples of synthetic methods that can proceed with good
enantiocontrol. The first is a biomimetic approach from the Bella group, which used L-proline to
direct Mannich-type reactions between imines 8 and varied ketones 9 to produce B-aminoketones
of type 10. However, only one example was described where R3 # H and some substrates required

stoichiometric L-proline to promote the desired reaction.* Second, Kanai and co-workers employed
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a chiral copper(I)-conjugated Brensted base pair to catalyze a one-pot ring-opening/aldol
addition/dehydration cascade, followed by an enantioselective intramolecular aza-Michael
reaction® starting from cyclic hemiaminals 11 and methyl ketones 12.° While both procedures
possess significant power, these methods only work effectively if the intermediates have
appropriate stability, noting that the free amines cannot be made without partial racemization.
Additionally, the preparation of some starting materials can be step-intensive, particularly for more

complex piperidines and related azacycles.

Scheme 2.1. Key precedent for enantioselective functionalizations to access
the desired azacycles.

(a) 1) L-Proline
(20-100 mol %)

o PhCN, 4 °C 0
R‘ 7-30 days Rl
\ 2
N 2) Boc,0, EtN Boc,0, Et;N N R
8

(14-82% yield) Boc R?
9 (16-97% ee) 10
[one case where R® = H]

CuOt-Bu/

[h o (R)-D'(I'BM-SEG;DHOS WA R O
10 mol % / A
/\MOH + )]\Rg : N)\)LRZ

H50 (10 mol %)

MTBE Boc
11 12 (52-98% yield) 13
[n=1,2,3] (84-98% ee) [n=1,2,3]

Hence, we wondered whether a method could be established utilizing cyclic nitrones as
effective iminium surrogates since such species are swiftly prepared by oxidizing their
corresponding secondary amines’ or hydroxylamines,® reasonably stable compounds that exist as
the more reactive E-isomers,” and well documented to accept a variety of nucleophiles.!”
Nonetheless, as shown in Chapter 1, only metal enolates and silyl ketene acetals were used in
previously developed asymmetric Mannich-type additions to nitrones. Thus, a method that could
directly add ketones would be very advantageous, especially in a catalytic, enantioselective format.

Herein, we show that nitrones can be deployed as efficient electrophiles in two distinct Mannich-
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type reactions that construct f-N-hydroxy-aminoketones in good to high yields. The first exploits
asymmetric enamine catalysis to promote the reaction of cyclic, 6-membered nitrones with an
array of methyl ketones to form 2-substituted piperidines in high enantioselectivity (up to 98% ee).
The second, a variation on the well-known Robinson-Schdpf reaction, is a racemic decarboxylative
Mannich-type reaction between cyclic or acyclic nitrones and an assortment of B-ketoacids. These
procedures can be applied to rapidly generate 2-substituted and 2,6-disubstituted piperidine natural
products and other analogous nitrogen-containing compounds of interest, as demonstrated by our

implementation of both in the total syntheses of (—)-lobeline (3) and (—)-sedinone (4).

2.2 Discovery and Exploration of the Asymmetric Mannich-type Reaction of Cyclic Nitrones

and Methyl Ketones

Scheme 2.2. Preliminary discovery of the enantioselective Mannich-type reaction between cyclic nitrone
(14) and acetone (15, a) or acetophenone (19, b).

(a)

BzCl, Et3N
@ (e} L-Proline (20 mol % DMAP
SN CH,Cly, 23 °C, 40 h

I | CH Cl, |

00 (60%) OH 23 °c h Bz
14 15 (20 equiv) 18
(54% ee)
(b)
o]
L-Proline (20 mol %)
> N
CH,Cly, 23 °C, 40 h )
(7%, 12% ee) OH
19 (3 equiv) 20

As shown in Scheme 2.2, we began our investigations by exploring whether the simple
piperidine-derived nitrone 14 (see Experimental Section for synthesis) could react with acetone
(15) under similar catalysis conditions reported by the Bella group with L-proline as the promoter.*
Gratifyingly, the desired B-N-hydroxy-aminoketone (16), which exists in equilibrium with the

cyclic isoxazolidine (17), was formed in a 60% yield. The enantioselectivity was determined to be
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a modest 54% ee after derivatization of the product to the UV-active O-benzoyl-hydroxylamine
18. With this exciting result, we next tested the more challenging, and arguably more useful from
the standpoint of complex molecule synthesis (see Figure 1.1), reaction with acetophenone (19).
Unfortunately, this reaction proceeded with only a 7% yield and 12% ee. Consequently, in a pursuit
of more synthetically promising scaffolds, all further optimizations were executed with ketone 19
as the model substrate. These preliminary findings were conducted by Dr. Vladislav Lisnyak prior

to my joining the project.

Figure 2.2. Activation mechanism of nitrones with thioureas.

_____________________________________________

1) TMSCN i

Cat. (0.5 equiv) ' I
®/ CHQC|2, -78 OC : L_A .
N > N CN ! C')@ KR '
| ' (0)S) '
23 O 24 (0] 25 S 26
Ph  Ph. .Ph  Ph. _Ph
Cat. - Ph)J\N' NJJ\N NJJ\N
H H H H H
Time (min) 300 180 90 45
Conv. (%) 79 83 77 81

Moving forward, we quickly found that chiral primary amine catalysts such as 29 and 30
(see Table 2.1) could dramatically enhance the enantioselectivity of 20 to 80-86% ee, albeit with
no substantial yield improvement. Based upon these results, we proposed that the
primary/secondary amine was activating the nucleophile by means of enamine catalysis'! and the
carboxylic acid/protonated amine was supplying electrophile activation via hydrogen bonding.
This also explains why the MacMillan TiPSY catalyst (38), which cannot form the enamine, and

the Hayashi-Jorgensen catalyst (39), which does not have a hydrogen bond donor, resulted in no
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reaction. Inspired by reports from Schreiner!? and Takemoto'? (Figure 2.2) showing that thiourea-
based hydrogen bonding catalysts'* can increase the rate of both [3+2] cycloadditions and
nucleophilic additions to nitrones, we decided to probe thiourea-based bifunctional
organocatalysis.!> Bifunctional primary amine-catalysis was especially appealing to us since it
provides two readily tunable positions, the backbone and linker, that can be explored to improve
the outcome of the reaction (Figure 2.3). Pleasingly, thiourea 31, with an achiral backbone,
provided a further increase in enantioselectivity (90% ee), but still with no improvement in yield
(26%). Interestingly, replacing the thiourea with a squaramide (34)'¢ performed worse (20% yield,
65% ee). Ultimately, Jacobsen catalyst 35,!7 containing a chiral backbone, resulted in a significant
increase in both parameters to 45% yield and 88% ee. We then completed further screening of the
catalyst loading, additive, solvent, temperature, and time, as detailed in Table 2.2. The best results
were obtained when the loading of 35 and benzoic acid additive were increased to 20 mol % and

40 mol %, respectively, in CH>Cl, at 23 °C for 40 hours (entry 16, 84% yield, 90% ee).

Figure 2.3. Catalyst design rational using bifunctional primary amine-thioureas.

Chiral Linker
ﬁ Chiral
or Achiral Backbone
A5 QD a
Nucleophile P )J\ ~
Activation NH; N N
H H

J

Electrophile Activation
(H-bond Donor)
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Table 2.1. Exploration of varied catalysts to achieve enantioselective addition of acetophenone

(19) to nitrone 14.

O Cat. (10 mol %) e}
® BzOH (10 mol %)
'~ +
N CH.Cl, (1.0 M), 23°C, 40h 1
00 OH
14 19 20
7z
OMe
“ CL
AN
Q‘COZH | NH, T NH,
H N_—~ NH2
282 29 30

7%, 12% ee

CF;

(j\ I ﬁj\

; NJ\N CF,
NH, T

31
26%, 90% ee

CF
o) o) 8
w, 1

34
20%, 65% ee

CF;
L]
AP CF,
S H OH
NM62
37
<5%"2

10%, —86% ee

O‘Nj\N/

NH, T
32
53%, 86% ee

1
_ NJJ\N/%(\

NH, o)
35
45%, 88% ee

N

SiPh,

O\ //O

oy ™

SiPh,

38
NR?

25%, 80% ee

LS
; N)J\Ot-Bu

NH,
33
31%, 87% ee

CF3

<10%

j\
NH H
36

D\\STMS
N Ph
H Ph

39
NR?

a8 No BzOH was used.
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Table 2.2. Optimization of the reaction conditions.

35 (X mol %) e}
@ Addltlve (X mol %) _
Solvent, Temperature, Time N
OH
20
Ent 35 Additive Solvent Temperature  Time Yield ee
n
il (X'mol %) (X'mol %) (%)) (°C) (h) (%) (%)
1 10 BzOH (10 mol %) CH2Cl: (1.0) 23 48 45 88
2 10 BzOH (10 mol %) DCE (1.0) 23 48 46 87
3 10 BzOH (10 mol %) PhCHs (1.0) 23 48 41 86
4 10 BzOH (10 mol %)  PhCN (1.0) 23 48 36 76
5 10 — CH:Cl: (1.0) 23 96 24 75
6 10 BzOH (20 mol %) CH.Cl: (1.0) 23 40 48 90
BzOH (20 mol %)
7 10 CH:Cl: (1.0) 23 40 13 89
H20 (100 mol %)
8 10 AcOH (20 mol %) CH:Cl: (1.0) 23 40 37 90
p-02NCsH4sCOH
9 10 CH:Cl: (1.0) 23 40 43 85
(20 mol %)
10 10 BzOH (20 mol %) CH2Cl; (1.0) 40 40 44 66
11 10 BzOH (20 mol %) CHCl: (1.0) 10 40 34 92
12 10 BzOH (20 mol %) CHCl: (1.0) 0 40 18 96
13 10 BzOH (20 mol %) CH.Cl: (0.5) 23 40 37 87
14 10 BzOH (20 mol %) CHCl: (2.0) 23 40 36 83
15 5 BzOH (10 mol %) CHCl: (1.0) 23 40 39 87
16 20 BzOH (40 mol %) CH:Cl; (1.0) 23 40 84 90

As presented in the remainder of Table 2.3, use of these optimized conditions with a range
of 6-membered cyclic nitrones bearing varied alkyl and ether substituents at the 2-, 3-, and 4-
positions afforded products 42-45 in good yields (48-84%) and enantioselectivity (88-98% ee). Of
particular note, a “heterocyclic” nitrone that is prone to polymerization'® also reacted successfully
to produce 46. However, 5-membered nitrones suffered from poor yields (<20 %) because of the

relatively slower reaction rate, which is consistent with the same observation for [3+2]
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cycloadditions that is attributed to greater eclipsing strain introduced in the transition state.”® When
the same conditions were applied to a 7-membered nitrone, only a small amount of desired product
was detected along with decomposition, likely due to oligomerization of the nitrone in the presence

of acid (BzOH)."

Table 2.3. Exploration of nitrone scope using 19 under optimized conditions.2

35 (20 mol %) X
BzOH BZOH (40 mol %) R{ Q
CH20|2 (1.0 M) N
23 °C, time OH
M
o) o) o)
N N N
OH OH OH
20 42 43
[40 h] [24 h] [72 h]
[84%, 90% ee] [72%, 93% ee] [48%, 97% ee€]
0.0 MeO o)
o) MeO o) [ o)
N N N
H H H
OH 14 OH 45 OH 46
[48 h] [24 ] [24 h]
[80%, 98% ee] [66%, 93% ee] [73%, 88% ee]

@ Reactions were performed with 40 (0.5 mmol) and 19 (1.5 mmol) in air.

Next, different electron-rich and -deficient acetophenones were evaluated with nitrone 14
to afford 47-52 in moderate to good yields (54-70%) and high enantioselectivity (86-93% ee), as
denoted in Table 2.4. Importantly, reactions with electron-deficient acetophenones required shorter
reaction times to prevent racemization of the products, likely through retro-aza-Michael/aza-
Michael pathways. Alkyl methyl ketones were also highly effective (51-90% yield, 94-96% ee)
under these conditions, though additional substitution at the ketone a-position did decrease yield
in some cases (56 and 57). Furthermore, our reaction delivers excellent regiocontrol using a range

of unique substituents, including fluorine and ether groups. In fact, the formation of 60 is in
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contrast to the preferential product generated under enamine catalysis,!’>?? highlighting an element
of complementarity. At this stage, the optical rotation, and hence absolute configuration of 16, was

confirmed after reductive cleavage of the N—O bond.

Table 2.4. Exploration of substrate scope with nitrone 14 using varied methyl ketones of type 12 under the
optimized reaction conditions.?

35 (20 mol %) 0
(0] BzOH (40 mol %)
OF + _—
N N N R

R CH,Cl, (1.0 M) \

00 23°C, 40 h OH
14 12 27
0 0 0 o}
N N N N
OH 47 OH 48 CF OH 49 NO OH 50 Br
3 2
[70%, 86% ee] [61%, 90% ee]® [61%, 90% ee]? [54%, 91% ee]®
o O 5o O
51 OMe 52 0 16 53
[65%, 92% ee] [66%, 93% e€] [76%, 95% eel® [88%, 95% eel°
oM
N 7 N N
OH 54 OH 55 OH 56 OH 57
[90%, 96% eel° [80%, 96% e€] [61%, 94% eel® [51%, 95% ee]°
F OBn OMe OMe
N N N N
OH 58 OH 59 OH 60 OH 61 OMe
[75%, 95% e€]° [88%, 5.9:1 rrd [77%, 5.4:1 r® [86%, 96% ee]°
[75%, 95% eel® [65%, 94% ee]"®

a Reactions were performed with 14 (0.5 mmol) and 12 (1.5 mmol) in air; 16 h reaction
time; ¢ ee was determined after O-benzoylation; 4 combined yield; © major regioisomer.

Notably, all of these reactions could be run open to air, making them experimentally very
easy to perform. Also critical, although the oxidation state of the products is higher than that found
in most piperidine-containing targets, the hydroxylamine moiety serves as protection against in

situ racemization.?! For example, with 20, only 3% ee was lost following 20 hours of standing in
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MeOH at 23 °C. All other products tested via HPLC analysis (16, 20, 47, 51, and 52) were
configurationally stable after several months of storage neat at —20°C, except for those bearing
electron-withdrawing substituents on the aromatic ring (48-50). Moreover, unlike with variants
that form amines and normally require a further Boc-protection step in order to be purified and
prevent racemization,* all of our products can be purified directly by column chromatography. If
desired, the N—O bond can be easily cleaved with Zn/AcOH to provide the corresponding free

amine, as tested with compounds 16 and 20 (see Experimental Section).

Table 2.5. Limitations of the developed asymmetric method.2

35 (10 mol %) o
o BzOH (20 mol %)
&+ - > )
N ‘)J\Rz CH,CI, (1.0 M) N R

00 R 23°C, 40 h OH R!
14 9 62
O O O
F
N N N F
OH OH OH F
63 64 65
[<10%, ND] [No Reaction] [No Reaction]
O F O O
N F N ° N °
OH - - OH \ OH \_/
66 67 68
[No Reaction] F [14%, 67% ee€] [9%, ND]
O | O O
N N N N A
OH \_/ OH P OH W
69 70 71 N
[No Reaction] [No Reaction] [No Reaction]

@ Reactions were performed with 14 (0.5 mmol) and 9 (1.5 mmol) in air.

Nevertheless, there were some limitations to our developed asymmetric method. As
indicated earlier, only substituted 6-membered cyclic nitrones are competent under the optimized
reaction conditions. However, we were also restricted to methyl ketones, as demonstrated by the

poor yield of 63 when 3-pentanone was used as the ketone precursor (Table 2.5). When R? was



too sterically bulky (64), the enamine could not form, therefore preventing any reaction from
taking place. Yet, we also encountered issues when R? was extremely electron-withdrawing (65
and 66). We believe in these cases that the ketone was rapidly attacked by the primary amine
catalyst, but may get stuck at the hemiaminal, imine, or enamine and thus no reaction with the
nitrone was detected. Finally, methyl ketones with heterocyclic substituents either performed very
poorly or did not react at all (67-71). This may be explained by their m-excessive character
preventing imine formation, ability to disrupt the required hydrogen bonding activation of the

nitrone, and/or neutralization of the BZOH additive important for the enamine catalytic cycle.
2.3 Development of the Racemic Robinson-Schopf Reaction of Nitrones and f-Ketoacids

Due to the limitations found in the asymmetric reaction above, we thought that it would be
beneficial to create an alternative procedure to access compounds of these types, even of only in a
racemic format. To achieve this goal, we started by exploring whether nitrones could be applied
as an imine surrogate in the well-established Robinson-Schopf reaction, which involves a
decarboxylative Mannich-type reaction between cyclic imines and B-ketoacids.?? Given that this
imine variant is known to be slow, low-yielding, and pH-dependent with side reactions often
observed,???* we anticipated that a more broadly effective protocol could be of value. Pleasingly,
we found that 72 and 73 could readily merge, simply upon stirring in CH>Cl> at 23 °C for 16 hours
(Table 2.6). This result was exciting since similar reactions usually require the addition of a
catalyst or promoter.?* Though some of the products could be isolated in comparable yields after
only 2 hours (rac-16 and rac-20), to achieve full consumption of the starting material and ease

reaction set-up, we proceeded with a 16 hour stir time for all future substrates explored.
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Table 2.6. Exploration of substrate scope with various nitrones (72) and B-ketoacids (73).2

n (A g CH,Cl, (1.0 M)
o0 0 O 23°C,16h VTR o
N + S — . 2
| HO R2  -[CO, N R
0o OH
72[n=12,3] 73 74[n=1,23]
o) o) o) o)
S
N N N \ N
OH OH OH OH
rac-16 rac-20 75 64
[71% [90%] [87%] [51%]°
[66%] [80%]
o) o) o o)
Bn.
N N N "y
OH 26 OH 27 79
[84%)] [50%] [61%]

g o
N
OH
80

[34%)] [77%, 2:1 dA¢

@ Reactions were performed with 72 (0.50 mmol) and 73 (0.76 mmol) in air;
b2 h reaction time; © performed in MeOH,; d15 equiv of nitrone.

Table 2.6 provides the products synthesized (rac-16, rac-20, 64, and 75-81), where no
further optimization was performed from our initial result, given the generally smooth and high
yielding reaction outcomes (50-90%). The one exception was 80 (34%) that had a conjugated
nitrone precursor with low reactivity. Products 64 and 75 are of particular significance given
challenges observed for adding heterocycle- and hindered alkyl-substituted B-ketoacids into
imines.?*> Of note, 5-membered and 7-membered nitrones that were ineffective in our asymmetric
method performed well under these decarboxylative conditions. In addition, a linear nitrone, which
tend to be less reactive than their cyclic counterparts, * could be used to form 79 in good yield
(61%). Finally, the success of a pregnenolone-derived B-ketoacid to form 81 (77% yield, dr = 2:1)

highlights the ability to use the reaction for late-stage functionalization. For some compounds (64,
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76, 78, and 80), we obtained their O-benzoylated adducts for structure confirmation due to the
complicating equilibrium between the acyclic f-N-hydroxy-aminoketone and cyclic isoxazolidine

forms in CDCls (see Experimental Section).
2.4 Total Syntheses of (-)-Lobeline and (—)-Sedinone

Finally, we sought to explore the power of these methods to accomplish the total syntheses
of (—)-lobeline (3) and (—)-sedinone (4). While the former target has been prepared numerous
times,?’ the most efficient syntheses from Boehringer Ingelheim, Birman, and Stoltz at 2, 5 and 12
steps, respectively, all took advantage of the target’s inherent symmetry (Scheme 2.3). The shortest
of these, the Boehringer Ingelheim synthesis, accessed key precursor lobelanine (85) in 1 step from
3-o0x0-3-phenylpropionic acid, glutaric dialdehyde, and methylamine hydrochloride with a citrate
buffer before performing an asymmetric hydrogenation to prepare (—)-lobeline (3) on industrial
scale. Birman and co-workers utilized this same 1-step procedure to make 85, followed by
reduction with NaBHj4 to generate lobelanidine (82), which could then undergo an enantioselective
monoacylation that led to formation of 84 (2 steps from 3). Lastly, the Stoltz group also synthesized
lobelanidine (82) as their key intermediate, albeit in 8 steps, and employed an oxidative kinetic
resolution method that was developed in their group to afford 86 (3 steps from 3). By contrast,
non-symmetric (—)-sedinone (4) has been synthesized twice, as a racemate in 9 steps from
commercial materials and in optically active form as a partial synthesis from (—)-norsedamine
(1).28 Our approach sought the first unified solution capable of accessing both targets and other
analogs, given the known therapeutic value of 3 as a potent antagonist at nicotinic acetylcholine

receptors and potential for other biological applications.?"?°
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Scheme 2.3. Previous total syntheses of (—)-lobeline (3) via desymmetrization.

Birman (2007): [Enantioselective

Monoacylation]
(EtCO),0, CDCl3, 23 °C

() s
lobelanidine (82) NN
[2 steps] \/k

(S)-BTM (83)

1) Oxidation
2) Deacylation

Boehringer Ingelheim (2006): [Asymmetric
Hydrogenation]
0 9 [RhCI(COD)],

N > (-)-lobeline (3)
O L0 e
Me EtsN, MeOH, 50 °C

'Obe['fgitge ](85) 1) HCI/i-PrOH
P 2) Crystallization
3) NaHCO,
Stoltz (2008): [Oxidative Kinetic
Resolution]
@) OH
Pd(sparteine)Cl, H
(-)-sparteine ©)J\ D
MS 3A, CHClg, O,, 35 °C Me
lobelanidine (82) 86

[8 steps]

As delineated in Scheme 2.4, these efforts commenced with application of our
enantioselective protocol for the preparation of 20. When this reaction was conducted on gram
scale (previously only on 50 mg), we saw a slight decrease in yield (84% to 70%), but pleasingly
the enantioselectivity did not change (90% ee). Next, a syn-reduction of 20 was achieved using
Zn(BH4)>*° to deliver the desired alcohol with a 9:1 dr about the newly established chiral center.
Subsequent silylation of the alcohol with TBSOTT and i-ProNEt afforded 87 in 67% yield over two
steps without significant change in the enantiomeric excess (89% ee). To our delight, we were able
to grow crystals of 87 suitable for X-ray crystallographic analysis, which confirmed the absolute

(S,S5)-configuration of this compound and all the other products in Tables 2.1-2.4 by analogy.
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Scheme 2.4. Total syntheses of (-)-lobeline (3) and (—)-sedinone (4).

o} a) 35 (20 mol%) 0 OTBS
@ BzOH (40 mol%) b) Zn(BHy)2 :
+ - —_—

N » N N
Ketone-based
00 n[ltrone Mannich] OH c) TBSOTf OH
" 19 20 87 [X-ray]
[p-ketoacid-based d) IBX
nitrone Mannich]

el 0O O 73

R OH

f) Zn, AcOH,

3: R = Ph, (-)-lobeline 89: R = Ph
4: R = Me, (-)-sedinone 90: R =Me

@ Reagents and conditions: a) 19 (3.0 equiv), 35 (20 mol %), BzOH (40 mol %), CH,Cl,, 23 °C, 48 h, 70%, 90%
ee; b) Zn(BH,), (1.2 equiv), THF, =780 °C, 4 h, 9:1 dr; c) TBSOTf (1.1 equiv), i-Pro,NEt (2.0 equiv), CH,Cl,,
0—23 °C, 0.5 h, 67% over 2 steps, 89% ee; d) IBX (1.1 equiv), CH,Cl,, —20 °C, 4 h, 99%, 4:1 rr; ) 73 (1.5
equiv), CH,Cl,, 0—23 °C, 22 h; f) Zn (10 equiv), CH,O (6.0 equiv), AcOH, 23 °C, 4 h, 75-76% over 2 steps,
~1:1 dr (cis:trans) (89), 1:5.4 dr (90); g) HCI (conc., 1.3 equiv), i-PrOH, 60 °C, 12 h; h) 3: CIDR, MeOH, 4 °C, 2
weeks, 90% over 2 steps; 4: MeOH, 23 °C, 12 h, then recrystallization (hexanes/EtOAc), 23—+-20 °C, 73%
over 2 steps.

With the key chiral center set, we envisioned that we could incorporate our -ketoacid-
based nitrone Mannich-type reaction to build the other halves of the molecules. Accordingly, we
next performed a regioselective oxidation of hydroxylamine 87 with IBX? to generate a 4:1 77 of
aldonitrone 88 and its corresponding ketonitrone (not shown). In comparison, application of more
common oxidizing agents, such as HgO?!' or MnO»,% provided little or no regiocontrol. Then, the
two requisite B-ketoacids (73, R = Ph or Me) were separately added to 88, resulting in disubstituted
hydroxylamines that predominantly had a trans-2,6-arrangement on the piperidine ring (= 4:1 dr
for both). Subsequent reductive cleavage of the N-O bonds produced the desired secondary amines,
though these products were prone to equilibration, likely via retro-aza-Michael/aza-Michael
pathways (Scheme 2.5),274%32 to ultimately favor the 2,6-cis-isomers.3 Unfortunately, all attempts
to N-alkylate these cis-isomers (93) were unsuccessful, but we noticed that the undesired trans-
isomers could participate in the proposed reductive amination with ease. Based on these results

and literature precedent that the trans-isomers can be converted into cis-isomers at a later stage,?’
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we established a one-pot protocol combining these two operations to minimize isomerization by
deploying Zn/AcOH in the presence of aqueous formaldehyde.** This operation afforded N-
methylamines 89 and 90 in 75% and 76% yield, respectively, with some equilibration still
observed. The dr of 89 was batch dependent (= 1:1), while 90 was less prone to epimerization with
a dr = 1:5.4 favoring the trans-isomer. To complete the skeleton of the natural products, we
effected an acidic silyl deprotection to obtain the desired B-aminoalcohol intermediates (i.e. 3 and

4) with the same dr as the starting materials (89 and 90).

Scheme 2.5. Proposed retro-aza-Michael/aza-Michael pathways.

0 OTBS 0 OTBS 0 OTBS
Rk\“' - R) “H,N =R N

Iz

91 92 93

Our goal now was to convert these dr mixtures into the desired cis-isomers. Encouraged
by recent work using crystallization-induced dynamic resolution (CIDR),*> we attempted to
recrystallize their free bases. Pleasingly, slow evaporation of 3 in MeOH at 4 °C for several weeks
exclusively led to cis-disposed (—)-lobeline (3) in 90% yield over the final 2 steps. Nonetheless,
this technique did not work for 4, presumably due to its greater configurational stability. Ultimately,
we found that three rounds of equilibration in MeOH (to 1:1 dr) followed by recrystallization in
hexanes/EtOAc afforded the cis-isomer of (—)-sedinone (4) in 73% yield over 2 steps. These total

syntheses were performed by my talented collaborator Dr. Vladislav Lisnyak.
2.5 Conclusion

In conclusion, we have developed two distinct methods for the construction of B-N-
hydroxy-aminoketones via Mannich-type additions of f-ketoacids or methyl ketones to nitrones.

These approaches both have diverse substrate scope, with the latter able to afford the desired
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products in up to 98% ee by employing a chiral bifunctional primary amine-catalyst. Due to the
oxidation state of the products, purification is facile and racemization is slow or not observed.
Finally, the combination of these protocols, coupled with other unique operations, has enabled the

8-step total syntheses of (—)-lobeline (3) and (—)-sedinone (4).

(Some contents of this chapter were published in Lisnyak, V. G.; Lynch-Colameta, T.; Snyder, S.
A. Angew. Chem. Int. Ed. 2018, 57, 15162. DOI: 10.1002/anie.201809799. Additional details on

the synthetic work conducted by Vladislav Lisnyak can be found in his thesis.)
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2.6 Experimental Section

General Procedures. All reactions were carried out under an argon atmosphere with dry solvents
under anhydrous conditions, unless otherwise noted. Dry tetrahydrofuran (THF), diethyl ether
(Et20), and dichloromethane (CH2Cl,) were obtained by passing commercially available pre-dried,
oxygen-free formulations through activated alumina columns. Yields refer to chromatographically
and spectroscopically ('H and '*C NMR) homogeneous materials, unless otherwise stated.
Reagents were purchased at the highest commercial quality and used without further purification,
unless otherwise stated. Reactions were magnetically stirred and monitored by thin-layer
chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) using UV
light as visualizing agent, and an aqueous solution of KMnO4 and NaHCO; and heat as a
developing agent. SiliCycle silica gel (60, academic grade, particle size 0.040—-0.063 mm) was
used for flash column chromatography. Preparative thin-layer chromatography separations were
carried out on 0.50 mm E. Merck silica gel plates (60F-254). NMR spectra were recorded on
Bruker 400 and 500 MHz instruments and calibrated using residual solvent as an internal reference
('H, 8 7.26 ppm; 3C, & 77.16 ppm for CDCls; 3C, & 49.00 ppm for CD;0D). The following
abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t =triplet, q = quartet,
br = broad, m = multiplet. IR spectra were recorded on a Nicolet iS5 FT-IR spectrometer using
neat thin film technique. High-resolution mass spectra (HRMS) were recorded on Agilent 6244
TOF-MS using ESI (Electrospray Ionization) at the University of Chicago Mass Spectroscopy
Core Facility. Chiral high-performance liquid chromatography (HPLC) analysis was performed
using a Shimadzu Prominence analytical chromatograph with commercial ChiralPak columns
(OD-H, OJ-H, and TA). The X-ray diffraction data were measured on a Bruker D§ VENTURE

diffractometer at the University of Chicago X-ray Laboratory.
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Preparation of Nitrones. Modified literature protocols were employed as follows.”8-3

Scheme 2.6. Method A for nitrone formation.

n (/,_)_;R H202 (22 -3 eqUiV) n (/,_)_)R

L\N) SeO, (5 mol %) . L\N/)
Ill Acetone (0.5 M) ®(|3®
S1 S2

Method A. To a mixture of secondary amine S1 (1.0 equiv) and SeO: (5 mol%) in acetone (0.5
M) was added dropwise an aqueous 30% (w/w) H20; solution (2.2-3.0 equiv) over 10 min at 0 °C
under an argon atmosphere. The resultant mixture was stirred at 0 °C for 1 h, and then warmed to
23 °C for 3 h. Upon completion, the acetone was removed under reduced pressure. The remaining
aqueous layer was extracted with CH2Cl> (3 x 60 mL/g of starting secondary amine). The
combined organic layers were then dried (MgSOs), filtered, and concentrated. The resultant crude
product was purified by flash column chromatography (silica gel, CH>Cl/MeOH). The
corresponding nitrone S2 was stored as a 1.0 M solution in CH2Cl> at —20 °C to prevent

dimerization.

Scheme 2.7. Method B for nitrone formation.

(A (7
n(, jR HgO (3.0 equiv) ng jR
°N > @®N
CH,CI, (0.5 M
OH 2Clz (0.5 M) 0o
S3 S4

Method B. To a solution of corresponding hydroxylamine S3 (1.0 equiv) in CH2ClL (0.5 M) was
added yellow HgO (3.0 equiv) in one portion at 23 °C under an argon atmosphere. The reaction
contents were stirred for 1 h and then anhydrous MgSOs4 was added. The resulting grey
heterogeneous mixture was filtered through a pad of Celite with a layer of MgSO4 on top, washed

with CH2Cl, and concentrated to afford the corresponding nitrone S4 that was used without further
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purification. The nitrone S4 was stored as a 1.0 M solution in CH>Cl, at —20 °C to prevent

dimerization.

Figure 2.4. Nitrones explored in this research.
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Nitrones 14,7 S5,72 $6,7* S13,%7 and S14°% were prepared according to the literature procedures.

All spectroscopic data matched that reported in the denoted references.

Nitrones S9 and S10 were prepared from corresponding hydroxylamines S3*° on a 0.5 mmol scale
using a further modified Method B to avoid polymerization'®!?: upon completion, the reaction
was filtered through a frit containing MgSOQy; the filter cake was washed with CH2Cl; and the
excess CH2Cl> was concentrated (bath set to less than 25 °C) to afford a 1.0 M solution of S9 or

S10 in CH2Cl> (quantitative conversion assumed) that was used immediately after preparation.
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[\ 1,4-dioxa-8-azaspiro[4.5]dec-7-ene 8-oxide (S7): Prepared using Method A described
f@j above, starting from 4,4-ethylenedioxy-piperidine (0.50 g, 3.49 mmol) using 2.2 equiv of

0o H202(0.78 mL), yielding S7 (237 mg, 43%) as a pale-yellow oil. S7: Ry=0.56 (silica gel,
CH>CI/MeOH = 10/1); IR (film) vmax 3380, 2893, 1620, 1441, 1372, 1191, 1077, 1018,
954, 875, 728 cm™!'; 'H NMR (500 MHz, CDCl3) § 7.00 (t, J = 4.0 Hz, 1 H), 4.22-3.81 (m, 6 H),
2.68-2.52 (m, 2 H), 2.08 (t, J = 6.4 Hz, 2 H); *C NMR (125 MHz, CDCl3) & 133.8, 103.4, 65.0,

57.5,36.1, 32.0. HRMS (ESI) caled for C7H12NOs* [M + H*] 158.0812, found 158.0816.

66 4,4-dimethyl-2,3,4,5-tetrahydropyridine 1-oxide (S8): Prepared using Method A
®_J described above, starting from 4,4-dimethylpiperidine*® (0.15 g, 1.33 mmol) using 3.0

;)8@ equiv of H2O» (0.32 mL), yielding S8 (87 mg, 53%) as a clear oil. S8: Ry=0.51 (silica gel,
CH2Cl/MeOH = 10/1); IR (film) vmax 3387, 2956, 2871, 1620, 1454, 1369, 1236, 1167, 1059, 817,
696 cm™!'; 'TH NMR (500 MHz, CDCl3) 8 7.15-7.04 (m, 1 H), 3.81 (t, /= 6.1 Hz, 2 H), 2.28-2.14
(m, 2 H), 1.74 (t,J= 6.2 Hz, 2 H), 1.06 (s, 6 H); 3*C NMR (125 MHz, CDCl3) § 136.1, 55.4, 39.5,

35.6, 27.8, 26.6; HRMS (ESI) calcd for C7H14NO* [M + H'] 128.1070, found 128.1072.

Scheme 2.8. Preparation of nitrone S11.

/@ MeMgBr (2.0 equi}v) p HgO (3.0 equiv) @
N THF, 0°C N N

! CH2C|2, 23 °C |
OH Oo

S$15 S16 S11

2,2-dimethyl-2,3,4,5-tetrahydropyridine 1-oxide (S11): To a cooled (0 °C) solution of S157
(0.10 g, 0.88 mmol, 1.0 equiv) in THF (2 mL) was added MeMgBr (1.77 mL, 1 M in THF, 2.0
equiv) dropwise. The resulting mixture was stirred for 2 h at 0 °C then quenched with saturated

aqueous NH4Cl (3 mL). The solution was warmed to 23 °C, concentrated and the aqueous phase
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was extracted with EtOAc (3 x 5 mL). The combined organic layers were then dried (MgSOs),
filtered, and concentrated. The resultant crude hydroxylamine S16 was purified by flash column
chromatography (silica gel, hexanes/EtOAc = 1/1). The subsequent oxidation was performed
according to Method B to afford nitrone S11 (420 mg, 88%) as a white solid. S11: Ry= 0.52 (silica
gel, CH2Clo/MeOH = 10/1); IR (film) vmax 3247, 2940, 2874, 1661, 1590, 1460, 1363, 1175, 971,
816 cm™!; 'H NMR (500 MHz, CDCl3) 8 6.95 (t, J=4.1 Hz, 1 H), 2.31 (td, J = 6.3, 4.3 Hz, 2 H),
1.85-1.77 (m, 2 H), 1.71-1.60 (m, 2 H), 1.40 (s, 6 H); '*C NMR (125 MHz, CDCls) 8 135.5, 66.1,

36.9, 26.8, 26.4, 15.2; HRMS (ESI) caled for C;H1sNO* [M + H*] 128.1070, found 128.1075.

Scheme 2.9. Preparation of nitrone S12.

MeO ZCN MeO MeO MeO
MeO V' (5.0equiv) MeO IBX (1.1 equiv) MeO o MeO o
' '~ NS
N”  2) mCPBA (1.1 equiv) N CH,Cl,, 0 °C NT O F N
K,COj (2.0 equiv) OH rr(S12:812°) = 1.2:1 0o 0o
CHQClz, —78to 0 °C
s17 S18 S12 S12’

3,3-dimethoxy-2,3,4,5-tetrahydropyridine 1-oxide (S12): A modified literature protocol was
employed as follows.*! To 3,3-dimethoxypiperidine*? (S17, 1.00 g, 6.89 mmol, 1.0 equiv) was
added acrylonitrile (2.25 mL, 34.40 mmol, 5.0 equiv) at 23 °C and the resultant mixture was stirred
for 10 h. Then, the excess acrylonitrile was carefully removed under reduced pressure (bath set to
less than 30 °C). The crude tertiary amine was dissolved in CH>Cl> and cooled to —78 °C. K>COs
(1.90 g, 13.78 mmol, 2.0 equiv) was added in one portion followed by addition of m-CPBA (1.82
g, 72%, 7.58 mmol, 1.1 equiv) in two equal portions over 10 min. The resulting solution was stirred
at —78 °C for 1 h and then slowly warmed to 0 °C over 2 h. The precipitate was filtered, washed
with CH»Cl,, and the filtrate was concentrated. The crude hydroxylamine was purified by flash

column chromatography (silica gel, hexanes/EtOAc = 1/1) to afford S18*!* (0.60 g, 55% over two
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steps) as a white solid and immediately subjected to the next step. Hydroxylamine S18 (0.16 g,
1.00 mmol, 1.0 equiv) was dissolved in CH>Cl> (2 mL, 0.5 M) and cooled to 0 °C. Then IBX (0.28
g, 1.00 mmol, 1.0 equiv) was added in one portion and the mixture was stirred for 3 h at 0 °C.
Upon completion, the solution was quickly filtered through Celite, washed with cold CH>Cl>, and
concentrated to afford a mixture of S12 and S12° (1.2:1 according to the crude NMR). The desired
nitrone S12 was separated by flash chromatography (silica gel, CH2Clo/MeOH = 20/1) to afford
S12 (55 mg, 31%) as a clear oil. S12: Ry=0.30 (silica gel, CH2Clo/MeOH = 15/1); IR (film) Vimax
3234, 2950, 2833, 1440, 1266, 1114, 1054, 885, 750 cm™!; 'H NMR (500 MHz, CDCl3) & 7.18—
7.10 (m, 1 H), 3.90-3.81 (m, 2 H), 3.26 (s, 6 H), 2.55-2.32 (m, 2 H), 1.91 (t, J = 6.5 Hz, 2 H); 1*C
NMR (125 MHz, CDCl3) 6 135.7, 97.4, 62.9, 48.4, 24.9, 22.6; HRMS (ESI) calcd for C7H14NO3"
[M + H'] 160.0968, found 160.0973. Note: Upon the isolation on silica gel the ratio changes to

1:2 (S12/S12’).

Preparation of p-ketoacids.

Scheme 2.10. Synthesis of B-ketoacid $20.

O O TFA O O
—_—
MeMOt-Bu CH,Cl, Me OH
S19 S20

To B-ketoester S19* in CH>Cl, (3.0 M) at 0° C was added trifluoroacetic acid (4 equiv), and the
solution was stirred for about 5 min. The reaction mixture was then allowed to warm to room
temperature and stirred for 1 hour. Upon completion, the reaction mixture was directly
concentrated (bath set to less than 30 °C) and dried under vacuum give the desired -ketoacid S20

(yield up to 90%) that was used without further purification.
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Scheme 2.11. Synthesis of B-ketoacids S24-S26.

O O NaOH (2.0 M) O O
B —
R? OR? H.0 R! OH
S21: R!' = Ph, R2= Et S24: R! = Ph
§22: R' = +-Bu, R2= Me S25: R' = -Bu
$23: R' = 2-thiophenyl, R? = Me S26: R' = 2-thiophenyl

B-ketoester S21, S22, or S23* (26.0 mmol, 1.0 equiv) and aqueous NaOH (2.0 M, 26 mL) are
stirred for 12 h at 23 °C open to air. Upon completion, the reaction mixture was then diluted with
Et,0 (20 mL) and the two phases were separated. The aqueous phase was washed with Et;O (2 %
20 mL), and then cooled to 0 °C before being acidified with aqueous HCI (3.0 M) to pH 1-2. If a
precipitate was observed, the B-ketoacid (S24) was filtered, washed with H>O, dried under vacuum,
and used without further purification (yields up to 90%). Otherwise, the reaction contents were
extracted with Et;O (3 x 50 mL), and the combined organic extracts were dried (MgSO,), filtered,
and concentrated (bath set to less than 30 °C) to give the desired -ketoacids S25 and S26 (yields
up to 90%) that were used without further purification.

Scheme 2.12. Synthesis of B-ketoacid $28.

OMe

NaOH (2.0 M)
H,O/dioxane = 1:

3-((3S, 8S, 95, 10R, 135, 14S, 175)-3-hydroxy-10, 13-dimethyl-2, 3,4, 7, 8,9, 10, 11, 12, 13, 14,
15, 16, 17-tetradecahydro-1H-cyclopentaja]phenanthren-17-yl)-3-oxopropanoic acid (S28):
Prepared from S274 (0.51 g, 1.20 mmol) according to the general procedure using 1,4-dioxane as

a co-solvent (H2O/dioxane = 1/1).
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General Procedure for Enantioselective Mannich-type Reactions between Nitrones 40 and

Acetophenone 19.

To a vial containing 35 (39.1 mg, 0.10 mmol, 0.2 equiv), BzZOH (24.4 mg, 0.20 mmol, 0.4 equiv),
and acetophenone 19 (181.4 mg, 1.51 mmol, 3.0 equiv) at 23 °C under ambient atmosphere was
added a solution of nitrone 40 (0.50 mmol, 1.0 equiv) in CH>Cl> (0.50 mL). The reaction mixture
was then stirred for 24—72 h. Upon completion, the contents were quenched with saturated aqueous
NaHCOs3 (2 mL) and extracted with CH>Cl> (3 x 2 mL). The combined organic extracts were then
dried (MgSO,), filtered, and concentrated. The resultant crude material was purified by flash

column chromatography (silica gel, hexane/EtOAc) to yield 41.

') (8)-2-(1-hydroxypiperidin-2-yl)-1-phenylethan-1-one  (20): Prepared

gH using the general procedure described above with 14 ultimately yielding 20
20 (93 mg, 84% yield, 90% ee) as a pale-yellow oil. 20: Ry = 0.45 (silica gel,
EtOAc); [a]p® = —31.2° (¢ = 1.00, CHCI3); IR (film) vmax 3159, 2937, 2856, 1683, 1597, 1448,
1285, 1205, 973, 752, 691 cm!; acyclic 'H NMR (500 MHz, CDCl3) § 7.96 (d, J= 7.6 Hz, 2 H),
7.53 (t,J=7.2Hz, 1 H), 7.42 (t, J= 7.5 Hz, 2 H), 7.19-6.76 (br s, 1 H, exchangeable), 3.74 (dd,
J=154,39Hz, 1H),3.32(d,J=9.7Hz, 1 H), 3.00-3.09 (m, 1 H), 2.84 (dd, /J=15.5, 7.4 Hz, 1
H),2.57 (t,J=10.8 Hz, 1 H), 1.90 (d, J=11.9 Hz, 1 H), 1.73 (d, /= 12.1 Hz, 1 H), 1.64-1.53 (m,
2 H), 1.42-1.16 (m, 2 H); 3C NMR (100 MHz, CDCl3) & 199.7, 137.4, 133.1, 128.7, 128.4, 64.7,
60.0, 43.6, 32.2, 25.9, 23.6; HRMS (ESI) calcd for Ci3HisNO>" [M + H'] 220.1332, found

220.1332.
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(8)-2-(1-hydroxy-6,6-dimethylpiperidin-2-yl)-1-phenylethan-1-one
N (42): Prepared using the general procedure described above with S11

42 ultimately yielding 42 (88 mg, 72% yield, 93% ee) as a yellow oil. 42: Ry

= 0.75 (silica gel, EtOAc); [a]p® = —12.1° (¢ = 1.00, CHCI3); IR (film) vmax 3398, 2935, 2869,
1684, 1598, 1449, 1390, 1287, 1211, 1002, 752, 722, 690 cm™!; cyclic:acyclic=4:1 'H NMR (500
MHz, CDCl3) 6 7.97 (d, J= 7.5 Hz, 1.66 H), 7.67-7.58 (m, 0.34 H), 7.58-7.50 (m, 0.83 H), 7.50—
7.41 (m, 1.66 H), 7.40-7.29 (m, 0.51 H), 4.69—4.26 (m, 0.75 H), 3.80-3.26 (m, 1.75 H), 3.04-2.90
(m, 0.20 H), 2.90-2.60 (m, 0.75 H), 2.60-2.48 (m, 0.25 H), 1.91-1.81 (m, 1.30 H), 1.55-1.43 (m,
3 H), 1.38-1.22 (m, 2 H), 1.18 (s, 3 H), 1.09 (s, 3 H); *C NMR (100 MHz, CDCls) § 200.2, 137.5,
133.0, 130.0, 128.7, 128.4, 127.1, 125.7,91.7, 59.7, 57.9, 44.5, 39.1, 37.6, 33.1, 32.6, 30.1, 27 .4,

19.9, 16.5, 15.0. HRMS (ESI) calcd for CisH2oNO,* [M + H'] 248.1645, found 248.1643.

(8)-2-(1-hydroxy-4,4-dimethylpiperidin-2-yl)-1-phenylethan-1-one (43):

\ Prepared using the general procedure described above with S8 ultimately

OH 43 yielding 43 (59 mg, 48% yield, 97% ee) as a yellow oil. 43: Ry= 0.44 (silica
gel, EtOAc); [a]p?® =-30.7° (¢ = 1.00, CHCl3); IR (film) vmax 2952, 2924, 1684, 1448, 1288, 1207,
1001, 754, 691 cm™!; acyclic 'H NMR (500 MHz, CDCl3) § 7.95 (d, J= 7.6 Hz, 2 H), 7.58-7.48
(m, 1 H), 7.48-7.34 (m, 2 H), 3.68 (dd, J=15.7, 3.8 Hz, 1 H), 3.42-3.22 (m, 1 H), 3.22-3.00 (m,
1 H), 2.97-2.70 (m, 2 H), 1.71-1.48 (m, 2 H), 1.42-1.20 (m, 2 H), 1.01 (s, 3 H), 0.90 (d, /= 11.8
Hz, 3 H); *C NMR (125 MHz, CDCl3) 4 199.7, 137.5, 133.1, 128.7, 128.3, 60.5, 55.7, 45.3, 43.6,

38.6, 32.1, 29.3, 24.4; HRMS (ESI) calcd for CisHaoNO,* [M + H'] 248.1645, found 248.1649.
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[\ (R)-2-(8-hydroxy-1,4-dioxa-8-azaspiro[4.5]decan-7-yl)-1-phenylethan-

O 1-one (44): Prepared using the general procedure described above with S7
OH ultimately yielding 44 (110 mg, 80% yield, 98% ee) as a pale-yellow oil. 44:
Ry= O.SOt:ilica gel, EtOAc); [a]p® =—13.3° (¢ = 1.00, CHCl3); IR (film) vmax 3061, 2960, 2881,
1684, 14438, 1289, 1146, 1055, 929, 753, 691 cm™!; acyclic 'H NMR (500 MHz, CDCl3) § 7.95 (d,
J=17.5Hz, 2 H), 7.65-7.50 (m, 1 H), 7.50-7.30 (m, 2 H), 6.56-6.07 (br s, 1 H, exchangeable),
4.04-3.79 (m, 4 H), 3.75-3.54 (m, 1 H), 3.49-3.20 (m, 2 H), 3.20-2.99 (m, 1 H), 2.99-2.70 (m, 1
H), 2.27-1.33 (m, 4 H); 3C NMR (125 MHz, CDCls) 4 199.2, 137.3, 133.2, 128.8, 128.4, 106.2,
64.6, 64.5, 61.8, 56.3, 43.1, 39.9, 34.4; HRMS (ESI) calcd for C15sH20NO4" [M + H'] 278.1389,

found 278.1388.

MeO (8)-2-(1-hydroxy-5,5-dimethoxypiperidin-2-yl)-1-phenylethan-1-
MeO O
N one (45): Prepared using the general procedure described above with
OH . o . .
45 S12 ultimately yielding 45 (92 mg, 66% yield, 93% ee) as a yellow oil.

45: Ry= 0.64 (silica gel, EtOAc); [o]p? = —23.1° (¢ = 1.00, CHCls); IR (film) vimax 3309, 2958,
2831, 1682, 1597, 1448, 1205, 1054, 890, 752, 691 cm'; acyclic "H NMR (500 MHz, CDCl3)
7.98 (d,J=7.5 Hz, 2 H), 7.60-7.50 (m, 1 H), 7.50-7.39 (m, 2 H), 3.85 (d, /= 14.3 Hz, 1 H), 3.68—
3.45 (m, 1 H), 3.21 (s, 3 H), 3.17 (s, 3 H), 3.11-2.99 (m, 1 H), 2.98-2.81 (m, 1 H), 2.70-2.44 (m,
1 H), 2.08-1.77 (m, 2 H), 1.55-1.23 (m, 2 H); 3C NMR (125 MHz, CDCl;) & 199.2, 137.3, 133.2,
128.7, 128.3,99.3, 63.9, 63.4, 48.2, 48.0, 42.6, 30.1, 27.2; HRMS (ESI) calcd for CisHaNO4" [M

+ H"] 280.1544, found 280.1543.

[O 0 (R)-2-(4-hydroxymorpholin-3-yl)-1-phenylethan-1-one (46): Prepared
l}l% using the general procedure described above with S10 ultimately yielding 46
OH

46 (80 mg, 73% yield, 88% ee) as a yellow oil. 46: R;= 0.55 (silica gel, EtOAc);
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[a]p® =-31.2° (¢ = 1.00, CHCl3); IR (film) vmax 3350, 2857, 1681, 1449, 1280, 1108, 1003, 753,
692 cm™!; acyclic 'TH NMR (500 MHz, CDCl3) 8 7.95 (d, J = 6.3 Hz, 2 H), 7.70-7.51 (m, 1 H),
7.51-7.36 (m, 2 H), 6.63—6.10 (br s, 1 H, exchangeable), 4.16-3.72 (m, 2 H), 3.72-3.42 (m, 2 H),
3.37-3.02 (m, 3 H), 2.97-2.67 (m, 2 H); *C NMR (125 MHz, CDCl3) § 198.7, 137.0, 133.4, 128.8,
128.4, 70.6, 66.7, 63.6, 58.9, 39.1; HRMS (ESI) calcd for Ci2HisNOs™ [M + H'] 222.1125, found

222.1124.

General Procedure for Enantioselective Mannich-type Reactions between Nitrone 14 and

Methyl Ketones 12.

To a vial containing 35 (39.1 mg, 0.10 mmol, 0.2 equiv), BzZOH (24.4 mg, 0.20 mmol, 0.4 equiv),
and the corresponding methyl ketone 12 (1.51 mmol, 3.0 equiv) at 23 °C under an ambient
atmosphere was added a solution of nitrone 14 (49.6 mg, 0.50 mmol, 1.0 equiv) in CH>Cl (0.50
mL). The reaction mixture was then stirred for 40 h (except 48-50, which were stirred for only 16
h). Upon completion, the contents were quenched with saturated aqueous NaHCO; (2 mL) and
extracted with CH2Cl> (3 x 2 mL). The combined organic extracts were then dried (MgSOs),
filtered, and concentrated. The resultant crude material was purified by flash column

chromatography (silica gel, hexane/EtOAc) to yield 27.

0 (8)-2-(1-hydroxypiperidin-2-yl)-1-(naphthalen-2-yl)ethan-1-one

N OO (47): Prepared using the general procedure described above yielding 47
OH
47

(95 mg, 70% yield, 86% ee) as a yellow oil. 47: Ry = 0.44 (silica gel,

EtOAc); [a]p®® = —34.1° (¢ = 1.00, CHCL3); IR (film) vmax 3164, 2936, 2856, 1678, 1627, 1468,
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1353, 1292, 1184, 1123, 861, 820, 748 cm™'; acyclic 'H NMR (500 MHz, CDCls) & 8.48 (s, 1 H),
8.03 (d, J = 8.6 Hz, 1 H), 7.90-7.80 (m, 3 H), 7.60-7.45 (m, 2 H), 6.86-6.36 (br s, 1 H,
exchangeable), 3.87 (dd, J=15.2, 3.7 Hz, 1 H), 3.36 (d, /= 9.6 Hz, 1 H), 3.17-3.09 (m, 1 H), 2.98
(dd, J=15.3,7.0 Hz, 1 H), 2.59 (t, /= 10.9 Hz, 1 H), 1.94 (d, /= 12.9 Hz, 1 H), 1.79-1.71 (m, 1
H), 1.66-1.58 (m, 2 H), 1.44-1.23 (m, 2 H); 3C NMR (100 MHz, CDCL) § 199.6, 135.6, 134.6,
132.6, 130.0, 129.7, 128.5, 128.4, 127.7, 126.7, 124.0, 64.8, 60.0, 43.7, 32.3, 25.9, 23.6; HRMS

(ESI) caled for C17H20NO2" [M + H'] 270.1489, found 270.1493.

o) (5)-2-(1-hydroxypiperidin-2-yl)-1-(4-(trifluoromethyl)phenyl)

CN)H ethan-1-one (48): Prepared using the general procedure described
*® ©Fs above yielding 48 (89 mg, 61% yield, 90% ee) as a white solid. 48: Ry

= 0.55 (silica gel, EtOAc); [a]p? = —13.0° (¢ = 1.00, CHCl3); IR (film) vmax 3159, 2941, 2858,
1691, 1410, 1326, 1167, 1129, 1067, 1013, 848, 750 cm™'; acyclic:cyclic = 3:1 'TH NMR (500 MHz,
CDCl) 6 8.07 (d, J= 7.2 Hz, 1.5 H), 7.82-7.74 (m, 0.5 H), 7.73-7.67 (m, 1.5 H), 7.66—7.55 (m,
0.5 H), 6.97-6.52 (br s, 1 H, exchangeable), 3.76-3.64 (m, 0.75 H), 3.62-3.50 (m, 0.25 H), 3.51—
3.38 (m, 0.25 H), 3.34-3.25 (m, 0.75 H), 3.12-3.03 (m, 0.75 H), 3.00-2.89 (m, 0.25 H), 2.88-2.77
(m, 0.75 H), 2.69-2.60 (m, 0.25 H), 2.59-2.49 (m, 0.75 H), 2.42-2.23 (m, 0.25 H), 1.96-1.78 (m,
1 H), 1.77-1.53 (m, 3 H), 1.42-1.23 (m, 2 H); *C NMR (100 MHz, CDCl3) 6 198.7, 147.3, 140.1,
134.3 (q,J/=33.3 Hz), 128.7, 126.2, 125.8, 125.3,122.4, 119.7, 102.6, 68.2, 64.7, 60.0, 55.0, 52.2,

44.0,43.5,32.4,29.8,28.7, 25.8, 24.6, 23.6, 22.0; HRMS (ESI) calcd for C14Hi7F3NO2" [M + H']

288.1206, found 288.1212.

0 (8)-2-(1-hydroxypiperidin-2-yl)-1-(4-nitrophenyl)ethan-1-one (49):
) Prepared using the general procedure described above yielding 49 (81

OH
49 NO
? mg, 61% yield, 90% ee) as a yellow solid. 49: Ry = 0.50 (silica gel,
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EtOAc); [a]p?® =+1.7° (¢ = 1.00, CHCl3); IR (film) vinax 3110, 2940, 2856, 1691, 1604, 1524, 1347,
1200, 1106, 1012, 856, 746, 703 cm™'; acyclic:cyclic = 1:1, '"H NMR (500 MHz, CDCls) § 8.34—
8.25 (m, 1 H), 8.24-8.17 (m, 1 H), 8.17-8.06 (m, 1 H), 7.90-7.72 (m, 1 H), 7.09-6.66 (br's, 1 H,
exchangeable), 3.85-3.65 (m, 0.5 H), 3.65-3.35 (m, 0.5 H), 3.33-3.23 (m, 0.5 H), 3.22-3.13 (m,
0.25 H), 3.13-3.03 (m, J = 31.0 Hz, 0.5 H), 3.03-2.92 (m, 0.25 H), 2.91-2.75 (m, 0.5 H), 2.75—
2.44 (m, 1.5 H), 2.41-2.32 (m, 0.25 H), 1.95-1.84 (m, 1.25 H), 1.81-1.51 (m, 3 H), 1.46—1.35 (m,
1 H), 1.34-1.22 (m, 1 H); "*C NMR (100 MHz, CDCl3) 8 198.1, 150.3, 142.0, 129.4, 126.9, 123.9,
123.5, 102.4, 68.2, 64.7, 59.9, 55.0, 52.3, 44.2, 32.3, 28.7, 25.6, 24.7, 24.6, 23.5; HRMS (ESI)

calcd for C13H17N>04" [M + H'] 265.1183, found 265.1188.

o) (8)-1-(4-bromophenyl)-2-(1-hydroxypiperidin-2-yl)ethan-1-one (50):

N Prepared using the general procedure described above yielding 50 (81

OH

%0 o mg, 54% yield, 91% ee) as a pale-yellow solid. 50: Ry= 0.45 (silica gel,
EtOAc); [a]p® = —25.8° (¢ = 1.00, CHCI3); IR (film) vmax 3159, 2937, 2856, 1684, 1585, 1396,
1288, 1203, 1071, 1007, 841, 752 cm™!; acyclic 'H NMR (500 MHz, CDCl3) § 7.83 (d, J = 14.9
Hz, 2 H), 7.58 (d, /= 15.3 Hz, 2 H), 6.56-5.67 (br s, 1 H, exchangeable), 3.65 (dd, /= 16.0, 10.2
Hz, 1 H), 3.35-3.27 (m, 1 H), 3.07-2.97 (m, 1 H), 2.78 (dd, /= 15.3, 6.4 Hz, 1 H), 2.59-2.51 (m,
1 H), 1.90-1.84 (m, 1 H), 1.76-1.70 (m, 1 H), 1.65-1.57 (m, 2 H), 1.37-1.24 (m, 2 H); *C NMR
(100 MHz, CDCl3) 6 198.6, 136.0, 132.0, 129.9, 128.3, 64.7, 60.0, 43.6, 32.2, 25.8, 23.6; HRMS

(ESI) caled for Ci3H17BrNO>" [M + H*] 298.0437, found 298.0437.

o) (8)-2-(1-hydroxypiperidin-2-yl)-1-(4-methoxyphenyl)ethan-1-one

N (51): Prepared using the general procedure described above yielding
OH 51 OMe . . -

51 (82 mg, 65% yield, 92% ee) as a pale-yellow oil. 51: Ry= 0.38 (silica

gel, EtOAc); [a]p*® =—32.7° (¢ = 1.00, CHCL); IR (film) vmax 3176, 2936, 2855, 1673, 1601, 1511,
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1258, 1172, 1030, 843, 749 cm'; acyclic 'H NMR (500 MHz, CDCl:) & 7.96 (d, J = 8.7 Hz, 2 H),
6.90 (d, J=8.7 Hz, 2 H), 3.85 (s, 3 H), 3.68 (dd, J = 15.1, 3.6 Hz, 1 H), 3.34 (d, /= 9.1 Hz, 1 H),
3.06-2.97 (m, 1 H), 2.79 (dd, J = 15.1, 7.4 Hz, 1 H), 2.56 (1, J = 10.4 Hz, 1 H), 1.91-1.85 (m, 1
H), 1.77-1.69 (m, 1 H), 1.64-1.55 (m, 2 H), 1.37-1.21 (m, 2 H); 3C NMR (100 MHz, CDCL) &
198.3, 163.6, 130.7, 130.5, 113.9, 65.0, 60.0, 55.6, 43.2, 32.3, 26.0, 23.7; HRMS (ESI) calcd for

C14H20NO3" [M + H'] 250.1438, found 250.1439.

') (S)-1-(benzo[d][1,3]dioxol-5-yl)-2-(1-hydroxypiperidin-2-yl)ethan-

N O> 1-one (52): Prepared using the general procedure described above

OH

>2 yielding 52 (88 mg, 66% yield, 93% ee) as a clear oil. 52: Ry = 0.46
(silica gel, EtOAc); [a]p® =-26.9° (¢ = 1.00, CHCl3); IR (film) vmax 3188, 2936, 2857, 1673, 1604,
1503, 1443, 1354, 1249, 1112, 1038, 933, 809, 736 cm™!; acyclic 'H NMR (500 MHz, CDCl3) &
7.58(d,J=8.1Hz, 1 H),7.45 (s, 1 H), 6.81 (d,/J=8.1 Hz, 1 H), 6.41-6.22 (br s, 1 H, exchangeable),
6.03 (s, 2 H), 3.62 (dd, J=15.2,4.2 Hz, 1 H), 3.33 (d, /=9.6 Hz, 1 H), 3.06-2.96 (m, 1 H), 2.75
(dd, J=15.2,7.2 Hz, 1 H), 2.55 (t,J=10.5 Hz, 1 H), 1.87 (d,J=12.3 Hz, 1 H), 1.73 (d, J=12.2
Hz, 1 H), 1.60 (t, J = 13.1 Hz, 2 H), 1.35-1.22 (m, 2 H); 1*C NMR (100 MHz, CDCl3) & 197.8,
151.8, 148.3, 132.2, 124.7, 108.2, 108.0, 101.9, 64.9, 60.0, 43.4, 32.3, 25.9, 23.7; HRMS (ESI)

calcd for Ci14H1sNO4" [M + H'] 264.1230, found 264.1242.

(j\/ﬁ\ (8)-1-(1-hydroxypiperidin-2-yl)propan-2-one (16): Prepared using the general
N

| procedure described above yielding 16 (60 mg, 76% yield, 95% ee) as a pale-

OH
16
yellow oil. 16: Ry= 0.36 (silica gel, EtOAc); [a]p® = +8.3° (¢ = 1.00, CHCls); IR

(film) vmax 3158, 2937, 2856, 1713, 1443, 1358, 1226, 1165, 1063, 862, 774 cm™'; acyclic:cyclic
= 1:1 'HNMR (500 MHz, CDCl3) & 7.89-7.33 (brs, 0.5 H, exchangeable), 6.16-5.55 (brs, 0.5 H,

exchangeable), 3.44-3.33 (m, 0.5 H), 3.31-3.26 (m, 0.5 H), 3.06-2.96 (m, 0.5 H), 2.95-2.86 (m,
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0.5 H), 2.59-2.28 (m, 2.5 H), 2.18 (s, 1.5 H), 2.08-1.95 (m, 0.5 H), 1.94-1.52 (m, 4.5 H), 1.45 (s,
1.5 H), 1.34-1.16 (m, 1.5 H); 3C NMR (100 MHz, CDCl3) § 208.3, 102.4, 68.1, 64.1, 60.0, 54.8,
49.4,49.2, 32.2, 30.5, 28.9, 26.7, 25.7, 24.6, 23.6; HRMS (ESI) calcd for CsHisNO2" [M + H']

158.1176, found 158.1173.

% (8)-1-(1-hydroxypiperidin-2-yl)butan-2-one (53): Prepared using the
N

| general procedure described above yielding 53 (76 mg, 88% yield, 95% ee) as

OH
53
a clear oil. 53: Ry= 0.40 (silica gel, EtOAc); [o]p* = +10.0° (¢ = 1.00, CHCl5);

IR (film) vmax 3159, 2937, 2857, 1712, 1444, 1377, 1215, 1113, 952, 897, 767 cm™!; acyclic:cyclic
= 1:1 'HNMR (500 MHz, CDCl3) & 7.56-7.33 (br's, 0.5 H, exchangeable), 5.69-5.35 (brs, 0.5 H,
exchangeable), 3.45-3.35 (m, 0.5 H), 3.31-3.23 (m, 0.5 H), 3.00 (dd, J = 15.5, 5.1 Hz, 0.5 H),
2.95-2.87 (m, 0.5 H), 2.55-2.37 (m, 2.5 H), 2.36-2.23 (m, 1 H), 1.99-1.84 (m, 1 H), 1.83-1.66
(m, 3 H), 1.65-1.52 (m, 1.5 H), 1.50-1.37 (m, 0.5 H), 1.32-1.17 (m, 1.5 H), 1.04 (t, /= 7.2 Hz,
1.5 H), 0.98 (t, /= 7.2 Hz, 1.5 H); 3C NMR (100 MHz, CDCl3) 4 210.8, 104.4, 68.1, 64.2, 60.0,
54.8,47.8,47.2,36.4,32.2,29.0, 25.7, 24.6, 23.7, 8.6, 7.9; HRMS (ESI) calcd for CoHisNO2" [M

+H"] 172.1332, found 172.1334.

o (8)-1-(1-hydroxypiperidin-2-yl)-6-methylhept-5-en-2-one (54):
N =

o Prepared using the general procedure described above yielding 54 (102
>4 mg, 90% yield, 96% ee) as a clear oil. 54: Ry= 0.53 (silica gel, EtOAc);

[a]p® = +2.9° (¢ = 1.00, CHCI3); IR (film) vmax 3163, 2936, 2857, 1713, 1444, 1377, 1277, 1110,
985, 861, 778 cm™'; acyclic:cyclic = 1.5:1 "H NMR (500 MHz, CDCl3) 8§ 7.23-6.94 (br s, 0.6 H,
exchangeable), 5.73-5.34 (br s, 0.4 H, exchangeable), 5.19-5.09 (m, 0.4 H), 5.09-5.00 (m, 0.6 H),
3.44-3.23 (m, 1 H), 3.11-2.80 (m, 1 H), 2.62-2.32 (m, 3 H), 2.32-2.01 (m, 3 H), 2.00-1.71 (m, 3

H), 1.68-1.51 (m, 8 H), 1.50-1.14 (m, 2 H); 3C NMR (100 MHz, CDCls) & 210.0, 132.7, 132.0,
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124.1,123.0, 103.9, 68.0, 64.0, 59.9, 54.8, 48.2, 47.9, 43.3, 39.6, 32.3, 28.9, 25.8, 25.7, 24.6, 23.6,

23.0,22.6, 17.8; HRMS (ESI) calcd for C13H24NO2* [M + H'] 226.1802, found 226.1803.

(j\)?\/@OMe (8)-1-(1-hydroxypiperidin-2-yl)-3-(4-methoxyphenyl)propan-
N 2-one (55): Prepared using the general procedure described above
OH

55

yielding 55 (106 mg, 80% yield, 96% ee) as a clear oil. 55: Rr=0.51
(silica gel, EtOAc); [a]p® =+16.0° (¢ = 1.00, CHCI3); IR (film) vmax 3148, 2937, 2836, 1710, 1611,
1513, 1442, 1301, 1248, 1178, 1036, 825 cm™!; acyclic:cyclic = 1:1.7 'H NMR (500 MHz, CDCls)
07.24(d,J=82Hz 1.2H),7.11(d, J=7.8 Hz, 0.8 H), 6.92-6.77 (m, 2 H), 6.77-6.62 (br s, 1 H,
exchangeable), 3.84-3.74 (m, 3 H), 3.74-3.60 (m, 0.8 H), 3.48-3.35 (m, 0.6 H), 3.33-3.22 (m, 0.4
H), 3.05-2.85 (m, 2 H), 2.55-2.44 (m, 0.4 H), 2.44-2.31 (m, 1.3 H), 1.96-1.79 (m, 1 H), 1.79—
1.68 (m, 2 H), 1.67-1.51 (m, 2 H), 1.38-1.17 (m, 2 H), 1.17-1.04 (m, 0.5 H); 3C NMR (100 MHz,
CDCl3) 6 207.9, 158.7, 158.6, 132.0, 130.7, 128.3, 126.5, 114.2, 114.0, 113.9, 113.5, 103.6, 68.0,
64.1, 60.0, 55.4, 54.8,49.6,47.2,46.9, 44.3, 32.2, 28.8, 26.9, 25.7, 24.6, 23.6; HRMS (ESI) calcd

for CisH22NO3" [M + H'] 264.1594, found 264.1593.

o (8)-1-(1-hydroxypiperidin-2-yl)-3-methylbutan-2-one (56): Prepared using

(N)H the general procedure described above yielding 56 (57 mg, 61% yield, 94% ee)
> as a clear oil. 56: Ry=0.49 (silica gel, EtOAc); [a]p* = +21.1° (¢ = 1.00, CHCl5);

IR (film) vmax 3163, 2938, 2858, 1710, 1468, 1382, 1268, 1149, 1107, 1031, 955, 759 cm};
acyclic:cyclic = 1:1 'H NMR (500 MHz, CDCls) & 7.18-6.83 (br s, 0.5 H, exchangeable), 5.23—
4.54 (br s, 0.5 H, exchangeable), 3.43-3.35 (m, 0.5 H), 3.32-3.25 (m, 0.5 H), 3.07 (dd, J = 16.1,
4.7 Hz, 0.5 H), 2.93-2.86 (m, 0.5 H), 2.71-2.62 (m, 0.5 H), 2.54-2.35 (m, 2 H), 2.27-2.17 (m, 0.5
H), 1.91-1.84 (m, 1 H), 1.81-1.75 (m, 1 H), 1.74-1.67 (m, 1 H), 1.65-1.56 (m, 1.5 H), 1.47-1.37

(m, 0.5 H), 1.29-1.17 (m, 1.5 H), 1.11-1.05 (m, 3.5 H), 1.02-0.94 (m, 3 H); >*C NMR (100 MHz,
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CDCls) 6 214.0, 106.0, 68.2, 64.0, 60.0, 54.8, 45.6, 45.5, 41.1, 35.9, 32.2, 29.1, 25.8, 24.7, 23.7,

23.6, 18.3, 17.8, 17.3; HRMS (ESI) calcd for C10H20NO2" [M + H'] 186.1489, found 186.1492.

1) (8)-1-cyclopropyl-2-(1-hydroxypiperidin-2-yl)ethan-1-one (57): Prepared

(N)H using the general procedure described above yielding 57 (47 mg, 51% yield,
> 95% ee) as a clear oil. 57: Ry= 0.36 (silica gel, EtOAc); [a]p® = -31.1° (¢ =

1.00, CHCI3); IR (film) vmax 3183, 2037, 2857, 1695, 1444, 1389, 1276, 1065, 903, 822, 764 cm™
I acyclic 'TH NMR (500 MHz, CDCls) & 7.14-6.53 (br s, 1 H, exchangeable), 3.30 (d, J=9.9 Hz,
1 H), 3.18 (dd, J = 15.5, 4.8 Hz, 1 H), 2.97-2.87 (m, 1 H), 2.59-2.44 (m, 2 H), 1.97 (td, J=7.7,
4.0 Hz, 1 H), 1.86-1.77 (m, 1 H), 1.75-1.68 (m, 1 H), 1.65-1.54 (m, 2 H), 1.31-1.21 (m, 2 H),
1.06-0.98 (m, 2 H), 0.90-0.83 (m, 2 H); 1*C NMR (100 MHz, CDCl3) 8 210.5, 64.3, 59.9, 48.8,

32.3,25.9,23.7, 21.1, 11.2, 11.0; HRMS (ESI) calcd for C1oHisNO>" [M + H*] 184.1332, found

184.1335.

(j\/?j\/ (S)-1-fluoro-3-(1-hydroxypiperidin-2-yl)propan-2-one  (58): Prepared
F
N

o using the general procedure described above yielding 58 (66 mg, 75% yield,
95% ee) as a clear oil. 58: Ry = 0.54 (silica gel, EtOAc); [a]p®® = +75.5° (¢ =

1.00, CHCl3); IR (film) vmax 3399, 3139, 2941, 2857, 1728, 1445, 1282, 1152, 1109, 1047, 861,
779 em™!; cyclic, dr (cyclic) = 7:1, major dr: 'TH NMR (500 MHz, CDCl3) & 4.89-4.56 (br s, 1 H,
exchangeable), 4.32 (d, J=47.1 Hz, 2 H), 3.52-3.35 (m, 1 H), 2.62-2.45 (m, 2 H), 2.44-2.29 (m,
1 H), 2.14-1.97 (m, 1 H), 1.96-1.86 (m, 1 H), 1.85-1.62 (m, 3 H), 1.55-1.41 (m, 1 H), 1.31-1.19
(m, 1 H); C NMR (100 MHz, CDCl3) § 101.3 (d, /= 13.7 Hz), 83.7 (d, /= 176.0 Hz), 68.2, 55.0,

44.9,28.8, 24.6, 23.6; HRMS (ESI) caled for CsHisFNO,* [M + H'] 176.1081, found 176.1084.
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(\/l\/ﬁ\/ (8)-1-(benzyloxy)-3-(1-hydroxypiperidin-2-yl)propan-2-one (59):
OBn
N Prepared using the general procedure described above yielding 59 (99 mg

H
© 59

major regioisomer, 75% yield, 95% ee; 117 mg combined, 5.9:1 rr, 88%
yield). 59: IR (film) vmax 3400, 2940, 2857, 1722, 1453, 1260, 1104, 850, 738, 698 cm™!; 'TH NMR
(500 MHz, CDCl3) 6 7.40-7.27 (m, 5 H), 4.68—4.58 (m, 2 H), 4.15-4.07 (m, 0.3 H), 3.56-3.52 (m,
1.5 H), 3.49-3.43 (m, 0.9 H), 2.63-2.56 (m, 0.3 H), 2.53-2.44 (m, 0.9 H), 2.42-2.34 (m, 0.8 H),
2.34-2.25 (m, 0.8 H), 2.19-2.12 (m, 0.2 H), 2.06-1.96 (m, 0.7 H), 1.91-1.83 (m, 1 H), 1.81-1.75
(m, 0.9 H), 1.74-1.66 (m, 1.9 H), 1.62—1.53 (m, 0.5 H), 1.52-1.40 (m, .9 H), 1.29-1.14 (m, 1.2 H);

HRMS (CI) caled for C1sH22NOs"™ [M + H'] 264.1594, found 264.1600.

0 (8)-1-(1-hydroxypiperidin-2-yl)-3-methoxypropan-2-one (60): Prepared
N OMe

i using the general procedure described above yielding 60 (61 mg major
50 regioisomer, 65% yield, 94% ee; 73 mg combined 5.4:1 rr, 77% yield) as a

yellow oil. 60: Ry=0.29 (silica gel, EtOAc); [a]p? = +59.2° (¢ = 1.00, CHCl3); IR (film) vmax 3401,
3148, 2938, 2857, 1722, 1445, 1261, 1120, 1049, 980, 861, 780 cm!; cyclic, dr (cyclic) = 2.7:1
'"H NMR (500 MHz, CDCl3) & 4.09-3.99 (m, 0.3 H), 3.61-3.34 (m, 6 H), 2.66-2.52 (m, 0.3 H),
2.51-2.42 (m, 0.7 H), 2.42-2.32 (m, 0.8 H), 2.32-2.25 (m, 0.7 H), 2.20-2.07 (m, 0.2 H), 2.06—
1.94 (m, 0.6 H), 1.96-1.83 (m, 1 H), 1.82-1.55 (m, 3 H), 1.53-1.42 (m, 0.9 H), 1.40-1.15 (m, 1.5
H); *C NMR (100 MHz, CDCl3) 4 102.1, 101.8, 76.5, 76.3, 68.0, 65.6, 59.8, 59.7, 55.8, 55.2,45.2,

43.8,29.0, 28.9, 24.9, 24.6, 23.7; HRMS (ESI) calcd for CoH1sNOs* [M + H*] 188.1281, found

188.1282.
0 (5)-3-(1-hydroxypiperidin-2-yl)-1,1-dimethoxypropan-2-one (61):
OMe
N Prepared using the general procedure described above yielding 61 (94 mg,
OH OMe
61

86% yield, 96% ee) as a clear oil. 61: Ry= 0.32 (silica gel, EtOAc); [a]p® =
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+65.1° (¢ = 1.00, CHCl3); IR (film) vmax 3417, 3149, 2938, 2833, 1729, 1446, 1351, 1262, 1152,
1086, 988, 862 cm™!; cyclic, dr(cyclic) = 2:1 'H NMR (500 MHz, CDCl3) 3 4.31 (s, 0.33 H), 4.26
(s, 0.67 H), 3.81 (br s, 0.33 H, exchangeable), 3.66 (br s, 0.67 H, exchangeable), 3.58 (s, 1 H), 3.53
(s, 2 H), 3.50 (s, 2 H), 3.45 (s, 1 H), 2.64-2.41 (m, 2 H), 2.35-2.23 (m, 0.67 H), 2.20-2.08 (m,
0.33 H), 2.07-1.91 (m, 1 H), 1.91-1.56 (m, 4 H), 1.56-1.30 (m, 1.67 H), 1.30-1.09 (m, 1.33 H);
BC NMR (100 MHz, CDCl3) 8 105.9, 105.3, 103.0, 102.6, 68.0, 65.6, 57.7, 56.8, 56.6, 56.0, 55.5,
55.4, 43.8, 42.6, 29.0, 24.9, 24.7, 23.7, 23.7; HRMS (ESI) calcd for CioH20NO4" [M + H']

218.1387, found 218.1389.

General Procedure for Decarboxylative Mannich-type Reactions between Nitrones 72 and

B-ketoacids 73.

To a vial containing B-ketoacid 73 (0.76 mmol, 1.5 equiv) at 23 °C under an ambient atmosphere
was added a solution of nitrone 72 (0.50 mmol, 1.0 equiv) in CH>Cl» (0.5 mL). The reaction
mixture was then stirred for 16 h. Upon completion, the contents were quenched with saturated
aqueous NaHCOs3 (2 mL) and extracted with CH>Cl> (3 x 2 mL). The combined organic extracts
were then dried (MgSQa), filtered, and concentrated. The resultant crude material was purified by

flash column chromatography (silica gel, hexane/EtOAc) to yield 74.

o (¥)-1-(1-hydroxypiperidin-2-yl)propan-2-one (rac-16): Prepared using the

N general procedure described above with 14 and S20 ultimately yielding rac-16 (16

OH
16
rae- h: 56 mg, 71% yield; 2 h: 52 mg, 66% yield) as a pale-yellow oil. rac-16: See

above.
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0 (¥)-2-(1-hydroxypiperidin-2-yl)-1-phenylethan-1-one (rac-20): Prepared

N using the general procedure described above with 14 and S24 ultimately

OH
20
rac- yielding rac-20 (16 h: 100 mg, 90% yield; 2 h: 88 mg, 80% yield) as a pale-

yellow oil. rac-20: See above.

') (¥)-2-(1-hydroxypiperidin-2-yl)-1-(thiophen-2-yl)ethan-1-one (75):
,C}I)H \S /] Prepared using the general procedure described above with 14 and S25

75 ultimately yielding 75 (99 mg, 87% yield) as a yellow oil. 75: Ry= 0.49 (silica
gel, EtOAc); IR (film) vmax 3102, 2937, 2856, 1656, 1518, 1415, 1355, 1291, 1235, 1059, 859, 730
cm!; acyclic 'H NMR (500 MHz, CDCls) 8 7.75 (d, J= 3.2 Hz, 1 H), 7.62 (d, J = 4.8 Hz, 1 H),
7.18-7.05 (m, 1 H), 6.60-6.07 (br s, 1 H, exchangeable), 3.59 (dd, /= 14.9, 4.0 Hz, 1 H), 3.34 (d,
J=8.5Hz, 1 H), 3.09-2.99 (m, 1 H), 2.81 (dd, J = 14.9, 7.1 Hz, 1 H), 2.57 (t, /= 10.8 Hz, 1 H),
1.95-1.82 (m, 1 H), 1.80-1.67 (m, 1 H), 1.67-1.51 (m, 2 H), 1.42-1.20 (m, 2 H); '*C NMR (100
MHz, CDCl3) & 192.3, 144.9, 133.8, 132.3, 128.2, 64.9, 59.9, 44.3, 32.2, 25.9, 23.6; HRMS (ESI)

calcd for C11Hi16NO2S* [M + H*] 226.0896, found 226.0899.

o) (¥)-1-(1-hydroxypiperidin-2-yl)-3,3-dimethylbutan-2-one (64): Prepared

N using the general procedure described above (except using MeOH as the solvent)

OH
64 with 14 and S26 ultimately yielding 64 (51 mg, 51% yield) as a white solid. 64:
Ry=10.59 (silica gel, EtOAc); IR (film) vimax 3166, 2939, 2860, 1704, 1479, 1363, 1271, 1149, 1102,
963, 898, 747 cm!; acyclic:cyclic = 1:1 'H NMR (500 MHz, CDCls) 8 6.43-5.96 (br s, 0.5 H,
exchangeable), 4.35-3.95 (br s, 0.5 H, exchangeable), 3.42—3.35 (m, 0.5 H), 3.34-3.28 (m, 0.5 H),
3.20-3.12 (m, 0.5 H), 2.96-2.85 (m, 0.5 H), 2.62-2.42 (m, 2 H), 2.25-2.13 (m, 0.5 H), 1.91-1.82
(m, 0.5 H), 1.82-1.63 (m, 3 H), 1.63-1.54 (m, 1 H), 1.48-1.37 (m, 0.5 H), 1.33-1.16 (m, 1.5 H),

1.13 (s, 5 H), 1.01 (s, 4 H); 3C NMR (100 MHz, CDCls) § 215.1, 107.4, 68.3, 63.9, 60.0, 54.9,
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45.0, 44.5, 41.1, 37.3, 31.9, 29.2, 26.4, 26.0, 25.2, 24.7, 23.8, 23.7; HRMS (ESI) calcd for

C11H2NO:2" [M + H*] 200.1645, found 200.1648. See S37 for 'H and 1*C NMR data of the O-

benzoylated adduct.
@) (¥)-2-(1-hydroxypyrrolidin-2-yl)-1-phenylethan-1-one (76): Prepared
(N)H using the general procedure described above with S5 and S24 ultimately
76

yielding 76 (86 mg, 84% yield) as a yellow oil. 76: Ry = 0.40 (silica gel,
EtOAc); IR (film) vmax 3213, 2963, 1681, 1598, 1450, 1259, 1065, 1025, 754, 710 cm™'; acyclic
'"H NMR (500 MHz, CDCl3) & 8.02—7.87 (m, 2 H), 7.62-7.48 (m, 1 H), 7.48-7.33 (m, 2 H), 3.64—
3.45 (m, 1 H), 3.44-3.18 (m, 2 H), 3.12-2.94 (m, 1 H), 2.92-2.76 (m, 1 H), 2.27-2.05 (m, 1 H),
1.89-1.68 (m, 2 H), 1.55-1.31 (m, 1 H); '*C NMR (125 MHz, CDCl3) § 199.4, 137.2, 133.2, 128.7,
128.3, 65.1, 57.6, 42.6, 27.9, 20.1; HRMS (ES]I) calcd for C12H16NO2" [M + H'] 206.1176, found
206.1174. See S38 for 'H and '3C NMR data of the O-benzoylated adduct.

o) (¥)-2-(1-hydroxy-5,5-dimethylpyrrolidin-2-yl)-1-phenylethan-1-one

N(IDH (77): Prepared using the general procedure described above with S14 and

7 S24 ultimately yielding 77 (59 mg, 50% yield) as a yellow oil. 77: Ry =

0.50 (silica gel, hexane/EtOAc = 1/1); IR (film) vmax 3175, 2968, 2874, 1682, 1597, 1449, 1210,
1002, 755, 691 cm!; acyclic:cyclic = 4:1 'H NMR (500 MHz, CDCl3) & 7.92 (d, J= 7.5 Hz, 1.6
H), 7.69-7.60 (m, 0.4 H), 7.57—7.48 (m, 0.8 H), 7.47—7.28 (m, 2.2 H), 6.61=5.97 (br s, 1 H,
exchangeable), 4.22-3.97 (m, 0.2 H), 3.75-3.41 (m, 1.4 H), 3.10 (dd, J = 17.0, 9.6 Hz, 0.8 H),
3.02-2.94 (m, 0.2 H), 2.49-2.28 (m, 0.2 H), 2.13 (dd, J=12.1, 9.2 Hz, 1.2 H), 1.69-1.55 (m, 2 H),
1.41-1.32 (m, 1.4 H), 1.22 (s, 2.4 H), 1.08 (s, 3.2 H); 3C NMR (100 MHz, CDCls) 8 200.2, 137.5,
133.0, 128.7, 128.4, 59.7, 57.9, 44.5, 39.1, 33.1, 30.1, 27.6, 19.9, 15.0; HRMS (ESI) calcd for

C14H20NO,* [M + H'] 234.1489, found 234.1491.
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(¥)-2-(1-hydroxyazepan-2-yl)-1-phenylethan-1-one (78): Prepared using

N the general procedure described above with S9 and S24 ultimately yielding

OH
78 78 (78 mg, 66% yield) as a yellow oil. 78: Ry= 0.68 (silica gel, EtOAc); IR

(film) vmax 3061, 2932, 2857, 1683, 1598, 1450, 1246, 1063, 710 cm™!; acyclic:cyclic = 1:3.4 'H
NMR (500 MHz, CDCl3) 6 8.07-7.80 (m, 0.5 H), 7.78-7.59 (m, 1.5 H), 7.58-7.08 (m, 3 H), 6.18—
4.85 (br s, 1 H, exchangeable), 3.84-3.38 (m, 1.5 H), 3.31-2.84 (m, 1.5 H), 2.84-2.52 (m, 1.2 H),
2.51-2.34 (m, 0.4 H), 2.26-2.02 (m, 0.4 H), 2.01-1.34 (m, 8 H); *C NMR (100 MHz, MeOD) §
143.7, 142.0, 132.9, 127.7, 125.6, 103.9, 65.9, 60.8, 57.8, 52.0, 29.6, 29.1, 26.9, 26.2, 25.0, 24.4,
24.3; HRMS (ESI) caled for C14H20NO>" [M + H"] 234.1489, found 234.1490. See S39 for 'H and

13C NMR data of the O-benzoylated adduct.

0o (¥)-3-(benzyl(hydroxy)amino)-1-phenylbutan-1-one (79): Prepared

Bn.
CN)H using the general procedure described above with S13 and S24 ultimately

[ yielding 79 (82 mg, 61% yield) as a yellow oil. 79: Ry = 0.42 (silica gel,

hexanes/EtOAc =4/1); IR (film) vimax 3168, 2974, 2875, 1681, 1587, 1449, 1370, 1287, 1210, 1003,
738, 697 cm™!; acyclic:cyclic = 2:1, dr(acyclic) = 2:1 'H NMR (500 MHz, CDCl3) 8 7.98 (d, J =
7.5 Hz, 1.2 H), 7.67=7.53 (m, 1.4 H), 7.52-7.42 (m, 2 H), 7.41=7.20 (m, 5.4 H), 6.40-6.01 (br s,
1 H, exchangeable), 4.35-4.12 (m, 0.5 H), 3.93 (dd, J = 13.4, 9.0 Hz, 0.9 H), 3.76 (d, J = 13.0 Hz,
0.7 H), 3.59 (dq, J = 12.9, 6.4 Hz, 0.8 H), 3.46 (dd, J = 15.9, 4.9 Hz, 0.6 H), 2.96 (dd, J = 15.9,
8.0 Hz, 0.9 H), 2.73 (dd, J = 12.4, 5.8 Hz, 0.1 H), 2.56 (dd, J = 13.3, 7.5 Hz, 0.2 H), 2.27-2.12 (m,
0.1 H), 2.08-1.96 (m, 0.2 H), 1.24 (d, J = 6.4 Hz, 1.8 H), 1.16 (d, J= 6.1 Hz, 0.4 H), 1.11 (d, J =
6.1 Hz, 0.8 H); *C NMR (100 MHz, CDCls) & 199.7, 143.1, 137.7, 137.5, 137.2, 136.1, 133.0,

130.0, 129.8, 129.3, 128.3, 128.3, 128.2, 128.1, 127.9, 127.5, 127.8, 127.4, 127.3, 125.7, 125.6,

57



104.7, 102.6, 61.8, 61.3, 60.5, 60.0, 58.2, 53.1, 51.9, 42.2, 16.3, 15.1; HRMS (ESI) calcd for

C17H20NOz" [M + H'] 270.1489, found 270.1489.

O (¥)-2-(2-hydroxy-1,2,3,4-tetrahydroisoquinolin-1-yl)-1-phenylethan-1-
O one (80): Prepared using the general procedure described above with S6 and

N

OH O S24 ultimately yielding 80 (46 mg, 34% yield) as a yellow oil. 80: Ry= 0.50

80
(silica gel, hexane/EtOAc, 1/1); IR (film) vimax 3062, 2929, 2848, 1684, 1597,

1493, 1448, 1354, 1276, 1209, 1002, 912, 748, 690 cm™!; acyclic:cyclic = 1.5:1 '"H NMR (500
MHz, CDCI3) & 8.16-7.81 (m, 1 H), 7.74-6.93 (m, 8 H), 6.93-6.66 (br s, 1 H, exchangeable),
5.16-4.96 (m, 0.4 H), 4.96-4.73 (m, 0.6 H), 3.95-3.63 (m, 0.6 H), 3.53-2.80 (m, 5 H), 2.65-2.35
(m, 0.4 H); BC NMR (100 MHz, CDCl3) 8 199.1, 136.9, 133.7, 133.6, 133.2, 128.6, 128.5, 128.5,
127.4,127.2,126.9, 126.7, 126.0, 125.9, 125.7, 104.8, 63.4, 61.9, 52.2, 51.9, 51.7, 50.2, 49.8, 44.1,
28.6, 27.0; HRMS (ESI) caled for Ci7HisNO2* [M + H'] 268.1332, found 268.1332. See S40 for

'H and *C NMR data of the O-benzoylated adduct.

(#)-1-((3S, 8S, 95, 10R, 13S, 14S, 175)-3-hydroxy-10,13-
dimethyl-2, 3, 4, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17-

tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl)-2-(1-

hydroxypiperidin-2-yl)ethan-1-one (81): Prepared using the
general procedure described above with 14 (1.5 equiv) and S28 (1.0 equiv) ultimately yielding 81
(161 mg, 77% yield, 2:1 dr) as a white solid. 81: Ry=0.16 (silica gel, hexanes/EtOAc = 1/1); [a]p?’
=-19.7° (¢ = 1.00, CHCL); IR (film) vmax 3307, 2936, 2849, 1701, 1450, 1377, 1266, 1110, 1058,
954, 737 cm!; acyclic, dr(acyclic) = 2:1 '"H NMR (500 MHz, CDCl3) § 7.18-6.86 (br s, 1 H,
exchangeable), 5.33 (s, 1 H), 3.63-3.42 (m, 1 H), 3.41-3.20 (m, 1 H), 3.14-2.98 (m, 1 H), 2.97—

2.83 (m, 1 H), 2.70-2.58 (m, 1 H), 2.58-2.46 (m, 1 H), 2.41-2.10 (m, 4 H), 2.08-1.93 (m, 2 H),
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1.96-1.78 (m, 3 H), 1.79-1.35 (m, 11 H), 1.35-1.05 (m, 5 H), 0.98 (s, 3 H), 0.96-0.88 (m, 1 H),
0.63 (s, 2 H, major), 0.62 (s, 1 H, minor); '*C NMR (125 MHz, CDCl3) & 210.8 (major), 210.5
(minor), 141.0, 121.4, 71.6, 64.4 (minor), 64.2 (major), 63.5 (minor), 63.2 (major), 60.1 (major),
60.0 (minor), 57.2 (minor), 57.2 (major), 50.3 (major), 50.2 (minor), 49.5 (major), 49.2 (minor),
44.4 (minor), 44.3 (major), 42.4, 39.2, 39.0, 37.5, 36.6, 32.3, 32.0, 31.9, 25.9, 25.5, 24.6, 23.7,
23.1, 23.1, 21.3, 19.5, 13.6 (minor), 13.4 (major); HRMS (ESI) calcd for C26H42NO3* [M + H']

416.3158, found 416.3162.

General Procedure for Benzoylation of Hydroxylamines.

To a solution of hydroxylamine 27 or 74 (1.0 equiv) in CH>Cl, (0.1 M) at 0 °C were sequentially
added 4-DMAP (0.2 equiv), Et3N (4.0 equiv), and BzCl (2.0 equiv). The mixture was then warmed
to 23 °C and stirred at this temperature for 2 h. Upon completion (monitored by TLC), the contents
were quenched with saturated aqueous NaHCO3 (5 mL) and extracted with CH>Cl, (3 x 5 mL).
The combined organic layers were then dried (MgSQs), filtered, and concentrated. The resultant
crude product was purified by flash column chromatography (silica gel, hexane/EtOAc, 20/1—1/1)

with yields up to 80%. The products S29-S40 were then used to determine enantiopurity by HPLC.

(j\/{?\ (S)-2-(2-oxopropyl)piperidin-1-yl benzoate (S29): 'H NMR (500 MHz, CDCls)
N

. §7.96 (d,J=7.4 Hz, 2 H), 7.64-7.49 (m, 1 H), 7.48-7.34 (m, 2 H), 3.65-3.50 (m,

OBz
S29
1 H), 3.49-3.33 (m, 1 H), 2.87 (dd, J=17.1, 5.0 Hz, 1 H), 2.74 (t, J=9.5 Hz, 1

H), 2.44 (dd, J=17.1, 6.4 Hz, 1 H), 2.01 (s, 3 H), 1.92-1.62 (m, 4 H), 1.61-1.47 (m, 1 H), 1.44—
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1.28 (m, 1 H); '*C NMR (100 MHz, CDCl3) 6 207.3, 165.0, 133.3, 129.6, 129.1, 128.6, 62.7, 58.0,

48.1,32.1,31.2, 25.5, 23.6.

% (S)-2-(2-oxobutyl)piperidin-1-yl benzoate (S30): 'H NMR (500 MHz, CDCl5)
N

. §7.95(d, J=7.2 Hz, 2 H), 7.63-7.49 (m, 1 H), 7.49-7.35 (m, 2 H), 3.58-3.51

OBz
S30
(m, 1 H), 3.50-3.36 (m, 1 H), 2.84 (dd, J=16.9, 5.3 Hz, 1 H), 2.75 (t,J=9.9

Hz, 1 H), 2.40 (dd, J = 16.9, 5.6 Hz, 1 H), 2.36-2.27 (m, 1 H), 2.27-2.16 (m, 1 H), 1.89-1.64 (m,
4 H), 1.60-1.46 (m, 1 H), 1.43-1.29 (m, 1 H), 0.85 (t, J = 6.7 Hz, 3 H); 3C NMR (100 MHz,

CDCl3) 6 209.8, 165.0, 133.3, 129.6, 129.1, 128.6, 62.6, 58.0, 47.0, 37.2, 32.2, 25.5, 23.6, 7.5.

o) (8)-2-(6-methyl-2-oxohept-5-en-1-yl)piperidin-1-yl benzoate (S31):
N %

. 'H NMR (500 MHz, CDCL3) & 7.97 (d, J= 7.0 Hz, 2 H), 7.66-7.50 (m,

1 H), 7.49-7.33 (m, 2 H), 5.03-4.78 (m, 1 H), 3.67-3.53 (m, 1 H), 3.53—

3.37 (m, 1 H), 2.84 (dd, J=17.1, 5.0 Hz, 1 H), 2.75 (t, J= 9.7 Hz, 1 H), 2.41 (dd, J=17.0, 5.7 Hz,
1 H), 2.36-2.28 (m, 1 H), 2.28-2.18 (m, 1 H), 2.18-2.09 (m, 1 H), 2.07-1.97 (m, 1 H), 1.94-1.64
(m, 4 H), 1.58 (s, 3 H), 1.56-1.50 (m, 1 H), 1.48 (s, 3 H), 1.42-1.30 (m, 1 H); 3C NMR (100 MHz,
CDCls) §209.2, 165.0, 133.3, 132.8, 129.6, 129.1, 128.6, 122.6, 62.6, 58.1, 47.4, 44.1, 32.2, 25.7,

25.5,23.6,22.3,17.7.

o) (5)-2-(3-methyl-2-oxobutyl)piperidin-1-yl benzoate (S32): 'H NMR (500
(’})‘B MHz, CDCL) 6 7.97 (d, /= 7.0 Hz, 2 H), 7.64-7.50 (m, 1 H), 7.49-7.35 (m, 2

z
532 H), 3.63-3.51 (m, 1 H), 3.50-3.37 (m, 1 H), 2.89 (dd, J = 17.4, 4.5 Hz, 1 H),
2.76 (t,J=9.8 Hz, 1 H), 2.50 (dd, /= 17.4, 6.9 Hz, 1 H), 2.48-2.34 (m, 1 H), 1.94-1.61 (m, 4 H),
1.60-1.44 (m, 1 H), 1.36 (d, J=12.7 Hz, 1 H), 1.00 (d, /= 6.8 Hz, 3 H), 0.88 (d, /= 6.2 Hz, 3 H);
3C NMR (100 MHz, CDCl3) & 212.9, 165.1, 133.3, 129.7, 129.2, 128.6, 62.4, 58.1, 45.0, 41.6,

32.2,25.6,23.6,18.2, 17.7.
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o) (S)-2-(2-cyclopropyl-2-oxoethyl)piperidin-1-yl benzoate (S33): 'H NMR
EB (500 MHz, CDCl3) 6 7.98 (d, J = 7.2 Hz, 2 H), 7.63-7.50 (m, 1 H), 7.50-7.36
z
533 (m, 2 H), 3.67-3.51 (m, 1 H), 3.50-3.34 (m, 1 H), 2.99 (dd, /J=16.8, 4.5 Hz, 1
H), 2.87-2.65 (m, 1 H), 2.55 (dd, J=16.7, 5.9 Hz, 1 H), 1.91-1.62 (m, 5 H), 1.62-1.49 (m, 1 H),
1.45-1.23 (m, 1 H), 0.97-0.70 (m, 3 H), 0.68-0.52 (m, 1 H); *C NMR (100 MHz, CDCl3) 4 209.2,

165.1, 133.2, 129.7, 129.2, 128.5, 62.7, 58.1, 47.6, 32.2, 25.5, 23.6, 21.6, 11.1, 10.6.

(j\)?\/ (5)-2-(3-fluoro-2-oxopropyl)piperidin-1-yl benzoate (S34): 'H NMR (500
(N)B " MHz, CDCL) 6 7.96 (d, J = 6.4 Hz, 2 H), 7.63-7.53 (m, 1 H), 7.50-7.39 (m, 2

Z
s34 H), 4.64 (d, J=47.6 Hz, 2 H), 3.65-3.57 (m, 1 H), 3.57-3.42 (m, 1 H), 3.02-
2.90 (m, 1 H), 2.86-2.68 (m, 1 H), 2.51 (ddd,J=17.1, 6.0,2.2 Hz, 1 H), 1.95-1.77 (m, 3 H), 1.76—
1.68 (m, 1 H), 1.65-1.54 (m, 1 H), 1.44-1.30 (m, 1 H); *C NMR (100 MHz, CDCl3) 8 205.0 (d,
J=18.9 Hz), 164.9, 133.4, 129.6, 129.0, 128.7, 85.0 (d, /= 186.0 Hz), 62.1, 58.0, 42.9, 32.2, 25 .4,

23.6.

(j\)?\/ (5)-2-(3-methoxy-2-oxopropyl)piperidin-1-yl benzoate (S35): 'H NMR
OMe
N (500 MHz, CDCl3) 6 7.97 (d, J = 7.0 Hz, 2 H), 7.65-7.51 (m, 1 H), 7.50-

OBz
S35
7.36 (m, 2 H), 3.94-3.75 (m, 2 H), 3.62-3.55 (m, 1 H), 3.53-3.44 (m, 1 H),
3.17 (s, 3 H), 2.88 (dd, J=16.8, 5.5 Hz, 1 H), 2.75 (t,/=9.8 Hz, 1 H), 2.40 (dd, /= 16.6, 4.8 Hz,
1 H), 1.96-1.76 (m, 3 H), 1.75-1.65 (m, 1 H), 1.63-1.53 (m, 1 H), 1.46-1.30 (m, 1 H); 3C NMR

(100 MHz, CDCls) 6 206.7, 164.9, 133.3, 129.6, 129.1, 128.6, 78.0, 62.4, 59.2, 58.0, 43.5, 32.2,

25.5, 23.6.
o) (5)-2-(3,3-dimethoxy-2-oxopropyl)piperidin-1-yl benzoate (S36). 'H
OMe
N NMR (500 MHz, CDCl3) & 7.90 (d, J = 7.3 Hz, 2 H), 7.61-7.44 (m, 1 H),
OBz S3 6OMe

7.44-7.30 (m, 2 H), 4.18 (s, 1 H), 3.51 (d, /=9.8 Hz, 1 H), 3.45-3.31 (m,
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1 H), 3.18 (s, 3 H), 3.11 (s, 3 H), 2.99 (dd, J = 17.6, 5.2 Hz, 1 H), 2.86-2.55 (m, 1 H), 2.53-2.35
(m, 1 H), 1.87-1.48 (m, 5 H), 1.41-1.19 (m, 1 H); '*C NMR (100 MHz, CDCls) & 204.0, 164.9,

133.2,129.6, 129.3, 128.5, 104.1, 62.3, 58.0, 54.9, 54.7, 42.3, 32.3, 25.5, 23.6.

o) (#)-2-(3,3-dimethyl-2-oxobutyl)piperidin-1-yl benzoate (S37): 'H NMR

N (500 MHz, CDCl3) 6 7.99 (d, J = 7.4 Hz, 2 H), 7.64-7.45 (m, 1 H), 7.49-7.37
OBz

$37 (m, 2 H), 3.67-3.53 (m, 1 H), 3.53-3.40 (m, 1 H), 2.90 (dd, J=17.7, 4.1 Hz, 1

H), 2.83-2.70 (m, 1 H), 2.62 (dd, J= 17.7, 7.4 Hz, 1 H), 1.96-1.74 (m, 3 H), 1.68 (d, J=12.1 Hz,
1 H), 1.51 (d, J= 12.8 Hz, 1 H), 1.38 (d, J= 13.0 Hz, 1 H), 1.01 (s, 9 H); 3C NMR (100 MHz,

CDCl3) 6 214.2, 165.0, 133.2, 129.6, 129.2, 128.5, 62.3, 58.1, 44.4, 41.3, 32.0, 26.2, 25.6, 23.6.

) (+)-2-(2-0x0-2-phenylethyl)pyrrolidin-1-yl benzoate (S38): 'H NMR (500

éNB MHz, CDCl3) § 8.10-7.79 (m, 4 H), 7.59-7.46 (m, 2 H), 7.46-7.28 (m, 4 H),
V4

S38 3.84 (ddd, J= 17.0, 8.8, 4.2 Hz, 1 H), 3.72-3.62 (m, 1 H), 3.62-3.52 (m, 1

H), 3.13 (dd, J = 16.9, 8.8 Hz, 1 H), 3.08-2.93 (m, 1 H), 2.35 (dt, J = 20.5, 7.6 Hz, 1 H), 1.99 (dt,
J=14.1, 8.4 Hz, 2 H), 1.64-1.50 (m, 2 H); '3C NMR (125 MHz, CDCl3) & 198.5, 165.5, 136.9,

133.3,133.2, 129.5, 129.2, 128.7, 128.5, 128.2, 64.5, 56.2, 42.5, 27.7, 20.6.

(+)-2-(2-0x0-2-phenylethyl)azepan-1-yl benzoate (S39): 'H NMR (500

N MHz, CDCL3) § 7.96 (d, J = 7.3 Hz, 2 H), 7.88 (d, J = 7.3 Hz, 2 H), 7.59—

OBz
S39 7.43 (m, 2 H), 7.43-7.31 (m, 4 H), 4.06-3.77 (m, 1 H), 3.55-3.41 (m, 1 H),

3.41-3.31 (m, 2 H), 3.14 (dd, J=17.0, 8.8 Hz, 1 H), 2.00-1.64 (m, 7 H), 1.64-1.49 (m, 1 H); *C
NMR (125 MHz, CDCls) 6 198.8, 165.2, 137.0, 133.1, 129.4, 129.4, 128.6, 128.4, 128.2, 64.2,

57.8,44.3,30.5, 27.4, 25.9, 24.3.

62



O (¥)-1-(2-oxo-2-phenylethyl)-3,4-dihydroisoquinolin-2(1H)-yl benzoate
0 (S40): '"H NMR (500 MHz, CDCl3) § 7.93 (d,J=7.3 Hz, 2 H), 7.84 (d, J =

N
OBy O 7.3 Hz, 2 H), 7.50 (dd, J = 11.3, 7.3 Hz, 2 H), 7.42-7.37 (m, 2 H), 7.37-7.31

S40 (m, 2 H), 7.22-7.05 (m, 4 H), 5.50-5.06 (m, 1 H), 3.78 (dd, /= 17.3, 5.0 Hz,
1 H), 3.75-3.66 (m, 1 H), 3.57-3.45 (m, 1 H), 3.40 (dd, J = 17.2, 5.8 Hz, 1 H), 3.24-3.12 (m, 1
H), 3.05 (dt, J = 16.7, 5.4 Hz, 1 H); 3C NMR (100 MHz, CDCls) & 197.8, 164.9, 136.8, 136.5,
133.4,133.2, 133.2,129.6, 129.0, 128.7, 128.6, 128.4, 128.4, 127.0, 126.8, 126.7, 61.6, 51.2, 44.8,

26.7.

Reductive Cleavage of 16 and 20.

Scheme 2.13. Reductive cleavage of 16.

18 = LR
Zn

I AcOH

OH 16 S41

(+)-Pelletierine (S41). To a solution of freshly prepared rac-16 (33.1 mg, 0.21 mmol) in AcOH
(1 mL) at 23 °C was added Zn powder (137.0 mg, 2.10 mmol, 10 equiv). The resulting mixture
was stirred vigorously for 2-3 h at 23 °C to avoid Zn clumping. Upon completion, the reaction
contents were filtered through a pad of Celite, washed with MeOH, and concentrated to dryness.
To the resulting solid was sequentially added saturated aqueous NaHCO3 (2 mL) and aqueous NH3
(2 mL, 30 wt. %). The resulting mixture was then diluted with EtOAc (10 mL) and transferred to
a separatory funnel. The organic layer was separated and the aqueous phase was extracted with

EtOAc (3 x 10 mL). The combined organic extracts were washed with saturated aqueous NaHCO3
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(2 X 4 mL), brine (4 mL), dried (MgSOs), filtered, and concentrated to afford pure rac-S41 (26.0

mg, 90%) as a yellow oil. 'H and 3C NMR data matched that reported by Chiou and co-workers.*®

The same procedure repeated for the enz-16 (18.0 mg, 0.11 mmol, 88% ee) prepared with 31
afforded ent-S41 (12.0 mg, 74%) with [a]p® =-14.0° (¢ = 0.25, CHCI) [lit. [a]p?® =-22° (¢ = 0.9,

CHCl5)]¥

Scheme 2.14. Reductive cleavage of 20.
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20 S$42

Norsedaminone (S42). Prepared on the same scale as S41 by analogy starting with freshly
prepared 20 (45 mg, 0.21 mmol, 88% ee) to afford S42 (42 mg, 98%) as a yellow oil. 'H and '3C

NMR data matched that reported by Scarpi and co-workers.*® Note: S42 racemizes upon standing.

Total Synthesis of (-)-Lobeline and (-)-Sedinone.

Scheme 2.15. Gram-scale preparation of 20.

35 (20 mol %) o)
@ )Oj\ BzOH (40 mol %)
'~ + —_—
N Ph

N Ph  CH.Cl, (1.0 M) .
00 23°C, 48 h OH
14 19 20

Compound 20. To a flask containing 35 (0.78 g, 2.0 mmol, 0.2 equiv), BZOH (0.49 g, 4.0 mmol,
0.4 equiv), and methyl ketone 19 (3.50 mL, 30.3 mmol, 3.0 equiv) at 23 °C under an ambient
atmosphere was added a solution of nitrone 14 (1.00 g, 10.1 mmol, 1.0 equiv) in CH>Cl> (10 mL).
The reaction mixture was then stirred for 48 h at 23 °C. Upon completion, the contents were

quenched with saturated aqueous NaHCO; (40 mL) and extracted with CH2Cl, (3 x 40 mL). The
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combined organic extracts were then dried (MgSQOs), filtered, and concentrated. The resultant
crude material was purified by flash column chromatography (silica gel, hexanes/EtOAc = 2/1) to

yield 20 (1.55 g, 70%, 90% ee).

Scheme 2.16. Reduction and subsequent silyl protection of 20.

N Ph N Ph

| 2) TBSOTH, \

OH i-ProNEt OH

20 87

Compound 87. To a solution of 20 (0.62 g, 2.83 mmol, 1.0 equiv) in THF (20 mL) at —78 °C under
an argon atmosphere was added Zn(BHa4)> (6.50 mL, 0.52 M solution in THF, 3.39 mmol, 1.2 equiv)
dropwise over 5 min. The resulting solution was stirred for 1 h at —78 °C and then slowly warmed
to 0 °C over the course of 2 h. After stirring at 0 °C for an additional 1 h, the reaction was quenched
by careful addition of saturated aqueous NH4Cl (20 mL), keeping the internal temperature at less
than 5 °C. The mixture was then warmed to 23 °C, the organic layer was separated, and the aqueous
layer was extracted with EtOAc (3 x 30 mL). The combined organic layers were dried (MgSOs),
filtered, and concentrated. Pressing forward without any additional purification, this crude
intermediate was dissolved in CH>Cl, (20 mL), i-ProNEt (0.99 mL, 5.66 mmol, 2.0 equiv) was
added at 0 °C followed by dropwise addition of TBSOTf (0.72 mL, 3.11 mmol, 1.1 equiv). The
resultant mixture was stirred at 0 °C for 30 min. Upon completion, the mixture was warmed to 23
°C, diluted with CH>Cl, (40 mL), and successively washed with saturated aqueous NaHCOs3 (10
mL), saturated aqueous NH4Cl (10 mL), and brine (20 mL). The organic phase was then dried
(MgSO0s), filtered, and concentrated. The resultant crude material was dissolved in MeOH and
refluxed for 2 h. The MeOH was then evaporated and the resultant residue was purified by flash

column chromatography (silica gel, hexanes/EtOAc, 10/1—2/1) to afford 87 (0.64 g, 67% over 2
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steps, 89% ee) as a white solid. 87: Ry= 0.35 (silica gel, EtOAc); [a]p?® = -23.3° (¢ = 1.00, CHCI3);
IR (film) vmax 3186, 2931, 2857, 1472, 1361, 1256, 1092, 836, 775, 700 cm™!; 'TH NMR (500 MHz,
CDCl3) 6 7.45-7.25 (m, 4 H), 7.25-7.15 (m, 1 H), 6.38-5.65 (br s, 1 H, exchangeable), 4.76 (dd,
J=88,3.8Hz, 1 H),3.27 (d,J=10.3 Hz, 1 H), 2.95-2.64 (m, 0.5 H), 2.64-2.28 (m, 2.5 H), 1.98—
1.78 (m, 1 H), 1.76-1.40 (m, 4 H), 1.36-1.04 (m, 2 H), 0.87 (s, 9 H), 0.01 (s, 3 H), -0.23 (s, 3 H);
BCNMR (125 MHz, CDCl3) 6 145.7, 128.1, 127.0, 126.3, 125.9, 72.9, 64.5, 59.9, 44.3, 31.4, 25.9,
25.8, 23.7, 18.2, —4.4, —4.9: HRMS (ESI) calcd for CioH3NO:Si* [M + H'] 336.2353, found

336.2352.

Scheme 2.17. Oxidation of 87.

T @ T
N Ph SN Ph

I |
OH Oo
87 88

Compound 61. To a solution of 87 (0.60 g, 1.80 mmol, 1.0 equiv) in CH2ClL (5 mL) at —20 °C
under an argon atmosphere was added IBX (0.55 g, 1.98 mmol, 1.1 equiv) in a single portion. The
resultant reaction mixture was stirred vigorously at —20 °C for 4 h. Upon completion, anhydrous
MgS04(0.25 g) was added to the reaction solution and the contents were stirred for 30 minutes.
The reaction contents were then quickly filtered through a pad of Celite while still cold and
concentrated directly to afford 88 (0.59 g, 99%, rr of aldonitrone:ketonitrone = 4:1) as a colorless
oil, which was used in the next step without any further purification. 88: [a]p®° = —44.0° (¢ = 1.00,
CHCls); IR (film) vmax 2953, 2856, 1472, 1361, 1257, 1200, 1064, 836, 756, 701 cm™'; 'H NMR
(500 MHz, CDCl3) & 7.43-7.34 (m, 2 H), 7.33-7.27 (m, 2 H), 7.25-7.21 (m, 1 H), 7.09 (t, J=3.9
Hz, 0.6 H), 5.50 (dd, J= 8.5, 4.9 Hz, 0.2 H), 4.93 (dd, J = 8.4, 4.7 Hz, 0.8 H), 3.93-3.70 (m, 1 H),

2.94-2.82 (m, 0.8 H), 2.82-2.77 (m, 0.2 H), 2.68-2.61 (m, 0.2 H), 2.52-2.45 (m, 0.2 H), 2.40-
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2.36 (m, 1.4 H), 2.04-1.83 (m, 2.6 H), 1.83-1.76 (m, 1 H), 1.76-1.68 (m, 0.8 H), 1.68-1.58 (m,
1.2 H), 0.93-0.80 (m, 9 H), 0.02 (s, 3 H), -0.16 (s, 0.6 H), -0.17—0.26 (m, 2.4 H); '*C NMR (125
MHz, CDCL) § 146.6, 145.2, 144.2, 136.1, 128.3, 128.2, 127.5, 127.2, 126.4, 125.6, 72.7, 69.9,
64.3, 58.3, 4.6, 43.0, 31.3, 27.2, 25.9, 25.7, 23.1, 18.8, 18.2, 15.0, -4.5, —4.8, —5.0; HRMS (ESI)

caled for C19H32NO2Si* [M + H'] 334.2197, found 334.2200.

Scheme 2.18. Addition of B-ketoacid S$24.
S24

oTBS Ph)J\/COQH O\/O\TBS 21 AGOM o) oTBS
\
N Ph Ph N Ph

! CH,O

88 $43 89

Compound 62. To a solution of 88 (0.27 g, 0.81 mmol, 1 equiv) in CH>Cl, (1 mL) at 0 °C was
added B-ketoacid S24 (0.20 g, 1.22 mmol, 1.5 equiv) in a single portion under an ambient
atmosphere. The resulting mixture was stirred at 0 °C for 20 h and then for 2 h at 23 °C. Upon
completion, the reaction contents were diluted with CH>Cl, (10 mL), quenched with saturated
aqueous NaHCO3 (10 mL), and transferred to a separatory funnel. The organic layer was separated
and the aqueous phase was extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were
washed with saturated aqueous NaHCO3 (2 x 10 mL), brine (10 mL), dried (MgSOs), filtered, and
concentrated. The resultant residue was purified via flash column chromatography (silica gel,
hexanes/EtOAc, 10/1—2/1) to afford intermediate S43. Pushing forward, to a solution of
intermediate S43 in AcOH (8 mL) at 23 °C was sequentially added CH>O (0.36 mL, 37 wt. % in
H>0, 4.86 mmol, 6.0 equiv,) and Zn powder (0.56 g, 8.10 mmol, 10 equiv) at 23 °C. The resulting
mixture was stirred vigorously for 4 h at 23 °C to avoid Zn clumping. Upon completion, the

reaction contents were filtered through a pad of Celite, washed with MeOH, and concentrated to
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dryness. To the resulting solid was sequentially added saturated aqueous NaHCO3 (10 mL) and
aqueous NH3 (10 mL, 30 wt. %). The resulting mixture was diluted with EtOAc (50 mL) and
transferred to a separatory funnel. The organic layer was separated and the aqueous phase was
extracted with EtOAc (3 x 50 mL). The combined organic extracts were washed with saturated
aqueous NaHCO3 (2 x 20 mL), brine (20 mL), dried (MgSQs4), filtered, and concentrated to afford
89 (0.27 g, 76%, cis:trans = 1.3:1) as a pale-yellow oil, which was used without any further
purification. 89: Ry = 0.52 (silica gel, CH,Cl,/MeOH = 10:1); [a]p* = —20.1° (¢ = 1.00, CHCl;);
'"H NMR (500 MHz, CDCl3) 8 7.98 (d, J= 7.3 Hz, 1.2 H), 7.95 (d, J= 7.3 Hz, 0.8 H), 7.62-7.52
(m, 1 H), 7.52-7.42 (m, 2 H), 7.34-7.16 (m, 5 H), 4.65 (dd, J=11.2, 5.5 Hz, 1 H), 3.43-3.32 (m,
0.4 H), 3.25 (td, J=15.7,5.0 Hz, 1 H), 3.18-3.09 (m, 0.6 H), 3.03-2.85 (m, 1.4 H), 2.55-2.39 (m,
0.6 H), 2.34 (s, 1.2 H), 2.22 (s, 1.8 H), 2.12-1.96 (m, 1 H), 1.75-1.32 (m, 7 H), 0.89 (s, 3.6 H),
0.86 (s, 5.4 H), 0.02 (s, 1.2 H), —0.00 (s, 1.8 H), —0.21 (s, 1.8 H), —0.22 (s, 1.2 H); 3*C NMR (100
MHz, CDCl;) 6 199.6, 199.5, 146.0, 145.9, 137.5, 137.4, 137.4, 133.1, 128.8, 128.8, 128.3, 128.2,
128.2,128.1, 127.1, 127.0, 126.2, 126.1, 77.5, 77.2, 76.9, 72.8, 72.4, 60.1, 59.8, 59.7, 54.8, 54.8,
45.9, 44.7, 40.8, 40.5, 38.8, 31.8, 28.4, 27.3, 26.9, 26.4, 26.0, 24.5, 19.7, 18.3, 6.1, 2.6, 2.6, 1.6,
1.6, —4.3, 4.4, -4.8, —4.9; HRMS (ESI) calcd for CosH42NO2Si* [M + H'] 452.2980, found

452.2973. Note: the ratio cis:trans is in equilibrium in solution and can vary.
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Scheme 2.19. Addition of B-ketoacid S$20.
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Compound 90. Prepared on the same scale as 89 by analogy with S20. The intermediate S44 was
isolated via column chromatography (silica gel, hexanes/EtOAc, 5/1—1/1). Compound 90 (0.23
g, 75%, cis:trans = 1:5.4) was isolated as a pale-yellow oil, which was used without any further
purification. 90: Ry = 0.35 (silica gel, CH,Cl,/MeOH = 10:1); [a]p* = —38.1° (¢ = 1.00, CHCl;);
IR (film) vmax 2929, 2856, 1714, 1472, 1360, 1251, 1084, 1006, 836, 775, 700 cm™'; 'H NMR (500
MHz, CDCls) 6 7.33-7.27 (m, 4 H), 7.25-7.19 (m, 1 H), 4.63 (dd, /=9.0,4.1 Hz, 1 H), 3.19-3.11
(m, 0.8 H), 3.00-2.93 (m, 0.1 H), 2.92-2.76 (m, 1 H), 2.68 (dd, /= 15.9, 5.5 Hz, 1 H), 2.58-2.48
(m, 0.1 H), 2.39 (dd, J=15.9, 6.8 Hz, 1 H), 2.27 (s, 2.7 H), 2.21-2.11 (m, 3.3 H), 2.02-1.93 (m,
1 H), 1.68-1.22 (m, 7 H), 0.93-0.81 (m, 9 H), 0.00 (s, 3 H), —0.15—0.29 (m, 3 H); 3C NMR (125
MHz, CDCls) & 208.0, 145.9, 145.8, 128.2, 128.1, 127.1, 127.1, 126.2, 126.1, 77.4, 77.2, 76.9,
72.8, 72.6, 59.5, 54.8, 54.1, 49.5, 46.3, 45.9, 40.6, 38.3, 31.1, 30.7, 30.4, 27.9, 26.7, 26.2, 25.9,
24.5,19.7,18.2,6.1,2.6,2.6, 1.6, 1.6, —4.4,-4.4,-4.9, -5.0; HRMS (ESI) calcd for C23H40NO2Si*

[M + H"] 390.2823, found 390.2824. Note: the ratio cis:trans is in equilibrium in solution and can

vary.
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Scheme 2.20. Synthesis of (-)-lobeline (3).

)J\mBS ) HCI, i-PrOH 0 OH
Ph Ph N Ph
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89 3

(-)-Lobeline (3): To a solution of 89 (0.25 g, 0.55 mmol, 1.0 equiv) in i-PrOH (6 mL) was added
concentrated HCI1 (0.06 mL, 0.70 mmol, 1.3 equiv). The resulting mixture was stirred at 60 °C for
12 h. Upon completion, the mixture was cooled to 23 °C and concentrated. The resulting solid was
washed with Et;O (4 x 6 mL, removed by decantation) and dried under high vacuum. Then
saturated aqueous NaHCOs (6 mL) was added, followed by EtOAc (10 mL), and the resulting
mixture was transferred to a separatory funnel. The organic layer was separated and the aqueous
phase was extracted with EtOAc (3 x 10 mL). The combined organic extracts were washed with
saturated aqueous NaHCOs3 (10 mL), brine (10 mL), dried (MgSQOs), filtered, and concentrated to
afford 3 (0.18 g, 95%, cis:trans = 1:1) as a yellow oil. Crude 3 was then dissolved in MeOH (1
mL) and the solvent was left to slowly evaporate in a vial with a loosened cap for 2 weeks at 4 °C
to yield yellow crystals. The crystals were washed with cold (0 °C) hexanes (3 % 0.5 mL) and dried
under high vacuum to afford (-)-lobeline (3), (0.17 g, 90% over two steps) as a pale-yellow solid
exclusively as the cis-isomer. 3: Ry= 0.20 (silica gel, CHCl./MeOH = 10:1); [a]p®® =-31.0° (¢ =
1.00, CHCIs) [lit. [a]p?! = —38.2° (¢ = 1.986, CHCI3)];* IR (film) vmax 3085, 2936, 1687, 1450,
1302, 1214, 1062, 1002, 951 cm™!; '"H NMR (500 MHz, CDCl3) & 8.00-7.94 (m, 2 H), 7.61-7.52
(m, 1 H), 7.52-7.41 (m, 2 H), 7.41-7.34 (m, 2 H), 7.34-7.28 (m, 2 H), 7.27-7.19 (m, 1 H), 6.70-
6.36 (br s, 1 H, exchangeable), 4.95 (dd, J=10.7, 2.9 Hz, 1 H), 3.63-3.52 (m, 1 H), 3.26-3.15 (m,
2 H),3.02 (dd, J=16.0, 8.5 Hz, 1 H), 2.35 (s, 3 H), 1.99-1.88 (m, 1 H), 1.86-1.76 (m, 1 H), 1.70-

1.40 (m, 5 H), 1.23-1.10 (m, 1 H); 3C NMR (125 MHz, CDCls) & 198.3, 145.2, 137.2, 133.2,
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128.8, 128.3,128.2, 127.0, 125.6, 75.8, 64.6, 59.1,43.9, 40.6, 27 .4, 24.9, 23.5, 23.4; HRMS (ESI)

calcd for C2oH2sNO>" [M + H*] 338.2115, found 338.2113.

Scheme 2.21. Synthesis of (-)-sedinone (4).

)J\mBS ) HCI, j-PrOH 0 OH
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(-)-Sedinone (4). To a solution 0of 90 (0.20 g, 0.51 mmol, 1.0 equiv) in i-PrOH (6 mL) was added
concentrated HCI1 (0.06 mL, 0.70 mmol, 1.4 equiv). The resulting mixture was stirred at 60 °C for
12 h. Upon completion, the mixture was cooled to 23 °C and concentrated. The resulting solid was
washed with Et;O (4 x 6 mL, removed by decantation) and dried under high vacuum. Then
saturated aqueous NaHCOs (6 mL) was added, followed by EtOAc (10 mL), and the resulting
mixture was transferred to a separatory funnel. The organic layer was separated and the aqueous
phase was extracted with EtOAc (3 x 10 mL). The combined organic extracts were washed with
saturated aqueous NaHCOs3 (10 mL), brine (10 mL), dried (MgSQOs), filtered, and concentrated to
afford mostly epi-sedinone (epi-4 0.13 g, 93%, cis:trans = 1:5.4) as a yellow oil. epi-4: "H NMR
(500 MHz, CDCl3) 6 7.44-7.28 (m, 4 H), 7.27-7.20 (m, 1 H), 7.06—6.52 (br s, 1 H, exchangeable),
4.90 (dd, J=10.7, 2.1 Hz, 1 H), 3.71-3.58 (m, 0.85 H), 3.45-3.35 (m, 0.15 H), 3.25-3.16 (m, 1
H), 2.74-2.51 (m, 2 H), 2.48 (s, 3 H), 2.21 (s, 3 H), 1.88-1.68 (m, 1 H), 1.67-1.17 (m, 7 H); 13C
NMR (125 MHz, CDCl3) 6 206.9, 206.8, 145.4, 145.1, 128.3, 127.1, 125.6, 125.6, 77.5, 77.2, 76.8,
76.0, 76.0, 64.7, 61.0, 58.8, 51.1, 49.1, 48.1, 40.4, 38.9, 35.7, 32.4, 30.3, 30.3, 29.8, 26.9, 24.9,
23.5,23.3,23.2, 23.1, 20.6. The crude epi-4 was then dissolved in MeOH (1 mL) and left for 12 h

at 23 °C. At this stage, the ratio determined by 'H NMR analysis revealed a 1:1 mixture of
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diastereomers. The mixture was then concentrated and hexanes (4 mL) was added to the residue,
yielding a cloudy yellow solution, which was made transparent by the dropwise addition of EtOAc
(~0.8 mL) with stirring. The solution was then placed in the freezer at —20 °C for 16 h. The
precipitated crystals were collected by filtration, washed with cold (—20 °C) hexanes, and dried
under high vacuum. The filtrate was evaporated and the procedure was repeated two additional
times, starting from equilibration in MeOH at 23 °C, followed by crystallization at —20 °C using
scaled amounts of solvents. Combining all the crystal fractions afforded (—)-sedinone (4, 0.10 g,
73% over two steps) as a white solid predominantly as the cis isomer (dr > 97:3 after 1 h in CDCls,
slowly epimerizes). The hydrochloride salt of 4 was obtained by dissolving 4 in Et2O and adding
HCI (2.0 equiv, 1.0 M in Et;,0), followed by filtration and drying. 4: Ry = 0.18 (silica gel,
CH>Cl2/MeOH = 10:1); [a]p® = —67.8° (¢ = 1.10, MeOH) (hydrochloride) [lit. [a]p?® = ~79.4° (c
= 1.0, MeOH)];*° IR (film) vmax 3150, 2932, 2858, 1711, 1451, 1359, 1060, 836, 760, 701 cm™';
'"H NMR (500 MHz, CDCl3) & 7.42-7.35 (m, 2 H), 7.35-7.29 (m, 2 H), 7.25-7.18 (m, 1 H), 6.73—
6.28 (br s, 1 H, exchangeable), 4.95 (dd, J=10.8, 2.9 Hz, 1 H), 3.48-3.34 (m, 1 H), 3.28-3.16 (m,
1 H), 2.65 (dd, J=16.0, 6.1 Hz, 1 H), 2.49 (dd, /= 15.7, 8.3 Hz, 1 H), 2.27 (s, 3 H), 2.18 (s, 3 H),
1.91 (dt, /=148, 11.1 Hz, 1 H), 1.85-1.77 (m, 1 H), 1.69-1.43 (m, 4 H), 1.37-1.30 (m, 1 H),
1.20-1.10 (m, 1 H); 3C NMR (100 MHz, CDCIl3) 6 206.9, 145.1, 128.4, 127.1, 125.6, 76.1, 64.7,
58.8, 49.1, 40.4, 30.3, 26.9, 24.9, 23.3, 23.2; HRMS (ESI) calcd for Ci7H26NO>" [M + H']

276.1958, found 276.1957.
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Table 2.7. NMR comparison of 3.

O
Ph N

Me
(—)-lobeline (3)

OH

Ph

reported "H

synthetic "H

reported 13C

synthetic 1*C

5 (ppm)*’® S (ppm) 5 (ppm)*’¢ S (ppm)
8.01-7.97 (comp. m, 8.00-7.94 (m, 2 H), 198.3 198.3
2H)
7.64-7.22 (comp m, 7.61-7.19 (m, 8 H) 145.2 145.2
8 H)
497 (dd, J=10.8, | 4.95(dd,/=10.7,2.9 137.1 137.2
2.9 Hz, 1H) Hz, 1 H)
3.65-3.59 (m, 1H) 3.63-3.52 (m, 1 H) 133.3 133.2
3.26 (dd, J =16.0, 3.26-3.15 (m, 2 H), 128.8 128.8
5.0 Hz, 2H)
3.00 (dd, J=16.0, | 3.02(dd,J=16.0,8.5 128.3 128.3
8.5 Hz, 1H) Hz, 1 H),
2.38 (s, 3H), 2.35 (s, 3 H), 128.2 128.2
2.06-1.46 (comp. m, 1.99-1.40 (m, 7H) 127.1 127.0
7H),
1.29-1.18 (m, 1H) 1.23-1.10 (m, 1 H) 125.6 125.6
75.8 75.8
64.6 64.6
59.1 59.1
43.8 43.9
40.5 40.6
27.4 27.4
24.8 24.9
23.5 23.5
23.4 23.4
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reported "H

Table 2.8. NMR comparison of 4.

@

Me N

Me

OH

Ph

(—)-sedinone (4)

synthetic "H

reported 13C

synthetic 1*C

S (ppm)°>! S (ppm) S (ppm)** S (ppm)
74-72(m, = 7.42-7.18 (m, 5 H) 206.6 206.9
5H)

4.95(dd, 1H) = 4.95(dd, J=10.8, 75.8 76.1
2.9 Hz, 1 H)

3.4 (m, 1H) | 3.48-3.34 (m, 1 H) 64.5 64.7

32 (m, 1H) | 3.28-3.16 (m, 1 H) 58.9 58.8

2.65(dd, 1H) = 2.65 (dd, J = 16.0, 49.0 49.1
6.1 Hz, 1 H)

2.5(dd, 1H) = 2.49 (dd,J=15.7, 40.5 40.4
8.3 Hz, 1 H)

2.3 (s, 3H) 2.27 (s, 3 H) 30.1 30.3

2.2 (s, 3H) 2.18 (s, 3 H) 27.1 26.9

2.0-1.1 (9H) 1.95-1.10 (8H) 24.8 24.9

23.4 23.3

23.4 23.2
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2.8 NMR Spectra
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2.9 HPLC Traces

N

OH

20

Conditions: HPLC (ChiralPak OD-H, 98:2 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

PDA Multi 5
150
100;
50-
o I
' | T T T ' | ' | '
0 5 10 15 20 25 30 35
min
Peak# Ret. Time Area Height Area % Height %
1 18.658 5952142 180281 49.728 51.632
2| 21.113 6017315 | 168884 50.272| 48.368
Total 11969457 349165 100.000 100.000
Enantioenriched Sample:
mAU
1 PDA Multi 5
200
150 |
100i
50—_
0
' ' ' | ' L ' \ ‘ ' '
0 5 10 15 20 25 30 35
min
Peak# Ret. Time Area Height Area % Height %
1 18.420 6924486 214602 94.789 94.506
2 21.149 380680 12476 5.211 5.494
Totall 7305165 227077 100.000 100.000
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N

OH

42

Conditions: HPLC (ChiralPak IA, 98:2 hexanes/i-PrOH, 1 mL/min, 220 nm)

Racemic Sample:

mAU
N PDA Multi 3
| % Q
200 " >
150+
100+
50
0]
' ‘ - | 1 ‘ '
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 16.927 10303750 220564 50.692 55.097
2 19.923 10022590 179757 49.308 44.903
Total 20326340 400321 100.000 100.000
Enantioenriched Sample:
mAU
PDA Multi 3
50
25
0 —
) ' ' \ | \ ' '
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 17.205 3139360 52311 96.361 96.055
2 20.741 118539 2149 3.639 3.945
Total 3257899 54460 100.000 100.000
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Racemic sample:
mAU

N

OH

43
Conditions: HPLC (ChiralPak IA, 98:2 hexanes/i-PrOH, 1 mL/min, 254 nm)

S 3 PDA Multi 5
15 h= o
€ =
L
]
I
10 "‘ \IR‘
- il
i
l |
* R
e
[
0 M_h__ﬂ_/"\-f\ N N /J N ,L
T ' v T L A—
0 10 20 30 40
min
Peak# Ret. Time Area Height Area % Height %
1 26.124 828397 15584 49.303 52.954
2 29.068 851823 13846 50.697 47.046
Total 1680220 29430 100.000 100.000
Enantioenriched Sample:
mAU
g PDA Multi §
7.5+ <
5.0
2.57
1 2
] N
T L S B ] T T T T
0 5 10 15 20 25 30 35 40
min
Peak# Ret. Time Area Height Area % Height %
1 27.094 8901 160 1.714 2.050
2 29.769 510388 7649 98.286 97.950
Total 519289 7809 100.000 100.000
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Racemic Sample:

44
Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 254 nm)

mAU
CEES PDA Multi 1
i S o
i & &
100
75
50 |
25
0 ] PYAN A — N
lenanan | ' i T T U T '
0 5 10 15 20 25 30 35
min
Peak# Ret. Time Area Height Area % Height %
1 20.035 3239277 114984 50.092 51.596
2 21971 3227422 107872 49.908 48.404
Total 6466699 222856 100.000 100.000
Enantioenriched Sample:
mAU
250 PDA Multi 1
200 |
150
100 |
50
O -
' I | T ' \ T I
0 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 20.031 6830704 238510 98.927 98.689
2 22.114 74057 3169 1.073 1.311
Total 6904761 241679 100.000 100.000
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MeO

MeO

N

OH

45

Conditions: HPLC (ChiralPak OD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

mAU
1007 ) © PDA Multi 5
[3 S
, o 8
75; ‘ /‘\
50 | \ J |
|
O o A -~ —|
i I i T ' | — T T " ; T
0.0 2.5 5.0 7.5 10.0 12.5 15.0
min
Peak# Ret. Time Area Height Area % Height %
1 8.843 1188162 94811 50.277 53.269
2 10.216 1175064 83176 49.723 46.731
Total 2363226 177987 100.000 100.000
Enantioenriched Sample:
mAU
1504 2 PDA Multi 5
] {‘9
1 |
|
50 /
1 oo}
g |
o]
O_ka\/\w\/k] _
' T T T T T T T T T T L R
0.0 25 5.0 7.5 10.0 12.5 15.0 17.5 20.0
min
Peaki# Ret. Time Area Height Area % Height %
1 8.908 79241 6632 3.748 4.209
2 10.255 2034966 150928 96.252 95.791
Total 2114207 157560 100.000 100.000
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Racemic Sample:

L8
h
H
M 46

Conditions: HPLC (ChiralPak OD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

mAU
R 5 PDA Multi 1
|e f\o.
‘l,"-’ |
\ ‘\
1000 ‘ \
-
el
]
N
500 ‘l
_ ||
] il
[
| UL N
— e —_— —
0 5 10 15 20 25
min
Peaki# Ret. Time Area Height Area % Height %
1| 13.675 25172210 1330370 48.214| 50.106
2 15.061 27037356 1324764 51.786 49.894
Total 52209565 2655134 100.000 100.000

Enantioenriched Sample: HPLC (ChiralPak OD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm),

88% ee
mAU
R PDA Multi 1
2000 ““g
1500 \
1000f l
*\
|,
\ \\ ¢
| s
0 — I Y NN j 7\1/\\‘“/ N\ - S -
1 T ' i
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 12.970 41180227 2060380 93.945 92272
2 14.345 2654071 172559 6.055 7.728
Total| 43834298 2232939 | 100.000 100.000
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N

OH

0]

AGS

Conditions: HPLC (ChiralPak OD-H, 98:2 hexanes/i-PrOH, 1 mL/min, 215 nm)

Racemic Sample:
mAU

40

30.819
33.353

PDA Multi 1

0 10 20 30 40 50
min
Peak# Ret. Time Area Height Area % Height %
1 30.819 2250074 42598 49.531 52.235
2 33.353 2292709 38953 50.469 47.765
Total 4542784 81552 100.000 100.000
Enantioenriched Sample:
mAU
1 5 PDA Multi 1
1000
500
4 [+
| ¥
8
o T
T LR 7 U T T T ] ' -
0 5 10 15 20 25 30 35 40
min
Peak# Ret. Time Area Height Area % Height %
1 29.707 81738609 1345707 92.960 92.748
2 33.233 6190618 105226 7.040 7.252
Totall 87929228 1450933 100.000 100.000
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N

OH
48

CF3

Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 215 nm)

Racemic Sample:
mAU

E’ PDA Multi 1
150 ~ Q
] K
100
50—
o L
T T T ' | ‘ T T T '
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5
min
Peak# Ret. Time Area Height Area % Height %
1 7.437 2081735 158410 49.963 55.259
2 9.356 2084781 128259 50.037 44.741
Total 4166517 286669 100.000 100.000
Enantioenriched Sample:
mAU
PDA Multi 1
1000
750 |
500-
250
0]
' ' ‘ 1 ' T \ |
0.0 2.5 5.0 7.5 10.0 12.5 15.0
min
Peak# Ret. Time Area Height Area % Height %
1 7213 14451879 1180494 94.854 95.840
2 9.164 784004 51241 5.146 4.160
Total 15235883 1231735 100.000 100.000
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N

OH

49

NO,

Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

150 2 PDA Multi 1
] \e
\ g
1 &
100 \
50 ’ \
: I J
' T ' ™ T ' - ' ' ]
0 10 15 20 25 30 35
min
Peak# Ret. Time Area Height Area % Height %
1 18.316 4652315 151199 50.280 | 58.973
2 25.060 4600463 105186 49.720 41.027
Total 9252777 256386 100.000 100.000
Enantioenriched Sample:
mAU
3 PDA Multi 1
. <
®
200 | p \
150 \
100 |
50 <
3
&
0; N~ T /\l
' ' ' T T - ] -
0 10 15 20 25 30 35 40
min
Peak# Ret. Time Area Height Area % Height %
1 18.434 8178740 234085 94.878 96.042
2 25.414 441538 9647 5.122 3.958
Total 8620277 243731 100.000 100.000
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N

OH

50

Br

Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

750 @ PDA Multi 5
CI
S
| |
500 f\
250 R
1 |
| | L_‘J
0] e — —
! — — I T T
0 5 10 15 20 25
min
Peak# Ret. Time Area Height Area % Height %
1 8.725 9843686 717248 50.045 55.182
2 11.024 9825795 582539 49.955 44.818
Total 19669482 1299788 100.000 100.000
Enantioenriched Sample:
mAU
E PDA Multi 5
400 o
300- \
200
100 1 \
L
o LN - N
. . — , ; : —
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 8.750 6018177 422756 95.313 95.920
2 11.042 295931 17984 4.687 4.080
Total 6314108 440740 100.000 100.000
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N

OH
51

OMe

Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

o PDA Multi 5
| o
N n
- )
©
100
50
0 | /\JM/\\_AH%/\___A__J ~ | J kg._l B
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 12.885 2861416 132034 50.060 54.879
2 16.352 2854565 108558 49.940 45.121
Totall 5715981 240592 100.000 100.000
Enantioenriched:
mAU
1 0 PDA Multi 5
150 (F
100 \
|
50
K g
J ©
0 T — -
I — N \ ' ' 1
0 5 10 15 20 25
min
Peak# Ret. Time Area Height Area % Height %
1 12.935 3311341 156673 95.802 96.327
2 16.426 145112 5974 4.198 3.673
Total 3456452 162648 100.000 100.000
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N O
|
)
OH 52 o

Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

125-] 2 § PDA Multi 5
| E <
100 |
75+
50
25
0 N [ . _L A —
— — ; . — —
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 13.636 2935315 121498 50.221 53.059
2 16.342 2909505 107488 49.779 46.941
Totall 5844820 228986 100.000 100.000
Enantioenriched Sample:
mAU
3 PDA Multi 5
~
o
50
25—
2
0_‘,&‘1\/;_‘ l ‘_1
T I T
0 5 10 15 20 25
min
Peak# Ret. Time Area Height Area % Height %
1 13.759 1628948 67370 96.702 96.754
2 16.591 55553 2260 3.298 3.246
Total 1684501 69630 100.000 100.000
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S29

Conditions: HPLC (ChiralPak OD-H, 99:1 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

mAU

5007 S PDA Multi 5
| g
400 | 0
@
i &
300 | \\
200 | ‘
100 | } u
0 1 pﬂw/ L)
0 10 15 20 25 30 35 40
min
Peak# Ret. Time Area Height Area % Height %
1 20.671 17011683 475861 49.881 59.360
2 22.995 17093005 325796 50.119 40.640
Total 34104688 801658 100.000 100.000
Enantioenriched Sample:
mAU -
125 @ PDA Multi 5
] &
100
75
50
25 | o
| & |
0 ] ) _,“.ANTL N — S—
' 7 T | L ' |
0 10 15 20 25 30 35
min
Peak# Ret. Time Area Height Area % Height %
1 21.262 179442 5651 2.660 4.248
2 23.128 6566841 127379 97.340 95.752
Total 6746282 133030 100.000 100.000




(AL

OBz

S30

Conditions: HPLC (ChiralPak OD-H, 99:1 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

mAU
® PDA Multi 1
1 |G
100 ("_ .
] N
®
75 | ’ |
50 J !
25 J \‘ /
S
0 N ——— | l) | e |
] 1 { L I *
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 16.187 3251227 111520 50.858 57.629
2 18.772 3141579 81994 49.142 42.371
Totall 6392806 193514 100.000 100.000
Enantioenriched Sample: i
mAU
2 PDA Multi 1
@
I
50 \
\
25— \
)
| 2 |
0_*,_&\_ L_ o e . jAH o v
‘ ‘ T ' L T
0 5 10 15 20 25
min
Peak# Ret. Time Area Height Area % Height %
1 16.376 50691 1710 2.496 2.798
2 18.676 1980395 59377 97.504 97.202
Total 2031086 61087 100.000 100.000
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S31
Conditions: HPLC (ChiralPak OD-H, 99:1 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

PDA Multi 5
8
3
75
50
25 |
0 _—A_J&A,—’—j -
' ] ' L ' | ' 7 '
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 13.163 3041718 94044 50.216 54.455
2 16.705 3015522 78655 49.784 45.545
Total 6057241 172699 100.000 100.000
Enantioenriched Sample:
mAU
& PDA Multi 5
S
100
50
| T T I T T I T I T
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 13.220 105139 3709 2.116 2.737
2 16.671 4864102 131796 97.884 97.263
Totall 4969241 135505 100.000 100.000
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(j\)?\/@OMe
N

OH
55

Conditions: HPLC (ChiralPak OD-H, 97:3 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

Q PDA Multi 5
<
L£
100
50
0
L | | LI
0 5 10 15 20 25
min
Peak# Ret. Time Area Height Area % Height %
1 15.468 3831520 136172 50.019 54.869
2 17.218 3828672 112004 49.981 45.131
Totall 7660191 248176 100.000 100.000
Enantioenriched Sample:
mAU
40—_ PDA Multi 5
30-
20
10+
. i
l I T T T [ T T
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 15.378 1104567 37797 97.784 97.761
2 17.414 25031 866 2.216 2.239
Total 1129598 38663 100.000 100.000




Racemic Sample:

N

OBz

S32
Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 215 nm)

mAU
> PDA Multi 1
N
° 8
2000 S
1500
1000
500-
0 A _ JM L,\ BVANIVANN R R
: I ‘ R I | |
0 5 10 15 20 25
min
Peak# Ret. Time Area Height Area % Height %
1 5.291 17833478 2309022 49.887 54.735
2 6.323 17914616 1909519 50.113 45.265
Totall 35748094 4218541 100.000 100.000
Enantioenriched Sample:
mAU
4000 s PDA Multi 1
13
3000
2000 \
1000 /
R S N A U
T 1 |
0.0 25 5.0 7.5 10.0
min
Peak# Ret. Time Area Height Area % Height %
1 5.470 992071 124271 2.939 3.176
2 6.485 32757928 3788035 97.061 96.824
Total 33749998 3912306 100.000 100.000
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Racemic Sample:

N

OBz

S33
Conditions: HPLC (ChiralPak OD-H, 95:5 hexanes/i-PrOH, 1 mL/min, 254 nm)

mAU
750 ] 2 PDA Multi 5
_ S 5
N
4 ~
500
250
; — . . | . . — —
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 6.599 6968760 709596 49.860 54.436
2 7.741 7007796 593945 50.140 45.564
Total 13976556 1303541 100.000 100.000
Enantioenriched Sample:
mAU
; ® PDA Multi 5
400 N
300
200 |
100
| ~
. @
[{e]
0 — ANES o -
L T T T T T T T \ T T
0.0 25 5.0 7.5 10.0
min
Peak# Ret. Time Area Height Area % Height %
1 6.817 142258 14233 2.708 3.272
2 7918 5111098 420770 97.292 96.728
Total 5253356 435003 100.000 100.000
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Racemic Sample:
mAU

Yy
N F

OBz
Conditions: HPLC (ChiralPak OD-H, 97:3 hexanes/i-PrOH, 1 mL/min, 254 nm)

S34

5 PDA Multi 5
200 5
150-]
100
50
0
I I T I I I
0 5 10 15 20 25 30
min
Peak# Ret. Time Area Height Area % Height %
1 20.362 5527800 216631 49.927 50.023
2 21.781 5543998 216433 50.073 49.977
Total 11071798 433064 100.000 100.000
Enantioenriched Sample:
mAU
PDA Multi 5
200
100
0 1
T 1 i
0 5 10 15 20 25 30
min
Peaki# Ret. Time Area Height Area % Height %
1 20.293 6969940 260619 97.547 97.271
2 21.806 175260 7313 2.453 2.729
Total 7145200 267932 100.000 100.000
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0]
N OMe

OBz

S35

Conditions: HPLC (ChiralPak OD-H, 99:1 hexanes/i-PrOH, 1 mL/min, 230 nm)

Racemic Sample:

mAU
® PDA Multi 3
50 %
P
g
25+
0__/JL_—_ -_-—W————»—q f _ A
' ' — T T ' T — T ' ‘
0 10 20 30 40 50 60
min
Peak# Ret. Time Area Height Area % Height %
1 35.248 3198848 51696 50.115 60.631
2 43.024 3184114 33568 49.885 39.369
Total 6382962 85264 100.000 100.000
Enantioenriched Sample:
mAU
200 8 PDA Multi 3
] o
150
100~
50 -
ol ;
I T T I l
0 10 20 30 40 50
min
Peak# Ret. Time Area Height Area % Height %
1 35.180 717200 13554 2.920 6.501
2 42.708 23844062 194925 97.080 93.499
Total 24561263 208479 100.000 100.000
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N

0Bz

OMe
OMe

S36

Conditions: HPLC (ChiralPak OJ-H, 95:5 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:
mAU

PDA Multi 1
150
100
50—
0 | SR L
‘ L B —T ; .
0.0 2.5 5.0 7.5 10.0 12.5 17.5
min
Peak# Ret. Time Area Height Area % Height %
1 13.454 3174035 168993 50.107 52.266
2 15.074 3160533 154337 49.893 47.734
Total 6334568 323331 100.000 100.000
Enantioenriched Sample:
mAU .
300 PDA Multi 1
200
100+
ol N o V ,
0 5 10 15 20
min
Peak# Ret. Time Area Height Area % Height %
1 13.856 5250265 302329 97.814 97.974
2 15.529 117347 6252 2.186 2.026
Total 5367612 308582 100.000 100.000
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N

OH

OTBS

87

Conditions: HPLC (ChiralPak OD-H, 98:2 hexanes/i-PrOH, 1 mL/min, 215 nm)

Racemic Sample:
mAU

] « PDA Multi 1
N
4 ~ [=]
S
500 ha
250
o,, R _AJL—.,/\ l —
, . . . — — . — .
0 5 10 15 20 25
min
Peak# Ret. Time Area Height Area % Height %
1 7.712 11318560 583744 50.732 55.289
2 11.060 10991802 472069 49.268 44711
Total 22310363 1055812 100.000 100.000
Enantioenriched Sample:
mAU :
500_: PDA Multi 1
400
300 |
200 |
100 9
i @
0 AN JAN J
i 1 T T T R T T 1 T '
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
min
Peaki# Ret. Time Area Height Area % Height %
1 7.865 732079 37076 5.538 6.835
2 11.149 12486313 505366 94.462 93.165
Total 13218392 542442 100.000 100.000
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2.10 X-Ray Crystallography Data

General information: The diffraction data were measured at 100 K on a Bruker D8 VENTURE
diffractometer equipped with a microfocus Mo-target X-ray tube (4 = 0.71073 A) and microfocus
Cu-target X-ray tube (A = 1.54178 A) and PHOTON 100 CMOS detector. Data were collected
using ¢ and ® scans to survey a hemisphere of reciprocal space. Data reduction and integration
were performed with the Bruker APEX3 software package (Bruker AXS, version 2017.3-0, 2018).
Data were scaled and corrected for absorption effects using the multi-scan procedure as
implemented in SADABS (Bruker AXS, version 2014/5, Krause, Herbst-Irmer, Sheldrick &
Stalke, J. Appl. Cryst. 2015, 48, 3-10). The structure was solved by SHELXT (Version 2018/2:
Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3-8) and refined by a full-matrix least-squares
procedure using OLEX2 (O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard and H.
Puschmann. J. Appl. Crystallogr. 2009, 42, 339-341) (XL refinement program version 2018/3,
Sheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8). Crystallographic data and details of the data

collection and structure refinement are listed below for Mo radiation and for Cu radiation.

Specific details for structure refinement: All atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included in idealized positions for structure factor calculations
except those bound to oxygen atoms O1 and O3. These hydrogen atoms were located in the
difference Fourier map and allowed to be refined freely. All structures are drawn with thermal

ellipsoids at 50% probability (Mo-radiation).
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Figure 2.5. ORTEP representation of 87.

Ccls

C19

Cl1

Crystal data and structure refinement for data collected with Mo X-ray tube (4 = 0.71073 A).

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

pr°

v/°

Volume/A3

Z

Pealeg/cm’

w/mm-!

F(000)

Crystal size/mm®
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A=
Flack parameter

Cc33

C34

C35 C36

C37

0584 lisnyak
C1oH33NO,S1

335.55

100(2)

monoclinic

P2,

17.1344(10)

6.5231(4)

18.2696(11)

90

100.047(2)

90

2010.7(2)

4

1.108

0.126

736.0

0.36 x 0.32 x 0.24

MoKa (A =0.71073)

4.528 t0 55.996
-22<h<22,-7<k<8,-23<1<23
62733

8335 [Rint = 0.0487, Ryigma = 0.0486]
8335/1/433

1.028

R1=0.0368, wR, =0.0686
R1=0.0585, wR, =0.0742
0.33/-0.21

0.02(3)
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Crystal data and structure refinement for data collected with Cu-target X-ray tube (A= 1.54178 A).

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

pr°

v/°

Volume/A3

Z

Pealeg/cm’

wmm'!

F(000)

Crystal size/mm®
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter

Rint:2|F02‘<Foz>|/2|F02|
R1:2||Fo|‘|FcH/Z|F0|

WR2 = [ [w (Fo> —F2)?] / Z [w (Fo?) 212

0608 lisnyak
C1oH33NO,S1

335.55

100(2)

monoclinic

P2,

17.1453(12)

6.5277(6)

18.2721(14)

90

100.099(5)

90

2013.3(3)

4

1.107

1.089

736.0

0.32 x0.14 x 0.12

CuKa (A =1.54178)

4.912 to 150.626
21<h<21,-7<k<6,-22<1<22
22270

7436 [Rint = 0.1597, Rgigma = 0.1702]
7436/1/427

0.986

R1=0.0847, wR,=0.1921
R1=0.1523, wR2=10.2339
0.75/-0.48

0.05(5)

Goodness-of-fit = [Z [w (F,> " F?) 2]/ (n-p)'”?
n: number of independent reflections; p: number of refined parameters
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CHAPTER 3

SYNTHESIS OF AZA-QUATERNARY CENTERS VIA

PICTET-SPENGLER REACTIONS OF KETONITRONES



3.1 Introduction

The tetrahydro-f-carboline core is a privileged scaffold found in many natural products,
folk medicines, and pharmaceuticals.! Due to the diverse biological activities and complex
structures of these and other related indole-containing compounds, there has been substantial
investigation into the synthesis of the B-carboline skeleton. The most prominent example, the

Pictet-Spengler reaction, %

is one of the most widely used methods for the construction of
tetrahydro-B-carbolines, especially as a result of recent advancements in asymmetric methods
promoted by organocatalysis.* Although less common, because of the sterically demanding nature
and lower reactivity of the requisite ketimine starting material, the 1,1-disubstituted-p-carboline
framework is found in a significant array of alkaloids, drug candidates, and useful building blocks
as exemplified by 1-5 in Figure 3.1.° However, effective methods to racemically or
enantioselectively access such aza-quaternary centers via Pictet—Spengler reactions are quite

rare. 067

Figure 3.1. Selected structures of natural products and drugs containing a shared B-carboline
framework (colored in blue) with an aza-quaternary center (highlighted in green).

F

MeO,C™ X0
1: (-)-subincanadine B 2: ophiorrhine A

4: (+)-arborisidine 5
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The Pictet—Spengler reaction was first discovered in 1911 by the reaction’s namesakes
Amé¢ Pictet and Theodor Spengler, yet, it was 17 years before Tatsui found that tryptamine (8)
could be employed as the amine component to produce 1-methyl-2,3,4-tetrahydro-p-carboline 9
(Scheme 3.1).2 Since this breakthrough, the Pictet-Spengler reaction has become one of the most
commonly utilized methods in the synthesis of indole alkaloid compounds. Despite its widespread
use, it was not until 2004 that the first catalytic, enantioselective Pictet—Spengler reaction was
reported by the Jacobsen group (Scheme 3.2).4% By reacting tryptamine derivatives (10) with
various aldehydes and subsequent addition of AcCl, they generated N-acyliminium ions to enhance
the low reactivity of the corresponding imines. This, in combination with a chiral thiourea
hydrogen bonding catalyst (12), successfully promoted the desired cyclization to 11 in an
asymmetric fashion. Soon after, List and co-workers demonstrated that geminally disubstituted
tryptamines 13 (relying on the Thorpe—Ingold effect) and aldehydes could be treated with chiral
phosphoric acids (15) to form tetrahydro-B-carbolines (14) in high enantioselectivity.*’ While both
precedents are innovative in their own right, with many other exemplary works published since,
the synthesis of 1,1-disubstituted-tetrahydro-p-carbolines through Pictet—Spengler reactions

remains a challenge today.

Scheme 3.1. Discovery of the Pictet-Spengler reaction.

Pictet and Spengler (1911):

NH,
_

B-Phenylethylamine (6) Tetrahydroisoquinoline
(THIQ, 7)
Tatsui (1928):
W e, W
H,SO,
Tryptamlne (8) 1-Methyl-2,3,4-tetrahydro-B-carboIine
(THBC, 9)
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Scheme 3.2. Foundational precedents for asymmetric Pictet—Spengler chemistry with organocatalysts: (a)
Jacobsen’s work with thioureas; (b) List’s procedure utilizing phosphoric acids.

(@)

— 1) R2CHO (1.05 equiv)
R1 A R1 —
WNHZ 3A MS or Na,SO, _ Q_Q\N‘Ac I/Bu\l/ )SJ\
N 2) AcCl (1.0 equiv) N o N~
H 2,6-lutidine (1.0 equiv) H R? +Bu TOK\H H !
10 Cat. (5-10 mol %) 11 Ph
Et,0, —78—-30 °C, 1 d 12 \U
(65-81% yield)
(85-95% ee)
(b) R
COEt CO,Et O
— cO,Et R°CHO (1.5 equiv) ¢, — CO,Et (0]
RC 2= Cat. (20mol %) 1K 2 P
N N NH - N/ \ NH / “OH
N toluene, =30 °C N A 0
H 3-6d H R2
13 (40-98% yield) 14 15 R
(62-96% ee) [R = 1,3,5-i-PrCqHy]

Indeed, in our own recent total synthesis of (+)-4, although the racemic variant worked
well, we could not directly form the lone chiral center of § as a single enantiomer from achiral
starting materials via a Pictet-Spengler reaction.”" Instead, as seen in Scheme 3.3, we performed
a diastereoselective Pictet—Spengler reaction with D-tryptophan methyl ester (16), followed by an
eloquent decyanation protocol to afford the desired aza-quaternary center (5). In a recent synthesis
of the same target by Zhu and co-workers, extensive investigations ultimately achieved an
enantioselective synthesis of 20 (in 86% ee) through the identification of a highly specific
squaramide catalyst, despite requiring prolonged reaction times (12 days).’ Nonetheless, this
precisely exemplifies that if developed, methods such as this can lead to improvements of already
highly efficient syntheses, with the Zhu route providing 4 in almost half the step-count of our own
synthesis. To further illustrate the difficulty of this task, there is only one other example of an
asymmetric procedure involving non-spirocyclic 1,2-dicarbonyls, which used a-ketoamide-

derived ketimines and stoichiometric, chiral chlorosilanes to promote the reaction.®
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Scheme 3.3. Previous approaches using Pictet—Spengler reactions to access key intermediates in the total
syntheses of arborisidine (4): (a) Snyder and co-workers; (b) Zhu and co-workers.

(@)

NC
2,3-butadione NaBH3;CN
— > |uN_ ) 4-CF4CgH,CHO
HN- TFA, MeOH, 60 °C \ -« AN
N (50%) H MeOH/THF, 65 °C N
H : 9 (71%) H
8 [Racemic] 5 O 19
(6 steps to (+)-4] then TFAA o
EtsN, THF | (96%)
Me0,C, “HC! MeO,C H,NOC,
HoN ) 2,3-butadione HN J NH3, MeOH HN J
N MeOH, 65 °C N N
H (95%, 1.9:1 dr) o H 5 H
D-Trp-OMe-HCI (16) [Diastereoselective] 17 18
(b) 2,3-pentanedione (1.2 equiv)

Squaramide Cat (20 mol %)
p-nitrobenzoic acid (15 mol %)

toluene (0.04 M)
HoN- 5AMS, 5°C, 12d

H then Boc,O, EtgN
(53%, 86% ee)

(-)-arborisidine (4)

Inspired by this challenge and our recent work using nitrones in Mannich-type reactions
(Chapter 2),” we thought it would be highly desirable to establish a robust method applying
nitrones to make tetrahydro-p-carbolines bearing aza-quaternary centers. Though a limited number
of nitrone-based Pictet-Spengler reactions have been published (see Chapter 1 for more details),®
the conditions employed in these examples usually require strong acids and/or high temperatures
to transform aldonitrones like 21 to cyclized products 22 (Scheme 3.4).8f Further studies also
disclosed the ability to provide reagent-based enantiocontrol for this type of reaction, albeit the
need for superstoichiometric quantities of the reagent. Furthermore, to the best of our knowledge,
just one case of a successful reaction with a ketonitrone, in which acetone was used to generate
that species, was reported in a racemic format®® This lack of examples may reflect that
ketonitrones are generally less reactive than their aldonitrone counterparts. Nevertheless, it has

been shown in separate studies that N-acyloxyiminium ions (24), formed by the reaction of nitrones
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(23) with acyl halides, have greatly enhanced reactivity and can undergo reactions with a wide
range of nucleophiles to form materials of type 25.” We anticipated that such a mode of activation
might enable Pictet—Spengler chemistry to proceed when it otherwise would not (i.e. with

electronically or sterically unfavored ketonitrones).

Scheme 3.4. Inspiration for our unique approach to access the desired framework.

(a) o2 TFA(3equiv)
\ @ II\JI\ 23 °C to reflux \ N-oH
N

N R (6392%yield)
H [6 examples] H R
21 22
R1\® R1\® Nu R
N Rz B NR2 | — > TONTR?
00 OBz —781023 °C) OBz
(61-99% yield

23 24 [7 examples] 25

Herein we present a distinct approach for the synthesis of tetrahydro-B-carbolines with aza-
quaternary centers through Pictet-Spengler reactions of ketonitrones, taking advantage of the
amplified reactivity of their N-acyloxyiminium analogues. This process has been demonstrated, in
both racemic and asymmetric formats, to provide rapid and high-yielding access to variety of such
1,1-disubstituted materials, many of which are novel compounds that have never been synthesized
by Pictet—Spengler or other reactions. Finally, as illustrated by some concluding transformations,
the resultant N—O bond in the products can be used to generate compounds that would otherwise
be more challenging to obtain from materials fashioned through a traditional imine-based Pictet—

Spengler approach.

3.2 Establishment of the Racemic Pictet—Spengler Reaction of Ketonitrones

Our studies began with efforts to affect a racemic version of the process, exploiting N-

hydroxytryptamine 29 as our key precursor to synthesize a library of ketonitrones. To prepare this
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compound, we initially attempted to use the same synthetic approach as Nakagawa and co-workers
(Scheme 3.5).3" This 3-step procedure included: 1) the condensation of 3-indolecarboxaldehyde
(26) with nitromethane in the presence of ammonium acetate, 2) subsequent reduction of the alkene
using sodium borohydride to 28, and finally 3) a partial reduction of the nitro group with Zn dust
and aqueous NH4Cl or aluminium amalgam to give the desired N-hydroxytryptamine (29). Though
Nakagawa reported a modest 46-55% yield for the last step, in our hands this reaction was quite
messy and even lower yielding. Hence, we designed a new, simple synthetic route to the vital V-
hydroxytryptamine (29). Our 2-step procedure utilized a Mitsunobu reaction! between tryptophol
(30) and N,0-Di-Boc-hydroxylamine, followed by a facile Boc-deprotection!! under acidic
conditions to afford 29 in a 49% yield overall (Table 3.1). It should be noted that substitution with
alternative acids (such as TFA or HCI) produced 29 in lower yields. An alternative protocol
involving 3 steps (oxidation to aldehyde, oxime formation, reduction to 29) was also identified for

substituted indoles that were not compatible with our 2-step approach (see Experimental Section).

Scheme 3.5. Previously reported synthesis of N-hydroxytryptamine (29).

NO,
Q_f\ NH4OAc AcOH
\
CH3N02 N
H
26 27
Messy
*Low yielding NaBH,
MeOH
Zn, NH,CI
THF/H,0
\ HN-OH -~ \ NO,
or
i o h
29 2 28

Next, we prepared ketonitrone 32, which is an easily purifiable, bench-stable solid, as our
inaugural substrate via condensation of 29 with acetophenone (31) on gram-scale under catalytic

acidic conditions (Table 3.1).88 We quickly found that if this compound was combined with 1.05
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equiv of benzoyl chloride in the presence of 4A molecular sieves in CH>Cl> at 23 °C, the desired
product (33a) was obtained in 86% yield after just 30 min, which was unambiguously confirmed
by X-ray crystallographic analysis. Of note, the presence of molecular sieves was crucial to prevent
deterioration of the yield due the hydrolysis of the N-acyloxyiminium species formed in situ
(Scheme 3.6, see S46 Experimental Section).’®!? Pleasingly, all acyl chlorides screened performed
well under the reaction conditions irrespective of their steric bulk or electronic properties (entries
2-5), though ultimately phenylacetyl chloride imparted the highest yield at 95% and was chosen
as our activator to explore the scope of the reaction. This compatibility of an assortment of acyl
chlorides further demonstrates the synthetic utility of the reaction; for example, it can be used for

selective protection/deprotection sequences and rapid structure—activity relationship studies.

Table 3.1. Synthesis of nitrone 32 and screening of acyl chlorides to determine
optimized conditions to generate 33.2

1) BocNH-OBoc
WOH DIAD, PhsP WN-OH
2) TMSCI, MeOH

N N
H (49% overall) H
30 29
31 0 AcOH
MgSO4
F>h)K (96%)

W RCOCI o
{ Ng R (1.05 equiv) { ®N-©O
. S

4A MS, 23 °C H
33a-e 0.5h 32
Entry R Product Yield [%]
1 Ph 33a [X-ray] 86
2 Me 33b 86
3 tBu 33c 88
4 OMe 33d 87
5 CH,Ph 33e 95
@ Final reactions were performed with 32 (0.25 mmol) under argon.

With optimized conditions in hand, we turned our attention to the substrate scope of the

reaction, as presented in Table 3.2. A wide variety of ketonitrones could be synthesized and
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undergo the established Pictet—Spengler reaction in yields ranging from 71-97% for 40-57 when
phenylacetyl chloride was used as the activating species. Some ketonitrones were isolated as
inseparable E-/Z- mixtures (see Experimental Section), but this element did not affect the outcome
of these racemic reactions. Both aryl and heteroaryl substituted ketonitrones afforded products
(40-45) in good yields (83-97%); as expected, precursors with electron-deficient groups produced
higher yields. While alkyl substrates (46-49) generally worked well, steric hinderance slightly
lowered the yield, as indicated by 48 with a moderate 74% yield. Pleasingly, ether-, ester-, and
ketone-substituted nitrones were highly effective under these conditions (50-53). Although
materials leading to spirocyclic adducts 54-57 had high yields (86-85%), we found that substrates
with extended ring sizes (59 and 60) or an indanone-based system (58) resulted in significantly
lower yields (<50%). Compounds of this type are known to be challenging in the imine variant of
this, and related, reactions.!® Suspecting that prolonged reaction times may be causing increased
decomposition/hydrolysis of the N-acyloxyiminium ion, we switched to a more sterically hindered
acyl chloride (PivCl) to attempt to slow down the intermolecular decomposition/hydrolysis
pathways, while still providing ample activation of the ketonitrone necessary for cyclization to
occur (Scheme 3.6). As proposed, the yields for 58-60 were significantly enhanced. Therefore, we

recommend to apply PivCl for any ketonitrones that are ineffective with other acyl groups.

Scheme 3.6. Proposed hydrolysis / decomposition pathways.

O (0} (0] (0]
R 3 3
H.0 )R >R | cacoc o>\—R
@®N- o =—= \ N-O — { N-O — > { N-
\ cl L R'COR? © A
N 1 2 N 1 2 N N 3
R R H R(OR H R (6]
34 = 35 36 37
O (@) (0]
- - -
0 I _0 _0
(o =g v |=Qrf ¥
N 1 2 N 1 2 N 3
H R H R ClR R (@]
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Table 3.2. Exploration of substrate scope with various ketonitrones.2

o PhCH,COCI
{ @J,\[O or PivClI (1.05 equiv)> \ N-oR3
NT g7 R 'CH,Cl, (0.2 M) N R2
H 4AMS, 23°C, 0.5 h H R
38 39

1
(83%) (95%)
O O
>\\/Ph >\\/Ph >\\/Ph
\ N-o \ N-o y\ N-o
N N N S N 0
H N H | H |/
43 44 45
(87%) (96%) (93%)
(0] O
>\\/Ph >\\/Ph >\\/Ph
\\  N-o \ N-o
N N N
H H
47 48
(97%) (85%) (74%)
O (0] O
Ph Ph Ph
\ N~o>x\/ \ N~o>\\/ \ N*O»\/
H H H
49 50
(71%) (87%) (96%
O (0]
>\\/Ph Ph Ph
{ Mo { N~o»\/ >\\/
H H
(6] (0]
52 53
(92%) (80%) (95%
(e} (0] O
>\\/Ph »\/Ph >\\/Ph
-0 \ N-o \ N-o
N N N
H

94%) (91%
Q—%OPIV @_%jjﬂv
(90%) (72%) (54%)
(27% with PhCH,COCI) (48% with PhCH,COCI) (35% with PhCH,COCI)

2 Final reactions were performed with 34 (0.25 mmol) under argon.
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Notably, the only limitation identified for our racemic method was that we could not
condense 29 with ketones that possessed a very sterically encumbered (i.e. if R! or R? = ¢-Bu) or
electron-deficient group (i.e. if R! or R? = CF3), even at elevated temperature. However, as long

as the ketonitrone could be made, the Pictet—Spengler reaction was always successful.

We next examined the extent to which the electronic properties of the indole core could be
modulated. As seen in Table 3.3, and as expected, substrates with electron-donating groups
proceeded smoothly to generate 63 and 64 in high yield (92% and 90%, respectively). The
compounds with weakly electron-withdrawing bromine substituents (65 and 66) also performed
well with 83% and 74% vyields, respectively. To our delight, indoles with strongly electron-
withdrawing groups (67 and 68) successfully underwent the cyclization in modest yield (62-65%).
These results were surprising due to the very low yields seen in standard, imine-based Pictet—
Spengler reactions with electron-withdrawing substituents on the indole core,'* highlighting how

our system utilizing activated nitrones provides enhanced electrophilicity that can broaden scope.

Table 3.3. Continued exploration of substrate scope using substituted indoles.2

S PhCH,COCI Ph
RE / ®N-O (1.05 equnv N- »\/
\ \ o

4A MS, 23°C 05h

61
Br
j_ e J P )\/Ph
(92%) (99%) (©5%)
Ph 3P »\/Ph
N- o N- o /Q_/QN 0
(73%) (65%) (62%)

2 Final reactions were performed with 61 (0.25 mmol) under argon.
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Interestingly, when we attempted to construct product 53, it was found that the HCI formed
during the reaction could affect the cyclization of the starting material directly from the ketonitrone
without generation of the N-acyloxyiminium ion. Further exploration showed that compounds 49,
52, and 53 with highly favorable electronics (i.e. highly electrophilic nitrone intermediates) could
all be cyclized to their free hydroxylamines (71-73) by simply reacting the selected ketone with
29 under catalytic acidic conditions at room temperature (Table 3.4). The ease of this reaction was
unexpected considering the only ketonitrone-based Pictet—Spengler example in the literature at the
time (with acetone as the ketone precursor) required excess TFA and reflux conditions to promote
the cyclization.?¢ In general, however, the majority of our substrates were ineffective without the
formation of the N-acyloxyiminium intermediate, as demonstrated when acetophenone was
employed in this procedure (no detection of 69). I would like to acknowledge that Sarah Greta, my
undergraduate colleague, synthesized several starting materials and contributed significantly to the

examples in the substrate tables discussed.

Table 3.4. Investigation of direct cyclizations without acyl chloride additive.

AcPh (5.0 equiv)

AcOH (0.5-1.0 equiv)
W\N—OH MgSO, (3.0 equiv) _ Q_QN—OH
N N
H 29

MeOH (0.15 M) Ph
23°C, 16 h 69
(2.0 equiv)
AcOH (0.5 equiy)
W\N ~OH  MgSOy, (3.0 equiv) N @—QN_OH
MeOH (0.15 M) N
23°C, 16 h H
QQ @FQ QQ on
(9?31/ ) (8?3%/ ) 4?5%/ )
° ° [NI\SIR Yield]
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3.3 Optimization and Scope of an Asymmetric Variant of the Reaction

In addition to the racemic method described above, efforts were also placed on establishing
an enantioselective variant. Attracted by reports of thioureas having the ability to promote
enantioselectivity by inducing the dissociation of chloride counterions and their precedented use
in promoting asymmetric Pictet-Spengler reactions, we began our investigation by testing
different thiourea catalysts.**®!> Our first effective hit came when the reaction was run with 32,
benzoyl chloride, 20 mol % loading of a thiourea catalyst (74), and 4 A molecular sieves in CH>Cl,
at a concentration of 0.015 M at —78 °C; product ent-33a was observed in a satisfactory 79% yield
and modest 51% ee (Table 3.5). Next, a change in solvent to toluene increased the
enantioselectivity to 64% ee, although with a slight decrease in yield (52%). A screening of
additional catalysts was able to further enhance the enantioselectivity to 81% ee with catalyst 79,

but could not provide any solution to the low yield of the reaction.

Table 3.5. Selected exploration of varied catalysts to achieve asymmetric cyclization of nitrone 32 using BzCI.2

© Catalyst (20 mol %)
MO BzCl (1.05 equiv) @—QN‘OBZ

N ph _toluene (0.015 M) N :"Ph
H 4A'MS, 78 °C, 0.5-2 h H
32 ent-33a
CF,4 CF,4 CF,
SOV S B sSNe!
Pho N_ _~ N_ - N_ -
YO UONTN CFy Bn Y N7 N CFy  Me” 7 N” N CF,
H H H H H H
Ph O o} o)
74 75 76
(CH4Cly: 79%, 51% ee) (CHLCly: 77%, 36% ee) (ND, 48% ee)
(toluene: 52%, 64% ee) (toluene: 52%, 55% ee)
li-Bu\l/ S I\llle\l/ S I?n\lr/ S Bn Y S
N . N . N . N .
iBu” \HANJ\N‘ Me” \H/\NJ\N‘ Me” NJ\N‘ Me” NJ\N‘
o H H § o H H 6 H H 6 H H
Ph Ph Ph Ph
W hva I W
77 78 79 80
(ND, racemic) (<20%, 76% ee) (<20%, 81% ee) (<20%, 77% ee)

2Final reactions were performed with 32 (0.09 mmol) under argon.
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When different thiourea catalysts could not provide a solution, we transitioned to adjusting
other parameters of the reaction in an effort to boost the yield and enantioselectivity. Though many
acyl chlorides were subsequently screened (4-OMeBzCl, 4-CIBzCl, 4-NO,BzCl, 4-CF;BzCl, 2-
CF3:BzCl, 3,5-CF3BzCl, AcCl, PivCl, methyl chloroformate, PhCH,COCI, Pho,CHCOCI, 9-
anthracenecarbonyl chloride, 1-naphthoyl chloride), none supplied substantial improvements over
BzCl. Additionally, the multiple chiral auxiliary-based acyl chlorides tested were not able to
induce good diastereoselectivity (~1:1 dr). Unexpectedly, Bz,O was unable to form the desired N-
acyloxyiminium species, and thus no reaction occurred. All acid (HCI) and base (2,6-1utidine, 2,6-
di-tert-butylpyridine, pyridine, 4-DMAP, i-ProNEt, TMPDA) additives caused detrimental effects
to the enantioselectivity of the reaction. Other solvents probed either led to no reaction (Et2O or
hexanes), explained by poor solubility of the ketonitrone, or lower enantioselectivity (MTBE).

Finally, chiral phosphoric acids were not successful in promoting the desired cyclization.

After this exhaustive screening of catalysts and other variables under the benzoyl chloride
system, we opted to change the activator to benzoyl bromide based on the known effect halide
counterions can have on thiourea binding.!> Furthermore, bromide has been demonstrated to be a
better counter anion than chloride to predominately form N-acyloxyiminium ions without
observation of halide addition to the C=N bond of the species (Scheme 3.6), which we thought
may be beneficial to improve yields by slowing decomposition pathways.’® We then rescreened
our collection of catalysts that were purchased, donated by Merck, or synthesized according to
literature procedures,* ¢ with key results shown in Table 3.6. Following this change in activating
species, we finally saw retention of good yield in combination with high enantioselectivity for
almost all the catalysts tested. There were a few exceptions with low enantioselectivity, such as

when the methyl substituent on the amide of the catalyst was replaced with a longer carbon chain
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(i-Bu, 77) or the thiourea was substituted with a squaramide (90). Also, while Takemoto's
bifunctional chiral thioureas 88 and 89 did not perform well, these results showed that reversing

enantiomers of the catalyst could provide equal but opposite enantioselectivities (—41% ee and 41%

ee).
Table 3.6. Exploration of varied catalysts to achieve asymmetric cyclization of nitrone 32 using BzBr.2
Catalyst (20 mol %)
®N—o® BzBr (1.05 equw N-0Bz
\ )I\
N ph toluene (0.015 M)
H 4AMS—78°C 052h
32 ent—33a
S BORNNN ¢ VoI 54 VoI o4
" . . ) ,N
jo]AH N > o) ” \ v E/\H H N e
Ph Ph Ph o
(60%, 80% ee) (ND, 40% ee) (45%, 79% ee) (ND, 15% ee)
I \l/ Me\l/ Me\l/ 'Yle
N N N Ph N
Bu” T]AH n-Pen” m/\” n-Hex” j]/\N Y H
o] 0 N__ph Ph O
(ND, 69% e€) (ND, 70% ee) (ND, 70% e€) (55%, 37% ee)P
Me\l/ i . \l/ CF3 CF3
Ph _N_ -~ . Ph
Ty e 215 ﬁl 9
Ph O N _1-Nap Ph O 2-Nap FsC H H FsC H
A U N N
86 88 89
(ND, 81% ee)® (ND, 85% ee)P (ND, —41% ee) (ND, 41% ee)
CFs4 CFy CFs4
S S CFs \l/ \I/
Me = N H
N N N/Q \H/\NJ\N CF, J\N CF; FiC NJ\
. H H H H H H
Bn CF4 o} N
© ) 91 92 93 s
(ND, 21% ee) (ND, 80% ee)P (ND, 59% ee)P (ND, -63% ee)° O
[Merck] [Merck] [Merck]
CF,4 CF, CF, CF,
S SOV SOV SE Q
N4 N A N~
Bn jg/\u N CFs Bn I NN CF, Me I NN CF, \n/\N CF4
94 95 76 75
(ND, 73% e€) (52%, 79% ee) (50%, 80% ee) (53%, 82% ee)
CF4 )/ CFs4 CFy CFy
Ph
it ! WPt SO
Ph.__N__~ Ph._N__~ Ph. _N__~
P T e i T I o i m”N OFa
Ph O Ph O Ph O
96 97 98

(ND, 83% e€) (ND, 79% ee€)

(ND, 68% e€) (75%, 83% ee)

a Final reactions were performed with 32 (0.09 mmol) under argon; © Catalyst (10 mol %); © very challenging or unsuccesful

separation of catalyst and product.
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Ultimately, catalyst 74 delivered the best results with a 75% yield and 83% ee (boxed in
Table 3.6). This result implies that our reaction may not be going through a traditional anion
binding mechanism since a switch to bromide under that system would normally lead to a decrease
in enantioselectivity.*® Hence, we propose that the catalyst instead could be interacting with the
carbonyl of the N-acyloxyiminium species, as well as the benzene ring of the Bz group. In support

of the latter proposal, when AcBr was used as the activating species, the ee of the product dropped

by ~10%.

Following extensive optimization of catalyst loading, molarity, and temperature, the
reaction afforded the best results in combination with ease of reaction set-up when conducted using
10 mol % catalyst loading of thiourea 74 in toluene at —78 °C and a concentration of 0.01 M (Table
3.7, entry 6). However, when the reaction was run on scale (0.25 mmol) the yield and
enantioselectivity slightly decreased to 83% and 82% ee, respectively (see Table 3.8, ent-33a).

Table 3.7. Optimization of reaction conditions with thiourea 74.2

Catalyst 74 (X mol %)

O .
Mo BzBr (1.05 equiv) X Q—Q\I_OBZ

H Ph toluene (X M) H : Ph
32 4A MS, Temp, 0.5 h ent-33a

Entry (X mol %) M (mol/L) Temp (°C) Yield [%] ee [%]

1 20 mol % 0.015 -78 °C 75 83
2 5 mol % 0.015 -78°C 59 77
3 10 mol % 0.015 -78°C 83 83
4 10 mol % 0.02 -78°C 83 78
5 10 mol % 0.005 -78 °C 85 85
6 10 mol % 0.01 -78°C 85 84
7 10 mol % 0.01 -93°C 90 82

2 Final reactions were performed with 32 (0.09 mmol) under argon.

As indicated in Table 3.8, ketonitrones possessing a variety of appended benzene rings

(ent-33a, 101-104) all performed well in the reaction (75-83% yield, 80-83% ee), with no dramatic
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differences based upon the electronics of the substituents on the benzene ring or indole core. The
absolute configuration of all the products was determined by analogy of the X-ray crystallographic
analysis of 102. This crystallization provided enantioenrichment to afford 102 in near optical
purity (99% ee by HPLC analysis), which we believe could be applied to enhance the enantiomeric
excess of other products as well. These results in terms of enantioselectivities are comparable with
Zhu’s results for aza-quaternary center generation with only a single compound (Scheme 3.3, 20,
53% yield, 86% ee), yet our method provides much higher yields and significantly faster reaction
times. In addition, substrates with a heterocyclic substituent (pyridine 105 or thiophene 106) also
worked well, though with a decrease in enantioselectivity (55% ee and 53% ee, respectively). All
nitrone precursors for Table 3.8 were determined to be the E-isomers via NOESY experiments,
except for the formation of substrate 106, which had a Z-nitrone precursor. Hence, this product
was assigned as the opposite enantiomer. Noting that, unlike as discussed earlier with the racemic
variant of the reaction, the ketonitrones must be obtained as single regioisomers to provide the
opportunity for enantiocontrol. Since most alkyl-alkyl nitrones were isolated as inseparable E-/Z-
mixtures, we were only able to test one example (107) that resulted in a modest enantioselectivity
of 62% ee. Here, a 7:1 mixture of E-/Z- nitrone isomers used for the synthesis of 107. By contrast,
when a 1:7 mixture of E-/Z- nitrone isomers was utilized, a —49% ee was obtained, although a
yield for this conversion was not reported because we were unable to perform this reaction on
scale. Consequently, we were able to show that E-/Z- isomers gave approximately equal, but
opposite, enantioselectivities under the optimized conditions. Disappointingly, the presence of an
additional carbonyl group (like in 108) was unsuited for this asymmetric version of the reaction
and led to products with poor enantioselectivity (16% ee). This can be attributed to the competing

racemic background reaction, which effects this electronically favored substrate more than the
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others. Additionally, when the indole core had a strongly electron-withdrawing substituent (-CF3
or -CN) no desired product could be detected and only the undesired hydrolysis side-products were

obtained (not shown).

Table 3.8. Substrate scope for an asymmetric version of the reaction promoted by thiourea 74.2

R1\/ O@ 74 (10 m0| o/&3) R1\/
N / \ ®N BzIBr (1 .(()5 eql;/ll\)/) g N / \ N-0Bz
N~ R2” > Rs ato uene (0.01 N R3
H 4AMS, -78°C, 0.5 h H R?
99 100

102 [X-ray] Br
(80%), 80% 66) o
(99% ee after recrystallization)

OMe

106 107 108
(82%, —53% ee) (60%, 62% ee) (74%, 16% ee)

@ Final reactions were performed with 99 (0.25 mmol) under argon;
b performed in toluene:CH,Cl, (4:1).

3.4 Selected Transformations of Pictet—Spengler Products

To further illustrate the wvalue of the developed methodology, supplementary
transformations were executed on our original model substrate 33e, as shown in Scheme 3.7. First,
a facile N—O bond cleavage was achieved by treatment of 33e with Zn powder in AcOH at 60 °C
to form 109 in quantitative yield.”!” Alternatively, a one-pot procedure could be used to generate

110 by concurrently cleaving the N—-O bond and undergoing a reductive amination.”-!8 Next, we
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explored the effectiveness of 33e in electrophilic amination reactions.!” Though O-acyl
hydroxylamines are commonly applied in this reaction class, to our knowledge the phenylacetyl
group has never been evaluated, and the a-aza-quaternary center was also a concern. Nevertheless,

1% we were able to access the desired tertiary amine 111 via a

applying Johnson’s conditions,
copper-catalyzed electrophilic amination with a diorganozinc reagent (PhoZn). Strikingly, the use
of the phenylacetyl group afforded comparable yields to the commonly utilized benzoyl group
with this substrate, 82% and 84%, respectively. It is worth noting that Knochel's conditions'®® for

this event employing an organozinc chloride reagent (PhZnCl) and CoCly delivered the

electrophilic amination product (111), but in lower yield (57%).

Scheme 3.7. Selected transformations of Pictet—Spengler product 33e to afford additional compounds of value.

b) Zn,
a) Zn, AcOH,
\ NH AcOH CH,O
- _
” O (99%) (84%)
109
i PhoZn
d) LiOH*H,0 ¢) PhyZn,
) Li 2 o5%) (829%) CuCl, (2.5 mol %)

f) MeMgB h)
Ve %2%) a) EtzAICNl(BQ%) (82%) X CO-Me
(4.7:1dr) (1.3:1dr)

C O IO
(x)-113 (x)-114 (x)-115

[X-ray] [X-ray] [X-ray]

Reagents and conditions: (a) Zn (15 equiv), AcOH, 60 °C, 3 h, 99%; (b) Zn (15 equiv), CH,O (6 equiv), AcOH,
60 °C, 3 h, 84%; (c) PhyoZn (1.1 equiv), CuCl, (2.5 mol %), THF, 23 °C, 2 h, 82%,; (d) LiOH+H,O (1.1 equiv),
MeOH, 23 °C, 0.5 h, 88%; (e) HgO (3 equiv), CH,Cl,:MeOH (10:1), 23 °C, 0.5 h, sonication, 99%; (f) MeMgBr
(10 equiv), THF, =78 to 0 °C, 1 h, 92%, 4.7:1 dr; (g) Et,AICN (3 equiv), CH,Cl,, 0 °C 23 °C, 2 h, 89%; (h)
methyl acrylate (10 equiv), CH,Cl,, 23 °C, 2 h, 82%, 1.3:1 dr.
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After demonstrating the ease of cleavage and reactivity of the N-O bond, selected
derivatizations exploiting nitrones were investigated. We began our studies by implementing a
facile acetyl deprotection procedure using LiOH*HO to release free hydroxylamine 69,%° which
was quantitatively converted into aldonitrone 112 through the action of HgO and subsequent
filtration.”-*! Noticeably, sonication of the reaction mixture allowed for shortened reaction times,
but should be limited in scale to avoid intense heating. This nitrone was used immediately without
further purification to prevent decomposition. Unfortunately, the more environmentally friendly
procedure employing IBX was not able to successfully oxidize hydroxylamine 69 to aldonitrone
112. Nonetheless, with 112 in hand, we chose three classic reactions to demonstrate the potential
of the aldonitrone.? First, a Grignard addition using MeMgBr at low temperature produced 113 in
a mixture of 4.7:1 dr.?> While other Grignard reagents and temperatures were probed, these
conditions led to the best results. Second, a Strecker-type reaction with Et;AICN cleanly effected
the conversion of 112 to 114 as a single diastereomer.?* TMSCN was also tested, but led to a
messier and non-reproducible reaction profile. Finally, 112 readily underwent a [3+2]
cycloaddition with methyl acrylate to generate 115 with a 1.4:1 dr.?> All of these products (113-
115) were confirmed by X-ray crystallography as possessing the relative configurations shown.
These reactions highlight the benefits of the higher oxidation state of our Pictet—Spengler products
through distinct reactions with aldonitrones that would be challenging to implement from

conventional amine precursors.

Regrettably, a few transformations that we attempted were unsuccessful. For example, we
hoped to employ our previously developed B-ketoacid-based nitrone Mannich reaction’ (Chapter
2) with aldonitrone 112 to create 116, but all efforts led to complete decomposition of 112 (Scheme

3.8). We then synthesized the less sterically encumbered, geminally methyl substituted aldonitrone

175



117 and tried to promote our ketone-based nitrone Mannich reaction, yet once again this reaction
resulted in only decomposition of the starting material. Lastly, we envisioned that establishment
of a second aza-quaternary center, like in 119, could provide means to explore unique chemical
space. Although we were able to oxidize 113 to the corresponding ketonitrone by deploying HgO
(not shown), all subsequent nucleophilic additions led to decomposition of this nitrone. Even when
we tried to increase the reactivity of the ketonitrone via formation of the N-acyloxyiminium species

with BzCl, the reactions were still fruitless.

Scheme 3.8. Unsuccessful transformations of Pictet-Spengler product derivatives.
[ﬁ-ketoacid-based
itrone Mannich] Ph
O O

N O M 0]
( oN-6 HO Ph {  N-on

N Ph CH,Cl,, 16 h Ph
H 0°C or 23 °C

112 (Decomposed) 116

Iz

Ketone-based
itrone Mannich]

N O Cat. (20 mol %) o)
{ ®N-0O BzOH (40 mol °/ci { N-OH

’

N Acetone N
H CH,Cl,, 23°C, 24 h H
117 (Decomposed) 118

[Second Nucleophilic

Addition]
1) HgO
2a) Nu® o
or 2b) BzCl, then Nu
D
(Decomposed) 119
[R=HorBz]

3.5 Mechanistic Understanding

Investigations into the mechanism of Pictet—Spengler-type reactions have been of high
interest for several decades. There are two possible reaction mechanisms (Figure 3.2): direct attack

of the C2 position of indole to the N-acyloxyiminium species (Path A) or attack of the C3 position
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of the indole to undergo a stepwise spiroindolization/migration sequence (Path B). Despite that
historically there has been experimental evidence supporting the fast and reversible formation of
the spiroindolenine (like 121), it is still unclear if this intermediate ultimately rearranges to the
carbonium ion (like 122).822° Nonetheless, according to recent computational studies, there is a
strong energetic preference for C2 addition over C3 addition.**?” These studies also propose that
rearomatization via deprotonation of the carbonium ion intermediate is both the rate- and
enantioselective-determining step. Hence, it is challenging to definitively state which pathway our
reaction undergoes without kinetic, computational, and/or structure—activity relationship studies,
especially since it involves an N-acyloxyiminium species that has not been previously explored in

this reaction type. Nonetheless, these mechanistic studies are of current interest.

Figure 3.2. Current mechanistic understanding of the developed ketonitrone-based Pictet—Spengler reaction.

©
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3.6 Conclusion

In conclusion, we have developed a mild, fast, and high-yielding method to generate a
variety of tetrahydro-B-carbolines with aza-quaternary centers via Pictet—Spengler reactions of
ketonitrones, rendered competent by converting them into N-acyloxyiminium ions. As illustrated
by >40 examples, this approach allows for diverse substrate scope with high functional group
tolerance and good to excellent yields. Moreover, we have established a catalytic, asymmetric
variant of the reaction with good enantioselectivity and moderate substrate compatibility. Overall,
we believe this method can be utilized in a wide range of synthetic strategies in order to access
compounds of interest, such as those highlighted in Figure 3.1. The presentation of various facile
and successful transformations of the products support the validity of this idea. My undergraduate
colleague, Sarah Greta performed initial explorations of a route for (—)-subincanadine B (1),
although this work was ultimately abandoned due to the low enantioselectivity of the key Pictet—
Spengler product (similar to 108). Still, we are excited at the possibility to apply our method to the
synthesis of other complex molecules. Additionally, we plan to conduct mechanistic studies of the

asymmetric reaction to enhance our substrate scope further.

(Some contents of this chapter were published in Lynch-Colameta, T.; Greta, S.; Snyder, S. A.

Chem. Sci. 2021, 12, 6181. DOI: 10.1039/D1SC00882J.)
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3.7 Experimental Section

General Procedures. All reactions were carried out under an argon atmosphere with dry solvents
under anhydrous conditions, unless otherwise noted. Dry tetrahydrofuran (THF), toluene,
acetonitrile (MeCN), and dichloromethane (CH>Cl2) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated alumina columns. Yields refer to
chromatographically and spectroscopically ('H and '3C NMR) homogeneous materials, unless
otherwise stated. Reagents were purchased at the highest commercial quality and used without
further purification, unless otherwise stated. Reactions were magnetically stirred and monitored
by thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254)
using UV light as visualizing agent, and an aqueous solution of ceric ammonium sulfate,
ammonium molybdate, and sulfuric acid or aqueous solution of potassium permanganate and
sodium bicarbonate and heat as a developing agent. SiliCycle silica gel (60, academic grade,
particle size 0.040—0.063 mm) was used for flash column chromatography. Preparative thin-layer
chromatography separations were carried out on 0.50 mm E. Merck silica gel plates (60F-254).
NMR spectra were recorded on Bruker 400 and 500 MHz instruments and calibrated using residual
undeuterated solvent as an internal reference. The following abbreviations were used to explain
the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet. IR
spectra were recorded on a Nicolet iS5 FT-IR spectrometer using neat thin film technique. High-
resolution mass spectra (HRMS) were recorded on Agilent 6244 TOF-MS using ESI (Electrospray
Ionization) or CI (Chemical lonization) at the University of Chicago Mass Spectroscopy Core
Facility. Chiral high-performance liquid chromatography (HPLC) analysis was performed using a

Shimadzu Prominence analytical chromatograph with commercial ChiralPak columns (OD-H).
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The X-ray diffraction data were measured on a Bruker D§ VENTURE diffractometer at the

University of Chicago X-ray Laboratory.

Preparation of Hydroxylamines.

Scheme 3.9. Method A to prepare hydroxylamines.

R/ 1) N,O-Di-Boc-hydroxylamine (1 equiv) R R/
7~ PhgsP (1.5 equiv), DIAD (1.5 equiv) 7~ _ 2) TMSCI (5 equiv) Ny~ _
WCH o (15 eauly) DIAD (15 60 "] ) BoeN-0Boc 2 TUSBI 20 i ) HN-on
N THF (0.15 M) N MeOH (0.125 M) N
H 0°C—23°C,1h H 0°C —23°C,12h H

S1 S2 S3

Method A.'%!! Step 1: To a solution of tryptophol S1 (1.0 equiv), PhsP (1.5 equiv), N,0-Di-Boc-
hydroxylamine (1.0 equiv) in THF (0.15 M) at 0 °C was added DIAD (1.5 equiv) dropwise under
an argon atmosphere. The resultant mixture was warmed to 23 °C and stirred for 1 h. Upon
completion, MeOH (10.0 equiv) was added and the reaction was stirred for 15 min. The reaction
contents were then concentrated directly and the resultant crude material was purified by flash
column chromatography (silica gel, hexanes/EtOAc = 1/0—3/1) to yield S2. Step 2: Next, to a
solution of the newly-formed S2 (1.0 equiv) in MeOH (0.125 M) at 0 °C was added TMSCI (5.0
equiv) dropwise under an argon atmosphere. The resultant mixture was slowly warmed to 23 °C
and stirred for 12 h. Upon completion, the reaction contents were concentrated directly and then
diluted with CH>Clo:MeOH (9:1). Saturated aqueous Na,CO3 was added, the contents were poured
into a separatory funnel, and then the product was extracted with CH2Clz (3 ). The combined
organic extracts were then dried (Na>SQOs), filtered, and concentrated. The resultant crude material
was purified either by flash column chromatography (silica gel, CH>2Cl./MeOH = 1/0—9/1) or

recrystallization (CH2Cl2) to afford S3.
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Scheme 3.10. Method B to prepare hydroxylamines.

1) IBX (3 equiv)
— MeCN (0.2 M) — _ —
RWOH 80°C, 2 h R@—S\\\Nﬂ on 3) NaBHCN (1.1 equiv) R\\ I HN-on
N 2) NHoOH-HCI (2 equiv) N MeOH (0.165 M) N
H NaOAc (2 equiv) H -40°C =+ 23°C,2h H
s1 MeOH (0.2 M) sS4 s3

23°C,2h

Method B.2%2° Step 1: To a solution of tryptophol S1 (1.0 equiv) in MeCN (0.2 M) at 23 °C was
added IBX (3.0 equiv) under an argon atmosphere. The resultant mixture was then heated at 80 °C
with stirring for 2 h. Upon completion, the reaction contents were cooled to 23 °C, filtered through
a pad of Celite, and rinsed with MeCN. The reaction contents were then concentrated directly to
yield an aldehyde (not shown). This material was carried forward without any further purification.
Step 2: Next, to a solution of the newly-prepared aldehyde (1.0 equiv) and NaOAc (2.0 equiv) in
MeOH (0.2 M) at 23 © C was added NH,OH<HCI (2.0 equiv) under an argon atmosphere. The
resultant mixture was stirred for 2 h at 23 °C. Upon completion, the reaction contents were
concentrated directly and then diluted with EtOAc. Saturated aqueous NaHCO3 was added, the
contents were poured into a separatory funnel, and then the product was extracted with EtOAc (3
x). The combined organic extracts were then dried (Na,SOs), filtered, and concentrated. The
resultant crude material was purified by flash column chromatography (silica gel, CH>Clo/MeOH
= 1/0—9/1) to yield S4. Step 3: Finally, to a solution of S4 (1.0 equiv) and methyl orange (~5 mg)
in MeOH (0.2 M) at —40 °C was concurrently added a solution of NaBH3CN (1.1 equiv) in MeOH
(1.0 M) and 6 M aqueous HCI/MeOH (1/1) dropwise open to air. The resultant mixture was slowly
warmed to 23 °C over 2 h, adding HCI as needed to maintain the color of the reaction solution red
(pH < 3.1). Upon completion, the reaction contents were concentrated directly and then diluted
with EtO. Saturated aqueous NaCl was added and the solution was basified with 6 M aqueous

KOH. The contents were then poured into a separatory funnel and then the product was extracted
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with EtOAc (3 x). The combined organic extracts were then dried (Na;SOs), filtered, and
concentrated. The resultant crude material was purified by flash column chromatography (silica

gel, CH2Cl2/MeOH = 1/0—9/1) to yield S3.

tert-butyl (2-(1H-indol-3-yl)ethyl)((zert-
\\ BocN-OBoc
N

N butoxycarbonyl)oxy)carbamate (S5). Prepared using Method A, Step 1
S5 described above, starting from tryptophol 30 (2.00 g, 12.41 mmol),
ultimately yielding S5 (2.81 g, 60% yield) as a pale-yellow solid. S5: Ry = 0.44 (silica gel,
hexanes/EtOAc =4/1); IR (film) vmax 3373, 2980, 1786, 1710, 1597, 1458, 1395, 1370, 1244, 1145,
1099, 743 cm™!; 'TH NMR (500 MHz, CDCl3) 8 8.06 (br s, 1 H, exchangeable), 7.62 (d, J = 7.8 Hz,
1 H), 7.36 (d, J= 8.1 Hz, 1 H), 7.22-7.15 (m, 1 H), 7.15-7.09 (m, 1 H), 7.06 (d, /= 2.1 Hz, 1 H),
3.91 (m, 2 H), 3.09 (t, J=7.6 Hz, 2 H), 1.54 (s, 9 H), 1.38 (s, 9 H); *C NMR (101 MHz, CDCls)
0 154.9,152.5, 136.4, 127.5,122.5, 122.0, 119.3, 118.7, 112.3, 111.3, 85.0, 82.4, 50.9, 28.1, 27.7,

23.1; HRMS (ESI) calcd for C20H2oN20s* [M + H]" 377.2071, found 377.2071.

Q_f\\ N-(2-(1H-indol-3-yl)ethyl)hydroxylamine (29). Prepared using Method
\ HN-OH
N A, Step 2 described above with S5 (2.50 g, 6.64 mmol), ultimately yielding

H

29 29 (0.950 g, 81% vyicld) as a white solid. 29: Ry = 0.36 (silica gel,
CH2Cl2/MeOH = 9/1); IR (film) vmax 3395, 2926, 1597, 1564, 1455, 1228, 1093, 1024, 857, 808,
742 cm™!; TH NMR (500 MHz, DMSO-ds) 6 10.77 (br s, 1 H, exchangeable), 7.50 (d, J = 7.8 Hz,
1 H), 7.32(d, J=8.1 Hz, 1 H), 7.23 (br s, 1 H, exchangeable), 7.13 (d, /= 2.3 Hz, 1 H), 7.08-7.02
(m, 1 H), 7.00-6.92 (m, 1 H), 5.59 (br s, 1 H, exchangeable), 3.01 (t, /= 7.5 Hz, 2 H), 2.84 (t, J =
7.4 Hz, 2 H); 3C NMR (101 MHz, DMSO-ds) 8 136.3, 127.4, 122.6, 120.9, 118.3, 118.2, 112.5,

111.4, 54.5, 23.0; HRMS (CI) calcd for C1oH;3N20* [M + H]* 177.1022, found 177.1026.
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MeO tert-butyl ((tert-butoxycarbonyl)oxy)(2-(5-methoxy-1H-indol-3-

WN_OBOC yDethyl)carbamate (S6). Prepared using Method A, Step 1

N
H . .
S6 described above, starting from 5-methoxytryptophol (0.900 g, 4.71

mmol), ultimately yielding S6 (0.950 g, 50% yield) as a yellow solid. S6: Ry = 0.30 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3373, 1785, 1597, 1564, 1482, 1448, 1394, 1219, 1145, 1097
cm!; 'TH NMR (400 MHz, CDCls) & 8.09 (br s, 1 H, exchangeable), 7.24 (d, J = 8.8 Hz, 1 H), 7.06
(d,J=2.5Hz, 1 H), 7.01 (d,J=2.5Hz, 1 H), 6.85 (dd, J= 8.8, 2.5 Hz, 1 H), 3.96-3.88 (m, 2 H),
3.87 (s, 3 H), 3.06 (t,J=7.1 Hz, 2 H), 1.54 (s, 9 H), 1.37 (s, 9 H); 3*C NMR (101 MHz, CDCl3) &
154.9, 154.0, 152.5, 131.5, 127.9, 123.2, 112.3, 112.2, 112.0, 100.6, 84.9, 82.3, 56.0, 50.8, 28.1,

27.8,23.1; HRMS (ESI) calcd for C21H31N206" [M + H]" 407.2177, found 407.2175.

MeO N-(2-(5-methoxy-1H-indol-3-yl)ethyl)hydroxylamine (S7).
WN_OH Prepared using Method A, Step 2 described above with S6 (0.870 g,

N
Hs7 2.14 mmol), ultimately yielding S7 (0.355 g, 80% yield) as a white

solid. S7: Ry=0.35 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3409, 2936, 1597, 1485, 1450,
1295, 1217, 1173, 1069, 1029, 798 cm!; 'H NMR (400 MHz, DMSO-de) & 10.62 (br s, 1 H
exchangeable), 7.30-7.18 (m, 2 H), 7.09 (d, /=2.4 Hz, 1 H), 6.99 (d,J=2.4 Hz, 1 H), 6.71 (dd,
J=28.7,2.4 Hz, 1 H), 5.60 (br s, 1 H, exchangeable), 3.76 (s, 3 H), 3.02 (t, /= 7.4 Hz, 2 H), 2.82
(t, J=7.4 Hz, 2 H); ®C NMR (101 MHz, DMSO-ds) & 152.9, 131.4, 127.6, 123.3, 112.2, 112.0,
111.0, 100.1, 55.3, 54.4, 22.9; HRMS (CI) calcd for C11HisN202" [M + H]" 207.1128, found

207.1130.

BocN-0B tert-butyl ((tert-butoxycarbonyl)oxy)(2-(7-ethyl-1H-indol-3-
\ ~0OBoc

H ylethyl)carbamate (S8). Prepared using Method A, Step 1 described

S8 above, starting from 7-ethyltryptophol (1.00 g, 5.28 mmol), ultimately
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yielding S8 (1.30 g, 61% yield) as a yellow solid. S8: Ry= 0.50 (silica gel, hexanes/EtOAc = 4/1);
IR (film) vmax 3373, 2978, 1786, 1712, 1597, 1564, 1448, 1395, 1370, 1246, 1151, 1131 cm™!; 'H
NMR (400 MHz, CDCIls) 6 8.14 (br s, 1 H, exchangeable), 7.49 (d, /J=7.4 Hz, 1 H), 7.12-7.01 (m,
3 H), 4.00-3.84 (m, 2 H), 3.10 (t,J= 7.7 Hz, 2 H), 2.85 (q, /= 7.6 Hz, 2 H), 1.55 (s, 9 H), 1.38 (s,
9 H), 1.34 (t, J= 7.6 Hz, 3 H); 3C NMR (101 MHz, CDCls)  154.9, 152.5, 135.2, 127.2, 126.7,
122.1, 120.6, 119.7, 116.5, 112.9, 84.9, 82.3, 50.9, 28.1, 27.7, 24.1, 23.2, 14.0; HRMS (CI) calcd

for C2aH33N20s" [M + H]* 405.2384, found 405.2376.

N N-(2-(7-ethyl-1H-indol-3-yl)ethyl)hydroxylamine (S9). Prepared using
\ -OH

H Method A, Step 2 described above with S8 (1.20 g, 2.97 mmol),
s9 ultimately yielding S9 (0.400 g, 66% yield) as a white solid. S9: Ry= 0.45
(silica gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3402, 2925, 1597, 1566, 1436, 1411, 1222, 1095,
794, 742 cm™!; "H NMR (400 MHz, DMSO-ds) & 10.75 (br s, 1 H, exchangeable), 7.35 (dd, J =
7.4, 1.6 Hz, 1 H), 7.27 (br s, 1 H, exchangeable), 7.12 (d, J = 2.5 Hz, 1 H), 6.95-6.86 (m, 2 H),
5.60 (br s, 1 H, exchangeable), 3.08-2.98 (m, 2 H), 2.89-2.78 (m, 4 H), 1.26 (t, /= 7.5 Hz, 3 H);
3C NMR (101 MHz, DMSO-ds) & 135.0, 127.2, 126.8, 122.2, 119.6, 118.5, 116.0, 112.8, 54.5,

23.7,23.1, 14.5; HRMS (CI) caled for C12H17N2O" [M + HJ" 205.1335, found 205.1337.

Br 2-(4-bromo-1H-indol-3-yl)acetaldehyde oxime (S10). Prepared using
\
Q_S\\ N~OH Method B, Steps 1 and 2 described above, starting from 4-bromotryptophol
N
st (2.10 g, 8.75 mmol), ultimately yielding S10 (1.26 g, 57% yield over 2 steps,

single undetermined stereoisomer) as a pale-yellow solid. S10: Ry=0.38 (silica gel, CH>Clo/MeOH
= 9/1); IR (film) vmax 3419, 2924, 1620, 1424, 1334, 1186, 1043, 912, 773, 736 cm™!; 'H NMR
(500 MHz, DMSO-ds) 6 11.29 (br s, 1 H, exchangeable), 10.93 (br s, 1 H, exchangeable), 7.38 (d,

J=8.0Hz, 1 H),7.33 (d,J=2.5Hz, 1 H), 7.17(d, J= 7.5 Hz, 1 H), 6.98 (t, J= 7.8 Hz, 1 H), 6.87
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(t,J = 4.8 Hz, 1 H), 3.91 (d, J = 4.8 Hz, 2 H); 3C NMR (101 MHz, DMSO-de) & 150.0, 137.8,
125.7, 124.8, 122.7, 122.3, 112.8, 111.4, 110.3, 22.5; HRMS (ESI) caled for C1oH1oBrN2O* [M +

H]" 252.9971, found 252.9971.

Br N-(2-(4-bromo-1H-indol-3-yl)ethyl)hydroxylamine (S11). Prepared

WN—OH using Method A, Step 3 described above with S10 (0.360 g, 1.42 mmol),

H 11 ultimately yielding S11 (0.314 g, 87% yield) as a white solid. S11: Ry =
0.29 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3272, 1477, 1333, 1183, 1119, 1032, 913,
856, 769, 736 cm™'; 'TH NMR (500 MHz, DMSO-dc) 8 11.18 (br s, 1 H, exchangeable), 7.36 (d, J
— 8.1 Hz, 1 H), 7.25 (d, J=2.4 Hz, 1 H), 7.15 (d, J=7.6 Hz, 1 H), 6.95 (t, /= 7.8 Hz, 1 H), 5.75
(br s, 1 H, exchangeable), 3.13-3.01 (m, 4 H); 3C NMR (101 MHz, DMSO-ds) 8 137.8, 125.2,
124.9, 122.5, 121.9, 113.0, 112.9, 111.2, 55.4, 23.8; HRMS (ESI) calcd for CioH12BrN,O" [M +

H]" 255.0128, found 255.0124.

Br tert-butyl (2-(5-bromo-1H-indol-3-yl)ethyl)((zert-
WN‘OBOC butoxycarbonyl)oxy)carbamate (S12). Prepared using Method A,

: s12 Step 1 described above, starting from 5-bromotryptophol (1.10 g, 4.58

mmol), ultimately yielding S12 (0.506 g, 24% yield) as a pale-yellow solid. S12: Ry= 0.53 (silica
gel, hexanes/EtOAc = 2/1); IR (film) vmax 3354, 2981, 1785, 1715, 1597, 1456, 1370, 1242, 1147,
1102 cm™'; '"H NMR (500 MHz, CDCls) & 8.20 (br s, 1 H, exchangeable), 7.72 (d, J = 1.8 Hz, 1
H), 7.27-7.19 (m, 2 H), 7.05 (d, J = 2.4 Hz, 1 H), 3.94-3.82 (m, 2 H), 3.03 (t, /= 7.3 Hz, 2 H),
1.54 (s, 9H), 1.36 (s, 9 H); BCNMR (101 MHz, CDCl3) & 154.9, 152.4, 135.0, 129.3, 124.9, 123.8,

121.4,112.8(2C), 112.3,85.1, 82.5,50.7, 28.1, 27.8, 23.0; HRMS (ESI) calcd for C20H2sBrN2Os*

[M + H]* 455.1176, found 455.1177.
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Br N-(2-(5-bromo-1H-indol-3-yl)ethyl)hydroxylamine (S13). Prepared

WN—OH using Method A, Step 2 described above with S12 (0.410 g, 0.89 mmol),

N
s ultimately yielding S13 (0.172 g, 75% yield) as a white solid. S13: R, =

0.42 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3425, 2921, 1597, 1564, 1449, 1394, 1220,
1096, 1049, 859, 797, 735 cm™!; 'TH NMR (500 MHz, DMSO-ds) 6 11.01 (br s, 1 H, exchangeable),
7.67 (d,J=2.0Hz, 1 H), 7.30 (d, /= 8.6 Hz, 1 H), 7.24 (br s, 1 H, exchangeable), 7.20 (d, J=2.4
Hz, 1 H), 7.16 (dd, /= 8.6, 1.9 Hz, 1 H), 5.63 (br s, 1 H, exchangeable), 2.97 (t, /= 7.4 Hz, 2 H),
2.81 (t, J = 7.4 Hz, 2 H); *C NMR (101 MHz, DMSO-ds) & 134.9, 129.2, 124.4, 123.2, 120.6,
113.3, 112.4, 110.8, 54.4, 22.6; HRMS (ESI) calcd for CioH12BrN>O" [M + H]" 255.0128, found

255.0132.

NC (E/Z)-3-(2-(hydroxyimino)ethyl)-1H-indole-5-carbonitrile  (S14).

\
WN“OH Prepared using Method B, Steps 1 and 2 described above, starting from
N

Hs14 5-carbonitriletryptophol*® (0.600 g, 3.22 mmol), ultimately yielding S14

(0.415 g, 64% vyield over 2 steps, 1:1 E:Z) as a yellow solid. S14: Ry = 0.42 (silica gel,
CH2CI2/MeOH = 9/1); IR (film) vmax 3363, 2227, 1597, 1564, 1485, 1395, 1219 1100, 858, 799
cm™!; 'TH NMR (500 MHz, DMSO-ds) & 11.51 (br s, 2 H, exchangeable), 11.09 (br s, 1 H,
exchangeable), 10.53 (br s, 1 H, exchangeable), 8.08-8.01 (m, 2 H), 7.56-7.49 (m, 2 H), 7.49—
7.38 (m, 5 H), 6.85 (t, J = 5.4 Hz, 1 H), 3.72 (d, J = 6.3 Hz, 2 H), 3.59 (d, J = 5.5 Hz, 2 H); 13C
NMR (101 MHz, DMSO-ds) 6 148.5, 148.1, 138.1, 138.0, 126.9, 126.9, 126.0, 125.9, 124.3 124.2,
123.9 (2 C), 120.9 (2 C), 112.8 (2 C), 111.0, 111.0, 100.5, 100.5, 25.3, 20.8; HRMS (ESI) calcd

for C11H1oN3O" [M + H]" 200.0818, found 200.0818.

186



NC 3-(2-(hydroxyamino)ethyl)-1H-indole-5-carbonitrile (S15). Prepared

W\N—OH using Method A, Step 3 described above with S14 (0.150 g, 0.74 mmol),

N
Hs1s ultimately yielding S15 (0.140 g, 94% yicld) as a white solid. S15: Ry =

0.27 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3362, 2924, 2370, 1597, 1563, 1448, 1394,
1219, 1091, 861 cm™'; 'H NMR (500 MHz, DMSO-ds) 6 11.40 (br s, 1 H, exchangeable), 8.21—
7.92 (m, 1 H), 7.49 (d, J=8.4 Hz, 1 H), 7.40 (dd, J=8.4, 1.6 Hz, 1 H), 7.36 (d, /= 2.3 Hz, 1 H),
7.25 (br s, 1 H, exchangeable), 5.65 (br s, 1 H, exchangeable), 3.00 (t, /= 7.2 Hz, 2 H), 2.86 (t, J
=7.2 Hz, 2 H); 3C NMR (101 MHz, DMSO-ds) 6 137.9, 127.3, 125.4, 124.3, 123.5, 121.0, 114.1,

112.6, 100.2, 54.3, 22.5; HRMS (ESI) caled for C1H2N3O* [M + H]* 202.0975, found 202.0975.

tert-butyl  ((tert-butoxycarbonyl)oxy)(2-(6-(trifluoromethyl)-
BocN-0OBoc
FsC \
N

N 1H-indol-3-yl)ethyl)carbamate (S16). Prepared using Method A,
S16 Step 1 described above, starting from 6-trifluoromethyltryptophol?!
(1.00 g, 4.36 mmol), ultimately yielding S16 (0.556 g, 29% yield) as a pale-yellow solid. S16: Ry
= (.44 (silica gel, hexanes/EtOAc = 4/1); IR (film) vmax 3357, 2982, 1786, 1709, 1597, 1459, 1395,
1337, 1242, 1149, 1107, 1070 cm™!; "TH NMR (500 MHz, CDCl3) & 8.37 (br s, 1 H, exchangeable),
7.69 (dd, J=8.4, 0.8 Hz, 1 H), 7.65 (s, 1 H), 7.35 (dd, /= 8.6, 1.6 Hz, 1 H), 7.20 (d, J=2.4 Hz, 1
H), 3.99-3.83 (m, 2 H), 3.09 (t, J="7.3 Hz, 2 H), 1.53 (s, 9 H), 1.34 (s, 9 H); *C NMR (101 MHz,
CDCl3) 6 154.9, 152.4, 135.2, 129.8, 125.4 (q, J=271.6 Hz) 125.3, 124.2 (q, J=31.6 Hz), 119.2,

116.1, 112.9, 108.9, 85.2, 82.5, 50.7, 28.1, 27.7, 23.0; HRMS (ESI) calcd for C21H27F3N2NaOs*

[M + Na]* 467.1764, found 467.1769.

N-(2-(6-(trifluoromethyl)-1H-indol-3-yl)ethyl)hydroxylamine
FsC \, HN-oH

H (S17). To a solution of S16 (0.500 g, 1.13 mmol, 1 equiv) in CH>Cl,

S17
(2.25 mL) at 23 °C was added TFA (4.5 mL) and stirred for 2 h under
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an argon atmosphere. Then followed Method A, Step 2 work-up and purification procedure
described above, ultimately yielding S17 (0.212 g, 77% yield) as a white solid. S17: Ry = 0.41
(silica gel, CH2Cl2/MeOH = 9/1); IR (film) vmax 3269, 1597, 1563, 1457, 1337, 1243, 1219, 1162,
1109, 1052, 815 cm™'; 'H NMR (400 MHz, DMSO-ds) 6 11.27 (br s, 1 H, exchangeable), 7.74—
7.66 (m, 2 H), 7.41 (d, J=2.4 Hz, 1 H), 7.31-7.22 (m, 2 H), 5.64 (br s, 1 H, exchangeable), 3.02
(t, J=7.4 Hz, 2 H), 2.89 (t, J = 7.3 Hz, 2 H); *C NMR (101 MHz, DMSO-ds) & 135.0, 129.8,
126.3, 125.6 (q, J = 271.2 Hz), 121.3 (q, J = 31.0 Hz), 119.2, 114.4, 113.2, 108.7, 54.3, 22.7,

HRMS (ESI) calcd for Ci11H12F3N2O" [M + H]+ 245.0896, found 245.0899.

General Procedure for Preparation of Nitrones.®

To a solution of hydroxylamine 29 (0.100 g, 0.57 mmol, 1.0 equiv) in CH>Cl,/MeOH (1/1, 3.8 mL)
or MeOH (3.8 mL) at 23 °C was added the requisite ketone (0.85-2.84 mmol, 1.5-5.0 equiv), AcOH
(10 drops, from a syringe fitted with 3” needle), and MgSO4 (0.205 g, 1.70 mmol, 3.0 equiv) under
an argon atmosphere. The resultant mixture was stirred for 12 h either at 23 °C or 50 °C. Upon
completion, the contents were quenched at 23 °C with saturated aqueous NaHCO3 (5 mL), poured
into a separatory funnel, and extracted with CH>Cl> (3 X 5 mL). The combined organic extracts
were then dried (Na;SOs), filtered, and concentrated. The resultant crude material was purified by
flash column chromatography (silica gel, CH2Clo/MeOH = 1/0—9/1) to yield nitrone 32, S18-S45.
Note: The ratio of mixed E-/Z- isomers can vary depending on conditions (time, temperature, and

equivalents). In addition, the E-/Z- ratio for each nitrone was determined by NOESY experiments.
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WN’O@ (E)-N-(2-(1H-indol-3-yl)ethyl)-1-phenylethan-1-imine  oxide (32).
\

H Ph Prepared using the general procedure described above with 29 and

32 acetophenone (5.0 equiv) in CH>Cl,/MeOH (1/1) at 23 °C, ultimately
yielding 32 (0.152 g, 96% yield) as a white solid. When executed on gram scale with 29 (1.41 g,
8.00 mmol, 1.0 equiv), acetophenone (3.0 equiv), and AcOH (1 equiv) in CH>Cl,/MeOH (1/1) at
23 °C, ultimately yielding 32 (2.13 g, 96% yield) as a white solid. 32: Ry = 0.62 (silica gel,
CH2Cl/MeOH = 9/1); IR (film) vmax 3213, 2922, 1597, 1564, 1446, 1220, 1165, 1071, 763, 744,
700 cm™!; 'TH NMR (500 MHz, CDCl3) 6 8.23 (br s, 1 H, exchangeable), 7.36 (d, J= 8.2 Hz, 1 H),
7.29-7.22 (m, 2 H), 7.21-7.13 (m, 3 H), 7.02-6.95 (m, 2 H), 6.74 (m, 2 H), 4.07 (t, /= 7.0 Hz, 2
H), 3.37 (t, J=7.1 Hz, 2 H), 2.36 (s, 3 H); 13C NMR (101 MHz, CDCl3) ¢ 148.5, 136.3, 136.1,
128.9,128.7,127.4,127.2,122.7,122.0, 119.3, 118.5, 111.7, 111.3, 60.3, 23.9, 20.8; HRMS (ESI)

caled for CisH9oN2O* [M + H]* 279.1492, found 279.1497.

NO, (E)-N-(2-(1H-indol-3-yl)ethyl)-1-(4-nitrophenyl)ethan-1-
W imine oxide (S18). Prepared using the general procedure
®N
\ )
N g described above with 29 and 4'-nitroacetophenone (2.5 equiv) in

H
CH:Cl2/MeOH (1/1) at 23 °C, ultimately yielding S18 (0.162 g,

88% yield) as a bright yellow solid. S18: Ry=0.43 (silica gel, CH>Clo/MeOH = 9/1); IR (film) Vimax
3245, 1598, 1561, 1518, 1400, 1349, 1219, 1069, 857, 744 cm™!; 'H NMR (400 MHz, CDCl;3) &
8.50 (br s, 1 H, exchangeable), 7.83-7.75 (m, 2 H), 7.42-7.36 (m, 1 H), 7.22-7.14 (m, 2 H), 6.99
(d, J=2.3 Hz, 1 H), 6.95-6.88 (m, 1 H), 6.60-6.53 (m, 2 H), 4.10 (t, /= 6.0 Hz, 2 H), 3.33 (t, J =
6.1 Hz, 2 H), 2.28 (s, 3 H); 3*C NMR (101 MHz, CDCl3) § 147.3, 146.2, 142.0, 136.3, 128.3, 127 4,
123.6, 122.9, 122.5, 119.7, 118.3, 111.6, 111.4, 60.8, 23.7, 20.5; HRMS (CI) calcd for

CisHisN3O3" [M + H]* 324.1343, found 324.1342.

189



OMe  (E)-N-(2-(1H-indol-3-yl)ethyl)-1-(4-methoxyphenyl)ethan-1-

Q—f\\ imine oxide (S19). Prepared using the general procedure

@®N

\ 7/

H 8 described above with 29 and 4"-methoxyacetophenone (3.5 equiv)
S19

in MeOH at 50 °C, ultimately yielding S19 (0.155 g, 89% yield)
as a gray solid. S19: Ry= 0.46 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3181, 2922, 1607,
1513, 1457, 1289, 1250, 1165, 1071, 1028, 833, 743 cm™!; 'H NMR (500 MHz, CDCl3) & 8.19 (br
s, 1 H, exchangeable), 7.39-7.33 (m, 1 H), 7.28 (d, /= 7.9 Hz, 1 H), 7.21-7.13 (m, 1 H), 7.04—
6.97 (m, 2 H), 6.66 (d, /= 0.9 Hz, 4 H), 4.08 (t, /= 7.0 Hz, 2 H), 3.76 (s, 3 H), 3.36 (t, /= 7.0 Hz,
2 H), 2.34 (s, 3 H); 3C NMR (101 MHz, CDCls) 8 159.8, 148.6, 136.4, 128.6, 128.3, 127.5, 122.8,
121.9, 119.3, 118.6, 114.0, 111.7, 111.3, 60.1, 55.4, 23.9, 20.9; HRMS (ESI) calcd for

C1oH21N202" [M + H]" 309.1598, found 309.1604.

(E)-N-(2-(1H-indol-3-yl)ethyl)-1-(naphthalen-2-yl)ethan-1-imine

Q oxide (S20). Prepared using the general procedure described above

WN with 29 and 2-acetonaphthone (5.0 equiv) in CH>Clo/MeOH (1/1) at
©

N S20 23 °C, ultimately yielding S20 (0.160 g, 86% yield) as a pale-yellow
solid. S20: Ry = 0.51 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3210, 1597, 1563, 1448,
1389, 1219, 1164, 1065, 858, 744 cm™'; 'H NMR (500 MHz, CDCl3) & 8.14 (br s, 1 H,
exchangeable), 7.77 (d, J= 8.1 Hz, 1 H), 7.66 (d, /= 8.5 Hz, 1 H), 7.53-7.47 (m, 1 H), 7.47-7.42
(m, 1 H), 7.42-7.36 (m, 2 H), 7.24 (d, J= 7.9 Hz, 1 H), 7.18-7.12 (m, 1 H), 7.01-6.97 (m, 1 H),
6.97-6.94 (m, 1 H), 6.91-6.83 (m, 2 H), 4.13 (t, J = 6.7 Hz, 2 H), 3.41 (t, /= 6.8 Hz, 2 H), 2.43
(s, 3 H); BC NMR (101 MHz, CDCls) & 148.7, 136.3, 133.3, 132.8, 132.7, 128.6, 128.3, 127.7,
127.5,127.1,127.0,126.8, 124.4,122.9,122.1, 119.4,118.6, 111.7,111.3, 60.3,23.7, 21.0; HRMS

(CI) calcd for CoxHaN2OF [M + H]* 329.1648, found 329.1657.
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7 \ (E)-N-(2-(1H-indol-3-yl)ethyl)-1-(pyridin-2-yl)ethan-1-imine

w N N oxide (S21). Prepared using the general procedure described above
N ©

H 521 with 29 and 2-acetylpyridine (3.0 equiv) in CH2Clo/MeOH (1/1) at 23
°C, ultimately yielding S21 (0.120 g, 76% yield) as a yellow solid. S21: Ry = 0.37 (silica gel,
CH2Cl/MeOH = 9/1); IR (film) vmax 3220, 2922, 1586, 1561, 1430, 1264, 1223, 1169, 1102, 1085,
784, 743 cm™'; 'TH NMR (500 MHz, CDCl3) & 8.60-8.44 (m, 1 H), 8.24 (brs, 1 H, exchangeable),
7.43-7.30 (m, 3 H), 7.17-7.11 (m, 1 H), 7.09 (ddd, J=7.6, 4.8, 1.0 Hz, 1 H), 7.02-6.95 (m, 2 H),
6.67-6.61 (m, 1 H), 4.32 (t, J=7.1 Hz, 2 H), 3.41 (t, J = 7.1 Hz, 2 H), 2.40 (s, 3 H); 1*C NMR
(101 MHz, CDCl3) 6 153.8, 149.2, 146.4, 136.5, 136.3, 127.4, 123.2, 123.1, 122.7, 122.0, 119.3,
118.5, 112.0, 111.3, 61.0, 24.1, 19.4; HRMS (ESI) calcd for C17H1sN;O" [M + H]* 280.1444,

found 280.1451.

(£)-N-(2-(1H-indol-3-yl)ethyl)-1-(thiophen-2-yl)ethan-1-imine oxide

WN% (S22). Prepared using the general procedure described above with 29 and
" S22 = 2-acetylthiophene (5.0 equiv) in MeOH at 50 °C, ultimately yielding S22

(0.136 g, 84% yield) as a yellow solid. S22: Ry= 0.55 (silica gel, CH2Clo/MeOH = 9/1); IR (film)
vmax 3180, 2921, 1597, 1563, 1456, 1419, 1365, 1337, 1212, 1160, 1101, 744 cm™!; 'TH NMR (500
MHz, CDCl3) 6 8.10 (br's, 1 H, exchangeable), 7.63 (d,J= 7.8 Hz, 1 H), 7.48 (d, J=5.1 Hz, 1 H),
7.41-7.33 (m, 2 H), 7.23-7.17 (m, 1 H), 7.16-7.08 (m, 2 H), 6.99 (d, /J=2.2 Hz, 1 H), 4.36 (t, J =
7.0 Hz, 2 H), 3.48 (t, /= 7.0 Hz, 2 H), 2.15 (s, 3 H); *C NMR (101 MHz, CDCl3) 4 137.6, 136.3,
134.6,130.2, 129.1, 127.2,126.0, 122.9, 122.2,119.7, 118.4, 111.5 (2 C), 59.9, 23.8, 16.4; HRMS

(ESI) caled for C1sHi7N2OS™ [M + H]" 285.1056, found 285.1058.
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(£)-N-(2-(1H-indol-3-yl)ethyl)-1-(furan-2-yl)ethan-1-imine oxide

Q:S\%\NQ% (S23). Prepared using the general procedure described above with 29 and
" S23 A= 2-acetylfuran (5.0 equiv) in MeOH at 50 °C, ultimately yielding S23
(0.126 g, 83% yield) as a yellow solid. S23: Ry= 0.47 (silica gel, CH2Clo/MeOH = 9/1); IR (film)
vmax 3178, 1597, 1563, 1482, 1449, 1389, 1219, 1153, 1073, 744 cm™!; TH NMR (500 MHz, CDCl3)
0 8.16-8.05 (m, 2 H, 1 exchangeable), 7.64 (d, /= 7.7 Hz, 1 H), 7.50-7.45 (m, 1 H), 7.40-7.33
(m, 1 H), 7.24-7.17 (m, 1 H), 7.16-7.08 (m, 1 H), 7.04 (d, J=2.3 Hz, 1 H), 6.58 (dd, /=3.5, 1.7
Hz, 1 H), 4.27 (t,J = 7.2 Hz, 2 H), 3.45 (t, J = 7.2 Hz, 2 H), 2.12 (s, 3 H); *C NMR (101 MHz,
CDCl3) 6 148.0, 143.6, 136.4, 134.4,127.2,122.9,122.1, 119.5, 118.3, 117.0, 112.7, 111.5, 111.4,

60.7,23.7, 14.7; HRMS (CI) calcd for Ci6H17N205" [M + H]* 269.1285, found 269.1287.

N-(2-(1H-indol-3-yl)ethyl)propan-2-imine oxide (S24). Prepared using
N\ g the general procedure described above with 29 and acetone (50.0 equiv) at
H

S24 23 °C, ultimately yielding S24 (0.112 g, 91% vyield) as a white solid. S24:
Ry = 0.38 (silica gel, CH,Cl/MeOH = 9/1); IR (film) vimax 3182, 2922, 1597, 1564, 1448, 1392,
1218, 1141, 1071, 858, 798, 744 cm'; 'H NMR (500 MHz, CDCl;) & 8.72 (br s, 1 H,
exchangeable), 7.61 (d, J=7.9 Hz, 1 H), 7.38 (d, J= 8.1 Hz, 1 H), 7.22-7.16 (m, 1 H), 7.14-7.08
(m, 1 H), 7.04 (d, J = 2.4 Hz, 1 H), 4.13 (t, J = 6.9 Hz, 2 H), 3.39 (t, J = 6.9 Hz, 2 H), 2.08 (s, 3
H), 1.66 (s, 3 H); 3C NMR (101 MHz, CDCls) & 144.9, 136.3, 127.3, 122.7, 122.1, 119.5, 118.4,

111.8, 111.4, 59.4,23.4, 20.3, 20.1; HRMS (ESI) calcd for C13H7N,0* [M + H]* 217.1335, found

217.1336.
N-(2-(1H-indol-3-yl)ethyl)pentan-3-imine oxide (S25). Prepared using
®N
N\ 8 the general procedure described above with 29 and 3-pentanone (5.0 equiv)
H
$25 in CH2Cl/MeOH (1/1) at 23 °C, ultimately yielding S25 (0.133 g, 96%
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yield) as a yellow solid. S25: Ry=0.49 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vimax 3173, 2974,
1597, 1458, 1342, 1234, 1141, 1108, 1072, 743 cm™'; 'TH NMR (500 MHz, CDCls) & 8.42 (br s, 1
H, exchangeable), 7.63 (d, /= 7.8 Hz, 1 H), 7.41-7.34 (m, 1 H), 7.23-7.16 (m, 1 H), 7.15-7.09
(m, 1 H), 7.06 (d,J=2.2 Hz, 1 H), 4.11 (t,J=7.0 Hz, 2 H), 3.41 (t,J=7.0 Hz, 2 H), 2.54 (q, J =
7.5 Hz, 2 H), 2.02 (q,J = 7.6 Hz, 2 H), 1.07 (t,J=7.5 Hz, 3 H), 0.81 (t,J= 7.6 Hz, 3 H); 3*C NMR
(101 MHz, CDCl3) 6 154.8, 136.5,127.2,123.2,121.8,119.2,118.2, 111.6, 111.1, 59.0, 24.9, 24.2,

23.7,11.0, 9.3; HRMS (CI) caled for CisH21NO" [M + H]* 245.1648, found 245.1660.

(E/Z)-N-(2-(1H-indol-3-yl)ethyl)-3-

® _— WN
\ O/N N 8 methylbutan-2-imine oxide (S26).

N © 526 H

Prepared using the general procedure
described above with 29 and methyl isopropyl ketone (5.0 equiv) in CH2Clo/MeOH (1/1) at 23 °C,
ultimately yielding S26 (0.130 g, 94% yield, 1.4:1 E:Z) as a yellow solid. S26: Ry = 0.43 (silica
gel, CH2Clo/MeOH = 9/1); IR (film) vmax 3178, 1597, 1561, 1449, 1389, 1207, 1095,1074, 858,
744 cm™'; 'TH NMR (500 MHz, CDCl3, 1.4:1 E:Z) § 8.53 (br s, 1 H, exchangeable), 7.63 (t, J= 7.6
Hz, 1 H), 7.40-7.32 (m, 1 H), 7.22-7.15 (m, 1 H), 7.15-7.09 (m, 1 H), 7.08-7.03 (m, 1 H), 4.19
(t,J=6.8 Hz, 1.1 H), 4.11 (t,J= 6.9 Hz, 0.8 H), 3.84-3.74 (m, 0.3 H), 3.43-3.35 (m, 2 H), 2.60-
2.48 (m, 0.6 H), 1.94 (s, 1.7 H), 1.48 (s, 1.2 H), 0.93 (d, J = 7.0 Hz, 2.5 H), 0.65 (d, J = 6.8 Hz,
3.5 H); C NMR (101 MHz, CDCl3, 1.4:1 E:Z) § 154.5, 153.2, 136.6, 136.5, 127.3, 127.3, 123.2,
123.0, 122.0, 121.9,119.4, 119.4, 118.3, 118.2, 111.6, 111.6, 111.4, 111.3, 59.8, 58.9, 31.4, 28.4,
23.9,23.4,19.3, 18.3, 13.4, 13.1; HRMS (ESI) calcd for CisH21N>O" [M + H]" 245.1648, found

245.1653.
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(E/Z)-N-(2-(1H-indol-3-yl)ethyl)-1-

F
WENer
\ O/N — N 8 fluoropropan-2-imine  oxide (S27).
s27 H F

N O
H Prepared using the general procedure

described above with 29 and fluoroacetone (5.0 equiv) in CH>Cl2/MeOH (1/1) at 23 °C, ultimately
yielding S27 (0.060 g, 45% yield, 1:3.6 E:Z) as a white solid. S27: Ry = 0.41 (silica gel,
CH2CI2/MeOH = 9/1); IR (film) vmax 3220, 1597, 1562, 1481, 1448, 1389, 1219, 1157, 1030, 708,
745 cm™!; '"H NMR (500 MHz, CDCls, 1:3.6 E:Z) § 8.11 (br s, 1 H, exchangeable), 7.65-7.57 (m,
1 H), 7.41-7.34 (m, 1 H), 7.24-7.19 (m, 1 H), 7.17-7.11 (m, 1 H), 7.09-7.03 (m, 1 H), 5.26 (d, J
=48.5 Hz, 1.5 H), 4.44 (d, J=47.2 Hz, 0.4 H), 4.22 (t,J=7.3 Hz, 0.4 H), 4.11 (t, /= 6.7 Hz, 1.6
H), 3.43-3.35 (m, 2 H), 2.09 (d, J = 4.2 Hz, 0.6 H), 1.67-1.57 (m, 2.6 H); 3*C NMR (101 MHz,
CDCls, 1:3.6 E:Z) 6 145.29 (d, J = 28.3 Hz), 142.24 (d, J = 14.6 Hz), 136.4, 136.3, 127.2, 127.1,
122.8, 122.8, 122.5, 122.4, 119.8, 119.7, 118.3, 118.2, 111.6, 111.5, 111.4, 111.4, 80.7 (d, J =
169.9 Hz), 79.1 (d, J=168.4 Hz), 61.2, 60.1, 24.1, 23.3, 16.7 (d, /= 2.9 Hz), 13.2 (d, /= 6.3 Hz);

HRMS (CI) caled for C13H16FN2O* [M + H]* 235.1241, found 235.1242.

MeO (E/Z)-N-(2-(1H-indol-3-yl)ethyl)-1-
AY L W N
\ o D N 8 methoxypropan-2-imine oxide (S28).
N ©) S28 H MeO
H .

Prepared using the general procedure
described above with 29 and methoxyacetone (5.0 equiv) in CH>Cl,/MeOH (1/1) at 23 °C,
ultimately yielding S28 (0.118 g, 84% yield, 1:1.9 E:Z) as a yellow solid. S28: Ry = 0.49 (silica
gel, CH2CIo/MeOH = 9/1); IR (film) vmax 3220, 2925, 1597, 1562, 1449, 1389, 1198, 1105, 798,
744 cm™'; 'TH NMR (500 MHz, CDCls, 1:1.9 E:Z) § 8.19 (br s, 1 H, exchangeable), 7.63 (d, J= 7.9
Hz, 1 H), 7.37 (d, J= 8.1 Hz, 1 H), 7.23-7.17 (m, 1 H), 7.16-7.11 (m, 1 H), 7.06 (d, /=2.2 Hz, 1

H), 435 (s, 1.3 H), 4.19 (t, J= 6.9 Hz, 0.7 H), 4.11 (t, J = 6.9 Hz, 1.3 H), 3.61 (s, 0.7 H), 3.43—
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3.36 (m, 2 H), 3.28 (s, 1.8 H), 3.04 (s, 0.9 H), 2.09 (s, 1 H), 1.64 (s, 1.8 H); '*C NMR (101 MHz,
CDCls, 1:1.9 E:Z) & 147.9, 145.6, 136.4, 136.4, 127.2 (2 C), 123.0, 122.9, 122.1 (2 C), 119.5 (2
C), 118.3,118.3,111.6 (2C), 111.4 (2 C), 70.7,70.1, 60.2, 60.1, 59.2, 58.3, 23.9, 23.3, 17.1, 13.7,
HRMS (ESI) calcd for Ci14H19N>O>" [M + H]" 247.1441, found 247.1445.

EtO,C (E/Z)-N-(2-(1H-indol-3-yl)ethyl)-4-

@®N
WN% — W i ethoxy-4-oxobutan-2-imine oxide (S29).
N © S29 H EtOC .

Prepared using the general procedure
described above with 29 and ethyl acetoacetate (5.0 equiv) in CH>Clo/MeOH (1/1) at 23 °C,
ultimately yielding S29 (0.144 g, 88% yield, 1:4.0 E:Z) as a white solid. S29: Ry= 0.46 (silica gel,
CH2Cl/MeOH = 9/1); IR (film) vmax 3181, 2980, 1734, 1598, 1458, 1369, 1303, 1158, 1031, 744
cm!'; 'TH NMR (500 MHz, CDCls, 1:4.0 E£:Z) 6 8.34 (br s, 1 H, exchangeable), 7.61 (d, J = 7.8 Hz,
1 H), 7.41-7.34 (m, 1 H), 7.23-7.16 (m, 1 H), 7.16-7.04 (m, 2 H), 4.23-4.12 (m, 3.4 H), 4.05 (q,
J=7.1Hz, 0.4 H), 3.50 (s, 1.6 H), 3.43-3.36 (m, 2 H), 2.95 (s, 0.4 H), 2.12 (s, 0.6 H), 1.77 (s, 2.4
H), 1.26 (t, J=7.1 Hz, 2.3 H), 1.19 (t,J=7.1 Hz, 0.6 H); *C NMR (101 MHz, CDCl3, 1:4.0 E:Z)
0 168.5, 167.5, 141.4, 140.9, 136.4, 127.2, 123.2, 123.0, 122.1, 122.0, 119.5, 119.4, 118.3, 118.2,
111.6 (2 C), 111.3, 111.2, 61.8, 61.2, 60.3, 59.7, 39.4, 38.9, 23.6, 23.4, 19.4, 19.3, 14.2, 14.1;

HRMS (ESI) calcd for Ci6H21N203" [M + H]+ 289.1547, found 289.1556.

MeO (E)-N-(2-(1H-indol-3-yl)ethyl)-1-methoxy-1-oxopropan-2-imine
0]
®
Q_S\OFNi& oxide (S30). Prepared using the general procedure described above with
N ©
: S30 29 and methyl pyruvate (2.0 equiv) in CH2Cl./MeOH (1/1) at 23 °C for

2 h, ultimately yielding S30 (0.146 g, 99% yield) as a pink solid. S30: Ry = 0.54 (silica gel,
CH2CI2/MeOH = 9/1); IR (film) vimax 3278, 1718, 1597, 1562, 1448, 1389, 1304, 1219, 1194, 1136,

744 cm™!; 'TH NMR (500 MHz, CDCl3) 6 8.06 (br s, 1 H, exchangeable), 7.71 (d, J=7.6 Hz, 1 H),
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7.39-7.33 (m, 1 H), 7.23-7.18 (m, 1 H), 7.17-7.12 (m, 1 H), 7.06 (d, J=2.3 Hz, 1 H), 4.78 (t, J =
7.5 Hz, 2 H), 3.55 (s, 3 H), 3.36 (t, J= 7.7 Hz, 2 H), 2.19 (s, 3 H); *C NMR (101 MHz, CDCls) &
162.8, 138.5, 136.3, 127.2, 122.8, 122.2, 119.6, 118.9, 111.6, 111.2, 64.3, 52.5, 25.0, 15.4; HRMS

(ESI) caled for Ci14sHi7N>O3" [M + H]* 261.1234, found 261.1235.

o (E)-N-(2-(1H-indol-3-yl)ethyl)-3-oxobutan-2-imine oxide (S31).
WNi% Prepared using the general procedure described above with 29 and
" S31 diacetyl (1.5 equiv) in CH2Clo/MeOH (1/1) at 23 °C for 2 h, ultimately
yielding S31 (0.137 g, 99% yield) as a yellow solid. S31: Ry = 0.65 (silica gel, CH>Cl,/MeOH =
9/1); IR (film) vmax 3283, 1679, 1508, 1458, 1426, 1358, 1292, 1111, 970, 745 cm™'; 'H NMR (500
MHz, CDCIls) 8 8.07 (brs, 1 H, exchangeable), 7.73 (d, /J=7.8 Hz, 1 H), 7.38-7.32 (m, 1 H), 7.24—
7.12 (m, 2 H), 7.08 (d,J=2.1 Hz, 1 H), 4.62 (t, /= 7.4 Hz, 2 H), 3.31 (t, /= 7.4 Hz, 2 H), 2.19 (s,
3 H), 1.96 (s, 3 H); 3*C NMR (101 MHz, CDCl3) & 193.3, 144.5, 136.2, 127.3, 122.8, 122.2, 119.7,
118.9,111.7,111.2,64.1,29.3,24.9, 16.1; HRMS (ESI) calcd for C14H17N202" [M +H]" 245.1285,

found 245.1288.

N-(2-(1H-indol-3-yl)ethyl)cyclopentanimine oxide (S32). Prepared
®N
\ )
N 8 using the general procedure described above with 29 and cyclopentanone

S32 (5.0 equiv) in CH2ClyMeOH (1/1) at 23 °C, ultimately yielding S32
(0.135 g, 98% yield) as a white solid. S32: Ry= 0.38 (silica gel, CH>Clo/MeOH = 9/1); IR (film)
Vmax 3179, 2964, 1597, 1563, 1449, 1395, 1340, 1136, 972, 798, 744 cm™!; 'H NMR (500 MHz,
CDCIs) 6 8.35 (br s, 1 H, exchangeable), 7.65 (d, /= 7.8 Hz, 1 H), 7.40-7.34 (m, 1 H), 7.22-7.16
(m, 1 H), 7.15-7.09 (m, 1 H), 7.07 (d, J=2.4 Hz, 1 H), 4.02 (t, J= 6.7 Hz, 2 H), 3.40 (t, /= 6.7
Hz, 2 H), 2.58 (t, J=7.4 Hz, 2 H), 1.92 (t, /= 7.2 Hz, 2 H), 1.63-1.54 (m, 2 H), 1.50-1.40 (m, 2

H); C NMR (101 MHz, CDCls) 8 157.9, 136.5, 127.4, 123.0, 121.9, 119.3, 118.4, 111.6, 111.6,
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61.7,31.2, 31.0, 26.1, 24.4, 23.2; HRMS (CI) calcd for C1sH1oN,O" [M + H]* 243.1492, found

243.1497.
N-(2-(1H-indol-3-yl)ethyl)cyclohexanimine oxide (S33). Prepared
®N
N\ 8 using the general procedure described above with 29 and
S33 cyclohexanone (5.0 equiv) in CH2Cl./MeOH (1/1) at 23 °C, ultimately

yielding S33 (0.127 g, 87% yield) as a pale-yellow solid. S33: Ry=0.36 (silica gel, CH>Clo/MeOH
=9/1); IR (film) vmax 3170, 2932, 2861, 1597, 1561, 1448, 1342, 1198, 1133, 1105, 1073, 743 cm™
I TH NMR (500 MHz, CDCls) & 8.60 (br s, 1 H, exchangeable), 7.63 (d, J= 7.8 Hz, 1 H), 7.40—
7.34 (m, 1 H), 7.21-7.15 (m, 1 H), 7.15-7.09 (m, 1 H), 7.06 (d, /=2.2 Hz, 1 H), 4.17 (t, J = 6.7
Hz, 2 H), 3.38 (t, /= 6.7 Hz, 2 H), 2.69 (t, J = 6.5 Hz, 2 H), 1.99 (t, /= 6.5 Hz, 2 H), 1.54-1.46
(m, 2 H), 1.37-1.29 (m, 2 H), 1.09-1.00 (m, 2 H); '*C NMR (101 MHz, CDCl3)  151.6, 136.5,
127.4,123.1,122.0,119.4,118.3,111.6 (2 C), 59.2,29.9, 27.1, 25.2, 24.6, 24.5, 23.7; HRMS (ESI)

caled for Ci¢H21N2O* [M + H]* 257.1648, found 257.1658.

© N-(2-(1H-indol-3-yl)ethyl)tetrahydro-4 H-pyran-4-imine oxide
N
\ o fo

H

(S34). Prepared using the general procedure described above with 29
and tetrahydro-4H-pyran-4-one (5.0 equiv) in CH>Cl./MeOH (1/1) at
23 °C, ultimately yielding S34 (0.120 g, 82% yield) as a yellow solid. S34: Ry = 0.34 (silica gel,
CH>Cl/MeOH = 9/1); IR (film) vimax 3179, 2860, 1597, 1562, 1457, 1388, 1341, 1139, 1102, 1009,
746 cm™!; 'TH NMR (500 MHz, CDCl3) 6 8.38 (br s, 1 H, exchangeable), 7.65 (d, J=7.8 Hz, 1 H),
7.41-7.35 (m, 1 H), 7.23-7.17 (m, 1 H), 7.15-7.10 (m, 1 H), 7.08 (d, /J=2.2 Hz, 1 H), 4.14 (t, J =
6.3 Hz, 2 H), 3.48 (t, /=5.9 Hz, 2 H), 3.41 (t, /= 6.3 Hz, 2 H), 2.89 (t, J = 5.7 Hz, 2 H), 2.77 (4,

J=59Hz, 2 H), 1.98 (t, J= 5.7 Hz, 2 H); 3C NMR (101 MHz, CDCl3) & 145.8, 136.4, 127.5,
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123.0, 122.4, 119.8, 118.3, 111.7, 111.6, 65.9, 65.5, 59.3, 30.3, 27.6, 23.5; HRMS (CI) calcd for

CisHioN202" [M + H]* 259.1441, found 259.1444.

© N-(2-(1H-indol-3-yl)ethyl)-1-(zert-butoxycarbonyl)piperidin-4-
N
\ o fN Boc

N o imine oxide (S35). Prepared using the general procedure described

S35 above with 29 and 1-Boc-4-piperidone (3.5 equiv) in
CH>CI2/MeOH (1/1) at 23 °C, ultimately yielding S35 (0.184 g, 91% yield) as a white solid. S35:
Ry = 0.43 (silica gel, CH2Cl/MeOH = 9/1); IR (film) vmax 2972, 1695, 1597, 1564, 1394, 1363,
1223, 1148, 1000, 858, 744 cm™'; 'TH NMR (500 MHz, CDCls3) & 8.18 (br s, 1 H, exchangeable),
7.64 (d, J=7.8 Hz, 1 H), 7.39-7.33 (m, 1 H), 7.22-7.17 (m, 1 H), 7.15-7.09 (m, 1 H), 7.07 (d, J
=2.2Hz 1 H),4.14 (t, J= 6.3 Hz, 2 H), 3.40 (t, /= 6.3 Hz, 2 H), 3.30-3.19 (m, 2 H), 2.75 (t, /=
5.7 Hz, 2 H), 2.69 (t,J = 6.1 Hz, 2 H), 1.99 (t, J= 6.0 Hz, 2 H), 1.40 (s, 9 H); *C NMR (101 MHz,
CDCl) 6 154.5, 146.6, 136.3, 127.5, 122.8, 122.5, 119.8, 118.4, 111.9, 111.6, 80.2, 59.8, 41.2,

40.7, 28.9, 28.5, 27.1, 23.6; HRMS (ESI) calcd for CaoHasN3O5* [M + H]* 358.2125, found

358.2133.
© (£)-N-(2-(1H-indol-3-yl)ethyl)-2,3-dihydro-1H-inden-1-imine
N oo
” 8 oxide (S36). Prepared using the general procedure described above
S36

with 29 and 1-indanone (3.0 equiv) in MeOH at 50 °C, ultimately
yielding S36 (0.149 g, 90% yield) as a brown solid. S36: Ry = 0.49 (silica gel, CH.Cl,/MeOH =
9/1); IR (film) vmax 2850, 1595, 1561, 1445, 1400, 1174, 1097, 1067, 760, 747 cm™'; 'H NMR (500
MHz, CDCl3) 6 8.96 (d,J=7.3 Hz, 1 H), 8.09 (br s, 1 H, exchangeable), 7.65 (d, J= 7.9 Hz, 1 H),
7.41-7.30 (m, 3 H), 7.24-7.16 (m, 2 H), 7.13-7.08 (m, 1 H), 7.06 (d, /J=2.2 Hz, 1 H), 4.17 (t, J =
7.0 Hz, 2 H), 3.50 (t, J = 7.0 Hz, 2 H), 2.93-2.86 (m, 2 H), 2.59-2.53 (m, 2 H); *C NMR (101

MHz, CDCl;) 6 150.0, 148.1, 136.3, 134.8, 131.1, 127.4, 127.2, 127.2, 124.7, 122.9, 122.3, 119.7,
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118.5, 112.0, 111.5, 62.3, 29.1, 28.9, 23.4; HRMS (CI) calcd for C19Hi9N2O* [M + H]" 291.1492,
found 291.1503.

A N-(2-(1H-indol-3-yl)ethyl)cycloheptanimine oxide (S37). Prepared
(30

N 8 using the general procedure described above with 29 and
H

S cycloheptanone (5.0 equiv) in CH2Clo/MeOH (1/1) at 23 °C, ultimately
yielding S37 (0.153 g, 99% yield) as a yellow solid. S37: Ry= 0.51 (silica gel, CH>Cl,/MeOH =
9/1); IR (film) vmax 3173, 2924, 2854, 1597, 1564, 1449, 1211, 1140, 1105, 743 cm™!; 'H NMR
(500 MHz, CDCl3) & 8.37 (br s, 1 H, exchangeable), 7.63 (d, J= 7.8 Hz, 1 H), 7.41-7.33 (m, 1 H),
7.22-7.16 (m, 1 H), 7.15-7.10 (m, 1 H), 7.07 (d, /= 2.3 Hz, 1 H), 4.17 (t, /=7.0 Hz, 2 H), 3.40
(t,J=6.9 Hz, 2 H), 2.79-2.71 (m, 2 H), 2.20-2.14 (m, 2 H), 1.64-1.57 (m, 2 H), 1.46—1.38 (m, 2
H), 1.35-1.28 (m, 2 H), 1.25-1.19 (m, 2 H); *C NMR (101 MHz, CDCl3) § 155.0, 136.5, 127.4,
123.0,121.9,119.3,118.3, 111.6, 111.4,59.4, 31.9, 31.2, 29.7, 29.5, 26.1, 24.6, 23.8; HRMS (CI)

caled for C17H23N2O* [M + H] 271.1805, found 271.1815.

WN N-(2-(1H-indol-3-yl)ethyl)cyclooctanimine oxide (S38). Prepared
\ / @
O

H o using the general procedure described above with 29 and
cyclooctanone (5.0 equiv) in CH>Clo./MeOH (1/1) at 23 °C, ultimately

yielding S38 (0.161 g, 99% yield) as a yellow solid. S38: Ry = 0.49 (silica gel, CH>Cl,/MeOH =
9/1); IR (film) vmax 3173, 2924, 1597, 1562, 1448, 1400, 1355, 1217, 1142, 1109, 743 cm™!; 'H
NMR (500 MHz, CDCIs) 8 8.25 (br s, 1 H, exchangeable), 7.64 (d, /= 7.8 Hz, 1 H), 7.41-7.34 (m,
1 H), 7.23-7.17 (m, 1 H), 7.16-7.10 (m, 1 H), 7.08 (d, /=2.4 Hz, 1 H), 4.13 (t, /= 7.2 Hz, 2 H),
3.42 (t, J=17.2 Hz, 2 H), 2.69-2.60 (m, 2 H), 2.23-2.13 (m, 2 H), 1.80-1.73 (m, 2 H), 1.55-1.47

(m, 2 H), 1.45-1.38 (m, 2 H), 1.33-1.27 (m, 2 H), 1.26-1.20 (m, 2 H); '3C NMR (101 MHz, CDCls)
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0 154.5,136.6, 127.3, 123.1, 121.9, 119.2, 118.3, 111.6, 111.4, 59.0, 30.7, 29.7, 28.1, 26.8, 25.9,

25.4,23.5, 23.3; HRMS (ESI) calcd for C1sH2sN,O" [M + H]" 285.1961, found 285.1972.

MeQO (E)-N-(2-(5-methoxy-1H-indol-3-yl)ethyl)-1-phenylethan-1-imine

€]
N-O . :
m oxide (S39). Prepared using the general procedure described above

N ph
H N
with §7 and acetophenone (5.0 equiv) in CH2Clo/MeOH (1/1) at 23 °C,

S39
ultimately yielding S39 (0.131 g, 88% yield) as a white solid. S39: Ry = 0.44 (silica gel,
CH2Cl2/MeOH = 9/1); IR (film) vmax 3325, 1597, 1486, 1447, 1394, 1216, 1071, 858, 798, 700
cm!; 'THNMR (500 MHz, CDCl3)  8.06 (br s, 1 H, exchangeable), 7.26-7.22 (m, 2 H), 7.19-7.13
(m, 2 H), 6.97 (d,/=2.4 Hz, 1 H), 6.82 (dd, J=8.7, 2.4 Hz, 1 H), 6.75-6.70 (m, 3 H), 4.07 (t, J
= 6.9 Hz, 2 H), 3.74 (s, 3 H), 3.33 (t, /= 7.0 Hz, 2 H), 2.35 (s, 3 H); >*C NMR (101 MHz, CDCl3)
0 154.0, 148.4, 136.2, 131.4, 128.8, 128.7, 127.8, 127.3, 123.5, 112.6, 112.0, 111.5, 100.0, 60.1,

56.0,23.9, 20.8; HRMS (CI) calcd for CioH21N>O5" [M + H]* 309.1598, found 309.1599.

oN- © (E)-N-(2-(7-ethyl-1H-indol-3-yl)ethyl)-1-phenylethan-1-imine oxide

”\ Ph (S40). Prepared using the general procedure described above with S9 and

S40 acetophenone (5.0 equiv) in CH>Cl,/MeOH (1/1) at 23 °C, ultimately

yielding S40 (0.131 g, 87% yield) as a pale-yellow solid. S40: Ry= 0.50 (silica gel, CH>Clo/MeOH
= 9/1); IR (film) vmax 3261, 1597, 1564, 1485, 1448, 1395, 1220, 1080, 858, 798 cm!; 'H NMR
(500 MHz, CDCI5) 6 8.08 (br s, 1 H, exchangeable), 7.28-7.25 (m, 1 H), 7.22-7.15 (m, 2 H), 7.09
(d, J=7.8 Hz, 1 H), 7.02-6.98 (m, 2 H), 6.97-6.92 (m, 1 H), 6.80-6.74 (m, 2 H), 4.07 (t, J=17.2
Hz, 2 H), 3.36 (t, /J=7.2 Hz, 2 H), 2.86 (q, J = 7.6 Hz, 2 H), 2.37 (s, 3 H), 1.36 (t, /= 7.6 Hz, 3
H); 3C NMR (101 MHz, CDCls) & 148.4, 136.2, 135.1, 128.8, 128.7, 128.6, 127.2, 126.8, 122.4,
120.6, 119.7, 116.2, 112.1, 60.4, 24.1, 24.0, 20.8, 14.2; HRMS (ESI) calcd for C20H»3N>O" [M +

H]" 307.1805, found 307.1808.
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Br (E)-N-(2-(4-bromo-1H-indol-3-yl)ethyl)-1-phenylethan-1-imine oxide

O
mo (S41). Prepared using the general procedure described above with S11 and
N

Ph N .
H acetophenone (5.0 equiv) in CH2Cl/MeOH (1/1) at 23 °C, ultimately

yielding S;:tl (0.127 mg, 91% vyield) as a pale-yellow solid. S41: Ry = 0.49 (silica gel,
CH2Cl2/MeOH = 9/1); IR (film) vmax 3155, 1597, 1562, 1424, 1333, 1221, 1193, 1156, 1071, 1044,
738,700 cm™!; '"H NMR (500 MHz, CDCl3) § 9.36 (br s, 1 H, exchangeable), 7.37 (dd, J = 8.1, 0.9
Hz, 1 H), 7.22-7.15 (m, 2 H), 7.09 (dd, J = 7.6, 0.9 Hz, 1 H), 7.05-7.00 (m, 2 H), 6.97 (t, J="7.8
Hz, 1 H), 6.58-6.52 (m, 2 H), 4.25 (t, J= 6.4 Hz, 2 H), 3.52 (t, J = 6.4 Hz, 2 H), 2.31 (s, 3 H); 3C
NMR (101 MHz, CDClz) & 149.7, 138.0, 135.6, 128.8, 128.6, 127.0, 125.9, 125.6, 123.5, 122.6,

114.0, 111.5, 111.0, 61.3, 24.2, 20.8; HRMS (ESI) calcd for CigHi1sBrN,O* [M + H]* 357.0597,

found 357.0610.
Br o (E)-N-(2-(5-bromo-1H-indol-3-yl)ethyl)-1-phenylethan-1-imine
-0
w oxide (S42). Prepared using the general procedure described above with
N ph
: S42 S13 and acetophenone (5.0 equiv) in CH>Clo/MeOH (1/1) at 23 °C,

ultimately yielding S42 (0.114 g, 81% yield) as a white solid. S42: Ry = 0.68 (silica gel,
CH2Cl/MeOH = 9/1); IR (film) vmax 3199, 1597, 1564, 1449, 1394, 1219, 1159, 1071, 882, 858,
798, 699 cm™!; 'TH NMR (500 MHz, CDCl3) 8 8.91 (br s, 1 H, exchangeable), 7.33-7.29 (m, 1 H),
7.28-7.27 (m, 1 H), 7.25-7.23 (m, 1 H), 7.23-7.17 (m, 3 H), 6.99 (d, J = 2.4 Hz, 1 H), 6.75-6.67
(m, 2 H), 4.06 (t, J = 6.6 Hz, 2 H), 3.29 (t, J = 6.9 Hz, 2 H), 2.36 (s, 3 H); '°*C NMR (101 MHz,
CDCI3) 0 148.8,135.9, 135.0, 129.2, 129.2, 128.8, 127.1, 124.9, 124.2, 121.1, 112.8, 112.8, 111.4,

60.0, 23.8, 20.8; HRMS (ESI) caled for CisHisBrN2O* [M + H]* 357.0597, found 357.0598.

201



NC (E)-N-(2-(5-cyano-1H-indol-3-yl)ethyl)-1-phenylethan-1-imine

O
W;’]‘;O oxide (S43). Prepared using the general procedure described above with
N

Ph
H S15 and acetophenone (5.0 equiv) in CH>Cl./MeOH (1/1) at 23 °C,

ultimately ;i‘:ding S43 (0.094 g, 62% yield) as a white solid. S43: Ry = 0.40 (silica gel,
CH2Cl2/MeOH = 9/1); IR (film) vmax 3289, 2362, 2218, 1597, 1572, 1479, 1401, 1223, 1138, 1069,
802 cm™!; 'TH NMR (500 MHz, CDCl3) 6 9.71 (br s, 1 H, exchangeable), 7.46 (d, J = 8.4 Hz, 1 H),
7.42-7.39 (m, 1 H), 7.397.32 (m, 2 H), 7.24-7.18 (m, 2 H), 7.12 (d, J = 2.3 Hz, 1 H), 6.75-6.70
(m, 2 H), 4.10 (t, J = 6.9 Hz, 2 H), 3.33 (t, J = 6.9 Hz, 2 H), 2.35 (s, 3 H); 13C NMR (101 MHz,
CDCl3) 06 149.2, 138.1, 135.8, 129.5, 128.9, 127.2,127.1, 125.3, 124.9, 124.1, 120.7, 112.4, 112.4,

102.4, 59.8, 23.6, 20.7; HRMS (CI) caled for C1oHisN3;O" [M + H]" 304.1444, found 304.1446.

O (E)-1-phenyl-N-(2-(6-(trifluoromethyl)-1H-indol-3-
FsC
H ph)J\ ylethyl)ethan-1-imine oxide (S44). Prepared using the general

S44 procedure described above with S17 and acetophenone (5.0 equiv) in
CH>CI2/MeOH (1/1) at 23 °C, ultimately yielding S44 (0.125 g, 88% yield) as a white solid. S44:
Ry=0.57 (silica gel, CH2Cl/MeOH = 9/1); IR (film) vmax 3182, 1597, 1564, 1448, 1393, 1336,
1220, 1158, 1111, 1072, 700 cm™'; '"H NMR (500 MHz, CDCls) 6 8.65 (br s, 1 H, exchangeable),
7.69-7.62 (m, 1 H), 7.29 (d, J = 8.4 Hz, 1 H), 7.26-7.22 (m, 1 H), 7.19 (dd, /= 8.4, 1.6 Hz, 1 H),
7.17-7.11 (m, 3 H), 6.70-6.63 (m, 2 H), 4.09 (t, J = 6.9 Hz, 2 H), 3.37 (t, /= 6.8 Hz, 2 H), 2.33
(s, 3 H); BC NMR (101 MHz, CDCls) & 149.5, 135.7, 135.4, 129.6, 129.1, 128.8, 127.0, 125.8,
125.4 (q,J=271.4 Hz), 123.9 (q,J=31.8 Hz), 118.7, 115.9, 111.6, 109.0, 60.0, 23.6, 20.8; HRMS

(CI) caled for C1oHisF3N,0* [M + H]* 347.1366, found 347.1370.
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Br (E)-N-(2-(1H-indol-3-yl)ethyl)-1-(4-bromophenyl)ethan-1-

Q_f\\ imine oxide (S45). Prepared using the general procedure described
®N
\ ,
N 8 above with 29 and 4'-bromoacetophenone (2.5 equiv) in MeOH at
H
S45

50 °C, ultimately yielding S45 (0.170 g, 84% yield) as a white solid.
S45: Ry= 0.60 (silica gel, CH,Clo,/MeOH = 9/1); IR (film) 3184, 1577, 1484, 1457, 1221, 1165,
1075, 1009, 825, 742 vmaxcm™!; 'TH NMR (400 MHz, CDCls) 8 8.25 (brs, 1 H, exchangeable), 7.37
(d, J=8.1 Hz, 1 H), 7.28-7.24 (m, 1 H), 7.23-7.16 (m, 3 H), 7.05-7.00 (m, 1 H), 6.99 (d, /=2.3
Hz, 1 H), 6.48-6.39 (m, 2 H), 4.06 (t, J= 6.2 Hz, 1 H), 3.35 (t, J= 6.2 Hz, 1 H) 2.29 (s, 3 H); 13C
NMR (101 MHz, CDCls) 6 147.3, 136.3, 134.9, 131.8, 128.9, 127.4, 123.1, 122.8, 122.2, 119.6,
118.5, 111.6, 111.3, 60.4, 23.7, 20.6; HRMS (CI) calcd for CisHisBrN.O* [M + H]* 357.0597,

found 357.0596.

General Procedure for Racemic Pictet—Spengler Reactions of Nitrones.

To a solution of nitrone (0.25 mmol, 1.0 equiv) in CH>Cl, (1.25 mL, dried over 4A MS beads) at
23 °C was added molecular sieves (4A, powder, ~150 mg), and the resultant slurry was stirred for
10 min under an argon atmosphere. Next, the acyl chloride (0.26 mmol, 1.05 equiv) was added
and the reaction mixture was stirred for 30 min at 23 °C. Upon completion, the contents were
quenched by the addition of saturated aqueous NaHCOs3 (5 mL), poured into a separatory funnel,
and extracted with CH>Cl> (3 x 5 mL). The combined organic extracts were then dried (Na;SOs),
filtered, and concentrated. The resultant crude material was purified by flash column
chromatography (silica gel, hexanes/EtOAc = 1/0—2/1) to yield 33, 39, 62. Note: These reactions
must be run under strictly anhydrous conditions to avoid hydrolysis of the N-acyloxyiminium

species.
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3&\ 1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido[3,4-b]indol-2-yl
Q:QNP;O i benzoate (33a). Prepared using the general procedure described above
H33a with 32 and benzoyl chloride, ultimately yielding 33a (0.083 g, 86%

yield) as a white solid. 33a: Ry=0.50 (silica gel, hexanes/EtOAc = 4/1); IR (film) vmax 3363, 1726,
1598, 1450, 1272, 1092, 1063, 1023, 745, 700 cm™!; 'TH NMR (500 MHz, CDCl3)  8.00—7.84 (m,
3 H, 1 exchangeable), 7.63 (d, /J=7.7Hz, 1 H), 7.53 (t, /= 7.4 Hz, 1 H), 7.43-7.35 (m, 5 H), 7.31-
7.24 (m, 4 H), 7.23-7.19 (m, 1 H), 3.69-3.57 (m, 1 H), 3.44-3.26 (m, 1 H), 3.22-3.14 (m, 1 H),
2.93-2.78 (m, 1 H), 1.97 (s, 3 H); ®*CNMR (101 MHz, CDCl3) § 165.5, 136.2, 135.2, 133.2, 129.6,
129.3, 128.5, 128.4, 128.0, 127.9 (2 C), 127.1, 122.2, 119.8, 118.8, 111.2, 108.6, 65.9, 48.1, 25.2,

18.4; HRMS (CI) caled for C2sH23N202" [M + H]" 383.1754, found 383.1753.

(i\\ 1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido[3,4-b]indol-2-yl
Q:Q’:}O acetate (33b). Prepared using the general procedure described above
H33b with 32 and acetyl chloride, ultimately yielding 33b (0.069 g, 86% yield)

as a white solid. 33b: Ry= 0.40 (silica gel, hexanes/EtOAc =4/1); IR (film) vmax 3363, 1238, 1744,
1597, 1448, 1366, 1297, 1221, 745, 701 cm™'; 'TH NMR (500 MHz, CDCl3) § 7.76 (br s, 1 H,
exchangeable), 7.57 (d, /= 7.8 Hz, 1 H), 7.37 (d, /= 8.0 Hz, 1 H), 7.35-7.30 (m, 2 H), 7.30-7.24
(m, 3 H), 7.24-7.20 (m, 1 H), 7.19-7.14 (m, 1 H), 3.58-3.44 (m, 1 H), 3.31-3.17 (m, 1 H), 3.10—
3.02 (m, 1 H), 2.87-2.71 (m, 1 H), 1.98 (s, 3 H), 1.88 (s, 3 H); 3C NMR (101 MHz, CDCls) §
170.2,136.1,135.2,128.4,127.9 (2 C), 127.8, 127.0, 122.2, 119.8, 118.7, 111.1, 108.5, 65.5, 47.9,

24.7,19.6, 18.3; HRMS (CI) caled for CaoH21N20>" [M + H]* 321.1598, found 321.1601.

1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido|3,4-b]indol-2-

o
\ N\O»\t-BU . .
N yl pivalate (33c). Prepared using the general procedure described
N Ph
33c

above with 32 and pivaloyl chloride, ultimately yielding 33¢ (0.080
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g, 88% yield) as a white solid. 33¢c: Ry = 0.49 (silica gel, hexanes/EtOAc = 4/1); IR (film) Viax
3363,2974, 1732, 1597, 1450, 1396, 1276, 1118, 1024, 744, 700 cm™'; 'TH NMR (500 MHz, CDCl3)
0 7.83 (br s, 1 H, exchangeable), 7.59 (d, J = 7.7 Hz, 1 H), 7.41-7.33 (m, 3 H), 7.31-7.24 (m, 3
H), 7.24-7.15 (m, 2 H), 3.56-3.43 (m, 1 H), 3.34-3.19 (m, 1 H), 3.08-2.99 (m, 1 H), 2.92-2.77
(m, 1 H), 1.91 (s, 3 H), 1.11 (s, 9 H); *C NMR (101 MHz, CDCl3) § 176.8, 136.2, 135.6, 128.3,
127.9 (2 C), 127.8, 127.0, 122.0, 119.7, 118.7, 111.1, 108.3, 65.6, 47.8, 39.0, 27.3, 24.5, 18.5;

HRMS (CI) calcd for C23H27N20," [M + H]" 363.2067, found 363.2066.

o Methyl (1-methyl-1-phenyl-1,3,4,9-tetrahydro-2H-pyrido|[3,4-
\ N\O»\OMe ) .

Q:Q% blindol-2-yl) carbonate (33d). Prepared using the general procedure
H33d described above with 32 and methyl chloroformate, ultimately
yielding 33d (0.074 g, 87% yield) as a white solid. 33d: Ry = 0.39 (silica gel, hexanes/EtOAc =
4/1); IR (film) vmax 3380, 1755, 1597, 1440, 1229, 1128, 940, 858, 745, 700 cm™'; 'H NMR (500
MHz, CDCl3) 8 7.74 (br s, 1 H, exchangeable), 7.55 (d, /J=7.8 Hz, 1 H), 7.38-7.30 (m, 3 H), 7.30—
7.25 (m, 3 H), 7.23-7.18 (m, 1 H), 7.18-7.12 (m, 1 H), 3.78 (s, 3 H), 3.63-3.51 (m, 1 H), 3.32—
3.19 (m, 1 H), 3.14-3.06 (m, 1 H), 2.86-2.73 (m, 1 H), 1.92 (s, 3 H); 3C NMR (101 MHz, CDCls)
0 156.2, 136.2, 134.8, 128.4, 127.9, 127.8, 127.7, 127.0, 122.2, 119.8, 118.7, 111.1, 108.4, 66.1,

55.2,48.1, 24.4, 18.3; HRMS (CI) calcd for C2oH2N>O3" [M + H]* 337.1547, found 337.1550.

o 1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido[3,4-b]indol-2-

)\/Ph
Q:QN\O yl 2-phenylacetate (33e). Prepared using the general procedure
Ph
H
33e described above with 32 and phenylacetyl chloride, ultimately

yielding 33e (0.095 g, 95% yield) as a white solid. 33e: Ry = 0.44 (silica gel, hexanes/EtOAc =
4/1); IR (film) vmax 3374, 3058, 1745, 1453, 1298, 1232, 1116, 1025, 745, 700 cm™'; 'H NMR (500

MHz, CDCl3) 6 7.70 (br s, 1 H, exchangeable), 7.56 (d,J= 7.7 Hz, 1 H), 7.35 (d, J= 8.0 Hz, 1 H),
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7.32-7.20 (m, 9 H), 7.19-7.14 (m, 3 H), 3.53 (s, 2 H), 3.48-3.41 (m, 1 H), 3.27-3.15 (m, 1 H),
3.05-2.92 (m, 1 H), 2.84-2.72 (m, 1 H), 1.78 (s, 3 H); 3C NMR (101 MHz, CDCls) § 170.4, 136.2,
135.3, 133.7, 129.3, 128.7, 128.3 (2 C), 127.8 (2 ©), 127.2, 127.0, 122.1, 119.8, 118.7, 111.1,
108.4, 65.7, 48.0, 40.3, 24.3, 18.5; HRMS (ESI) calcd for CasH2N20," [M + H]* 397.1911, found

397.1912.

1-methyl-1-(4-nitrophenyl)-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-

blindol-2-yl 2-phenylacetate (40). Prepared using the general

NO, procedure described above with S18 and phenylacetyl chloride,
ultimately yielding 40 (0.107 g, 97% yield) as a bright yellow solid. 40: Ry = 0.34 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3245, 1598, 1561, 1518, 1400, 1349, 1219, 1069, 857, 744
cm!; 'TH NMR (500 MHz, CDCls) & 8.03 (d, J= 8.4 Hz, 2 H), 7.66 (br s, 1 H, exchangeable), 7.57
(d, J=7.8 Hz, 1 H), 7.53-7.39 (m, 2 H), 7.35 (d, /= 8.0 Hz, 1 H), 7.28-7.21 (m, 4 H), 7.20-7.11
(m, 3 H), 3.57-3.46 (m, 3 H), 3.23-3.12 (m, 1 H), 3.05-2.95 (m, 1 H), 2.92-2.80 (m, 1 H), 1.79
(s, 3 H); B*C NMR (101 MHz, CDCl3) 3 170.0, 147.3, 136.4, 134.0, 133.4, 129.1, 128.8, 128.7 (2
C), 127.4, 126.7, 123.4, 122.7, 120.1, 118.9, 111.3, 108.8, 65.4, 48.3, 40.3, 23.7, 18.7; HRMS

(ESI) caled for C26H24N304" [M + H]* 442.1761, found 442.1759.

1-(4-methoxyphenyl)-1-methyl-1,3,4,9-tetrahydro-2 H-
pyrido[3,4-b]indol-2-yl 2-phenylacetate (41). Prepared using the

oMe general procedure described above with S19 and phenylacetyl

chloride, ultimately yielding 41 (0.088 g, 83% yield) as a yellow solid. 41: Ry= 0.62 (silica gel,
hexanes/EtOAc = 2/1); IR (film) vmax 3373, 1746, 1607, 1510, 1454, 1299, 1249, 1180, 1116, 744
cm!'; 'TH NMR (500 MHz, CDCl3) § 7.69 (br s, 1 H, exchangeable), 7.56 (d, J= 7.7 Hz, 1 H), 7.34

(d, J=7.9 Hz, 1 H), 7.30-7.09 (m, 9 H), 6.79-6.72 (m, 2 H), 3.77 (s, 3 H), 3.53 (s, 2 H), 3.47—
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3.39 (m, 1 H), 3.28-3.17 (m, 1 H), 3.02-2.92 (m, 1 H), 2.87-2.71 (m, 1 H), 1.77 (s, 3 H); 3C NMR
(101 MHz, CDCl3) & 170.4, 159.1, 136.2, 135.6, 133.8, 129.3, 129.1 (2 C), 128.6, 127.2, 127.0,
122.1,119.7, 118.6, 113.5, 111.1, 108.2, 65.2, 55.4, 47.9, 40.3, 24.3, 18.6; HRMS (ESI) calcd for

Ca7H27N205" [M + H]* 427.2016, found 427.2013.

>\\/Ph 1-methyl-1-(naphthalen-2-yl)-1,3,4,9-tetrahydro-2 H-

O N\ N-0 pyrido[3,4-b]indol-2-yl 2-phenylacetate (42). Prepared using the
" 42 OO general procedure described above with S20 and phenylacetyl
chloride, ultimately yielding 42 (0.106 g, 95% yield) as a pale-yellow solid. 42: Ry= 0.44 (silica
gel, hexanes/EtOAc = 4/1); IR (film) vmax 3373, 3058, 1745, 1597, 1454, 1297, 1230, 1115, 744,
696 cm!; 'TH NMR (500 MHz, CDCl3) 6 7.80 (d, J= 7.8 Hz, 1 H), 7.77-7.68 (m, 3 H), 7.67-7.62
(m, 1 H), 7.59 (d, /= 7.6 Hz, 1 H), 7.55 (br s, 1 H, exchangeable), 7.49-7.41 (m, 2 H), 7.36 (d, J
=79Hz, 1H),7.26-7.22 (m, 1 H), 7.21-7.13 (m, 4 H), 7.12-7.05 (m, 2 H), 3.56-3.46 (m, 3 H),
3.35-3.24 (m, 1 H), 3.05-2.96 (m, 1 H), 2.91-2.78 (m, 1 H), 1.87 (s, 3 H); *C NMR (101 MHz,
CDCl3) 6 170.4, 136.3, 135.5, 133.7, 132.9, 129.1, 128.7, 128.6, 128.4, 128.2 (2 C), 127.6, 127.2,

127.0, 126.5, 126.4, 126.2, 125.9, 122.2, 119.8, 118.7, 111.2, 108.4, 65.8, 48.0, 40.3, 23.9, 18.7;

HRMS (CI) calcd for C30H27N202+ [M + H]+ 447.2067, found 447.2064.

3&\/% 1-methyl-1-(pyridin-2-yl)-1,3,4,9-tetrahydro-2H-pyrido|3,4-
N-
N\ O\ blindol-2-yl 2-phenylacetate (43). Prepared using the general
H I
13 N~ procedure described above with S21 and phenylacetyl chloride,

ultimately yielding 43 (0.087 g, 87% vyield) as a yellow solid. 43: Ry = 0.21 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3059, 2934, 1754, 1590, 1455, 1431, 1300, 1233, 1112, 742
cm™!; 'TH NMR (500 MHz, CDCls, 45 °C) 8 9.14 (br s, 1 H, exchangeable), 8.60-8.49 (m, 1 H),

7.79 (d, J=8.0 Hz, 1 H), 7.56-7.47 (m, 2 H), 7.34 (d, J= 8.1 Hz, 1 H), 7.23-7.14 (m, 4 H), 7.14—
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7.05 (m, 4 H), 3.74-3.63 (m, 2 H), 3.53-3.40 (m, 2 H), 3.10-3.02 (m, 1 H), 2.92-2.86 (m, 1 H),
1.90 (s, 3 H); 13C NMR (126 MHz, CDCls, 45°C) 5 169.9, 163.4, 148.4, 137.1, 136.6, 136.4, 133.5,
129.2, 128.6, 127.2, 126.8, 122.2, 121.8, 120.9, 119.4, 118.5, 111.3, 106.5, 67.3, 48.5, 40.4, 22.2,

19.3; HRMS (ESI) calcd for C2sH24N302" [M + H]" 398.1863, found 398.1867.

(33\/% 1-methyl-1-(thiophen-2-yl)-1,3,4,9-tetrahydro-2H-pyrido|3,4-
N-
N\ % blindol-2-yl 2-phenylacetate (44). Prepared using the general
H | P

” procedure described above with S22 and phenylacetyl chloride,
ultimately yielding 44 (0.096 g, 96% vyield) as a yellow solid. 44: Ry = 0.46 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3379, 1749, 1598, 1454, 1299, 1232, 1114, 1074, 743, 697
cm™!; 'TH NMR (500 MHz, CDCls) & 7.68 (br s, 1 H, exchangeable), 7.53 (d, J = 7.8 Hz, 1 H),
7.37-7.25 (m, 5 H), 7.24-7.17 (m, 3 H), 7.16-7.11 (m, 1 H), 6.92-6.81 (m, 1 H), 6.76—6.57 (m, 1
H), 3.62-3.54 (m, 2 H), 3.50-3.34 (m, 2 H), 3.09-2.93 (m, 1 H), 2.92-2.84 (m, 1 H), 1.86 (s, 3 H);
BCNMR (101 MHz, CDCl3) 8 170.1, 136.3, 135.1, 133.6, 129.3, 128.7, 127.2, 126.6 (2 C), 126.2,
126.1,122.2,119.7,118.7, 111.2 (2 C), 107.9, 63.7, 48.4, 40.2, 25.4, 19.3; HRMS (ESI) calcd for

C24H23N20,S" [M + H]* 403.1475, found 403.1476.

%\/Ph 1-(furan-2-yl)-1-methyl-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-
N-
N\ % blindol-2-yl 2-phenylacetate (45). Prepared using the general
H | P

45 procedure described above with S23 and phenylacetyl chloride,
ultimately yielding 45 (0.090 g, 93% yield) as a pale-yellow solid. 45: Ry = 0.31 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3373, 1750, 1496, 1454, 1300, 1233, 1157, 1115, 1011, 744,
697 cm™!; 'TH NMR (500 MHz, CDCl3) 6 7.69 (br s, 1 H, exchangeable), 7.52 (d, J=7.7 Hz, 1 H),
7.41-7.34 (m, 1 H), 7.33-7.25 (m, 4 H), 7.25-7.21 (m, 2 H), 7.21-7.16 (m, 1 H), 7.16-7.10 (m, 1

H), 6.30-6.20 (m, 1 H), 5.97 (d, J = 3.3 Hz, 1 H), 3.60-3.52 (m, 2 H), 3.51-3.41 (m, 2 H), 3.04—
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2.94 (m, 1 H), 2.93-2.86 (m, 1 H), 1.81 (s, 3 H); *C NMR (101 MHz, CDCls) & 170.1, 154.4,
142.7, 136.3, 133.8, 133.6, 129.3, 128.6, 127.2, 126.6, 122.2, 119.6, 118.6, 111.2, 110.1, 109.7,
108.2, 62.3, 48.7, 40.2, 22.4, 19.2; HRMS (CI) caled for C4Ha3N>05* [M + H]* 387.1703, found

387.1703.

o 1,1-dimethyl-1,3,4,9-tetrahydro-2 H-pyrido|3,4-b]indol-2-yl  2-

Ph
\ N~O>X\/ . .
phenylacetate (46). Prepared using the general procedure described

Iz

46 above with S24 and phenylacetyl chloride, ultimately yielding 46
(0.081 g, 97% yield) as a white solid. 46: Ry = 0.50 (silica gel, hexanes/EtOAc = 2/1); IR (film)
Vmax 3364, 2981, 1746, 1598, 1454, 1317, 1299, 1231, 1120, 744, 696 cm™!; 'H NMR (500 MHz,
CDCI3) & 7.68 (br s, 1 H, exchangeable), 7.48 (d,J=7.7 Hz, 1 H), 7.33 (d, J= 8.0 Hz, 1 H), 7.30-
7.22 (m, 5 H), 7.20-7.15 (m, 1 H), 7.15-7.08 (m, 1 H), 3.61 (s, 2 H), 3.52 (t, /=15.6 Hz, 2 H), 2.83
(t,J=5.0Hz, 2 H), 1.46 (s, 6 H); ’*C NMR (126 MHz, CDCl3, 45 °C) § 170.3, 137.6, 136.2, 133.8,
129.3, 128.7, 127.3, 127.2, 121.9, 119.7, 118.4, 111.0, 106.3, 59.8, 48.3, 40.4, 26.2, 18.8; HRMS

(ESI) caled for C21H23N202" [M + H]* 335.1754, found 335.1756.

0 1,1-diethyl-1,3,4,9-tetrahydro-2 H-pyrido|3,4-b]indol-2-yl 2-

Ph
\ N‘O»\/ . .
phenylacetate (47). Prepared using the general procedure described

=

47 above with S25 and phenylacetyl chloride, ultimately yielding 47
(0.077 g, 85% yield) as a yellow solid. 47: Ry= 0.42 (silica gel, hexanes/EtOAc = 4/1); IR (film)
Vmax 3387, 2972, 1746, 1597, 1496, 1454, 1339, 1231, 1119, 744 cm™!; TH NMR (500 MHz, CDCl3)
0 7.65 (br s, 1 H, exchangeable), 7.49 (d, /=7.8 Hz, 1 H), 7.33 (d, /= 8.0 Hz, 1 H), 7.31-7.21 (m,
5 H), 7.20-7.15 (m, 1 H), 7.13-7.09 (m, 1 H), 3.62-3.52 (m, 4 H), 2.83 (t, J=6.1 Hz, 2 H), 1.86—

1.70 (m, 4 H), 0.85 (t,J = 7.5 Hz, 6 H); 3C NMR (101 MHz, CDCls) § 170.0, 136.1, 135.9, 133.8,
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129.2, 128.7, 127.3, 126.9, 121.7, 119.5, 118.3, 110.9, 107.6, 65.6, 47.5, 40.6, 28.0, 18.9, 8.7,

HRMS (ESI) calcd for C23H27N>0," [M + H]" 363.2067, found 363.2072.

3&\/% 1-isopropyl-1-methyl-1,3,4,9-tetrahydro-2 H-pyrido|3,4-b]indol-
N- .
N\ 0 2-yl 2-phenylacetate (48). Prepared using the general procedure
H
48 described above with S26 and phenylacetyl chloride, ultimately

yielding 48 (0.067 g, 74% yield) as a yellow solid. 48: Ry= 0.40 (silica gel, hexanes/EtOAc = 4/1);
IR (film) vmax 3388, 2965, 1744, 1597, 1454, 1389, 1297, 1229, 1122, 744, 696 cm™!; 'H NMR
(500 MHz, CDCl3) 6 7.66 (br s, 1 H, exchangeable), 7.49 (d, /= 7.7 Hz, 1 H), 7.33 (d, J= 8.0 Hz,
1 H), 7.31-7.21 (m, 5 H), 7.20-7.15 (m, 1 H), 7.14-7.09 (m, 1 H), 3.58-3.50 (m, 3 H), 3.50-3.44
(m, 1 H), 2.90-2.81 (m, 1 H), 2.81-2.74 (m, 1 H), 2.03-1.94 (m, 1 H), 1.33 (s, 3 H), 1.06 (d, J =
6.9 Hz, 3 H), 0.95 (d, J= 6.8 Hz, 3 H); *C NMR (101 MHz, CDCl3) § 170.2, 137.3, 135.9, 133.8,
129.3, 128.6, 127.2, 126.8, 121.8, 119.5, 118.4, 110.8, 107.4, 65.2, 47.7, 40.4, 37.2, 18.6, 17.9,

17.4; HRMS (CI) caled for C23H27N202" [M + H]" 363.2067, found 363.2066.

O}\\/Ph 1-(fluoromethyl)-1-methyl-1,3,4,9-tetrahydro-2H-pyrido|[3,4-
Q;Qt,o: blindol-2-yl 2-phenylacetate (49). Prepared using the general
" 49 procedure described above with S27 and phenylacetyl chloride,
ultimately yielding 49 (0.063 g, 71% vyield) as a yellow solid. 49: Ry = 0.26 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3372, 1750, 1598, 1454, 1301, 1230, 1117, 1030, 745, 697
cm™!; 'TH NMR (500 MHz, CDCIls) & 8.02 (br s, 1 H, exchangeable), 7.50 (d, J = 7.8 Hz, 1 H),
7.37-7.23 (m, 6 H), 7.23-7.16 (m, 1 H), 7.15-7.08 (m, 1 H), 4.48 (ddd, J = 62.2, 47.0, 8.5 Hz, 2
H), 3.61 (s, 2 H), 3.55-3.46 (m, 2 H), 3.00-2.88 (m, 1 H), 2.87-2.76 (m, 1 H), 1.54 (s, 3 H); 1*C

NMR (126 MHz, CDClIs, 45 °C) & 169.8, 136.5, 134.2, 133.5, 129.3, 128.9, 127.5, 126.4, 122.4,
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119.8, 118.6, 111.2, 107.5, 87.97 (d, /= 172.9 Hz), 62.22 (d, J = 19.4 Hz), 48.9, 40.4, 20.0, 19.1;

HRMS (CI) caled for CoiH22FN2O2" [M + H]* 353.1660, found 353.1660.

ci\\/Ph 1-(methoxymethyl)-1-methyl-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-
Q;Q;%Me blindol-2-yl 2-phenylacetate (50). Prepared using the general
" 50 procedure described above with S28 and phenylacetyl chloride,
ultimately yielding 50 (0.080 g, 87% vyield) as a yellow solid. 50: Ry = 0.53 (silica gel,
hexanes/EtOAc = 2/1); IR (film) vmax 3437, 2922, 1754, 1598, 1454, 1318, 1301, 1230, 1109, 745,
696 cm™!; 'TH NMR (500 MHz, CDCl3) 6 8.47 (br s, 1 H, exchangeable), 7.48 (d, J=7.7 Hz, 1 H),
7.38-7.26 (m, 6 H), 7.19-7.13 (m, 1 H), 7.12-7.06 (m, 1 H), 3.61 (s, 2 H), 3.55-3.45 (m, 3 H),
3.33 (s, 4 H), 3.02-2.91 (m, 1 H), 2.81-2.72 (m, 1 H), 1.50 (s, 3 H); 3C NMR (126 MHz, CDCls,
45°C) 6 170.0, 136.6, 136.2, 133.8, 129.4, 128.8, 127.4, 126.5, 121.8, 119.4, 118.4, 111.1, 106.1,
78.4, 62.4, 59.7, 48.7, 40.6, 21.0, 19.2; HRMS (CI) calcd for C22H2sN203* [M + H]" 365.1860,

found 365.1862.

O>\\/Ph 1-(2-ethoxy-2-oxoethyl)-1-methyl-1,3,4,9-tetrahydro-2 H-
WL%OZB pyrido[3,4-b]indol-2-yl 2-phenylacetate (51). Prepared using the
" 51 general procedure described above with S29 and phenylacetyl
chloride, ultimately yielding 51 (0.097 g, 96% yield) as a white solid. 51: Ry = 0.29 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3364, 2903, 2383, 2315, 1760, 1597, 1454, 1226, 1117, 1031
cm!'; 'TH NMR (500 MHz, CDCl3) § 9.46 (br s, 1 H, exchangeable), 7.47 (d, J=7.8 Hz, 1 H), 7.36
(d,J=8.1Hz, 1 H), 7.33-7.24 (m, 5 H), 7.21-7.14 (m, 1 H), 7.13-7.05 (m, 1 H), 4.27-4.11 (m, 2
H), 3.62 (s, 2 H), 3.55-3.45 (m, 2 H), 2.96-2.85 (m, 1 H), 2.84-2.74 (m, 3 H), 1.57 (s, 3 H), 1.28

(t,J=7.1Hz, 3 H); 3C NMR (126 MHz, CDCl3, 45 °C) § 173.2, 169.9, 136.2, 136.0, 133.7, 129.3,
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128.8,127.4,126.5,122.0,119.5,118.4,111.4, 106.6,61.3,61.2, 48.3, 43.3,40.5, 23.0, 19.0, 14.2;

HRMS (CI) calcd for C24H27N204" [M + H]+ 407.1965, found 407.1963.

O}\\/ pp Methyl  1-methyl-2-(2-phenylacetoxy)-2,3,4,9-tetrahydro-1H-

N\ N\(O)M e pyrido[3,4-b]indole-1-carboxylate (52). Prepared using the general
H

520 procedure described above with S30 and phenylacetyl chloride,

ultimately yielding 52 (0.087 g, 92% vyield) as a yellow solid. 52: Ry = 0.38 (silica gel,
hexanes/EtOAc = 2/1); IR (film) vmax 3365, 2383, 2315, 1764, 1598, 1454, 1232, 1119, 1073, 736
cm!; 'TH NMR (500 MHz, CDCls) & 8.50 (br s, 1 H, exchangeable), 7.50 (d, /= 7.8 Hz, 1 H), 7.37
(d,J=8.1Hz, 1 H), 7.34-7.23 (m, 5 H), 7.23-7.17 (m, 1 H), 7.15-7.09 (m, 1 H), 3.87-3.75 (m, 1
H), 3.59-3.47 (m, 3 H), 3.45 (s, 3 H), 3.03-2.94 (m, 1 H), 2.87-2.79 (m, 1 H), 1.74 (s, 3 H); 1*C
NMR (126 MHz, CDCls, 45 °C) 6 172.5, 169.4, 136.6, 133.6, 131.7, 129.3, 128.7, 127.3, 126.6,
122.5, 119.8, 118.6, 111.3, 108.1, 67.1, 52.6, 48.5, 40.3, 24.3, 18.7, HRMS (CI) caled for

C22H23N204" [M + H]" 379.1652, found 379.1651.

&\/Ph 1-acetyl-1-methyl-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-b]indol-2-

N\ N-0 yl 2-phenylacetate (53). Prepared using the general procedure
H

53 o described above with S31 and phenylacetyl chloride, ultimately

yielding 53 (0.072 g, 80% yield) as a white solid. 53: Ry= 0.34 (silica gel, hexanes/EtOAc = 4/1);
IR (film) vmax 3379, 1757, 1713, 1597, 1454, 1352, 1300, 1231, 1112, 745, 695 cm™!; 'H NMR
(500 MHz, CDCls) 6 8.36 (br s, 1 H, exchangeable), 7.50 (d, /= 7.8 Hz, 1 H), 7.36 (d, J= 8.1 Hz,
1 H), 7.33-7.16 (m, 6 H), 7.15-7.09 (m, 1 H), 3.76-3.66 (m, 1 H), 3.55 (s, 2 H), 3.49-3.41 (m, 1
H), 3.05-2.93 (m, 1 H), 2.83-2.73 (m, 1 H), 2.09 (s, 3 H), 1.60 (s, 3 H); *C NMR (101 MHz,

CDCl3) 6 209.9, 169.4, 136.6, 133.1, 132.1, 129.2, 128.8, 127.6, 126.4, 122.4,119.7, 118.5, 111.4,
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107.8, 71.7, 48.2, 40.3, 24.6, 21.1, 19.0; HRMS (CI) caled for C22H23N>03* [M + H]* 363.1703,

found 363.1707.

4',9'-dihydrospiro[cyclopentane-1,1'-pyrido[3,4-b]indol]-
2'(3'H)-yl 2-phenylacetate (54). Prepared using the general
54 procedure described above with S32 and phenylacetyl chloride,
ultimately yielding 54 (0.086 g, 95% yield) as a white solid. 54: Ry = 0.31 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3376, 2958, 1745, 1598, 1454, 1299, 1230, 1117, 744, 696
cm™!; 'TH NMR (500 MHz, CDCls) § 7.66 (br s, 1 H, exchangeable), 7.49 (d, J=7.7 Hz, 1 H), 7.34
(d,J=79Hz 1H), 7.29-7.21 (m, 5 H), 7.21-7.15 (m, 1 H), 7.15-7.10 (m, 1 H), 3.74-3.60 (m, 1
H), 3.56 (s, 2 H), 3.51-3.36 (m, 1 H), 2.94-2.56 (m, 2 H), 2.12-2.05 (m, 2 H), 1.96-1.84 (m, 4 H),
1.82-1.73 (m, 2 H); *CNMR (101 MHz, CDCl3) § 170.4, 137.3, 135.9, 133.8,129.2, 128.7, 127.3,
127.1,121.8,119.7, 118.3, 110.9, 106.6, 70.5, 49.1, 41.0, 40.4, 36.1, 25.7,25.6, 17.7; HRMS (ESI)

calcd for Co3H2sN>O2" [M + H]* 361.1911, found 361.1913.

3\\/Ph 4',9'-dihydrospiro[cyclohexane-1,1'-pyrido|3,4-b]indol]-
%O 2'(3'H)-yl 2-phenylacetate (55). Prepared using the general
" procedure described above with S33 and phenylacetyl chloride,

35 ultimately yielding 55 (0.080 g, 86% yield) as a white solid. 55: Ry=

0.41 (silica gel, hexanes/EtOAc = 4/1); IR (film) vmax 3379, 2938, 2854, 1738, 1598, 1446, 1297,
1271, 1230, 1118, 744, 695 cm™'; 'TH NMR (500 MHz, CDCl3) & 7.75 (br s, 1 H, exchangeable),
7.50 (d,J=7.7Hz, 1 H), 7.35(d, J=8.0 Hz, 1 H), 7.27-7.20 (m, 5 H), 7.20-7.16 (m, 1 H), 7.15—
7.11 (m, 1 H), 3.80-3.66 (m, 1 H), 3.57-3.46 (m, 3 H), 2.98-2.77 (m, 1 H), 2.70-2.50 (m, 1 H),

2.02-1.88 (m, 3 H), 1.74-1.62 (m, 4 H), 1.50-1.42 (m, 1 H), 1.40-1.27 (m, 2 H); 3C NMR (101

MHz, CDCL) 6 170.2, 138.0, 135.6, 133.8, 129.2, 128.6, 127.2 (2 C), 121.7, 119.6, 118.3, 111.0,

213



106.6, 60.9, 46.7, 40.5, 38.7, 33.2,25.9, 21.5, 21.1, 17.2; HRMS (ESI) caled for C24H27N202" [M

+ H]" 375.2067, found 375.2068.

%\/Ph 2,3,4',5,6,9'-hexahydrospiro[pyran-4,1'-pyrido|3,4-b]indol]-
Q;%go 2'(3'H)-yl 2-phenylacetate (56). Prepared using the general
" o procedure described above with S34 and phenylacetyl chloride,

56 ultimately yielding 56 (0.089 g, 94% yield) as a yellow solid. 56: Ry

= 0.29 (silica gel, hexanes/EtOAc = 2/1); IR (film) vmax 3295, 2956, 1748, 1597, 1453, 1305, 1264,
1229, 1105, 744 cm™'; "TH NMR (500 MHz, CDCl3) & 7.92 (br s, 1 H, exchangeable), 7.51 (d, J =
7.7Hz, 1 H), 7.36 (d, J= 8.0 Hz, 1 H), 7.29-7.18 (m, 6 H), 7.17-7.11 (m, 1 H), 4.19-4.00 (m, 1
H), 3.81-3.64 (m, 3 H), 3.61-3.42 (m, 4 H), 3.03-2.79 (m, 1 H), 2.75-2.51 (m, 1 H), 2.05-1.95
(m, 2 H), 1.86-1.77 (m, 2 H); 3C NMR (101 MHz, CDCl3)  169.9, 136.1, 136.0, 133.5, 129.1,

128.8,127.4,126.9,122.0, 119.6,118.4,111.3, 107.2, 63.3, 63.1, 59.0, 47.2,40.5, 38.0, 32.9, 17.1;

HRMS (ESI) calcd for C23H25N>03* [M + H]" 377.1860, found 377.1865.

(3&\/Ph tert-butyl 2'-(2-phenylacetoxy)-2',3',4',9'-
N \ N-0 tetrahydrospiro[piperidine-4,1'-pyrido[3,4-b]indole]-1-
H
N carboxylate (57). Prepared using the general procedure described
Boc

57 above with S35 and phenylacetyl chloride, ultimately yielding 57

(0.109 g, 91% yield) as a white solid. 57: Ry= 0.31 (silica gel, hexanes/EtOAc = 4/1); IR (film)
Vmax 3304, 2975, 1755, 1670, 1598, 1435, 1366, 1247, 1163, 1113, 744 cm™!; 'H NMR (500 MHz,
CDCIs3) 8 8.36 (br s, 1 H, exchangeable), 7.51 (d,J=7.7 Hz, 1 H), 7.36 (d, J= 8.0 Hz, 1 H), 7.25—
7.10 (m, 7 H), 3.97-3.62 (m, 3 H), 3.58-3.32 (m, 4 H), 3.13-2.78 (m, 2 H), 2.77-2.54 (m, 1 H),

1.92-1.78 (m, 4 H), 1.48 (s, 9 H); *C NMR (101 MHz, CDCl3) § 169.9, 154.7, 136.2, 136.1, 133.5,
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129.1, 128.7, 127.4, 126.7, 121.8, 119.4, 118.2, 111.5, 106.7, 79.9, 59.7, 47.2, 40.6, 40.0, 38.7,

37.4,32.5,28.7, 17.2; HRMS (CI) caled for CosH34N304™ [M + H]* 476.2544, found 476.2543.

2,3,4',9'-tetrahydrospiro[indene-1,1'-pyrido[3,4-b]indol]-2'(3' H)-yl
pivalate (58). Prepared using the general procedure described above with

S36 and pivaloyl chloride, ultimately yielding 58 (0.085 g, 90% yield) as

a brown solid. 58: Ry= 0.57 (silica gel, hexanes/EtOAc = 4/1); IR (film)
vmax 3388, 2970, 1739, 1597, 1478, 1460, 1396, 1303, 1274, 1125, 744 cm™!; 'H NMR (500 MHz,
CDCls, 45 °C) 6 7.58-7.53 (m, 1 H), 7.40 (br s, 1 H, exchangeable), 7.34-7.27 (m, 2 H), 7.23-7.18
(m, 1 H), 7.17-7.08 (m, 4 H), 3.74-3.64 (m, 1 H), 3.58-3.50 (m, 1 H), 3.40-3.29 (m, 1 H), 3.25—
3.16 (m, 1 H), 3.08-2.99 (m, 1 H), 2.96-2.89 (m, 1 H), 2.85-2.73 (m, 1 H), 2.47-2.36 (m, 1 H),
1.00 (s, 9 H); *C NMR (126 MHz, CDCl3, 45 °C) 8 176.0, 145.6, 142.9, 136.5, 136.2, 129.0, 127.0,
126.9, 126.5, 124.7, 122.0, 119.7, 118.5, 111.1, 108.5, 74.6, 49.7, 38.6, 30.8, 27.2, 27.1, 19.4;

HRMS (CI) caled for Co4H27N20," [M + H]" 375.2067, found 375.2066.

4',9'-dihydrospiro[cycloheptane-1,1'-pyrido[3,4-b]indol]-2'(3'H)-yl
\\ _N-opiv
pivalate (59). Prepared using the general procedure described above with

=

S37 and pivaloyl chloride, ultimately yielding 59 (0.064 g, 72% yield) as

” a white solid. 59: Ry = 0.54 (silica gel, hexanes/EtOAc = 4/1); IR (film)

Vmax 3379, 2928, 1728, 1597, 1564, 1448, 1395, 1277, 1127, 744 cm™'; 'TH NMR (500 MHz, CDCl3,
45 °C) 6 7.85 (br s, 1 H, exchangeable), 7.51 (d, J=7.7 Hz, 1 H), 7.36 (d, J= 8.0 Hz, 1 H), 7.21—
7.16 (m, 1 H), 7.15-7.11 (m, 1 H), 3.69-3.56 (m, 2 H), 2.94-2.72 (m, 2 H), 2.21-2.10 (m, 2 H),
1.98-1.88 (m, 4 H), 1.80—1.74 (m, 2 H), 1.69-1.57 (m, 4 H), 1.18 (s, 9 H); '*C NMR (126 MHz,

CDCls, 45 °C) 6 176.4, 139.6, 135.9, 127.4, 121.6, 119.6, 118.4, 110.9, 105.6, 64.7, 47.1, 39.1,
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30.0, 27.4, 27.3, 23.1, 17.6; HRMS (CI) caled for CH3N20>* [M + H]* 355.2380, found

355.2378.

4',9'-dihydrospiro[cyclooctane-1,1'-pyrido[3,4-b]indol]-2'(3'H)-yl
\\ N-opiv
pivalate (60). Prepared using the general procedure described above with

Iz

S38 and pivaloyl chloride, ultimately yielding 60 (0.050 g, 54% yield) as

» a white solid. 60: Ry = 0.58 (silica gel, hexanes/EtOAc = 4/1); IR (film)

Vmax 3378, 2925, 1728, 1597, 1564, 1448, 1396, 1278, 1127, 1028, 743 cm™!; 'H NMR (500 MHz,
CDClIs, 45 °C) 6 7.81 (br s, 1 H, exchangeable), 7.51 (d, J=7.7 Hz, 1 H), 7.36 (d, /= 8.0 Hz, 1
H), 7.21-7.15 (m, 1 H), 7.14-7.09 (m, 1 H), 3.73-3.54 (m, 2 H), 2.99-2.65 (m, 2 H), 2.20-2.08
(m, 2 H), 2.05-1.95 (m, 4 H), 1.72-1.55 (m, 8 H), 1.15 (s, 9 H); *C NMR (126 MHz, CDCls, 45
°C) 6 176.3, 139.4, 135.8, 127.4, 121.6, 119.6, 118.4, 110.9, 105.5, 64.2, 46.9, 39.1, 28.4, 27.4,

27.3,25.3,22.0, 17.6; HRMS (ESI) caled for C23H3:N202" [M + H]* 369.2537, found 369.2537.

MeQ O 6-methoxy-1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-
\ N-o pyrido[3,4-b]indol-2-yl 2-phenylacetate (63). Prepared using
N Ph
H . .
63 the general procedure described above with S39 and

phenylacetyl chloride, ultimately yielding 63 (0.098 g, 92% yield) as a brown solid. 63: Ry=0.37
(silica gel, hexanes/EtOAc = 4/1); IR (film) vmax 3372, 1746, 1597, 1564, 1484, 1453, 1217, 1165,
1116, 1027, 699 cm™!; '"H NMR (500 MHz, CDCl3) § 7.62 (br s, 1 H, exchangeable), 7.33-7.20
(m, 9 H), 7.20-7.14 (m, 2 H), 7.01 (d, J=2.5 Hz, 1 H), 6.87 (dd, /=8.7,2.5 Hz, 1 H), 3.89 (s, 3
H), 3.53 (s, 2 H), 3.48-3.39 (m, 1 H), 3.25-3.14 (m, 1 H), 3.00-2.89 (m, 1 H), 2.78-2.67 (m, 1 H),
1.77 (s, 3 H); *CNMR (101 MHz, CDCl3) 8 170.5, 154.2, 136.1, 133.7, 131.2, 129.2, 128.6, 128.2
(2 O), 127.9, 127.7 (2 C), 127.3, 127.2, 111.9, 108.0, 100.7, 65.7, 56.0, 47.9, 40.2, 24.3, 18.4;

HRMS (ESI) calcd for Co7H27N203" [M + H]* 427.2016, found 427.2015.
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0 pn  8-ethyl-1-methyl-1-phenyl-1,3,4,9-tetrahydro-2H-pyrido[3,4-
{ X ‘o>\\/
Ph

64 procedure described above with S40 and phenylacetyl chloride,

blindol-2-yl 2-phenylacetate (64). Prepared using the general

Irz

ultimately yielding 64 (0.096 g, 90% vyield) as a yellow solid. 64: Ry = 0.50 (silica gel,
hexanes/EtOAc =4/1); IR (film) vmax 3382, 2965, 1742, 1597, 1564, 1494, 1446, 1393, 1236, 1116,
700 cm™!; 'TH NMR (500 MHz, CDCl3) 6 7.60 (br s, 1 H, exchangeable), 7.43 (d, J=7.8 Hz, 1 H),
7.32-7.22 (m, 8 H), 7.21-7.17 (m, 2 H), 7.17-7.12 (m, 1 H), 7.11-7.05 (m, 1 H), 3.53 (s, 2 H),
3.47-3.40 (m, 1 H), 3.24-3.14 (m, 1 H), 3.03-2.93 (m, 1 H), 2.85(q, /= 7.6 Hz, 2 H), 2.79-2.68
(m, 1 H), 1.81 (s, 3 H), 1.36 (t, J = 7.6 Hz, 3 H); 3C NMR (101 MHz, CDCIl3) & 170.4, 135.0,
134.7, 133.7, 129.2, 128.6, 128.3, 128.0, 127.8 (2 C), 127.2, 126.7, 126.5, 120.7, 120.1, 116.4,
109.0, 65.7, 47.9, 40.2, 24.5, 24.0, 18.4, 13.9; HRMS (CI) caled for C2sH20N202" [M + H]*

425.2224, found 425.2225.

Br o o 5-bromo-1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-
Q—\/QN\O)\/ blindol-2-yl 2-phenylacetate (65). Prepared using the general
N Ph procedure described above with S41 and phenylacetyl chloride,
ultimately yeizlding 65 (0.099 g, 83% yield) as a white solid. 65: Ry = 0.44 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3357, 1743, 1597, 1494, 1446, 1317, 1237, 1118, 729, 700
cm™!; TH NMR (500 MHz, CDCl3) 8 7.85 (br s, 1 H, exchangeable), 7.32-7.20 (m, 10 H), 7.20—
7.14 (m, 2 H), 7.01 (t, J = 7.9 Hz, 1 H), 3.54 (s, 2 H), 3.47-3.39 (m, 1 H), 3.34-3.24 (m, 1 H),
3.23-3.11 (m, 2 H), 1.77 (s, 3 H); BCNMR (101 MHz, CDCl3) 8 170.4, 137.1, 136.3, 133.6, 129.3,
128.7,128.4,127.9,127.7,127.6,127.3, 125.9, 123.7, 122.9, 114.3, 110.3, 109.2, 65.6, 47.9, 40.3,

24.4,20.5; HRMS (ESI) calcd for CasHa4BrN,O2* [M + H]* 475.1016, found 475.1017.
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Br o) - 6-bromo-1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-

\ N-0 pyrido[3,4-b]indol-2-yl 2-phenylacetate (66). Prepared using the
Ph

Ir=

66 general procedure described above with S42 and phenylacetyl
chloride, ultimately yielding 66 (0.089 g, 74% yield) as a white solid. 66: Ry = 0.44 (silica gel,
hexanes/EtOAc = 2/1); IR (film) vmax 3362, 1743, 1597, 1447, 1301, 1220, 1117, 858, 798, 700
cm™!; 'TH NMR (500 MHz, CDCls) § 7.76 (br s, 1 H, exchangeable), 7.67 (d, J = 1.9 Hz, 1 H),
7.31-7.27 (m, 1 H), 7.26-7.19 (m, 9 H), 7.18-7.12 (m, 2 H), 3.53 (s, 2 H), 3.47-3.38 (m, 1 H),
3.24-3.12 (m, 1 H), 2.97-2.86 (m, 1 H), 2.78-2.65 (m, 1 H), 1.76 (s, 3 H); *C NMR (101 MHz,
CDCls) 6 170.3, 136.7, 134.8, 133.6, 129.2, 128.7, 128.7, 128.4, 128.0, 127.7, 127.6, 127.3, 124.9,
121.3,113.0, 112.6, 108.0, 65.6, 47.7, 40.3, 24.3, 18.3; HRMS (ESI) calcd for C26H24BrN20," [M

+ H]" 475.1016, found 475.1014.
NC o) Ph 6-cyano-1-methyl-1-phenyl-1,3,4,9-tetrahydro-2H-

\ N-o pyrido[3,4-b]indol-2-yl 2-phenylacetate (67). Prepared using
Ph

Irz

67 the general procedure described above with S43 and phenylacetyl
chloride, ultimately yielding 67 (0.069 g, 65% yield) as a white solid. 67: Ry = 0.44 (silica gel,
hexanes/EtOAc =2/1); IR (film) vmax 3328, 2219, 1747, 1598, 1473, 1446, 1319, 1232, 1184, 1116,
699 cm™!; 'TH NMR (500 MHz, CDCl3)  8.20 (br s, 1 H, exchangeable), 7.92-7.84 (m, 1 H), 7.46—
7.35 (m, 2 H), 7.31-7.17 (m, 8 H), 7.17-7.11 (m, 2 H), 3.53 (s, 2 H), 3.48-3.40 (m, 1 H), 3.25-
3.15 (m, 1 H), 2.98-2.89 (m, 1 H), 2.81-2.68 (m, 1 H), 1.78 (s, 3 H); 3*C NMR (101 MHz, CDCls)
0 170.3, 138.0, 137.8, 133.5, 129.2, 128.7, 128.4, 128.1, 127.6, 127.6, 127.3, 126.8, 125.1, 124.1,
120.9, 112.0, 109.0, 102.6, 65.6, 47.6, 40.2, 24.3, 18.1; HRMS (ESI) calcd for C27H24N302" [M +

H]" 422.1863, found 422.1863.
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(3\\/% 1-methyl-1-phenyl-7-(trifluoromethyl)-1,3,4,9-tetrahydro-
F3C/Q:Q'\;O 2H-pyrido[3,4-b]indol-2-yl 2-phenylacetate (68). Prepared
" 68 using the general procedure described above with S44 and
phenylacetyl chloride, ultimately yielding 68 (0.072 g, 62% yield) as a white solid. 68: Ry= 0.44
(silica gel, hexanes/EtOAc = 4/1); IR (film) vmax 3355, 1743, 1597, 1564, 1448, 1392, 1336, 1220,
1159, 1114, 1052, 699 cm™!; '"H NMR (500 MHz, CDCl3) § 7.95 (brs, 1 H, exchangeable), 7.66—
7.59 (m, 2 H), 7.40 (d, J = 8.4 Hz, 1 H), 7.29-7.20 (m, 8 H), 7.18-7.12 (m, 2 H), 3.53 (s, 2 H),
3.49-3.42 (m, 1 H), 3.28-3.16 (m, 1 H), 3.01-2.91 (m, 1 H), 2.83-2.71 (m, 1 H), 1.79 (s, 3 H);
BBCNMR (101 MHz, CDCl3) 6 170.4, 138.3, 135.1, 133.6, 129.2, 129.0, 128.7, 128.4, 128.3, 128.0,
127.8, 127.7, 127.3, 125.3 (q, J = 271.2 Hz), 124.1 (q, J = 31.9 Hz), 119.0, 116.6, 108.6, 65.7,

47.7,40.3,24.3, 18.3; HRMS (ESI) calcd for Co7Ha4F3N20," [M + H]* 465.1784, found 465.1784.

Identification of Hydrolysis By-product.

N-(2-(1H-indol-3-yl)ethyl)-V-(benzoyloxy)benzamide (S46): R,= 0.16
\ BzN-0Bz
N (silica gel, hexanes/EtOAc = 4/1); IR (film) vmax 3406, 3059, 2925, 1762,
H

S46 1654, 1451, 1239, 1010, 742, 704 cm™'; 'H NMR (400 MHz, CDCIl3) &
8.16 (br s, 1 H, exchangeable), 7.93 (d, /= 7.5 Hz, 2 H), 7.64-7.57 (m, 1 H), 7.50-7.39 (m, 5 H),
7.37-7.30 (m, 2 H), 7.26-7.14 (m, 3 H), 7.09-7.02 (m, 2 H), 4.20 (t,J= 7.2 Hz, 2 H), 3.23 (t, J =
7.2 Hz, 2 H); *CNMR (101 MHz, CDCl3) 8 170.5, 164.4, 136.4, 134.2, 133.7, 130.9, 130.0, 128.8,
128.3,127.8,127.4,127.1, 122.6, 122.2, 119.6, 118.6, 112.1, 111.4, 51.2, 23.4; HRMS (ESI) calcd

for C24H21N205" [M + H]* 385.1547, found 385.1547.
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General Procedure for Racemic Pictet—Spengler Reaction without BzCl.

To a solution of hydroxylamine 29 (0.044 g, 0.25 mmol, 1.0 equiv) in MeOH (1.66 mL) at 23 °C
was added the requisite ketone (0.50 mmol, 2.0 equiv), AcOH (0.007 mL, 0.13 mmol, 0.5 equiv,
via microsyringe), and MgSO4 (0.120 g, 0.75 mmol, 3.0 equiv). The resultant mixture was stirred
for 16 h at 23 °C. Upon completion, the contents were diluted with CH2Clz (5 mL), quenched by
the addition of saturated aqueous NaHCO3 (5 mL), poured into a separatory funnel, and extracted
with CH2Clz (3 x 5 mL). The combined organic extracts were then dried (Na>SOs), filtered, and
concentrated. The resultant crude material was purified by flash column chromatography (silica

gel, CH2Cl2/MeOH = 1/0—9/1) to yield 71-73.

1-(2-hydroxy-1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indol-1-
\ N-OH

ylethan-1-one (71). Prepared using the general procedure described above

Iz

0]
n with 29 and diacetyl, ultimately yielding 71 (0.060 g, 98% yield) as a solid.

71: 'H NMR (500 MHz, CDCls) & 8.30 (br s, 1 H, exchangeable), 7.50 (d, J = 8.7 Hz, 1 H), 7.33
(d, J=8.1 Hz, 1 H), 7.22-7.15 (m, 1 H), 7.14-7.08 (m, 1 H), 4.91 (br s, 1 H, exchangeable), 3.56—
3.48 (m, 1 H), 3.48-3.41 (m, 1 H), 3.14-3.03 (m, 1 H), 2.88-2.78 (m, 1 H), 2.38 (s, 3 H), 1.60 (s,

3 H).

\ methyl 2-hydroxy-1-methyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-
\ —-OH

OMe blindole-1-carboxylate (72). Prepared using the general procedure

H
72

O
described above with 29 and methyl pyruvate, ultimately yielding 72

(0.057 g, 88% yield) as a solid. 'H NMR (500 MHz, CDCls) & 8.31 (br s, 1 H, exchangeable), 7.49

(d, J=8.9 Hz, 1 H), 7.35 (d, J=8.1 Hz, 1 H), 7.22-7.16 (m, 1 H), 7.14-7.08 (m, 1 H), 5.86 (brs,
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1 H, exchangeable), 3.85 (s, 3 H), 3.64-3.56 (m, 1 H), 3.49-3.40 (m, 1 H), 3.06-2.98 (m, 1 H),

2.91-2.83 (m, 1 H), 1.80 (s, 3 H).

General Procedure for Enantioselective Pictet—Spengler Reactions of Nitrones.

Molecular sieves (4A, powder 1.25 g) were flame-dried in vacuo and then allowed to cool to 23 °C
before being suspended in toluene (25.0 mL) under an argon atmosphere. Nitrone (0.25 mmol, 1.0
equiv) and catalyst 74'° (0.015 g, 0.025 mmol, 0.1 equiv) were added sequentially. The reaction
contents were then cooled to —78 °C and stirred for 10 min before benzoyl bromide (0.031 mL,
0.26 mmol, 1.05 equiv) was added. The reaction mixture was then stirred for an additional 30 min
at —78 °C. Upon completion, the contents were quenched by the addition of saturated aqueous
NaHCOs (25 mL), warmed to 23 °C, poured into a separatory funnel, and extracted with EtOAc
(3 x 75 mL). The combined organic extracts were then dried (Na>SQOs), filtered, and concentrated.
The resultant crude material was purified by flash column chromatography (silica gel,
hexanes/Et20 = 1/0—4/1) to yield ent-33a and 101-108. Note: These reactions must be run under
strictly anhydrous conditions to avoid hydrolysis of the N-acyloxyiminium species. In addition,
the enantiomeric excess was determined by chiral HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH,

1 mL/min, 254 nm).

(8)-1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-b]indol-2-yl

N~
OBz
: benzoate (ent-33a). Prepared using the general procedure described above

ent-33a with 32, ultimately yielding ent-33a (0.080 g, 83% yield, 82% ee) as a

white solid. ent-33a: see above for data; [a]p?® = —24.6° (¢ = 1.00, CHCI3).
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(S)-1-methyl-1-(4-nitrophenyl)-1,3,4,9-tetrahydro-2 H-

pyrido[3,4-b]indol-2-yl benzoate (101). Prepared using the general

NO2  procedure described above with S18, ultimately yielding 101 (0.080
g, 75% yield, 81% ee) as a yellow solid. 101: Ry= 0.38 (silica gel, hexanes/EtOAc = 4/1); [a]p?®
=—11.0° (c = 1.00, CHCI3); IR (film) vmax 3370, 1726, 1520, 1450, 1348, 1233, 1058, 1023, 746,
708 cm!; 'TH NMR (400 MHz, CDCl3) 6 8.13 (d, J=9.1 Hz, 2 H), 7.90 (d, /= 8.2 Hz, 2 H), 7.86
(br s, 1 H, exchangeable), 7.69-7.60 (m, 3 H), 7.58-7.51 (m, 1 H), 7.45-7.36 (m, 3 H), 7.31-7.26
(m, 1 H), 7.25-7.19 (m, 1 H), 3.71-3.61 (m, 1 H), 3.32-3.13 (m, 2 H), 2.95-2.82 (m, 1 H), 1.97
(s, 3 H); BC NMR (101 MHz, CDCls) & 165.4, 147.4, 136.4, 133.7, 133.5, 129.6, 129.4, 128.9,
128.7, 126.9, 124.0, 123.5, 122.7, 120.1, 119.0, 111.4, 109.0, 65.7, 48.5, 24.8, 18.5; HRMS (ESI)

caled for CosH2oN3O4" [M + H]™ 428.1605, found 428.1604.

(8)-1-(4-bromophenyl)-1-methyl-1,3,4,9-tetrahydro-2 H-
o8 pyrido[3,4-b]indol-2-yl benzoate (102). Prepared using the general
102 Br procedure described above with 45, ultimately yielding 102 (0.093 g,
80% yield, 80% ee) as a white solid. 102: Ry= 0.58 (silica gel, hexanes/EtOAc = 4/1); [a]p>® = —
9.6° (¢ = 1.00, CHCI3); IR (film) vmax 3361, 1725, 1485, 1450, 1271, 1177, 1059, 1009, 745, 709
cm!; 'TH NMR (400 MHz, CDCl3) 8 7.90 (d, J= 8.1 Hz, 2 H), 7.80 (br s, 1 H, exchangeable), 7.61
(d,J=7.8Hz, 1 H), 7.57-7.49 (m, 1 H), 7.44-7.34 (m, 5 H), 7.31-7.27 (m, 2 H), 7.25-7.17 (m, 2
H), 3.68-3.56 (m, 1 H), 3.37-3.25 (m, 1 H), 3.21-3.11 (m, 1 H), 2.91-2.78 (m, 1 H), 1.93 (s, 3 H);
BCNMR (101 MHz, CDCl3) 8 165.5, 136.3, 134.6, 133.3, 131.5 (2 C), 129.6, 129.6, 129.1, 128.6,
127.0, 122.4, 122.0, 119.9, 118.9, 111.3, 108.7, 65.5, 48.2, 24.9, 18.5; HRMS (ESI) calcd for

C25H2BrN2O," [M + H]" 461.0859, found 461.0855.
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(5)-1-(4-methoxyphenyl)-1-methyl-1,3,4,9-tetrahydro-2 H-

pyrido[3,4-b]indol-2-yl benzoate (103). Prepared using the general

103 OMe procedure described above with S19, ultimately yielding 103 (0.079
g, 77% yield, 83% ee) as a white solid. 103: Ry= 0.33 (silica gel, hexanes/EtOAc = 4/1); [a]p*® =
—20.8° (¢ = 1.00, CHCI3); IR (film) vmax 3364, 2934, 1726, 1508, 1451, 1248, 1179, 1024, 745,
710 cm™!; 'TH NMR (400 MHz, CDCl3) 6 7.91 (d, J= 8.2 Hz, 2 H), 7.82 (br s, 1 H, exchangeable),
7.61(d, J=7.5 Hz, 1 H), 7.56-7.49 (m, 1 H), 7.42-7.34 (m, 3 H), 7.32=7.27 (m, 2 H), 7.25-7.16
(m, 2 H), 6.81 (d, /= 9.1 Hz, 2 H), 3.77 (s, 3 H), 3.66-3.56 (m, 1 H), 3.42-3.29 (m, 1 H), 3.21—
3.11 (m, 1 H), 2.91-2.78 (m, 1 H), 1.94 (s, 3 H); *C NMR (101 MHz, CDCl3) § 165.5, 159.1,
136.2, 135.5, 133.1, 129.6 (2 C), 129.4, 129.1, 128.5, 127.1, 122.1, 119.7, 118.7, 113.6, 111.2,
108.4, 65.4, 5.4, 48.0, 25.1, 18.5; HRMS (CI) calced for CasHasN2Os* [M + HJ* 413.1860, found

413.1860.

MeO (8)-6-methoxy-1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-

N-oBz pyrido[3,4-b]indol-2-yl benzoate (104). Prepared using the general
procedure described above with S39 in toluene:CH>Cly (4:1),
ultimately yisl(zl‘:ng 104 (0.083 g, 81% yield, 80% ee) as a white solid. 104: Ry= 0.35 (silica gel,
hexanes/EtOAc = 4/1); [a]p?® = —37.0° (¢ = 1.00, CHCI3); IR (film) vmax 3362, 2936, 1728, 1486,
1451, 1246, 1166, 1062, 1023, 709 cm™'; '"H NMR (400 MHz, CDCl3)  7.90 (d, /= 7.1 Hz, 2 H),
7.70 (br s, 1 H, exchangeable), 7.55-7.49 (m, 1 H), 7.41-7.34 (m, 4 H), 7.32-7.24 (m, 4 H), 7.06
(d, J=2.4 Hz, 1 H), 6.90 (dd, J=8.7, 2.4 Hz, 1 H), 3.90 (s, 3 H), 3.66-3.58 (m, 1 H), 3.38-3.27
(m, 1 H), 3.18-3.08 (m, 1 H), 2.86-2.74 (m, 1 H), 1.95 (s, 3 H); 3C NMR (101 MHz, CDCl;) §

165.5, 154.3, 136.1, 133.2, 131.3, 129.6, 129.3, 128.5, 128.4 (2 C), 127.9 (2 C), 127.5, 112.0,
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111.9, 108.4, 100.9, 66.0, 56.1, 48.1, 25.1, 18.5; HRMS (ESI) calcd for C26H2sN203" [M + H]*

413.1860, found 413.1861.

(R)-1-methyl-1-(pyridin-2-yl)-1,3,4,9-tetrahydro-2 H-pyrido[3,4-

105 7 described above with S21 in toluene:CH>Cl, (4:1), ultimately yielding 105
(0.069 g, 72% yield, 55% ee) as a white solid. 105: Ry= 0.21 (silica gel, hexanes/EtOAc = 4/1);
[a]p® =+21.2 (¢ = 1.00, CHCI3); IR (film) vmax 3395, 2991, 2937, 1739, 1588, 1451, 1245, 1058,
737,709 cm™!; 'TH NMR (400 MHz, CDCl3) 8 8.62-8.55 (m, 1 H), 8.02-7.92 (m, 1 H), 7.91-7.70
(m, 2 H), 7.66-7.58 (m, 1 H), 7.57-7.46 (m, 2 H), 7.43-7.29 (m, 3 H), 7.21-7.06 (m, 4 H), 3.92—
3.69 (m, 2 H), 3.22-3.10 (m, 1 H), 3.05-2.94 (m, 1 H), 2.05 (s, 3 H); 3*C NMR (101 MHz, CDCls)
0 165.3,163.4, 148.5, 137.3, 136.6, 136.3, 133.2, 129.5, 129.2, 128.5, 126.7, 122.3, 121.8, 120.9,
119.4, 118.5, 111.3, 106.6, 67.5, 48.5, 24.0, 19.5; HRMS (ESI) calcd for C24H22N302" [M + H]*

384.1707, found 384.1707.

(S)-1-methyl-1-(thiophen-2-yl)-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-

\ N-oBz
N “»—S_ blindol-2-yl benzoate (106). Prepared using the general procedure
106 described above with S22, ultimately yielding 106 (0.080 g, 82% yield, -
53% ee) as a white solid. 106: Ry = 0.43 (silica gel, hexanes/EtOAc = 4/1); [a]p® = +11.1° (¢ =
1.00, CHCI3); IR (film) vmax 3365, 2924, 1730, 1451, 1265, 1177, 1062, 1024, 740, 708 cm™!; 'H
NMR (400 MHz, CDCl3) 6 7.97 (d, /= 7.2 Hz, 2 H), 7.78 (br s, 1 H, exchangeable), 7.62—7.51 (m,
2 H), 7.44-7.33 (m, 3 H), 7.31 (d, J= 5.4 Hz, 1 H), 7.25-7.13 (m, 2 H), 6.94-6.87 (m, 1 H), 6.79

(s, 1 H), 3.68-3.49 (m, 2 H), 3.25-3.11 (m, 1 H), 3.01-2.91 (m, 1 H), 2.06 (s, 3 H); '3C NMR (101

MHz, CDCl3) & 165.2, 136.4, 135.1, 133.2, 129.7 (2 C), 129.2, 128.5 (2 C), 126.7, 126.3, 126.2,
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122.3,119.8, 118.8, 111.3, 108.1, 63.9, 48.5, 26.3, 19.4; HRMS (CI) calcd for C23H21N202S* [M

+ H]" 389.1318, found 389.1317.

(S)-1-isopropyl-1-methyl-1,3,4,9-tetrahydro-2 H-pyrido[3,4-b]indol-
o8 2-yl benzoate (107). Prepared using the general procedure described

107 above with S26, ultimately yielding 107 (0.052 g, 60% yield, 62% ee) as
a white solid. 107: Ry= 0.50 (silica gel, hexanes/EtOAc = 4/1); [a]p*® = -30.8° (¢ = 1.00, CHCI3);
IR (film) vmax 3383, 2965, 1724, 1451, 1270, 1089, 1064, 1024, 738, 710 cm™!; 'H NMR (500 MHz,
CDCl3) 8 7.96-7.91 (m, 2 H), 7.76 (br s, 1 H, exchangeable), 7.57-7.50 (m, 2 H), 7.43-7.35 (m, 3
H), 7.23-7.18 (m, 1 H), 7.17-7.11 (m, 1 H), 3.75-3.62 (m, 2 H), 3.04-2.96 (m, 1 H), 2.96-2.88
(m, 1 H), 2.18-2.09 (m, 1 H), 1.54 (s, 3 H), 1.16 (d, /= 6.8 Hz, 3 H), 1.05 (d, /= 6.8 Hz, 3 H);
BCNMR (101 MHz, CDCl3) 8 165.3, 137.4, 136.0, 133.1, 129.6 (2 C), 128.6, 126.9, 121.8, 119.5,
118.5,110.9, 107.6, 65.5,48.1, 37.4, 18.9, 18.7, 18.1, 18.0; HRMS (CI) calcd for C22H2sN202" [M

+ H]" 349.1911, found 349.1910.

(R)-1-acetyl-1-methyl-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-b]indol-2-yl
o8 benzoate (108). Prepared using the general procedure described above

108 with S31, ultimately yielding 108 (0.064 g, 74% yield, 16% ee) as a white
solid. 108: Ry=0.38 (silica gel, hexanes/EtOAc = 4/1); [a]p?® = —6.2° (¢ = 1.00, CHCI3); IR (film)
Vmax 3378, 2943, 1745, 1631, 1452, 1244, 1057, 1024, 737, 709 cm™!; 'TH NMR (400 MHz, CDCl3)
0 8.49 (br s, 1 H, exchangeable), 7.90 (d, J = 8.1 Hz, 2 H), 7.60-7.51 (m, 2 H), 7.45-7.35 (m, 3
H), 7.25-7.19 (m, 1 H), 7.17-7.11 (m, 1 H), 3.98-3.85 (m, 1 H), 3.65-3.52 (m, 1 H), 3.21-3.09
(m, 1 H), 2.96-2.83 (m, 1 H), 2.35 (s, 3 H), 1.77 (s, 3 H); 3*C NMR (101 MHz, CDCl3) & 210.0,
164.8, 136.7, 133.7, 132.2, 129.6, 128.7, 128.7, 126.5, 122.5, 119.8, 118.6, 111.5, 108.0, 72.1,

48.4,24.9, 21.3, 19.0; HRMS (ESI) calcd for C21H21N20;5" [M + H]" 349.1547, found 349.1546.
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Derivatizations of Pictet—Spengler Products.

Scheme 3.11. N-O bond cleavage.

Q  Pn
Q—\/QN‘O»\/ Zn dust, AcOH @_QNH
g e ST T
33e 109
1-methyl-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (109).”!” To a solution of 33e
(0.041 g, 0.10 mmol, 1.0 equiv) in AcOH (1.5 mL) at 23 °C was added activated Zn dust (0.101 g,
1.55 mmol, 15.0 equiv) in a microwave tube open to air. The microwave tube was then sealed and
the reaction was heated to 60 °C with stirring for 3 h. Upon completion, the contents were cooled
to 23 °C, filtered through a pad of Celite, washed with MeOH, and concentrated. The crude product
was then diluted with CH>Cl> (10 mL) and washed with a 1:1 mixture of aqueous NH3 (5 mL, 30
wt. %) and saturated aqueous NaHCOs3 (5 mL). The remaining aqueous layer was extracted with
CHCI> (3 x 10 mL). Next, the combined organic extracts were washed with saturated aqueous
NaHCO; (10 mL) and the new aqueous layer was extracted with CH2Clx (2 x 10 mL). The
combined organic extracts were then dried (Na>SQOs), filtered, and concentrated to yield pure 109
(0.027 g, 99% yield) as a white solid. 109: Ry= 0.29 (silica gel, CH>Cl,/MeOH = 9/1); IR (film)
Vmax 3404, 1597, 1564, 1449, 1392, 1295, 1121, 858, 744, 700 cm™!; 'TH NMR (400 MHz, CDCls)
0 7.94 (br s, 1 H, exchangeable), 7.56 (d, J = 6.8 Hz, 1 H), 7.32-7.22 (m, 5 H), 7.21-7.10 (m, 2
H), 3.19-3.07 (m, 1 H), 2.95-2.69 (m, 3 H), 1.91 (br s, 1 H, exchangeable), 1.84 (s, 3 H); 3C NMR
(101 MHz, CDCl3) 6 146.2, 138.2, 135.8, 128.4, 127.4, 127.4, 127.0, 121.9, 119.5, 118.5, 111.0,
109.7, 57.0, 39.8, 28.3, 22.8; HRMS (ESI) calcd for CisHioN2" [M + H]" 263.1543, found

263.1545.
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Scheme 3.12. One-pot N-O bond cleavage and reductive amination.

Q  pn,  Zndust, AcOH
Q_Qwo»\/ _ OHO | Q_QN\
N Ph 60(;23;%3 h N Ph
33e 110
1,2-dimethyl-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (110).”!* To a solution of
33e (0.041 g, 0.10 mmol, 1.0 equiv) in AcOH (1.5 mL) at 23 °C sequentially added CH>O (0.050
mL, 37 wt. % in H>0, 0.62 mmol, 6.0 equiv) and activated Zn powder (0.101 g, 1.55 mmol, 15.0
equiv) in a microwave tube open to air. The microwave tube was then sealed and the reaction was
heated to 60 °C with stirring for 3 h. Upon completion, the contents were cooled to 23 °C, filtered
through a pad of Celite, washed with MeOH, and concentrated. The crude product was then diluted
with CH>Cl, (10 mL) and washed with a 1:1 mixture of aqueous NH3 (5 mL, 30 wt. %) and
saturated aqueous NaHCO3 (5 mL). The remaining aqueous layer was extracted with CH>Cl (3 %
10 mL). Next, the combined organic extracts were washed with saturated aqueous NaHCOs3 (10
mL) and the new aqueous layer was extracted with CH2Cl> (2 x 10 mL). The combined organic
extracts were then dried (Na,SOs), filtered, and concentrated to yield pure 110 (0.024 g, 84% yield)
as a yellow solid. 110: Ry=0.44 (silica gel, CH2Clo/MeOH = 9/1); IR (film) vimax 3412, 2942, 1447,
1297, 1251, 1179, 1026, 909, 741, 702 cm™!; '"H NMR (500 MHz, CDCl3) 8 7.57-7.53 (m, 1 H),
7.45-7.40 (m, 2 H), 7.34-7.29 (m, 3 H), 7.29-7.24 (m, 1 H), 7.22-7.19 (m, 1 H), 7.16-7.09 (m, 2
H), 3.04-2.94 (m, 3 H), 2.94-2.86 (m, 1 H), 2.27 (s, 3 H), 1.79 (s, 3 H); *C NMR (101 MHz,
CDCl3) 0 144.5, 139.4, 136.3, 128.2, 127.9, 127.4, 127.2, 121.6, 119.4, 118.5, 110.9, 108.3, 61.0,

47.9,37.7,21.2, 19.3; HRMS (ESI) caled for C1oHaNo" [M + H]* 277.1699, found 277.1698.
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Scheme 3.13. Copper-catalyzed electrophilic amination with a diorganozinc reagent.

QA pn
W™ Ph,zn, cucl, (2.5 mol %)
\ N-o > \\ N-pnp
N THF, 23°C, 2 h N
H Ph (82%) H Ph
33e

1

1-methyl-1,2-diphenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (111).!°* To a solution of
PhMgBr (1.0 M in THF, 1.50 mL, 1.5 mmol, 1.0 equiv) in THF (1.5 mL) at 0 °C was added a
freshly prepared solution of ZnCl, (1.0 M in THF, 0.75 mL, 0.75 mmol, 0.5 equiv) under an argon
atmosphere. The resultant mixture warmed to 23 °C and stirred for 15 min. Upon completion, the
diorganozinc reagent was titrated using iodine to determine the concentration (here as 0.19 M).!*
Then, the freshly prepared solution of PhoZn (0.19 M, 0.73 mL, 0.14 mmol, 1.1 equiv) was added
to a solution of 33e (0.050 g, 0.13 mmol, 1.0 equiv) and CuCl, (0.4 mg, 0.003 mmol, 0.025 equiv)
in THF (1.0 mL) at 23 °C under an argon atmosphere. The resultant mixture was stirred at 23 °C
for 2 h. Upon completion, the contents were quenched with saturated aqueous NaHCOs3 (5 mL),
poured into a separatory funnel, and extracted with EtOAc (3 X 5 mL). The combined organic
extracts were then dried (NaxSQs), filtered, and concentrated. The resultant crude material was
purified by flash column chromatography (silica gel, hexanes/EtOAc = 1/0—4/1) to yield 111
(0.035 g, 82% yield) as a white solid. 111: Ry= 0.74 (silica gel, hexanes/EtOAc = 4/1); IR (film)
Vmax 3413, 2909, 1594, 1490, 1449, 1288, 1231, 908, 739, 701 cm™!; 'TH NMR (500 MHz, CDCls)
0 7.65-7.57 (m, 1 H), 7.40 (br s, 1 H, exchangeable), 7.29—7.19 (m, 6 H), 7.19-7.08 (m, 4 H), 7.03
(t,J=7.3Hz, 1H),6.75(d, J=7.8 Hz, 2 H), 3.55 (t, /= 6.0 Hz, 2 H), 3.10-2.96 (m, 2 H), 1.80
(s, 3 H); 3C NMR (101 MHz, CDCl3) & 149.5, 145.0, 139.8, 136.4, 128.8, 128.2, 128.0, 127.4,
127.1, 126.8, 123.9, 121.8, 119.5, 118.5, 111.0, 109.2, 62.1, 47.4, 22.3, 22.2; HRMS (ESI) calcd

for C24H23N2" [M + H]* 339.1856, found 339.1869.
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Scheme 3.14. Deprotection of acetyl group.

O»\/ph LiOH-H,0
MeOH
N 23°C, 0.5h N
N Ph N Ph

(88%)
33e 69

1-methyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido[3,4-b]indol-2-ol (69).2° To a solution of 33e
(0.100 g, 0.25 mmol, 1.0 equiv) in MeOH (2.0 mL) at 23 °C was added LiOH*H>O (0.012 mg,
0.28 mmol, 1.1 equiv) open to air. The resultant mixture was stirred at 23 °C for 30 min, during
which time the product crashed out as a white precipitate. Upon completion, the reaction contents
were concentrated directly and then diluted with CH2Cl2/MeOH (9/1, 10 mL). Deionized H>O (5
mL) was then added, the contents were poured into a separatory funnel, and the product was
extracted with CH>Clo/MeOH (9/1, 3 x 10 mL). The combined organic extracts were then dried
(NaxS0Qa), filtered, and concentrated. The resultant crude material was purified by flash column
chromatography (silica gel, hexanes/EtOAc = 1/0—2/1) or recrystallization (CH2Cl>) to yield 69
(0.062 mg, 88% yield) as a white solid. 69: Ry= 0.59 (silica gel, CH>Cl,/MeOH = 9/1); IR (film)
vmax 3410, 1597, 1564, 1449, 1393, 1232, 858, 799, 735, 700 cm™!; 'H NMR (500 MHz, DMSO-
ds) 6 10.75 (br s, 1 H, exchangeable), 7.94 (br s, 1 H, exchangeable), 7.42 (d, J = 7.7 Hz, 1 H),
7.32-7.23 (m, 3 H), 7.22-7.12 (m, 3 H), 7.07-7.01 (m, 1 H), 7.00-6.94 (m, 1 H), 3.21-3.05 (m, 1
H), 2.99-2.84 (m, 2 H), 2.66-2.52 (m, 1 H), 1.81 (s, 3 H); 3C NMR (101 MHz, DMSO-ds) 8 137.3,
136.2, 127.8, 127.5, 127.1, 126.7, 126.3, 120.6, 118.3, 117.8, 111.0, 106.3, 64.6, 49.0, 24.1, 18.4;

HRMS (ESI) calcd for CisHioN>O" [M + H]" 279.1492, found 279.1495.
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Scheme 3.15. Oxidation of hydroxylamine to aldonitrone.

HgO, Sonication N\ O
\\ N-oH 2 > \\ ©N-0
N Ph CH,Cl>:MeOH (10:1) N Ph
H 23°C,0.5h H

69 (99%) 112

1-methyl-1-phenyl-4,9-dihydro-1H-pyrido[3,4-b]indole 2-oxide (112).2! To a solution of 69
(0.042 g, 0.15 mmol, 1.0 equiv) in CH>Clo/MeOH (10/1, 1.5 mL) at 23 °C was added yellow HgO
(0.098 g, 0.44 mmol, 3.0 equiv) under an argon atmosphere. The reaction contents were then
sonicated for 0.5 h. Upon completion, MgSO4 (0.055 g, 0.45 mmol, 3.0 equiv) was added and the
reaction contents were stirred for an additional 10 min. The resulting grey heterogeneous mixture
was filtered through a pad of Celite with a layer of MgSOj4 on top, washed with CH>Cl, (15 mL),
and then concentrated to afford nitrone 112 (0.041 g, 99% yield) as a yellow solid that was carried
forward without further purification. 112: '"H NMR (500 MHz, CDCl3) § 7.60 (s, 1 H), 7.57 (d, J
=7.6 Hz, 1 H), 7.49-7.45 (m, 1 H), 7.43-7.38 (m, 2 H), 7.37-7.31 (m, 3 H), 7.30-7.27 (m, 1 H),

7.25-7.16 (m, 2 H), 4.01-3.87 (m, 2 H), 2.35 (s, 3 H).

Scheme 3.16. Grignard reaction.

\
{ @N\%) MeMgBr (3.0 M), THF _
N Ph -78°C,0.5ht00°C,0.25h
H (92% overall, 4.7:1 dr)

112 (£)-113

To a solution of 112 (0.041 g, 0.15 mmol, 1.0 equiv) in THF (3.0 mL) at —78 °C was added
dropwise MeMgBr (3.0 M in Et;O, 0.49 mL, 1.49 mmol, 10 equiv) over the course of 15 min
under an argon atmosphere. The resultant mixture was then stirred at —78 °C for an additional 30
min before being warmed to 0 °C and stirred for 15 min. Upon completion, the reaction contents

were quenched with saturated aqueous NH4ClI (5 mL) and extracted with EtOAc (3 x 5 mL). The
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combined organic extracts were then dried (NaxSQOs), filtered, and concentrated. The resultant
crude material was purified by flash column chromatography (silica gel, hexanes/EtOAc =
1/0—3/1) to yield 113a (0.033 g, 76% yield) and 113b (0.007 g, 16% yield) as white solids (0.040

g combined, 92% yield overall, 4.7:1 dr).?

(®-(1R,3R)-1,3-dimethyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido|3,4-

(¥)-113a vmax 3410, 2975, 2932, 1449, 1299, 1234, 1184, 910, 738, 700 cm™!; 'H
NMR (500 MHz, CDCIl3) 6 7.89 (br s, 1 H, exchangeable), 7.56 (d, /= 7.8 Hz, 1 H), 7.39 (d, J =
8.1 Hz, 1 H), 7.26-7.18 (m, 6 H), 7.18-7.13 (m, 1 H), 4.52 (br s, 1 H, exchangeable), 3.20-3.09
(m, 1 H), 2.85-2.77 (m, 1 H), 2.70-2.56 (m, 1 H), 1.94 (s, 3 H), 1.26 (d, J = 6.6 Hz, 3 H); 1°C
NMR (101 MHz, CDCI3) & 136.6, 133.7, 128.4, 127.8, 127.4, 127.3, 126.9, 122.2, 119.8, 118.8,
111.2,109.1, 67.4, 52.7, 29.8, 26.1, 19.5; HRMS (ESI) calcd for C19H21N20" [M + H]* 293.1648,

found 293.1658.

(#)-(1R,35)-1,3-dimethyl-1-phenyl-1,3,4,9-tetrahydro-2 H-pyrido|[3,4-
Q:Q'\,NP;OH blindol-2-o0l (113b): Ry= 0.37 (silica gel, hexanes/EtOAc = 4/1); IR (film)
(:)-113b Vmax 3532, 3399, 2928, 1452, 1374, 1303, 1238, 908, 734, 701 cm™!; 'H
NMR (500 MHz, CDCL) & 7.56-7.47 (m, 3 H), 7.36—7.28 (m, 3 H), 7.25-7.15 (m, 2 H), 7.14—
7.07 (m, 2 H), 4.48 (br s, 1 H, exchangeable), 3.63-3.52 (m, 1 H), 2.99-2.89 (m, 1 H), 2.85-2.76
(m, 1 H), 1.90 (s, 3 H), 1.43 (d, J = 6.1 Hz, 3 H); '*C NMR (101 MHz, CDCls) & 144.5, 138.9,
136.5, 130.6, 128.4, 127.6, 126.7, 121.7, 119.5, 118.5, 111.0, 107.3, 66.1, 53.5, 29.9, 29.3, 20.5;

HRMS (ESI) calcd for Ci19oH21N>O" [M + H]" 293.1648, found 293.1648.
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Scheme 3.17. Strecker-type reaction.

CN
\C) Et,AICN, CH,CI
\ ®N‘O 2 2vi2 - \ N\OH
N Ph 0°C,1hto23°C,1h N “'Ph
H (89%) H
112 (x)-114

(#-(1R,3S5)-2-hydroxy-1-methyl-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carbonitrile (114).2* To a solution of 112 (0.041 g, 0.15 mmol, 1.0 equiv) in CH>Cl, (3.0 mL) at
0 °C was added EAICN (1.0 M in toluene, 0.45 mL, 0.45 mmol, 3.0 equiv) under an argon
atmosphere. The resultant mixture was stirred at 0 °C for 1 h and then warmed to 23 °C and stirred
for an additional 1 h. Upon completion, the reaction contents were quenched with saturated
aqueous NaHCO3 (5 mL), poured into a separatory funnel, and extracted with CH>Cl, (3 X 5 mL).
The combined organic extracts were then dried (Na>SQOs), filtered, and concentrated. The resultant
crude material was purified by flash column chromatography (silica gel, hexanes/EtOAc =
1/0—3/1) to yield 114 (0.40 mg, 89% yield) as a white solid. 114: Ry = 0.24 (silica gel,
hexanes/EtOAc = 4/1); IR (film) vmax 3404, 3058, 2920, 2258, 1453, 1300, 1183, 1028, 739, 701
cm™!'; 'TH NMR (500 MHz, CDCl3) § 7.93 (br s, 1 H, exchangeable), 7.56 (d, J= 7.9 Hz, 1 H), 7.40
(d, J=8.1Hz, 1 H), 7.30-7.26 (m, 3 H), 7.26-7.23 (m, 1 H), 7.21-7.12 (m, 3 H), 5.26 (br s, 1 H,
exchangeable), 4.09-4.00 (m, 1 H), 3.57-3.47 (m, 1 H), 3.06-2.97 (m, 1 H), 1.96 (s, 3 H); '*°C
NMR (101 MHz, CDCl3) 6 136.2, 133.6, 128.7, 128.4, 127.3, 127.1, 126.4, 122.7, 120.3, 119.7,
118.7,111.3,106.2, 66.3, 50.2, 25.6, 22.1; HRMS (ESI) calcd for C19H1sN3O" [M + H]" 304.1444,

found 304.1454.
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Scheme 3.18. [3+2] cycloaddition.

e oM
\ enog o e
N Ph CH,Cl,
H 23°C, 2 h
112 (82%, 1.3:1 dr*) (£)-115

To a solution of 112 (0.041 g, 0.15 mmol, 1.0 equiv) in CH>Cl, (3.0 mL) at 23 °C was added
methyl acrylate (0.13 mL, 1.5 mmol, 10 equiv) under an argon atmosphere and stirred for 2 h.
Upon completion, the reaction contents were quenched with saturated aqueous NaHCOs3 (5 mL)
and extracted with CH2Cl> (3 x 5 mL). The combined organic extracts were then dried (Na;SOs),
filtered, and concentrated. The resultant crude material was purified by preparative thin layer
chromatography (silica gel, CH2Clo/MeOH = 15/1) to yield 115a (0.025 mg, 46% yield) and 115b

(0.019 mg, 35% yield) as yellow solids (0.044 mg combined, 82% yield overall, 1.3:1 dr).%

+)- -10- -10- -
CO,Me (¥)-methyl (25,3aR,10R)-10-methyl-10-phenyl

2,3,3a,4,9,10-hexahydroisoxazolo[2',3':1,6]pyrido[3,4-b]indole-

2-carboxylate (115a): Ry= 0.32 (silica gel, hexanes/EtOAc = 4/1);

IR (film) vmax 3386, 2924, 1741, 1454, 1373, 1213, 1102, 1028, 742, 703 cm™'; 'H NMR (500
MHz, CDCls) § 7.61-7.54 (m, 2 H), 7.52-7.46 (m, 1 H), 7.38-7.26 (m, 4 H), 7.21-7.17 (m, 1 H),
7.16-7.07 (m, 2 H), 4.61 (dd, J = 8.0, 5.4 Hz, 1 H), 3.76 (s, 3 H), 3.65-3.56 (m, 1 H), 3.23-3.14
(m, 1 H), 2.89-2.79 (m, 1 H), 2.63-2.56 (m, 2 H), 1.9 (s, 3 H); *C NMR (101 MHz, CDCL)
172.3, 143.9, 139.6, 136.9, 128.6, 127.8, 127.5, 126.4, 122.0, 119.7, 118.4, 111.2, 107.8, 74.4,
64.7, 55.7, 52.3, 38.9, 26.1, 17.6; HRMS (ESI) caled for CoxHasN>03* [M + HJ* 363.1703, found

363.1717.
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(£)-methyl (25,3aR,105)-10-methyl-10-phenyl-

H
COzMe
\ N-O 2,3,32,4,9,10-hexahydroisoxazolo[2',3':1,6]pyrido[3,4-b]indole-
N N

:1)-1155b o 2-carboxylate (115b): Ry= 0.26 (silica gel, hexanes/EtOAc = 4/1);
IR (film) vmax 3373, 2924, 1738, 1453, 1376, 1210, 1103, 1029, 741, 700 cm™'; 'H NMR (500
MHz, CDCl3) 6 7.75 (br's, 1 H, exchangeable), 7.54 (d,J=8.7 Hz, 1 H), 7.34 (d, J= 7.9 Hz, 1 H),
7.26-7.11 (m, 7 H), 4.62 (dd, /=9.2, 4.0 Hz, 1 H), 3.52 (s, 3 H), 3.22-3.01 (m, 2 H), 2.81-2.71
(m, 1 H), 2.52-2.36 (m, 2 H), 2.09 (s, 3 H); 3C NMR (101 MHz, CDCl3)  171.6, 137.0, 136.5,
130.1, 130.0, 127.7, 127.3, 126.4, 122.2, 119.9, 118.6, 111.3, 109.3, 74.4, 64.9, 55.0, 52.2, 38.4,

26.0, 25.2; HRMS (ESI) calcd for C22H23N203" [M + H]" 363.1703, found 363.1714.
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3.9 NMR Spectra
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3.10 HPLC Traces

ent-33a

Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

<Chromatogram>
mAU
1 e PDA Multi 1 254nm,4nm
4 2 92
1 ©
150-{ =
100-{
50~
o
T = e e ) o T
0 5 10 15 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time | Height Area | Height% | Area%
1 7.986 176267 2749666 | 55.582 49.673
| 2| 11.819| 140861 2785819 44.418 50.327
Total 317128 5535485[ 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
] 2 PDA Multi 1 254nm,4nm
750-] -
500
250-]
1 ™
] S
O /\
T T G L
0 5 10 15 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1 7.880 802274 12518070 92.580 90.783
2 11.783 64304 1270991 7.420 9.217
Total 866578 13789061 100.000 100.000
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101

NO,

Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

<Chromatogram>
mAU
1000 5 PDA Multi 1 254nm 4nm
1 ¥
750
4 ©
] ©
1 g
500-|
250
P U | S
R T T T T e L P e B T | T & % d
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1 14.137 952894 25421779 62.900 49.773
| 2 18.756 562034 25654098 37.100 50.227
Total 1514928 | 51075878 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
] o PDA Multi 1 254nm,4nm|
] <
1000-] =
750
500
250-] g
1 ©
1 >
o B P
o 8 " 10 R 20 "5 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1] 14.132] 1115363 30219406 92.306 90.376
2 19.670 92969 3218078 7.694 9.624
Total 1208332 33437484 100.000 100.000
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102 Br
Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

<Chromatogram>
mAU
1 ] PDA Multi 1 254nm,4nm|
4 wn
400 ®
| ~
1 3
300i s
200
100-]
o] PG\
O"'YEN)"II1‘0"II1N5"II2‘O" 2% '30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1 8.505 431813 7476611 61.157 50.000
2 14.087 274260 7476740 38.843 50.000
Total 706073 14953351 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
1 ®© PDA Multi 1 254nm,4nm
1 <
1500 )
1000
500
] z
< -
5 e
T & 3 & kT % o X % & o7 & % L % % k& ¥ & &9
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm ‘
Peak# Ret. Time Height Area | Height% Area%
1 8.418 1625324 | 30373382 92.499 89.951
| 2 14.129 131804 3393250 | 7.501 10.049
Total 1757128 | 33766632 | 100.000 100.000
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Crystallization Sample:

<Chromatogram>
mAU
e PDA Multi 1 254nm,4nm|
©
500
250
©o
b
h 4
0
Y G @ & [ & @ 3 & [ & & & J_o & & b oL _d & L o [ & & o
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1 8.667 635186 10994403 99.703 99.590
2 14.316 1893 45287 0.297 0.410
Total 637078 11039691 100.000 100.000
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103
Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

<Chromatogram>
mAU
| 2 PDA Multi 1 254nm, 4nm|
©
500 2
| R
©
250
o S S Y | W
oW @ ] feow & & _jow # & Lk oW A4 % LoL_d € L ok _J- 4 & koW
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height | Area | Height% | Area%
1 10.589 548849 10821368 | 59.038 | 49.840
2 15231 380801 10890847 | 40.962 50.160
Total \ 929651 21712215 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
1000*~ 2 PDA Multi 1 254nm,4nm
S
750;
500;
250—-
] 5
1 N
, I N
G oW @ ] w8 & joww # & & Jow A4 & b d € L om_J- 4 & koW
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height | Area | Height% | Area%
1. 10.463 964866 19025086 | 93.357 | 91.455
2| 15471 68658 1777665 | 6.643 8.545
Total | 1033524 20802751 100.000 100.000
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Racemic Sample:

104
Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

<Chromatogram>
mAU
] = PDA Multi 1 254nm,4nm
1 ©
300 2 2
| N
<
200
100+
o+
. P T e T W
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm )
Peak# Ret. Time Height | Area | Height% = Area%
1 9.377 325055 6031388 55.957 49.822
2 14.269 255845 6074544 | 44.043 50.178
Total \ 580900 12105932|  100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
1 ®° PDA Multi 1 254nm,4nm
g N
750 =
500
250-]
B o
] S
1 3
ol A A
G ow & [ & @ & & f_ & 3t & & o ¥ & b Bl 7 ¢ & O
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1 9.296 822941 16240677 91.771 89.871
2 14.470 73796 1830399 8.229 | 10.129
Total 896737 | 18071077 100.000 100.000
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105
Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

<Chromatogram>
mAU
1 Q PDA Multi 1 254nm, 4nm|
‘ 2 g
500-] =
250
0
oW @ ] feow & & _jow # & Lk oW A4 % LoL_d € L ok _J- 4 & koW
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height | Area | Height% | Area%
1 11.226 583381 10071262 55.997 | 49.998
2| 14.728 458435 10072209 | 44.003 50.002
Total | 1041816 20143471 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
| ) PDA Multi 1 254nm,4nm
| :
1000
w
. 8
500+
0
G oW @ ] w8 & joww # & & Jow A4 & b d € L om_J- 4 & koW
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height | Area | Height% | Area%
1 11.065 564622 9387200 | 28.623 22.444
2| 14.413 1407970 32437761 71.377 77.556
Total | 1972593 41824961 100.000 100.000
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Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

Racemic Sample:

<Chromatogram>
mAU
1250 [ PDA Multi 1 254nm,4nm
1 S
1000-| -
] 3
] &
750f
500
250
o] A
s e e L N AL
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height | Area | Height% | Area%
1] 11.048 1208916 25351279 | 60.817 49.617
2| 20.003 778873 25742938 39.183 50.383
Total \ 1987789 51094216 | 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
1 ] PDA Multi 1 254nm,4nm
«
200 e
150+
4 0
] 2
1 =
100-]
50“_
R S S,
0 ' 5 10 C 15 S 2 " 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1 10.788 108314 2152604 32.748 23.595
| 2] 19395 222432 6970402 67.252 76.405
Total 330746 9123006 100.000 100.000
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Racemic Sample:

107
Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

<Chromatogram>
mAU
200; g § PDA Multi 1 254nm,4nm|
: Q) 0
150-
100;
50—-
0__—/‘“\_.\_.~
T T | " [ v " ¢ T 7 " % ¥ T T T [Tt T3
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time | Height = Area Height% | Area%
1 8.269 | 192083 3130806 48.871 48.895
2 8.900 200956 3272371 51.129 51.105
Total 393039 6403177 | 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
1 ° PDA Multi 1 254nm,4nm|
:
500+
250
0
& @ & [ & & & & I A & & Jd F & L T K G _]—F & L
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time | Height | Area Height% | Area%
1 8.265 | 152396 2350053 19.545 18.775
2 8.866 627305 10166924 80.455 81.225
Total 779701 12516977 | 100.000 100.000
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Racemic Sample:

108
Conditions: HPLC (ChiralPak AD-H, 90:10 hexanes/i-PrOH, 1 mL/min, 254 nm)

<Chromatogram>
mAU
750_’ é % PDA Multi 1 254nm,4nm|
4 0 &
500+
250
0 |
oW @ ] feow & & _jow # & Lk oW A4 % LoL_d € L ok _J- 4 & koW
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height | Area | Height% | Area%
1] 8.604 765554 10079971 51.669 | 49.982
2| 9.339 716089 10087227 | 48.331 50.018
Total | 1481642 20167198 100.000 100.000
Enantioenriched Sample:
<Chromatogram>
mAU
e PDA Multi 1 254nm,4nm
- s
1 )|
750~ %
500
250+
G /\j\
L T L — ] LI L T
0 5 10 15 20 25 30
min
<Peak Table>
PDA Ch1 254nm
Peak# Ret. Time Height Area Height% Area%
1 8.631 705922 9185569 44.244 42.134
| 2 9.370| 889606 12615307 55.756 57.866
Total 1595528 | 21800876 100.000 100.000
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3.11 X-Ray Crystallography Data

General information: The diffraction data were measured at 100 K on a Bruker D8 VENTURE
diffractometer equipped with a microfocus Mo-target X-ray tube (A = 0.71073 A) and PHOTON
100 CMOS detector. Data were collected using ¢ and o scans to survey a hemisphere of reciprocal
space. Data reduction and integration were performed with the Bruker APEX3 software package
(Bruker AXS, version 2017.3-0, 2018). Data were scaled and corrected for absorption effects using
the multi-scan procedure as implemented in SADABS (Bruker AXS, version 2014/5, Krause,
Herbst-Irmer, Sheldrick & Stalke, J. Appl. Cryst. 2015, 48, 3-10). The structure was solved by
SHELXT (Version 2014/5: Sheldrick, G. M. Acta Crystallogr. 2015, A71, 3-8) and refined by a
full-matrix least-squares procedure using OLEX2 (O. V. Dolomanov, L. J. Bourhis, R. J. Gildea,
J. A. K. Howard and H. Puschmann. J. Appl. Crystallogr. 2009, 42, 339-341) (XL refinement

program version 2018/3, Sheldrick, G. M. Acta Crystallogr. 2015, C71, 3-8).

Crystal Structure of 33a

Specific details for structure refinement: All atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included in idealized positions for structure factor calculations
except atom H2 attached to nitrogen atom N2. This hydrogen atom was located in the difference
Fourier map and allowed to be refined without any additional restraints. All structures are drawn

with thermal ellipsoids at 50% probability.

Crystal Structure of 43

Specific details for structure refinement: All atoms were refined with anisotropic thermal

parameters. Hydrogen atoms were included in idealized positions for structure factor calculations
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except an H-atom attached to an indole nitrogen atom. This hydrogen atom was located in the
difference Fourier map and allowed to be freely refined with the thermal parameter being
constrained to be 1.2 times of the Ueq value of the N atom. All structures are drawn with thermal

ellipsoids at 50% probability.

Crystal Structure of 102

Specific details for structure refinement: All atoms were refined with anisotropic thermal
parameters. All hydrogen atoms were included in idealized positions for structure factor
calculations except the hydrogen atom of the NH group. This atom was found in the difference
Fourier map and refined without geometric restraints. All structures are drawn with thermal

ellipsoids at 50% probability.

Crystal Structure of £113a

Specific details for structure refinement: All atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included in idealized positions for structure factor calculations
except atom H10 and HIN attached to oxygen and nitrogen atoms, respectively. These hydrogen
atoms were located in the difference Fourier map. All structures are drawn with thermal ellipsoids

at 50% probability.

Crystal Structure of +£114
Specific details for structure refinement: All atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included in idealized positions for structure factor calculations

except atom H10 and H3N attached to oxygen and nitrogen atoms, respectively. These hydrogen

347



atoms were located in the difference Fourier map. All structures are drawn with thermal ellipsoids

at 50% probability.

Crystal Structure of £115a

Specific details for structure refinement: All atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were included in idealized positions for structure factor calculations
except H-atoms attached to nitrogen atoms. These hydrogen atoms (H1 and H3) were located in
the difference Fourier map and allowed to be refined at 0.88 A within a default 0.02 A standard
deviation with their thermal parameters being constrained to be 1.2 times of the Ueq value of the

N atoms. All structures are drawn with thermal ellipsoids at 50% probability.

Crystal Structure of £115b

Specific details for structure refinement: The structure was first solved and refined using HKLF 4
file format. The final refinement cycles were carried out with HKLF 5. Refined fractional volume
contribution for the second twin component is 0.46. All atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were included in idealized positions for structure factor
calculations except H-atoms attached to nitrogen atoms. These hydrogen atoms (H1 and H3) were
located in the difference Fourier map and allowed to be refined at 0.88 A within a default 0.02 A
standard deviation with their thermal parameters being constrained to be 1.2 times of the Ueq value

of the N atoms. All structures are drawn with thermal ellipsoids at 40% probability.
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Figure 3.3. ORTEP representation of 33a.

Crystal data and structure refinement for 0732_LC.

Identification code 0732 LC

Empirical formula C25H22N202
Formula weight 382.44
Temperature/K 100(2)

Crystal system monoclinic

Space group P2i/c

a/A 9.5752(5)

b/A 12.0481(7)

c/A 17.8268(10)

a/° 90

p/e 101.373(2)

v/° 90

Volume/A3 2016.17(19)

V4 4

Pealeg/cm’ 1.260

wmm'! 0.080

F(000) 808.0

Crystal size/mm?® 0.307 x 0.108 x 0.107
Radiation MoKa (A =0.71073)
20 range for data collection/°4.662 to 53.01

Index ranges -12<h<12,-15<k<15,-22<1<22
Reflections collected 50007

Independent reflections 4167 [Rint = 0.0400, Ryigma = 0.0184]
Data/restraints/parameters ~ 4167/0/267

Goodness-of-fit on F? 1.023

Final R indexes [[>=2c (I)] Ri;=0.0357, wR, =0.0812

Final R indexes [all data] R;=0.0481, wR, =0.0879

Largest diff. peak/hole / ¢ A= 0.27/-0.18

Rint =2 | Fo? - <Fo>> |/ 2 | F

R1 =21 |Fo|-|F/Z| Fo

WR2 = [2 [w (Fo’~F)’]/ £ [w (Fo?) *]]"

Goodness-of-fit = [Z [w (F,> " F?) 2]/ (n-p)'”?

n: number of independent reflections; p: number of refined parameters
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Figure 3.4. ORTEP representation of 43.

Crystal data and structure refinement for mo_0877_tes.

Identification code mo_0877 _tes
Empirical formula C25H23N302
Formula weight 397.46
Temperature/K 100(2)

Crystal system triclinic

Space group P-1

a/A 7.7539(3)

b/A 10.3038(5)

c/A 13.4620(6)

a/° 107.202(2)

pB/° 98.294(2)

y/° 96.619(2)
Volume/A3 1002.39(8)

V4 2

Pealeg/cm’ 1.317

w/mm! 0.085

F(000) 420.0

Crystal size/mm? 0.41 x0.28 x 0.14
Radiation MoKoa (A =0.71073)
20 range for data collection/°4.406 to 56.86
Index ranges -100€h<10,-13<k<13,-17<1< 18
Reflections collected 32154

Independent reflections 5032 [Rint = 0.0383, Rsigma = 0.0309]
Data/restraints/parameters ~ 5032/0/275

Goodness-of-fit on F? 1.032

Final R indexes [[>=20 (I)] R =0.0425, wR> =0.0965

Final R indexes [all data] R1=0.0618, wR>=0.1050

Largest diff. peak/hole / e A3 0.35/-0.21

Rint = 2| Fo? - <Fo>> |/ = | Fo?|

R1 =21 |Fo|-|F/Z| Fo

WR2 = [2 [w (Fo’~F)’]/ £ [w (Fo?) *]]"

Goodness-of-fit = [Z [w (F,> " F?) 2]/ (n-p)'”

n: number of independent reflections; p: number of refined parameters
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Figure 3.5. ORTEP representation of 102.

Brl

Crystal data and structure refinement for 0953 TLC_Snyder_2.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

o/°

pre

Y/°

Volume/A3

Z

Pealeg/cm’

wmm'!

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=20 (I)]
Final R indexes [all data]

0953 TLC Snyder 2
C25H21BrN202

461.35

100(2)

orthorhombic

P21212:

9.8948(6)

10.3781(6)

20.5618(13)

90

90

90

2111.5(2)

4

1.451

1.971

944.0

0.12 x 0.051 x 0.045
MoKa (A =0.71073)
4.396 to 57.446
-13<h<12,-14<k<13,-27<1<27
43364

5432 [Rint = 0.0474, Rsigma = 0.0470]
5432/0/275

1.056

R1=0.0338, wR2 = 0.0616
R1=0.0468, wR> = 0.0646

Largest diff. peak/hole / e A= 0.73/-0.36

Flack parameter

Rim:2|F02-<F02>|/2|F02|
R1=3||Fo|-|Fe| /2| Fo|

0.012(3)

WR2 = [Z [w (F*—F2)?] / Z [w (Fo?) 2]]V2
Goodness-of-fit = [X [w (Fo’>~F?) 2]/ (n-p)'?
n: number of independent reflections; p: number of refined parameters
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Figure 3.6. ORTEP representation of +£113a.

Crystal data and structure refinement for 0812_T.

Identification code 0812 T
Empirical formula Ci9H20N20
Formula weight 292.37
Temperature/K 100(2)

Crystal system triclinic

Space group P-1

a/A 8.5841(6)

b/A 10.1481(7)

c/A 10.2458(8)

a/° 112.745(2)

pB/° 103.325(2)

y/° 99.118(2)
Volume/A3 769.88(10)

V4 2

Pealeg/cm’ 1.261

w/mm! 0.079

F(000) 312.0

Crystal size/mm? 0.6 x 0.27 x 0.15
Radiation MoKoa (A =0.71073)
20 range for data collection/°4.528 to 57.228
Index ranges -11<h<11,-13<k<13,-13<1<13
Reflections collected 28347

Independent reflections 3937 [Rint = 0.0470, Rsigma = 0.0339]
Data/restraints/parameters ~ 3937/2/209

Goodness-of-fit on F? 1.031

Final R indexes [I>=20 (I)] R;=10.0453, wR2=10.1035

Final R indexes [all data] R1=0.0654, wR>=10.1129

Largest diff. peak/hole / e A0.39/-0.19

Rint =2 | Fo? - <Fo>> |/ 2 | F

R1 =21 |Fo|-|F/Z| Fo

WR2 = [2 [w (Fo’~F)’]/ £ [w (Fo?) *]]"

Goodness-of-fit = [Z [w (F,> "F?) 2]/ (n-p)'”?

n: number of independent reflections; p: number of refined parameters

352



Figure 3.7. ORTEP representation of £114.

N2

c17

Crystal data and structure refinement for 0814_t.

Identification code 0814 t

Empirical formula Ci19H17N30

Formula weight 303.35
Temperature/K 100(2)

Crystal system monoclinic

Space group P2i/c

a/A 8.5899(4)

b/A 18.3551(8)

c/A 10.2741(5)

a/° 90

pB/° 102.416(2)

y/° 90

Volume/A3 1582.02(13)

V4 4

Pealeg/cm’ 1.274

w/mm! 0.081

F(000) 640.0

Crystal size/mm? 0.426 x 0.202 x 0.106
Radiation MoKoa (A =0.71073)
20 range for data collection/°4.438 to 61.224
Index ranges -12<h<12,-26<k<25,-14<1<14
Reflections collected 43653

Independent reflections 4749 [Rint = 0.0455, Rsigma = 0.0375]
Data/restraints/parameters ~ 4749/2/217

Goodness-of-fit on F? 1.044

Final R indexes [I>=20 (I)] R;=10.0477, wR2=10.1095

Final R indexes [all data] R1=0.0730, wR>=10.1192

Largest diff. peak/hole / e A2 0.39/-0.21

Rint =2 | Fo? - <Fo>> |/ 2 | F

R1 =21 |Fo|-|F/Z| Fo

WR2 = [2 [w (Fo’~F)’]/ £ [w (Fo?) *]]"

Goodness-of-fit = [Z [w (F,> "F?) 2]/ (n-p)'”?

n: number of independent reflections; p: number of refined parameters
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Figure 3.8. ORTEP representation of +115a.

Crystal data and structure refinement for 0869 _tessa_top.

Identification code 0869 tessa_top
Empirical formula C22H223N2035 15
Formula weight 365.12
Temperature/K 100(2)

Crystal system monoclinic

Space group P2i/c

a/A 20.9936(14)

b/A 10.3069(7)

c/A 17.3090(11)

a/° 90

pB/° 99.457(2)

y/° 90

Volume/A3 3694.4(4)

V4 8

Pealeg/cm’ 1.313

w/mm! 0.088

F(000) 1548.0

Crystal size/mm? 0.22 x0.16 x 0.12
Radiation MoKoa (A =0.71073)
20 range for data collection/°4.414 to 52.836
Index ranges 26<h<26,-12<k<12,-21<1<20
Reflections collected 96894

Independent reflections 7298 [Rint = 0.0519, Rgigma = 0.0343]
Data/restraints/parameters ~ 7298/2/504

Goodness-of-fit on F? 1.053

Final R indexes [[>=20 (I)] Ri=0.0464, wR, = 0.0956

Final R indexes [all data] R1=0.0758, wR>=0.1049

Largest diff. peak/hole / e A= 0.30/-0.37

Rint =2 | Fo? - <Fo>> |/ 2 | F

R1 =21 |Fo|-|F/Z| Fo

WR2 = [2 [w (Fo’~F)’]/ £ [w (Fo?) *]]"

Goodness-of-fit = [Z [w (F,> "F?) 2]/ (n-p)'”?

n: number of independent reflections; p: number of refined parameters
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Figure 3.9. ORTEP representation of £115b.

Crystal data and structure refinement for 0872_tes_btm.

Identification code 0872 tes_btm
Empirical formula C44.5H45CIN4Og
Formula weight 767.29
Temperature/K 100(2)

Crystal system triclinic

Space group P-1

a/A 12.3351(7)

b/A 13.1435(7)

c/A 13.7758(7)

a/° 93.491(2)

pB/° 101.268(2)

y/° 116.875(2)
Volume/A3 1925.16(18)

V4 2

Pealeg/cm’ 1.324

w/mm! 0.155

F(000) 810.0

Crystal size/mm® 0.32 x0.19 x0.14
Radiation MoKoa (A =0.71073)
20 range for data collection/°4.256 to 52.882
Index ranges -15<h<14,-16<k<16,0<1<17
Reflections collected 7910

Independent reflections 7910 [Rine = 0.0610, Rgigma = 0.0562]
Data/restraints/parameters ~ 7910/3/522

Goodness-of-fit on F? 1.090

Final R indexes [[>=20 (I)] Ri=0.0559, wR>=0.1025

Final R indexes [all data] R1=0.0856, wR>=0.1125

Largest diff. peak/hole / e A= 0.36/-0.59

Rint =2 | Fo? - <Fo>> |/ 2 | F

R1 =21 |Fo|-|F/Z| Fo

WR2 = [2 [w (Fo’~F)’]/ £ [w (Fo?) *]]"

Goodness-of-fit = [Z [w (F,> "F?) 2]/ (n-p)'”?

n: number of independent reflections; p: number of refined parameters
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CHAPTER 4

DEVELOPMENT OF ASYMMETRIC ISO-PICTET-SPENGLER
REACTIONS OF KETONITRONES TO GENERATE

AZA-QUATERNARY CENTERS



4.1 Introduction

The indole core is an important structural motif found in an array of bioactive natural
products, agrochemicals, and pharmaceuticals.! Indeed, this privileged scaffold has attracted the
attention of medicinal and organic chemists alike due to its prevalence in modern drug discovery
and alkaloid total synthesis. Despite this, the majority of methods currently available tend to focus
on a select subset of indole skeletons. As discussed in Chapter 3, tetrahydro-f-carbolines (1, Figure
4.1) have been exhaustively investigated and a multitude of methods for their synthesis have been
disclosed,? with the Pictet-Spengler reaction being arguably the most powerful.>* However, there
are only a limited number of Pictet—Spengler-type reactions reported that synthesize other related
indole congeners,’ such as tetrahydro-y-carbolines (2),° tetrahydropyrazino[ 1,2-aJindoles (3),” and

tetrahydropyrrolo[4,3,2-de]isoquinolines (4),® which have diverse therapeutic potentials.

Figure 4.1. Selected indole analogs of interest.

Y Ly
N N
H H
1: tetrahydro--carboline 2: tetrahydro-y-carboline
o

PN

Z =N

H

3: tetrahydropyrazino[1,2-a]indole 4: tetrahydropyrrolo[4,3,2-de]isoquinoline

The term “iso-Pictet—Spengler reaction” was coined by Jacobsen in 2011, when he reported
the first enantioselective method to access tetrahydro-y-carbolines (8, Scheme 4.1).%¢ They applied
chiral thiourea 7 and BzOH as a highly effective cocatalyst system to enable one-pot reactions of
isotryptamines (5) with various aldehydes (6) and Boc0O, leading to products (61-92% ee) with

extremely high enantioselectivities after trituration or recrystallization (>98% ee). Nonetheless,
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the yields of the methodology greatly suffered from the trituration or recrystallization process and
the synthesis of the isotryptamine starting material was not simple (4 steps). Additionally, there
was only one successful example incorporating a ketone (4'-chloroacetophenone) that required
prolonged reaction times (14 days) to obtain the product in a 76% ee, though the enantiomeric
excess could be increased to 98% ee after trituration at the expense of yield (95% to 53%). The
following year, Leighton and co-workers published two highly enantioselective, one-pot iso-
Pictet-Spengler reactions to construct compounds of type 13 and 14.7¢ Nevertheless, this protocol
required superstoichiometric quantities of a chiral silicon Lewis acid (12) to promote the
cyclization and was only compatible with a-ketoamides, limiting the substrate scope of the reaction.
Since these seminal works, numerous other groups have taken interest in iso-Pictet—Spengler

reactions, but efficient methods to access aza-quaternary centers are still needed.>*

Scheme 4.1. Key precedents for Iso-Pictet—Spengler reactions developed by the (a) Jacobsen
group and (b) Leighton group.

1) 7 (10-20 mol %) CF,
S

|z
PhN'J\/@
OO TR e
Z N Ph O
H

RZ
BzOH (10-20 mol %) Rl
5 toulene, 22 °C, 1-5 h; NBoc
+ Boc,0, 30 min R NN
0) 2) trituration or recrystallization Z~N
JJ\ (45-81% yield) H
R!'” "R2 (98->99% ee) 8
6 [one case where R2 = H]
i 0]
NH, N el .
R)S( ~Ar N
o) H
N 11 [R = alkyl, aryl] \
N [Ar = 2,6-difluorophenyl] N
H benzene, reflux, 16 h H
9 (w/ Dean-Stark trap) 13
ii. Ph,,_ O Ph \\
Si. R 9
@ N Cl WN,Ar
\
N . N H
NH, 12 (1.5 equiv) NH
10 (s benzene, reflux, 5-30 h 14 —
(565-90% yield)

(82-98% ee)
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Inspired by our recent work utilizing nitrones in Mannich-type reactions (Chapter 2)° and
Pictet—Spengler reactions (Chapter 3),'° we envisioned that such substrates might also be effective
for establishing novel iso-Pictet—Spengler reactions to forge indole analogs 2-4 bearing aza-
quaternary centers. Herein, we delineate our current progress on the development of three unique
approaches using ketonitrones to access tetrahydro-y-carbolines (2), tetrahydropyrazino[1,2-
alindoles (3), and tetrahydropyrrolo[4,3,2-de]isoquinolines (4), with the former two exhibiting
promising results employing organocatalysis to induce enantiocontrol. Although the scope of the
reactions has yet to be explored, we believe that, once optimized, these procedures can be applied

to build a diverse collection of heterocyclic products that can be screened for biological activities.
4.2 Starting Material Preparation

To begin, we employed a 3-step route that was previously developed for our ketonitrone-
based Pictet—Spengler reaction to obtain the relevant starting materials.!® The three alkyl alcohols
(15), attached at the N-, C2-, or C4-atom of the indole ring, were either commercially available or
known compounds easily synthesized in 1 step. As shown in Scheme 4.2, alcohol 15 smoothly
underwent a Mitsunobu reaction with N,0-Di-Boc-hydroxylamine,!! followed by a facile Boc-
deprotection to afford hydroxylamine 16,'? and finally condensation of the requisite ketone (6) to
form the desired ketonitrone (17, N- and C4-subsituted indoles only).!* Due to the varying
electronics of the proposed iso-Pictet—Spengler reactions, we considered multiple organocatalytic

systems!# to see which could provide the highest level of conversion and enantioselection.
Scheme 4.2. Preparation of ketonitrones for subsequent methods.

4 1) BocNH-OBoc o
n n n
©\A‘/\W\OH DIAD, PhsP ©\M\/\)@\LN,OH @f @o
2 _ >
H 2) TMSCI, MeOH N H AcOH, Mgso4 H JJ\ R2

CH,Cl,:MeOH (1:1)

15 16
[n=12] [N-, C2-, C4-sub] [n=1.2] [N- and C4-sub] [n= i 2]
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4.3 Investigation into the Synthesis of Tetrahydro-y-Carboline Derivatives

With the required starting materials in hand, we decided to investigate the C2-iso-Pictet—
Spengler reaction first. Interestingly, when we attempted to condense acetophenone (19) onto
hydroxylamine 20, instead of isolating the predicted ketonitrone (18), tetrahydro-y-carboline 21
was obtained exclusively in quantitative yield (Scheme 4.3). Even with shortened reaction times
or a change in solvent to CH>Cl: alone, the ketonitrone continued to rapidly undergo cyclization
to 21 without the need for additional promoters beyond the catalytic AcOH (>80% yield).
Traditional iso-Pictet—Spengler reactions applying imines usually require strong acid and/or high
temperatures to affect the formation of aza-quaternary centers,® demonstrating how this approach
can provide a more mild, complementary way to access compounds of this type. We plan to study
the scope of this highly efficient one-pot, racemic protocol to construct other tetrahydro-y-

carbolines with aza-quaternary centers in the future.

Scheme 4.3. Initial discovery of a racemic synthesis of tetrahydro-y-carbolines.

S
/L 0 o OH ©) OH
1 1 Ph
pr’ @ ph)kw, AcOH HN phkw, AcOH N
©\/\>—) CH,Cl,:MeOH (1:1) m) CH,Cl,:MeOH (1:1) N
N MgSO,, 23 °C, 48 h N MgSO,, 23°C, 48 h N
H H (99%) H
18 20 21

Encouraged by these results and the literature precedents discussed earlier, we then
examined if chiral thiourea catalysis'> could promote an enantioselective variant of the one-pot
conversion of 20 to 21. Unfortunately, all endeavors to exploit the same thiourea reported by
Jacobsen and co-workers (7)%¢ only yielded a racemic product (Table 4.1, entry 1). Motivated by
reports of chiral phosphoric acids being proficient organocatalyts, ' especially in traditional Pictet—

Spengler reactions, we anticipated that they may prove efficacious in our system as well.
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Pleasingly, after screening an assortment of phosphoric acids, 22e was able to catalyze the desired
condensation with 19 and subsequent cyclization to 21 in a moderate 56% ee (entry 6). Efforts to
improve the enantioselectivity by lowering the temperature were fruitless, as the reaction was
completely shut down below 5 °C. Due to the demonstrated improvements in reactivity and scope
with more acidic chiral Brensted acids in other reactions,!” our next focus will be to synthesize
and test phosphoramidic acid and imidodiphosphorimidate derivatives of 22e in hopes of

enhancing the modest enantioselectivity currently observed.

Table 4.1. Exploration of thiourea and phosphoric acid catalysts to promote enantioselection.

OH OH
HN/ 19 (2 equiv) Ph N
MgSO,, 23 °C, 24 h

@J Conditions N

N N

H H

20 21
Concentration Catalyst
Entl'y Solvent (M) (20 mol %) ee (%) E OO R '
1 CH,CI, or toluene 0.10 7, AcOH racemic O. P//O
2 toluene 0.05 22a 2 | OO o OH
3 toluene 0.05 22b 5 E R :
4 toluene 0.05 22¢ 18 ! 22a:R=Ph
. 22b: R = 2-naphthyl '
5 toluene 0.05 22d 20 i 22¢:R=35-(CF3),CeHs
E 22d: R = 2,4,6'(M9)3CGH2 |
6 toluene 0.05 22e 56 1 22e: R =2,4,6-(-Pr)3CeHy |
! 22f:R=SiPhy !
7 toluene 0.05 22f N/A R J

4.4 Study of the Tetrahydropyrazino[1,2-afindole Scaffold

We next embarked on the study of N-iso-Pictet—Spengler reactions of ketonitrones to
produce tetrahydropyrazino[1,2-a]indoles. Initial inquiries quickly showed that phosphoric acids
or chiral thiourea and carboxylic acid cocatalyst systems were not effective at promoting the
desired cyclization. Therefore, we opted to employ the same tactic used in our previous Pictet—

Spengler reaction, which is to increase the reactivity of the ketonitrone via formation of an N-
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acyloxyiminium species in situ.'® To our delight, this method proved capable of delivering
tetrahydropyrazino[ 1,2-a]indole 24, albeit in only a 30-40% yield depending if BzCl or BzBr was
utilized (Scheme 4.4). As presented in Table 4.2, a collection of chiral thiourea catalysts was
screened in combination with BzCl to see if enantiocontrol was possible within this system. While
most catalysts tested thus far have provided only low enantioselectivity (0-34% ee), there have
been some general trends detected. For example, catalysts containing a 2,5-substituted pyrrole
group (28 and 29) afforded the lowest conversions and very little enantiocontrol when the product
could be isolated. Although varying the chiral backbone of the catalysts led to higher conversion,
it did not provide any dramatic increase in the enantioselectivity of 24. Nonetheless, an interesting
observation was made when the thiourea functional group of the catalyst was changed to a urea;
this switch (35 to 36) led to a complete reversal in enantioselectivity (14% ee to —17% ee). To
confirm this result, we then probed catalysts 37 and 38, and again noted equal but opposite
enantioselectivities (34% ee and —31% ee). These aryl pyrrolidinoamido-thiourea and -urea
represent our best results to date. Disappointingly, any attempts for optimization have been
unsuccessful; lowering the temperature, changing the solvent, diluting the reaction, or switching
BzCl to BzBr did not impact the enantioselectivity of the reaction. Our next steps are to synthesize
additional aryl pyrrolidinoamido-thioureas, with a focus on bulky aryl groups that have proven

advantageous in other reactions due to their ability to stabilize cation-r interactions.!”

Scheme 4.4. Preliminary results for the racemic formation of 24.

Ph
@ ©) BzCl or BzBr (1.05 equiv) %
N - N\

o)
®N CH,Cl, (0.1 M) \__, OBz

— ih 4AMS, 23°C, 0.5 h

23 (30-36%) 24

362



Table 4.2. Exploration of varied catalysts to achieve asymmetric cyclization of nitrone 23 using BzClI.

BzCl (1.05 equiv) Ph
@ £ Catalyst (20 mol%) m
N \ > N -
\\G}N>( toluene (0.05 M) \\/N OBz
Ph 4AMS, 23°C, 0.5 h

23 24
CFs CFs CFs
jol 250 Jol:
FsC NJ\N“‘ FsC NJ\N . FsC NJ\N“‘
H O H H H ¢ H o oH k
PN PN
25 26 27 S
(racemic) (racemic) (racemic) o)
[Merck]
CFy
Me \l/ S Me \l/ s Me \l/ s
Ph Nj]ﬂN)LN“‘ Me NJ\N“' Me/Nj]ANJ\N CF,
H H H H H H
Ph O N Ph o N Ph o
s w
28 29 30
(7% ee) (N/A) (5% ee)
i Y % SeNe!
N_ - Pho N_ _~ Pho N_ _~
Bn” N™ N CF, N N™ N CF, YU NN CF,
H H H H H H
o) Ph O Ph O
31 32 33
(5% ee) (10% ee) (4% ee)
CFy CFy CFs
Ph
e R e SO
Ph._ N Pho N_ _~ N_ -
N” N CFg Y N” N CFy Bn~ N” N CFg
ph 0 1 H ph 0o 1 H H H
34 7 35
(15% ee) (26% ee) (14% ee)
CFs CF3 CFs
SO Y10 Y30
N T T T
Bn~ N” N CFy NJ\N CFy NJ\N CFy
5 H H H H H H
36 37 38
(-17% eg) (34% ee) (—31% ee)
[Merck] [Merck]

4.5 Exploration of the Tetrahydropyrrolo[4,3,2-de[isoquinoline System

The final scaffold of interest was the tetrahydropyrrolo[4,3,2-de]isoquinoline, which we

envisioned could be built by a C4-iso-Pictet—Spengler reaction of nitrones. We began our
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explorations by trying to affect a racemic reaction using acetophenone-derived ketonitrone 39 as
our model substrate (Scheme 4.5). Gratifyingly, 39 could be transformed into the corresponding,
more reactive N-acyloxyiminium ion using BzBr and subsequently cyclized to 40 in CH2Cl; after
only 30 minutes at 23 °C. Notwithstanding this, a major side-product (41) was readily formed via
hydrolysis of the N-acyloxyiminium species. Moving forward without optimizing this result
further, we attempted to render the reaction asymmetric. Yet, all catalytic systems evaluated
(thioureas/N-acyloxyiminium ion, thioureas/carboxylic acids, or phosphoric acids) were
unsuccessful at providing any significant enantiocontrol. Due to what appears to be less favorable
electronics for this iso-Pictet—Spengler reaction, we plan to optimize and report a racemic variant

that can still provide synthetic value and access to new chemical space.

Scheme 4.5. Racemic reaction of 39 rendered competent by N-acyloxyiminium species.

o ElMajor side-product :
O\ (l)BZ ' H !
N N | N, |
® Ph BzBr (1.05 equiv) Ph : OBz :

+ ' 1

N ‘CH,Cl, (0.1 M) \ ! \

N 4AMS, 23°C,0.5h N : N 5

H (50%) H ; H |

39 40 ! 11 '

__________________

4.6 Conclusion

In conclusion, we have commenced explorations of three variations of iso-Pictet—Spengler
reactions of ketonitrones to efficiently generate indole heterocycles with aza-quaternary centers.
To achieve this, we are utilizing the power of organocatalysis in combination with the unique
reactivity of nitrones. Thus far, we have had moderate success developing catalytic,
enantioselective procedures employing phosphoric acids for the tetrahydro-y-carboline derivatives
and using thioureas in combination with N-acyloxyiminium species for the

tetrahydropyrazino[ 1,2-a]indole scaffolds. Although not optimized, these preliminary findings are
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encouraging for the validity of our proposal. Unfortunately, no significant enantiocontrol has been
observed for the tetrahydropyrrolo[4,3,2-de]isoquinoline system. Investigations to increase the
both the enantioselectivities of the reactions and the substrate scope are the subject of current

endeavors.
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4.7 Experimental Section

General Procedures. All reactions were carried out under an argon atmosphere with dry solvents
under anhydrous conditions, unless otherwise noted. Dry tetrahydrofuran (THF), toluene,
acetonitrile (MeCN), and dichloromethane (CH>Cl2) were obtained by passing commercially
available pre-dried, oxygen-free formulations through activated alumina columns. Yields refer to
chromatographically and spectroscopically ('H and '3C NMR) homogeneous materials, unless
otherwise stated. Reagents were purchased at the highest commercial quality and used without
further purification, unless otherwise stated. Reactions were magnetically stirred and monitored
by thin-layer chromatography (TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254)
using UV light as visualizing agent, and an aqueous solution of ceric ammonium sulfate,
ammonium molybdate, and sulfuric acid or aqueous solution of potassium permanganate and
sodium bicarbonate and heat as a developing agent. SiliCycle silica gel (60, academic grade,
particle size 0.040—0.063 mm) was used for flash column chromatography. Preparative thin-layer
chromatography separations were carried out on 0.50 mm E. Merck silica gel plates (60F-254).
NMR spectra were recorded on Bruker 400 and 500 MHz instruments and calibrated using residual
undeuterated solvent as an internal reference. The following abbreviations were used to explain
the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet. IR
spectra were recorded on a Nicolet iS5 FT-IR spectrometer using neat thin film technique. High-
resolution mass spectra (HRMS) were recorded on Agilent 6244 TOF-MS using ESI (Electrospray
Ionization) or CI (Chemical lonization) at the University of Chicago Mass Spectroscopy Core
Facility. Chiral high-performance liquid chromatography (HPLC) analysis was performed using a

Shimadzu Prominence analytical chromatograph with commercial ChiralPak columns (OD-H).
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The X-ray diffraction data were measured on a Bruker D§ VENTURE diffractometer at the

University of Chicago X-ray Laboratory.

General Procedure for Preparation of Hydroxylamines.'!!?

Scheme 4.6. Preparation of hydroxylamines.
) N,O-Di-Boc-hydroxylamine (1 equw
Ej\/\ Ph3 (1.5 equiv), DIAD (1.5 equw W -OBoc  2) TMSCI (5 equiv)
_—
THF (0.15 M) MeOH (0.125 M)
°C—v23°C1h 0°C —+23°C,12h
[n= 1 ,2] [n

=z ¥
>3
="
\
(@]
I

[y
a0 T

Step 1: To a solution of alcohol 15 (1.0 equiv), PhsP (1.5 equiv), N,0-Di-Boc-hydroxylamine (1.0
equiv) in THF (0.15 M) at 0 °C was added DIAD (1.5 equiv) dropwise under an argon atmosphere.
The resultant mixture was warmed to 23 °C and stirred for 1 h. Upon completion, MeOH (10.0
equiv) was added and the reaction was stirred for 15 min. The reaction contents were then
concentrated directly and the resultant crude material was purified by flash column
chromatography (silica gel, hexanes/EtOAc = 1/0—2/1) to yield S1. Step 2: Next, to a solution of
the newly-formed S1 (1.0 equiv) in MeOH (0.125 M) at 0 °C was added TMSCI (5.0 equiv)
dropwise under an argon atmosphere. The resultant mixture was slowly warmed to 23 °C and
stirred for 12 h. Upon completion, the reaction contents were concentrated directly and then diluted
with CH>Cl,:MeOH (9:1). Saturated aqueous Na,COs3 was added, the contents were poured into
a separatory funnel, and then the product was extracted with CH2Clz (3 ). The combined organic
extracts were then dried (NaxSQs), filtered, and concentrated. The resultant crude material was
purified either by flash column chromatography (silica gel, CH.Cl/MeOH = 1/0—9/1) or

recrystallization (CH2Cl,) to afford 16.
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BocO-NBoc tert-butyl (2-(1H-indol-2-yl)ethyl)((zert-butoxycarbonyl)oxy)carbamate

A\ : : ) )

N (S2). Prepared using the general procedure described above with 2-(1H-indol-
H

S2 2-yl)ethan-1-01?° (1.84 g, 11.41 mmol), ultimately yielding S2 (3.74 g, 87%

yield) as a white solid. S2: Ry=0.50 (silica gel, hexanes/EtOAc = 4/1); IR (film) vimax 3390, 3057,
2981, 2934, 1785, 1715, 1370, 1252, 1148, 749 cm™!; 'H NMR (400 MHz, CDCl3) § 9.11 (brs, 1
H, exchangeable), 7.53 (d, /= 7.7 Hz, 1 H), 7.34 (d, /= 7.9 Hz, 1 H), 7.15-7.09 (m, 1 H), 7.08—
7.02 (m, 1 H), 6.29-6.24 (m, 1 H), 3.89 (t, /= 6.2 Hz, 2 H), 3.02 (t, /= 6.1 Hz, 2 H), 1.56 (s, 9 H),
1.37 (s,9 H); BC NMR (101 MHz, CDCl3) § 155.0, 153.3, 136.7, 136.4, 128.5, 121.1,119.9, 119.4,
110.9, 100.3, 85.6, 83.1, 50.9, 28.0, 27.7, 26.3; HRMS (ESI) calcd for C20H20N205" [M + H]*

377.2071, found 377.2073.

OH  N-(2-(1H-indol-2-yl)ethyl)hydroxylamine (20). Prepared using the general
procedure described above with S2 (3.74 g, 9.94 mmol), ultimately yielding

20 (1.40 g, 80% vyield) as a pale-yellow solid. 20: Ry = 0.43 (silica gel,

S Iz
T
2

CH2Cl/MeOH = 9/1); IR (film) vmax 3274, 2925, 1549, 1457, 1341, 1291,
10438, 855, 785, 749 cm™!; 'TH NMR (400 MHz, DMSO) 8 10.87 (br s, 1 H, exchangeable), 7.41 (d,
J=28.7Hz, 1 H), 7.32 (br s, 1 H, exchangeable), 7.29 (d, J = 7.9 Hz, 1 H), 7.03-6.97 (m, 1 H),
6.96-6.89 (m, 1 H), 6.20-6.12 (m, 1 H), 5.73 (br s, 1 H, exchangeable), 3.09 (t, /= 7.3 Hz, 2 H),
2.91 (t,J=7.4 Hz, 2 H); *C NMR (101 MHz, DMSO) & 138.4, 136.0, 128.4, 120.0, 119.1, 118.6,

110.6, 98.6, 53.2, 26.1; HRMS (CI) calcd for CioH13N>O" [M + H]* 177.1022, found 177.1022.

©E\> tert-butyl (2-(1H-indol-1-yl)ethyl)((zert-butoxycarbonyl)oxy)carbamate
OBoc

\\/NBoc (S3). Prepared using the general procedure described above with 2-(1H-

S3 indol-1-yl)ethan-1-01?! (2.00 g, 12.41 mmol), ultimately yielding S3 (4.41 g,

94% yield) as a pale-yellow oil. S3: Ry = 0.55 (silica gel, hexanes/EtOAc = 4/1); IR (film) viax
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2981, 2934, 1785, 1727, 1478, 1370, 1239, 1151, 1109, 741 cm™'; '"H NMR (400 MHz, CDCL:) &
7.62 (d, J=7.9 Hz, 1 H), 7.37 (d, J= 8.2 Hz, 1 H), 7.24-7.18 (m, 1 H), 7.15 (d, J= 3.1 Hz, 1 H),
7.13-7.07 (m, 1 H), 6.51-6.47 (m, 1 H), 4.37 (t, J= 6.4 Hz, 2 H), 3.97 (t, 2 H), 1.54 (s, 9 H), 1.27
(s, 9 H); 3C NMR (101 MHz, CDCls) § 154.2, 152.3, 136.0, 128.9, 128.3, 121.8, 121.1, 119.6,
109.2, 101.8, 85.4, 82.8, 50.1, 43.7, 27.9, 27.7; HRMS (ESI) calcd for C20HaoN2Os™ [M + HJ*

377.2071, found 377.2071.

©\/\> o N-(2-(1H-indol-1-yl)ethyl)hydroxylamine (S4). Prepared using the general

N\\/NH procedure described above with S3 (4.26 g, 11.32 mmol), ultimately yielding

S4 S4 (1.31 g, 66% yield) as a yellow oil. S4: Ry=0.53 (silica gel, CH>Clo/MeOH
= 9/1); IR (film) vmax 3259, 2928, 1512, 1464, 1315, 1251, 1195, 1014, 883, 742 cm™!; '"H NMR
(500 MHz, CDCl3) 6 7.65 (d, J=7.9 Hz, 1 H), 7.40 (d, /= 8.2 Hz, 1 H), 7.25-7.20 (m, 1 H), 7.15
(d,J=3.1Hz, 1 H), 7.14-7.10 (m, 1 H), 6.56-6.51 (m, 1 H), 4.38 (t, /J=5.8 Hz, 2 H), 3.29 (t, J =
6.1, 5.7 Hz, 2 H); *C NMR (101 MHz, CDCl3) 4 136.2, 128.8, 128.3, 121.8, 121.2, 119.6, 109.3,

101.8, 53.1, 43.0; HRMS (ESI) calcd for C1oHi3N2O* [M + H]* 177.1022, found 177.1022.

EIOC tert-butyl ((1H-indol-4-yl)methyl)((zert-butoxycarbonyl)oxy)carbamate (S5).
“OBoc
Prepared using the general procedure described above with (1H-indol-4-

A\
H yl)methanol (1.00 g, 6.80 mmol), ultimately yielding S5 (1.16 g, 47% yield) as a
S5 white solid. S5: Ry = 0.33 (silica gel, hexanes/EtOAc = 4/1); IR (film) vmax 3370,

3058, 2981, 2934, 1779, 1713, 1370, 1275, 1148, 754 cm™'; '"H NMR (400 MHz, CDCL3) § 8.24
(brs, 1 H, exchangeable), 7.34 (d, J= 7.9 Hz, 1 H), 7.23-7.19 (m, 1 H), 7.17-7.08 (m, 2 H), 6.70—
6.63 (m, 1 H), 5.07 (s, 2 H), 1.50 (s, 9 H), 1.39 (s, 9 H); 3C NMR (101 MHz, CDCls) & 154.9,
152.3, 136.0, 127.2, 127.1, 124.5, 121.8, 119.7, 111.0, 100.7, 84.7, 82.5, 52.2, 28.3, 27.5; HRMS

(CI) caled for C1oH27N205" [M + H]* 363.1914, found 363.1908.
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N-((1H-indol-4-yl)methyl)hydroxylamine (S6). Prepared using the general
"OH

ZT

\ procedure described above with S5 (0.39 g, 1.08 mmol), ultimately yielding S6 (0.072
H g, 41% yield) as a yellow solid. S6: Ry = 0.47 (silica gel, CH2Clo/MeOH = 9/1); IR
S6 (film) vmax 3406, 2923, 1502, 1415, 1343, 1282, 1101, 940, 897, 753 cm™!; 'TH NMR
(400 MHz, DMSO) & 11.05 (br s, 1 H, exchangeable), 7.43-7.24 (m, 3 H), 7.08-6.97 (m, 2 H),
6.59-6.48 (m, 1 H), 5.85 (br s, 1 H, exchangeable), 4.16 (s, 2 H); 3*C NMR (101 MHz, DMSO) §
135.8, 129.8,127.2, 124.7, 120.7, 118.7, 110.1, 99.6, 55.8; HRMS (ESI) calcd for CoH11N2O" [M

+ H]" 163.0866, found 163.0856.

General Procedure for Preparation of Nitrones.'?

To a solution of hydroxylamine 16 (1.0 equiv) in CH>Cl,/MeOH (1/1, 0.15 M) at 23 °C was added
acetophenone (5.0 equiv), AcOH (~5 drops, from a syringe fitted with 3” needle), and MgSO4 (3.0
equiv) under an argon atmosphere. The resultant mixture was stirred for 12 h at 23 °C. Upon
completion, the contents were quenched at 23 °C with saturated aqueous NaHCOs3, poured into a
separatory funnel, and extracted with CH2Cl» (3 %). The combined organic extracts were then dried
(Na2S0Qa), filtered, and concentrated. The resultant crude material was purified by flash column
chromatography (silica gel, CH>Cl,/MeOH = 1/0—9/1) to yield nitrone 23 and 39. Note: The ratio
of mixed E-/Z- isomers can vary depending on conditions (time, temperature, and equivalents). In

addition, the E-/Z- ratio for each nitrone was determined by NOESY experiments.

@ o (E)-N-(2-(1H-indol-1-yl)ethyl)-1-phenylethan-1-imine  oxide (23).
O
N

\\@Nﬁ/ Prepared using the general procedure described above with S4 (0.95 g, 0.54

Ph

23 mmol) ultimately yielding 23 (0.133 g, 89% yield) as a yellow oil. 23: Ry=

370



0.60 (silica gel, CH»Clo/MeOH = 9/1); IR (film) vimax 3054, 2945, 1579, 1464, 1314, 1220, 1178,
1072, 743, 701 cm'; 'H NMR (400 MHz, CDCL3) & 7.65-7.62 (m, 1 H), 7.15-7.08 (m, 4 H), 7.04
(d, J=3.1Hz, 1 H), 6.97-6.92 (m, 2 H), 6.51-6.46 (m, 1 H), 6.23-6.17 (m, 2 H), 4.68 (t, J= 5.5,
4.8 Hz, 2 H), 4.08 (t, J= 5.3 Hz, 2 H), 2.26 (s, 3 H); 3C NMR (101 MHz, CDCL) § 150.5, 136.1,
135.3,128.8, 128.8, 128.6, 128.3, 126.9, 121.9, 121.0, 119.8, 109.1, 101.9, 59.0, 43.5, 20.8; HRMS

(ESI) caled for CigHioN.O* [M + H]* 279.1492, found 279.1497.

O@ (E)-N-((1H-indol-4-yl)methyl)-1-phenylethan-1-imine oxide (39). Prepared using

gﬁ the general procedure described above with S6 (0.70 g, 0.43 mmol) ultimately

N yielding 39 (0.100 g, 88% yield) as a pale-yellow solid. 39: Ry = 0.53 (silica gel,

N
H

39 CH2Cl2/MeOH = 9/1); IR (film) vimax 3186, 2925, 2854, 1580, 1346, 1182, 1072, 897,
756, 699 cm™'; 'TH NMR (400 MHz, CDCl3) & 8.40 (br s, 1 H, exchangeable), 7.40-7.36 (m, 3 H),
7.34-7.31 (m, 1 H), 7.29-7.26 (m, 2 H), 7.17=7.09 (m, 3 H), 6.36—6.31 (m, 1 H), 5.34 (s, 2 H),
2.51(s,3H); BCNMR (101 MHz, CDCl3) 5 148.3, 136.5, 136.1, 129.3, 129.1, 127.8, 126.7, 126.0,
124.7,121.9, 119.6, 111.3, 100.4, 77.5, 76.8, 62.5, 21.0; HRMS (ESI) calcd for Ci7H17N2O* [M +

H]" 265.1335, found 265.1336.

Iso-Pictet—Spengler Reactions.

o OH 1-methyl-1-phenyl-1,3,4,5-tetrahydro-2H-pyrido[4,3-b]indol-2-0l (21). To a
N " solution of hydroxylamine 20 (0.14 g, 0.79 mmol, 1.0 equiv) in CH>Cl,/MeOH

” (5.30 mL) at 23 °C was added acetophenone (0.46 mL, 3.97 mmol, 5.0 equiv),

2 AcOH (~5 drops, from a syringe fitted with 3” needle), and MgSO4 (0.29 g,

2.38 mmol, 3.0 equiv) under an argon atmosphere. The resultant mixture was stirred for 48 h at 23
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°C. Upon completion, the contents were quenched at 23 °C with saturated aqueous NaHCOs3 (5
mL), poured into a separatory funnel, and extracted with CH2Cl (3 x 5 mL). The combined organic
extracts were then dried (NaxSQs), filtered, and concentrated. The resultant crude material was
purified by flash column chromatography (silica gel, hexanes/EtOAc = 1/0—1/1) to yield 21 (0.22
g, quantitative yield) as a red solid. Note: These reactions must be run under strictly anhydrous
conditions. 21: Ry=0.33 (silica gel, hexanes/EtOAc = 1/1); IR (film) vimax 3400, 3056, 2982, 2940,
1460, 1328, 1265, 1025, 742, 701 cm!; 'H NMR (400 MHz, DMSO) & 10.86 (br s, 1 H,
exchangeable), 7.76 (br s, 1 H, exchangeable), 7.39-7.26 (m, 3 H), 7.25-7.18 (m, 2 H), 7.18-7.13
(m, 1 H), 7.03—6.92 (m, 2 H), 6.83-6.75 (m, 1 H), 3.29-3.14 (m, 1 H), 3.08-2.90 (m, 2 H), 2.80—
2.65 (m, 1 H), 1.85 (s, 3 H); 3C NMR (101 MHz, DMSO) & 136.1, 132.2, 127.8 (2 C), 127.3,
126.2, 126.1, 119.9, 118.6, 118.2, 113.1, 110.8, 64.6, 48.7, 23.5, 20.8; HRMS (CI) calcd for

Ci1sH1oN>0* [M + H]* 279.1492, found 279.1492.

W 1-methyl-1-phenyl-3,4-dihydropyrazino[1,2-a]indol-2(1H)-yl benzoate
N\\/N‘OBZ (24). To a solution of nitrone 23 (0.045 g, 0.16 mmol, 1.0 equiv) in CH>Cl,

24 (1.6 mL) at 23 °C was added molecular sieves (4A, powder, ~90 mg), and

the resultant slurry was stirred for 10 min under an argon atmosphere. Next, BzBr (0.020 mL, 0.17
mmol, 1.05 equiv) was added and the reaction mixture was stirred for 30 min at 23 °C. Upon
completion, the contents were quenched by the addition of saturated aqueous NaHCO3 (5 mL),
poured into a separatory funnel, and extracted with CH2Cl> (3 % 5 mL). The combined organic
extracts were then dried (NaxSQs), filtered, and concentrated. The resultant crude material was

purified by flash column chromatography (silica gel, hexanes/EtOAc = 1/0—5/1) to yield 24

(0.022 g, 36% yield) as a pale-yellow oil. Note: This reaction must be run under strictly anhydrous
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conditions to avoid hydrolysis of the N-acyloxyiminium species. 24: Ry = 0.45 (silica gel,
hexanes/EtOAc = 5/1); IR (film) vmax 3058, 2990, 2927, 1746, 1450, 1247, 1082, 1051, 1024, 708
cm!'; TH NMR (400 MHz, CDCl3) 8 7.91-7.83 (m, 2 H), 7.72 (d, J= 6.8 Hz, 1 H), 7.56-7.50 (m,
1 H), 7.43-7.33 (m, 5 H), 7.30-7.21 (m, 5 H), 6.59 (s, 1 H), 4.29-4.19 (m, 1H), 4.10-4.00 (m, 1
H), 3.79-3.70 (m, 1 H), 3.63-3.53 (m, 1 H), 1.99 (s, 3 H); 1*C NMR (101 MHz, CDCl3) 8 165.3,
144.8, 138.0, 137.1, 133.4, 129.7, 128.9, 128.7, 128.5, 128.1, 127.9, 127.3, 121.6, 120.7, 120.5,
109.4, 101.3, 66.8, 46.7, 37.3, 27.9; HRMS (CI) calcd for C2sH23N202" [M + H]" 383.1754, found

383.1755.

OBz 3-methyl-3-phenyl-1,5-dihydropyrrolo[4,3,2-de]isoquinolin-4(3H)-yl
Ph benzoate (40). To a solution of nitrone 39 (0.030 g, 0.076 mmol, 1.0 equiv) in

H\ CH.Cl, (1.1 mL) at 23 °C was added molecular sieves (4A, powder, ~60 mg), and
40 the resultant slurry was stirred for 10 min under an argon atmosphere. Next, BzBr
(0.009 mL, 0.079 mmol, 1.05 equiv) was added and the reaction mixture was stirred for 30 min at
23 °C. Upon completion, the contents were quenched by the addition of saturated aqueous NaHCO3
(5 mL), poured into a separatory funnel, and extracted with CH2Clz (3 x 5 mL). The combined
organic extracts were then dried (Na>SQOs), filtered, and concentrated. The resultant crude material
was purified by flash column chromatography (silica gel, hexanes/EtOAc = 1/0—3/1) to yield 40
(0.014 g, 50% yield) as a white solid. Note: This reaction must be run under strictly anhydrous
conditions to avoid hydrolysis of the N-acyloxyiminium species. 40: Ry = 0.18 (silica gel,
hexanes/EtOAc = 5/1); IR (film) vmax 3322, 3059, 2982, 2931, 1731, 1450, 1268, 1088, 1025, 707

cm!; 'THNMR (400 MHz, CDCl3) § 8.23 (brs, 1 H, exchangeable), 7.76-7.62 (m, 2 H), 7.51-7.37

(m, 3 H), 7.33-7.26 (m, 4 H), 7.25-7.06 (m, 4 H), 6.86-6.74 (m, 1 H), 4.58-4.44 (m, 1 H), 4.37—
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4.19 (m, 1 H), 1.95 (s, 3 H); 3C NMR (101 MHz, CDCls) & 165.8, 133.7, 132.9, 129.6, 128.4,
128.3, 128.0, 127.5, 126.5, 124.8, 123.3, 115.4, 109.2, 52.8, 29.8 (some carbons missing due to

overlap); HRMS (ESI) calcd for C24H21N202" [M + H]* 369.1598, found 369.1598.
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