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Thiourea organocatalysis represents a versatile activation strategy in synthetic
organic chemistry. By hydrogen-bonding interactions with neutral or anionic substrates
and/or intermediates, thiourea organocatalysts can often direct the reaction pathways with

promising levels of stereochemical control.

This dissertation demonstrates the cooperative use of thiourea organocatalysts in
combination with other types of catalysts in addressing challenging synthetic problems that
are not realized by either type alone. Specifically, cooperative catalysis of thiourea and
iminium organocatalysts enabled the first highly enantioselective direct oxa-Pictet-Spengler
reactions under weakly acidic conditions. In combination with a transition metal catalyst, an
acid-thiourea catalyst afforded highly enantioselective A® reactions with secondary amines.
Strong Brensted acid was also applied cooperatively with thiourea organocatalyst, furnishing

the direct reductive etherification reactions with a wide variety of substrates.
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Chapter I Introduction to Cooperative Multiple Catalysis

1.1  Organocatalysis

Organocatalysis refers to the use of organic molecules in substoichiometric amounts
to accelerate chemical reactions.® Although organocatalysis has been applied by chemists for
over a century, this area only started to grow considerably since the late 1990s and soon
became a major branch in synthetic methodology.? Compared with traditional metal catalysis,
organocatalysis offers several advantages such as simple reaction set-up, stability towards air
and moisture, and cheap and abundant catalyst building blocks. New activation modes
enabled by organocatalysis have been applied in various chemical transformations, many of
which have not been realized in traditional metal catalysis. Specifically, organocatalysis has
been developed for electrophilic activation, such as iminium catalysis, chiral Brensted acid
catalysis* and multi-hydrogen bonding catalysis,® and for nucleophilic activation, such as
enamine catalysis,® phase transfer catalysis’ and Lewis base catalysis.® The combination of
discrete activation modes within and beyond the scope of organocatalysis also widely exists,®
either unexpectedly or intentionally. In short, organocatalysis has become a powerful tool

that has infiltrated many aspects of modern synthetic organic chemistry.

1.1.1 Thiourea Organocatalysis

In 1994, Curran reported a simple urea molecule 1.1 as a dual hydrogen-bond donor
catalyst in accelerating the allylation reactions of a-sulfinyl radicals (Scheme 1.1).° Besides
the reaction rate, stereochemical outcome is also affected by the presence of 1.1 favoring the
trans product. The authors proposed that catalyst 1.1 associates with the sulfoxide radical
through double hydrogen bonding. The resulted complex is considered more electrophilic
than the uncomplexed radical intermediate. The proposed activation mode is supported by a

number of control experiments. Inhibition of the catalytic effect was observed in the



presence of tetrahydrothiophene oxide as a competing hydrogen-bond acceptor. Moreover,
when the urea nitrogen atoms are methylated, the catalytic behavior is rendered absent.
Subsequently, catalyst 1.1 was also shown to accelerate Claisen rearrangement reactions

where the proposed activation mode also involves a dual hydrogen-bonding interaction.™

Scheme 1.1 Urea catalyzed allylation reactions of a-sulfinyl radicals.
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Scheme 1.2 Thiourea acts like Lewis acid.
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In 2002, Schreiner demonstrated that simple thiourea molecules can act as Lewis
acids to activate oxazolidinones via complexation.’? Dynamic NMR, low-temperature IR and
DFT calculations indicate that a preferred binding mode involves the complexation of both
thiourea N—H protons with both carbonyl groups of oxazolidinone (Scheme 1.2). The Gibbs
free energy of such complexation was determined to be AGaeg = —3.4 +0.2 kcal mol™ (AHzes

=— 6.5 1.3 kcal mol?, ASxs = 9.6 +2.6 kcal mol™ K1). The catalytic behavior of these



thiourea catalysts was also revealed in a Diels—Alder reaction that was similarly catalyzed by

traditional Lewis acids.

In 1998, Jacobsen described a chiral Schiff base catalyst 1.3 for the enantioselective
Strecker reaction.’® Although it was later clarified via mechanistic studies that the key
interaction between thiourea N-H protons and cyanide was responsible for the
stereochemical outcome (Scheme 1.3),'* this and Schreiner’s seminal work spurred the

flourish of thiourea catalysis as a general strategy for electrophile activation.®

Scheme 1.3 Thiourea catalyzed enantioselective Strecker reaction.
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Direct activation of neutral electrophiles by thiourea moiety generally relies on its
interaction with carbonyl compounds and nitroalkenes.®  For example, Nagasawa
demonstrated the application of a readily accessible bis-thiourea catalyst in the asymmetric
Baylis—Hillman reactions with the designing notion that the catalyst can simultaneously
activate aldehyde and promote enolate formation.® The proposed transition state matches the

stereochemical outcome of the reaction (Figure 1.1).

Figure 1.1 Proposed transition state for the organocatalytic asymmetric Baylis-Hillman reaction.




A more profound synergetic effect is exemplified by Takemoto’s bifunctional catalyst
1.4 where an extra tertiary amino group is attached to the thiourea catalyst.’® Control
experiments in the enantioselective Michael reactions show that high reactivity and
enantioselectivity require the presence of both the thiourea and tertiary amine moieties within
the catalyst structure (Scheme 1.4). This is most likely the result of simultaneous activation

of the electrophile and the nucleophile.

Scheme 1.4 Bifunctional aminothiourea catalyzed Michael reaction.
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Scheme 1.5 Thiourea catalyzed acetalization reactions via anion binding.
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In 2006, Schreiner described the use of simple thiourea catalyst 1.2 for the
acetalization of aldehydes and ketones (Scheme 1.5).1" Control experiment in the presence of

thiol and triethyl orthoester only resulted in the formation of the corresponding diethyl acetal,



which is in accord with the proposed role of the thiourea catalyst in stabilizing the alkoxide

anion. This is the first time thiourea catalysis was recognized through anion abstraction.

In 2007, Jacobsen first proposed an anion-binding mechanism as a key step in the
context of asymmetric catalysis (Scheme 1.6).28 In the thiourea catalyzed Pictet—Spengler-
type cyclization reactions, a profound halide effect was found, as switching from chloride to
iodide resulted in complete loss of enantioselectivity. Moreover, enhanced reactivity was
observed with an additional a-Me group with regard to the amide nitrogen. These results
strongly suggest the mechanism involves chloride binding by the thiourea catalyst and the

Sn-1 nature of the cyclization step.

Scheme 1.6 Thiourea catalyzed Pictet-Spengler-type cyclization reactions via anion binding.
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The 3,5-bis(trifluoromethyl)phenyl moiety is frequently incorporated in thiourea
organocatalysts and is termed as the “privileged” structure.’® A number of mechanistic
studies from IR, NMR, ESI-MS and computations suggest that the ortho C—H bond also
serves as a hydrogen-bond donor site (Figure 1.2 a). This is in accord with the fact that

electron-deficient arenes and heterocyclic compounds can form strong hydrogen bonds with



anions.®® For example, Mancheno demonstrated that bis-triazole compounds could serve as
neutral anion receptor organocatalysts enabled by C-H bonds (Figure 1.2 b).%
Computational studies indicate a binding energy (AEo) in acetone to be —9.1 kcal mol™ with a

Gibbs free energy (AGaes) of —1.6 kcal mol™.

Figure 1.2 Csp>—H bonds as hydrogen-bond donors.
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Following the seminal work by Schreiner and Jacobsen, thiourea catalysis has drawn
immense attention from the synthetic organic chemistry community and has become one of
the main strategies in electrophile activation, either through binding with neutral electrophiles
or anions. Thiourea moieties have been incorporated in many catalyst structures that often
contain secondary functionalities varying from acid to base (Figure 1.3).>?%2* It has also
been incorporated in ligands?? and solid supports®. The versatility of thiourea catalysis has

enabled numerous chemical transformations with high levels of reactivity and selectivity.

1.2 Cooperative Multiple Catalysis

Traditionally, catalytic reactions only involve the interactions between one catalyst
and one substrate. Modern synthetic chemistry, on the contrary, has found enormous
advantages in cooperative catalysis when more than one catalyst are used to activate multiple
reacting partners and/or steps.® Combination between various types of metal catalysts, such

as Lewis acids, transition metals, photoredox catalysts, and organocatalysts, such as amino



catalysts, chiral Brensted acids, anion-binding catalysts have enabled many unprecedented

reactions with high levels of chemo-, regio- and stereo-chemical control.®%"-32

Figure 1.3 Selected examples of thiourea-containing catalysts.
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1.2.1 Cooperative Multiple Catalysis with Organocatalysts and Transition Metal

Catalysts

Despite the surge of organocatalysis since the beginning of this century and the
immense amount of new reactions developed thereof, the unique reactivity of transition
metals in cleaving many inert chemical bonds has not been realized by organocatalysts.3! On
the other hand, transition metal catalysis, especially within the context of asymmetric
catalysis, has frequently relied on the judicious choice of ligands, which are often complex
and require multi-step synthesis and/or resolution. To this end, and in a simplified model, it
will be highly desirable if a simple metal source is used for bond cleavage and/or formation,
with a readily available organocatalyst to dictate the stereochemical outcome. Moreover, the
presence of organocatalysts in combination with transition metals often provides additional
activation of the reaction partners and/or intermediates, resulting in both increased reactivity
and selectivity. Therefore, a productive application of the two types of catalysts in a single
reaction has significant potential towards novel chemical transformations that have not been

realized by each of them alone.

In 2001, Gong first reported the asymmetric allylation of glycine imino esters with a
combination of a palladium complex and a cinchona alkaloid type phase-transfer catalyst 1.6
(Scheme 1.7).* The palladium complex serves to cleave the allylic C-O bond while the
phase-transfer catalyst 1.6 delivers enantiomeric control via ion pairing with deprotonated

imino ester.

A highly similar work was reported by Takemoto almost simultaneously (Scheme
1.8).3* Replacing PPhs with P(OPh)s affords a boost in the enantioselectivity while more a-
donating ligands such as 1,2-bis(diphenylphosphino)ethane (DPPE) and P(n-Bu)s are

disadvantageous. The authors proposed that the more a-donating ligands would favor the



formation of a highly reactive cationic palladium complex, allowing for considerable

background reaction that led to racemic product.

Scheme 1.7 Asymmetric allylation of imino ester with Pd/PTC combination by Gong.
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Scheme 1.8 Asymmetric allylation of imino ester with Pd/PTC combination by Takemoto.
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Hu and Gong reported an example of cooperative catalysis with chiral phosphoric
acid 1.8 and Rhz(OAc)s for the enantioselective reactions between diazoacetate, benzyl
alcohol and aromatic imine (Scheme 1.9).% The key intermediate oxonium ylide is generated
via rhodium carbene O-H insertion while the chiral phosphoric acid controls the
stereochemical outcome through multiple hydrogen bonding interactions. The full recovery

of the starting material was observed in the absence of Rhy(OAC)a.

Cooperative asymmetric catalysis with three catalysts was demonstrated by List in
the asymmetric a-allylation reactions of aldehydes with allylic alcohols (Scheme 1.10).%
The palladium complex is essential for the reactivity as no reaction occurred in its absence.
Benzhydrylamine serves to facilitate enamine formation and suppress the enol pathway,

which leads to low enantioselectivity. The amine cocatalyst is used in a relatively high
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loading due to product inhibition. Lastly, the chiral phosphoric acid 1.9 facilitates the
oxidative addition of the allylic alcohol to palladium and direct the subsequent

stereodetermining step via ion pairing and multiple hydrogen bonding.

Scheme 1.9 Enantioselective coupling of diazoacetate, benzyl alcohol and aromatic imine.
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Rueping reported the enantioselective alkynylation reactions of a-imino esters with
dual catalytic system of AgOAc and chiral phosphoric acid 1.8 (Scheme 1.11).3" Best
enantioselectivities ~were observed when o-imino methyl esters and para-
methoxyphenylimino groups were implemented. Various substituents on the aryl alkyne are
well tolerated with good to excellent yields and ee’s. Although the initially proposed
working hypothesis involves the direct protonation of imine substrate by the chiral
phosphoric acid, it’s unclear if an initial anion exchange between AgOAc and the phosphoric

acid is involved.
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Arndtsen elegantly exemplified the easy tunability of cooperative catalysis between
amino acid derivative 1.10 and transition metal catalyst with the highly enantioselective
alkynylation reactions of imines (Scheme 1.12).3® The reaction features a system of readily
available catalytic components. Various aromatic and aliphatic variants on all three groups
(R1, R2 and R3) can be tolerated with satisfactory results. The high modularity of this process
also allows for easy adjustment of the reaction conditions aiming for different substrates. For
example, switching to a readily available PCys ligand increases the ee of the challenging

substrate 1-hexyne to 89%.

Scheme 1.11 Enantioselective alkynylation reactions of a-imino esters via dual catalysis.
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Scheme 1.12 Enantioselective alkynylation reactions of imines with N-Boc proline and Cu.
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The groundbreaking merger of photoredox catalysis and organocatalysis reported by
Nicewicz and MacMillan resulted in the highly enantioselective intermolecular a-alkylation
reactions of aldehydes (Scheme 1.13).% The enamine species, generated from the
organocatalytic cycle, reacts smoothly with the electron-deficient radical species. The latter
is presumably generated from reductive cleavage of the carbon—halogen bond enabled by
photoredox catalysis. Following this seminal work, photoredox chemistry soon became a
vibrant area in synthetic organic chemistry and has been successfully applied cooperatively

with various organocatalysts.*°

Scheme 1.13 Enantioselective a-alkylation of aldehydes.
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1.2.2 Cooperative Multiple Catalysis with Organocatalysts

Similar to the cooperative multiple catalysis combining transition metals and
organocatalysts, different types of organocatalysts featuring different activation modes are
often required to work in concert to realize chemical transformations that are impossible with
either one alone.® On the other hand, it is common for an organocatalyst to interact with
molecules, intermediates and transition states via multiple interacting sites that are covalently
linked within the catalyst.>?24!  Although many of such multifunctional catalysts have been
developed, it would be highly desirable if the requisite functionalities are incorporated in
multiple readily available compounds that can work in concert without being chemically
integrated beforehand.*” Moreover, covalently linking two discrete organocatalysts can
jeopardize their structure integrity necessary for efficient catalysis, thus requiring a labor-

intensive trial-and-error process.
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Scheme 1.14 Enantioselective hydrogenation of o,B-unsaturated ketones.
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An important example of cooperative catalysis using two organocatalysts was
demonstrated by List in the enantioselective hydrogenation of o,B-unsaturated ketones
(Scheme 1.14).** Previously established chiral acid or aminocatalysis approach alone is
ineffective towards this transformation in a highly enantioselective fashion. But the
combination of the two, a readily available Valine derivative and a commonly used chiral
phosphoric acid affords the hydrogenated a,B-unsaturated ketones in satisfactory results. The
reaction efficiency is vastly attenuated in the absence of either catalyst, and a strong
match/mismatch behavior was observed. Although the catalyst is premade from two, the
simple acid/base chemistry used is at a different level compared to the synthesis of new

catalysts via covalent chemistry.

Kotsuki reported the enantioselective construction of quaternary carbon stereogenic
centers via Robinson-type annulation reactions (Scheme 1.15).** The method features an
enamine-iminium dual activation mode using a chiral primary diamine catalyst. The reaction
outcome is highly dependent on the structure of the carboxylic acid cocatalysts.
Match/mismatch effects were observed with cyclohexane dicarboxylic acids and tartaric
acids, thus stressing the judicious choice of both catalytic components towards an efficient

process.
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Scheme 1.15 Enantioselective Robinson-type annulation.
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Scheme 1.16 Lewis base catalyzed bromocycloetherification assisted by chiral Brensted acid.

Ph 1.14 (5 mol%) Br
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PhMe, 0°C
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Key ion pairs dictating stereochemical outcome:

Denmark reported a dual catalytic approach towards the enantioselective
bromocycloetherification of 5-arylpentenols (Scheme 1.16).*  The reaction works
presumably via achiral Lewis base activation of a bromonium ion assisted by a chiral

phosphoric acid 1.14. The ion pairs between the bromonium cationic complexes along the
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mechanistic pathway and the conjugate base of chiral Brensted acid are responsible for the
stereochemical outcome of the reaction. On the other hand, efforts in using a chiral Lewis

base towards this transformation were not successful.

Scheme 1.17 Merging nucleophilic and hydrogen bonding.

Concept:
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1+ (Phcoy0 e : %NH HN%
AR . PhMe, 4A MS AR
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CF;
s-factor up to 24
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In 2009, our group developed a cooperative dual catalysis concept merging
nucleophilic catalysis and anion recognition (Scheme 1.17).“ Specifically, an achiral ion
pair | is generated from simple nucleophilic catalyst DMAP and an acylating reagent. Upon
anion binding to a chiral receptor, ion pair Il is rendered chiral with enhanced electrophilicity
and solubility. This concept was first applied to the kinetic resolution of benzylic amines.
The versatility of this concept is underscored in subsequent work in the kinetic resolution of
propargylic amines,*” allylic amines,*® racemic diamines,*® and desymmetrization of meso-
diamines.® Other types of acyl transfer reactions such as the Steglich reaction and the
addition of O-acylated azlactones to isoquinolines are also catalyzed enantioselectively with

this approach.>
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Scheme 1.18 Thiourea assisted iminium catalysis.
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Using a similar approach, Xu reported the thiourea assisted iminium catalysis of
widely used diphenylprolinol trimethylsilyl ether and imidazolinone catalysts.>> NMR and
ESI-MS studies suggest the propensity of iminium ion formation is sharply increased in the
presence of thiourea anion-binding catalysts. This idea is corroborated in the intramolecular
Diels—Alder reactions and the Friedel-Crafts alkylation reactions where a drastic acceleration

effect is observed in both reactions with various thiourea catalysts (Scheme 1.18).

Subsequently, the same group extended this strategy to the enantioselective direct
vinylogous Michael addition reactions (Scheme 1.19). While the iminium catalyst 1.18
alone can provide high enantioselectivity, satisfactory yield and regioselectivity calls for the
combination with an anion-binding catalyst 1.19. A match/mismatch effect was also

observed as the use enantiomer of iminium catalyst resulted in dramatic loss of reactivity.
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The anion-binding catalyst 1.19 is proposed to both promote iminium ion formation and
stabilize the nucleophilic dienoxide intermediate. Upon association with the dienoxide
nucleophile, the anion-binding catalyst presumably serves to block the o position so as to

ensure a high regioselectivity favoring the vy attack.

Scheme 1.19 Enantioselective direct vinylogous Michael addition via thiourea assisted iminium

catalysis.
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o) o 1.19 (5 mol%) o Ph
N — M NI _cHo
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1.18 Q r— 9 [©), Ph
FsC-S—N  N—-S—CF; N
T co Ph
o HH o \ OTMS
Ph)_/Ph \ /o |
0 / 0 o]
1 - 1l
F3C*C‘SS*NH HN*(‘S‘)*CFg RH\/\/_;;

1.19

Chiral Brensted acid catalysts have been largely explored by variation of the
conjugate base structures, among which chiral phosphoric acid analogs have been most
popular and realized a wide variety of asymmetric transformations with high efficiency. On
the other hand, chiral Brensted acid catalysis has also been explored via “medium effects”,>*
which was exemplified by Jacobsen using achiral Brensted acids in combination with chiral
anion-binding catalysts.?? When the achiral Brensted acids are used in catalytic amounts, this
strategy can be regarded as cooperative catalysis. Jacobsen demonstrated highly
enantioselective Povarov reactions using cooperative catalysis between a strong Brensted
acid 1.21 and a chiral urea catalyst 1.20 (Scheme 1.20).>* Mechanistic studies show that the

strong Brensted acid 1.21 protonates the imine starting material quantitatively to form the

resting state as a sparingly soluble salt in nonpolar organic solvents. Upon interaction with a
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simple urea catalyst, both solubility and charge separation are enhanced for the salt complex.
However, when the optimized sulfinamidourea catalyst 1.21 was used, although improved
solubility was observed, the iminium formyl proton shows a down-field shift corresponding
to a tighter association through hydrogen bonding. Kinetic studies indicate that the
sulfonamidourea catalyzed enantioselective reaction is considerably slower than both the
reaction catalyzed by simple achiral urea and the background reaction. Computational
analyses depict the transition state structure for the cycloaddition step as shown in Scheme

1.20, where multiple noncovalent interactions together account for the high enantioselectivity.

Scheme 1.20 Cooperative catalysis with Strong Brensted acid and chiral urea.
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Cooperative catalysis has also been applied with organic photoredox catalysis.
Nicewicz reported direct anti-Markovnikov hydroetherification reactions of alkenols
(Scheme 1.21).>> While 9-mesityl-10-methylacridinium perchlorate 1.22 was identified as an
optimal organic photoredox catalyst affording high conversion, the yield of the desired

product is only 36% with many unidentified side products. Successfully identified the
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problem to be a slow reduction of the radical species generated from the cyclization step, the
authors discovered the use of a second catalyst as the hydrogen atom donor significantly
increased the overall yield. Although the H-donor catalyst 1.23 is used at a relatively high
loading (50 mol %), the dual catalytic concept has been further extended to many other

transformations with lower loadings of this component.>®
Scheme 1.21 Cooperative catalysis with organic photoredox catalyst and H-atom donor.

Ph 1.22 (5 mol%)
S Ph 1.23 50 mol% Ph
®/
450 nm LEDs NC CN

OH DCE, rt 77% Me CIO4 23
1.22

1.3 Objectives

The elegant examples described above clearly suggest the advantage and versatility
of cooperative catalysis. Given the presence of numerous activation modes enabled by
enormous catalysts developed so far, it is highly desirable to combine catalysts of different

types cooperatively towards challenging synthetic problems that are yet to be addressed.

As a continuing interest of our group in thiourea catalysis, this dissertation aims to
develop its combination with catalysts capable of other activation modes towards novel
chemical transformations. Chapter Il will demonstrate the application of a bifunctional
thiourea catalyst in combination with an amine catalyst for the generation and stereochemical
control of elusive oxocarbenium ions under mild conditions. This methodology allows for
the first highly enantioselective oxa-Pictet—Spengler reactions. Chapter I11 will describe the
combination of an acid-thiourea catalyst and a transition metal for the enantioselective A3
reactions with secondary amines. Chapter IV will cover the activation of strong Brensted
acids via anion binding of thiourea catalysts, which allows for a direct reductive

etherification process that accommodates a wide range of substrates.
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Chapter Il Cooperative Dual Catalysis Enables Direct Formation of
Oxocarbenium lons

2.1  Background

Oxocarbenium ions are key intermediates in a range of synthetically important
transformations. Because of their generally high reactivities and lack of basic sites suitable
for interaction with chiral Lewis acids or hydrogen bond donors, the development of catalytic
enantioselective methods involving oxocarbenium intermediates poses significant challenges.

Nevertheless, a number of creative approaches have been reported, the majority of which rely

1-18 19-24

on the formation of oxocarbenium ions from acetals or enol ethers. Oxidative
methods are also known.?% Most catalytic enantioselective transformations reported to date
feature cyclic and relatively stable (iso)pyrylium or (iso)chroman-type oxocarbenium ions.
Jacobsen reported the catalytic enantioselective addition of silyl ketene acetals to isochroman
derived oxocarbenium ions (Scheme 2.1).* The chloroisochroman starting material is
prepared from the corresponding isochroman acetal and unreactive towards silyl ketene
acetal in the absence of anion binding catalyst at —78 <C in TBME. However, the presence of

an optimized thiourea organocatalyst 2.1 furnishes the reaction with high reactivity and

selectivity, indicating a dynamic kinetic resolution process.
Scheme 2.1 Thiourea catalyzed enantioselective additions to oxocarbeniums.
OTBS 2.1 (10 mol%) fBu S
o * }\ ) CF3
OFPr TBME, —78°C, 6h
Cl 0021 Pr

(*) 95%
85% ee

Watson reported the enantioselective alkynylation reactions with isochroman ketals

to afford tetrasusbstituted isochroman products in high yields and ee’s (Scheme 2.2). While
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chloroform as solvent and BFs etherate as Lewis acid are important for high yields, the
identification of pybox ligand 2.2 and CuSPh as the metal complex is crucial to differentiate
the prochiral faces of a diaryl-substituted oxocarbenium ion to a satisfactory extent. The
resulting alkynylated product can undergo various derivatization reactions with retention of

the ee.

Scheme 2.2 Enantioselective alkynylation of oxocarbenium ions.

2.2 (12 mol%) B
CuSPh (10 mol%)
o + =Ph _ 0 ; N ‘ 0
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Ph OMe MTBD (1.55 equiv)
CHCl, 4°C, 48h oh Ph Ph
) 2.2

92%
78% ee

Using an alternative approach to generate oxocarbenium ions, Terada reported
enantioselective Aldol-type additions of azlactones to vinyl ethers (Scheme 2.3).2° The key
oxocarbenium ion is generated via protonation of vinyl ether enabled by chiral phosphoric
acid 2.3. The anionic conjugate base presumably interacts with the oxocarbenium ion
through multiple hydrogen bonding interactions to dictate the stereochemical outcome of the

reaction.

Another method to generate oxocarbenium ions in the context of asymmetric
catalysis is through oxidation. Liu reported the oxidative coupling between cyclic
benzylethers with aliphatic aldehydes enabled by enamine catalysis (Scheme 2.4).%
Mechanistic studies show that the incipient oxocarbenium ion is not electrophilic enough to
be attacked by enamine, while the synergic use of H.O and LiClO4 presumably generates a
counteranion with more delocalized negative charge, thus enhancing the electrophilicity of

the oxocarbenium ion.
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Scheme 2.3 Enantioselective Aldol-type additions of azlactones to vinyl ethers.
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Scheme 2.4 Enantioselective oxidative coupling between isochroman and aliphatic aldehyde.
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Direct condensation of an alcohol with an aldehyde has only rarely been applied in
the context of asymmetric catalysis.?’° Although highly acidic chiral Brensted acids are
effective towards certain transformations, their syntheses are typically nontrivial.  List
reported the application of a highly confined chiral Brensted acid to the long standing goal of
direct asymmetric acetalization of aldehydes and alcohols (Scheme 2.5).2” The C,-symmetric
imidophophoric acid 2.5 outperforms other classes of chiral phosphoric acids reported before

and allows for a broad substrate scope encompassing both aliphatic and aromatic aldehydes.
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Control experiments using mixed acetals as starting materials indicate the condensation of the

primary alcohol proceeds prior to the oxocarbenium formation and subsequent ring closure.

The highly confined chiral phosphoric acid has also been successfully applied in the
asymmetric Prins cyclization using aldehydes and alcohols (Scheme 2.6).>° The ortho
hydroxyl group is indispensable for both high reactivity and enantioselectivity, presumably
through hydrogen bonding interaction with the catalyst. Derivatization can also take
advantage of the existing hydroxyl group as exemplified by triflation followed by detriflation

and Suzuki coupling reactions.

Scheme 2.5 Enantioselective acetalization from aldehyde and alcohol.
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Scheme 2.6 Aymmetric Prins cyclization from aldehyde and alcohol.
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Despite the progress realized with chiral phosphoric acids, various reactions capable

of providing valuable products via the intermediacy of oxocarbenium ions have not yet been
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realized in catalytic enantioselective fashion. Therefore, novel activation methods towards

this challenge is highly desired.

2.2 Concept

Figure 2.1 Proposed catalytic cycle.
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We envisioned a new dual catalysis approach for the generation of oxocarbenium
ions under weakly acidic conditions. Our strategy is outlined in Figure 2.1, using the oxa-
Pictet-Spengler reaction as an example and a pyrrolidinium salt and a generic, chiral thiourea
as model catalysts. With proper choice of X" in an apolar solvent, the catalysts likely interact
and exist predominantly as ion pair I. Condensation with an aldehyde results in the
formation of iminium ion pair Il which is subsequently attacked by an alcohol to generate

N,O-acetal intermediate I1l1.  Elimination of the neutral amine catalyst furnishes
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oxocarbenium intermediate IV which cyclizes to product. In this scenario, the
enantiodetermining step is controlled entirely by the thiourea catalyst which acts as a chiral

anion receptor.

The amine catalyst has to fulfill several crucial requirements. First, the amine must
be sufficiently nucleophilic to generate the requisite iminium ion. Second, the iminium ion
must possess the necessary electrophilicity to facilitate 1,2-attack by a weakly nucleophilic
alcohol. Finally, the amine must be an excellent leaving group. Although common in achiral
settings®:32 and harking back to classic work by Knoevenagel,***® examples of asymmetric
iminium catalysis in which turnover of the catalyst is achieved by elimination are rare.3*°
The anion binding catalyst, while primarily responsible for controlling the stereochemical
outcome, is likely enhancing the electrophilicity of iminium ion 11.** It may further increase

the leaving group aptitude of the amine.

2.3  Catalytic Enantioselective Oxa-Pictet-Spenger Reactions

2.3.1 Background

Progress in developing catalytic enantioselective oxa-Pictet-Spengler reactions has
remained limited.*>*" No highly enantioselective variants exist, and no direct approach from
tryptophols and aldehydes has emerged. A thorough study on the enantioselective oxa-
Pictet—Spengler reactions from the Jacobsen group reveals a system where a chiral thiourea
catalyst 2.7 is used in combination with trimethylsilyl chloride (Scheme 2.7).%2 Meanwhile,
the starting material requires a pre-installed acetoxy leaving group because the alternative
direct approach using alcohols and aldehydes results in unsatisfactory enantioselectivities,
presumably because the conditions required to generate oxocarbenium ions are incompatible
with efficient stereochemical control. Evaluation of different protecting groups on the indole

nitrogen reveals methoxymethyl acetal (MOM) to be optimal. The best result obtained
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among various substrates is 89% yield with 81% ee. An alternative approach using enol

ether as starting material in combination with hydrochloric acid proved to be highly reactive,

albeit with moderate enantioselectivity.

Scheme 2.7 Thiourea catalyzed enantioselective oxa-Pictet—Spengler reactions.
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Scheme 2.8 Enantioselective oxa-Pictet-Spenger reaction by Scheidt.
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Scheme 2.9 Enantioselective oxa-Pictet-Spenger reaction by Nielsen.
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Subsequently, other sporadic attempts on the enantioselective oxa-Pictet—-Spenger
reactions also emerged, however, with unsatisfactory levels of enantioselectivity. For
example, Scheidt reported the enantioselective oxa-Pictet—Spengler reactions with the enol
ether substrate.”® After an extensive screening of the reaction conditions, the highest ee
obtained was 60% with a chiral phosphoric acid catalyst 2.8 (Scheme 2.8). Nielsen reported
a highly similar isomerization/cyclization approach without isolating the enol ether
intermediate, where the imidophosphoric acid 2.5 afforded the best ee of 47% (Scheme

2.9).%
2.3.2 Optimization

Tryptophol and benzaldehyde were selected as model substrates to test the proposed
oxa-Pictet-Spengler reaction (Table 2.1). As expected, no reaction was observed in the
absence of any additives. The Nagasawa catalyst 2.19°° was initially tested in combination
with various amine HCI salts. No reaction was observed with 2.10«HCI or widely used
catalysts 2.11+HCI®! and 2.12+HCI®? (entries 2—4). The failure of 2.11 and 2.12 is not
necessarily surprising, considering that they were specifically designed to minimize 1,2-
addition. Remarkably, indoline-2-carboxylic acid ester 2.13*HCI used in concert with 2.19
facilitated rapid formation of desired product 2.9 in excellent yield and notable ee (entry 5).
Virtually identical results were obtained with the same catalyst prepared in situ (entry 6). A
number of other amine HCI salts were tested but none provided further improvements
(entries 7-11). Interestingly, (92.13 provided results very similar to enantiopure 2.13 (entry
7). Achiral 5-nitroindoline (2.16) performed almost at the same level (entry 10). These
results indicate that the amine catalyst is not involved in the enantiodetermining step of the

reaction. Catalyst 2.18, which is incapable of forming iminium ions, was tested to rule out
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Table 2.1 Optimization of reaction conditions.

co-catalysteHCI (10 mol%)
catalyst (10 mol%)
WOH + PhCHO > \ o
N <

N PhMe (0.1 M), 4A MS, rt :
H H Ph

0.25 mmol

29
. FsC CF3
Co-catalysts o Me O CF,
0Oy A e ) T
Bn - CO,Me
N N M N 2
H HoYe N H

H otMs  cr,

1.2 equiv

2.10 2.11 212 213
X
2.14 (X = H) U\
2.15 (X = Br) N~ COzMe N~ ~COMe
N 2.16 (X = NOy) H Me
H 217 2.18
Catalysts
XS X A i A SN x e _oR
S—NH HN— SN NAT SNH HN—
Ar—NH HN—Ar H H R-NH HN-R
219 (X=19) 2.21 2.22 (R = phenyl)
2.20 (X = O) 2.23 (R = cyclohexyl) CF3

v & o s

X s, s
S—NH HN— SNH HN— SNH HN—
N HN-Ar N HN-Ar QN HN-Ar
Q 224(X=Y=5) )
2.25(X=8S,Y=0)

2.27 2.28

entry Co'f}""lté'ly“ catalyst time [h] yield (%) ee (%)
1 : : 24 0 :
22 210 219 24 0 i
3 2.11 2.19 24 trace ND
pe 212 219 24 0 i
5 213 219 1 01 33
6 213 219 1 90 33
7 (42.13 219 2 85 34
g 214 219 24 0 i
9 215 219 24 8 31
10° 216 219 1 82 26

11 2.17 2.19 24 trace ND
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12 2.18 2.19 48 13 29
13 2.13 - 24 14 0

14 2.13 2.21 1 88 0

15 2.13 2.20 3 39 -8
16 2.13 2.22 2 90 50
17 2.13 2.23 2 90 61
18 2.13 2.24 2 88 66
19 2.13 2.25 2 88 55
20 2.13 2.26 24 34 —24
21 2.13 2.27 2 90 66
22 2.13 2.28 2 91 70
23 2.13 2.29 2 88 75
24 2.13 2.30 2 90 79
25P 2.13 2.30 3 91 84
26°¢ 2.13 2.30 48 90 91
27° -d 2.30 24 64 81

[a] co-catalystsHCI1 was prepared in situ from co-catalyst and HCI (4 M in dioxane). [b] Reaction was run
at 0.05 M concentration. [c] Reaction was run at —30 <C. [d] 10 mol % of HCI (4 M in dioxane) was used
as the cocatalyst.

the possibility of the amine salt simply acting as a buffered source of HCI. Indeed, while a
small amount of 2.9 was obtained in 29% ee, the reaction was extremely sluggish (entry 12).
Use of 2.13°HCI as the only catalyst resulted in an extremely slow reaction and racemic 2.9
(entry 13). A rapid, albeit racemic reaction, was observed in the presence of the achiral
Schreiner catalyst 2.21 (entry 14).> Entries 1-14 clearly highlight the need for both, an

electronically fine-tuned amine catalyst and a chiral anion receptor catalyst.

Consistent with the well-known tendency of ureas to be poorer anion receptors than
the corresponding thioureas,>*> catalyst 2.20 provided a reduced reaction rate and low ee
(entry 15). Surprisingly, 2.22 and 2.23, both substantially more electron-rich than 2.19 and
thus expected to be poorer anion receptors, provided significant improvements in ee (entries

16, 17). This might be rationalized with one thiourea acting as an anion receptor while the
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other is engaged in interactions with the substrate. These considerations and results from a
broad screen of other anion receptors (Scheme 2.8, 2.9) led us to the realization that the most
efficient catalysts combine an electron-deficient with an electron-rich thiourea. The presence
of two N-H protons on the electron-rich thiourea is not required as catalyst 2.24 afforded
further improvements (entry 18). Replacement of either thiourea in 2.24 for a urea provided
inferior results. However, while exchange of the electron-deficient thiourea (anion binding
site) for a urea (catalyst 2.25) only had a minor effect (entry 19), dramatic loss of reactivity
and selectivity ensued when the electron-rich thiourea was replaced. Moreover, the sense of
enantioinduction with 2.26 was opposite to that with 2.24 (entry 20). Increasing the size of
the secondary amine component proved beneficial (entries 21-23) as did the exchange of the
3,5-bis-trifluoromethylphenyl group for 4-trifluoromethylphenyl (entry 24). Further increase
in enantioselectivity was achieved at lower substrate concentration (entry 25). At -30 <C, 2.9
was obtained in 90% yield and 91% ee (entry 26). While 2.30 is capable of promoting the
title reaction using only HCI as the cocatalyst, the reaction rate is dramatically reduced (entry

27). In addition, the formation of unidentified byproducts was noted.

Further optimization of the catalyst structure (scheme 2.10) as well as acid source of
the cocatalyst (scheme 2.11) was also performed, albeit with no improvement of the reaction

efficiency.



Scheme 2.10 Evaluation of other anion binding catalysts.
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Scheme 2.11 Evaluation of other amine salts.

ﬁ PhMe (0.1 M), 4A MS, rt
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\ OH  acid (10 mol%), PhCHO (1.2 equiv) \ 0
- N /

H Pn

p-TSA CHCI,COOH CH3S04H CBryCOOH
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Scheme 2.12 Substrate scope.
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N PhMe (0.05 M), 4A MS, =30 °C, 2-4 d N
R' R' R
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N N~ 2 N~ =2 N 2 N
H H H H H
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2.3.3 Substrate Scope

A range of aromatic aldehydes readily participated in oxa-Pictet-Spengler reactions

(Scheme 2.12). Electronically diverse substituents were readily accommodated in the para-
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and meta-positions. Introduction of an ortho-substituent led to a drop in enantioselectivity
(product 2.42). A number of substituted tryptophols also provided products in good yields
and enantioselectivities. Interestingly, the presence of an indole N-H proton was found to be
a strict requirement. Product 2.46, derived from N-Me tryptophol, was formed more

sluggishly and was obtained in racemic form.
2.3.4 Further Mechanistic Studies

To firmly establish the role of catalyst 2.30 as an anion receptor, a number amine
salts were evaluated (Scheme 2.13). While chloride, bromide, iodide and triflate all provided
reactive systems, chloride furnished the highest ee. On the other hand, iodide exhibited the

fastest reaction rate. The use of trifluoroacetate dramatically retarded the reaction rate.

Scheme 2.13 Evidence for the intermediacy of oxocarbenium ions.

PhCHO (1.2 equiv)
W\OH 2.13+HX (10 mol%), 2.30 (10 moI%L Q—Q\O

N PhMe (0.05 M), 4A MS, rt N 3
H H Ph
29
X= Cle X= Bre X= Ie X= CF3SO3® X= CF3COZ®
91% (3 h) 71% (6 h) 90% (1 h) 89% (4 h) 10% (24 h)
84% ee 76% ee 46% ee 50% ee 27% ee

Experiments designed to provide evidence for the involvement of oxocarbenium ion
intermediates are summarized in Scheme 2.14. Exposure of mixed acetal 2.47 to 10 mol %
of each, HCI (added as a 4 M solution in dioxane) and catalyst 2.30, provided product 2.9 in
rapid fashion and nearly identical selectivity as observed before (cf. Table 2.1, entry 25).
The same catalyst combination also facilitated the reaction between tryptophol and
benzaldehyde dimethylacetal. In this instance, a reduction in reaction rate was noted and

product 2.9 was recovered with slightly diminished ee.
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The high levels of enantioselectivity observed for a range of substrates are consistent
with the existence of a tight ion pair between the bisthiourea—anion complex and the
oxocarbenium ion. Multiple non-covalent interactions likely exist between the ions. While
the chloride anion is almost certainly engaged in hydrogen-bonding interactions with the
electron-deficient thiourea, the electron-rich thiourea may be involved in interactions with the
substrate. For instance, the thiourea sulfur atom could act as a hydrogen-bond acceptor,

increasing the nucleophilicity of the indole moiety via a S---H—N interaction.

Scheme 2.14 Evidence for the intermediacy of oxocarbenium ions.

OMe HCI (4 M in dioxane, 10 mol%)
2.30 (10 mol%

\

N PhMe (0.05 M), 4A MS, rt, 30 min N
H H Ph
247 2.9, 83%, 83% ee
HCI (4 M in dioxane, 10 mol%)
OMe 2.30 (10 mol%)

N PhMe (0.05 M), 4A MS, rt, 24 h N B
N OMe ( ) N Ph
1.2 equiv 2.9, 47%, 80% ee

Scheme 2.15 Evaluation of pyridine derivatives as cocatalyst.
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To further evaluate the possibility of the amine salt simply acting as a buffered source
of HCI, we prepared pyridine derivatives with pKa ranging from 0.7 to 5.2, which indoline-

2-carboxylic acid ester 2.13 most likely lies between (Scheme 2.15). None of these pyridine
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derivatives demonstrates comparable reactivity compared to 2.13, further corroborating the

importance of the nucleophilicity of 2.13 in catalyzing the reaction.

To gain insight into potential aggregation behavior of the catalytic system, a non-
linear effect study was performed. The reaction was set up using catalyst 2.30 with 0%, 20%,
40%, 60%, 80%, > 99% ee at room temperature, the results suggest the absence of a strong

non-linear effect.

Figure 2.2 Non-linear effect study.
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2.4  Catalytic Enantioselective Acetalization Reactions

We wished to extend our methodology to other systems. Catalytic enantioselective
acetalization reactions were previously realized by List using a chiral imidophophoric acid
catalyst (Scheme 2.5).% Given the nontrivial synthesis as well as potentially high acidity of
the catalyst, a complementary method, using readily available catalysts under weakly acidic
conditions is highly desirable. We selected 2-hydroxybenzyl alcohol and benzaldehyde as

reacting partners with a catalyst system that is highly reactive in the oxa-Pictet-Spengler
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reactions, only trace amount of desired product was observed with mostly unreacted starting
materials (Scheme 2.16). The poor reactivity can be partly attributed to the weak
nucleophilicity of benzyl alcohol, as the ensued oxocarbenium ion is presumably highly
reactive. Surprisingly, switching to 5 A molecular sieves vastly increased the reaction rate,

affording the desired product with 92% yield and 40% ee in 2 hours.

Scheme 2.16 Initial Evaluation of the Enantioselective Acetalization reaction.

2.13+HCI (10 mol%)
2.24 10 mol%)
R s
PhMe (0.1 M), %NH HN%
0.25 mmol 1.2 equiv @ HN
4A MS: overnight, trace
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2.24

Scheme 2.17 Evaluation of thiourea catalysts for the Enantioselective Acetalization reaction.
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Evaluation of different thiourea catalysts was performed for the acetalization reaction

(Scheme 2.17). The ring size of the electron rich thiourea has a different impact on ee



42

compared to the oxa-Pictet—Spengler reactions, as dicyclooctyl and dicyclohexyl thioureas
are inferior to those of smaller size. On the other hand, variation on the electron poor
thiourea has very minor influence on the ee. Satisfactory yields are observed for all cases in
2 to 3 hours. It seems a fundamental change in addressing the enantioselectivity issue is

needed.
2.5  Related Systems Using Acetal/Ketal as Carbonyl Surrogate

Scheme 2.18 Effect of molecular sieves.

HCI (4 M in dioxane, 10 mol%)
OMe 2.30 (10 mol%)
N PhMe (0.05 M), 4A MS, rt, 24 h N B
N OMe ( ) N Bh
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OMe 2.30 (10 mol%)

Qrf o o o Qi
N PhMe (0.05 M), 5A MS, rt, 1 h N z
N OMe ( ) N Ph

1.2 equiv 3a, 93%, 76% ee

As described in the previous section, when benzaldehyde dimethyl acetal is used in
the oxa-Pictet—Spengler reaction, the thiourea/HCI combination gives the desired product
with comparable ee but moderate yield. Surprisingly, switching to 5 A molecular sieves
drastically improved the reactivity, presumably because the large pore size facilitates the
adsorption of the side product methanol (Scheme 2.18). The reaction finishes in 1 hour with
excellent yield but slightly diminished ee. Nevertheless, we questioned the possibility of

applying this strategy to other systems with presumably more challenging substrates.
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2.5.1 Catalytic Enantioselective Oxa-Pictet-Spengler Reactions towards Tetra-
substituted Stereogenic Centers
The use of acetals in combination with 5 A molecular sieves results in a highly
reactive system for the oxa-Pictet-Spengler reactions (Scheme 2.18). If similar ketals can
also be accommodated, then products bearing fully substituted stereogenic centers will be
obtained. Simple ketals are readily available from corresponding ketones via a one-step
reaction.® Indeed, a test reaction using benzophenone dimethyl ketal affords the desired

product in satisfactory yield but with low levels of enantioselectivity (Scheme 2.19).

Scheme 2.19 Initial evaluation of the oxa-Pictet—Spengler reaction using ketal.
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Me S S :\< S
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74%
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Scheme 2.20 Evaluation of thiourea catalysts for the oxa-Pictet—Spengler reaction using a ketal.
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Scheme 2.21 Evaluation of chiral Brensted acids for the oxa-Pictet-Spengler reaction using a

ketal.



44

OH .
OMe Thiourea catalyst (10 mol%
\ )< y ( °)= \ o)
OMe PhCH3 (0.05 M) N
N 3 (V. Me
H 12 equi 5A MS, rt H Ph
0.25 mmol - equiv
CF3 CF3
Lt 2 Lt ) ﬁl
- N)LN CF, < N)LN CF; <
o N M H o Nu T H y
Br- COOH Cl COOH F. COOH
30min 4h 24h
Br Br 84% Cl Cl 71% F F 59%
Br 37% ee cl 44% ee E 21% ee
Fs;C CF3
CF3 CF3 O
S
it oY ¥e! oBNe
N CF3 < NN CF3 CF3
H oo NH 1 H : O
COOH
‘ COOH Br COOH CF3
2h
MeO 4h
NR
O OMe Br Br 64%
Br 35% ee
iPr iPr
CFs Q o Br
s g N Br
A O NH M
< CF3 NN CFs HoOC Br
Ox-NH P Br COOH  Br
COOH COOH
Br Br
iPr iPr Br
24h 24h
49% 2h ~21% 53%
20% ee NR 34% ee rac

Thiourea catalysts of other types were tested for this reaction (Scheme 2.20).*°
Good reactivity was generally observed except in one case where a complex reaction mixture
was observed. However, a low level of enantioselectivity was revealed in all cases.
Surprisingly, the conjugate-base-stabilized Brensted acid developed by our group resulted in
a fast reaction with a slight boost of the ee (Scheme 2.21). The acidity of the catalyst has a
profound influence in reactivity, as reflected by the necessity of electron-withdrawing bromo
groups. Interestingly, when the bromo groups are replaced with chloro, slightly higher ee
was observed, albeit with prolonged reaction time. The enantioselectivity seems not affected
by variation on the thiourea phenyl ring. Significantly lower yield was observed with chiral

phosphoric acids as catalyst, although the same level of ee was observed.
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A study was performed to explore the possibility of enhancing the ee by lowering the
reaction temperature (Scheme 2.22). No reaction was observed with a reaction temperature
of -30 <C. Reactions proceeded at —12 <C at a relatively slow rate, affording 39% of the
desired product in 24 hours with appreciable increase of the ee. Lowering the temperature
indeed served as a strategy to increase the stereoselectivity of the reaction, but a more

reactive and/or selective catalytic system is needed.

Scheme 2.22 Evaluation of the reaction at lower temperature.

CF3
CLx ﬁl
Y N CF3
O _NH H

" 2.31 (10 mol%)
OH ®OMe 5A MS, PhCHj (0.05 M) b N
N + )< > \
Ph OMe N
N ~30°C 4h NR, then Me

H o Ph Br COOH
H _ o
0.25 mmol 1.2 equiv 12°C 24h s0%
59% ee Br Br
Br 2.31
Scheme 2.23 Evaluation of other substrates.
CF,4
oH R 2.31 %
N Ri” "OMe  ppch, (0.05 M) N Ry AR o
0.25 mmol 1.2 equiv 5A MS, rt H Ry o iy R A
Br COOH

Br Br

I8 2.31
\ 0O \ 0O \ 0O
N N N
H ph El H i MgH H Cot e

1h 2h 2h
92% (contains impurity) 56% 87%
28% ee 13% ee rac

Other substrates were also tested (Scheme 2.23). Propiophenone dimethyl ketal
behaves very similarly to benzophenone dimethyl ketal. An attempt to provide an additional
interacting site with the catalyst by using 2-hydroxybenzophenone dimethyl ketal proved to

be ineffective. Aliphatic ketal resulted in complete loss of enantioselectivity.

2.5.2 Catalytic Enantioselective Indole Additions to Oxocarbenium lons
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Isochroman ketals are useful starting materials towards isochromans bearing tetra-
substituted stereogenic centers via dynamic Kinetic resolution (Scheme 2.24).** We wished
to apply our methodology to the indole addition reactions to isochroman ketals. However,
various thiourea-acid combinations resulted in racemic products. Weaker acids such as TFA
were also effective in terms of reactivity, while no product was detected when benzoic acid is
used. On the other hand, the tetrabromo chiral Brensted acid catalyst affords the desired

product in 16% ee.

Scheme 2.24 Indole addition reaction to isochroman ketal.

OMe

©5Ph @[) catalyst (10-20 mol%)
PhMe (0.05— 01 M), 5A MS
0.1-0.2 mmol 1.2 equiv
s\ s CF, s Q s CF, s Q s
S—NH HN— SNH HN— S—NH HN—
@ HN N HN N HN
o . .
oF, TFA CF, BzOH CF,
1h 1h overnight
92% 90% NR
rac rac
CF,
Qi
< SNTON CFs
NH HN :
>\~ % : >’NH HN% o fm M H
“HCl Br COOH
30min CFs 30min CFs 1h
94% 92% Br Br 92%
rac rac 16% ee

Br
2.5.3 Catalytic Enantioselective Reduction of Isochroman Ketals.

List reported enantioselective oxa-Pictet—Spengler reactions between benzaldehyde and 3-(2-
hydroxyethyl)phenols (Scheme 2.25).°® The phenol group serves as a necessary directing
group to interact with the catalyst. Under this prerequisite, both aliphatic and aromatic
aldehydes can be tolerated. Given the challenge of this reaction, the catalyst is powerful, yet

its synthesis is nontrivial. We expect the same class of products can be obtain via
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enantioselective reduction of isochroman ketals. Moreover, the required directing group may
not be needed. Our preliminary studies indicate Hantzsch ester®® to be a suitable reductant
for the enantioselective reduction of isochroman ketals (Scheme 2.26). Various chiral
phosphoric acids were tested, with TRIP giving the best ee of 34%. Thiourea—HCI
combinations provided faster reactions, albeit with very low or no enantioselectivity. The
tetrabromo chiral carboxylic acid also readily facilitated the reaction with only 12% ee.
Interestingly, when TRIP was used in combination with an achiral thiourea catalyst,
appreciable acceleration was observed, but with jeopardized ee compared to that in the
absence of thiourea catalyst. Attempts to use various silanes resulted in no enantioselectivity

in all cases (Scheme 2.27).

Scheme 2.25 Enantioselective oxa-Pictet-Spengler reactions with 3-(2-hydroxyethyl)phenols.

232 (10mol%)  HoO

HO OH MTBE (0.2 M) R
R@N +R2CHO ———————» o
5A MS

1t-50°C, 3-8d R2

73-98%
90-99% ee

Oz\l Ar Ar
|OO Cﬂe Et Et
oM %o
Ar=

~

o N0
9¢ 0 e
O,N Ar Ar

2.32
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Scheme 2.26 Enantioselective reduction of an isochroman ketal using Hantzsch ester.

Et00C COOEt catalyst (10 mol%)
1) + || > o]
N PhMe (0.1 M), 5A MS

Ph

Ph OMe H rt
0.1-0.2 mmol 1.2 equiv

l [ SiPh, CF,
O-pz0
0" OH
OO CF,
SiPh,
20h
34% ee 5% ee
oy Q
FsC s S CF
SNH HN— 3 - 3
%N HNOCF3 D—NH HN
NH HN
S *HCI FaC Hel CF5
3h 3h
94% 81%
rac rac
CF3 i N
3
NN CFs il
Oy NH S Br
Br COOH CF4 CF,
2h
5h 2h
78% Br Br 808% 97%
17% ee Br 12% ee 7% ee

A highly related work appeared during our optimization of reaction conditions. Liu
reported the deracemization reactions of benzylic ethers (Scheme 2.28).%° The reaction
conditions resemble a one-pot procedure combining generation and the enantioselective
reduction of isochroman ketals.’®> The key to success is the utilization of a chiral

imidophosphoric acid developed by List.?
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Scheme 2.27 Attempted reduction of isochroman ketal with silanes.

reductant (1.2 equiv)
catalyst (10 mol%)
o > o)
PhMe (0.1 M), 5A MS
Ph OMe

rt Ph
0.1-0.2 mmol
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SNH HN— ’ SNH HN— ’ Q >\*NH HN%
N HN N HN
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CF3 i CFs CFs,
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i \ \
Et3SiH H H
24h
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0% rac 76%
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O o S
= J DDQ, MeOH i J
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’ R
R <T) > (o] via: R g
CH,Cl,/PhMe or CH,Cl,/MTBE
R’ 5A MS, -10°C or rt R' R" OMe
up to ®)
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O o O
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2.6 Summary

In summary, we have outlined a new dual catalysis concept for the direct generation
of oxocarbenium ions from aldehydes and alcohols, enabling catalytic enantioselective oxa-
Pictet Spengler reactions under weakly acidic conditions. A new amine catalyst and a novel

bis-thiourea catalyst were identified in the course of this study. The two catalysts work in
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concert and fulfil crucial roles in the efficient generation of the oxa-Pictet Spengler products.
When acetals and ketals are used, high reactivity is obtained with chiral Brensted acid
catalysts of sufficient acidity for various reactions of the oxocarbenium intermediacy. For

future development, better stereochemical control is highly in need for these transformations.
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Experimental Section

General Information: Reagents and solvents were purchased from commercial sources and
were purified by distillation or recrystallization prior to use. Toluene was freshly distilled
from sodium under nitrogen prior to use. Reactions were run under a nitrogen atmosphere.
Purification of reaction products was carried out by flash column chromatography using EM
Reagent silica gel 60 (230—400 mesh). Analytical thin layer chromatography was performed
on EM Reagent 0.25 mm silica gel 60 F2s4 plates. Visualization was accomplished with UV
light, and potassium permanganate, Dragendorff-Munier stains, followed by heating.
Melting points were recorded on a Thomas Hoover capillary melting point apparatus and are
uncorrected. Infrared spectra were recorded on an ATl Mattson Genesis Series FT-Infrared
spectrophotometer. Proton nuclear magnetic resonance spectra (*H-NMR) were recorded on
a Varian VNMRS-500 MHz instrument and are reported in ppm using solvent as an internal
standard (CDCl3z at 7.26 ppm, (CD3).SO at 2.50 ppm, CD3:0D at 3.31 ppm). Data are
reported as app = apparent, s = singlet, d = doublet, t = triplet, dd = doublet of doublets, ddd
= doublet of doublet of doublets, dddd = doublet of doublet of doublet of doublets, m =
multiplet, comp = complex; integration; coupling constant(s) in Hz. Proton-decoupled
carbon nuclear magnetic resonance spectra (23C-NMR) were recorded on a Varian VNMRS-
500 MHz instrument and are reported in ppm using solvent as an internal standard (CDCl at
77.16 ppm, (CD3).S0O at 39.52 ppm, CD30OD at 49.00 ppm). Mass spectra were recorded on
a Finnigan LCQ-DUO mass spectrometer. HPLC analysis was carried out on an Agilent
1100 series instrument with auto sampler and multiple wavelength detectors. Optical
rotations were measured using a 1 mL cell with a 1 dm path length on a Jasco P—2000
polarimeter at 589 nm and at 20 <T. 2.12,°% 2.13,%%2 2.18,%% 2.19,% 2.20,%° 2.21,%¢ 2,22 %

2.23% were prepared according to reported procedures.
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Evaluation of Pyridinium Salts with Different pKag values:*®7

To a flame dried vial was added pyridine derivatives (0.0275 mmol, 11 mol %), thiourea
catalyst 2.19 (16 mg, 0.025 mmol, 10 mol %), tryptophol (40 mg, 0.25 mmol, 1.0 equiv), 4A
MS (100 mg) and dry toluene (2.5 mL, 0.1 M). The resulting mixture was stirred under
nitrogen and HCI (3.5 M in dioxane) was added followed by benzaldehyde (30 pL, 0.3 mmol,
1.2 equiv). The reaction was stirred for 24 hours before being quenched with triethylamine
(40 pL). The resulting mixture was directly purified by flash chromatography on silica gel

topped with Celite.
General Procedure A for Co-catalyst Synthesis:

To a solution of the corresponding amine (5.33 mmol, 1 equiv) in diethyl ether(10.7 mL, 0.5
M) was added HCI (4.0 M in dioxane, 1.33 mL, 5.33 mmol, 1 equiv) and the resulting
mixture was vigorously stirred for 10 min before filtration. The solid was washed with cold

diethyl ether (3 <5 mL) and dried under vacuum to afford the desired product.

(S)-2-(methoxycarbonyl)indolin-1-ium chloride (2.13-HCl): Following general procedure

Q_)\ A, 2.13 was obtained as a white solid in 95% vyield; mp = 161-163 <€;

®
N COQMe
H

2 O
Cl

1506, 1391, 1236, 1143, 1021, 860, 758, 420 cm™:; *H NMR (500 MHz, (CD3)2S0) & 10.61

[0]o® ~73.2 (c 0.5, CHCl3); IR (KBr) 3119, 3054, 2957, 2359, 1741,

(br s, 3H, contains water), 7.28 (app d, J = 7.4 Hz, 1H), 7.22 (app td, J = 7.8, 1.2 Hz, 1H),
7.17-7.05 (comp, 2H), 4.78 (dd, J = 9.8, 6.9 Hz, 1H), 3.73 (s, 3H), 3.44 (dd, J = 16.2, 9.8
Hz, 1H), 3.28 (dd, J = 16.2, 6.9 Hz, 1H); *C NMR (125 MHz, (CD3).S0) & 170.56, 141.63,

131.11, 127.96, 125.25, 125.02, 115.68, 58.98, 52.78, 32.73; m/z (ESI-MS) 178.1 [M — CIJ*.
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(2S)-2-(methoxycarbonyl)-1-methylindolin-1-ium chloride (2.18-HCI): Following general
: procedure A, 2.18-HCI was obtained as a white solid in 70% yield; mp =

NA~COMe  101-103 °C; [a]o® 583 (c 0.5, MeOH): IR (KBr) 3400, 2904, 1738,

|
©
Me Cl

1486, 1428, 1368, 1343, 1251, 1128, 995, 825, 803, 763, 605, 513, 428
cmt; *H NMR (500 MHz, (CD3)2SO) & 9.83 (br s, 3H, contains water), 7.07-6.93 (comp,
2H), 6.60 (app td, J = 7.4, 1.0 Hz, 1H), 6.49 (app d, J = 7.8 Hz, 1H), 4.14 (dd, J = 10.1, 8.4
Hz, 1H), 3.69 (s, 3H), 3.30 (dd, J = 16.0, 10.2 Hz, 1H), 2.98 (dd, J = 15.9, 8.4 Hz, 1H), 2.75
(s, 3H): 3C NMR (125 MHz, (CD1)zS0) & 172.52, 151.98, 127.57, 126.89, 123.89, 117.67,

106.67, 66.72, 51.90, 34.39, 32.75; m/z (ESI-MS) 192.1 [M — CI]*.

(S)-2-(methoxycarbonyl)indolin-1-ium bromide: Following general procedure A, HBr
(48% in water) was used and the desired product was obtained as a white
Q@\
N

COMe  solid in 77% vyield; mp = 172-174 °C; [a]p®® —50.7 (¢ 0.5, MeOH); IR

H ©
Br

(KBr) 3092, 3054, 2997, 2954, 2587, 2514, 1738, 1503, 1378, 1348,
1231, 1020, 860, 753 cm%; *H NMR (500 MHz, CDsOD) 7.54-7.49 (comp, 3H), 7.49-7.44
(m, 1H), 5.13 (dd, J = 9.5, 7.3 Hz, 1H), 3.91 (s, 3H), 3.73 (dd, J = 16.5, 9.5 Hz, 1H), 3.54
(dd, J = 16.3, 7.3 Hz, 1H); 3C NMR (125 MHz, CDsOD) & 169.91, 136.81, 134.85, 131.27,

130.04, 127.32, 120.19, 61.28, 54.18, 33.93; m/z (ESI-MS) 178.2 [M — Br]".

(S)-2-(methoxycarbonyl)indolin-1-ium iodide: Following general procedure A, HI (57% in

Q_j\ water) was used and the desired product was obtained as a yellow solid in

®
N~ ~CO,Me
Ha | S

87% vyield; mp = 145-147 °C; [a]o® —-39.8 (c 0.5, MeOH); IR (KBTr)
3417, 3379, 2942, 2914, 2464, 1756, 1428, 1351, 1283, 1246, 1208, 1161, 1001, 763 cm™;
'H NMR (500 MHz, (CD3)2SO) & 7.14 (app d, J = 7.2 Hz, 1H), 7.07 (app td, J = 7.8, 1.1 Hz,
1H), 6.86-6.78 (comp, 2H), 6.50 (br s, 4H, contains water), 4.60 (dd, J = 10.2, 6.4 Hz, 1H),

3.70 (s, 3H), 3.37 (dd, J = 16.2, 10.2 Hz, 1H), 3.17 (dd, J = 16.2, 6.2 Hz, 1H); 3C NMR
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(125 MHz, (CD3)2S0) & 172.51, 146.54, 128.44, 127.62, 124.66, 121.03, 111.73, 59.18,

52.34, 32.99; m/z (ESI-MS) 178.4 [M — I]*.

General Procedure B for Catalyst Synthesis:

0.__S
i ©/ \g (1.3 equiv)

DIPEA (1.0 equiv) s s
\ S THF (01 M) it N
; t, 1h
HN  HN—4 > RN HN-Ar
HN-Ar R2

1 R2
1.0 equiv i R‘”/R (5 equiv)

To a solution of amino(thio)urea™™ (0.39 mmol, 1.0 equiv) in dry THF (3.9 mL, 0.1 M) was
added o-Phenyl chlorothionoformate (70 i, 0.51 mmol, 1.3 equiv) and N,N-
Diisopropylethylamine (68 pL, 0.39 mmol, 1.0 equiv). The resulting solution was stirred at
room temperature for 1 hour before amine nucleophile (1.95 mmol, 5.0 equiv) was added.
The resulting mixture was stirred at room temperature for indicated time. Then, saturated
aqueous NaHCO3 (10 mL) was added and the mixture was extracted with EtOAc (3 < 10
mL). The combined organic layer was washed with brine (10 mL), dried over Na>SO4 and
filtered. The resulting solution was then concentrated under reduced pressure and purified by

flash chromatography on silica gel.

N-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)pyrrolidine-1-

carbothioamide (2.24):  Following general procedure B,

"5 reaction was stirred at room temperature for 2 hours and 2.24

S, 3 S o
M—NH HN—4
N HN
Q op,  Was isolated as a white solid in 88% yield; mp = 171-173 <€;
3
Rf = 0.30 (Hexanes/EtOAc 70:30 v/v); [a]o?® +68.2 (c 0.5, CHCI3); IR (KBr) 3246, 3048,
2938, 2861, 1545, 1385, 1277, 1178, 1132, 971, 885, 681 cm™; *H NMR (500 MHz, CDCls)

§9.56 (s, 1H), 8.37 (d, J = 8.3 Hz, 1H), 8.25 (s, 2H), 7.57 (s, 1H), 7.09 (d, J = 5.9 Hz, 1H),
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4.73-4.60 (m, 1H), 4.07-3.82 (comp, 2H), 3.65-3.42 (comp, 2H), 3.42-3.25 (m, 1H), 2.72—
2.58 (m, 1H), 2.28-2.16 (m, 1H), 2.13-1.72 (comp, 6H), 1.73-1.61 (m, 1H), 1.51-1.37 (m,
1H), 1.37-1.17 (comp, 2H); 3C NMR (125 MHz, CDCls) & 181.42, 175.90, 140.77, 131.79
(@, Jor = 33.5 Hz), 123.23 (4, Jor = 272.8 Hz), 122.25, 117.62, 62.38, 56.43, 52.58, 48.57,

32.77,32.74, 26.03, 25.07, 24.77, 24.54; m/z (ESI-MS) 497.1 [M —H]".

N-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)ureido)cyclohexyl)pyrrolidine-1-
carbothioamide (2.25):  Following general procedure B,
:}—N‘ﬁ HN—;((; o reaction was stirred at room temperature for 2 hours and 2.25
Q cF, Was isolated as a white solid in 66% yield; mp > 200 €; R¢=
0.28 (Hexanes/EtOAc 70:30 v/v); [o]p?® +31.9 (c 0.5, CHCIs); IR (KBr) 3349, 3307, 3282,
3207, 3087, 2938, 1697, 1571, 1474, 1391, 1275, 1186, 1130, 1023, 895, 870, 703, 673 cm*;
'H NMR (500 MHz, CDCl3) & 8.56 (s, 1H), 8.00 (s, 2H), 7.41 (s, 1H), 6.95 (d, J = 5.5 Hz,
1H), 6.90 (d, J = 7.3 Hz, 1H), 4.14-3.92 (m, 1H), 3.91-3.71 (comp, 2H), 3.66-3.50 (m, 1H),
3.49-3.28 (comp, 2H), 2.69-2.58 (m, 1H), 2.21-2.14 (m, 1H), 2.14-1.96 (m, 1H), 1.95-1.75
(comp, 5H), 1.64-1.52 (m, 1H), 1.47-1.37 (m, 1H), 1.37-1.24 (m, 1H), 1.23-1.10 (m, 1H);
3C NMR (125 MHz, CDCl3) § 176.22, 156.72, 141.52, 132.25 (q, Jc.r = 33.2 Hz), 123.39 (q,
Jc.F = 272.7 Hz), 117.48, 115.03, 62.88, 53.01, 52.36, 47.42, 32.74, 32.63, 25.77, 25.31,

24.79, 24.58; m/z (ESI-MS) 481.2 [M — H]".

N-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)pyrrolidine-1-

carboxamide (2.26): Following general procedure B, reaction

o 2 S CF
MNH HN— ® was stirred at room temperature for 2 days and 2.26 was isolated
N HN
Q cr. as a white solid in 44% yield; mp = 188-190 €; Rf=0.18
3

(Hexanes/EtOAc 40:60 v/v); [o]o® +41.7 (c 0.5, CHCls): IR (KBr) 3300, 3097, 2938, 2859,

1618, 1535, 1474, 1396, 1278, 1181, 1131, 968, 880, 678 cm™*; *H NMR (500 MHz, CDCls)
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§9.74 (s, 1H), 8.21 (d, J = 9.1 Hz, 1H), 7.97 (s, 2H), 7.56 (s, 1H), 5.00 (d, J = 8.8 Hz, 1H),
4.69-4.54 (m, 1H), 3.68-3.58 (m, 1H), 3.46-3.30 (comp, 2H), 3.21-3.02 (comp, 2H), 2.28—
2.18 (M, 1H), 2.14-2.05 (m, 1H), 1.98-1.67 (comp, 6H), 1.55-1.28 (comp, 4H); *C NMR
(125 MHz, CDCls) & 182.08, 157.40, 141.11, 131.53 (q, Jor = 33.4 Hz), 124.27, 123.26 (q,
Jor = 271.3 Hz), 117.87, 57.39, 56.25, 46.33, 33.77, 32.65, 25.34, 24.94; m/z (ESI-MS)

481.2 [M-H].
N-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)piperidine-1-
carbothioamide (2.27):  Following general procedure B,
O
S—NH HN—4
HN

N
< > cr, Was isolated as a white solid in 69% yield; mp = 96-98 €; Rs

Fa . .
reaction was stirred at room temperature for 5 hours and 2.27

= 0.21 (Hexanes/EtOAc 80:20 v/v); [0]p®® +93.1 (c 0.5, CHCI3); IR (KBr) 3266, 3042,
2939, 2859, 1541, 1474, 1385, 1333, 1277, 1178, 1132, 968, 885, 681 cm*; 'H NMR (500
MHz, CDCls) 6 9.42 (s, 1H), 8.31 (d, J = 8.3 Hz, 1H), 8.18 (s, 2H), 7.57 (s, 1H), 7.33 (d, J =
5.8 Hz, 1H), 4.71-4.59 (m, 1H), 4.18-4.06 (m, 1H), 3.94-3.78 (comp, 2H), 3.78-3.66 (comp,
2H), 2.69-2.57 (m, 1H), 2.27-2.17 (m, 1H), 1.97-1.79 (comp, 2H), 1.76-1.38 (comp, 8H),
1.38-1.18 (comp, 2H); *C NMR (125 MHz, CDCls) § 181.49, 177.86, 140.65, 131.82 (q,
Jcr = 33.5 Hz), 123.22 (q, Jcr = 272.9 Hz), 122,53, 117.81, 62.76, 56.63, 49.61, 32.63,

32.51, 25.54, 25.07, 24.76, 24.17; m/z (ESI-MS) 511.1 [M — H]".

3-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)-1,1-

Q dicyclohexylthiourea (2.28): Following general procedure
S>\._N‘;| HN_/<S CFs B, reaction was stirred at room temperature for 24 hours and
< —N HN
O oF 2j was isolated as a white solid in 66% yield; mp = 98-100
3

€: Rf = 0.36 (Hexanes/EtOAc 90:10 v/v); [a]p?®® —27.1 (c 0.5, CHCl3); IR (KBr) 3442,

3247, 2935, 2857, 1534, 1473, 1383, 1323, 1278, 1178, 1135, 968, 885, 675 cm™*; 'H NMR
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(500 MHz, CDCls) & 8.40-8.17 (comp, 2H), 7.91 (s, 2H), 7.60 (s, 1H), 5.61 (d, J = 8.4 Hz,
1H), 4.72-4.58 (m, 1H), 4.49-3.94 (comp, 3H), 2.43-2.28 (m, 1H), 2.25-2.13 (m, 1H), 1.95—
1.46 (comp, 16H), 1.46-1.15 (comp, 8H), 1.12-1.00 (comp, 2H); 3C NMR (125 MHz,
CDCls) 5 180.72, 180.50, 140.24, 132.05 (q, Jo-r = 36.6 Hz), 123.58, 123.18 (q, Jor = 272.7
Hz), 118.33, 61.17, 59.75, 57.86, 32.76, 32.05, 31.55, 30.94, 26.16, 25.50, 25.05, 24.48; m/z

(ESI-MS) 607.1 [M — H]".

3-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)-1,1-
dicyclooctylthiourea  (2.29): Following general

CFs procedure B, 2.5 equivalent of dicyclooctylamine™ was

oy

S—NH HN—4

% o used and reaction was stirred at room temperature for 2

3

days to afford 2.29 as a white solid in 61% yield; mp =

105-108 €; R¢= 0.33 (Hexanes/EtOAc 85:15 v/v); [a]p?® —31.4 (c 0.5, CHCI3); IR (KBr)
3437, 3247, 2926, 2855, 1534, 1473, 1384, 1323, 1277, 1178, 1135, 973, 880, 680 cm™*; 'H
NMR (500 MHz, CDClz3) 6 8.44 (s, 1H), 8.18 (s, 1H), 7.93 (s, 2H), 7.58 (s, 1H), 5.61 (s, 1H),
5.20-5.06 (m, 1H), 4.70-4.56 (m, 1H), 4.33-4.19 (m, 1H), 3.66-3.50 (m, 1H), 2.44-2.28 (m,
1H), 2.16-2.07 (m, 1H), 2.05-1.05 (comp, 34H); *C NMR (125 MHz, CDCls) & 180.38,
178.22, 140.41, 131.99 (q, Jc-r = 33.4 Hz), 123.33, 123.20 (q, Jc-r = 272.9 Hz), 118.09,
62.07, 61.65, 57.59, 56.82, 34.42, 33.79, 32.83, 32.69, 32.28, 32.02, 26.48, 26.23, 26.04,

25.05, 24.80, 24.45; m/z (ESI-MS) 663.2 [M — H]J".

1-((1R,2R)-2-thioureidocyclohexyl)-3-(4-(trifluoromethyl)phenyl)thiourea: Following a
similar procedure,”® (1R,2R)-cyclohexane-1,2-diamine (2.24 g,

> S
HoN - HN C 19.6 mmol, 1.5 equiv) dissolved in a minimum amount of CH>Cl
2 _§N CF3 f ) -~
(ca. 1.0 mL) was cooled to 0 <. 1-isothiocyanato-4-

(trifluoromethyl)benzene (2.66g, 13.1 mmol, 1.0 equiv), dissolved in 262 mL CHCl,, was
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added dropwise over 1 hour. The mixture was then allowed to warm to room temperature
and concentrated under reduced pressure. Purification by flash chromatography on silica gel
afforded the desired product as a white solid in 87% yield; mp = 144-146 €; Rf= 0.10
(MeOH/CH,Cl/EtsN 10:89:1 v/v/v); [a]o® +125.5 (¢ 0.5, CHCIs); IR (KBr) 3259, 2937,
2854, 1613, 1523, 1341, 1161, 1111, 1068, 1008, 825, 708 cm™*; 'H NMR (500 MHz,
(CD3)280) & 7.79 (app d, J = 8.2 Hz, 2H), 7.60 (app d, J = 8.4 Hz, 2H), 4.08-3.75 (m, 1H),
2.62-2.52 (m, 1H), 2.23-1.99 (m, 1H), 1.92-1.78 (m, 1H), 1.73-1.50 (comp, 2H), 1.34-0.98
(comp, 4H); 3C NMR (125 MHz, (CD3)2SO) & 180.31, 143.76, 125.36, 124.46 (4, Jcr =
271.3 Hz), 123.25 (q, Jc-r = 31.9 Hz), 121.57, 60.08, 54.02, 35.05, 31.05, 24.62.; m/z (ESI-

MS) 318.1 [M + HJ".

1,1-dicyclooctyl-3-((1R,2R)-2-(3-(4-(trifluoromethyl)phenyl)thioureido)cyclohexyl)
thiourea (2.30): Following general procedure B, 2.5
Q equivalent of dicyclooctylamine” was used and the
<Z>_:>\_N"‘4 HN_ﬁ:@ca reaction was stirred at 50 € for 24 hours to afford 2.30
as a white solid in 65% yield; mp = 110-112 €; R¢=
0.31 (Hexanes/EtOAc 85:15 v/v); [a]p?® —25.1 (c 0.5,
CHCIg); IR (KBr) 3432, 3222, 2924, 2847, 1614, 1522, 1441, 1324, 1124, 1067, 1011, 948,
828 cm™; 'H NMR (500 MHz, CDCls) & 7.96 (s, 1H), 7.71 (s, 1H), 7.59 (app d, J = 8.3 Hz,
2H), 7.44 (app d, J = 8.3 Hz, 2H), 5.65 (s, 1H), 5.18-5.05 (m, 1H), 4.81-4.68 (m, 1H), 4.35—
4.22 (m, 1H), 3.67-3.50 (m, 1H), 2.44-2.31 (m, 1H), 2.15-2.06 (m, 1H), 2.05-1.23 (m,
34H); 3C NMR (125 MHz, CDCls) & 179.85, 178.51, 140.74, 127.17 (q, Jcr = 33.3 Hz),
126.56, 124.06 (g, Jcr = 270 Hz), 123.36, 61.71, 61.48, 57.33, 56.60, 34.33, 33.82, 32.94,

32.66, 32.36, 32.07, 26.59, 26.27, 25.05, 24.90, 24.52; m/z (ESI-MS) 595.3 [M — H]".
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General Procedure C for the Enantioselective Oxa-Pictet-Spengler Reactions:

To a flame dried vial was added amine salt 2.13 HCI (5.3 mg, 0.025 mmol, 10 mol %),
thiourea catalyst 2.30 (15 mg, 0.025 mmol, 10 mol %), tryptophol (40 mg, 0.25 mmol, 1
equiv), 4A MS (100 mg) and dry toluene (5 mL, 0.05 M). The resulting mixture was stirred
under nitrogen and cooled to —30 <€ over 15 minutes. Aldehyde (0.3 mmol, 1.2 equiv) was
then added and the reaction was stirred for the indicated time before being quenched with
triethylamine (40 pL). The resulting mixture was directly purified by flash chromatography

on silica gel topped with Celite.

(R)-1-(4-chlorophenyl)-1,3,4,9-tetrahydropyrano[3,4-bJindole (2.9): Following general

procedure C, the reaction was run for 2 days and 2.9 was obtained as a

Q:\/Q\o white solid in 90% yield; mp = 153-155 €; Rf= 0.32 (Hexanes/EtOAC
NT 2

@ 90:10 v/v); [a]P20 —15.7 (c 0.5, CHCl3, 91% ee); IR (KBr) 3397, 3032,

2909, 2837, 1446, 1311, 1273, 1251, 1136, 1083, 1048, 978, 738, 693, 470 cm™; H NMR

(500 MHz, CDCl3) & 7.57 (app dd, J = 7.0, 2.1 Hz, 1H), 7.46 (br s, 1H), 7.42-7.36 (comp,

5H), 7.25-7.19 (m, 1H), 7.19-7.11 (comp, 2H), 5.80 (app t, J = 1.9 Hz, 1H), 4.34 (ddd, J =

11.2, 5.4, 2.9 Hz, 1H), 4.00 (ddd, J = 11.3, 9.6, 4.0 Hz, 1H), 3.12 (dddd, J = 15.2, 9.7, 5.4,

2.1 Hz, 1H), 2.84 (dddd, J = 15.4, 4.1, 3.0, 1.9 Hz, 1H); 3C NMR (125 MHz, CDCl3) §

139.59, 136.16, 133.74, 129.06, 128.94, 128.57, 127.14, 122.08, 119.78, 118.47, 111.13,

108.91, 76.28, 65.00, 22.44; m/z (ESI-MS) 250.2 [M + H]*; HPLC: Daicel Chiralpak AD-

H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV = 280.16 nm, tr = 14.7 min (minor)

and tr = 19.6 min (major).

The absolute configuration was assigned by analogy.
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(R)-1-(4-fluorophenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.31): Following general
Q_\/C\O procedure C, the reaction was run for 2 days and 2.31 was obtained as a
N = white solid in 82% yield; mp = 116-118 <€; R¢= 0.21 (Hexanes/EtOAc

Q: 90:10 v/v); [a]P20 —8.1 (c 0.5, CHCIls, 90% ee); IR (KBr) 3389, 3292,

3047, 2957, 2914, 2847, 1713, 1606, 1509, 1446, 1224, 1153, 1071, 1043, 830, 743 cm™*; 'H
NMR (500 MHz, CDCls) 6 7.59-7.55 (m, 1H), 7.44 (br s, 1H), 7.38-7.32 (comp, 2H), 7.27—
7.23 (m, 1H), 7.21-7.12 (comp, 2H), 7.11-7.04 (comp, 2H), 5.78 (t, J = 1.9 Hz, 1H), 4.31
(ddd, J = 11.3, 5.4, 3.0 Hz, 1H), 3.99 (ddd, J = 11.3, 9.6, 4.0 Hz, 1H), 3.10 (dddd, J = 15.2,
9.6, 5.4, 2.1 Hz, 1H), 2.84 (dddd, J = 15.4, 4.0, 3.0, 1.8 Hz, 1H); *C NMR (125 MHz,
CDCl3) 6 163.03 (d, Jc.r=247.7 Hz), 136.05, 135.37 (d, Jc-F = 3.2 Hz), 133.28, 130.28 (d, Jc-
r= 8.3 Hz), 126.96, 122.11, 119.76, 118.39, 115.71 (d, Jcr = 21.6 Hz), 111.01, 109.01,
75.37, 64.82, 22.26; m/z (ESI-MS) 268.2 [M + H]*; HPLC: Daicel Chiralpak AD-H, n-
hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV = 280.16 nm, tgr = 15.7 min (major) and

tr = 18.2 min (minor).
The absolute configuration was assigned by analogy.

(R)-1-(4-chlorophenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.32): Following general
procedure C, the reaction was run for 2 days and 2.32 was obtained as a

Q;\/CO white solid in 91% yield; mp = 101-103 €; Rf= 0.28 (Hexanes/EtOAc
Q 90:10 v/v); [0]P20 9.3 (¢ 0.5, CHCI3, 94% ee); IR (KBr) 3393, 3307,
3052, 2919, 28?4, 1713, 1611, 1490, 1451, 1246, 1087, 1015, 815, 743, 510 cm™; H NMR
(500 MHz, CDCl3) & 7.57 (app dd, J = 7.6, 1.2 Hz, 1H), 7.45 (br s, 1H), 7.38-7.34 (comp,
2H), 7.33-7.29 (comp, 2H), 7.26-7.22 (m, 1H), 7.20-7.13 (comp, 2H), 5.76 (app t, J = 1.9
Hz, 1H), 4.30 (ddd, J = 11.3, 5.4, 3.1 Hz, 1H), 3.98 (ddd, J = 11.4, 9.5, 4.1 Hz, 1H), 3.09

(dddd, J = 15.0, 9.5, 5.3, 2.0 Hz, 1H), 2.90-2.79 (m, 1H); 3C NMR (125 MHz, CDCls) &
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138.14, 136.20, 134.91, 133.14, 129.93, 129.11, 127.06, 122.29, 119.92, 118.54, 111.16,
109.13, 75.47, 64.90, 22.37; m/z (ESI-MS) 284.2 [M + H]*; HPLC: Daicel Chiralpak AS-
H, n-hexane/i-PrOH = 93/7, Flow rate = 0.2 mL/min, UV = 280.16 nm, tr = 66.4 min (minor)

and tr = 69.8 min (major).
The absolute configuration was assigned by analogy.

(R)-1-(4-bromophenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.33): Following general
Q—C procedure C, the reaction was run for 2 days and 2.33 was obtained as a

\ 0
N white solid in 91% yield; mp = 116-118 €; R¢= 0.25 (Hexanes/EtOAc

Q 90:10 v/v); [0]20 —7.2 (c 0.5, CHCl3, 93% ee); IR (KBr) 3394, 3312,
3062, 2962, 2913':, 2852, 2369, 2341, 1716, 1506, 1481, 1451, 1253, 1073, 1043, 1011, 810,
735, 508 cm™:; 'H NMR (500 MHz, CDCl3) & 7.59-7.55 (m, 1H), 7.53-7.49 (comp, 2H),
7.44 (br s, 1H), 7.26—7.23 (comp, 3H), 7.20-7.12 (comp, 2H), 5.75 (app t, J = 1.9 Hz, 1H),
4.30 (ddd, J = 11.3, 5.4, 3.0 Hz, 1H), 3.98 (ddd, J = 11.3, 9.5, 4.1 Hz, 1H), 3.09 (dddd, J =
15.4, 9.5, 5.4, 2.0 Hz, 1H), 2.84 (dddd, J = 15.5, 4.1, 3.1, 1.9 Hz, 1H); ¥*C NMR (125 MHz,
CDCl3) 6 138.65, 136.20, 133.07, 132.08, 130.23, 127.05, 123.11, 122.31, 119.92, 118.55,
111.16, 109.13, 75.53, 64.91, 22.37; m/z (ESI-MS) 328.3 ("°Br) [M + H]", 330.3 (¢'Br) [M +
H]*; HPLC: Daicel Chiralpak AS-H, n-hexane/i-PrOH = 90/10, Flow rate = 0.2 mL/min,

UV =280.16 nm, tgr = 55.0 min (minor) and tr = 59.5 min (major).

The absolute configuration of 2.33 was assigned by X-ray crystallography:
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Compound 2.33 was crystallized from MeOH through slow evaporation at room temperature.

The requisite CIF has been submitted to the journal.

(R)-1-(p-tolyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.34): Following general procedure
C, the reaction was run for 2 days and 2.34 was obtained as a white solid

Q;\/QO in 90% yield; mp = 179-180 €; R¢= 0.24 (Hexanes/EtOAc 90:10 v/v);
Q [0]P20 —2.4 (c 0.5, CHCls, 95% ee); IR (KBr) 3394, 2947, 2909, 2859,

" 2819, 1446, 1298, 1081, 1041, 808, 740, 455 cm™*; *H NMR (500 MHz,

CDCl3) & 7.59 (app d, J = 6.5 Hz, 1H), 7.49 (br s, 1H), 7.33-7.24 (comp, 2H), 7.24-7.19
(comp, 3H), 7.19-7.13 (comp, 2H), 5.76 (s, 1H), 4.32 (ddd, J = 11.4, 5.5, 3.2 Hz, 1H), 3.99
(ddd, J = 11.3, 9.6, 4.1 Hz, 1H), 3.16-3.06 (m, 1H), 2.89-2.81 (m, 1H), 2.40 (s, 3H); °C
NMR (125 MHz, CDCl3) 6 138.86, 136.61, 136.11, 133.90, 129.53, 128.55, 127.13, 121.96,
119.69, 118.40, 111.10, 108.82, 75.98, 64.78, 22.42, 21.35; m/z (ESI-MS) 264.1 [M + H]*;

HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV =

280.16 nm, tr = 11.9 min (minor) and tr = 18.3 min (major).

The absolute configuration was assigned by analogy.
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(R)-1-(4-methoxyphenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole  (2.35): Following
Q_/CO general procedure C, the reaction was run for 3 days and 2.35 was
H\ obtained as a white solid in 84% yield; mp = 115-117 <€€; Rf=0.26

Q;Me (Hexanes/EtOAc 80:20 v/v); [a]P20 +0.6 (c 0.5, CHCIs, 84% ee); IR

(KBr) 3392, 2949, 2907, 2837, 1611, 1448, 1301, 1243, 1173, 1078, 1033, 968, 830, 735,
465, 508, 473 cm™*; 'H NMR (500 MHz, CDCls) § 7.59-7.54 (m, 1H), 7.46 (br s, 1H), 7.32—
7.27 (comp, 2H), 7.25-7.22 (m, 1H), 7.19-7.11 (comp, 2H), 6.92-6.88 (comp, 2H), 5.76
(app t, J = 1.9 Hz, 1H), 4.31 (ddd, J = 11.2, 5.3, 3.1 Hz, 1H), 3.98 (ddd, J = 11.2, 9.4, 4.1
Hz, 1H), 3.82 (s, 3H), 3.09 (dddd, J = 15.0, 9.5, 5.4, 2.1 Hz, 1H), 2.842 (dddd, J = 15.4, 4.0,
3.1, 1.8 Hz, 1H); ¥C NMR (125 MHz, CDClg) § 160.17, 136.11, 133.98, 131.75, 129.99,
127.14, 121.99, 119.71, 118.41, 114.22, 111.10, 108.94, 75.73, 64.79, 55.45, 22.44; m/z
(ESI-MS) 280.1 [M + H] *; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 90/10,

Flow rate = 1 mL/min, UV = 280.16 nm, tr = 20.8 min (minor) and tr = 31.3 min (major).
The absolute configuration was assigned by analogy.

(R)-1-(3-chlorophenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.36): Following general
procedure C, the reaction was run for 2 days and 2.36 was obtained as a

QI\/QO white solid in 73% yield; mp = 157-160 €; R¢= 0.18 (Hexanes/EtOAc
’ Q 90:10 v/v); [a]P20 —3.6 (c 0.5, CHCI3, 82% ee); IR (KBr) 3394, 3052,
2957, 2922, 2837, 1718, 1621, 1596, 1571, 1461, 1433, 1296, 1253, 1078, 1041, 855, 790,
740, 705, 690 cm™; 'H NMR (500 MHz, CDCl3) § 7.57 (ddd, J = 7.4, 1.5, 0.8 Hz, 1H), 7.45
(br s, 1H), 7.39-7.34 (comp, 2H), 7.34-7.30 (m, 1H), 7.29-7.23 (comp, 2H), 7.21-7.11
(comp, 2H), 5.77 (app t, J = 2.0 Hz, 1H), 4.32 (ddd, J = 11.3, 5.4, 3.0 Hz, 1H), 3.99 (ddd, J
=11.3, 9.5, 4.1 Hz, 1H), 3.10 (dddd, J = 15.1, 9.5, 5.4, 2.0 Hz, 1H), 2.89-2.78 (m, 1H); *C

NMR (125 MHz, CDClz) 6 141.75, 136.29, 134.95, 132.94, 130.22, 129.23, 128.59, 127.10,
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126.62, 122.36, 119.96, 118.58, 111.21, 109.19, 75.61, 65.00, 22.38; m/z (ESI-MS) 284.1
[M + H] *; HPLC: Daicel Chiralpak AS-H, n-hexane/i-PrOH = 90/10, Flow rate = 1

mL/min, UV =280.16 nm, tgr = 8.3 min (minor) and tr = 10.6 min (major).
The absolute configuration was assigned by analogy.

(R)-1-(3-iodophenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.37): Following general
Q_/C procedure C, the reaction was run for 3 days and 2.37 was obtained as a
ﬁ\ ‘——_O white solid in 78% yield; mp = 158-160 €; R¢= 0.17 (Hexanes/EtOAc

90:10 v/v); [a]P20 +3.1 (c 0.5, CHCls, 85% ee); IR (KBr) 3399, 2957,

2914, 2864, 2822, 1568, 1468, 1296, 1076, 1056, 800, 745, 675, 465 cm*; *H NMR (500
MHz, CDCls) § 7.78-7.67 (comp, 2H), 7.58 (app d, J = 7.2 Hz, 1H), 7.48 (br s, 1H), 7.34
(app d, J =7.8 Hz, 1H), 7.25 (app d, J = 8.2 Hz, 1H), 7.22—-7.14 (comp, 2H), 7.12 (app t, J =
7.7 Hz, 1H), 5.71 (app t, J = 1.9 Hz, 1H), 4.31 (ddd, J = 11.3, 5.3, 2.9 Hz, 1H), 3.98 (ddd, J
=11.3, 9.6, 4.1 Hz, 1H), 3.11 (dddd, J = 15.2, 9.7, 5.4, 2.1 Hz, 1H), 2.89-2.79 (m, 1H); °C
NMR (125 MHz, CDCls) 6 141.94, 138.11, 137.32, 136.22, 132.87, 130.62, 127.77, 127.01,
122.30, 119.90, 118.54, 111.21, 109.10, 94.86, 75.46, 64.99, 22.33; m/z (ESI-MS) 376.0 [M

+ H]*; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min,

UV =280.16 nm, tr = 14.2 min (minor) and tr = 17.1 min (major).
The absolute configuration was assigned by analogy.

(R)-1-(m-tolyl)-1,3,4,9-tetrahydropyrano[3,4-blindole  (2.38): Following  general
Q_\/C\O procedure C, the reaction was run for 2 days and 2.38 was obtained as a

N white solid in 86% yield; mp = 126-128 <€; Rs= 0.17 (Hexanes/EtOAc
MeQ 90:10 v/v); [0]P20 —4.9 (c 0.5, CHCls, 86% ee); IR (KBr) 3399, 3024,

2962, 2917, 2832, 1611, 1466, 1443, 1368, 1291, 1276, 1138, 1076, 1043, 748, 690 cm™*; 'H
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NMR (500 MHz, CDCl3) 6 7.61-7.55 (m, 1H), 7.47 (br s, 1H), 7.32-7.27 (m, 1H), 7.27-7.22
(m, 1H), 7.22-7.12 (comp, 5H), 5.76 (app t, J = 2.0 Hz, 1H), 4.35 (ddd, J = 11.5, 5.5, 2.8
Hz, 1H), 4.05-3.93 (m, 1H), 3.19-3.05 (m, 1H), 2.84 (dddd, J = 15.5, 3.9, 2.7, 1.4 Hz, 1H),
2.35 (s, 3H); ®C NMR (125 MHz, CDCls) § 139.48, 138.76, 136.14, 133.91, 129.84,
129.10, 128.78, 127.17, 125.67, 122.02, 119.75, 118.45, 111.14, 108.79, 76.37, 65.10, 22.44,
21.51; m/z (ESI-MS) 264.2 [M + H]*; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH =
90/10, Flow rate = 1 mL/min, UV = 254.16 nm, tr = 11.4 min (minor) and tr = 19.7 min

(major).
The absolute configuration was assigned by analogy.

(R)-1-(3-methoxyphenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole  (2.39): Following
Q_Q general procedure C, the reaction was run for 2 days and 2.39 was obtained
H\ ‘——_O as a white solid in 82% vyield;, mp = 107-109 €; Rf = 0.14

VoG (Hexanes/EtOAc 90:10 v/v); [a]0 —2.6 (c 0.5, CHCIs, 86% ee); IR

(KBr) 3284, 3049, 2939, 2894, 2844, 1606, 1581, 1491, 1448, 1276, 1228, 1151, 1041, 875,
805, 763, 690 cm; 'H NMR (500 MHz, CDCls)  7.56 (app dd, J = 7.5, 1.5 Hz, 1H), 7.47
(brs, 1H), 7.34-7.27 (m, 1H), 7.24 (app dd, J = 6.9, 1.4 Hz, 1H), 7.19-7.11 (comp, 2H), 6.98
(app dt, J = 7.5, 1.2 Hz, 1H), 6.95-6.89 (comp, 2H), 5.77 (app t, J = 1.9 Hz, 1H), 4.36 (ddd,
J=11.3,5.5, 2.8 Hz, 1H), 4.00 (ddd, J = 11.3, 9.8, 4.0 Hz, 1H), 3.78 (s, 3H), 3.12 (dddd, J =
15.3, 9.8, 5.5, 2.1 Hz, 1H), 2.83 (dddd, J = 15.4, 4.3, 2.7, 1.8 Hz, 1H); *C NMR (125 MHz,
CDCl3) 6 160.19, 141.19, 136.20, 133.72, 129.95, 127.22, 122.09, 120.70, 119.78, 118.46,
114.78, 113.67, 111.16, 108.76, 76.27, 65.12, 55.44, 22.43; m/z (ESI-MS) 280.3 [M + H] *;

HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV =

280.16 nm, tr = 15.8 min (minor) and tr = 30.7 min (major).

The absolute configuration was assigned by analogy.
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(R)-1-(3-(benzyloxy)phenyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.40):  Following
general procedure C, the reaction was run for 3 days and 2.40 was obtained

( 7 \E o
N as a white solid in 87% vyield; mp = 154-156 €; Rf = 0.15

Bno@ (Hexanes/EtOAc 90:10 v/v); [a]P20—9.0 (¢ 0.5, CHCls, 90% eg); IR (KBr)
3439, 3059, 3032, 2959, 2917, 2857, 1586, 1491, 1446, 1256, 1153, 1071, 1038, 735, 693
cm?; 'H NMR (500 MHz, CDClg) § 7.57-7.54 (m, 1H), 7.44-7.37 (comp, 3H), 7.37-7.33
(comp, 2H), 7.33-7.28 (comp, 2H), 7.25-7.22 (m, 1H), 7.19-7.11 (comp, 2H), 7.03-6.94
(comp, 3H), 5.77 (app t, J = 1.8 Hz, 1H), 5.05 (d, J = 11.6 Hz, 1H), 5.02 (d, J = 11.5 Hz,
1H), 4.34 (ddd, J = 11.4, 5.4, 2.8 Hz, 1H), 4.02-3.95 (m, 1H), 3.15-3.04 (m, 1H), 2.87-2.76
(m, 1H); 3C NMR (125 MHz, CDCl3) & 159.31, 141.19, 136.90, 136.17, 133.65, 130.04,
128.70, 128.14, 127.70, 127.19, 122.10, 120.95, 119.80, 118.48, 115.61, 114.61, 111.19,
108.78, 76.21, 70.15, 65.13, 22.43; m/z (ESI-MS) 356.3 [M + H] *; HPLC: Daicel

Chiralpak AS-H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV = 254.16 nm, tr =

12.0 min (minor) and tr = 15.8 min (major).
The absolute configuration was assigned by analogy.

(R)-1-(naphthalen-2-yl)-1,3,4,9-tetrahydropyrano[3,4-blindole (2.41): Following general
procedure C, the reaction was run for 2 days and 2.41 was obtained as a

Q;\/CO white solid in 86% yield; mp = 185-187 €; Rf= 0.21 (Hexanes/EtOAc
O 90:10 v/v); [a]P20 —104.6 (c 0.5, CHCls, 88% ee); IR (KBr) 3378, 3042,

2961, 2889, 2839, 1506, 1466, 1449, 1370, 1293, 1253, 1141, 1073, 1048,

863, 824, 739, 484 cm™; H NMR (500 MHz, CDCl3) & 7.90-7.81 (comp, 4H), 7.64-7.58
(m, 1H), 7.56-7.50 (comp, 2H), 7.49-7.44 (comp, 2H), 7.23-7.14 (comp, 3H), 5.94 (app t, J
= 1.9 Hz, 1H), 4.37 (ddd, J = 11.3, 5.4, 3.0 Hz, 1H), 4.04 (ddd, J = 11.2, 9.5, 4.1 Hz, 1H),

3.16 (dddd, J = 15.2, 9.5, 5.4, 2.1 Hz, 1H), 2.95-2.79 (m, 1H); *C NMR (125 MHz,
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CDCls) 6 137.02, 136.21, 133.73, 133.28, 128.94, 128.22, 127.89, 127.72, 127.18, 126.61,
126.50, 125.99, 122.11, 119.80, 118.50, 111.18, 108.94, 76.36, 64.95, 22.47; m/z (ESI-MS)
300.1 [M + H]*; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 90/10, Flow rate = 1

mL/min, UV =280.16 nm, tgr = 20.0 min (minor) and tr = 25.0 min (major).
The absolute configuration was assigned by analogy.

(R)-1-(o-tolyl)-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.42): Following general procedure

Q_/C\ C, the reaction was run for 2 days and 2.42 was obtained as a white solid
O

H\ Me in 91% vyield;, mp = 98-100 €; R¢= 0.26 (Hexanes/EtOAc 90:10 v/v);

Q [a]P20 —4.5 (c 0.5, CHCIs, 48% ee); IR (KBr) 3397, 3289, 3052, 2954,

2909, 2847, 1453, 1303, 1256, 1076, 1041, 740 cm™*; H NMR (500 MHz, CDCl3) § 7.60—

7.54 (m, 1H), 7.47 (br s, 1H), 7.30-7.22 (comp, 3H), 7.20-7.10 (comp, 4H), 6.02 (app t, J =

2.1 Hz, 1H), 4.29 (ddd, J = 11.3, 5.2, 3.5 Hz, 1H), 3.99 (ddd, J = 11.4, 9.0, 4.1 Hz, 1H), 3.08

(dddd, J = 16.1, 9.0, 5.3, 1.9 Hz, 1H), 2.87 (app dtd, J = 15.4, 4.0, 1.8 Hz, 1H), 2.42 (s, 3H);

13C NMR (125 MHz, CDCl3) & 137.83, 137.15, 136.09, 133.58, 131.26, 129.49, 128.95,

127.15, 126.17, 121.99, 119.77, 118.39, 111.11, 109.21, 73.98, 64.70, 22.47, 19.14; m/z

(ESI-MS) 264.2 [M + H] *; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 90/10,

Flow rate = 1 mL/min, UV =280.16 nm, tr = 10.5 min (minor) and tr = 16.6 min (major).
The absolute configuration was assigned by analogy.

(R)-7-chloro-1-phenyl-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.43): Following general
\ procedure C, the reaction was run for 4 days and 2.43 was obtained as a

; H\ %, White solid in 89% yield; mp = 106-108 €; R¢= 0.18 (Hexanes/EtOAC
90:10 v/v); [0]P20 +25.2 (¢ 0.5, CHCls, 94% ee); IR (KBr) 3414, 3279, 2964, 2917, 2837,

1451, 1301, 1241, 1146, 1051, 903, 850, 803, 755, 690 cm™; *H NMR (500 MHz) & 7.45 (s,
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1H), 7.44 (br s, 1H), 7.41-7.33 (comp, 5H), 7.22-7.19 (m, 1H), 7.11-7.08 (m, 1H), 5.76 (app
t, J = 1.9 Hz, 1H), 4.32 (ddd, J = 11.4, 5.5, 2.9 Hz, 1H), 3.98 (ddd, J = 11.3, 9.8, 4.0 Hz,
1H), 3.15-3.00 (m, 1H), 2.85-2.72 (m, 1H); 3C NMR (125 MHz, CDCl3) 139.27, 136.48,
134.47, 129.20, 129.03, 128.51, 127.82, 125.79, 120.46, 119.28, 111.14, 109.02, 76.14,
64.89, 22.30; m/z (ESI-MS) 284.2 [M + H]*; HPLC: Daicel Chiralpak AD-H, n-hexane/i-
PrOH = 90/10, Flow rate = 1 mL/min, UV = 254.16 nm, tr = 9.9 min (minor) and tr = 14.1

min (major).
The absolute configuration was assigned by analogy.
(R)-6-bromo-1-phenyl-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.44): Following general

procedure C, the reaction was run for 4 days and 2.44 was obtained as a

Q_\/C\O white solid in 91% vyield; mp = 100-102 <€€; R¢= 0.21 (Hexanes/EtOAc

N =

Br.

90:10 v/v); [a]P20 —62.5 (c 0.5, CHCl3, 92% ee); IR (KBr) 3414, 3282,
2954, 2917, 2842, 1451, 1296, 1078, 1043, 986, 793 ,698 cm™; H NMR (500 MHz) § 7.67
(s, 1H), 7.46 (br s, 1H), 7.43-7.33 (comp, 5H), 7.25-7.21 (m, 1H), 7.12-7.08 (m, 1H), 5.78
(appt, J = 2.0 Hz, 1H), 4.33 (ddd, J = 11.5, 5.5, 2.8 Hz, 1H), 4.02-3.94 (m, 1H), 3.06 (dddd,
J =155, 9.6, 5.6, 2.0 Hz, 1H), 2.81-2.74 (m, 1H); C NMR (125 MHz, CDCls) § 139.25,
135.24, 134.78, 129.21, 129.06, 128.98, 128.47, 124.88, 121.22, 113.04, 112.52, 108.66,
76.20, 65.00, 22.29; m/z (ESI-MS) 328.1 ("Br) [M + H]*, 330.1 ('Br) [M + H]*; HPLC:
Daicel Chiralpak AD-H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV = 280.16 nm,

tr = 13.9 min (minor) and tr = 21.1 min (major).

The absolute configuration was assigned by analogy.
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(R)-5-methyl-1-phenyl-1,3,4,9-tetrahydropyrano[3,4-b]indole (2.45): Following general
Me procedure C, the reaction was run for 4 days and 2.45 was obtained as a

\ O white solid in 75% yield; mp = 155-158 €; Rf= 0.20 (Hexanes/EtOAc

oo 90:10 v/v); [0]P20 —45.9 (c 0.5, CHCl3, 81% ee); IR (KBr) 3294, 2979,
2937, 2849, 1443, 1373, 1333, 1141, 1073, 1041, 976, 750, 698 cm*; 'H NMR (500 MHz) §
7.47-7.32 (comp, 6H), 7.08-6.98 (comp, 2H), 6.87-6.82 (m, 1H), 5.80 (app t, J = 1.9 Hz,
1H), 4.31 (ddd, J = 11.4,5.5, 2.9 Hz, 1H), 3.98 (ddd, J = 11.3, 9.7, 4.0 Hz, 1H), 3.35 (dddd,
J =153, 9.8, 5.5, 2.2 Hz, 1H), 3.14-3.06 (m, 1H), 2.69 (s, 3H); 3C NMR (125 MHz,
CDCl3) 6 139.69, 136.10, 133.29, 130.74, 129.06, 128.96, 128.58, 126.21, 122.09, 120.93,
109.15, 108.86, 76.44, 65.24, 24.95, 19.71; m/z (ESI-MS) 264.1 [M + H]*; HPLC: Daicel

Chiralpak AD-H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV = 280.16 nm, tr =

19.1 min (major) and tr = 26.7 min (minor).
The absolute configuration was assigned by analogy.

9-methyl-1-phenyl-1,3,4,9-tetrahydropyrano[3,4-blindole (2.46):  Following general
procedure C, the reaction was run at room temperature for 24 hours and 2.46

o
Q:\/Q was obtained as a white solid in 62 % yield; mp = 103-105 €; R¢= 0.36

)
Me Ph

(Hexanes/EtOAc 90:10 v/v); IR (KBr) 3029, 2977, 2917, 2854, 1466,
1378, 1258, 1183, 1056, 898, 735, 698, 615, 503 cm™; *H NMR (500 MHz) § 7.63-7.60 (m,
1H), 7.41-7.35 (comp, 3H), 7.34-7.29 (comp, 2H), 7.29-7.28 (m, 1H), 7.28-7.23 (m, 1H),
7.20-7.15 (m, 1H), 5.92 (app t, J = 1.3 Hz, 1H), 4.04 (app dt, J = 11.4, 5.6 Hz, 1H), 3.94
(app dt, J = 11.3, 5.2 Hz, 1H), 3.28 (s, 3H), 2.99-2.95 (comp, 2H); ¥C NMR (125 MHz,
CDCl3) 6 139.65, 137.30, 134.09, 129.09, 128.85, 128.78, 126.60, 121.61, 119.26, 118.43,

109.00, 108.59, 74.66, 62.13, 30.29, 22.50; m/z (ESI-MS) 264.2 [M + H]"; HPLC: Daicel
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Chiralpak AD-H, n-hexane/i-PrOH = 90/10, Flow rate = 1 mL/min, UV = 280.16 nm, tr =

9.8 min and 13.3 min.

3-(2-(methoxy(phenyl)methoxy)ethyl)-1H-indole (2.47): To a solution of tryptophol (0.5

W ‘<o,\,,e g, 3.1 mmol, 1 equiv) in CHxCl, (62 mL, 0.05 M) was added
\ (0]

N Ph benzaldehyde dimethyl acetal (0.70 mL, 4.65 mmol, 1.5 equiv) and
pyridinium p-toluenesulfonate (39 mg, 0.16 mmol, 5 mol%). The reaction mixture was
stirred at room temperature for 1 hour before being quenched with trimethylamine (0.1 mL).
The resulting mixture was then concentrated under reduced pressure and purified by flash
chromatography on silica gel to afford 2.47 as a colorless oil in 16% vyield. Rf= 0.31
(Hexanes/EtOAc 85:15 v/v); IR (film) 3409, 3054, 2927, 2872, 2361, 1453, 1418, 1353,
1203, 1098, 1043, 740, 703 cm™*; 'H NMR (500 MHz) § 7.97 (br s, 1H), 7.63—7.60 (m, 1H),
7.51-7.46 (comp, 2H), 7.41-7.30 (comp, 4H), 7.20 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.13 (ddd,
J=8.0,7.0, 1.0 Hz, 1H), 7.05-7.03 (m, 1H), 5.52 (s, 1H), 3.90 (app dt, J = 9.4, 7.2 Hz, 1H),
3.81 (app dt, J = 9.5, 7.2 Hz, 1H), 3.32 (s, 3H), 3.15-3.10 (comp, 2H); *C NMR (125 MHz,
CDClz) 6 138.55, 136.24, 128.51, 128.30, 127.65, 126.82, 122.14, 122.00, 119.33, 118.92,

113.01, 111.17, 102.69, 66.08, 52.80, 25.93; m/z (ESI-MS) 250.1 [M — OMe]".
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Chapter 111 Metal/Acid-Thiourea Cooperative Dual Catalysis
3.1 Background

3.1.1 A3 Reactions

Propargylamines are compounds of substantial synthetic value and are most readily
accessed by addition of terminal alkynes to imines or iminium ions (Scheme 3.1).* When
the imine or iminium ion is prepared in situ from an aldehyde and an amine, these
transformations are referred to as A® coupling. Pioneered by Carreira® and Li,° many
transition metals have been demonstrated to catalyze the A® reaction featuring different

substrate sets, among which Cu has been most widely used.

Scheme 3.1 The A2 coupling reactions with primary and secondary amines.

R2 _H
.'N,R2 H—R3 N
RICHO + R?NH, —— = ‘
A Metal R™
—H,0 RY "H eta X R
R2 _RS
2R3 RO R® H—rR* N
R'CHO + N7 ——— I x© N
H
—H,0 R H Metal A Rt

In 2002, Li reported the first highly enantioselective A3 coupling between
phenylacetylene and various imines generated in situ from anilines and aromatic aldehydes
(Scheme 3.2).” Tridentate bis(oxazolinyl)pyridine (pybox) ligands outperformed bidentate
bis(oxazoline) (box) and other chiral ligands evaluated. CuOTf and toluene proved to be
optimal among other metal sources and solvents. High levels of reactivity and
enantioselectivity are obtained with a wide variety of substituted aromatic aldehydes. Albeit
with slight attenuated yields and ee’s, water was also demonstrated as a viable solvent for

these reactions with satisfactory results.
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Following Li’s seminal work, enantioselective A® reactions of primary amines has

8-15 18-23

been extensively studied with various ligand types such as (py)box,® ™ pybim,***" imino
and amino®*?® (Figure 3.1) as well as additives?® and other metal sources such as Zn,?" 3t zr32

and Ag.®

Scheme 3.2 The first enantioselective A2 coupling reactions by Li.

PhMe or H,0O
78-96% ee

‘ AN
A% _H 0 = o]
-'NAr2 H———Ph N , N |\>
Ar'CHO + ArPNH; — > b > N N—/
_H,0  Ar"H  CuOTfpybox (10mol%) AT N o %
3.4

Figure 3.1 Representative ligands studied in enantioselective A® reactions with primary amines.
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Despite the extensive reports on enantioselective A3 reactions, methods

AN

accommodating secondary amines are rare.>**? The first catalytic enantioselective A3
reaction with secondary amines was reported by Knochel and coworkers who employed
CuBr in combination with QUINAP (Scheme 3.3).3* Dibenzyl and diallyl amines are used in
combination of various aldehydes and alkynes. Aliphatic aldehydes are well tolerated while
aromatic ones give slightly inferior results. Electronics on the aromatic aldehydes has minor
effect on the selectivity but the electron deficient para-CFz group results in considerable loss

of the reactivity.  Both aliphatic and aromatic alkynes are well tolerated with
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trimethylsilylacetylene affording the best selectivity. Mechanistic studies show a strong
positive non-linear effect, in accord with a dimeric Cu-QUINAP crystal structure. The strong
positive non-linear effect can be attributed to the heterochiral metal complex reacting at a

significantly slower rate than the homochiral metal complex.

Scheme 3.3 QUINAP enabled enantioselective A coupling reactions with secondary amines.

73
LN

R2 R? CuBr (5 mol%) R? _R®
. 2
RicHO + N (R)-QUINAP (5.5 mol%) N
s’ PPh
17% 2
PhMe, rt, 1-6 d RJ\
+ H—R* R*

32-96% ee QUINAP

Carreira reported an important class of P, N ligands named PINAP, with the design
notion that an additional chiral group would facilitate the resolution during ligand preparation
by column chromatography or crystallization.® This is especially attracting given the
popular yet expensive QUINAP ligand requires a nontrivial synthesis, including a resolution
step using a preformed chiral Pd complex. The QUINAP/CuBr system shows excellent
reactivity and selectivity towards the enantioselective A3 reactions with dibenzylamine and 4-
piperidone (Scheme 3.4).%° Aliphatic aldehydes are well tolerated while benzaldehyde is
considerably less reactive. Similar to Knochel’s report, trimethylsilylacetylene displays

highest level of selectivity.

Scheme 3.4 PINAP enabled enantioselective A® coupling reactions with secondary amines.

Me

HN"Ph
Z N
R2 RS CuBr (5 mol%) RZ2 RS O n

. 2 .
R'CHO + H (R, R)-PINAP (5.5 mol%) N N
17%
PhMe or CH,Cl R J\ PPh,

e e

70-96% ee

PINAP
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QUINAP and PINAP represent a class of atropisomeric P, N ligands featuring fused
6-membered aromatic rings.** When 5-membered heteroaromatic rings are used, a reduced
rotation barrier is encountered, making ligand design unfavorable in terms of conformational
stability.** In 2013, Aponick introduced a new class of P, N ligand later named StackPhos,
with the design notion that stabilization of the catalyzed conformation can be realized by n-
stacking (Scheme 3.5).*  Such stabilization mechanism is further supported by the
conformational instability of a nonfluorinated ligand. The StackPhos/CuBr system affords
enantioselective A® reactions with excellent yields and ee’s for both aromatic and aliphatic

aldehydes in combination with trimethylsilylacetylene and dibenzylamine.

Scheme 3.5 StackPhos enabled enantioselective A coupling reactions with secondary amines.

Ph Ph

ne _Bn CuBr (5 mol%) Bn. .Bn N _N

B F,
;
R'CHO + ” (S)-StackPhos (5.5 mol%) N
Ré\ F E PPh,
PhMe, 0°C, 24h N
+ H——=—TMS e ™S A

F
89-97% ee

StackPhos
3.1.2 Conjugate-Base-Stabilized Brensted Acids

Chiral Brensted acid catalysis has been a versatile strategy towards numerous
chemical transformations,* with chiral phosphoric acids being most popular.®® On the other
hand, chiral carboxylic acids, albeit abundant, are less frequently used in asymmetric
catalysis.*” One main disadvantage of carboxylic acids is their intrinsic weaker acidity
compared to phosphoric acids. Our group designed a new class of chiral Brensted acids, with
the design notion that an intramolecularly tethered anion-binding moiety would bind with the
conjugate base thus increasing the Brensted acidity as well as the structure rigidity.*®
Meanwhile, the interaction between the conjugate base and cationic intermediate will be

attenuated, resulting in an increased electrophilicity of the latter. A number of chiral



78

Brensted acids based on this design notion were prepared and applied to the enantioselective
Povarov reactions with secondary amines. Readily accessible catalyst 3.2 proved to be
optimal, affording the desired products with excellent yields and ee’s. With regard to the
substrate scope, both aliphatic and diversely substituted aromatic aldehydes, indolines with
different para-substituents as well as N-vinylacetamide as dienophile are well tolerated. The
versatility of catalyst 3.2 was further demonstrated by its application in the enantioselective
Pictet-Spengler reactions with unmodified tryptamine®® and an intramolecular version of the

Povarov reaction.

R xj o 3.2 (20 mol%) j
a + & + RCHO —————————>
@ N NN PhMe (0.05 M)
H

4A MS, -55 °C o \ s CF,
Br NH HN—4
up to > 99% ee HN
24 examples Br COOH
CF3
Br Br
3.2
\H 3.2 (10 mol%)
(b) \ 2 ) —_— NBoc
\ + RCHO + (Boc)0 oo 0,05 M) N\
H 3AMS, rt H R

up to 92% ee
16 examples

Scheme 3.6 Conjugate-base-stabilized chiral Brensted acid and its application.

3.2  Enantioselective A% Reactions of Secondary Amines with a

Cu(I)/Acid—Thiourea Catalyst Combination

As mentioned in previous section, the catalytic enantioselective synthesis of
propargylamines derived from primary amines is a well-developed process, most commonly
utilizing copper (1) catalysis and ligands such as pybox. Copper and silver salts have also
been used in combination with different organocatalysts. When secondary rather than

primary amines are employed, the nature of the reaction changes dramatically as do the
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requirements for asymmetric catalysis. Rather than involving imines as intermediates,
secondary amines by necessity require the initial formation of iminium ions. Presumably
because of this added difficulty, substantially fewer reports have addressed the challenge of
performing catalytic enantioselective A® reactions with secondary amines (Scheme 3.7).
Without exception, these processes require the use of a phosphine-based ligand.
Trimethylsilylacetylene is used predominantly and is often required to achieve high
enantioselectivities. The conjugate-base-stabilized Brensted acid catalyst developed by our
group demonstrated high efficiency towards asymmetric Povarov reactions with secondary
amines. As these reactions are thought to proceed via intermediates related to secondary
iminium ion, we reasoned that such carboxylic acid-thioureas catalyst might serve as

effective chiral cocatalysts in Cu(l)-catalyzed A® reactions.
Scheme 3.7 Synthesis of enantioenriched propargylamines via A® coupling reactions.

Enantioenriched propargylamines from primary amines:

H—R?
Cu(l) or Ag(l) salt R2 H
.R? . “N”
2 N chiral cocatalyst
R'CHO + R°NH, ——— J\ > R1J*\
“H,0 R H X o
Enantioenriched propargylamines from secondary amines:
Cu(l) salt
R? R o RGR RZ®,R3
R'CHO + N chiral cocatalyst “N” o
H > e via: X
RPN R"OH
+ H———R* —H,0 R4
Previously used ligands: ' New approach:

Me

! S

Ph.  Ph ‘ O\
‘ LA
! - N)’LN r

H
= = '—(i
‘ " ‘ Sy H OH
N N R NN I Os_NH
PPh, PPh, F E PPh, ! COOH
o Cc o, Qé |

QUINAP PINAP StackPhos

3.2.1 Optimization
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Benzaldehyde, pyrrolidine and phenylacetylene were selected as model substrates to
evaluate the title reaction (Table 3.1). Indeed, catalyst 3.2, when used in combination with
Cul, facilitated the formation of product 3.14 in good yield albeit with only 20% ee (entry 1).
Interestingly, acid-thiourea 3.3, a poor catalyst for Povarov* and Pictet-Spengler*® reactions,
provided a marked increase in enantioselectivity (entry 2). Subsequent evaluation of various
solvents led to further improvements with dichloromethane providing the best results (entry
3). Interestingly, replacement of Cul for either CuBr or CuCl led to inferior results (entries 4
and 5). Remarkably, and in stark contrast to our earlier studies, urea catalyst 3.4 was equally
active as thiourea 3.2. However, product 3.14 was obtained in racemic form (entry 6).

Table 3.1 Optimization of reaction conditions.

Cul (10 mol%) O

O cocatalyst (11 mol%) N
PhCHO + N + H———Ph >
H solvent (0.1 M), 4A MS, rt /\
0.25 mmol 1.2 equiv 1.5 equiv
CF3 R

-
O
53?
%}

z CF3 z z
NH NH NH
Br COOH ES/COOH COOH
Br Br R
Br 3.2 3.3(X=S,R=CFy) R 3.6 (R=Cl)
3.4 (X=0,R=CF;) 3.7 (X = OMe)
CF, 3.5(X=S,R=H)

z 3 z 3
COOH o NH O« NH
O ~_COOH T/COOH
3.8
NH NH :
%COOH 5 FsC
; 3.13
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entry cocatalyst solvent time [h] yield (%) ee (%)
1 3.2 PhCH3 3 78 20
2 33 PhCHj3 6 91 60
3 33 CH:ClI; 2 90 73
42 33 CHCI; 2 92 64
5° 33 CHCI; 3 82 25
6 34 CH.Cl, 3 92 0
7 3.5 CH.CI, 4 89 14
8 3.6 CHCI; 2 92 64
9 3.7 CH.CI, 2 92 73
10 3.8 CH.CI; 2 94 70
11 3.9 CH:Cl; 4 96 42
12 3.10 CH:Cl; 4 94 -5
13 3.11 CH.CI, 3 91 74
14 3.12 CH:Cl; 3 92 0
15 3.13 CH:Cl; 24 70 8
16° 3.11 CH.CI; 3 92 82
17¢d 3.11 CH.Cl, 3 91 88
18cde 3.11 CHCl, 12 92 92

[a] with CuBr. [b] with CuCl. [c] With 5 A MS. [d] Reaction was run at a 1 mmol scale with 4 mol%
Cul and 3 mol% cocatalyst. [e] Reaction was run at 0°C.

Table 3.2 Evaluation of other reaction parameters.

Cul (10 mol%)

O cocatalyst (11 mol%) Q
PhCHO + N + H—=—Ph - :
H solvent (0.1 M), 4A MS, rt Ph/\
0.25 mmol 1.2 equiv 1.5 equiv 3.14 P

dehydrating time  vyield ee

entry  cocatalyst CuX agent solvent (h) (%) (%)
1 3.3 Cul 4 AMS TBME 4 85 55
2 3.3 Cul 4 AMS DCE 2 94 71
3 3.3 CulOTN OS5 4 AMS  cHCl, 2 80 28

PhCH3
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4 3.3 Cu(OAc), H:0 4AMS  CHCl, 2 90 -11
5 33 Cu(CHsCN),BF; 4AMS  CHJ.Cl, 3 91 17
6 none Cul 4AMS  CHCl, 3 63 -
7 none Cul 4AMS  CHCl, 24 91 -
8 3.3 Cul 3AMS  CHCl, 3 91 81
9 3.3 Cul Drierite? CHCl; 5 57 71
10 33 Cul Na;SO;, CH.Cl, 5 23 61
11 33 Cul MgSOs  CHCl, 5 15 57
12 3.3 Cul None CHCl; 5 10 58
13° 3.11 Cul 5AMS  CHJCl, 12 89 92

[a] Stock# 14005, purchased from W.A. Hammond Drierite Co., Ltd. [b] Reaction was performed on a
1 mmol scale at 0 <T with 3 mol% cocatalyst, 4 mol% Cul and at a 0.05 M concentration.

Removal of the two trifluoromethyl groups on the catalyst’s thiourea moiety was also
detrimental (entry 7). Other modifications targeting the carboxylic acid moiety were
tolerated to varying degrees but failed to provide any improvements (entries 8-12). A
slightly more selective catalyst, compound 3.11, was obtained through introduction of an
additional bromine substituent between the two flanking trifluoromethyl groups (entry 13).
The poor results obtained with catalyst 3.12 and the Nagasawa catalyst (3.13) clearly
demonstrate that a carboxylic acid substituent is essential for effective catalysis (entries 14

and 15).

Further optimizations were conducted with catalyst 3.11 (Table 4.2). Replacement of
4 A with 5 A molecular sieves provided a boost in enantioselectivity (74 vs. 82% ee).
Evaluation of various ratios of Cul and cocatalyst 3.11 led to the interesting observation that
higher selectivities are obtained when Cul is used in slight excess (Table 4.3). Furthermore,
the catalyst loading could be reduced and optimal results were obtained with 4 mol% of Cul
and 3 mol% of 3.11. Finally, product 3.14 was obtained with 92% ee in a reaction conducted

at 0°C (entry 18).
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Table 3.3 Optimization of catalyst concentration and cocatalyst/metal ratio.

O Cul, 3.11 Z N }
+ H H

PhCHO  + N =——Ph >

H CH,Cl, (0.1 M), 5A MS PhN
0.25 mmol 1.2 equiv 1.5 equiv rt, 3h ST
entry 3.11 (mol%) Cul (mol%) yield (%) ee (%)
1 10 10 90 83
2 4 4 92 &5
3 3 3 91 87
4 2 2 88 84
5 4 3 92 80
6 3 4 91 88
7 3 5 90 88
8 3 7 92 86

It has previously been demonstrated that metal/ligand ratios can have a profound
effect on the outcome of catalytic enantioselective reactions. Other cases are known in which
an excess of metal salt leads to higher selectivities, due to varied aggregation behavior
between the metal and the ligand.®>® To obtain insights into potential catalyst aggregation
phenomena that might affect the catalytic process, we evaluated A® reactions catalyzed by 3.3
possessing varying levels of enantiopurity (Figure 3.2). However, no non-linear effects were

observed.
Figure 3.2 Non-linear effect study.

Cul (4 mol%)

3.3 (3 mol%) [N>
PhCHO + <>+H*Ph - :

N
H CH,Cl, (0.1 M) Ph/\
5AMS, t, 3h Ph

1 mmol 1.2 equiv 1.5 equiv
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% ee of
product

0 20 40 60 80 100
% ee of 3.3

3.2.2 Substrate Scope

The scope of the catalytic enantioselective A® reaction with pyrrolidine was found to be
relatively broad (Scheme 3.8). Aromatic aldehydes and terminal arylalkynes with
electronically diverse substituents in different ring-positions were well tolerated. More
challenging terminal alkynes with alkyl and alkenyl substituents were also viable substrates.
Lower selectivities were obtained with aliphatic aldehydes. Whereas azepane performed
similarly to pyrrolidine with regard to selectivity and reactivity, piperidine proved to be less
reactive and provided product with reduced selectivity. Interestingly, in a reaction of 1,2,3,4-
tetrahydroisoquinoline performed with Cul and 3.11 at rt for 24 h, 3.37 and its corresponding
redox-A® product were obtained in a 6:1 ratio, and with 54% and 49% ee, respectively (77%
overall yield, see Experimental Section). The use of CuBr in place of Cul allowed for the
exclusive formation of 3.37, albeit with moderate enantioselectivity. A preliminary study of
ketone substrates indicated no formation of the desired products 3.38 and 3.39. of To
illustrate the utility of this process, a reaction was performed on a 10 mmol scale with only 1
mol% of 3.11 (Scheme 3.9). A high level of efficiency was maintained and product 3a was

obtained in 94% yield and 90% ee.



Scheme 3.8 Substrate scope.
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Cul (4 mol%)

2 3
1 R2 R 3.11 (3 mol%) R‘N,R
R'CHO + H + H R* > :
CH,Cl, (0.1 M) R1\ \
o R
1 mmol 1.2 equiv 1.5 equiv 5AMS,0°C, 12h

() ()

()

()

N N N N N
X X X X X
Ph Ph Ph Ph Ph
Cl Br F MeO Me
3.15 3.16 3.17 3.18 3.19
90% yield 81% yield 90% yield 90% yield 91% vyield
92% ee 92% ee 93% ee 96% ee 95% ee
N N N MeO N F N
F. - MeO ~ Me ~ 2 ~
X X X X A
Ph Ph Ph Ph Ph
3.20° 3.21 3.22 3.23 3.242
72"/2 yield 95% yield 97% yield 87% yield 78% vield
89% ee 94% ee 94% ee 92% ee 86% ee

() ()

N
AN NN
Ph Ph

nz
"z

()

Z@

"z

\/\/\ % Ph %
Ph O
3.28 Br 3.29 E
8

e 529 96‘;}27eld 94% yield 6% yield
96% yield 63% yield oyl o yie o yi
94zﬁ)yee 922A;yee 73% ee 94% ee 93% ee
N N N N Q
Ph7 Oy Ph” O PN Ph/\ P
CgH17
3.30 OMe 3.31 Me 3.32 3.33 3.34
97% yield 92% yield 80% yield 91% yield 95% yield
90% ee 92% ee 88% ee 92% ee 90% ee

)

0

o0

N
Ph/\ ph/\ P Ph/i%\ Ph@
Ph Ph Ph Ph MeO [e] Ph
3.352 3.36° 3.38 3.39
80% yield 95% yield 95% yield 0% yield 0% yield
88% ee 68% ee 61% ee

[a] Run at —30°C for 48 h. [b] The ee was determined after demethylation. [c] Run

CuBr was used instead of Cul.

at rt for 24 h. [d]
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Scheme 3.9 Scale-up reaction at lower catalyst loading.
Cul (1.3 mol%)
3.11 (1 mol%) <N>
PhCHO + [ ) + H———~Ph H

N z
H CH,Cl, (0.1 M) Ph\
5AMS,0°C,24h 344 N

94% vyield
90% ee

10 mmol 1.2 equiv 1.5 equiv

3.3 Transformation of A3 Products to Enantioenriched Allenes

3.3.1 Background

Allenes are important synthetic intermediates as well as structural moieties
incorporated in natural products and drug molecules.>* Crabbéreported the seminal work on
CuBr catalyzed allene synthesis from propargylic amines, which are synthesized via a three-
component coupling reaction between formaldehyde, diisopropylamine and terminal alkynes
(Scheme 3.10). It was also demonstrated that a one-pot procedure without isolating the

propargylic amine also gave satisfactory results.

Scheme 3.10 Seminal work on allene synthesis from propargylic amines.

H CuBr (33 mol%)

||+ HcHO +)\NJ\ dioxane (0.33 M) ~ R1/\
H

R1 reflux 26-97%
1 equiv 1.6 equiv 1.2 equiv

Following Crabbé’s seminal work, many reports have emerged on this transformation,
either from propargylic amines or directly from aldehydes, amines and alkynes. As a result,
the substrate scope of this reaction has been largely expanded, accommodating aldehydes
other than paraformaldehyde.>®®” For example, Ma reported a one-pot procedure for 1,3-
disubstituted allenes from alkynes, aldehydes, and morpholine (Scheme 3.11).%® Cheap metal
source Znl, was found most efficient to promote the reaction with various aromatic and
aliphatic aldehydes. Simple aliphatic alkynes, terminal propargylic alcohols as well as

terminal propargylic tosylamide are all suitable substrates, affording corresponding allenes,



87

allenols and allenyl tosylamides in satisfactory yields. The authors proposed a mechanism

involving a metal-promoted 1,5-hydride transfer followed by -elimination.

Scheme 3.11 Ma’s one-pot synthesis of 1,3-disubstituted allenes.

(0] Znl1,(80 mo %)
+ R,—CHO  + [ j > R R
2 N PhCHj (0.33 M) R
H

130°C

H
R
1.0 mmol 1.8 equiv 1.4 equiv

Proposed mechanism

ol L),

I,Znd R4

Not surprisingly, many transformations leading to enantioenriched allenes have also
been reported from propargylic amines.” The first example was reported by Che, where the
authors discovered an efficient transformation of enantioenriched propargylic amines to
allenes with high level of chirality transfer (Scheme 3.12).° Many substituents on the
aromatic ring are well tolerated including a formyl group, albeit with attenuated yield.
Considerable ee loss is observed when a cyclohexenyl group is present on the alkyne. With
regard to the mechanism, a peak corresponding to Au(l) adduct of the starting material is
observed on electron-spray-ionization mass spectrometry, suggesting the possibility of Au(l)
being the active species, presumably generated in situ from reduction of Au(lll) by amine.
Deuterium labeling experiments indicate the transferring hydride originates intramolecularly

from the prolinol ring a-methylene group.

Scheme 3.12 Conversion of propargylic amines to allenes with retention of chirality by Che.

Q\\ KAUCI, (10 mol%) R H

OH . _
R! N H’ ':< 2
A CH3CN, 40°C, 24h R

99% ee up to 97% ee
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Subsequently, many similar transformations using different metals such as Ag,%
Zn,*+%2 Cu®® were reported, either using one-pot procedure from aldehydes, alkynes, amines
or from premade propargylic amines. Without exception, the optical purity of the final
allenes originate from stoichiometric use of enantioenriched cyclic amines with chirality on

the 2 positions (Figure 3.3).

Figure 3.3 Commonly used enantioenriched amines for propargylamine-allene transformation.
\
Ph N
H OH H  OH H ”

Scheme 3.13 Catalytic enantioselective synthesis of allenes by Ma.

1) CuBr (5 mol%)

R R O (R, R)-PINAP (5.5 mol%) H
. 2. 4A MS, PhCH3 Ry,
Y—= + R*CHO + N\ .~ s 1
HO H 2) Removal of CuBr with filtration R
3) Znl, (45 mol%), Nal (50 mol%) HO R'

PhCH3, 110°C 90~97% ce

1) CuBr (5 mol%)

O (R, R)-PINAP (5.5 mol%) H
o B 4A MS, PhCH, Cy..,
Ph—= + Cy—CHO + . —=e=(
H 2) Removal of CuBr with filtration Ph
3) Znl, (45 mol%), Nal (50 mol%) 35% ee

PhCHj3, 110°C

Ma reported a catalytic enantioselective synthesis of allenes from achiral aldehydes,
alkynes and amines (Scheme 3.13).%* Albeit the reaction is a two-step process, a simple
filtration is sufficient between the preparation of propargylamines and the transformation into
allenes. The enantiomeric excess originates from an efficient enantioselective A® coupling
protocol enabled by CuBr/PINAP combination. The success of this method also hinges on
the directing ability of a hydroxyl group on the alkyne, but it’s unclear if it is involved in

both steps of the reaction.

3.3.2 Results and Discussion
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From the examples described above, pyrrolidine core is constantly incorporated in the
propargylamine—allene transformation. With our success in enantioselective synthesis of
cyclic propargylamines, we questioned the possibility of transforming them into
corresponding allenes with retention of optical purity. The difference compared to all
previous reported approaches is the absence of a second stereogenic center or directing group,
which potentially expands the substrate scope and simplifies the starting material preparation.
In preliminary experiments, we discovered AgNOs to be a suitable promoter for this

transformation, albeit used in stoichiometric amount (Scheme 3.14).

Scheme 3.14 Transformation of propargylamines to allenes with retention of ee.

[ ) AgNO; (1 equiv) p

N hc H
z > /:.:<
F’h/\ MeCN (0.05 M), 60° C, 48 h H Ph
314 PN 3.40
92% ee 72% yield

92% ee

<N> AgNO; (1 equiv) MeO@
MeO S % :<H
X MeCN (0.05 M), 60° C, 48 h i
Ph H Ph

3.21 3.41
94% ee 48% vyield
94% ee

3.4 Summary

In conclusion, the cooperative catalysis between Cul and a readily available Brensted
acid cocatalyst allows for an efficient method for the synthesis of enantioenriched
propargylamines from secondary amines. Propargylamines lacking directing groups can be
transformed to allenes without loss of enantiopurity. This approach features the lowest
catalyst loadings reported to date for catalytic enantioselective A® reactions with secondary
amines. Incorporation of other cyclic amines as well as ketone starting materials requires a

more reactive catalytic system.
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Experimental Section

General Information: Reagents and solvents were purchased from commercial sources and
were purified by distillation or recrystallization prior to use. Dichloromethane was freshly
distilled from calcium hydride under nitrogen prior to use. Reactions were run under a
nitrogen atmosphere. Purification of reaction products was carried out by flash column
chromatography using EM Reagent silica gel 60 (230-400 mesh). Analytical thin layer
chromatography was performed on EM Reagent 0.25 mm silica gel 60 Fass plates.
Visualization was accomplished with UV light, and potassium permanganate, Dragendorff-
Munier and anisaldehyde stains, followed by heating. Melting points were recorded on a
Thomas Hoover capillary melting point apparatus and are uncorrected. Infrared spectra were
recorded on an ATI Mattson Genesis Series FT-Infrared spectrophotometer. Proton nuclear
magnetic resonance spectra (*H-NMR) were recorded on a Varian VNMRS-500 MHz
instrument and are reported in ppm using solvent as an internal standard (CDCls at 7.26 ppm,
(CD3)2SO at 2.50 ppm). Data are reported as app = apparent, s = singlet, d = doublet, t =
triplet, dd = doublet of doublets, ddd = doublet of doublet of doublets, m = multiplet, comp =
complex; integration; coupling constant(s) in Hz. Proton-decoupled carbon nuclear magnetic
resonance spectra (**C-NMR) were recorded on a Varian VNMRS-500 MHz instrument and
are reported in ppm using solvent as an internal standard (CDCl3 at 77.16 ppm, (CD3).SO at
39.52 ppm). Mass spectra were recorded on a Finnigan LCQ-DUQO mass spectrometer or on
a Finnigan 2001 Fourier Transform lon Cyclotron Resonance Mass Spectrometer. HPLC
analysis was carried out on an Agilent 1100 series instrument with auto sampler and multiple
wavelength detectors. Optical rotations were measured using a 1 mL cell with a 1 dm path
length on a Jasco P—2000 polarimeter at 589 nm and at 20 <. Cocatalysts 3.2,%° 3.3,% 3,12%

and 3.13% were prepared according to reported procedures.
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General Procedure A for Catalyst Synthesis:

X o}
O\ Jye t/& Et;N (1.1 equiv) :
< N7 N + I - O._NH
NH, HOH & PhCH, (0.1 M) _L__CO,H
< 0

1.0 equiv 1.05 equiv

To a solution of amino(thio)urea®®®® (2.81 mmol, 1 equiv) in toluene (28 mL, 0.1 M) in a 50
mL round bottom flask were added the corresponding anhydride (3.09 mmol, 1.1 equiv) and
triethylamine (3.09 mmol, 1.1 equiv). The resulting mixture was stirred until the
amino(thio)urea was consumed as indicated by TLC. The reaction mixture was concentrated
and then purified by flash chromatography on silica gel using CH2Cl>/methanol as the eluent.
The combined fractions were reduced to a volume of ca. 50 mL and washed with 1 M HCI (2
%20 mL). The combined aqueous layers were back-extracted with ethyl acetate (2 <50 mL).
The combined organic layers were dried over anhydrous Na>SOs4. The solvent was then

removed under reduced pressure and the resulting solid dried under high vacuum.

2-(((1R,2R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)ureido)cyclohexyl)carbamoyl)benzoic

CF, acid (3.4): Following the general procedure A, 3.4 was obtained

Q\NJOLN - as an off-white solid in 84% yield (1.22 g); mp > 200 €; Rf=

° NHCOZH ’ 0.12 (CH2Cl2/MeOH 90:10 v/v); [a]po?® +22.8 (¢ 1.0, EtOH); IR
5/ (KBr) 3403, 3261, 2942, 1630, 1566, 1390, 1276, 1188, 1131,

703, 681 cm™; *H NMR (500 MHz, (CDs)2S0) & 12.87 (br s, 1H), 9.58 (br s, 1H), 8.21 (d, J
= 8.8 Hz, 1H), 8.10 (s, 2H), 7.74 (app d, J = 7.6 Hz, 1H), 7.52 (s, 1H), 7.42 (app t, J = 7.5 Hz,
1H), 7.34 (app t, J = 7.5 Hz, 1H), 7.28 (app d, J = 7.4 Hz, 1H), 6.54 (br s, 1H), 3.79-3.71 (m,
1H), 3.50-3.40 (m, 1H), 2.13-2.02 (m, 1H), 1.93-1.84 (m, 1H), 1.76-1.62 (comp, 2H), 1.40—

1.18 (comp, 4H); *C NMR (125 MHz, (CDs):SO) & 168.9, 168.4, 155.1, 142.8, 138.6, 131.8,
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130.6 (9, Jc-F = 32.4 Hz), 130.3, 129.2, 128.9, 127.4, 123.4 (9, Jc-F = 272.6 Hz), 117.2, 113.2,

53.4,52.3,32.4, 315, 24.5, 24.4; m/z (ESI-MS) 516.1 [M —H] .

2-(((1R,2R)-2-(3-Phenylthioureido)cyclohexyl)carbamoyl)benzoic acid (3.5): Following
O\ JSL O the general procedure A, 3.5 was obtained as an off-white solid in 94%

R yield (105 g); mp = 110-112 €; R = 0.30 (CH.Cl/MeOH 90:10
5‘300” viv); [a]p® +20.4 (c 1.0, EtOH); IR (KBr) 3258, 3060, 2935, 2360,
1708, 1637, 1538, 1324, 1240, 1139, 746, 696 cm™*; *H NMR (500 MHz, (CD3),S0) & 12.92
(br s, 1H), 9.59 (br s, 1H), 8.30 (d, J = 8.5 Hz, 1H), 7.80-7.76 (m, 1H), 7.66-7.57 (m, 1H),
7.54 (app td, J = 7.4, 1.3 Hz, 1H), 7.49 (app td, J = 7.5, 1.3 Hz, 1H), 7.46-7.41 (comp, 3H),
7.30 (app t, J = 7.8 Hz, 2H), 7.09 (app t, J = 7.3 Hz, 1H), 4.36-4.13 (m, 1H), 3.92-3.82 (m,
1H), 2.24-2.09 (m, 1H), 2.03-1.92 (m, 1H), 1.77-1.63 (comp, 2H), 1.46-1.18 (comp, 4H);
3C NMR (125 MHz, (CD3):SO) & 180.0, 168.5, 167.8, 139.3, 138.7, 131.1, 130.6, 129.2,

129.1, 128.6, 124.1, 123.0, 57.2, 52.1, 31.5, 31.4, 24.4; m/z (ESI-MS) 396.1 [M — H]".

2-(((1R,2R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)carbamoyl)-4,5-
CF, dichlorobenzoic acid (3.6): Following the general procedure

S
O\NJLN o A, 3.6 was obtained as an off-white solid in 65% yield (1.1 g);
z 3

Gy H o H
O mp = 170-172 ©: R¢ = 0.42 (CH2Cl/MeOH 93:7 viv); [o]o®
COOH

ol +1.31 (c 1.0, EtOH); IR (KBr) 3319, 3088, 2942, 1692, 1535,

cl
1474, 1383, 1278, 1129, 970, 896, 682 cm™; 'H NMR (500

MHz, (CD3)2S0) 6 13.36 (br s, 1H), 10.42 (br s, 1H), 8.49 (d, J = 8.0 Hz, 1H), 8.30 (s, 2H),
8.07 (br s, 1H), 7.93 (s, 1H), 7.71 (s, 1H), 7.65 (s, 1H), 4.24-4.08 (m, 1H), 3.94-3.80 (m,
1H), 2.33-2.14 (m, 1H), 1.98-1.84 (m, 1H), 1.82-1.65 (comp, 2H), 1.52-1.19 (comp, 4H);

13C NMR (125 MHz, (CDs),S0) & 181.0, 167.0, 166.9, 142.7, 139.0, 133.9, 133.0, 132.3,
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131.7, 130.7 (q, Jc-r = 31.0 Hz), 130.4, 123.9 (q, Jc-F = 272.6 Hz), 116.6, 58.1, 52.8, 32.1,

31.9, 25.1, 24.9; m/z (ESI-MS) 599.9 (*CI/*5Cl) [M — H]", 601.9 ((°CI/*’Cl) [M — HJ".

2-(((1R,2R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)carbamoyl)-4,5-

CF, dimethoxybenzoic acid (3.7): To a solution of
O\ JSL amino(thio)urea (0.26 mmol, 1 equiv) in toluene (13 mL,
= NTON CF;
O NH P 0.02 M) in a 25 mL round bottom flask was added 4,5-
COOH
dimethoxyphthalic anhydride™ (0.27 mmol, 1.04 equiv) and
MeO
OMe triethylamine (0.27 mmol, 1.04 equiv). The resulting

mixture was stirred until the aminothiourea was consumed as indicated by TLC. The solvent
was removed under reduced pressure and the resulting solid was re-dissolved in a minimum
amount of methanol (ca. 1 mL). To this solution was added 3 mL of methanol/HCI (aqueous
1 M) 1:1 v/v. The resulting precipitate was filtered and the collected solid was washed with
cold methanol (3 <1 mL). The resulting solid was then dried under high vacuum. Product
3.7 was obtained as an off-white solid in 51% vyield (132 mg); mp > 200 €; Rf = 0.19
(CHCl2/MeOH 90:10 v/v); [a]o® —84.1 (c 0.1, acetone); IR (KBr) 3309, 3083, 2944, 1678,
1470, 1282, 1126, 1053, 970, 898, 700 cm™; *H NMR (500 MHz, (CD3)2S0) & 12.68 (br s,
1H), 10.15 (br s, 1H), 8.24 (s, 2H), 8.17 (d, J = 6.7 Hz, 1H), 8.01 (s, 1H), 7.73 (s, 1H), 7.28
(s, 1H), 6.97 (s, 1H), 4.34-4.18 (m, 1H), 3.91-3.81 (m, 1H), 3.78 (s, 3H), 3.64 (s, 3H), 2.15—
2.03 (m, 1H), 1.96-1.86 (m, 1H), 1.78-1.66 (comp, 2H), 1.51-1.20 (comp, 4H); *C NMR
(125 MHz, (CD3)2S0) & 180.1, 168.4, 167.3, 150.5, 148.5, 142.0, 132.4, 130.1 (g, Jcr = 33.0
Hz), 123.2 (g, Jc.r = 272.7 Hz), 122.6, 121.8, 116.1, 112.3, 111.2, 57.5, 55.7, 55.5, 52.2, 31.3,

24.5, 24.4; m/z (ESI-MS) 592.0 [M — H]".
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3-(((1R,2R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)carbamoyl)-2-

naphthoic acid (3.8): Following the general procedure A, 3.8

CFs
O\ JSL was obtained as an off-white solid in 78% yield (1.28 g); mp >
O_NH MR o 200 €; R = 0.48 (CH2Cl2/MeOH 90:10 v/v); [a]o®® —22.3 (c
O coon 0.5, EtOH); IR (KBr) 3312, 3086, 2946, 1691, 1566, 1509,
O 1278, 1185, 1133, 766, 683 cm™ 'H NMR (500 MHz,

(CD3)2S0) & 12.91 (br's, 1H), 10.27 (br s, 1H), 8.4 (d, J = 8.0 Hz, 1H), 8.36 (s, 1H), 8.28 (s,
2H), 8.13 (s, 1H), 8.07 (d, J = 7.8 Hz, 1H), 7.99 (s, 1H), 7.77 (s, 1H), 7.71 (s, 1H), 7.65-7.55
(m, 2H), 4.41-4.20 (m, 1H), 4.00-3.88 (m, 1H), 2.27-2.08 (m, 1H), 2.05-1.91 (m, 1H),
1.83-1.66 (comp, 2H), 1.56-1.21 (comp, 4H); C NMR (125 MHz, (CD3).SO) & 180.3,
168.6, 168.2, 142.1, 135.1, 133.0, 132.1, 130.1 (9, Jcr = 34.0 Hz), 129.2, 128.7, 128.3, 127.6,
127.5, 127.4, 123.3 (q, Jor = 272.6 Hz), 116.1, 57.5, 52.3, 31.5, 31.3, 24.4, 24.3(6); m/z

(ESI-MS) 582.0 [M — H].

(2)-4-(((1R,2R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)amino)-4-

oxobut-2-enoic acid (3.9): Following the general procedure A,

CF;
S 3.9 was obtained as a white solid in 78% yield (1.06 g); mp =

x NJ\N CF3 .
oL _NH H H 191-192 <€ (decomposition); Rf = 0.23 (CH2Cl2/MeOH 90:10
LCOOH viv); [a]o® +94.2 (c 1.0, EtOH); IR (KBr) 3321, 3073, 2942,

2344, 1708, 1625, 1545, 1474, 1384, 1278, 1181, 1128, 848, 703 cm*; *H NMR (500 MHz,
(CD3)280) 6 10.04 (br s, 1H), 9.17 (d, J = 7.9 Hz, 1H), 8.17 (s, 2H), 8.10 (s, 1H), 7.72 (s,
1H), 6.42 (d, J = 12.5 Hz, 1H), 6.24 (d, J = 12.4 Hz, 1H), 4.30-4.09 (m, 1H), 3.89-3.75 (m,
1H), 2.24-2.09 (m, 1H), 2.00-1.84 (m, 1H), 1.80-1.62 (comp, 2H), 1.42-1.17 (comp, 4H);

13C NMR (125 MHz, (CD3).S0) & 180.1, 165.4, 165.3, 141.7, 133.3, 131.6, 131.1 (q, Jc-F =
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32.8 Hz), 123.2 (q, Jcr = 272.7 Hz), 122.0, 116.1, 56.6, 52.1, 31.3, 30.8, 24.1, 24.0; m/z

(ESI-MS) 482.0 [M — H]".

4-(((1R,2R)-2-(3-(3,5-Bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)amino)-4-

CFy oxobutanoic acid (3.10): Following the general procedure A,
O\ )SL 3.10 was obtained as a white solid in 90% yield (1.23 g); mp =
<" N7 N CF3
Oﬂ* "o 187-188 € (decomposition); Rr = 0.25 (CH.Cl/MeOH 90:10
COOH

viv); [a]o® +65.7 (c 1.0, EtOH); IR (KBr) 3323, 2935, 2861,
1712, 1618, 1551, 1386, 1278, 1178, 1134, 884, 682 cm™; *H NMR (500 MHz, (CD3)2S0) &
12.02 (br s, 1H), 10.16 (br s, 1H), 8.24 (s, 2H), 7.96-7.85 (comp, 2H), 7.72 (s, 1H), 4.15—
3.98 (m, 1H), 3.75-3.64 (m, 1H), 2.44-2.24 (comp, 4H), 2.21-2.07 (m, 1H), 1.87-1.76 (m,
1H), 1.74-1.58 (comp, 2H), 1.36-1.10 (comp, 4H); 3C NMR (125 MHz, (CD3)2SO) & 180.0,
173.8, 171.2, 142.0, 130.2 (q, Jor = 32.0 Hz), 123.3 (q, Jor = 272.7 Hz), 121.9, 116.0, 57.4,

51.4,31.8, 31.0, 30.4, 29.4, 24.3, 24.2; m/z (ESI-MS) 484.0 [M — H]".

1-((1R,2R)-2-Aminocyclohexyl)-3-(4-bromo-3,5-bis(trifluoromethyl)phenyl)thiourea

(3.43):
: N L .
NH, )J\ Cs : NH, 3
¢l el NH, O\ s /@Br
FsC CF; FsC CFs - NN CFa
Br Br NH,

3.42 3.43

Compound 7 was synthesized following a modified literature procedure.” To a 25 mL round
bottom flask was added 4-bromo-3,5-bis(trifluoromethyl)aniline (370 mg, 1.2 mmol, 1 equiv),
CHCl, (6 mL) and saturated aqueous NaHCO3 (6 mL). The resulting reaction mixture was
cooled to 0 €. Thiophosgene (0.12 mL, 1.56 mmol, 1.3 equiv) was slowly added to the

organic layer via syringe. The resulting mixture was then allowed to warm to room
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temperature and stirred until the aniline was consumed as indicated by TLC (4 h). The layers
were then separated and the aqueous layer was extracted with CH2Cl, (3 <10 mL). The
combined organic layers were then dried over Na2SO4 and the solvent was removed under
reduced pressure. The resulting white solid (407 mg, 97%) was used directly in the next step

without further purification.

To a 100 mL round bottom flask charged with a stir bar was added (1R,2R)-cyclohexane-1,2-
diamine (199 mg, 1.74 mmol, 1.5 equiv) dissolved in a minimum amount of CH>Cl (ca. 0.5
mL) at 0 €. The crude product from the last step, dissolved in CH2Cl, (46 mL), was added
dropwise over 30 min. The mixture was then allowed to warm to room temperature over 15
min and concentrated under reduced pressure. Purification by flash chromatography on silica
gel (CH2Cl2/MeOH/EtsN 98:1:1 viviv to CH,Cl./MeOH/EtsN 94:5:1 v/viv) afforded 3.43 as
a white solid in 84% vyield (452 mg); mp = 89-91 €; Rf = 0.10 (MeOH/CH:CI2/EtsN
10:89:1 v/v/v); [a]p® +75.74 (c 0.5, CDCls); IR (KBr) 3269, 2936, 2861, 1541, 1452, 1369,
1269, 1186, 1139, 969, 890, 678 cm™*; *H NMR (500 MHz, CDCls) & 8.10 (s, 2H), 6.60 (br s,
1H), 3.35 (br s, 1H), 2.73-2.59 (m, 1H), 2.14-2.02 (m, 1H), 2.00-1.86 (m, 1H), 1.85-1.60
(comp, 2H), 1.41-1.01 (comp, 4H); *C NMR (125 MHz, CDCls) & 182.6, 140.2, 132.4 (q,
Jcr=31.1 Hz), 125.0, 122.4 (q, Jc-r = 273.8 Hz), 112.1, 63.2, 56.6, 35.0, 32.1, 24.5; m/z

(ESI-MS) 462.0 ("°Br) [M — HJ", 464.0 ('Br) [M — H]".

2-((1R,2R)-2-(3-(4-bromo-3,5-bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)

carbamoyl)benzoic acid (3.11): Following the general
CF,
S Br procedure A, 3.11 was obtained as a white solid in 92% vyield
: NJ\N CF;
O _NH H H (1.58 g); mp = 166-168 <€; Rf= 0.19 (CH.Cl,/MeOH 90:10
500% viv): [a]o® +48.31 (c 1.0, EtOH); IR (KBr) 3300, 3076, 2940,

1696, 1535, 1451, 1286, 1189, 1136, 972, 684 cm™*; *H NMR (500 MHz, (CD3).S0) § 12.87
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(br s, 1H), 10.19 (br s, 1H), 8.37 (s, 2H), 8.29 (d, J = 6.8 Hz, 1H), 8.15-8.02 (m, 1H), 7.79-
7.70 (m, 1H), 7.53-7.45 (comp, 2H), 7.45-7.35 (M, 1H), 4.32-4.10 (m, 1H), 3.95-3.81 (m,
1H), 2.25-2.06 (m, 1H), 1.99-1.88 (m, 1H), 1.78-1.63 (comp, 2H), 1.50-1.18 (comp, 4H);
13C NMR (125 MHz, (CD3);S0) & 180.5, 169.3, 168.5, 141.1, 139.2, 131.6, 131.4 (q, Jcr=
29.0 Hz), 131.3, 129.9, 129.8, 128.4, 124.9, 123.2 (q, Jor = 274.0 Hz), 110.1, 58.1, 52.6,

32.0, 31.8, 25.0, 24.9; m/z (ESI-MS) 609.9 ("Br) [M — H]", 611.9 (®'Br) [M — H]".
General procedure B for asymmetric A2 reaction:

An oven dried 25 mL round bottom flask charged with a stir bar, Cul (7.6 mg, 0.04 mmol,
0.04 equiv), 3.11 (18 mg, 0.03 mmol, 0.03 equiv) and 5A MS (600 mg) was capped with a
septum. The reaction flask was gently flushed with N2 using a needle as outlet for 15 min.
Freshly distilled CH.Cl, (10 mL) was added and the resulting mixture cooled to 0 <C over 15
min. Amine (1.2 mmol, 1.2 equiv), aldehyde (1 mmol, 1 equiv) and alkyne (1.5 mmol, 1.5
equiv) were added via syringe and the reaction mixture was stirred for the indicated time
before being quenched by saturated aqueous NH4CIl (10 mL). In cases where aldehydes
and/or alkynes are solids, they were added before the N. flush. The biphasic mixture was
filtered through Celite and extracted with CH,Cl, (3 <20 mL). The combined organic layers
were washed with brine (30 mL) and dried over Na,SO4. Following filtration, the resulting
solution was concentrated under reduced pressure and purified by flash chromatography on

silica gel.
General procedure C for enantioenriched allene synthesis:

Following a modified literature procedure,’ to an oven dried 10 mL reaction vial charged
with a stir bar, propargylamine (0.2 mmol, 1 equiv) and AgNOs (0.2 mmol, 1 equiv) was

added MeCN (4 mL, 0.05 M). The resulting mixture was stirred at 60 <€ for 48 h in the
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absence of light. The reaction mixture was then filtered through Celite, concentrated under

reduced pressure and purified by flash chromatography on silica gel.

(S)-1-(1,3-Diphenylprop-2-yn-1-yh)pyrrolidine (3.14): Following the general procedure B,
Q compound 3.14 was obtained as an colorless oil in 92% yield (240 mg); Ry
Ph/\ = 0.32 (Hexanes/EtOAc 85:15 v/v); [0]20 —8.2 (c 0.5, CHCls, 92% eeg);

Ph
IR (KBr) 3060, 3030, 2966, 2874, 2807, 1489, 1449, 1129, 756, 691 cm*;
'H NMR (500 MHz, CDCl3) & 7.65-7.60 (comp, 2H), 7.53-7.47 (comp, 2H), 7.41-7.35
(comp, 2H), 7.35-7.28 (comp, 4H), 4.90 (s, 1H), 2.75-2.67 (comp, 4H), 1.86-1.76 (comp,
4H); BC NMR (125 MHz, CDCl3) § 139.66, 131.91, 128.39, 128.38, 128.19, 127.67, 123.37,
87.02, 86.85, 59.26, 50.41, 23.62; m/z (ESI-MS) 262.1 [M + H]"; HPLC: Daicel Chiralpak
0OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min, UV = 280 nm, tr

= 10.0 min (minor) and tr = 13.1 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1-(4-Chlorophenyl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.15):  Following the
O general procedure B, compound 3.15 was obtained as an orange oil in

N

/@/:\ 90% vyield (289 mg); Rf= 0.21 (Hexanes/EtOAc 90:10 v/v); [a]P20 —
Ph
c 14.1 (c 0.5, CHCI3, 92% ee); IR (KBr) 3057, 2966, 2875, 2811, 1684,

1597, 1489, 1266, 1089, 1015, 756 cm™; *H NMR (500 MHz, CDCl3) § 7.47-7.43 (d, J =
8.4 Hz, 2H), 7.42-7.36 (comp, 2H), 7.25-7.20 (comp, 5H), 4.89 (s, 1H), 2.72-2.58 (comp,
4H), 1.78-1.67 (comp, 4H); °C NMR (125 MHz, CDCl3) & 137.49, 133.62, 131.87, 129.82,
128.51, 128.45, 128.41, 122.85, 87.70, 85.55, 58.29, 50.11, 23.60; m/z (ESI-MS) 296.1 [M
+ H]"; HPLC: Daicel Chiralpak OD-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow

rate = 1 mL/min, UV = 280 nm, tr = 4.3 min (minor) and tr = 4.8 min (major).
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The absolute configuration was assigned by analogy.

(S)-1-(1-(4-Bromophenyl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.16):  Following the
general procedure B, compound 3.16 was obtained as a yellow oil in 81%

N yield (276 mg); R¢=0.31 (Hexanes/EtOAc 90:10 v/v); [0] 20 —13.1 (c
Br N Ph 0.5, CHCl3, 92% ee); IR (KBr) 3054, 2962, 2871, 2804, 1680, 1635,
1480, 1398, 1280, 1126, 758, 714 cm™; 'H NMR (500 MHz, CDCls) & 7.45-7.37 (comp,
6H), 7.27—7.22 (comp, 3H), 4.86 (s, 1H), 2.71-2.58 (comp, 4H), 1.78-1.68 (comp, 4H); **C
NMR (125 MHz, CDCls) 6 138.35, 132.03, 131.62, 130.29, 128.58, 128.56, 123.04, 121.89,
87.70, 85.75, 58.57, 58.54, 50.30; m/z (ESI-MS) 340.1 ("°Br) [M + H]*, 342.0 (¢'Br) [M +
H]"; HPLC: Daicel Chiralpak OD-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate

=1 mL/min, UV =280 nm, tr = 4.4 min (minor) and tr = 4.9 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1-(4-Fluorophenyl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.17):  Following the
general procedure B, compound 3.17 was obtained as a yellow oil in 90%

N yield (251 mg); R¢= 0.25 (Hexanes/EtOAc 90:10 v/v); [0] 20 —15.8 (c

F N Ph 0.5, CHCIs, 93% ee); IR (KBr) 3054, 2967, 2908, 2809, 1672, 1598,
1504, 1275, 1220, 1156, 854, 751, 692 cm™; H NMR (500 MHz, CDCls) & 7.63-7.57
(comp, 2H), 7.53-7.47 (comp, 2H), 7.37-7.30 (comp, 3H), 7.08-7.01 (comp, 2H), 4.95 (s,
1H), 2.80-2.66 (comp, 4H), 1.89-1.76 (comp, 4H); *C NMR (125 MHz, CDCl3) § 162.42
(d, JcFr = 245.9 Hz), 131.91, 130.07 (d, Jc-r = 8.1 Hz), 128.44, 128.41, 123.04, 115.20 (d, Jc-
r = 21.4 Hz), 87.50, 86.08, 58.36, 58.34, 50.20, 23.63; m/z (ESI-MS) 280.1 [M + H]";
HPLC: Daicel Chiralpak OD-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1

mL/min, UV = 254 nm, tr = 4.2 min (minor) and tr = 4.5 min (major).
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The absolute configuration was assigned by analogy.

(S)-1-(1-(4-Methoxyphenyl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.18): Following the

O general procedure B, compound 3.18 was obtained as a yellow oil in
N

/@/:\ 90% vyield (262 mg); R¢= 0.25 (Hexanes/EtOAc 70:30 v/v); [0]P20 —
Ph
MeO 10.2 (c 0.5, CHCls, 96% ee): IR (KBr) 2960, 2908, 2878, 1685, 1603,

1579, 1452, 1334, 1242, 1030, 837, 756, 689 cm™*; *H NMR (500 MHz, CDCls) § 7.53 (d, J
= 8.5 Hz,2H), 7.51-7.46 (comp, 2H), 7.34-7.29 (comp, 3H), 6.91-6.87 (comp, 2H), 4.91 (s,
1H), 3.81 (s, 3H), 2.79-2.68 (comp, 4H), 1.87-1.76 (comp, 4H); *C NMR (100 MHz,
CDCl3) & 159.36, 132.00, 131.45, 129.73, 128.49, 128.35, 123.36, 113.84, 87.12, 86.86,
58.65, 55.51, 50.40, 23.71; m/z (ESI-MS) 292.1 [M + H]"; HPLC: Daicel Chiralpak OJ-H,
n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min, UV = 280 nm, tr = 11.1

min (minor) and tr = 12.6 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(3-Phenyl-1-(p-tolyl)prop-2-yn-1-yl)pyrrolidine (3.19):  Following the general
Q procedure B, compound 3.19 was obtained as a yellow oil in 91% vyield
: S (251 mg); Rf= 0.20 (Hexanes/EtOAc 90:10 v/v); [a]P20 —26.5 (c 0.5,
" CHCI3, 95% ee); IR (KBr) 2960, 2876, 2802, 1601, 1509, 1490, 1114,

756, 694 cm™; 'H NMR (500 MHz, CDCls) & 7.61-7.49 (comp, 4H), 7.39-7.31 (comp, 3H),
7.24-7.18 (comp, 2H), 4.88 (s, 1H), 2.80-2.68 (comp, 4H), 2.39 (s, 3H), 1.91-1.78 (comp,
4H); C NMR (125 MHz, CDCls) § 137.24, 136.68, 131.85, 129.01, 128.31, 128.25, 128.08,
123.31, 87.14, 86.71, 58.98, 50.39, 23.57, 21.21; m/z (ESI-MS) 276.0 [M + H]*; HPLC:
Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min,

UV = 254 nm, tgr = 8.0 min (minor) and tr = 9.7 min (major).
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The absolute configuration was assigned by analogy.

(S)-1-(1-(3-Fluorophenyl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.20):  Following the
O general procedure B, compound 3.20 was obtained as an orange oil in 72%

E yield (201 mg); R¢ = 0.46 (Hexanes/EtOAc 80:20 v/v); [0]P20 —16.1 (c

\©/\Ph 0.5, CHCls, 89% ee); IR (KBr) 3051, 2970, 1615, 1489, 1444, 1265, 738,
707 cm™; 'H NMR (500 MHz, CDCls) & 7.54-7.48 (comp, 2H), 7.45-7.41 (m, 1H), 7.39 (dt,
J =10.1, 1.9 Hz, 1H), 7.37-7.30 (comp, 4H), 7.00 (td, J = 8.4, 2.6 Hz, 1H), 4.93 (s, 1H),
2.78-2.65 (comp, 4H), 1.89-1.76 (comp, 4H); 3C NMR (125 MHz, CDCl3) § 162.96 (d, Jc-
r = 2455 Hz), 142.40 (d, Jcr = 7.0 Hz), 131.92, 129.74 (d, Jc-r = 8.1 Hz), 128.41, 128.35,
123.89 (d, Jc.r = 2.8 Hz),, 123.10, 115.26 (d, Jo.r = 22.7 Hz), 114.52 (d, Jor = 21.2 Hz),
87.42, 85.99, 58.61, 58.59, 50.21, 23.66; m/z (ESI-MS) 280.1 [M + H]"; HPLC: Daicel
Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min, UV =

280 nm, tr = 7.5 min (minor) and tr = 8.4 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1-(3-Methoxyphenyl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.21): Following the
O general procedure B, compound 3.21 was obtained as a yellow oil in

N

Meo\©/\ 95% yield (277 mg); R¢= 0.62 (Hexanes/EtOAc 70:30 v/v); [a]P20 —

A
25.3 (c 0.5, CHCI3, 94% ee); IR (KBr) 2963, 2875, 2807, 1599, 1489,

1464, 1310, 1278, 1150, 1050, 757, 689 cm*; 'H NMR (500 MHz, CDCl3) & 7.43-7.36
(comp, 2H), 7.25-7.19 (comp, 3H), 7.19-7.15 (m, 1H), 7.14-7.09 (comp, 2H), 6.75 (dd, J =
8.1, 2.5 Hz, 1H), 4.78 (s, 1H), 3.73 (s, 3H), 2.67-2.58 (comp, 4H), 1.76-1.67 (comp, 4H);
13C NMR (125 MHz, CDClz) & 159.72, 141.14, 131.89, 129.30, 128.36, 128.20, 123.30,

120.80, 113.99, 113.21, 86.98, 86.72, 59.22, 55.37, 50.44, 23.64; m/z (ESI-MS) 292.0 [M +
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H]"; HPLC: Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate

=1 mL/min, UV =280 nm, tr = 11.3 min (minor) and tr = 12.5 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(3-Phenyl-1-(m-tolyl)prop-2-yn-1-yl)pyrrolidine (3.22):  Following the general

O procedure B, compound 3.22 was obtained as a yellow oil in 97% yield
N

Me\©/5\ (268 mg); R¢= 0.40 (Hexanes/EtOAc 85:15 v/v); [0]P20 —20.9 (c 0.5,
N
CHCI3, 94% ee); IR (KBr) 2965, 2874, 2807, 1607, 1489, 1443, 1303,

1128, 910, 756, 690 cm™*; *H NMR (500 MHz, CDCl3) § 7.43-7.38 (comp, 2H), 7.34-7.30
(comp, 2H), 7.26-7.21 (comp, 3H), 7.19-7.14 (m, 1H), 7.02 (app d, J = 7.5Hz, 1H), 4.74 (s,
1H), 2.67-2.56 (comp, 4H), 2.29 (s, 3H), 1.79-1.67 (comp, 4H); C NMR (125 MHz,
CDCl3) 6 139.70, 138.14, 132.02, 129.18, 128.56, 128.47, 128.35, 128.26, 125.58, 123.55,
87.21, 86.92, 59.50, 59.48, 50.66, 23.72, 21.72; m/z (ESI-MS) 276.1 [M + H]"; HPLC:
Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min,

UV = 254 nm, tr = 5.8 min (minor) and tr = 8.6 min (major).
The absolute configuration was determined by analogy.

(R)-1-(1-(2-Methoxyphenyl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.23): Following the

O general procedure B, compound 3.23 was obtained as a colorless oil in 87%
MeO N

©/\ yield (254 mg); Rf= 0.20 (Hexanes/EtOAc 70:30 v/v); The ee was
A
Ph

determined after demethylation (below); [a]°20 +29.3 (¢ 0.5, CHCls, 92%

ee); IR (KBr) 3056, 2966, 2834, 1599, 1491, 1462, 1265, 1108, 1029, 738 cm™; 'H NMR
(500 MHz, CDCl3) 6 7.61 (dd, J = 7.6, 1.8 Hz, 1H), 7.30-7.35 (comp, 2H), 7.24-7.16 (comp,
4H), 6.90 (td, J = 7.5, 1.1 Hz, 1H), 6.82 (app d, J = 8.2 Hz, 1H), 5.27 (s, 1H), 3.78 (s, 3H),

2.72-2.61 (comp, 4H), 1.76-1.65 (comp, 4H); C NMR (125 MHz, CDCls) § 156.70,
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131.83, 129.92, 128.87, 128.27, 127.97, 127.82, 123.55, 120.45, 111.02, 88.04, 85.40, 55.88,

55.86, 51.73, 51.72, 50.56, 23.52; m/z (ESI-MS) 292.0 [M + H]".
The absolute configuration was assigned by analogy.

(R)-2-(3-Phenyl-1-(pyrrolidin-1-yl)prop-2-yn-1-yl)phenol (3.23’): Demethylation was

O accomplished via a modified literature procedure.” To a solution of 3.23’
HO N

©/\ (73 mg, 0.25 mmol) in PhCH3 (2.5 mL, 0.1 M) at 0 < was added DIBAL
X
Ph

(1.0 M in hexanes, 0.75 mL, 3 equiv). The resulting solution was stirred
at 0 <C for 2.5 h before being quenched by saturated aqueous NH4Cl. The resulting biphasic
mixture was filtered through Celite and extracted with EtOAc (3 <15 mL). The combined
organic layers were washed with brine, dried over Na>SOs, filtered, and concentrated under
reduced pressure before being purified by flash chromatography on silica gel to afford 3ja as
a colorless oil in 71% yield (49 mg); R¢= 0.27 (Hexanes/EtOAc 80:20 v/v); [0]P20 —64.8 (C
0.5, CHCIz, 92% ee); IR (KBr) 3397, 3049, 2968, 2843, 1592, 1492, 1460, 1406, 1259, 757
cm’; 'H NMR (500 MHz, CDCls) & 7.58-7.51 (comp, 3H), 7.40-7.32 (comp, 3H), 7.26—
7.20 (m, 1H), 6.89-6.83 (comp, 2H), 5.29 (s, 1H), 2.96-2.76 (comp, 4H), 1.94-1.82 (comp,
4H); 3C NMR (125 MHz, CDCls) § 157.22, 132.01, 129.46, 128.69, 128.52, 127.97, 122.68,
122.26, 119.06, 116.35, 89.17, 83.08, 57.16, 57.13, 49.03, 23.99; m/z (ESI-MS) 278.0 [M +
H]*; HPLC: Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 97/3/0.05, Flow rate

=1 mL/min, UV =280 nm, tr = 8.2 min (major) and tr = 10.4 min (minor).
The absolute configuration was assigned by analogy.

(R)-1-(1-(2-Fluorophenyl)-3-phenylprop-2-yn-1-yhpyrrolidine (3.24):  Following the

O general procedure B compound 3.24 was obtained as a yellow oil in 78%
F N

©/\ yield (218 mg); R¢=0.27 (Hexanes/EtOAc 90:10 v/v); [a]P20 +15.6 (¢ 0.5,
Ph
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CHCI3, 86% ee); IR (KBr) 2966, 2875, 2807, 1589, 1489, 1457, 1270, 1230, 1095, 1031,
755, 690 cm™; 'H NMR (500 MHz, CDCls) § 7.73 (td, J = 7.5, 1.9 Hz, 1H), 7.51-7.42
(comp, 2H), 7.35-7.26 (comp, 4H), 7.16 (td, J = 7.5, 1.3 Hz, 1H), 7.09-7.01 (m, 1H), 5.20 (s,
1H), 2.78-2.64 (comp, 4H), 1.85-1.72 (comp, 4H); *C NMR (125 MHz, CDCls) & 160.46
(d, Jcr = 247.8 Hz), 131.92, 130.39 (d, Jc-r = 3.5 Hz), 129.47 (d, Jc-r = 8.3 Hz), 128.39,
128.31, 126.66 (d, Jc.r = 13.3 Hz), 124.02 (d, Jc-r = 3.7 Hz), 123.17, 115.59 (d, Jc.r = 22.1
Hz), 86.41, 86.19, 52.17, 52.14, 52.12, 50.58, 23.52; m/z (ESI-MS) 280.1 [M + H]*; HPLC:
Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 0.5 mL/min,

UV =280 nm, tr = 14.0 min (minor) and tr = 15.1 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1-(Naphthalen-2-yl)-3-phenylprop-2-yn-1-yl)pyrrolidine (3.25):  Following the
general procedure B, compound 3.25 was obtained as a light yellow

N solid in 96% yield (299 mg); mp = 67-69 <T; R = 0.25

OO \\ Ph (Hexanes/EtOAc 90:10 v/v); [a]°20 —2.8 (¢ 0.5, CHCls, 94% ee); IR
(KBr) 3046, 2962, 2873, 2807, 1630, 1598, 1502, 1485, 1438, 1354, 1260, 1129, 832, 761
cm™; *H NMR (500 MHz, CDCls) 5 8.08 (s, 1H), 7.92-7.84 (comp, 3H), 7.81-7.76 (m, 1H),
7.59-7.54 (comp, 2H), 7.53-7.46 (comp, 2H), 7.39-7.32 (comp, 3H), 5.06 (s, 1H), 2.82-2.72
(comp, 4H), 1.90-1.79 (comp, 4H); 3C NMR (125 MHz, CDCls) & 137.25, 133.34, 133.12,
131.94, 128.41, 128.24, 128.22, 128.21, 128.11, 127.71, 126.96, 126.60, 126.09, 125.99,
123.36, 87.27, 86.86, 59.48, 59.47, 50.58, 23.68; m/z (ESI-MS) 312.0 [M + H]*; HPLC:
Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min,

UV =280 nm, tr = 12.2 min (minor) and tzr = 15.1 min (major).

The absolute configuration was assigned by analogy.
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(S,E)-1-(1,5-Diphenylpent-1-en-4-yn-3-yl)pyrrolidine (3.26):  Following the general

O procedure B, compound 3.26 was obtained as a brown oil in 63% yield
N

©/\/\ (181 mg); R¢= 0.22 (Hexanes/EtOAc 70:30 v/v); [a]P20 —9.76 (c 0.5,
Ph

CHCl3, 92% ee); IR (KBr) 3019, 2957, 2873, 2804, 1591, 1490, 1440,
1344, 1119, 963, 758, 689 cm™*; 'H NMR (500 MHz, CDCI3) § 7.55-7.48 (comp, 2H),
7.47-7.41 (comp, 2H), 7.37-7.30 (comp, 5H), 7.29-7.23 (m, 1H), 6.88 (d, J = 15.8 Hz, 1H),
6.39 (dd, J = 15.8, 6.0 Hz, 1H), 4.54 (d, J = 6.0 Hz, 1H), 2.87-2.72 (comp, 4H), 1.91-1.80
(comp, 4H); C NMR (125 MHz, CDCI3) § 136.80, 132.05, 131.92, 128.66, 128.38, 128.24,
128.16, 127.79, 126.75, 123.24, 87.24, 85.77, 56.86, 50.23, 23.67; m/z (ESI-MS) 288.1 [M
+ H]"; HPLC: Daicel Chiralpak OD-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow

rate = 1 mL/min, UV = 254 nm, tr = 7.2 min (minor) and tgr = 7.7 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1-Phenylhept-1-yn-3-yhpyrrolidine (3.27): Following the general procedure B,
O compound 3.27 was obtained as a yellow oil in 96% yield (232 mg); R¢=
\/\/N\ 0.20 (Hexanes/EtOAc 80:20 v/v); [0]20 —6.8 (¢ 0.5, CHCls, 73% ee); IR
(KBr) 2957, 2872, 2807, 1598, 1489, 1458, 1362, 1293, 1136, 755 cm*;

'H NMR (500 MHz, CDCls) § 7.46-7.39 (comp, 2H), 7.32-7.26 (comp, 3H), 3.67 (dd, J =
9.0, 5.8 Hz, 1H), 2.81-2.64 (comp, 4H), 1.86-1.77 (comp, 4H), 1.77-1.67 (comp, 2H), 1.62—
1.33 (comp, 4H), 0.93 (t, J = 7.3 Hz, 3H); C NMR (125 MHz, CDCls) & 131.86, 128.33,
127.92, 123.66, 88.51, 85.36, 55.27, 49.89, 35.00, 29.09, 23.64, 22.69, 14.21; m/z (ESI-MS)
242.1 [M+H]"; HPLC: Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05,

Flow rate = 1 mL/min, UV =280 nm, tr = 3.9 min (minor) and tr = 4.3 min (major).

The absolute configuration was assigned by analogy.
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(S)-1-(3-(4-Bromophenyl)-1-(naphthalen-2-yl)prop-2-yn-1-yl)pyrrolidine (3.28):

Following the general procedure B, compound 3.28 was obtained

Q as a white solid in 94% yield (367 mg); mp = 63-65 C; R¢=
OO A 0.25 (Hexanes/EtOAc 90:10 v/v); [a]P20 +10.6 (¢ 0.5, CHCl3, 94%

B ee); IR (KBr) 3049, 2967, 2824, 2792, 1507, 1482, 1349, 1260,
1240, 1067, 1005, 815 cm™*; *H NMR (500 MHz, CDCls) & 8.02 (s, 1H), 7.89-7.81 (comp,
3H), 7.76-7.71 (m, 1H), 7.51-7.44 (comp, 4H), 7.40-7.35 (comp, 2H), 4.50 (s, 1H), 2.78-
2.68 (comp, 4H), 1.87-1.77 (comp, 4H); 3C NMR (125 MHz, CDCls) & 136.97, 133.40,
133.33, 133.15, 131.67, 128.21, 127,74, 126.96, 126.50, 126.17, 126.09, 122.45, 122.28,
88.27, 86.16, 59.59, 50.70, 23.67; m/z (ESI-MS) 389.9 ("Br) [M + H]", 391.9 (®'Br) [M +
H]"; HPLC: Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 98/2/0.05, Flow rate

=1 mL/min, UV =280 nm, tr = 11.0 min (minor) and tr = 14.6 min (major).

The absolute configuration of 3.28 was assigned by X-ray crystallography:
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Compound 3.28 was crystallized from MeCN through slow evaporation at room temperature.

The requisite CIF has been submitted to the journal.

(S)-1-(3-(4-Fluorophenyl)-1-phenylprop-2-yn-1-yl)pyrrolidine (3.29):  Following the

O general procedure B, compound 3.29 was obtained as a yellow oil in 86%
N
= yield (258 mg); R¢= 0.32 (Hexanes/EtOAc 80:20 v/v); [a] 20 —16.9 (c
Ph %
\©\F 0.5, CHCl3, 93% ee); IR (KBr) 3059, 2952, 2871, 2807, 1887, 1593,

1497, 1445, 1220, 1154, 1121, 839, 701 cm™*; *H NMR (500 MHz, CDCl3) § 7.60 (d, J = 7.6
Hz, 2H), 7.49-7.44 (comp, 2H), 7.37 (app t, J = 7.6 Hz, 2H), 7.33-7.27 (m, 1H), 7.04-6.98
(comp, 2H), 4.89 (s, 1H), 2.75-2.65 (comp, 4H), 1.87-1.75 (comp, 4H); *C NMR (125
MHz, CDCls) & 162.51 (d, Jo.r = 249.3 Hz), 139.37, 133.75 (d, Jcr = 8.3 Hz),, 133.71,
128.41, 128.39, 127.79, 119.36 (d, Jc-r = 3.5 Hz), 115.63 (d, Jcr = 22.0 Hz), 86.47, 85.94,
59.24, 50.45, 23.59; m/z (ESI-MS) 280.1 [M+ H]"; HPLC: Daicel Chiralpak OJ-H, n-
hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min, UV = 254 nm, tr = 6.5 min

(minor) and tr = 11.4 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(3-(4-Methoxyphenyl)-1-phenylprop-2-yn-1-yl)pyrrolidine (3.30): Following the
O general procedure B, compound 3.30 was obtained as an orange oil in

o Y " 97% vyield (311 mg); R¢= 0.26 (Hexanes/EtOAc 80:20 v/v); [a] 20 —
/\©\OM6 11.4 (c 0.5, CHCl3, 90% ee); IR (KBr) 2962, 2802, 2216, 1611, 1517,
1455, 1284, 1247, 1173, 1027, 830 cm™:; *H NMR (500 MHz, CDCl3) & 7.63—7.58 (comp,
2H), 7.45-7.40 (comp, 2H), 7.38-7.33 (comp, 2H), 7.32-7.27 (m, 1H), 6.86-6.83 (comp,
2H), 4.88 (s, 1H), 3.81 (s, 3H), 2.73-2.65 (comp, 4H), 1.84-1.74 (comp, 4H); ¥C NMR
(125 MHz, CDCls) & 159.58, 139.76, 133.31, 128.45, 128.37, 127.66, 115.50, 114.01, 86.86,

86.23, 59.31, 55.45, 50.42, 23.62; m/z (ESI-MS) 292.0 [M + H]*; HPLC: Daicel Chiralpak
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0OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min, UV = 280 nm, tr

=12.1 min (minor) and tr = 13.8 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1-Phenyl-3-(p-tolyl)prop-2-yn-1-yl)pyrrolidine (3.31):  Following the general

()

N yield (253 mg); mp = 52-54 C; R¢= 0.25 (Hexanes/EtOAc 90:10

Ph } %
v/v); [0]P20 —16.4 (c 0.5, CHCl3, 92% ee); IR (KBr) 2960, 2876, 2819,
Me

1512, 1490, 1445, 1267, 1134, 1102, 1028, 1013 cm™*; *H NMR (500 MHz, CDCl3) & 7.64—

procedure B, compound 3.31 was obtained as an off-white solid in 92%

7.58 (comp, 2H), 7.41-7.32 (comp, 4H), 7.32-7.26 (m, 1H), 7.15-7.09 (comp, 2H), 4.88 (s,
1H), 2.73-2.64 (comp, 4H), 2.36 (s, 3H), 1.85-1.75 (comp, 4H); *C NMR (125 MHz,
CDClz) 6 139.77, 138.25, 131.79, 129.13, 128.42, 128.35, 127.64, 120.29, 87.10, 86.06,
59.28, 50.39, 23.62, 21.59; m/z (ESI-MS) 276.0 [M + H]"; HPLC: Daicel Chiralpak OD-H,
n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min, UV = 280 nm, tr = 4.9

min (minor) and tr = 5.2 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(4,4-Dimethyl-1-phenylpent-2-yn-1-yl)pyrrolidine (3.32): Following the general

()

N

procedure B, compound 3.32 was obtained as a yellow oil in 80% yield (192
o mg); Re=0.48 (Hexanes/EtOAc 80:20 v/v); [a]P20 —33.6 (c 0.5, CHCls, 88%
/\< ee); IR (KBr) 3061, 3030, 2967, 2872, 2807, 1451, 1362, 1269, 1130, 710
cm™; *H NMR (500 MHz, CDCls) & 7.52 (app d, J = 7.7 Hz, 2H), 7.31 (app t, J = 7.5 Hz,
2H), 7.27-7.22 (m, 1H), 4.62 (s, 1H), 2.63-2.52 (comp, 4H), 1.79-1.70 (comp, 4H), 1.27 (s,
9H); *C NMR (125 MHz, CDCls) & 140.25, 128.42, 128.19, 127.41, 96.94, 75.16, 58.59,

50.08, 31.48, 22.75, 23.62; m/z (ESI-MS) 242.1 [M + H]*; HPLC: Daicel Chiralpak OJ-H,
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n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1 mL/min, UV = 254 nm, tr = 4.6

min (minor) and tr = 4.9 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1-Phenylundec-2-yn-1-yl)pyrrolidine (3.33): Following the general procedure B,
O compound 3.33 was obtained as a yellow oil in 91% yield (271 mg); R¢=

N
: . . D . _. 0 -
Ph/\ 0.31 (Hexanes/EtOAc 90:10 v/v); [a] 20 —25.9 (c 0.5, CHCIs, 92% ee); IR

Coftrr (KBr) 3061, 3022, 2950, 2925, 2856, 2812, 1492, 1448, 1265, 1131, 721,
694 cm™; 'H NMR (500 MHz, CDCls) & 7.57-7.51 (comp, 2H), 7.36-7.31 (comp, 2H),
7.29-7.24 (m, 1H), 4.62 (t, J = 1.9 Hz, 1H), 2.67-2.54 (comp, 4H), 2.29 (td, J = 7.0, 2.1 Hz,
2H), 1.83-1.71 (comp, 4H), 1.61-1.51 (comp, 2H), 1.50-1.39 (comp, 2H), 1.38-1.22 (comp,
8H), 0.90 (t, J = 6.9 Hz, 3H); 3C NMR (125 MHz, CDCl3) & 140.35, 128.36, 128.21, 127.41,
87.18, 77.14, 58.95, 50.32, 31.97, 29.38, 29.23, 29.13, 29.04, 23.56, 22.81, 18.92, 14.25; m/z
(ESI-MS) 298.1 [M + H]"; HPLC: Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine
= 99/1/0.05, Flow rate = 1 mL/min, UV = 254 nm, tr = 4.1 min (minor) and tr = 5.0 min

(major).
The absolute configuration was assigned by analogy.

(S)-1-(3-(Cyclohex-1-en-1-yl)-1-phenylprop-2-yn-1-yl)pyrrolidine (3.34): Following the

O general procedure B, compound 3.34 was obtained as a yellow oil in 95%
N
o - \ yield (252 mg); R¢= 0.48 (Hexanes/EtOAc 85:15 v/v); [a]P20—27.5 (¢ 0.5,
A
/\O CHCI3, 90% ee); IR (KBr) 3027, 2931, 2873, 1449, 1345, 1271, 1128, 918,

700 cm™?; 'H NMR (500 MHz, CDCls) & 7.57-7.51 (comp, 2H), 7.36-7.30 (comp, 2H),
7.29-7.23 (m, 1H), 6.16-6.11 (m, 1H), 4.76 (s, 1H), 2.65-2.56 (comp, 4H), 2.21-2.15 (comp,

2H), 2.14-2.06 (comp, 2H), 1.82-1.71 (comp, 4H), 1.69-1.63 (comp, 2H), 1.62—1.55 (comp,
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2H); C NMR (125 MHz, CDCl3) & 140.06, 134.49, 134.46, 128.37, 128.27, 127.49, 120.71,
88.88, 83.77, 59.16, 50.30, 29.73, 25.73, 23.59, 22.48, 21.69; m/z (ESI-MS) 266.0 [M + H]";
HPLC: Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 1

mL/min, UV = 254 nm, tr = 5.6 min (minor) and tr = 7.1 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1,3-Diphenylprop-2-yn-1-yl)azepane (3.35): Following the general procedure B,
compound 3.35 was obtained as a yellow oil in 80% yield (232 mg); R¢=

N 0.42 (Hexanes/EtOAc 90:10 v/v); [a]P20 —1.56 (c 0.5, CHCl3, 88% ee); IR
TN Ph (KBr) 3060, 2924, 2851, 1598, 1490, 1449, 1324, 1272, 1067, 755, 691 cm™;
'H NMR (500 MHz, CDCls) & 7.74-7.69 (comp, 2H), 7.56-7.50 (comp, 2H), 7.40-7.32
(comp, 5H), 7.32-7.27 (m, 1H), 4.94 (s, 1H), 2.80-2.70 (comp, 4H), 1.73-1.56 (comp, 8H);
13C NMR (125 MHz, CDCl3) § 139.79, 131.96, 128.42, 128.41, 128.14, 128.12, 123.59,
87.20, 86.91, 62.82, 52.83, 29.10, 27.14; m/z (ESI-MS) 290.1[M + H]"; HPLC: Daicel
Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate = 0.2 mL/min, UV =

280 nm, tr = 28.0 min (minor) and tr = 29.4 min (major).
The absolute configuration was assigned by analogy.

(S)-1-(1,3-Diphenylprop-2-yn-1-yl)piperidine (3.36): Following the general procedure B,

)

N 63-65 T; Rf=0.61 (Hexanes/EtOAc 85:15 v/v); [a]P20 —7.8 (¢ 0.5, CHCls,

compound 3.36 was obtained as a white solid in 95% yield (262 mg); mp =

Ph NV
/\Ph 68% ee); IR (KBr) 3058, 2936, 2854, 2801, 1598, 1489, 1448, 1324, 1201,
1112, 764, 733, 694 cm™; *H NMR (500 MHz, CDCls) § 7.67-7.61 (comp, 2H), 7.55-7.48
(comp, 2H), 7.40-7.25 (comp, 6H), 4.79 (s, 1H), 2.65-2.46 (comp, 4H), 1.68-1.51 (comp,

4H), 1.50-1.38 (comp, 2H); *C NMR (125 MHz, CDCls) & 138.92, 132.07, 128.76, 128.53,
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128.31, 128.29, 123.63, 88.10, 86.37, 62.66, 50.97, 26.49, 24.73; m/z (ESI-MS) 276.1 [M +
H]"; HPLC: Daicel Chiralpak OJ-H, n-hexane/i-PrOH /diethylamine = 99/1/0.05, Flow rate

=1 mL/min, UV =254 nm, tr = 6.1 min (minor) and tg = 7.5 min (major).
The absolute configuration was assigned by analogy.

(S)-2-(1,3-Diphenylprop-2-yn-1-yl)-1,2,3,4-tetrahydroisoquinoline (3.37): Following the
general procedure B, compound 3.37 was obtained as a yellow solid in 95%

(%j yield (307 mg); mp = 87-88 <T; R¢=0.41 (Hexanes/EtOAc 95:5 v/v); [a]°20
Ph/\ -11.6 (c 0.5, CHCl3, 61% ee); IR (KBr) 3055, 3026, 2913, 2805, 2785, 1489,
1444, 1315, 1283, 1080, 748, 701 cm™; H NMR (500 MHz, CDCl3) & 7.79—

7.74 (comp, 2H), 7.58-7.52 (comp, 2H), 7.46—7.39 (comp, 2H), 7.39-7.31 (comp, 4H), 7.18—
7.11 (comp, 3H), 7.07-7.02 (m, 1H), 5.11 (s, 1H), 3.94-3.85 (comp, 2H), 3.03-2.87 (comp,
4H); BC NMR (125 MHz, CDCls) § 138.42, 136.39, 134.53, 131.96, 128.81, 128.58, 128.43,
128.36, 128.33, 127.82, 126.86, 126.09, 125.66, 123.16, 88.68, 86.16, 61.72, 52.36, 47.37,
29.81; m/z (ESI-MS) 324.0 [M + H]"; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH =

99/1, Flow rate = 0.5 mL/min, UV = 254 nm, tr = 19.0 min (major), tr = 20.4 min (minor).
The absolute configuration was assigned by analogy.

(R)-1,3-Diphenylpropa-1,2-diene (3.40): Following the general procedure C, compound

Ph, =<H 3.40 was obtained as a white solid in 72% yield (28 mg); mp = 52-54 <C; Rs¢
/=o
" P = 0.33 (Hexanes/EtOAc 98:2 v/v); [a]P2 —648.2 (c 0.5, CHCls, 92% ee); IR

(KBr) 3059, 3022, 2923, 1934, 1593, 1490, 1450, 1252, 1070, 911, 879, 751, 692 cm™; 'H
NMR (500 MHz, CDCls): § 7.37-7.30 (comp, 8H), 7.26-7.21 (comp, 2H), 6.61 (s, 2H); =C

NMR (125 MHz, CDCls) § 207.93, 133.75, 128.88, 127.46, 127.15, 98.58; m/z (ESI-MS)
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192.8 [M + H]*; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 99/1, Flow rate = 1

mL/min, UV = 254 nm, tr = 5.8 min (major), tr = 7.6 min (minor).

The absolute configuration was assigned by comparing the sign of the optical rotation with

the reported literature value of this product (R): [0]P2s —864.4 (c 0.59, CHCl3, 94% ee).”

(R)-1-Methoxy-3-(3-phenylpropa-1,2-dien-1-yl)benzene (3.41): Following the general
MeO@ ) procedure C, compound 3.41 was obtained as a light yellow oil in 48%

H}=-=<Ph yield (21 mg); R¢= 0.31 (Hexanes/EtOAc 98:2 v/v); [a]P20 —712.1 (c
0.5, CHCls, 94% ee); IR (KBr): 3027, 2931, 1937, 1701, 1596, 1490, 1452, 1264, 1152,
1043, 696 cm™; H NMR (500 MHz, CDCl3) & 7.41-7.31 (comp, 4H), 7.22-7.22 (comp,
2H), 6.98 (d, J = 7.6 Hz, 1H), 6.95-6.91 (m, 1H), 6.81 (dd, J = 8.2, 2.5 Hz, 1H), 6.65-6.57
(comp, 2H), 3.81(s, 3H); *C NMR (125 MHz, CDCls) & 207.99, 160.11, 135.22, 133.69,
129.83, 128.88, 127.48, 127.17, 119.81, 113.25, 112.31, 104.91, 98.63, 98.56, 55.37; m/z
(ESI-MS) 223.1 [M + H]*; HPLC: Daicel Chiralpak AD-H, n-hexane/i-PrOH = 99/1, Flow

rate = 1 mL/min, UV = 280 nm, tgr = 9.8 min (major), tr = 11.5 min (minor).
The absolute configuration was assigned by analogy.

Result for the Cul/3.11 catalyzed reaction with THIQ:

\

)N % Ph
Ph
3.37 3.37

CH,Cl, (0.1 M)
5A MS, rt, 24h

3.11 (3 mol%)
Cul (4 mol%)
PhCHO + + — +
. . h/\
1.0 mmol 1.2 equiv 1.5 equiv

yield: 77% (3.37/3.37' = 6 : 1)
ee: 54% (3.37), 49% (3.37")

Products 3x and 3x’ were not separable by standard column chromatography. According to

the HPLC profile of a 1:1 mixture of racemic A® product 3.37 and racemic redox-A2 product
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3.37"," peaks of retention times 19.2 and 28.5 min, each corresponding to one enantiomer of
3.37 and 3.37’, have approximately the same area. Therefore, regular and redox-A3 products
have the same molar extinction coefficients at this wavelength (254 nm). *H-NMR analysis
of the product mixture indicates the formation of 3.37 and 3.37" in a 6:1 ratio. The ee’s for
both products were calculated based on this ratio and the corresponding HPLC data. The
absolute configuration of 3.37" was tentatively assigned based on a comparison with

literature data.”
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Chapter IV Direct Reductive Etherification Enabled by Cooperative Dual
Catalysis of a Thiourea and a Strong Brensted Acid
4.1  Background

4.1.1 Williamson Ether Synthesis

The Williamson ether synthesis™> has been most popular in ether formation
reactions,*’ where a metal alkoxide undergoes an Sn2 reaction with an alkyl halide to forge
the C-O bond (Scheme 4.1). Although generally no sophiscated catalyst or additive is
required for such a process, the preparation of alkoxides and the generation of stoichiometric
amounts of metal salt waste greatly limit its practicality. Moreover, the Williamson ether
synthesis is highly sensitive to the sterics of the alkylating reagents as competitive
elimination reactions can occur. Primary halides are usually viable substrates while tertiary

halides mainly undergo elimination.

Scheme 4.1 Williamson ether synthesis.

o
R'-0 M®

+ R2-X > R1/O\R2

R2 = primary,
some secondary

Scheme 4.2 Williamson ether synthesis catalyzed by phase transfer catalyst.

n-C4HgOH + PhCH,CI » n-C4HgOCH,Ph
50% NaOH 4%
45°C, 6 h °

n-BuyNHSO, (5 mol%)

n-C4HgOH  + PhCH,CI n-C4HgOCH,Ph
50% NaOH .
35°C, 1.5 h 92%

The efficiency of the Williamson ether synthesis can be improved with phase transfer
catalysis (Scheme 4.2).2 The counter anion of the phase transfer catalyst has a profound
effect on the reaction rate, as its competes with the alkoxide anion in forming an ion pair with

the quaternary ammonium cation. Despite the conducive effect of phase transfer catalysts,
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the limitation of substrate scope, stoichiometric use of metal alkoxide and consequent

generation of metal salt waste are still pressing issues with this methodology.
4.1.2 Reduction of Acetals

Acetals have been known for a long time to be reduced to the corresponding ethers or
hydroxyl ethers by various reducing agents such as hydrogen gas,®® hydrides!®*® and
silanes.?*2¢ A representative  work from  Noyori revealed trimethylsilyl
trifluoromethanesulfonate (TMSOTT) to be a viable catalyst for the reduction of dimethyl
acetals (Scheme 4.3).% The corresponding methyl ethers are obtained in good to excellent
yields with trimethylsilane as the reducing agent. Acetals derived from both aromatic and
aliphatic aldehydes as well as ketones are well tolerated. However, no functional groups

were evaluated for the process.

Scheme 4.3 TMSOTT catalyzed reduction of acetals to ethers by Noyori.

TMSOTF (1 mol%)
RYOMG MesSiH (1.12 equiv)

OMe

R._OMe

CH,Cl,, 0°C to rt
R = Ar, alkyl

R TMSOTF (1 mol%)
RYOMe Me,SiH (1.12 equiv)  R'__OMe

OMe CH,Cl,, 0°C to rt R

Scheme 4.4 Nafion-H catalyzed reduction of acetals and ketals.

o RS Nafion-H
R'Y O. Et3SiH (1.1 equiv) R! _O.
ﬂ/ R3 Y R3
R2 CH,Cly, reflux R2
82-97%
one-pot procedure from carbonyl compounds:
3 ) _RS Nafion-H
R' _O CH(OR"); (1 equiv) R1O o Et;SiH (1.1 equiv) R' O
\? > \k “R3 > Y “R3
R? Nafion-H, CH,Cl, R2 CH,Cly, reflux R2

88-95%
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A more practical method was reported by Olah using catalytic amounts of Nafion-H
(Scheme 4.4).2' The resin-based Bremsted acid is stable towards moisture and can be
regenerated easily. Various acetals and ketals can be efficiently reduced to the corresponding
ethers in a few hours. A one-pot procedure was also demonstrated to convert carbonyl

compounds to the corresponding ethers without isolating the dialkyl acetal intermediate.

Kotsuki reported the reduction reactions of acetals and ketals using Zn(BHa)2 as the
reducing agent (Scheme 4.5).1° Compared with Noyori’s approach (Scheme 4.3), a weaker
Lewis acid MesSiCl was used but in stoichiometric amount (1.2 equivalent). A wide variety
of acetals and ketals are well tolerated and the reactions usually proceed at ambient
temperature. A longer reaction time is needed for aliphatic acetals, and a para-nitro group on
the aromatic acetal has a strong deactivating effect. The observed reaction time difference is

in accord with the stability trend of the carbocation generated by acetal cleavage.

Scheme 4.5 TMSCI promoted reduction of acetals and ketals by Zn(BHa)..

O/RS Zn(BHy,), (0.5 equiv)
Rq/o Me3SiCl (1.2 equiv) R O
R YR
R2 Et,0 or CH,Cl, R2
0°Corrt

47-97%

Scheme 4.6 Regioselective reductive cleavage of 4,6-O-benzylidene glycosyl acetals to ethers.

TMDS (1.5 equiv) Ph\\
Ph/VOO Cu(OT), (5 mol%) o
BrO ———>  Ho
" BnO CH,Cly, rt, 4h BnO
nYoH 22 BnOoy

Ph—\"0 TMDS (1 equiv)
0 AICl5 (1.5 equiv) __Ho
BnO — = P07
BnOoH CH,Cl,

-78°C to rt, 4h 88%

Reduction of cyclic acetals has been explored largely in sugar chemistry. Lemaire

reported the regioselective reductive cleavage of 4,6-O-benzylidene glycosyl acetals to ethers
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(Scheme 4.6).% Either regioisomer can be obtained with satisfactory yield by judicious
choice of Lewis acid catalyst or promoter. Catalytic amount of Cu(OTf), enables O-4 ring

cleavage while 1.5 equivalents of AICIs are needed for O-6 cleaved regioisomer.
4.1.3 Reductive Etherification

Reductive amination reactions are among the most reliable methods for amine
synthesis due to starting material availability, mild reaction conditions, and broad substrate
scope (Scheme 4.7).27% In contrast, the corresponding reductive etherification is
significantly less developed. This is despite the wide availability of the prerequisite starting
materials and the advantages such an approach would offer over classical methods such as
the Williamson ether synthesis.!” Great efforts have been dedicated towards the
development of a general method for reductive etherification. Most strategies are based on

34-38

transition metal catalysts,®=® Lewis acids,>*3® and Brensted acids.**** Methods relying on

silylated alcohols rather than unprotected alcohols have also emerged.*?>°

Scheme 4.7 Reductive amination and reductive etherification.

Reductive amination
(catalyst)

o} R3 R reductant R%N’RA R?ﬁ,R“
k + N7 J\ via: ﬂ\
R" "R2 H -H,0 R1"OR? R'OR2
well established iminium
intermediate
Reductive etherification
(catalyst) 3 3
0 reductant R‘O R‘O®
I'Q * HO-R® 1 via: I
R" "R? -H,0 R R2 R R?
underdeveloped oxocarbenium

intermediate

4.1.3.1 With Silylated Alcohol

In 1985, Mukaiyama reported the first reductive etherification between aldehydes and

trimethylsilyl protected alcohols (Scheme 4.8).#> Both aliphatic and aromatic aldehydes, as
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well as ketones, undergo reductive etherification reactions with silylated aliphatic alcohols to
afford the corresponding ethers. A stoichiometric amount of triethylsilane is used as an
efficient reducing agent in combination with catalytic amounts of trityl perchlorate. When
aldehydes are used as the sole coupling partner, symmetrical ethers are generated

reasonable yields.

Scheme 4.8 Ph;CCIO, catalyzed reductive etherification.

Ph3CCIO, (5 mol%)
0 Et3SiH (1 equiv R? R
¥4 TMSO. oSH (1 equiv) N ORs

R? CH,Cl,, 0°C R?

Ph3CCIO,4 (5 mol%)
RLfO Et3SiH (1 equiv) R'_O

H CH,Cly, 0°C

Possible mechanism

o~ 1
R' _o 1 i R._ O«
¥ s TMsO., _ PhsCCIO Rﬂ/os"‘"es o YR+ Et;Si0SiMes

R? R2 R2
RLfO
R'_O  PhsCCIO .
T, Rl_oOsiEt, —H o R_o_R!
H Et3SiH Ph3CCIO,4
EtSiH

Scheme 4.9 Comparison between free and protected alcohol in VLA-4 antagonist synthesis.

MeO, FeCls (10 mol%)
Et3SiH (1.2 equlv) Zj\/ <:>—002Et
Nt Etsion ‘<:>—COZEt
w CH CN, rt
cbz © 3 Cbz
62%
MeC, FeCl; (10 mol%)
Et,SiH (1.2 equlv) Zj\/ <:>—002Et
T HO COEt ——
N, 0 CH4CN, rt

trace

Subsequently, many other Lewis acids have been reported to catalyze this reaction,
such as TMSI,*® TMSOTTf,*® BiBrs,*® Cu(OTf)2,%° B(CsHs)3,® FeCl3,*! and InCl3.5? Despite

the versatility of these approaches, protection of the alcohol is required and the Lewis acid



121

catalysts employed are often moisture sensitive. In an effort to synthesize a very late antigen-
4 antagonist, the reductive etherification reaction was applied by Chiba with FeCls as catalyst
(Scheme 4.9).>* In this case, the use of an unprotected free alcohol only results in trace

amount of desired product.
4.1.3.2 With Unprotected Alcohol

In 1963, Anteunis reported the first reductive etherification reactions between
carbonyls and alcohols in the presence of platinum oxide catalyst, hydrogen and excess
amounts of Brensted acids (Scheme 4.10).°® Despite the great importance of this method,
large excess of alcohol and stoichiometric amount of hydrochloric acid are required.
Although both ketones and aldehydes are tolerated, the scope of the alcohol is very limited.
In 1972, Doyle reported an alternative approach using triethylsilane as the reducing agent in
the absence of metal catalyst (Scheme 4.10).*® This method also suffers from excess use of
acid and limited substrate scope. Secondary and benzyl alcohols result in dramatic loss in
yield and other functional groups are not tolerated. Major side products of this procedure are
alcohols from aldehyde reduction and symmetrical ethers resulting from homocoupling
reactions. The latter is generated via reductive coupling reaction between the carbonyl

compound and the alcohol generated from carbonyl compound reduction.

Following the seminal work described above, Lewis acids have also been reported as
viable catalysts for this reaction with silane as reductant.3*3® Large excess of TMSCI®* and
stoichiometric amounts of TMSOT#*3" were also used, presumably via in situ transformation
of alcohols into the corresponding silyl ether. The first thorough evaluation of the substrate
scope incorporating other functional groups was reported by Roth, where triflic acid
successfully catalyzed the reaction (Scheme 4.11).** Alkene, alkyne, nitro, ester, carboxylic

acid are all viable functional groups for this process. However, the study is light on aliphatic
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aldehydes and aromatic ketones, and drastic loss in yield was observed for the latter.
Moreover, when benzyl alcohol was used, considerable aldehyde reduction and subsequent

homocoupling side product was observed.

Scheme 4.10 Early examples of reductive etherification with unmodified alcohols.

Anteunis 1963

PtO,/HCI R!_oO.

1
R\?O . HO‘R3 _ t R3
R2 H, (1 atm) R
rt
Doyle 1972
RL%O . HO‘R"’ Brensted acid RH/O\RS ] N
2 rensted acid used:
R2 EtySiH R
\ H,S0,4, CF3CO,H, CCI3CO5H
R!' _O R' OH Brgnsted acid R' O R
N . e
R2 R2 Et3SiH R2 R2

Scheme 4.11 Triflic acid catalyzed reductive etherification reactions.

TfOH (1-3 mol%)

: ; 1
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Very recently, Yi reported the use of a cationic Ru-H complex for this reaction,
simple hydrogen gas and water are used as the reductant and solvent (Scheme 4.12).%
Aromatic and aliphatic aldehydes as well as ketones are all viable substrates with satisfactory
yields. However, a potential disadvantage in terms of practicality is that a glovebox is
required for the reaction setup. The proposed mechanism involves initial generation of a Ru-
alkoxy species and coordination with the carbonyl compound. Subsequent hydrogenolysis of

the hemiacetoxy species affords the final reductive coupling product.
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Scheme 4.12 Ruthenium complex catalyzed reductive etherification reactions.
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4.2 Direct Reductive Etherification Reactions Enabled by a Thiourea and a

Strong Brensted Acid Combination

Despite the advances regarding the reductive etherification reactions as mentioned
above, a number of challenges have yet to be addressed to allow for broader application of
this process. Remaining limitations include first and foremost functional group compatibility,
but also suppression of reductive homocoupling of the aldehyde or ketone component, and
applicability to challenging substrates such as aromatic ketones. We aimed to develop a new
concept for the reductive etherification reactions that is based on the combination of a readily
accessible organocatalyst, HCI and a simple silane reducing agent (Figure 4.1). Mirroring the
requirements for reductive amination, a method for reductive etherification has to facilitate
the condensation of an aldehyde/ketone with an alcohol to generate an oxocarbenium ion or
related intermediate. The latter has to be reduced selectively over the aldehyde/ketone.
Based on the known propensity of thiourea catalysts to increase the acidity of a Brensted

acid,®~® we envisioned that a combination of a simple Brensted acid and a thiourea catalyst
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in presence of an appropriate reducing agent might allow for efficient reductive etherification.
Specifically, the thiourea catalyst is expected to facilitate the Brensted acid catalysis in
promoting the formation of the oxocarbenium ion intermediate and/or increasing its
equilibrium concentration. Interaction of the counter anion of the oxocarbenium cation with
the thiourea catalyst via anion-binding should serve to increase the electrophilicity of the
oxocarbenium cation. In addition, the sulfur atom of the thiourea moiety may serve as a
Lewis base capable of interacting with the reducing reagent.®* As mentioned in Chapter 1, the
concept of anion-binding catalysis was first proposed by Schreiner and coworkers,®® and is

now recognized as a general activation mode.

Figure 4.1 Reductive etherification with thiourea anion-binding catalyst.

Reductive etherification

(catalyst) 5 s
0 reductant R‘O R‘O®
+  HO-R® —> via: |
RAKR2 -H,0 RWJ\RZ R1J\R2
oxocarbenium
intermediate
Challenges 1
9 T\ Concept S
* Competing reduction of aldehyde R2" ™SO =€ R‘NXN’R
or ketone starting material ‘O® H
and homocoupling R" "R? I Nt
undesired R" "R? X

* Functional group tolerance Thiourea catalyst facilitates formation

and increases electrophilicity of oxocar-

* Attenuated reactivity of aromatic ketones benium ion via anion-binding

4.2.1 Optimization

Para-tolualdehyde and benzyl alcohol were selected as model substrates to evaluate
the proposed reductive etherification reaction (Table 4.1). In the absence of a thiourea
catalyst with TFA as the Brensted acid promoter and EtsSiH as the reducing reagent, only
trace amounts of product 4.2 were observed after 24 hours and starting materials remained

mostly unaffected (entry 1). The use of HCI in an otherwise identical experiment provided
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4.2 with markedly increased yield (entry 2). As a proof of concept, addition of the well-

Table 4.1 Optimization of reaction conditions.

catalyst (5 mol%)
acid (0.6 equiv)

silane (1.2 equiv)
/©/ ©/\ CH,Cl, (0.2 M), 3A MS, rt /©/\ /\©

0.25 mmol 1.2 equiv

Spd, 28k
Sl =4k =i

H

entry catalyst acid silane time [h] yield (%)

1 - TFA EtsSiH 24 6

2 - HCI EtsSiH 24 44

3 4.3 HCI EtsSiH 24 64

4 4.4 HCI EtsSiH 24 74

5 4.4 HCI PhSiH3 24 21

6 4.4 HCI Ph,SiH, 24 34

7 4.4 HCI Me,PhSiH 24 95
8 4.4 HCI PMHS 24 12

9 4.4 HCI PhsSiH 24 46
10 4.4 HCI MePhSiH; 24 66
11 4.4 HCI (EtO).MeSiH 24 Trace
12 4.4 HCI TMDS 5 98
13 45 HCI TMDS 20 min 98 (94)
14 4.3 HCI TMDS 24 92
15 - HCI TMDS 24 70
16° 45 HCI TMDS 1 97
17¢ 4.5 HCI TMDS 24 91

Bl NMR vyields (1,3,5-trimethoxybenzene as internal standard), number in parenthesis is isolated yield; HCI
was used as 4.2 M solution in dioxane. [b] with 2 mol% of thiourea. [c] with 0.3 equiv of HCI.
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known Schreiner thiourea catalyst (4.3) at a 5 mol% loading resulted in a further substantial
increase in yield (entry 3). Modified Schreiner catalyst 4.4, bearing bromine substituents
between the trifluoromethyl groups, enabled a further acceleration of the reductive
etherification (entry 4). A number of different silanes were evaluated with catalyst 4.4
(entries 5-12). Among the reducing reagents, 1,1,3,3-tetramethyldisiloxane (TMDS) stood
out as being highly efficient. While none of the reactions in entries 1-11 went to completion
within 24 hours, the corresponding reaction with TMDS went to completion within five hours
and provided 4.2 in excellent yield (entry 12). We rationalized that further improvements in
efficiency may be achieved by substituting the bromo substituents in 4.4 for more electron-
withdrawing cyano groups. Remarkably, the corresponding thiourea catalyst 4.5 reduced the
required reaction time to 20 min with no loss in efficiency (entry 13). The difference to
catalyst 4.3 is profound: under otherwise identical conditions, trace amount of starting
material was still present in 24 hours (entry 14). In the absence of any thiourea catalyst, the
reaction slowed down markedly (entry 15). Use of catalyst 4.5 at a loading of 2 mol% was
equally efficient with regard to product yield but requiring a slightly prolonged reaction time
(entry 16). However, a decrease in the amount of HCI led to a significant slowdown of the

reaction (entry 17).

Under the optimized conditions of Table 4.1, reductive homocoupling of p-
tolualdehyde was not observed. However, this undesired side reaction is known to occur in
certain Brensted acid catalyzed reductive etherification reactions. The competing reaction
pathway not only compromises reaction yields, but also complicates product purification. As
we were exploring the substrate scope, such homocoupling side products were observed with
aliphatic aldehydes, presumably due to an increased propensity of these substrates to undergo

reduction. For instance, the reaction of cyclohexanecarboxaldehyde and benzyl alcohol
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provided an 8:1 mixture of desired product 4.6 and undesired homocoupling product 4.7
(Table 4.2, entry 1). We speculated that the product distribution may be shifted towards the
desired product by utilizing a silane with attenuated reactivity. Indeed, upon evaluation of a
number of silanes as summarized in Table 2, methylphenylsilane was found to be optimal in

favoring product 4.6 (Table 2, entry 6).

Table 4.2 Optimization of conditions for an aliphatic aldehyde.

4.5 (5 mol%), silane (1.2 equiv) O/\ /\©
O/CHO @/\OH HCI (4.2 M in dloxane 0.6 equiv)
+
CH,Cl, (0.2 M), 3A MS, rt
0.25 mmol 1.2 equiv O/\o/\o
4.7

entry silane Time yield of 4.6 (%) 4.6:4.7
1 TMDS 20 min 76 8:1
2 EtsSiH 3h 81 14:1
3 PhSiH; 24 h 59 9:1
4 PhsSiH 24 h 66 14:1
5 Me,PhSiH 30 min 78 15:1
6 MePhSiH, 2h 92 (87) 25:1

[a] NMR yields (1,3,5-trimethoxybenzene as internal standard), number in parenthesis is isolated yield.
4.2.2 Substrate Scope

The scope of the reductive etherification is shown in Scheme 4.13. With regard to
aromatic aldehydes, different substitution patterns and electronic properties were well
tolerated. Linear, a-branched, and nonenolizable aliphatic aldehydes also performed well
when methylphenylsilane was used as the reductant. Cyclic and acyclic aliphatic ketones

were also viable substrates. Notably, in contrast to previous reports using Brensted and
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Scheme 4.13 Substrate scope.

4.5 (5 mol%), TMDS (1.2 equiv)

1) HCI (4.2M in dioxane, 0.6 equiv) R'
+ R"—OH > "
R)LR' CH,Cl, (0.2 M), 3A MS, rt R')\O’R
0.25 mmol 1.2 equiv
OMe
| OyN (6]
o ¢ ¢ 2 ¢ @
_0O
(e}
4.8, 20 min, 92% 4.9, 20 min, 95% 4.10, 14 h, 93% 4.11,2h, 95%
(¢} (0} (0} N O
\ S
Br NC
4.12, 30 min, 95% 4.13, 24 h, 89% 4.14, 20 min, 96% 4.15,2h,73%
NN P N N
O@ O/\/\ W/\OW\Q }/\OA/\©
4.162, 3 h, 80% 4.17%,2h, 72% 4.182 24 h, 93% 4192 2 h, 87%
)\/\ O\ N NP N
O/\© O/\© ©)\O Y\)\OK/\C
4.202 2 h, 89% 4.21, 30 min, 87% 4.22,2 h, 86% 4.23, 30 min, 94%
T N NN J\
©10W\© @)\O@ /@AO /@AO
4.24, 24 h, 84% 4.25° 24 h, 83% 4.26, 20 min, 92% 4.27, 20 min, 91%
Z
o o et o
4.28, 30 min, 65% 4.29, 20 min, 80% 4.30,2h, 82% 4.31,1h, 88%
O o o o /\/@Boc
AN
/@/\o N /©/\O/\AO/ /@/\O
(o}
4.32° 24 h, 82% 4.33, 24 h, 90% 4.349 24 h, 87% 4.35,24 h,61%
H
N

4.36,24 h, 79% 4.37,24 h, 74%

[a] MePhSiH2 was used instead of TMDS; [b] With 1.2 equiv of HCI; [c] 4.4 was used instead of 4.5;
[d] With 2.4 equiv of p-tolualdehyde, 10 mol% of 4.5, 1.2 equiv of HCI and 2.4 equiv of TMDS.

Lewis acids, aromatic ketones demonstrated excellent reactivity. To the best of our

knowledge, the only direct reductive etherification protocol where aromatic ketones provide
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satisfactory yields calls for a ruthenium-hydride complex that requires handling in a glovebox.
Various alcohols participated in reductive etherification. Ethylene glycol efficiently
underwent double etherification. Importantly, the reaction was found to be compatible with a
broad range of functionalities including ether, alkyl and aryl halide, nitro, ester, nitrile,
thienyl, amide, imide, carbamate, alkenyl, and alkynyl groups. To further demonstrate the
practicality of the process, the reductive etherification of p-tolualdehyde and L-menthol was
performed on a 10 mmol scale with 1 mol% of 4.5 (Scheme 4.14). The reaction went to

completion within one hour and provided product 4.38 in 95% yield.

Scheme 4.14 Scale-up reaction at lower catalyst loading.
4.5 (1 mol%), TMDS (1.2 equiv) )
CHO ) HCI (4.2M in dioxane, 0.6 equiv) /O\
+ >
/© HO/O\ CH,Cl, (0.2 M), 3A MS, rt, 1h /@AO

10 mmol 1.2 equiv 4.38, 95% (2.476 g)

4.2.3 Further Studies

The dramatic differences in catalytic activity of the different thioureas correlate well
with their chloride affinities (Table 4.3). Binding constants for chloride were determined via
NMR titrations of the thiourea catalysts with tetrabutylammonium chloride in deuterated
DMSO containing 0.5% water (Figures 4.2, 4.3, 4.4).°% Consistent with the substantially
greater activity of 1c, this catalyst showed a twofold binding affinity for chloride compared

to 1a and 1b.

Table 4.3 Chloride binding constants of thiourea catalyst.

catalyst Ka (M%) - I . T .
b
43 30.140.49 (41) FSCI lNANi ICF3
44 41.740.46
45 81422 iy
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Figure 4.2 NMR titration of 4.3 with TBACI in DMSO-ds/0.5% H.O. (a) Stack plot. (b) Fitplot

of N-H at § 10.65 ppm, K, = 39.1 +0.49 M. (C) Fitplot of C-H at & 8.20 ppm, K, = 40 2.3 ML,
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Figure 4.3 NMR titration of 4.4 with TBACI in DMSO-ds/0.5% H.O. (a) Stack plot. (b) Fitplot

of N-H at § 10.70 ppm, K, = 41.7 +0.46 M%. (C) Fitplot of C-H at 5 8.31 ppm, K, = 44 3.0 M.,
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Figure 4.4 NMR titration of 4.5 with TBACI in DMSO-ds/0.5% H.O. (a) Stack plot. (b) Fitplot

of N-H at § 11.35 ppm, K, = 81 2.2 M. (C) Fitplot of C-H at & 8.51 ppm, K, = 83 7.0 M.,
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4.2.4 Efforts toward Enantioselective Reductive Etherification Reactions

Scheme 4.15 Intramolecular reductive etherification reaction reported by Gharpure.

0=8=0 TMSOTS (1.1 equiv)

EtsSiH (1.1 equiv)

0=$=0
N\/\OH N
CH,Cl, (0.1 M) :}
% 0°Ctort o

4.39
94%

Gharpure reported the intramolecular reductive etherification reactions of keto
alcohols to synthesize substituted morpholine derivatives (Scheme 4.15).3"  Albeit
stoichiometric amounts of trimethylsilyl triflate are required, the reactions are generally
efficient with satisfactory vyields and reaction time. We performed studies on the
enantioselective version of this reaction. At the outset, we successfully reproduced the
reaction almost full conversion to 4.39 in only 5 minutes. On the other hand, the use of
catalytic amount of chiral Brensted acids 4.41 or 4.42 only afforded the condensation product
4.40 even under mild heating (Scheme 4.16). The combination of bifunctional thiourea
catalyst 4.43 and stoichiometric amount of HCI afforded full conversion to the condensation
product 4.40 within 10 minutes. However, no detectable reduction to the desired product 4.39
was observed even with prolonged reaction time. Use of other reducing reagents such as

Hantzsch ester and TMDS gave no desired product either.



Scheme 4.16 Efforts toward the enantioselective reductive etherification reactions.
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CFs
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Br COOH O HN
CF,
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43  Summary

In summary, we have developed an efficient method for direct
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reductive

etherification reactions where a readily accessible thiourea organocatalyst is used in

combination with a simple Brensted acid. Challenging substrates such as aromatic ketones

and various functional groups were well tolerated. Efforts toward the enantioselective

reductive etherification reactions have not been successful, and a more reactive chiral

catalytic system is highly in need for this purpose.
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Experimental Section

General information: Reagents and solvents were purchased from commercial sources and
were purified by distillation or recrystallization prior to use. HCI in dioxane was purchased
from Sigma Aldrich and titrated prior to use. 3A powdered molecular sieves were purchased
from Alfa Aesar, activated by heating in a furnace to 300 <C for 3 h and were stored in a
desiccator.  Purification of reaction products was carried out by flash column
chromatography using EM Reagent silica gel 60 (230—400 mesh). Analytical thin layer
chromatography was performed on EM Reagent 0.25 mm silica gel 60 Foss plates.
Visualization was accomplished with UV light, potassium permanganate and
phosphomolybdic acid stains, followed by heating. Melting points were recorded on a
Thomas Hoover capillary melting point apparatus and are uncorrected. Infrared spectra were
recorded on an ATI Mattson Genesis Series FT-Infrared spectrophotometer. Proton nuclear
magnetic resonance spectra (*H-NMR) were recorded on a Varian VNMRS-500 MHz
instrument and are reported in ppm using solvent as an internal standard (CDCls at 7.26 ppm,
(CD3)2SO at 2.50 ppm, CD3CN at 1.94 ppm). Data are reported as app = apparent, s =
singlet, d = doublet, t = triplet, g = quartet, p = pentet, sept = septet, m = multiplet, comp =
complex, br = broad, and coupling constant(s) in Hz. Proton-decoupled carbon nuclear
magnetic resonance spectra (*C-NMR) were recorded on a Varian VNMRS-500 MHz
instrument and are reported in ppm using solvent as an internal standard (CDCls at 77.16
ppm, (CD3).SO at 39.52 ppm, CDsCN at 1.32 ppm). Mass spectra were recorded on a
Finnigan LCQ-DUO mass spectrometer. Compounds 4.3,% 3-phthalimidopropanol,®’ N-
Cbz-L-prolinol®® were prepared according to reported procedures. Compounds 4.2,%° 4.6,

4.8%° 411, 412,72 413, 4.14,"* 4.15, 4.16,°4.17,"7 4.18," 4.19," 420, 4.21,204.22 %
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4.2552 4,262 4,278 4,288 4.38% were reported before and their NMR data are consistent

with ours.
Binding Constant Studies

Following a similar procedure reported by Gale,% aliquots of a solution of
tetrabutylammonium chloride (0.2 M) and thiourea catalyst (0.01 M) in DMSO-de/0.5% H,O
were added to a solution of thiourea catalyst (0.01 M) in DMSO-ds/0.5% H,0. *H-NMR
spectra were then recorded at 25 <C and binding constants were determined by fitting the
chemical shift data in the SciPy package.®” The residuals of the fits were taken as the error in

the chemical shift data and used in Monte Carlo method® to estimate the K, error.

1,3-Bis(4-bromo-3,5-bis(trifluoromethyl)phenyl)thiourea

NH, NCS
CF3 CF3
+ -
FsC CF F3C CF
3 3 3 3 reflux, 20h FsC NJ\N CF4
Br Br H H
0.571 mmol 1 equiv 4.4

82%

To a solution of 2-bromo-5-isothiocyanato-1,3-bis(trifluoromethyl)benzene® (200 mg, 0.571
mmol, 1 equiv) in THF (1.1 mL, 0.5 M) was added 4-bromo-3,5-bis(trifluoromethyl)aniline
(176 mg, 0.571 mmol, 1 equiv). The resulting mixture was stirred at reflux under nitrogen
for 20 hours. The solution was then cooled to room temperature, concentrated and purified
via flash chromatography on silica gel to afford the desired product 4.4 in 82% yield; mp =
139-140 €; R¢=0.20 (Hexanes/CH,Cl, 50:50 v/v); IR (KBr) 3380, 3342, 3211, 3104, 3046,
1595, 1537, 1449, 1356, 1334, 1293, 1186, 1138, 1030, 895, 838, 742, 724, 681 cm™; 'H
NMR (500 MHz, (CD3)2SO) & 10.70 (br s, 2H), 8.31 (s, 4H); 3C NMR (125 MHz,

(CD3).S0O) 180.16, 139.51, 131.06 (q, Jcr= 30.6 Hz), 126.29 (q, Jc-r= 5.8 Hz), 122.41 (q,
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Jo.r = 274.0 Hz), 111.78; m/z (ESI-MS) 654.7 ("Br/”®Br) [M — H]", 656.7 ("Br/*'Br) [M —
H]", 658.7(3'Br/2'Br) [M — H].
4-Amino-2,6-bis(trifluoromethyl)benzonitrile

NH NH,

CuCN (3 equiv)
FsC CF; NMP (0.5 M) > FC CF,
Br :
180 °C, 4h CN
3.25 mmol 4.44

92%

To a solution of 4-bromo-3,5-bis(trifluoromethyl)aniline (1 g, 3.25 mmol, 1 equiv) in NMP
(6.49 mL, 0.5 M) was added CuCN (0.872 g, 9.74 mmol, 3 equiv). The resulting mixture
was stirred at 180 < under nitrogen for 4 hours before being cooled to room temperature.
Saturated aqueous NaHCO3 (20 mL) and EtOAc (20 mL) were added and the mixture was
filtered through Celite. The layers were separated and the aqueous phase was extracted with
EtOAc (20 mL x 2). The combined organic layer was dried over Na,SOs, concentrated and
purified via flash chromatography on silica gel to afford the desired product 4.44 in 92%
yield; mp = 123-125 €; Rf= 0.29 (Hexanes/CH2Cl, 30:70 v/v); IR (KBr) 3483, 3372,
3246, 2672, 2221, 1639, 1612, 1491, 1404, 1286, 1185, 1142, 1065, 954, 877, 848, 730, 696,
672, 555 cm™; *H NMR (500 MHz, CD3CN) & 7.20 (s, 2H), 5.66 (br s, 2H); *C NMR (125
MHz, CD:CN) & 153.47, 136.80 (q, Jcr = 31.8 Hz), 123.43 (q, Jcr = 273.4 Hz), 114.73,

114.54 (q, Jor = 5.2 Hz), 92.01; m/z (ESI-MS) 255.2 [M + HJ".

1,3-Bis(4-cyano-3,5-bis(trifluoromethyl)phenyl)thiourea

NH )SJ\ NCS
NN . CF, CF, N
(3 equiv) _ 4.44 (1 equiv) S
FsC CFy > e cF > PIq
CN NaHCO4/CH,CI,/EtOAc  F3 > DMEsM)  FeC N“TN CF,
rt, 20h CN
4.44 rt, 20h

4.5
0.787 mmol 78%
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4-Amino-2,6-bis(trifluoromethyl)benzonitrile 4.44 (200 mg, 0.787 mmol, 1 equiv) was
dissolved in a mixed solvent of CH>Cl, (3.5 mL) and EtOAc (0.4 mL). Saturated aqueous
NaHCO3 (3.9 mL) was added and the biphasic mixture was cooled to 0 <. Thiophosgene
(181 uL, 2.361 mmol, 3 equiv) was added to the organic phase and the resulting mixture was
slowly warmed to room temperature and stirred until the disappearance of the starting
material (20 h). The reaction mixture was extracted with CH2Cl> (7 mL x 3) and the
combined organic phase was dried over Na>SO4, concentrated and directly used in the next
step. To a solution of the crude 4-isothiocyanato-2,6-bis(trifluoromethyl)benzonitrile in
DMF (1.6 mL, 0.5 M) was added 4-amino-2,6-bis(trifluoromethyl)benzonitrile 4.44 (200 mg,
0.787 mmol, 1 equiv) and the solution was stirred at room temperature under nitrogen for 20
hours. EtOAc (10 mL) was added and the solution was washed with water (4 mL x 2), brine
(4 mL), dried over Na.SO4 and concentrated. Purification via flash chromatography on silica
gel afforded the desired product 4.5 as a yellow solid in 78% yield; mp = 164-166 <€; R=
0.12 (Hexanes/EtOAc/HCO2H 50:50:0.5 v/v/v); IR (KBr) 3347, 3107, 2239, 1615, 1597,
1542, 1479, 1368, 1313, 1275, 1247, 1190, 1140, 1069, 938, 893, 683 cm*; *H NMR (500
MHz, CD3CN) & 9.33 (br s, 2H), 8.43 (s, 4H); °C NMR (125 MHz, CD3CN) & 180.53,
144.63, 135.96 (9, Jc-F = 32.9 Hz), 124.60 (q, Jcr= 5.2 Hz), 123.01 (q, Jcr = 273.8 Hz),

113.31, 103.12; m/z (ESI-MS) 548.8 [M — H]".

General Procedure for the Organocatalytic Reductive Etherification Reaction

To a flame dried vial was added thiourea catalyst 4.5 (6.9 mg, 0.013 mmol, 5 mol %), 3A MS
(100 mg) and CH2Cl> (1.25 mL, 0.2 M). To this stirred suspension was added aldehyde (0.25
mmol, 1 equiv), alcohol (0.3 mmol, 1.2 equiv), HCI (4.2 M in dioxane, 36 puL, 0.6 equiv) and
silane (0.3 mmol, 1.2 equiv). The vial was then capped and the resulting mixture was stirred

until the disappearance of aldehyde before being quenched by EtsN (40 pL). The resulting
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mixture was concentrated and directly purified by flash chromatography on silica gel topped

with Celite.

1-((Benzyloxy)methyl)-2-methoxybenzene (4.2): Following the general procedure, the
/@AO/\Q reaction was run for 20 minutes and 4.2 was obtained as a
colorless oil in 94% yield; Rf= 0.23 (Hexanes/CHCl, 70:30 v/v);
IR (KBr) 3064, 3029, 2921, 2855, 1613, 1517, 1491, 1454, 1360, 1206, 1093, 1028, 803, 736,
697 cm™*; *H NMR (500 MHz, CDCl3) & 7.42—7.34 (comp, 4H), 7.33-7.26 (comp, 3H), 7.19
(d, J = 7.9 Hz, 2H), 4.57 (s, 2H), 4.55 (s, 2H), 2.38 (s, 3H); *C NMR (125 MHz, CDCl3) &
138.51, 137.45, 135.34, 129.21, 128.50, 128.03, 127.90, 127.70, 72.12, 72.04, 21.32; m/z
(ESI-MS) 212.8 [M + HJ".
((Cyclohexylmethoxy)methyl)benzene (4.6): Following the general procedure, the reaction
o was run for 2 hours and 4.6 was obtained as a colorless oil in 87%
Oﬁ /\© yield; R¢=0.30 (Hexanes/CH.Cl, 70:30 v/v); IR (KBr) 3062, 3030,
2923, 2851, 2787, 2136, 1946, 1496, 1451, 1361, 1258, 1120, 1097, 1073, 1028, 883, 734,
697 cm™; 'H NMR (500 MHz, CDCls) § 7.38-7.32 (comp, 4H), 7.31-7.26 (m, 1H), 4.51 (s,
2H), 3.29 (d, J = 6.5 Hz, 2H), 1.84-1.77 (comp, 2H), 1.76-1.61 (comp, 4H), 1.32-1.12
(comp, 3H), 1.01-0.91 (comp, 2H); *C NMR (125 MHz, CDCl3) § 138.98, 128.43, 127.64,

127.52, 76.45, 73.09, 38.27, 30.29, 26.78, 26.04; m/z (ESI-MS) 204.9 [M + H]".

1-((Benzyloxy)methyl)-2-methoxybenzene (4.8): Following the general procedure, the
OMe reaction was run for 20 minutes and 4.8 was obtained as a colorless
@AO/\O oil in 92% vield; Ry= 0.22 (Hexanes/EtOAc 95:5 v/v); IR (KBr)
3064, 3031, 2937, 2837, 2356, 1603, 1590, 1493, 1464, 1438,

1361, 1287, 1243, 1121, 1092, 1050, 1029, 753, 697 cm™; H NMR (500 MHz, CDCls) &

7.48-7.44 (m, 1H), 7.44-7.41 (comp, 2H), 7.40-7.35 (comp, 2H), 7.34-7.27 (comp, 2H),
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7.02-6.97 (m, 1H), 6.90 (app d, J = 8.2 Hz, 1H), 4.67-4.61 (comp, 4H), 3.85 (s, 3H); 3C
NMR (125 MHz, CDCls) § 157.28, 138.76, 129.07, 128.74, 128.44, 127.83, 127.60, 126.84,

120.55, 110.31, 72.48, 67.15, 55.43; m/z (ESI-MS) 229.0 [M + H]".

1-((Benzyloxy)methyl)-3-chlorobenzene (4.9): Following the general procedure, the
cl o reaction was run for 20 minutes and 4.9 was obtained as a
\(jA /\© colorless oil in 95% vyield; Rf= 0.29 (Hexanes/CH.Cl, 70:30
viv); IR (KBr) 3069, 3029, 2857, 1946, 1871, 1603, 1576, 1474, 1454, 1432, 1356, 1206,
1101, 1075, 870, 780, 737, 697, 682 cm™*; *H NMR (500 MHz, CDCls) & 7.43—7.36 (comp,
5H), 7.36-7.31 (m, 1H), 7.31-7.27 (comp, 2H), 7.27-7.24 (m, 1H), 4.59 (s, 2H), 4.55(s, 2H);
13C NMR (125 MHz, CDCl3) & 140.55, 138.06, 134.47, 129.81, 128.61, 127.93, 127.92,

127.87, 127.85, 125.79, 72.53, 71.43; m/z (ESI-MS) 233.0 [M + H]".

1-((Benzyloxy)methyl)-3-nitrobenzene (4.10): Following the general procedure, the
ON 5 reaction was run for 14 hours and 4.10 was obtained as a
\(>A /\© colorless oil in 93% yield; R¢= 0.42 (Hexanes/EtOAc 90:10
v/v); IR (KBr) 3087, 3062, 3032, 2861, 1530, 1497, 1454, 1349, 1211, 1096, 1026, 890, 804,
732, 698, 672 cm™; 'H NMR (500 MHz, CDCls) & 8.26-8.22 (m, 1H), 8.17-8.13 (m, 1H),
7.72-7.68 (m, 1H), 7.52 (app t, J = 7.9 Hz, 1H), 7.41-7.36 (comp, 4H), 7.36-7.30 (m, 1H),
4.64 (s, 2H), 4.63 (s, 2H); 3C NMR (125 MHz, CDCls) § 148.48, 140.69, 137.68, 133.52,
129.46, 128.68, 128.08, 127.96, 122.69, 122.44, 72.93, 70.89; m/z (ESI-MS) 266.0 [M +
Na]".
Methyl 4-((benzyloxy)methyl)benzoate (4.11): Following the general procedure, the

reaction was run for 2 hours and 4.11 was obtained as a

0]
/O\H/EjA /\© colorless oil in 95% vyield; R¢=0.25 (Hexanes/EtOAc 90:10

° viv); IR (KBr) 3031, 2951, 2857, 1941, 1723, 1614, 1498,
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1454, 1435, 1363, 1279, 1175, 1108, 1020, 756, 698 cm™*; *H NMR (500 MHz, CDCls) &
8.05 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.0 Hz, 2H), 7.41-7.35 (comp, 4H), 7.35-7.29 (m, 1H),
4.62 (s, 2H), 4.60 (s, 2H), 3.92 (s, 3H); C NMR (125 MHz, CDCls) & 167.01, 143.70,
138.00, 129.80, 129.45, 128.55, 127.87, 127.34, 72.58, 71.54, 52.15; m/z (ESI-MS) 257.2
[M + H]".
1-((Benzyloxy)methyl)-4-bromobenzene (4.12): Following the general procedure, the
/@Ao/\© reaction was run for 30 minutes and 4.12 was obtained as a
Br colorless oil in 95% yield; Rf= 0.39 (Hexanes/CH.Cl, 70:30
viv); IR (KBr) 3089, 3064, 3030, 2924, 2856, 1591, 1487, 1454, 1392, 1359, 1206, 1095,
1070, 1012, 796, 736, 697 cm™; 'H NMR (500 MHz, CDCls) § 7.49 (d, J = 8.4 Hz, 2H),
7.40-7.35 (comp, 4H), 7.35-7.29 (m, 1H), 7.26 (d, J = 8.6 Hz, 2H), 4.57 (s, 2H), 4.52 (s, 2H);

13C NMR (125 MHz, CDCls) § 138.10, 137.44, 131.62, 129.48, 128.58, 127.90, 127.88,

121.59, 72.38, 71.42; m/z (ESI-MS) 299.2 ("°Br) [M + Na]", 301.1 (*'Br) [M + Na]".

4-((Benzyloxy)methyl)benzonitrile (4.13): Following the general procedure, the reaction

was run for 24 hours and 4.13 was obtained as a colorless oil in
NC/©AO/\© 89% vyield; Rf= 0.48 (Hexanes/EtOAc 80:20 v/v); IR (KBr)
3064, 3032, 2859, 2228, 1611, 1497, 1454, 1361, 1209, 1093, 1020, 819, 738, 699, 548 cm™*;
'H NMR (500 MHz, CDCls) 6 7.66-7.62 (m, 2H), 7.50-7.45 (m, 2H), 7.41-7.35 (comp, 4H),
7.35-7.30 (m, 1H), 4.62-4.59 (comp, 4H); *C NMR (125 MHz, CDCls) § 144.03, 137.73,
132.33, 128.65, 128.05, 127.89, 118.97, 111.42, 72.87, 71.17; m/z (ESI-MS) 2459 [M +
Na]".

2-((Benzyloxy)methyl)naphthalene (4.14): Following the general procedure, the reaction

o/\© was run for 20 minutes and 4.14 was obtained as a white solid
in 96% yield; mp = 44-45 <€; R¢= 0.26 (Hexanes/Et,O 95:5
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v/v); IR (KBr) 3056, 3033, 2848, 2797, 1596, 1497, 1448, 1365, 1335, 1303, 1208, 1175,
1128, 1116, 1029, 859, 819, 744, 730, 699, 477 cm™*; *H NMR (500 MHz, CDCl3) § 7.94—
7.85 (comp, 4H), 7.59-7.55 (m, 1H), 7.55-7.50 (comp, 2H), 7.48-7.40 (comp, 4H), 7.39—
7.34 (m, 1H), 4.78 (s, 2H), 4.66 (s, 2H); '3C NMR (125 MHz, CDCls) § 138.37, 135.89,
133.41, 133.11, 128.54, 128.30, 127.99, 127.93, 127.81, 127.78, 126.59, 126.19, 125.95,

125.91, 72.32, 72.24; m/z (ESI-MS) 249.0 [M + H]".

2-((Benzyloxy)methyl)thiophene (4.15): Following the general procedure, the reaction was
Gﬁo run for 2 hours and 4.15 was obtained as a colorless oil in 73% yield;

\_s /\© R¢= 0.35 (Hexanes/CH,Cl» 70:30 v/v); IR (KBr) 3104, 3087, 3064,
3030, 2856, 1583, 1561, 1496, 1454, 1364, 1345, 1223, 1167, 1070, 1028, 854, 830, 737, 697
cm™t; *H NMR (500 MHz, CDCl3) § 7.41-7.34 (comp, 4H), 7.34-7.28 (comp, 2H), 7.03 (ddt,
J=33,1.3,0.7 Hz, 1H), 7.00 (dd, J = 5.0, 3.5 Hz, 1H), 4.73 (d, J = 0.7 Hz, 2H), 4.58 (s, 2H);

13C NMR (125 MHz, CDCls) § 141.15, 138.06, 128.55, 128.00, 127.84, 126.77, 126.62,

125.98, 71.79, 66.58; m/z (ESI-MS) 227.0 [M + Na]".

((Octyloxy)methyl)benzene (4.16): Following the general procedure, the reaction was run
/\/\/\/\O/\© for 3 hours and 4.16 was obtained as a colorless oil in 80%

yield; R¢= 0.21 (Hexanes/CH.Cl, 90:10 v/v); IR (KBr)

2927, 2855, 1636, 1455, 1362, 1103, 734, 697 cm™; 'H NMR (500 MHz, CDCls) § 7.39—

7.32 (comp, 4H), 7.31-7.26 (m, 1H), 4.51 (s, 2H), 3.48 (t, J = 6.7 Hz, 2H), 1.67-1.59 (m, 2H),

1.43-1.34 (comp, 2H), 1.33-1.21 (comp, 8H), 0.89 (t, J = 6.9 Hz, 3H); *C NMR (125 MHz,

CDCl3) 6 138.86, 128.46, 127.75, 127.58, 72.99, 70.68, 31.98, 29.93, 29.60, 29.42, 26.35,

22.80, 14.25; m/z (ESI-MS) 221.3 [M + H]".

1-Butoxyoctane (4.17): Following the general procedure, the reaction was run for 2 hours

SN and 4.17 was obtained as a colorless oil in 72% yield; Rs
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= 0.25 (Hexanes/CH2Cl; 90:10 v/v); IR (KBr) 2958, 2930, 2856, 1648, 1561, 1466, 1378,
1122 cm™; 'H NMR (500 MHz, CDCl3) & 3.43-3.35 (comp, 4H), 1.60-1.50 (comp, 4H),
1.42-1.20 (comp, 12H), 0.91 (t, J = 7.4 Hz, 3H), 0.87 (t, J = 6.9 Hz, 3H); 3C NMR (125
MHz, CDCls) & 71.13, 70.79, 32.03, 31.99, 29.94, 29.62, 29.43, 26.35, 22.81, 19.53, 14.24,

14.09; m/z (ESI-MS) 186.8 [M + H]".

(3-1sobutoxypropyl)benzene (4.18): Following the general procedure, the reaction was run

o for 24 hours and 4.18 was obtained as a colorless oil in 93% vyield,;
\h /\/\© Rt = 0.32 (Hexanes/CH.Cl, 80:20 v/v); IR (KBr) 3027, 2954,
2856, 1603, 1493, 1455, 1381, 1361, 1116, 744, 699 cm?; H NMR (500 MHz, CDCls) &
7.31-7.26 (comp, 2H), 7.22-7.16 (comp, 3H), 3.42 (t, J = 6.4 Hz, 2H), 3.18 (d, J = 6.7 Hz,
2H), 2.70 (t, J = 7.7 Hz, 2H), 1.94-1.82 (comp, 3H), 0.92 (d, J = 6.7 Hz, 6H); 3C NMR (125
MHz, CDCl3) 6 142.27, 128.62, 128.42, 125.84, 77.99, 70.12, 32.51, 31.49, 28.62, 19.59;

m/z (ESI-MS) 193.3 [M + H]".

(3-(Neopentyloxy)propyl)benzene (4.19): Following the general procedure, the reaction

>ﬁo was run for 2 hours and 4.19 was obtained as a colorless oil in 87%
/\/\© yield; Rf= 0.42 (Hexanes/CH:Cl, 70:30 v/v); IR (KBr) 3067,

3027, 2953, 2864, 1606, 1496, 1482, 1455, 1386, 1362, 1120, 1048, 920, 744, 699 cm™*; 'H

NMR (500 MHz, CDCls) & 7.33-7.27 (m, 2H), 7.24-7.18 (comp, 3H), 3.44 (t, J = 6.3 Hz,

2H), 3.08 (s, 2H), 2.73 (t, J = 7.7 Hz, 2H), 1.96-1.87 (m, 2H), 0.95 (s, 9H); 3C NMR (125

MHz, CDCl3) 6 142.40, 128.65, 128.40, 125.81, 81.50, 70.54, 32.50, 32.26, 31.48, 26.95;

m/z (ESI-MS) 207.1 [M + H]".

((1sopentyloxy)methyl)benzene (4.20): Following the general procedure, the reaction was

run for 2 hours and 4.20 was obtained as a colorless oil in 89% yield:;

)\/\O
/\© Rf= 0.15 (Hexanes/CH2Cl> 80:20 v/v); IR (KBr) 3062, 3030, 2956,
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2926, 2868, 2789, 1496, 1467, 1454, 1366, 1101, 1028, 734, 697 cm™*; *H NMR (500 MHz,
CDCls3) & 7.38-7.33 (comp, 4H), 7.32-7.26 (m, 1H), 4.52 (s, 2H), 3.51 (t, J = 6.8 Hz, 2H),
1.81-1.70 (m, 1H), 1.53 (app q, J = 6.8 Hz, 2H), 0.92 (d, J = 6.7 Hz, 6H); *C NMR (125
MHz, CDCls) 6 138.86, 128.46, 127.73, 127.58, 73.04, 68.99, 38.74, 25.24, 22.78; m/z (ESI-
MS) 178.9 [M + H]".
((Cyclohexyloxy)methyl)benzene (4.21): Following the general procedure, the reaction was
run for 30 minutes and 4.21 was obtained as a colorless oil in 87%
O\O yield; Rf= 0.38 (Hexanes/Et,O 95:5 v/v); IR (KBr) 3064, 3030, 2932,
2856, 1497, 1452, 1362, 1346, 1135, 1097, 1028, 954, 734, 696 cm*;
'H NMR (500 MHz, CDCls) & 7.38-7.32 (comp, 4H), 7.29-7.24 (m, 1H), 4.56 (s, 2H), 3.36
(tt, J = 9.4, 3.8 Hz, 1H), 2.01-1.92 (m, 2H), 1.81-1.40 (m, 2H), 1.58-1.51 (m, 1H), 1.43—
1.32 (m, 2H), 1.32-1.20 (comp, 3H); C NMR (125 MHz, CDCls) 5 139.47, 128.43, 127.62,

127.42, 77.07, 69.80, 32.40, 26.00, 24.30; m/z (ESI-MS) 190.9 [M + H]".

(1-(Octyloxy)ethyl)benzene (4.22): Following the general procedure, the reaction was run
for 2 hours and 4.22 was obtained as a colorless oil in 86%
07NN yield; Rf= 0.30 (Hexanes/CH.Cl, 70:30 v/v); IR (KBr)
3064, 3024, 2928, 2856, 2359, 1493, 1452, 1369, 1351,
1206, 1105, 1070, 760, 700 cm™; 'H NMR (500 MHz, CDCls) § 7.38-7.29 (comp, 4H),
7.29-7.24 (m, 1H), 4.38 (q, J = 6.5 Hz, 1H), 3.29 (t, J = 6.7 Hz, 2H), 1.61-1.50 (comp, 2H),
1.44 (d, J = 6.5 Hz, 3H), 1.38-1.18 (comp, 10H), 0.88 (t, J = 7.0 Hz, 3H); *C NMR (125
MHz, CDCl3) & 144.49, 128.48, 127.38, 126.25, 78.02, 68.94, 31.98, 30.12, 29.58, 29.41,

26.34, 24.39, 22.80, 14.24; m/z (ESI-MS) 235.1 [M + H]".
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(3-((5-Methylhexan-2-yl)oxy)propyl)benzene (4.23): Following the general procedure, the

reaction was run for 30 minutes and 4.23 was obtained as a

\(\)\o/\/\© colorless oil in 94% vield; R¢=0.25 (Hexanes/CH.Cl; 70:30

viv); IR (KBr) 3062, 3027, 2954, 2868, 1603, 1497, 1467,

1453, 1373, 1338, 1141, 1122, 1098, 966, 908, 745, 699 cm™*; *H NMR (500 MHz, CDCls)

5 7.31-7.27 (m, 2H), 7.23-7.17 (comp, 3H), 3.51 (dt, J = 9.3, 6.3 Hz, 1H), 3.40-3.33 (comp,

2H), 2.75-2.68 (comp, 2H), 1.94-1.85 (comp, 2H), 1.60-1.49 (comp, 2H), 1.45-1.36 (m, 1H),

1.35-1.25 (m, 1H), 1.23-1.16 (m, 1H), 1.14 (d, J = 6.1 Hz, 3H), 0.91 (d, J = 6.6 Hz, 3H),

0.90 (d, J = 6.6 Hz, 3H); 3C NMR (125 MHz, CDCls) § 142.33, 128.62, 128.40, 125.81,

75.87, 67.59, 34.95, 34.70, 32.62, 31.89, 28.31, 22.82, 22.77, 19.90; m/z (ESI-MS) 235.2 [M
+H]".

(1-(3-Phenylpropoxy)propyl)benzene (4.24): Following the general procedure, the reaction

was run for 24 hours and 4.24 was obtained as a colorless oil in

O/\/\© 84% vyield; Rf= 0.20 (Hexanes/CHCl, 70:30 v/v); IR (KBr)

3084, 3062, 3027, 2934, 2859, 2356, 2334, 1944, 1603, 1493,

1454, 1358, 1338, 1198, 1104, 983, 898, 735, 699 cm*; 'H NMR (500 MHz, CDCls) &

7.36-7.32 (m, 2H), 7.31-7.24 (comp, 5H), 7.20-7.14 (comp, 3H), 4.10 (dd, J = 6.8, 6.4 Hz,

1H), 3.36 (dt, J = 9.4, 6.3 Hz, 1H), 3.27 (dt, J = 9.4, 6.3 Hz, 1H), 2.75-2.62 (comp, 2H),

1.91-1.79 (comp, 3H), 1.73-1.63 (m, 1H), 0.92 (t, J = 7.4 Hz, 3H); C NMR (125 MHz,

CDClz) 6 143.12, 142.29, 128.58, 128.38, 128.36, 127.42, 126.84, 125.80, 83.94, 68.11,

32.59, 31.70, 31.34, 10.57; m/z (ESI-MS) 255.0 [M + H]".

(1-(Benzyloxy)ethyl)benzene (4.25): Following the general procedure, except using 1.2
equiv of HCI, the reaction was run for 24 hours and 4.25 was

(@)
/\© obtained as a colorless oil in 83% yield; R¢=0.28 (Hexanes/CH.Cl>
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70:30 v/v); IR (KBr) 3063, 3030, 2975, 2928, 2863, 1946, 1879, 1814, 1603, 1494, 1452,
1370, 1352, 1305, 1282, 1206, 1097, 1053, 1028, 1005, 910, 761, 735, 699 cm%; 'H NMR
(500 MHz, CDCls) & 7.41-7.36 (comp, 4H), 7.36-7.26 (comp, 6H), 4.52 (g, J = 6.5 Hz, 1H),
4.47 (d,J = 11.9 Hz, 1H), 4.31 (d, J = 11.8 Hz, 1H), 1.50 (d, J = 6.5 Hz, 3H); *C NMR (125
MHz, CDCls) & 143.86, 138.78, 128.63, 128.48, 127.83, 127.63, 127.60, 126.48, 77.36, 70.44,

24.36; m/z (ESI-MS) 213.0 [M + H]".

1-Methyl-4-((octyloxy)methyl)benzene (4.26): Following the general procedure, the
/@AO/\/\/\/\ reaction was run for 20 minutes and 4.26 was obtained

as a colorless oil in 92% vyield; Rf = 0.25
(Hexanes/CHCl» 70:30 v/v); IR (KBr) 2959, 2927, 2855, 1894, 1516, 1457, 1360, 1201,
1100, 1022, 801 cm™; H NMR (500 MHz, CDCls) & 7.26 (d, J = 7.9 Hz, 2H), 7.17 (d, J =
8.1 Hz, 2H), 4.49 (s, 2H), 3.47 (t, J = 6.7 Hz, 2H), 2.37 (s, 3H), 1.63 (app p, J = 6.7 Hz, 2H),
1.44-1.21 (comp, 10H), 0.91 (t, J = 7.0 Hz, 3H); *C NMR (125 MHz, CDCls) § 137.19,
135.80, 129.12, 127.83, 72.84, 70.46, 31.98, 29.93, 29.60, 29.41, 26.35, 22.80, 21.27, 14.23;

m/z (ESI-MS) 235.1 [M + H]".

1-(Isopropoxymethyl)-4-methylbenzene (4.27): Following the general procedure, the

J\ reaction was run for 20 minutes and 4.27 was obtained as a colorless
/@AO oil in 91% vyield; Rf= 0.24 (Hexanes/CH.Cl, 50:50 v/v); IR (KBr)
2972, 2927, 2865, 2629, 1904, 1518, 1468, 1379, 1335, 1175, 1127, 1067, 1022, 918, 800
cm™; *H NMR (500 MHz, CDCls) & 7.25 (d, J = 7.9 Hz, 2H), 7.16 (d, J = 7.8 Hz, 2H), 4.49
(s, 2H), 3.69 (sept, J = 6.1 Hz, 1H), 2.35 (s, 3H), 1.22 (d, J = 6.1 Hz, 6H); *C NMR (125
MHz, CDCls) & 137.09, 136.18, 129.11, 127.75, 70.78, 69.99, 22.25, 21.27; m/z (ESI-MS)

164.9 [M + HJ".
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1-(Tert-butoxymethyl)-4-methylbenzene (4.28): Following the general procedure, the
reaction was run for 30 minutes and 4.28 was obtained as a colorless
/©A0J< oil in 65% yield; R:= 0.25 (Hexanes/CH:Cl, 70:30 viv); IR (KBr)
2974, 2926, 2866, 1517, 1473, 1389, 1379, 1362, 1236, 1196, 1178,
1082, 1021, 894, 801, 765 cm*; *H NMR (500 MHz, CDCl3) 7.24 (d, J = 7.8 Hz, 2H), 7.14
(d, J = 7.7 Hz, 2H), 4.41 (s, 2H), 2.34 (s, 3H), 1.29 (s, 9H); *C NMR (125 MHz, CDCls) &

137.00, 136.81, 129.09, 127.61, 73.45, 64.15, 27.87, 21.27; m/z (ESI-MS) 178.7 [M + H]".

1-((But-3-en-1-yloxy)methyl)-4-methylbenzene (4.29): Following the general procedure,
/@Ao/\/\ the reaction was run for 20 minutes and 4.29 was obtained as a

colorless oil in 80% vyield; Rf=0.30 (Hexanes/CH2Cl. 60:40 v/v);

IR (KBr) 3077, 2979, 2923, 2855, 1899, 1642, 1613, 1517, 1446, 1360, 1203, 1098, 996, 914,
802, 750 cm!; 'H NMR (500 MHz, CDCls) & 7.24 (d, J = 7.9 Hz, 2H), 7.16 (d, J = 7.7 Hz,
2H), 5.85 (ddt, J = 17.0, 10.1, 6.7 Hz, 1H), 5.15-5.03 (comp, 2H), 4.50 (s, 2H), 3.52 (t, J =
6.8 Hz, 2H), 2.42-2.34 (comp, 5H); C NMR (125 MHz, CDCls) & 137.34, 135.53, 135.45,

129.16, 127.90, 116.43, 72.91, 69.55, 34.39, 21.30; m/z (ESI-MS) 177.0 [M + H]".

1-((But-3-yn-1-yloxy)methyl)-4-methylbenzene (4.30): Following the general procedure,

/% the reaction was run for 2 hours and 4.30 was obtained as a
/©AO colorless oil in 82% vyield; Rf= 0.22 (Hexanes/CH.Cl, 70:30
viv); IR (KBr) 3295, 3023, 2821, 2862, 2121, 1901, 1618, 1516, 1453, 1361, 1203, 1100,
1022, 803, 748, 641 cm™*; 'H NMR (500 MHz, CDCl3) & 7.25 (d, J = 8.0 Hz, 2H), 7.17 (d, J
= 7.8 Hz, 2H), 4.53 (s, 2H), 3.59 (t, J = 7.0 Hz, 2H), 2.50 (td, J = 7.0, 2.7 Hz, 2H), 2.36 (s,
3H), 2.00 (t, J = 2.7 Hz, 1H); *C NMR (125 MHz, CDCls) 5 137.52, 135.07, 129.21, 127.94,

81.45, 72.98, 69.40, 68.07, 21.28, 20.01; m/z (ESI-MS) 175.1 [M + H]".
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1-((3-Bromopropoxy)methyl)-4-methylbenzene (4.31): Following the general procedure,
ﬁoMBr the reaction was run for 1 hour and 4.31 was obtained as a
colorless oil in 88% vyield; Rf= 0.25 (Hexanes/CH.Cl, 70:30
viv); IR (KBr) 3022, 2919, 2860, 2792, 1899, 1618, 1516, 1435, 1362, 1283, 1256, 1204,
1100, 1022, 878, 803, 750 cm™*; H NMR (500 MHz, CDCls) § 7.24 (d, J = 7.9 Hz, 2H),
7.17 (d, J = 8.2 Hz, 2H), 4.49 (s, 2H), 3.60 (t, J = 5.8 Hz, 2H), 3.54 (t, J = 6.6 Hz, 2H), 2.36
(s, 3H), 2.18-2.10 (m, 2H); *C NMR (125 MHz, CDCls) § 137.49, 135.30, 129.21, 127.89,
73.14, 67.67, 33.08, 30.84, 21.30; m/z (ESI-MS) 243.1 (Br) [M + H]*, 245.3 (3'Br) [M +
H]".
2-(3-((4-Methylbenzyl)oxy)propyl)isoindoline-1,3-dione (4.32): Following the general
o procedure, except using thiourea catalyst 4.4, the
/@AO/\/\N reaction was run for 24 hours and 4.32 was obtained as
© a white solid in 82% yield: mp = 32-33 €: Ry= 0.23
(Hexanes/EtOAc 80:20 v/v); IR (KBr) 3460, 2947, 2859, 1767, 1712, 1608, 1518, 1443,
1396, 1374, 1323, 1146, 1094, 1048, 1008, 900, 810, 755, 720, 623, 530, 470 cm™*; *H NMR
(500 MHz, CDCl3) § 7.83-7.79 (m, 2H), 7.71-7.66 (m, 2H), 7.18 (d, J = 7.9 Hz, 2H), 7.09 (d,
J=7.7Hz, 2H), 4.42 (s, 2H), 3.82 (t, J = 6.9 Hz, 2H), 3.52 (t, J = 6.1 Hz, 2H), 2.31 (s, 3H),
1.99 (tt, J = 6.8, 6.1 Hz, 2H); 3C NMR (125 MHz, CDCls) & 168.51, 137.21, 135.32, 133.87,
132.31, 129.06, 127.87, 123.22, 73.00, 67.86, 35.79, 28.79, 21.26; m/z (ESI-MS) 310.1 [M +
H]".
Methyl 3-((4-methylbenzyl)oxy)propanoate (4.33): Following the general procedure, the
0 reaction was run for 24 hours and 4.33 was obtained as a

-~
/@AO/\)J\O colorless oil in 90% yield; Rf= 0.22 (Hexanes/EtOAc 85:15

viv); IR (KBr) 3027, 2952, 2867, 1743, 1516, 1437, 1364,
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1251, 1196, 1177, 1102, 1073, 1021, 843, 804, 755 cm™; *H NMR (500 MHz, CDCls) &
7.22 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 4.50 (s, 2H), 3.73 (t, J = 6.4 Hz, 2H), 3.69
(s, 3H), 2.61 (t, J = 6.4 Hz, 2H), 2.34 (s, 3H): *C NMR (125 MHz, CDCls) 5 172.18, 137.49,

135.11, 129.19, 127.94, 73.11, 65.49, 51.80, 35.11, 21.29; m/z (ESI-MS) 209.2 [M + H]".

1,2-Bis((4-methylbenzyl)oxy)ethane (4.34): Following the general procedure, except using

0.25 mmol of ethylene glycol, 2.4 equiv of p-tolualdehyde, 10

o o . .
mol% of catalyst 4.5, 1.2 equiv of HCI and 2.4 equiv of TMDS,

the reaction was run for 24 hours and 4.34 was obtained as a
white solid in 87% yield; mp = 34-36 €; R¢= 0.20 (CH:Cl,); IR (KBr) 3012, 2920, 2875,
2809, 1906, 1516, 1451, 1366, 1356, 1307, 1141, 1116, 1095, 1073, 1020, 905, 887, 802, 483
cm’; 'H NMR (500 MHz, CDCls) & 7.24 (d, J = 8.0 Hz, 4H), 7.15 (d, J = 7.8 Hz, 4H), 4.54
(s, 4H), 3.64 (s, 4H), 2.35 (s, 6H); C NMR (125 MHz, CDCl3) 5 137.38, 135.37, 129.16,

127.99, 73.26, 69.48, 21.31; m/z (ESI-MS) 293.0 [M + Na]*.

Tert-butyl 4-(2-((4-methylbenzyl)oxy)ethyl)piperidine-1-carboxylate (4.35): Following
/\/OBOC the general procedure, the reaction was run for 24 hours
/@Ao and 4.35 was obtained as a colorless oil in 61% yield; Rt

= 0.25 (Hexanes/EtOAc 95:5 v/v); IR (KBr) 3007, 2974,
2924, 2852, 1906, 1699, 1516, 1418, 1365, 1314, 1246, 1170, 1098, 1013, 928, 868, 803, 768
cm™; 'H NMR (500 MHz, CDCls) & 7.21 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 4.45
(s, 2H), 4.05 (br s, 2H), 3.48 (t, J = 6.3 Hz, 2H), 2.75-2.60 (m, 2H), 2.34 (s, 3H), 1.68-1.51
(comp, 5H), 1.45 (s, 9H), 1.14-1.03 (comp, 2H); *C NMR (125 MHz, CDCl3) & 154.97,
137.33, 135.53, 129.13, 127.84, 79.25, 72.91, 67.52, 43.99, 36.39, 33.01, 32.19, 28.58, 21.26;

m/z (ESI-MS) 334.0 [M + H]*.
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Benzyl (S)-2-(((4-methylbenzyl)oxy)methyl)pyrrolidine-1-carboxylate (4.36): Following
o the general procedure, the reaction was run for 24 hours and 4.36
/(>A(J§(l\lO was obtained as a colorless oil in 79% vyield; Rf = 0.25
OBn (Hexanes/EtOAc 85:15 v/v); IR (KBr) 3029, 2952, 2875, 1699,
1496, 1453, 1417, 1358, 1199, 1096, 1006, 915, 804, 769, 750, 698 cm™*; H NMR (500
MHz, (CD3)2SO, 70 °C) 6 7.47-7.24 (comp, 5H), 7.22—7.05 (comp, 4H), 5.14-4.98 (comp,
2H), 4.41 (s, 2H), 3.99-3.85 (m, 1H), 3.60-3.46 (m, 1H), 3.46-3.24 (comp, 3H), 2.29 (s, 3H),
2.00-1.70 (comp, 4H); C NMR (125 MHz, (CD3),SO, 70 °C) & 153.66, 136.81, 136.09,
135.14, 128.34, 127.90, 127.24, 127.01, 126.97, 71.93, 70.07, 65.44, 56.29, 46.14, 27.69,
22.55, 20.25; m/z (ESI-MS) 340.2 [M + H]".
N-(4-(2-((4-methylbenzyl)oxy)ethyl)phenyl)acetamide (4.37):  Following the general

procedure, the reaction was run for 24 hours and 4.37

/\/©/ WK was obtained as a white solid in 74% vyield; mp =
/<jA 115-116 €; Rf= 0.40 (Hexanes/EtOAc 30:70 v/v);

IR (KBr) 3310, 3264, 3197, 3133, 2943, 2866, 2802, 1684, 1663, 1609, 1550, 1515, 1410,
1364, 1322, 1266, 1102, 1000, 832, 788, 730, 525, 488 cm™; *H NMR (500 MHz, CDCl3) &
7.59 (br s, 1H), 7.41 (d, J = 8.4 Hz, 2H), 7.20 (d, J = 8.0 Hz, 2H), 7.18-7.12 (comp, 4H),
4.48 (s, 2H), 3.65 (t, J = 7.1 Hz, 2H), 2.88 (t, J = 7.1 Hz, 2H), 2.34 (s, 3H), 2.13 (5, 3H); =3
NMR (125 MHz, CDCls) & 168.56, 137.35, 136.23, 135.34, 135.11, 129.46, 129.14, 127.85,
120.15, 72.96, 71.13, 35.85, 24.55, 21.26; m/z (ESI-MS) 284.1 [M + H]".
1-((((1R,2S,5R)-2-isopropyl-5-methylcyclohexyl)oxy)methyl)-4-methylbenzene  (4.38):
J To a flame dried round bottom flask was added thiourea catalyst

/()\ 4.5 (55 mg, 0.1 mmol, 1 mol %), 3A MS (2 g) and CH:Cl, (50

0]
/(>A mL, 0.2 M). To this stirred suspension was added p-tolualdehyde
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(1.2 g, 10 mmol, 1 equiv), L-menthol (1.875 g, 12 mmol, 1.2 equiv), HCI (4.2 M in dioxane,
1.43 mL, 0.6 equiv) and TMDS (1.6 g, 12 mmol, 1.2 equiv). The flask was then capped and
the resulting mixture was stirred until the disappearance of p-tolualdehyde (1 h) before being
quenched by EtsN (1 mL). The resulting mixture was filtered through Celite, concentrated
and purified by flash chromatography on silica gel to afford the desired product 4.38 as a
white solid in 95% vyield; mp = 37-38 <€; R¢= 0.45 (Hexanes/CH.Cl, 70:30 v/v); IR (KBr)
2959, 2942, 2933, 2919, 2868, 1909, 1808, 1518, 1458, 1369, 1181, 1107, 1088, 1075, 918,
803, 588, 475 cm™; H NMR (500 MHz, CDCl3) § 7.23 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 7.8
Hz, 2H), 4.61 (d, J = 11.3 Hz, 1H), 4.36 (d, J = 11.3 Hz, 1H), 3.15 (app td, J = 10.6, 4.2 Hz,
1H), 2.33 (s, 3H), 2.29 (app dtd, J = 14.1, 7.1, 2.8 Hz, 1H), 2.18 (app dtd, J = 12.1, 3.9, 2.1
Hz, 1H), 1.69-1.58 (comp, 2H), 1.40-1.31 (m, 1H), 1.30-1.25 (m, 1H), 1.02-0.78 (comp,
9H), 0.71 (d, dJ = 7.0 Hz, 3H); C NMR (125 MHz, CDCls) & 137.11, 136.22, 129.07,
128.04, 78.67, 70.40, 48.47, 40.46, 34.75, 31.72, 25.63, 23.41, 22.54, 21.30, 21.18, 16.21,

m/z (ESI-MS) 260.9 [M + H]".
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