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Zusammenfassung

In der vorliegenden Arbeit werden neun Forschungsprojekte beschrieben. Beim ersten
Projekt handelt es sich um eine kritische Ubersicht (iber die zurzeit besten Methoden zur
Durchfiihrung verschiedener asymmetrischer Synthesen katalysiert durch Thioharnstoff-
Derivate. Dieses Kapitel enthélt Methoden fur so wichtige Reaktionen wie Michael-
Additionen, Desymmetrisierungen, Mannich-Reaktionen, Diels—Alder-Cycloadditionen
und viele weitere. Somit zeigt dieses Kapitel, dal Thioharnstoff-Derivate wichtige und
weithin nutzbare Katalysatoren fiir verschiedene Reaktionen sind.

Das zweite hier gezeigte Projekt handelt von der Wichtigkeit der Bis(trifluormethyl)-
phenyl-Gruppe, die in vielen Thioharnstoff-Katalysatoren vorhanden ist. Durch extensive
Untersuchungen mit Methoden wie (Tieftemperatur)-1D- und 2D-NMR-Techniken sowie
1D- und 2D-IR-Experimente und DFT-Rechnungen konnten wir drei signifikante Wirk-
weisen dieser Gruppe zeigen: Zunéchst sind die stark elektronenziehenden CF3-Gruppen
fur die Acidifizierung der Wasserstoff-Atome des Amins wichtig. Dies flhrt zur Ausbil-
dung stéarkerer Wasserstoffbriickenbindungen. Die zweite und dritte Funktion haben den-
selben Ursprung: nicht nur die Wasserstoffe des Amins werden acider sondern auch die
Protonen in der ortho-Position. In der Konsequenz bildet sich eine Wasserstoffbriicken-
bindung zwischen dem acidifizierten ortho-Proton neben dem Schwefel-Atom und die-
sem Schwefel-Atom aus. Dies erhoht die Rigiditdt des aromatischen Thioharnstoff-
Derivats. AuBerdem kann das zweite ortho-Proton in Wasserstoffbriickenbindungen zu
Substraten vergleichbar zu den Wasserstoff-Atomen des Amins einbezogen werden.

Das dritte Projekt handelt von den bevorzugten Konformationen von Evans-
Auxiliar/SnCls-Komplexen. Hier gelang es uns durch extensive 2D-NMR- und IR-
Studien sowie DFT-Rechnungen zu zeigen, dal das Evans-Auxiliar N-Crotonyl-
oxazolidinon in Losung eine antiperiplanare, s-cis-konfigurierte Konformation einnimmt.
Dies steht im Gegensatz zu friheren Diskussionen hieriiber. Wenn das Evans-Auxiliar
durch Zinn(IV)-chlorid komplexiert wird, so bleibt die s-cis-Konfiguration erhalten, wah-
rend sich die Amid-Bindung um 180° dreht.

Projekt Nummer vier handelt von mechanistischen Untersuchungen zur Alkoholyse von
Styroloxiden. In vorherigen Untersuchungen hatten wir herausgefunden, dal3 Styroloxid
schneller von Ethanol getffnet wird in Anwesenheit von 2-Methyl-2-phenyloxiran. Daher
wollten wir autokatalytische Effekte durch Zugabe von substéchiometrischen Mengen

von 2-Methyl-2-phenyloxiran oder dem entsprechenden Ethanolyse-Produkt 2-Ethoxy-2-



phenyl-1-propanol zum urspriinglichen Katalysator-System bestehend aus N,N’-Bis[3,5-
bis(trifluormethyl)phenyl]thioharnstoff und Mandelsdure untersuchen. Unsere Experi-
mente zeigen, dal} 2-Ethoxy-2-phenyl-1-propanol ein zusétzlicher Katalysator fir die
Ethanolyse von Styroloxiden ist.

Desweiteren wurden Versuche zur Entwicklung einer organokatalytischen Variante der
Passerini-Reaktion durchgefiihrt; die Ergebnisse werden in Kapitel 5 beschrieben. Uber-
raschenderweise konnten wir sieben Passerini-Produkte verschiedener Benzaldehyd-
Derivate ohne die Verwendung eines Katalysators sogar bei niedrigen Temperaturen syn-
thetisieren.

In Kapitel 6 zeigen wir unsere Experimente zur organokatalytischen Synthese von 1,4-
Dioxepinen. Wir konnten sechs 1,4-Dioxepine aus Epoxiden und «,f-ungesattigten Alde-
hyden mit aromatischen sowie aliphatischen Substituenten durch Katalyse mit 2 mol%
eines Thioharnstoff-Derivats synthestisieren. Die Reaktion mit Methylvinylketon fiihrte
nicht zur Bildung der gewinschten 1,4-Dioxepine mit allen drei Epoxiden. Leider konn-
ten wir aufgrund ihrer Instabilitat keine zufriedenstellende Reinigung der Produkte durch
verschiedene Methoden erreichen. Sogar die Derivatisierung durch eine Diels—Alder-
Cycloaddition mit Cyclopentadien half nicht bei der Losung dieses Problems.

Das siebte Kapitel beschreibt unsere Versuche eine Art ,,organokatalytische Sharpless-
Dihydroxylierung® zu entwickeln. Wir verwendeten verschiedene Oxidationsmittel und
verschiedene Losungsmittel oder Losungsmittel-Mischungen sowie einige Katalysatoren
und Katalysator-Systeme. Leider waren wir bei der Losung dieser Aufgabe nicht erfolg-
reich.

Unsere Versuche zur organokatalytischen Synthese von Oxazolidinon-Derivaten werden
in Kapitel 8 beschrieben. Nur durch Verwendung des sehr reaktiven Chlorsulfonyl-
isocyanats konnten wir die Bildung von Oxazolidinon beobachten. Dies geschieht aller-
dings auch in Abwesenheit eines Katalysators.

AbschlieRend beschreibt Kapitel 9 unser Projekt zur Entwicklung einer organo-
katalytischen Prins-Reaktion. Wir fuhrten einige Experimente mit verschiedenen Kataly-
satoren oder Katalysator-Systemen durch. Mit allen waren wir nicht in der Lage einen

Umsatz zu den gewiinschten Produkten zu beobachten.



Summary

The present thesis describes nine projects performed during doctoral research. The first
project deals with the critical review of the best methods available at this time for various
asymmetric syntheses utilizing thiourea-derived catalysts. This chapter contains methods
for important reactions such as Michael additions, desymmetrizations, Mannich reactions,
Diels—Alder cycloadditions, and many more. Thus, the chapter proofs thiourea derivatives
to be important and widely utilizable catalysts in various reactions.

The second project described herein deals with the importance of the bis(trifluoromethyl)-
phenyl groups in many thiourea-derived catalysts. With extensive studies utilizing meth-
ods such as (low-temperature) 1D- and 2D-NMR techniques as well as 1D- and 2D-IR
experiments and DFT computations we found three significant modes of action of this
moiety: At first, acidification of the amine’s hydrogen atoms by the strong electron-
withdrawing CF3 groups is of importance. This leads to stronger hydrogen-bonding abili-
ties. The second and the third function have the same source: not only the amine’s
hydrogens are acidified but also the protons in the ortho-position. Consequently, a hydro-
gen bond between the acidified ortho-proton next to the sulphur atom and the sulphur
atom is formed, enhancing rigidity of the aromatic thiourea derivative. Second, the other
ortho-proton can be involved in hydrogen bonds to substrates akin to the amine’s hydro-
gen atoms.

The third project deals with the preferred conformations of Evans auxiliary/SnCl, com-
plexes. Here we were able to show with extensive 2D-NMR and IR studies as well as
DFT computations that the Evans auxiliary N-crotonyloxazolidinone adopts only an
antiperiplanar, s-cis configured conformation in solution in contrast to former discussions.
When complexed by tin(IV) chloride this s-cis configuration remains while the amide
bond rotates by 180°.

Project number four is about mechanistic studies on the alcoholysis of styrene oxides. In
preliminary studies we found that styrene oxide is opened faster by ethanol in the pres-
ence of 2-methyl-2-phenyloxirane. Thus, we wanted to examine autocatalytic effects by
adding substiochiometric amounts of 2-methyl-2-phenyloxirane or its respective
ethanolysis product 2-ethoxy-2-phenyl-1-propanol to the original catalyst system consist-
ing of N,N’-bis[3,5-bis(trifluoromethyl)phenyl]thiourea and mandelic acid. Our experi-
ments show that 2-ethoxy-2-phenyl-1-propanol is working as an additional catalyst in the

ethanolysis of styrene oxide.



An organocatalytic variant of the Passerini reaction was also attempted; the results are
described in Chapter 5. We were able to synthesize seven Passerini products of various
benzaldehyde derivatives, surprisingly, without the utilization of any catalyst even at
lowered temperatures.

In Chapter 6 we show our experiments on the organocatalytic synthesis of 1,4-dioxepines.
We were able to synthesize six 1,4-dioxepines from epoxides and «,f-unsaturated alde-
hydes with aromatic as well as aliphatic substituents catalyzed by 2 mol% of a thiourea
derivative. The reaction with methyl vinyl ketone did not lead to the formation of the de-
sired 1,4-dioxepines with all three epoxides. Unfortunately, we could not achieve a satis-
fying purification of the products by several methods because of their instability. Even the
derivatization by a Diels—Alder cycloaddition with cyclopentadiene did not help in solv-
ing this task.

The seventh chapter describes our attempts to create a kind of “organocatalytic Sharpless
dihydroxylation”. We tried several oxidizing agents and several solvents or solvent mix-
tures as well as some catalysts and catalyst systems. However, unfortunately, in this task
we did not succeed.

Our attempts on the organocatalytic synthesis of oxazolidinone derivatives are described
in Chapter 8. Only with the utilization of the very reactive chlorosulfonyl isocyanate we
were able to observe the formation of oxazolidinone but this happens as well in the ab-
sence of any catalyst.

Finally Chapter 9 lines out our project on the development of an organocatalytic Prins
reaction. Here, we performed several experiments with various catalysts or catalyst sys-
tems. With all of these we were not able to observe any conversion to the desired prod-

ucts.



Abbreviations and Acronyms

1D one-dimensional

2D two-dimensional

3D three-dimensional

abs. absolute

Ac acyl

AD asymmetric dihydroxylation
anhyd anhydrous

All allyl

atm. atmosphere

BCP bond critical points

BINAM (R)-(+)-binaphthalenediamine
Bn benzyl

br broad

Bz benzoyl

calcd calculated

Cbz benzyloxycarbonyl

Conv. conversion

COosy correlated spectroscopy
m-CPBA meta-chloroperbenzoic acid
CSP chiral stationary phase

Cy cyclohexyl

d doublet

DABCO 1,4-diazabicyclo[2.2.2]octane
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene
DCE 1,2-dichloroethane

DCM dichloromethane

de diastereomeric excess

DFT density functional theory
DHPM dihydropyrimidin-2(1H)-one
(DHQ).PHAL dihydroquinine 1,4-phthalazinediyl diether

(DHQD),PHAL dihydroquinidine 1,4-phthalazinediyl diether



DKR dynamic kinetic resolution

DMAP 4-(dimethylamino)pyridine

dr diastereomeric ratio

ee enantiomeric excess

equiv. equivalent(s)

er enantiomeric ratio

ESI electrospray ionization

Et ethyl

etal. et alii

F-SPE fluorous solid-phase extraction

FTIR Fourier transform infrared spectroscopy
FWHM full width at half maximum

GC gas chromatography

h hour(s)

HF Hartree-Fock

HMPA hexamethylphosphoric acid triamide
HOESY heteronuclear Overhauser effect spectroscopy
HOMO highest occupied molecular orbital
HPLC high-performance liquid chromatography
HRMS high resolution mass spectrometry
HSQC heteronuclear single quantum coherence
iBu isobutyl

iPr isopropyl

IR infrared

LUMO lowest unoccupied molecular orbital

m meta

m multiplet

M molar, mol/L

MBH Morita—Baylis—Hillman

Me methyl

mg milligram(s)

min minute(s)

MOP 2-methoxypropene

MS molecular sieve or mass spectrometry



MVK
NBO
NCS
nm
NMR
NOE
NOESY
Ns

OPA

P2D-IR
PCM
PE

Ph

PMP

Pr
QTAIM
Ref
ROESY
rr

rt

sat.
SCRF
SDD
SFC

TBDMS
TBDPS
TBME
t-Bu
TCBA
TEA

methyl vinyl ketone

natural bond order
N-chlorosuccinimide

nanometer(s)

nuclear magnetic resonance

nuclear Overhauser effect

nuclear Overhauser effect spectroscopy
p-nitrobenzenesulfonyl (nosyl)

ortho

optical parametric amplifier

para

polarization-dependent two-dimensional infrared
polarizable continuum model
petroleum ether

phenyl

N-p-methoxyphenyl

propyl

quantum theory of atoms in molecules
reference

rotating-frame nuclear Overhauser effect spectroscopy
regioisomeric ratio

room temperature

singlet

saturated

self-consistent reaction field
Stuttgart/Dresden effective core potential
supercritical fluid chromatography
triplet

tert-butyldimethylsilyl
tert-butyldiphenylsilyl

tert-butyl methyl ether

tert-butyl

2,4,6-trichlorobenzoic acid

triethylamine



Temp
TFA
TFAA
THF
THP
TIPS
TLC
TMS
tr
Troc
Ts
UAHF
UAKS
ZPVE

temperature
trifluoroacetic acid
trifluoroacetic anhydride
tetrahydrofuran
tetrahydropyran
triisopropylsilyl

thin layer chromatography
trimethylsilyl

retention time
2,2,2-trichloroethoxycarbonyl
p-toluenesulfonyl (tosyl)
united atom Hartree-Fock
united atom Kohn-Sham

zero-point vibrational energy
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1 Hydrogen-Bonding Catalysts: Thiourea Catalysis
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Chapter 1 presents the chapter “Hydrogen-Bonding Catalysts: Thiourea
Catalysis” published in the book “Asymmetric Organocatalysis Volume
2: Bregnsted Base and Acid Catalysts, and Additional Topics”. This book
Is part of a two-volume work for the Science of Synthesis Reference Library
by the Georg Thieme Verlag KG, Stuttgart, and was edited by Keiji Maruoka
(University of Kyoto). This book chapter will serve as an introduction to this
thesis and is reprinted with the friendly permission of the Georg Thieme

Verlag KG, Stuttgart, which is gratefully acknowledged.
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2.2.4 Hydrogen-Bonding Catalysts: (Thio)urea Catalysis
K. Hof, K. M. Lippert, and P. R. Schreiner

General Introduction

Over the last few years, thiourea derivatives have proven to be highly effective as organo-
catalysts in a wide variety of organic transformations.'¥! The catalytic efficacy of such
thiourea catalysts derives from them being weak Bronsted acids that allow the formation
of tightly bound hydrogen-bonding complexes whose reactivity is chiefly determined by
the nature of the catalyst.”® In comparison with the corresponding urea derivatives, thio-
urea analogues are less prone to self-association because of the lower tendency of the thio-
carbonyl group to accept hydrogen bonds.!"! Unsurprisingly, thiourea derivatives are ex-
cellent anion receptors,’>*% and recognition motifs such as a double hydrogen-bonding
interaction with neutral substrates (e.g., carbonyl or nitro compounds) have been pro-
posed as the mode of action (Scheme 1).127]

Scheme 1 Examples of Proposed Double Hydrogen-Bonding Interac-
tions of Thiourea Derivatives with Carbonyl (Left)”] or Nitro Compounds
(Right)11]

@@ ey

2.2.4.1 On the Way to Thiourea Organocatalysts

Several studies paved the way for the development of thiourea organocatalysts. Hine and
co-workers showed in 1984 that the two hydroxy groups of biphenylene-1,8-diol bind to
the same oxygen atom in hexamethylphosphoric triamide, 1,2,6-trimethylpyridin-
4(1H)-one, or 2,6-dimethyl-4H-pyran-4-one (Scheme 2).'?! A year later, Hine and co-workers
reported that biphenylene-1,8-diol catalyzes the reaction of an epoxide with a nucleophile
via double hydrogen bonding.'*!4 In 1987, the same group reported that biphenylenedi-
ols with electron-withdrawing groups are better complexing agents than the unsubstitut-
ed diol due to more acidic hydroxy groups: biphenylene-1,8-diol has a pK, value of 8.31,
whereas the pK, value of the 4,5-dinitro-substituted diol is 5.90 (in water per hydroxy

group).*?

for references see p 407
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Scheme 2 Hine’s Biphenylene-1,8-diol Binding to Hexamethylphosphoric Triamide
(Left)(2l and pK, Values of Biphenylene-1,8-diol and 4,5-Dinitrobiphenylene-1,8-diol
(Right)'s]

O P
0
AY
L e o= -
B “:0=P—NMe,
H” \
q. NMez OH OH
OH OH

pK, 8.31 pKa 5.90

In 1988, Etter and Panunto reported a urea derivative as a good proton donor.% In 1990,
Etter and co-workers reported cocrystallization experiments with diarylurea deriva-
tives!'” that showed double hydrogen bonding to the guest molecules (Scheme 3). They
found that meta-substituted diarylureas have the ability to form cocrystals with hydro-
gen-bond acceptors. Etter and co-workers suggested that this effect is due to two very
weak hydrogen bonds between the ortho-protons of the phenyl rings with the urea’s car-
bonyl group.'” This slight interaction lowers the affinity of self-association and opens the
door for hydrogen-bond acceptors other than the urea itself.

Scheme 3 Etter’s Cocrystal Consisting of a Urea Derivative and Ace-
tone (Left) and Effect of the meta-Substitution Pattern (Right)!'7]

|
N H’\r, N
H H

0y ;
L)
N4

o

PN

NO, NO,

In the same year, the Kelly group reported that biphenylenediols are catalysts for the
Diels-Alder reaction of «,-unsaturated aldehydes and ketones with dienes.® They sug-
gested that the bidentate binding affords a more rigid geometry and thus minimizes con-
formational difficulties arising in the Diels—Alder reaction with monodentate catalysts."®!
Curran and Kuo published in 1995 a dipolar Claisen rearrangement catalyzed by a diaryl-
urea.['¥ In this article, thiourea derivatives were mentioned for the first time as catalysts.
In the same year, Wilcox and co-workers reported their experiments on the association
constants of aryl(thiojurea derivatives with 4-(tributylammonio)butane-1-sulfonate.?°
They found thiourea derivatives with electron-withdrawing substituents to be stronger
binders than those without such groups, an effect that Hine and co-workers found
8 years previously for biphenylene-1,8-diols as well (see above). Another finding was that
para-nitro substitution leads to stronger 1:1 complexation than having nitro groups in the
meta-position. This finding was in contrast to that of Etter and co-workers in their cocrys-
tallization studies of 1990.17
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2.2.4.2 Thiourea Derivatives as Organocatalysts in Organic Synthesis
2.2.4.21 Nonstereoselective Transformations with Achiral Thiourea Derivatives

Achiral thiourea derivatives catalyze a variety of organic transformations. The most wide-
spread catalyst is N,N"-bis[3,5-bis(trifluoromethyl)phenyl|thiourea (1), introduced as an or-
ganocatalyst by Wittkopp and Schreiner.”® In proofof-principle studies in 2002/2003,
thiourea 1 was first utilized in Diels-Alder reactions; these studies laid the groundwork
for the now ubiquitous (thio)urea double hydrogen-bonding motif.”# The 3,5-bis(trifluo-
romethyl)phenyl group has proven essential in many catalytically active thiourea deriva-
tives,?!! most likely due to its electron-withdrawing ability, required for substrate bind-
ing. Mesoporous silica nanoparticles functionalized with (thio)urea moieties were also ap-
plied in Diels-Alder reactions by the Lin group.”? In 2003, Takemoto and co-workers de-
veloped a nonstereoselective nucleophilic addition of trimethylsilyl cyanide and ketene
silyl acetals to nitrones and aldehydes also catalyzed by 1.1l

In 2004, Herrera, Ricci, and co-workers published a method for the Friedel-Crafts al-
kylation of indoles catalyzed by 1 or its urea analogue.*¥ Connon and Maher first demon-
strated in 2004 a (thio)urea-catalyzed and 1,4-diazabicyclo|2.2.2]octane-promoted Morita-
Baylis—Hillman reaction.?%

In 2006, Kotke and Schreiner reported a method for the acetalization of aldehydes
utilizing 1 as catalyst; this was also the first report on a thiourea-assisted heterolysis
(through binding of the counterion), in this case that of an ortho ester required for the
acetalization.?® This contribution also marks the departure from carbonyl group activa-
tion. Pettersen and Herrera published in 2006 a method for the conjugate addition of hy-
drazones and nitroalkenes utilizing 1 as organocatalyst.?” In the same year, Kleiner and
Schreiner published a method for the aminolysis of epoxides catalyzed by 1 in aqueous
solution; contrary to expectation, water and hydrogen-bonding activation are not mutu-
ally exclusive but actually can enhance each other (through “hydrophobic amplifica-
tion”).?® In 2006/2007, the List group reported methods for the acylcyanation of
imines®*! as well as aldehydes and amines utilizing catalyst 1.5! The group of Hedrick
and Waymouth developed methods for ring-opening polymerizations utilizing thiourea
organocatalysts in 2005-2007.132-%

Hiersemann, Strassner, and co-workers published a diaryl(thio)urea-catalyzed Clais-
en rearrangement in 2007.%% Thiourea 1 was shown to have only a very weak catalytic
effect in various solvents, and the conversions of the ether in chloroform at 45°C are in
the same range as those of the reference experiments without catalyst 1. DFT computa-
tions led to the conclusion that the energy gained through stabilization of the transition
state is not sufficient to compensate for the additional energy needed for conformational
changes and the formation of the reactive complex.® In 2007, Kotke and Schreiner re-
ported the tetrahydropyranyl (THP) and 2-methoxypropan-2-yl (MOP) protection reactions
of alcohols utilizing 1 with catalyst loadings down to 0.001 mol%."”! Again, in this reaction
the catalyst stabilizes the developing oxyanion hole in the transition structure for the ad-
dition of alcohols to 3,4-dihydro-2H-pyran or 2-methoxypropene. Procuranti and Connon
published a method for the chemoselective reduction of 1,2-diketones catalyzed by a bi-
functional thiourea derivative bearing an organic hydride donor.?® Later in 2007, Costero
and co-workers showed biphenylylthioureas to be good organocatalysts for electrochem-
ical reductions of aromatic carboxylates.® Also in 2007, Zhang and Schreiner developed
methods for the transfer hydrogenation of aldimines!*? and the reduction of conjugated
nitroalkenes utilizing 1,! thereby making a connection to biomimetic reductions (as, for
example, with old yellow enzyme).

In 2008, the Khaksar group published the tert-butoxycarbonylation of amines cata-
lyzed by thiourea.*?! The resulting N-tert-butoxycarbonyl-protected amines are obtained
in excellent yields of 90-99%. Mechanistically, it was proposed that thiourea activates

for references see p 407
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the di-tert-butyl dicarbonate via hydrogen-bonding interactions.*? Also in 2008, Connon
and co-workers reported a Corey—-Chaykovsky reaction catalyzed by the urea analogue of
thiourea derivative 1.1 The resulting epoxides are generally obtained in 90-96% yield,
although in one case no epoxide could be obtained, and in two other cases the epoxides
decompose during purification resulting in isolated yields of 57 and 75%. Schreiner and
co-workers developed a completely regioselective alcoholysis of epoxides cooperatively
catalyzed by thiourea derivative 1 and mandelic acid® (highlighted in Synfacts*>!). This
was the first work employing two organocatalysts in a cooperative manner. Schreiner
and co-workers proposed a ternary complex consisting of the thiourea derivative, mandel-
ic acid, and the epoxide; an intramolecular hydrogen bond in mandelic acid acidifies the
a-hydroxy proton (Scheme 4).#4 Russo and Lattanzi reported in 2009 a method for the ox-
idation of sulfides catalyzed by thiourea 1.1¢ The resulting sulfoxides are obtained in
moderate to excellent yields of 69-99%. A mechanism was proposed in which the teri-
butyl hydroperoxide is activated by a double hydrogen-bonding interaction with 1.1l

Scheme 4 Structure of N,N’-Bis[3,5-bis(trifluoromethyl)phenyl]thiourea and Its Proposed
Ternary Complex in the Regioselective Alcoholysis of Styrene Oxides(*
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\
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2.24.2.2 Stereoselective Transformations with Chiral Thiourea Derivatives

A rapidly growing field is the application of chiral and bifunctional thiourea organo-
catalysts in the asymmetric synthesis of organic compounds. These reactions are the sub-
ject of this chapter. In 2003, the first bifunctional thiourea organocatalyst was introduced
by the Takemoto group for the enantioselective Michael reaction of malonates with nitro-
alkenes.?! This organocatalyst 2 was conveniently derived from cyclohexane-1,2-diamine
[Scheme 1 (right) and Scheme 5]. Takemoto and co-workers reasoned that a basic moiety
in the thiourea catalyst would activate the nucleophile while the thiourea group activates
the nitroalkene. A simultaneous activation could thus take place. The linking of these two
different functionalities with a chiral spacer was supposed to introduce enantioselectivi-
ty. In their work they showed that the basic moiety has to be within the thiourea deriva-
tive; the addition of an external base leads to poor selectivities and reaction rates.l2!
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Scheme 5 The First Bifunctional Thiourea Derivative, De-
signed by the Takemoto Groupl?'l

J@Q

,q
e’ “Me ‘\
thiourea moiety for tertiary amine group
activation of nitroalkene for activation of nucleophile

The Nagasawa group introduced the first bisthiourea organocatalyst in 2004.*”! This or-
ganocatalyst 3 (Scheme 6) was designed for the enantioselective Morita—Baylis—Hillman
reaction. It was reasoned that two thiourea moieties in one molecule would activate
both reactants and would hold them together.*”)

Scheme 6 The First Bisthiourea, Developed by
Nagasawa and Co-workers47]

D »—NH HN—{

In 2005, the first thiourea derivative bearing a cinchona alkaloid moiety was implement-
ed by Chen and co-workers, "8 followed by similar derivatives developed independently by
the Connon group®? as well as Soés and co-workers® in 2005. In the same year, the first
2,2"-diamino-1,1"-binaphthyl (BINAM) derived thiourea organocatalyst was presented by
the Wang group.®" A wide range of asymmetric reactions can be catalyzed by the afore-
mentioned and other chiral and bifunctional thiourea derivatives. Among these are Mi-
chael reactions (Section 2.2.4.3), Mannich reactions (Section 2.2.4.4), desymmetrizations
(Section 2.2.4.12), Diels-Alder cycloadditions (Section 2.2.4.14.1), Morita-Baylis—Hillman
reactions (Section 2.2.4.7), and Strecker reactions (Section 2.2.4.8), to mention just a few
examples covered in this chapter. Not covered are the methods for the thiourea-catalyzed
Nazarov cyclization reported by Tius and co-workers in 2010, and the “interrupted”
Feist-Bénary reaction published by the Zhang group in the same year."!

CFa

CF;

2.2.4.3 Michael Addition
2.2.4.3.1 Michael Addition of 1,3-Dioxolan-4-ones to 1-Nitro-2-phenylethenes

In 2007, Dixon and co-workers published an organocatalytic diastereoselective and enan-
tioselective Michael addition of 5-aryl-1,3-dioxolan-4-ones to 1-nitro-2-phenylethenes
(B-nitrostyrenes) (Scheme 7).5¥ An epi-9-amino-deoxy cinchona alkaloid derivative cata-
lyzes the addition of a 1,3-dioxolan-4-one derived from mandelic acid to nitrostyrenes
with diastereoselectivities of up to 98% and enantioselectivities of up to 89%. Substituents
in the ortho-position increase reaction times (>250 h), although high enantioselectivities
are observed. The best results for relatively short reaction times are shown in Scheme 7.

for references see p 407
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Subsequent aminolysis, alcoholysis, or hydrolysis of the ester moiety provides new chiral
building blocks. In dichloromethane the reaction time decreases, but the enantioselectiv-
ities are not improved.

Scheme 7 Michael Addition of a Mandelic Acid Derived Dioxolanone to 1-Nitro-2-phenyl-
ethenes Using a Thiourea Catalyst at 0°C[34

o

HN =

A . IN (0.05 equiv)

HN S

FsC CF3
Oj:OXCFa R toluene, 0 °C ’
+ TNF o,
pn” O CFs
4 5
ON-0, CF;
OgNl\.ii OXCFS
2, Ph
7
R Time (h) Yield (%) de (%) ee (%) Ref
Ph - 75 98 76 14
2-naphthyl 72 62 >97 75 [
2-MeOCH, 72 65 >97 74 (4]
4BrCH, 72 59 >98 73 b4
4-MeOCH, 72 81 >97 73 |
4-Tol 40 67 >97 70 (54]
3-Tol 40 70 >98 69 (4]

2 Conversion after 48 h was >98%.

(R)-5-(2-Nitroethyl)-5-phenyl-2,2-bis(trifluoromethyl})-1,3-dioxolan-4-ones 7;

General Procedure:*"

A reaction vessel was charged with the nitroalkene 5 (0.2 mmol), 5-phenyl-2,2-bis(trifluo-
romethyl)-1,3-dioxolan<4-one (4; 0.4 mmol), and toluene (0.2 mlL). Catalyst 6 (11.2 mg,
0.02 mmol) was added and the mixture was stirred at 0 °C until full conversion was ob-
served by TLC. Then, the solvent was removed under reduced pressure and the crude res-
idue was purified by flash chromatography (silica gel, EtOAc/petroleum ether 1:20 to
1:16). The enantiomeric excess was determined by chiral HPLC (Chiralpak AD, OD, or IB;
hexanes/iPrOH). The diastereomeric ratio was determined by "H NMR analysis.

22432 Michael Addition of Aldehydes to Nitroalkenes

In 2009, Barbas and Uehara presented an anti-selective conjugate addition of aldehydes
assisted by a bifunctional thiourea catalyst 10 (Scheme 8).15% (tert-Butyldimethylsiloxy)-
acetaldehyde (8) and the catalyst’s secondary amine function form a Z-enamine that is sta-
bilized through hydrogen bonding of the enamine hydrogen to the alkoxy group. The
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thiourea moiety is proposed to activate the nitroalkene 9 through hydrogen bonding and
approaches the Z-enamine in a synclinal fashion. The yield of isolated product 11 varies
from 57 to 83%, with diastereomeric ratios (synfanti) from 92:8 to 98:2 and excellent enan-
tioselectivities of >97% (Scheme 8). The reaction works well for electron-deficient, elec-
tron-rich, and sterically hindered nitroalkenes. In 2010, Barbas and co-workers published
a one-pot synthesis of carbohydrates and iminosugars with the Michael products as inter-
mediates.[56:57

Scheme 8 Michael Addition of (tert-Butyldimethylsiloxy)acetaldehyde to Nitroalkenes
Using an Amino Thiourea Derived Catalyst(*%]

CFg

20 mol% S
pegve
NHz
o] 10 o R
HJ\ 4 91/\/'\'02 CH,Clp (1 M), rt - HJ\:/l\/Noz
OTBDMS é)TBDMS
8 9 "
R Time (h) Yield (%) dr (anti/syn) ee (%) Ref
2-F;CGH, 24 74 98:2 99 B2
Ph 4 83 98:2 98 [33]
4-BrCgH, 6 70 97:3 98 1551
4-MeOCgH, 24 67 97:3 98 53]
3,4-C,CH; 2 72 96:4 98 (53]
2,6-Cl,CeH; 24° 68 98:2 98 53]
4-Tol 6 81 s, 97 551
3-BrCgH, 6 66 96:4 97 [55]
2-thienyl 6 75 97:3 97 B2
(CH,)Me 6 57 92:8 97 [55]

3 Using 50 mol% of catalyst 10.

2-(tert-Butyldimethylsiloxy)-4-nitrobutanals 11; General Procedure:*

A 2-mlL reaction vial was charged with catalyst 10 (15.4 mg, 40 umol), the nitroalkene 9
(0.2mmol), (tert-butyldimethylsiloxy)acetaldehyde (8; 114 puL, 0.6 mmol), and CH,CI,
(0.2mL) under a N, atmosphere. The soln was stirred at rt for the above-mentioned time
(Scheme 8). Then, Et,0 and sat. aq NH,C1 were added. After separation of the phases, the
aqueous phase was extracted several times with Et,0. The solvent of the organic phase
was removed under reduced pressure. The diastereoselectivity was determined via
H NMR of the crude residue. The residue was then purified by flash chromatography [sili-
ca gel (ZEOprep 60 ECO, 40-63 Micron); hexanes/EtOAc or hexanesftoluene|. The enantio-
meric excess was determined by chiral HPLC (Daicel Chiralpak IC, hexane/iPrOH 98:2).

22,433 Michael Addition of «-Cyano Ketones to o,[3-Unsaturated
Trifluoromethyl Ketones

In 2009, Zhu and co-workers utilized a tertiary amine derived thiourea catalyst 14 to syn-
thesize o-{trifluoromethyl)dihydropyrans 15 via conjugate addition of a-cyano ketones
13 to o,f-unsaturated trifluoromethyl ketones 12 (Scheme 9).°® Enantioselectivities of

for references see p 407
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87-95% and diastereomeric ratios of up to >19:1 are observed. Various substituted ben-
zene substituents with electron-donating groups for the a,f-unsaturated trifluoromethyl
ketones as well as a range of cyano ketones with electron-withdrawing and electron-do-
nating groups can be employed.

Zhao and co-workers also catalyzed an enantioselective Michael addition of a-substi-
tuted cyano ketones to [3,y-unsaturated a-keto esters using a tertiary amine thiourea cata-
lyst to afford dihydropyran derivatives with good yields (91-95%, 70% in one case) and
enantioselectivities of 87-96%.5

Scheme 9 Michael Addition of ,[3-Unsaturated Trifluoromethyl Ketones to a-Cyano Ke-
tones Using a Tertiary Amine Thiourea Derived Catalyst at —10°C(%8

”3@2

)

C

HN CFy
18]

CFs

10 mol% !
mol
°Bn

o) o) 14 R o o
R/\)LCFS " F{QJ\/CN CHCls, —10°C . U"-ca

NC :

R1

12 13 15
R R? Yield (%) dr ee (%) Ref
4BrCH, 4BrCH, 97 >19:1 94 (58]
Ph Ph 99 >19:1 93 [58]
3-MeOCgH, Ph 99 >19:1 93 (58]
4-Tol Ph 99 >19:1 92 (58]
3-MeOCH, 4-MeOCH, 99 >19:1 92 [58]
4-Tol 4-MeOCH, 99 >19:1 92 (58]
Ph 4-BrCH, 99 >19:1 92 [58]
Ph 4-FCH, 98 >19:1 92 [58]
4-MeOCH, Ph 99 >19:1 91 (58]
4-Tol 4-BrCgH, 99 >19:1 91 (8]

2-Hydroxy-2-(trifluoromethyl)-3,4-dihydro-2H-pyran-5-carbonitriles 15;

General Procedure:*®

A reaction vessel was charged with the a-cyano ketone 13 (0.2 mmol) and the catalyst 14
(6.2mg, 0.01 mmol). CHCI, (2.0 mL) was added and the soln was cooled to -10°C and
stirred for 10 min. The a,f-unsaturated trifluoromethyl ketone 12 (0.01 mmol) was
added and the mixture was stirred at rt for 5 h. Then, the mixture was purified by column
chromatography (silica gel). The enantiomeric excess was determined by chiral HPLC
analysis (hexane/iPrOH). The diastereomeric ratio was determined by *F NMR analysis of
the crude product.
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2.2.43.4 Michael Addition of Diethyl Malonate to (E)-Chalcones

In 2006, Wang and co-workers published a protocol for the Michael addition of various
nucleophilic enol intermediates to chalcones 16 catalyzed by a cinchona alkaloid thio-
urea catalyst 17. The reaction times are up to 144 hours, but the reaction provides good
to excellent enantioselectivities (85-98%) and yields (61-99%).°"! Electron-withdrawing
and electron-donating or heteroaromatic groups for R! of the chalcone are employed in
the Michael reaction with diethyl malonate and give good enantioselectivities (Scheme
10). When a methyl group as R? is introduced, the reaction times are very long and the
catalyst loading has to be increased to 30 mol%.

Scheme 10 Michael Addition of Diethyl Malonate to Chalcones Using a Cinchona Alkaloid
Thiourea Derived Catalyst(®]

S
10 mol%
N J@
| )LN CF:
=

o 17 Et0,C.__ COzEt

rCOzEt /\)J\ xylenes, rt H 0
+ 1 2 > H
R'" R R
CO,Et R1 /\.)k R2

16 18
R’ R? Time (h) Yield (%) ee (%) Ref
4-FCH, 4-Tol 120 90 98 [60]
2-thienyl 2-thienyl 144 85 96 [60]
Ph 4CICH, 120 93 95  [e0]
Ph 4-MeOCgH, 144 85 95 [60]
4-FCH, 4-FCH, 72 97 94  I60)
Ph Me 96¢ 62 94 [60]
4-CICH,  Ph 108 95 93  Is0l
2-CICH,  Ph 96 94 93 60
4-MeOCgH, Ph 144 89 92 (60]
3-0,NCH, Ph 120 92 90 60l

? Reaction was performed with 30 mol% of catalyst 17.

Wang and co-workers also performed a 1,4-conjugate addition of 1H-benzotriazoles to a.,f-
unsaturated ketones catalyzed by a bifunctional thiourea catalyst, but with enantioselec-
tivities of only up to 64%.%Y So6s and co-workers utilized a cinchona alkaloid derived thio-
urea catalyst for the 1,4-addition of nitromethane to chalcone derivatives.’” Enantioselec-
tivities are up to 98% with 80-94% yield, but the reaction times are long (122 h). In 2007,
Chen and co-workers reported a Michael reaction with chalcones and a-cyanoacetate cat-
alyzed by bifunctional cinchona thiourea catalyst 17.1? The enantioselectivities are good
(83-95%) and the obtained yields are 80-95%, but low diastereoselectivities are observed
(dr 59:41 to 67:33). In 2009, Wang and Duan showed that an amino thiourea catalyst effi-
ciently catalyzes the Michael addition of nitroalkanes to enones. The substrate scope is
broad and the reaction gives high enantioselectivities of 92-99%, but low to moderate
yields of 38-89%; a long reaction time of 5 days is necessary./®* In 2010, Ye and co-workers

for references see p 407
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showed that a cinchona alkaloid derived thiourea catalyst catalyzes the 1,4-addition of an-
thracen-9-one derivatives to chalcone derivatives with enantiomeric excess values of up
to 93% and yields of 74-98%.14

In 2007, an aza-Michael reaction of O-benzylhydroxylamine with substituted (E)-chal-
cones, in the presence of a cinchona alkaloid based thiourea organocatalyst, was devel-
oped by Ricci and co-workers.®5 §-Keto hydroxylamines are obtained with moderate to
good yields (35-94%) and low enantioselectivities (27-60%).

An enantioselective Michael addition of diethyl cyanomethylphosphonates to chal-
cones to form precursors of a-substituted f~aminophosphonates was reported in 2010.5°l
The yields are variable (25-90%), with low diastereoselectivities (dr 52:48 to 56:44), and
enantioselectivities in the range of 66-80%.

An enantioselective 1,4-addition of nitromethane to 1,5-diarylpenta-2,4-dien-1-ones
catalyzed by bifunctional cinchona thiourea 17 provides high enantioselectivities of 87—
99% and yields of 19-92%.°”l The reaction times are up to 7 days.

Diethyl 2-(3-Oxoalkyl)malonates 18; General Procedure:*!

A reaction vessel was charged with diethyl malonate (1.4 mmol), the (E)-chalcone deriva-
tive 16 (0.25 mmol), and xylenes (0.1 mL). Catalyst 17 (15 mg, 0.025 mmol) was added at rt.
The conversion was monitored via TLC. The mixture was stirred until completion of the
reaction. The solvent was removed under reduced pressure and the crude residue was pu-
rified by flash column chromatography [silica gel (Merck 60), hexane/EtOAc|. The enantio-
meric excess was determined by chiral HPLC analysis (Chiralcel OJ-H or Chiralpak AS-H,
hexane/EtOH 70:30 or hexanefiPrOH 70:30).

22435 Michael Addition of Malononitriles to o,f}-Unsaturated 1-Acylpyrrolidinones

In 2005, Takemoto and co-workers developed an enantioselective Michael addition of
malononitrile to a,f-unsaturated 1-acylpyrrolidinones 19 in the presence of a bifunction-
al tertiary amine thiourea catalyst 20 (Scheme 11).8! The enantioselectivities (84-94%)
and yields (77-99%) are good to excellent but the reaction times are long (up to 216 h).
When the reactions are carried out at 0.1 M concentration instead of 0.5 M, with longer
reaction times, the enantioselectivities increase.

Scheme 11 Michael Addition of Malononitrile to a,3-Unsaturated 1-Acylpyrrolidinones
Catalyzed by a Bifunctional Tertiary Amine Thiourea Catalyst at Room Temperaturel®8]

CF;

S
10 mol% /@
NJLH( )

H NC CN
O

O (0] NMey j/\)j\ e}
20
R! ’\)L N: : CHz(CN)y, toluene, rt . - N ?

19 21
R Concentration (M) of 19 Time (h) Yield (%) ee (%) Ref
(CH,),Ph 0.1 144 98 94 s8]
4-CICeH, 0.1 192 88 93 (58]
1-naphthyl 0.1 168 87 93 [68]
Me 0.1 120 86 93 [68]
4FCH, 0.1 168 84 CERC

t-Bu 0.5 168 78 92 [68]
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R Concentration (M) of 19 Time (h) Yield (%) ee (%) Ref
Ph 0.5 60 93 87 [68]
2-furyl 0.5 192 79 g5 &8l
4-MeOCgH, 0.5 216 77 85 [68]

(R)-2-[3-Ox0-3-(2-oxopyrrolidin-1-yl)-1-phenylpropyljmalononitrile (21, R' = Ph);
Typical Procedure:

CAUTION: Malononitrile is classified as toxic by inhalation, in contact with skin, and if swal-
lowed. It is very toxic to aquatic organisms and may cause long-term adverse effects in the aquatic
environment.

A reaction vessel was charged with «,fB-unsaturated 1-acylpyrrolidinone 19 (R'=Ph;
43.1mg, 0.2mmol), malononitrile (26.4mg, 2.0 equiv), and catalyst 20 (8.2mg,
0.1 equiv). The substances were dissolved in anhyd toluene (0.4 mL) and stirred for 60h
at rt. Preparative TLC [silica gel (Merck 60), Et,0] was used to isolate the product 21 as a
colorless solid; yield: 52.3 mg (93%); 87% ee by chiral HPLC (Chiralcel AS-H, hexane/EtOH
80:20).

2.2.436 Michael Addition of Nitroalkanes to Nitroalkenes

Wulff and Rabalakos presented a Michael addition to form 1,3-diamino precursors by uti-
lizing a 2,2’-diamino-1,1"-binaphthyl (BINAM) thiourea/4-(dimethylamino)pyridine de-
rived catalyst.®®7? Various nitroalkenes with electron-rich and electron-poor phenyl
groups in combination with nitroalkanes can be transformed into the corresponding Mi-
chael adducts. The yields vary from 55 to 94% with very good enantioselectivities of 91—
95%, but moderate diastereoselectivities (dr 74:26 to 90:10).7% The successful addition of
nitroalkanes 23 to nitroalkenes 22 was published by the group of Wang in 2009."" The
resulting 1,3-dinitro compounds 25 are obtained with diastereomeric ratios of 55:45 of
98:2 and enantioselectivities generally in the range 80-99% (64% ee in one case). Yields
vary from 60 to 92% (Scheme 12).

for references see p 407




31

308 Asymmetric Organocatalysis 2.2 Brensted Acids

Scheme 12 Michael Addition of Nitroalkanes to Nitroalkenes Catalyzed by a Bifunctional
Thiourea/Sulfonamide Catalyst at -30°C7"l

10 mol%

FiC CFs
CHgCIg.—30°C.1E‘r28h24 RN
RN+ g o, = 11,”02
22 23 ! 25
R R?  Yield (%) dr(syn/anti) ee (%) Ref
4-Tol Et 89 97:3 99 i
2,4-CL,CH; Me 92 84:16 99 [l
2-Tol Me 92 91:9 98 7
Ph Me 87 98:2 97 71
4-Tol Me 89 92:8 97 7
1-naphthyl Me 91 91:9 97 @1
Ph Et 92 95:5 96 1
Ph Bn 89 96:4 95 7
2-CICH, Me 87 937 95 [l
2-furyl Me 85 80:20 92 711

Ye and co-workers reported the Michael addition of nitroalkanes to a,f-unsaturated ke-
tones with high enantioselectivities of up to 98% with yields of up to 98%.2 In 20009, it
was shown that 4-oxoalkenoates undergo a Michael addition with nitroalkanes catalyzed
by a cinchona alkaloid thiourea derived catalyst in good yields (47-99%) and with good
enantioselectivities (up to 98%).7%!

1,3-Dinitroalkanes 25; General Procedure:!

A reaction vial was charged with catalyst 24 (10 mg, 0.015 mmol) and the nitroalkene 22
(0.15 mmol). CH,Cl, (0.6 mL) and the nitroalkane 23 (0.6 mmol) were added and the mix-
ture was cooled to —30°C. The conversion was monitored with TLC. After 16-28 h, the sol-
vent was removed under reduced pressure and the crude residue was purified by flash
chromatography. The enantiomeric excess was determined by chiral HPLC (Chiralcel
OD-H or AS-H, or Chiralpak AD-H; hexane[iPrOH). The diastereomeric ratio was also deter-
mined by chiral HPLC or '"H NMR analysis.

22437 Michael Addition of Oximes to Aliphatic Nitroalkenes

In 2007, Pettersen and Herrera published the addition of hydrazones to nitroalkenes with
an achiral thiourea-derived catalyst.?”! A Michael addition of formaldehyde N,N-dialkylhy-
drazones to [ﬂ,y-unsaturated a-keto esters was developed by Lassaletta, Ferndndez, and co-
workers.# The enantioselectivities range from 58 to 80%. Jorgensen and co-workers pre-
sented a protocol for -hydroxylation of nitroalkenes 26 with O-nucleophiles to afford
precursors for nitro or amino alcohols (Scheme 13).”®! The reaction is catalyzed by a bi-
functional cinchona alkaloid catalyst 28 bearing a thiourea moiety. The enantiopurities
of the obtained products 29 are fairly good (48-93% ee), as are the yields (63-83%). The ab-
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solute stereochemical configuration of the products was not determined. The product has
to be purified on neutral Iatrobeads to diminish possible retro-Michael reactions.

Scheme 13 Michael Addition of Oximes to Nitroalkenes Catalyzed by a Thiourea Cinchona

Alkaloid Derived Catalyst at =24 °Cl75]
OMe /27
N

I\ NH

S'}\ NH

EXG) i “CFy R?0.C

HO. 28 \“

5 mol%

COzR? H1/J\/N02
26 27 29
R! R Yield® (%) ee (%) Ref
(CH,),CH=CHEt Et 79 93 [l
(CH,)4Me Et 79 91 [75]
(CH;),Me tBu 83 90 1751
Oy Et 82 g Il
t-Bu Et  69° 90 Ul
Me Et 63 90 (73]
(CH,),SMe Et 82 89 [
(CH,),Ph Et 68 89 [
(CH,)4CO,Me Et 68 89 7

? Unless otherwise stated, the reaction was
performed with 5 mol% catalyst 28
(0.0125 mmol) in toluene (1 mL).

b Reaction was performed with catalyst 28
(0.025 mmol) in toluene (0.125 mL).

2-[N{(2-Nitroalkoxy)imino]acetates 29; General Procedure:”

A sample vial containing a magnetic stirrer bar was charged with catalyst 28
(0.0125 mmol, 5 mol%) and the nitroalkene 26 (0.25 mmol). After addition of toluene
(1.0 mL), the mixture was stirred at —24 °C for 15 min. Then, the oxime 27 (0.5 mmol) was
added and the conversion was monitored by TLC. After 16 h, when the reaction was com-
plete, the mixture was directly purified by flash chromatography [latrobeads (6RS-8060)].
The enantiomeric excess was determined by chiral HPLC analysis (Daicel Chiralpak AD, or
Chiralcel OD or O]).

2.2.4.3.8 Michael Addition of 3-Substituted Oxindoles to Nitroalkenes

In 2009, Barbas and co-workers developed an enantioselective addition reaction of 3-sub-
stituted oxindoles 30 to nitroalkenes 31 catalyzed by a thiourea derivative 32 (Scheme
14).7¢I The developed methodology was utilized in the synthesis of (+}physostigmine.®!
Various electron-rich and electron-deficient nitrostyrenes and heteroaromatic nitroal-

for references see p 407
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kenes combined with oxindoles bearing substituents at the C3-position can be utilized.
The enantioselectivity is high (88-99% ee) and yields are in the range 68-97%. The diaste-

reomeric ratios range from 3:1 to >20:1.

Scheme 14 Michael Addition of Oxindoles to Nitroalkenes Catalyzed by a Thiourea Derived
Catalyst at =20°Cl7l

H1

32
CHClg, —20 °C, 24 h
N

\

CF3
10 mol%
M NJLN CF3
H H

Ph EI Ph
LARYA

Boc
30 3
R R? Yield (%) dr ee (%) Ref
Me Ph 96 10:1 99 [76]
CH,CH=CH, 2-furyl 97 61 99 7
Et Ph 95 5:1 96 [76]
CH,CH=CH,  3-BrCH, 91 91 95 Il
CH,CH=CH,  (CH,);Me 95 >20:1 94 I
CH,CH=CH, Ph 89 6:1 94 [zl
CH,CH=CH,  CH(OMe), 68 >20:1 93 I
CH,CH=CHPh Ph 90 11:1 92 [76]
CH,CH=CH, 4-HOCH, 92 71 92 %
CH,CH=CH,  4-BrCH, 92 61 91 Il

In 2010, Zhou and co-workers published a Michael addition of 3-substituted oxindoles to
nitroalkenes with lower diastereomeric ratios (<5:1), but with good yields of 61-96%.7")
Melchiorre and co-workers obtained for the 1,4-addition of oxindoles to o,p-unsaturated
compounds enantioselectivities of up to 99%. The reaction requires long reaction times of
up to 5 days.”® An asymmetric Michael addition of 3-substituted oxindoles to nitroalkenes
was also investigated by Cheng and Luo.[™ In this case, the diastereoselectivities are lower
(dr 1:1 to 19:1) but the enantioselectivities are high (53-98% ee and a racemic mixture in
one case). Cheng and co-workers published a Michael addition of various vinyl ketones
and vinyl sulfones to 3-aryloxindoles with yields of 48-99% and enantiomeric excesses of

17-91%.1801



34

2.2.4 Hydrogen-Bonding Catalysts: (Thio)urea Catalysis 311

1-(tert-Butoxycarbonyl)-3-(2-nitroalkyl)-1,3-dihydro-2H-indol-2-ones 33;

General Procedure:"®!

In a reaction vessel, the oxindole 30 (0.2 mmol, 1 equiv) and catalyst 32 (12.4mg,
0.02 mmol, 0.1 equiv) were dissolved in anhyd CHCIl, (0.3 mlL). The soln was cooled to
—20°C, the nitroalkene 31 (0.22 mmol, 1.1 equiv) was added, and the soln was stirred at
-20°C for 24 h. Then, the mixture was first diluted with EtOAc and afterwards quenched
with sat. aq NH,C1. After separation of the phases, the aqueous phase was extracted with
EtOAc (4 x). After drying of the combined organic phases (MgS0O,) and subsequent filtra-
tion, the solvent was removed under reduced pressure. The diastereomeric ratio was de-
termined by 'H NMR of the crude residue. The crude residue was purified by flash column
chromatography [silica gel (EM Science, 230-400 mesh)]. The enantiomeric excess was de-
termined by chiral HPLC (Daicel Chiralpak OD-H, AD, or OJ-H; hexane/iPrOH).

2.2.4.3.9 Michael Addition of Oxindoles to Maleimides

New quaternary centers in the C3-position of oxindoles are obtained through a Michael
addition of oxindoles 34 to maleimides 35 catalyzed by a bifunctional tertiary amine thio-
urea derivative 36 (Scheme 15).!l Moderate to high yields (45-92%), high diastereoselec-
tivities (dr 63:37 to 99:1), and high enantioselectivities of 85-99% are obtained. Various
N-(tert-butoxycarbonyl)-3-phenyloxindoles with various aliphatic and aromatic substitu-
ents can be utilized. The yields are lower with N-aliphatic maleimides than with N-aro-
matic maleimides. The tert-butoxycarbonyl group is crucial for the reactivity and stereo-
control.

In 2010, Yuan and co-workers presented an enantioselective protocol for the hy-
droxymethylation of oxindoles.[®?l The products are obtained in up to 91% ee with yields
of up to 99%.

for references see p 407
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Scheme 15 Michael Addition of Oxindoles to Maleimides Catalyzed by a Bifunctional Ter-
tiary Amine Thiourea Catalyst at Room Temperaturel®'l

NO»
Ph S @’
s0mols ph ., L
o S A

R1 0 NMe, A
36

©\/S:O o [ were CHyClp, tt, 10 h

N\

Boc o}

34 35

R R? Time (h) Yield (%) dr ee (%) Ref
3,5-Me,C;H; Ph 10 81 92:3 99 (81
Ph 4-BrCgH, 10 89 GIEOR (95 [81]
Ph 4-Tol 10 92 96:4 97 [81]
4-PhCeH, Ph 10 87 94:6 97 (8]
Bu 4-CICH, 24 65 95:5 97 [E1]
Ph 3-MeOCH; 10 92 95:5 96 [e]
4-FCgH, Ph 10 80 94:6 95 (81]
iPr Ph 36 67 99:1 94 [81]
Ph CH,CH=CH, 10 64 89:11 91 [81]
Ph iPr 10 45 94:6 85 81

3-[1(tert-Butoxycarbonyl)-2-oxo-1,3-dihydro-2H-indol-3-yl|pyrrolidine-2,5-diones 37
General Procedure:®"

l CAUTION: N-Phenylmaleimide is toxic if swallowed.

A reaction vessel was charged with the 3-substituted N-(tert-butoxycarbonyl)oxindole 34
(0.2 mmol), the N-substituted maleimide 35 (0.3 mmol), catalyst 36 (0.04 mmol), and
anhyd CH,Cl, (1 mL). The mixture was stirred at rt for 10 h (or longer if necessary), and
subsequently purified by flash column chromatography (silica gel, petroleum ether/
EtOAc). The enantiomeric excess was determined by HPLC analysis (Chiralcel OD-H, hex-
ane(iPrOH 70:30; or Chiralcel AD-H, hexane/iPrOH 70:30 or hexane/iPrOH gradient).

2.2.4.3.10 Phospha-Michael Addition of Diarylphosphine Oxides to o,[}-Unsaturated
Ketones

In 2010, Ye and co-workers demonstrated functionalization of f3,f-disubstituted a.,f-un-
saturated ketones 38 with pentavalent diarylphosphine oxides 39 through a phospha-Mi-
chael addition (Scheme 16).®% Under optimized conditions, high yields (82-97%) and high
enantioselectivities (84-98%) are achieved utilizing a primary amine/cinchona thiourea
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catalyst 40. Sterically hindered cyclohex-2-enone derivatives as well as various substitut-
ed aromatic enones can be used for the 1,4-addition reaction.

Scheme 16 Phospha-Michael Addition of Diarylphosphine Oxides to ,p-Disubstituted o, -
Unsaturated Ketones through a Bifunctional Thiourea Catalyst(#!

%
OMe
N

10 mol% = | NH

1 I © 1
R B‘H CHsCl, 1t R o
oA A o Lodr
P\—Ar
A

R2" "R® R2E
RS af

38 39 a1
R R? R’ Ar' Time (d) Yield(%) ee(%) Ref
(CHy); Me Ph 6 96 98 [#3]
(CHy),CMe, ~ H Ph 25 95 98 (83]
(CH;),CMe,  H 2,4-(Me0),CH; 25 90 98 [83]
(CH,), Bu Ph 72 85 97 [83]
CH,CMe,CH, Me Ph 8 90 96 (83)
Me H 4-BrCH, Ph 2 04 94 [83]
(CH,), Cy 2,4-(Me0),CgH, 42 92 94 [83]
(CHy), Pr Ph 6° 87 94 [83]
Me H 4-0,NCH, Ph 2 90 92 [83]
(CH,)4 H Ph 6 87 90 [83]

3 Reaction was performed with 20 mol% of catalyst 40 at 30 °C.

f-Phosphoryl Ketones 41; General Procedure:*’!

A soln of a,p-unsaturated ketone 38 (3.0 mmol) in anhyd CH,Cl, (2 mL) was prepared in a
reaction vessel. Then, the phosphine oxide 39 (1.0 mmol) and catalyst 40 (0.10 mmol)
were added and the mixture was stirred at rt for the above-mentioned time (Scheme 16).
The conversion was monitored by TLC. The product was purified by chromatography (sili-
ca gel). The enantiomeric excess was determined by chiral HPLC analysis (Chiralcel AS-H,
or Chiralpak OD-H, AD-H, IA, or IC; hexane/EtOH or hexane/iPrOH).

2.2.4.3.1 Sulfa-Michael Addition of Alkanethiols to «,-Unsaturated N-Acylated
Oxazolidin-2-ones

An addition reaction of arenethiols to o,p-unsaturated imides was developed by Chen and
co-workers; poor to good enantioselectivities (55-77%) are observed."® The addition of
arenethiols to a,f-unsaturated ketones gives enantioselectivities of up to 85%.1*! Wang
and co-workers published, in 2006, an asymmetric 1,4-addition of thioacetic acid to en-
ones, but with low enantioselectivities (up to 65%).2% Thioacetic acid can also be used as
nucleophile for the addition reaction to nitrostyrenes, with moderate enantioselectivities
(up to 70%).® An enantioselective protocol for the 1,4-addition of various thiols to -nitro-
acrylate derivatives was developed by Xiao and co-workers.® A bifunctional cinchona

for references see p 407
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thiourea derivative is utilized to afford $*?-amino acid precursors with yields of 89-100%
and enantioselectivities of 87-98%. Deng and co-workers developed a synthesis of chiral
sulfur compounds through a sulfa-Michael addition of alkanethiols to a,-unsaturated N-
acylated oxazolidin-2-ones 42 catalyzed by a bifunctional cinchona thiourea derived cata-
lyst 43 (Scheme 17).*”) The conjugate addition protocol is efficient for several alkanethiols
and variously substituted Michael acceptors; enantioselectivities span the range 87-96%
and yields are 84-99%.

Scheme 17 Sulfa-Michael Addition of Alkanethiols to a,p-Unsaturated N-Acylated Oxazol-
idin-2-ones Catalyzed by a Bifunctional Cinchona Thiourea Derived Catalyst/87]

Z
o
10 mol% H
Z ) CF.
/©\CF3

0 0
R /\)J\h\:[{/o RZSH, GHClg b p - J\/u\ 'El(/o

42 "
R R? Temp® (°C) Yield (%) ee (%) Ref
Me PMB -20 99 96 [87)
2-BrCgH, CH,CH=CH,  -50° 91 o &)
(CH,);Me PMB -20 96 95 (&
Me Bn =20 98 94 [87]
Me CH,CH=CH, =20 97 94 [87]
(CH;)sMe PMB -20 97 94 5
Me cyclopentyl -20 96 94 (87]
Ph CH,CH=CH, -50b 93 94 (87)
Me 4-CICH,4CH, =20 99 93 [87]
Me (CH,),OTBDMS -20 97 93 [87]

3 Unless otherwise stated, the reaction was conducted with
10 mol% (0.02 mmol) catalyst 43.

b Reaction was performed with 20 mol% (0.04 mmol) of catalyst
43,

3-[3{Alkylsulfanyl)acyljoxazolidinones 44; General Procedure:®’

CAUTION: Phenylmethanethiol is harmful if swallowed, toxic by inhalation, and very toxic to
aquatic organisms with possible long-term adverse effects in the aquatic environment.

In a reaction vessel, a soln of catalyst 43 (15 mg, 0.02 mmol) and the o,f3-unsaturated N-
acylated oxazolidin-2-one 42 (0.2 mmol) in CHCI, (0.4 mL) was prepared. Then, the thiol
(0.6 mmol, 3 equiv) was added and the soln was cooled to =20 or =50 °C for 72 h. The mix-
ture was filtered through a short plug of silica gel, the plug was washed with Et,O (5 mL),
and the solvent was removed under reduced pressure; the crude residue was purified by
flash chromatography (silica gel, hexanes/EtOAc). The enantiomeric excess was deter-
mined by chiral HPLC (Daicel Chiralcel OD or AD, hexanes/iPrOH).
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2.2.43.12 Michael Addition of Cyclohexanone to Nitroalkenes

In 2006, Tang and co-workers utilized a secondary amine/pyrrolidine thiourea derivative
46 to catalyze the Michael addition of cyclohexanone to various (E)-1-aryl-2-nitroethenes
45 (Scheme 18).1%8 The catalyst’s efficiency is borne out by high enantioselectivities (88—
98%) and diastereoselectivities (up to >99:1) with good to excellent yields (63-99%). A pro-
posed mechanism assumes that the enone is first transformed into an enamine through
the secondary amine function of the catalyst. The thiourea NH protons activate the nitro-
alkene through hydrogen bonding and the enamine double bond attacks the Re-face of the
activated nitroalkene. The organic acid increases the reaction rate without lost of stereo-
induction. Many groups have also provided efficient protocols for the enantioselective ad-
dition of cyclohexanone to nitroalkenes with excellent enantioselectivities, good diaste-
reoselectivities, and high yields.[®*?!

Scheme 18 Michael Addition of Cyclohexanone to (E)-1-Aryl-2-nitroethenes Catalyzed by a
Secondary Amine/Pyrrolidine Thiourea Derivative at 0 °Cl#¢l

CFs
20 mol% jL
N
o} NH
4 NO2
e NO 10 mole PrCOZH, neat, 0 °C N
45
R Time (h) Yield (%) dr(synfanti) ee (%) Ref
0]

/@: > 38 87 94:6 98 [88]

%\ o]
2,4-CLCH; 49 89 97:3 97 s8]
2-0,NCeH, 38 95 96:4 97 =]
2-BrCgH, 29 88 99:1 96 [88]
1-naphthyl 60 93 99:1 95 [88]
4-BrCgH, 38 90 95:5 95 [88]
iPr 144 63 >99:1 94 [88]
Ph 38 93 96:4 90 [88]
2-furyl 36 99 91:9 90 [88]
4-MeOGCH, 44 95 97:3 88 [88]

2-2-Nitroalkyl)cyclohexanones 47; General Procedure:*!

A reaction vial was charged with catalyst 46 (0.05 mmol), PrCO,H (0.0025 mmol), and pre-
distilled cyclohexanone (0.5 ml, 20 equiv). The mixture was stirred for 15min at 0°C.
Then, the nitroalkene 45 (0.25 mmol, 1 equiv) was added and the mixture was stirred for
the above-mentioned time (Scheme 18); the conversion was monitored by TLC. After com-
pletion of the reaction, the mixture was concentrated under reduced pressure. The crude
residue was purified by flash chromatography. The enantiomeric excess was determined
by chiral HPLC (Chiralcel AS-H, AS, AD, or AD-H; hexane[iPrOH). The diastereomeric ex-
cess was determined by 'H NMR analysis of the crude product.

for references see p 407
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2.24.3.13 Intramolecular Michael Addition of Nitronates to Conjugated Esters

In 2009, Cobb and co-workers developed an intramolecular Michael addition reaction of
nitronates to conjugated esters, precursors for cyclically constrained y-amino acids
(Scheme 19).1°%1 Up to three new stereogenic centers are introduced in the course of the
reaction under catalysis by thiourea derivative 49. The enantioselectivities are high (92—
99%) and the yields are moderate to good (11-87%). Long reaction times of up to of 7 days
derogate the efficiency of the reaction. Only reaction of the E-ester proceeds with good
enantioselectivity. The Z-ester of 48 (e.g., R = Et; R2=H; X=CH,) produces the oppositely
configured Michael adduct with lower enantioselectivity and diastereoselectivity (20%
yield; 38% ee; dr 7:3).

Scheme 19 Intramolecular Michael Addition of Nitronates to a,p-Unsaturated Esters
Using a Cinchona/Thiourea Derived Catalyst at Room Temperature!

CF3
FasC NH
%\ Et
S "NH
10 mol% | x N

N =

NO, OMe NO, R?
49 : OR!'
R2 MeCN (0.5 M), rt, 7 d "y
OR! 0
X /\)\H/ X
o}
48 50

R" R2 X Time (d) Yield (%) dr(syn/anti) ee (%) Ref

Et Bn CH, 7 52 >19:4:1° 99 EE]
Bn H CH, 7 66 4:1 98 183l
Et H CH, 7 87 >19:1 96 193]
Et H CMe, 2 76 >19:1 96 (03]
Me H CH, 7 57 4:1 96 (03]
Et NHCbz CH, 7° 65 2:1:<1? 95 03]
Et Me CH, 7 50 >19:6:1° 94 (03]
Et H 0] 7 69 >19:1 92 (93]

@ Although four diastereomers are possible, a ratio of three dia-
stereomers was given in ref19] without explanation.
® Solvent not reported.

Nitrocarboxylic Acid Esters 50; General Procedure:*?

A 0.5M soln of nitronate 48 (1 equiv) in anhyd MeCN was prepared. The catalyst 49
(0.1 equiv) was added and the mixture was stirred for 7 d. Then, the solvent was removed
under reduced pressure and the crude residue was purified by column chromatography
[silica gel (type 60, 40-63 pm), hexane/Et,0 or hexane/EtOAc|. The enantiomeric excess
was determined by chiral HPLC analysis (Chiralpak AD-H or Chiralcel OD, hexanes|
iPrOH). Some of the products had to be reduced to the alcohol and protected with a benzyl
group to determine the enantiomeric excess. The diastereomeric ratio was determined by
H NMR analysis of the crude product.
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2.2.4.3.14 Michael Addition of o,c-Disubstituted Aldehydes to Nitroalkenes

In 2006, Jacobsen and Huang developed a Michael addition of ketones catalyzed through a
thiourea derived primary amine catalyst 53 with yields of up to 94% and enantioselectiv-
ities of up to 99%.°¥ The same primary amine thiourea derived catalyst 53 was utilized by
Jacobsen and co-workers for the enantioselective and diastereoselective 1,4-addition of
o,a-disubstituted aldehydes 51 to nitroalkenes 52 (Scheme 20).°’l The enantioselectivities
are excellent (92-99% ee) for the syn- as well for the anti-product 54; the best values are
obtained with aldehydes bearing phenyl or ethereal a-substituents. The diastereoselectiv-
ities are moderate to good (dr 2.1:1 to >50:1) when the steric differentiation between
a-substituents of the aldehyde and nitroalkene is high. A proposed mechanism describes
enamine formation from the aldehyde and the primary amine function of the catalyst.
The nitroalkene is activated by hydrogen bonding of the catalyst; subsequent nucleophil-
ic attack of the enamine on the alkene with formation of a zwitterionic intermediate is
proposed as the next step. The corresponding intermediate is hydrolyzed to form the Mi-
chael adduct.

The scope of this type of Michael reaction is very broad: various nitroalkenes, ke-
tones, and aldehydes can be utilized. Many protocols afford excellent enantioselectivities
and high diastereoselectivities.®+6-111

Scheme 20 Michael Addition of a,a-Disubstituted Aldehydes to Nitroalkenes Catalyzed by
a Primary Amine Thiourea Derived Catalyst at 23 °C[®]

Bu' S
o, BnHN ~ .
1. 20 mol% j]/\m)LH‘
(o]

NH,
53
o] H0 (5 equiv), CHClp, 23 °C, 24 h
HJ\er . N 2.1 MHCI .
51 52
o R?
HJ%,NOZ
Rl
54
R R? Yield (%) dr(synfanti) ee (%) Ref
syn anti
0]
/\/@> 4-BrCgH, 81 3.8:1 99 99 [l
0]
Ph CH,0OBn 87 >50:1 99 - 195]
Ph Me 91 23:1 99 - %3]
Pr Ph 98 2.1:1 99 97 [l
CH,OTBDMS Ph 87 6.3:1 99 98 %]
CH,OTBDMS 2-thienyl 85 6.6:1 99 97 [5]
CH,OTBDMS 3-pyridyl 94 5.6:1 99 96 15
Ph CF, 34 >50:1 97 - %3]
Ph Bu 54 28:1 96 - %]
OPMB Ph 78 13:1 96 - %3]

for references see p 407
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4-Nitroalkanals 54; General Procedure:*’

An oven-dried 25-mL flask fitted with a rubber septum, a gas inlet, and a magnetic stirrer
bar was charged with catalyst 53 (75.3 mg, 0.2 mmol, 20 mol%) at rt under a slight pressure
of N, The catalyst was dissolved in anhyd CH,Cl, (6.7mlL), and then H,0 (90.1ulL,
5.0 mmol, 5.0 equiv) and the aldehyde 51 (2.0 mmol, 2 equiv; freshly distilled from
CaSO0,fand or purified by column chromatography) were added. The clear soln was stirred
for 2 min, then the nitroalkene 52 (1.0 mmol, 1.0 equiv) was added, and the rubber sep-
tum was exchanged for a polyethylene stopper. The resulting mixture was stirred at rt
for 24 h. Then, 1M aq HCI (7 mL) was added and the biphasic mixture was stirred at rt
for 5min and then transferred into a separatory funnel. Additional CH,Cl, (30 mL) and
1M aq HCI (30 mL) were then added. The phases were separated, the aqueous phase was
extracted with CH,Cl, (30 mL), and the combined organic phases were washed with aq
NaHCO; (30mL) and brine (30mlL), and dried (Na,SO,). After filtration, the solvent was
evaporated under reduced pressure. The crude residue was purified by column chroma-
tography [silica gel (EM Science 60, 230-400 mesh), hexanes/Et,O]. The enantiomeric ex-
cess was determined by HPLC analysis (Chiralcel OD-H or Chiralpak AD-H, hexanes/iPrOH
or hexanes/EtOH). The diastereomeric ratio was determined by TH NMR, SEC, or HPLC an-
alysis.

(2S,3R)-2-[(tert-Butyldimethylsiloxy)methyl]-2-methyl-4-nitro-3-(3-pyridyl)butanal

(54, R! = CH,OTBDMS; R? =3-Pyridyl):*

An oven-dried 25-mL flask fitted with a rubber septum, a gas inlet, and a magnetic stirrer
bar was charged with catalyst 53 (75.3 mg, 0.2 mmol, 20 mol%) at rt under a slight pressure
of N,. The catalyst was dissolved in anhyd CH,Cl, (6.7mlL), and then H,O (90.1ul,
5.0mmol, 5.0 equiv) and 3<tert-butyldimethylsiloxy)-2-methylpropanal (51, R!=
CH,OTBDMS; 404.8 ug, 2.0 mmol, 2 equiv) were added by syringe. The clear soln was
stirred for 2min, then solid 3-(2-nitrovinyl)pyridine (52, RZ=3-pyridyl; 150.1 mg,
1.0 mmol, 1.0 equiv) was added, and the rubber septum was exchanged for a polyethylene
stopper. The resulting yellow mixture was stirred at rt for 24 h. Then, 1M aq HCI1 (7 mL)
was added and the biphasic mixture was stirred at rt for 5 min. The soln was neutralized
by adding solid NaHCO, portionwise. The mixture was transferred to a separatory funnel
and then additional CH,Cl, (30 mL) and sat. ag NaHCO, (30 mL) were added. The phases
were separated, the aqueous phase was extracted with CH,Cl, (30 mL), and the combined
organic phases were washed with brine (30 mL), and then dried (Na,SO,). After filtration,
the solvent was evaporated under reduced pressure. The crude residue was purified by
column chromatography [silica gel (EM Science 60, 230—400 mesh), MeOH/CHCl; 1:99] to
obtain a colorless to light yellow oil; yield: 332.3 mg (94%); dr 5.6:1; major diastereomer:
99% ee by HPLC (Chiralcel OD-H, EtOH/hexanes 2.5:97.5); minor diastereomer: 96% ee by
SFC (Chiralcel OD-H, 2.0% MeOH/CQO,).

2.2.43.15 Michael Addition of 1,3-Dicarbonyl Compounds to Nitroalkenes

In reporting the addition reaction of 1,3-dicarbonyl compounds with nitroalkenes, Take-
moto and co-workers opened a broad application field for tertiary amine thiourea catalyst
20.'"2 Various o-substituted keto esters undergo addition to (E)-1-nitro-2-phenylethene as
Michael acceptor and furnish products with yields of 76-99% and good enantioselectivi-
ties (81-95% ee).'!l High enantioselectivities and yields are maintained even on variation
of the substituents on the Michael acceptor, the nitroalkene, in combination with diethyl
malonate.'*?!l The substrate scope and applicability of the Takemoto catalyst 20 is sum-
marized in Scheme 21. Catalyst 20 is also very active in the Michael addition of malonic
acid derivatives to various G,B-unsaturated imides; products are obtained in yields of 56—
99% (and 28% in one case) with 62-93% ee.'*® The catalyst was also employed in a key step
in a total synthesis of (R)-(-)}-baclofen, affording the product with high enantioselectivi-
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ty.'" The total synthesis of (—)-epibatidine was additionally examined by Takemoto’s
group,'*115 and they investigated the reaction of a polymer-bound variant of catalyst
20.11% Dixon and co-workers utilized a cinchona alkaloid thiourea derived catalyst for
the Michael addition of dimethyl malonate to nitroalkenes, providing high enantioselec-
tivities of up to 97%, and applicable in the total synthesis of (R)-rolipram (63% yield and
>99% ee)."'”118] Connon and co-workers also utilized cinchona alkaloid thiourea derived
catalysts and reached enantioselectivities of up to 99%."9 Pedrosa and co-workers report-
ed the addition of malonates to nitroalkenes using an amino acid derived thiourea cata-
lyst, providing products of 79-99% ee.[''¥ Wang and co-workers also demonstrated the
asymmetric addition of 1,3-dicarbonyl compounds to nitroalkenes, using a bifunctional
rosin-derived amine thiourea catalyst.['%

Scheme 21 Michael Addition of 1,3-Dicarbonyl Compounds to Nitroalkenes Using the
Takemoto Thiourea Catalyst!'"]

CF;
S
10 mol%
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H H
NMe-
0 0 20
toluene
mj\)\oas IS -
HZ
55 56
0
HZ
R OR3
NO,
0 R*
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R RE R® R Temp Time Yield dr ee Ref
°Q (h) (%)  (synfant) (%)
@(j Me 2-BrCgH, =40 05 94 92:8 95 (1]
OMe OMe Me Ph rt 28 89 - 94 (M
OEt H Et  2-BrCH, rt 0.5 096 - 942 (M
OMe Me Me Ph rt 36 82 - 932 (M
(CH,)5 Me Ph =50 24 96 93:7 93 Ml
OEt H Et  2,64(MeQ),CH; rt 0.5 87 - 93 (M
OEt H Et  1-naphthyl rt 0.5 95 - 92* 1]
OEt H Et  2-thienyl rt 0.5 74 - 902 (M
gj Me 2-thienyl =20 0.5 98 99:1 90* (M
(CH,), Me Ph =20 36 93 96:4 g5 [l

3 Absolute configuration was not determined.

for references see p 407
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2-Acyl4-nitrocarboxylic Acid Esters 57; General Procedure:!'!

A reaction vessel was charged with the 1,3-dicarbonyl compound 55 (2 equiv), thiourea
catalyst 20 (8.2 mg, 0.1 equiv), and anhyd toluene (0.4 mlL). Then, the nitroalkene 56
(0.2mmol) was added. After stirring at tt for 0.5h (or the temperature/time noted in
Scheme 21), the solvent was removed under reduced pressure. The crude residue was pu-
rified by column chromatography [silica gel (Kanto 60, spherical, 63-210 um)|. The enan-
tiomeric excess was determined by chiral HPLC analysis [Chiralpak AD-H, OJ-H, or OD-H
(each 0.46 cm x 25 cm); hexane/EtOH or hexane[iPrOH]. The diastereomeric ratio was de-
termined by 'H NMR analysis.

2.2.43.16 Nitrocyclopropanation of o,[}-Unsaturated o-Cyanoimides with
Bromonitromethane

In 2006, the Connon group published a protocol for a thiourea-organocatalyzed conjugate
addition of dimethyl chloromalonates to nitroalkenes to generate chiral functionalized
nitrocyclopropanes.’?¥ The diastereoselectivities are high (de >98%) with good yields
(64-73%), but only low enantioselectivities are attained. Highly toxic hexamethylphos-
phoric triamide is used in this synthesis, which limits general application. Takemoto
and co-workers developed an enantioselective nitrocyclopropanation reaction with o,f3-
unsaturated o-cyanoimides 58 and bromonitromethane catalyzed by a bifunctional thio-
urea derivative.''>!* The a,B-unsaturated o-cyanoimides are synthesized by Knoevenagel
condensation of benzaldehydes and the appropriate a-cyanoimide. Two diastereomers
59A and 59B are afforded with various aryl groups (Ar?'), regardless of the electron-with-
drawing or electron-donating nature of the substituents, with good total yields (>75%) and
good enantioselectivities for the major diastereomer 59A (98-99%) (Scheme 22). In 2010,
Yan and co-workers published a nitrocyclopropanation of a,f-unsaturated ketones and
bromonitromethane catalyzed by a thiourea derivative resulting in good enantioselectiv-
ities (88-99%) and moderate yields (31-98%). This procedure has only been applied to four
substrates.['?

Scheme 22 Enantioselective Thiourea-Catalyzed Nitrocyclopropanation of a,3-Unsaturated
a-Cyanoimides('2]

CFs

S
10 mol% /@

N N
H H
NMes
(0] o} 20

BrCHzNO; (1.5 equiv)
Arl H Et3N (1.5 equiv), toluene
CN
F
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%N o5 o ON 5 o
Ar1’<l)LN Ar1’<].)I\N
H + H H
CN CN
F F
59A 598
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Ar' Temp (°C)  Time (h) Yield (%) of 59A + 59B Ratio (59A/59B)  ee (%) of 59A  Ref
4-Tol -60 24 81 62:38 99 n21)
1-naphthyl ~ -20 1 81 73:27 98 (21
3-CICH, -20 2 80 50:50 98 1]
2-CICH, =20 1 79 63:37 98 21
4-BrCH, =20 5 76 58:42 98 n21
4-CICH, =20 4 75 60:40 98 21
Ph -60 24 84 63:37 97 n21]

N-(1-Cyano-2-nitro-3-phenylcyclopropanecarbonyl)-2-fluorobenzamide (59, Ar! = Ph);
Typical Procedure:"*!

A reaction vessel was charged with o,f-unsaturated a-cyanoimide 58 (Ar'=Ph; 29.7 mg,
0.1 mmol) and thiourea 20 (4.7 mg, 10 mol%) in toluene (0.1 M). To this mixture, bromoni-
tromethane (10 pL, 0.15 mmol, 1.5 equiv) and Et;N (20 pL. 0.15 mmol) were added at —60°C
during a 24-h period (see Scheme 22 for temperatures and times for other substrates). The
mixture was purified by column chromatography (silica gel, hexane/EtOAc 3:1) to afford
the major product diastereomer 59A (Ar!=Ph) as a white amorphous solid; yield: 19 mg
(53%); 97% ee; and the minor product diastereomer 59B (Ar'=Ph) as a brown oil; yield:
11 mg (31%); 90% ee. The enantioselectivity was determined by HPLC analysis (Daicel Chir-
alcel AS-H, hexane/[iPrOH 90:10).

2.2.43.17 Michael Addition: Substrate Scope

Michael-type addition reactions provide a broad spectrum of possible reaction products.
Various electrophiles and nucleophiles (e.g., nitroalkanes, malonate esters, 1,3-diketones,
nitro esters, keto esters, 1,3-dinitriles, etc.) can be utilized to synthesize desirable mol-
ecules or important precursors.

In 2008, Falck and co-workers developed a protocol for the oxy-Michael addition of
boronic acids to y/d-hydroxy a,[3-enones utilizing a bifunctional catalyst.['?*| In 2009, Take-
moto and co-workers published a Michael addition of organoboronic acids to y-hydroxy
enones catalyzed by an iminophenol-type thiourea.'?! Vinyl adducts are obtained with
high enantioselectivity (91-98% ee) and in yields of 64-99%.

[toh and Sibi reported a synthesis of f-amino acid derivatives via a Michael addition
of O-benzylhydroxylamines to pyrazole crotonates.'” Yuan and co-workers demonstrat-
ed the addition of 1H-pyrazol-5(4H)-one derivatives to nitroalkenes,'? and Goodman and
Simoén computationally investigated the reaction mechanism of the addition of hydroxyl-
amines to 1{but-2-enoyl)pyrazoles.?”

In 2007, Scheidt and co-workers published an enantioselective protocol for the syn-
thesis of flavones and other 2,3-dihydro-4H-1-benzopyran-4-ones, providing enantiomeric
excesses of 65-97% and high yields of 80-94%./128]

Wu and co-workers developed a very interesting Michael reaction of nitrodienes with
methyl ketone derivatives catalyzed by a primary amino thiourea derived catalyst.[*>’ The
products are obtained with high enantioselectivities (94-98% ee) and yields of 55-83%
after a 4-day reaction time. Ma and co-workers reported a 1,4-addition of various ketones
to nitrodienes or nitroenynes catalyzed by a primary amine/sugar thiourea derived cata-
lyst.['* The enantioselectivities range from 84 to 99% with moderate to high yields (15-
98%).

In 2010, Bonne, Constantieux, and Rodriguez reported the functionalization of nitro-
alkenes with a-ketoamides using a bifunctional tertiary amine thiourea catalyst with very
high enantioselectivities (85-99% ee), high diastereoselectivities (dr up to >20:1), and
yields of 67-94%.1131

for references see p 407
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Yuan and co-workers developed a Michael addition of anthrones to nitroalkenes with
enantioselectivities of 80-94% and in yields of 49-97%.1'*2 Du and co-workers observed
high enantioselectivities (89-99% ee) for the addition of 2-hydroxy-1,4-naphthoquinones
to nitroalkenes, with yields of 61-85%.11%0

2.2.4.4 Mannich Reaction

The Mannich reaction is named after C. Mannich, who transformed antipyrine, formalde-
hyde, and ammonium chloride into a tertiary amine in 1917."*3 This provided the basis
for a generalized synthesis of f-amino ketones from CH-acidic compounds, carbonyl com-
pounds, and primary or secondary amines.

2.2.4.4.1 Mannich Reaction of Phosphorus Ylides with Imines

In 2008, the Chen group reported a sequential synthesis of [-{fert-butoxycarbonylamino)-
a-methylene carboxylic acid esters consisting of a Mannich-type reaction catalyzed by a
chiral bisthiourea and a subsequent Wittig reaction.®! The esters are obtained in 35-
87% yield with high enantiomeric excesses generally ranging from 83 to 96%. Only two
examples were obtained with moderate enantiomeric excesses of 57 and 68%.

2.2.4.4.2 Mannich Reaction of Malonates with Imines

In 2006, the Dixon group reported a method for the addition of malonates to tert-butoxy-
carbonyl- and benzyloxycarbonyl-protected imines, utilizing a cinchona alkaloid derived
thiourea as organocatalyst.[**® The products are obtained in yields of 81 to >99%, with 83—
97% ee. Later in the same year, Deng and co-workers published a method for the enantio-
selective Mannich reaction of malonates to tert-butoxycarbonyl-protected imines 60 cata-
lyzed by a similar thiourea derivative 61 with a cinchona alkaloid moiety.* For aromatic
imines, enantiomeric excesses in the range 96-99%, and yields from 90 to 99% (in one case
81% yield) are obtained. The best results are presented in Scheme 23. The products of the
reaction with alkyl imines are obtained with 88-92% ee and in moderate yields ranging
from 55 to 64%. In 2007, Takemoto and co-workers presented their studies of Mannich re-
actions of tert-butoxycarbonyl-substituted imines with 1,3-dicarbonyl compounds.!**”! In
the six reported transformations, enantiomeric excesses generally span the range 83—
96%, with 56% ee obtained in only one case.
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Scheme 23 Enantioselective Mannich Reaction of Dibenzyl Malonate with tert-Butoxycar-
bonyl-Protected Imines Catalyzed by a Cinchona Thiourea Derivativel'3l

OMe

20molos T3C

Jl\fBoc o acetone, —60 °C, 36 h
. + Bn0,C~ COzBn -
60 (15 equiv)
NHBoc
R CO2-Bn

CO2Bn
62

R Yield (%) ee?(%) Ref

4-FCH, 99 . '

4-CICH, 98 99 [l

2-Tol 98 99 [l

3-Tol 99 98 =

3,4-(OCH,0)CH; 99 98 [l

2-furyl 99 97 el

@ Absolute configuration of product with
R'=Ph was determined to be S.

Dibenzyl 2-[2-(tert-Butoxycarbonylamino)alkyllmalonates 62; General Procedure:'*l

A soln of the imine 60 (0.20 mmol) and catalyst 61 (0.04 mmol, 20 mol%) in acetone
(0.40 mL) was prepared. At —60°C, dibenzyl malonate (0.30 mmol, 1.5 equiv) was added at
once. After the mixture had been kept at this temperature for 36 h, it was diluted with
Et,0 (5 mL), followed by filtration through a short column of silica gel. After concentra-
tion of the filtrate, the residue was purified by flash chromatography (silica gel) to afford
the product 62. The enantiomeric excess was determined by chiral HPLC analysis [Daicel
Chiralpak AD or AS, Daicel Chiralcel OD, or (R.R)-Whelk-O 1; hexane/iPrOH, 1.0 or 0.5 mL.
min~!, A =220 nm].

22443 Mannich Reaction of Fluorinated f}-Keto Esters with Imines

In 2009, Huang, Lu, and co-workers reported a method for the addition of fluorinated
P-keto esters 63 to tert-butoxycarbonyl-protected aldimines 64.0138 This reaction is cata-
lyzed by a tryptophan-derived thiourea 65. Excellent enantiomeric excess values of 90—
99% are mostly obtained, with 81-85% ee for only three of the reported cases. The diaste-
reomeric ratios range from 1:1 to >19:1. The products 66 are afforded in generally excel-
lent yields of 90-96% (in one case 70% yield). Scheme 24 shows 11 of the best results. In
2010, Kim and Lee reported a similar reaction of fluoromalonates with imines catalyzed
by a cyclohexane-1,2-diamine-derived thiourea.'* The obtained enantiomeric excesses
(93-97%) are in a similar range to those previously reported by Huang, Lu, and co-work-
ers, 38 but the reaction times are longer at 4-8 days.

for references see p 407
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Scheme 24 Enantioselective Mannich Reaction of Fluorinated -Keto Esters with Aldimines
Catalyzed by a Thiourea Derivativel'3l

" CFs
10 mol% g ) JSL Q
NEt,
o o _Boc 65
N toluene, -50 °C
FNJ\(U\OB +
F B
63 64 (1.5 equiv)
O - ?j\
Fﬂjj:“ Ot
R2" “NHBoc
66
R R? Time (h) Yield (%) dr ee? (%) Ref
Ph 4-Tol 48 95 9:1 97 [138]
Ph 3-0,NCH, 20 92 81 99 (38
4-Tol 4-Tol 72 92 12:1 97 =G
Ph 4-FCgH, 20 95 10:1 97 [138]
Ph 4-F,CCH, 20 92 6:1 97 38
4-FCgH, 4-Tol 48 96 9:1 96 LIZE]
Ph 4-BrCsH, 20 92 8:1 96 [138]
2-naphthyl  4-Tol 24 93 5:1 96 =X
Ph Cy 20 92b 31 96 b3
4-CICH, 4-Tol 24 95 8:1 95 Mgl
4BrCH, 4FCH, 20 92 81 95 D3

2 Of the major diastereomer.
® The N-tosylimine was used.

Ethyl (28,3S)-2-Benzoyl-3-tert-butoxycarbonylamino)-2-fluoro-3-(4-tolyl)propanoate

(66, R =Ph; R? = 4-Tol); Typical Procedure:!*3!

In a sample vial, fluorinated [-keto ester 63 (R!=Ph; 10.5 mg, 0.05 mmol) was added to a
mixture of imine 64 (R*=4-Tol; 16.43 mg, 0.075 mmol, 1.5 equiv) and catalyst 65 (2.5 mg,
0.005mmol, 10 mol%) in toluene (1.0mL). After capping of the vial, the mixture was
stirred at =50 °C over a period of 48 h followed by removal of the solvent. The crude prod-
uct was purified by column chromatography (silica gel, hexane/EtOAc 30:1 to 10:1) to
yield the white, solid product; yield: 20.4 mg (95%); 97% ee by chiral HPLC [Chiralcel AD-
H, iPrOH/hexane 15:85, 0.5 mL-min™, A =254 nm, ty(major)=23.4 min, 35.7 min)].

2.2.4.4.4 Mannich Reactions of o-Amido Sulfones or Sulfonylimines

In 2009, Nagasawa and co-workers developed a method for the Mannich reaction of aro-
matic a-amido sulfones with malonates.'*” The synthesis of the utilized guanidine thio-
urea derivative requires the use of mercury(Il) chloride. In 2010, Ayaz and Westermann
published a Mannich reaction of naphthoquinone with a-amido sulfones."*!l Moderate
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enantiomeric excesses of 31-66% are attained with a cyclohexane-1,2-diamine-derived
thiourea bearing an adamantyl moiety, with yields that range from 56% to quantitative.
Also in 2010, Coltart and co-workers developed a method for the enantioselective Man-
nich reaction of thioesters with sulfonylimines.["*? The utilized organocatalyst is a cincho-
na alkaloid derived thiourea, providing the products in moderate enantiomeric excesses
(32-76% ee) with yields ranging from 41 to 95%. The diastereoselectivities are moderate to
high, with diastereomeric ratios in the range from 83:17 to 98:2. In 2007, Deng and co-
workers reported the Mannich reaction of aromatic a-amido sulfones 67 with malonates
catalyzed by a cinchona alkaloid derived thiourea 68.1'** Products 69 are obtained in 88—
99% yield with 94-96% ee. The results are shown in Scheme 25.

Scheme 25 Mannich Reaction of Dibenzyl Malonate with a-Amido Sulfones Catalyzed by a
Cinchona Alkaloid Thiourea Derivativel4]

CF;3

J@L I

=
FaiC N~ “NH

5 mol% H
P :

Nz
OMe

NHBoc 68

0.10 M Na,GOs (1.2 equiv), CHaCls, 0°C, 20 h

R1 Sozph + BFIOQC/\\COan

67 (1.05 equiv)
NHBoc
. CO5Bn

CO,Bn
69

R Yield (%) ee (%) Ref

2-furyl 90 96 [43]

Ph 89 96 [143]

4-Tol 97 95 (431

2-Tol 96 95 [143]

3-Tol 88 95 [33]

4-MeOCH, 90 95 D43

4FCH, 99 94 D4

2-thienyl 91 94 [43]

The Barbas group published the enantio- and diastereoselective Mannich reaction of
a-amido sulfones 70 with imines (e.g., 71) in 2010, using as organocatalyst a cinchona al-
kaloid thiourea derivative 17.'*) The products 72 are obtained with excellent enantio-
selectivity (94 to >99% ee) and diastereoselectivity (dr >99:1), and in moderate to high
yields (62-98%) (Scheme 26).

for references see p 407



49

326 Asymmetric Organocatalysis 2.2 Brensted Acids

Scheme 26 Enantio- and Diastereoselective Reaction of an Imine with a-Amido Sulfones
Catalyzed by a Cinchona Alkaloid Thiourea Derivativel'4]

s
10 mol% /@\
S
| J\ N CF.

N. = NN i
OMe
NHBoc 7
* . Ph \fN ~_-C02Me sat. ag NaCOs (0.75 mL), (trifluoromethylbenzene
R'" TSOzPh
Ph
70 (1.5 or 2 equiv) 71
NHBoc
- /E\_/COzMe
lil th
Ph
72

R Yield (%) ee (%) Ref

4-BrCgH, 90 >99  [144

4-CICgH, 87 >99 [44

2-furyl 74 >99 (14

Ph 73 99 [144]

1-naphthyl 80 98 44

4-MeOCgH, 62 98 (44

4-F,CCH, 98 >97 D44

4-Tol 89 >95 (4l

4-0,NCeH, 86 94 D44

Dibenzyl 2-[2-(tert-Butoxycarbonylamino)alkyljmalonates 69; General Procedure:!'*!

A soln of catalyst 68 (0.025 mmol, 5 mol%), the amido sulfone 67 (0.525 mmol, 1.05 equiv),
and dibenzyl malonate (0.50 mmol) in CH,Cl, (1.0 mL) was prepared. After cooling to 0°C,
precooled 0.10 M aq Na,CO, (6.0 mL, 1.2 equiv) was added at once followed by stirring for
20 h at this temperature. Then, the mixture was diluted with H,O (10 mL). After extraction
with Et,0 (3 %25 mL), the combined organic phases were washed with brine (30 mL) and
dried (Na,SO,). The soln was concentrated under reduced pressure, and the residue was
purified by flash chromatography (silica gel, EtOAc/hexanes or hexanes/CH,Cl,). The
enantiomeric excess was determined by chiral HPLC analysis [Daicel Chiralpak AD or
AS, Daicel Chiralcel OD, or (R,R)-Whelk-O 1; hexanes/iPrOH, 1.0mL-min™, 20°C, A=
220 nm].

a-Aminated Imines 72; General Procedure;!'44

A soln of catalyst 17 (17.9 mg, 0.03 mmol, 10 mol%), the a-amido sulfone 70 (0.45 mmol,
1.5 equiv), and the imine 71 (75 mg, 0.3 mmol) in (trifluoromethyl)benzene (1.5 mL) was
prepared. After addition of sat. aq Na,CO, (0.75 mL) at 4 °C, the mixture was stirred over a
period of 14 h at this temperature followed by stirring at rt for 28-48 h, and then quench-
ing with H,O. The aqueous phase was extracted with EtOAc (3 x), and the organic phases
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were combined. After drying (MgSO,), the soln was concentrated, and the residue purified
by flash chromatography (silica gel) to afford the anti-product (dr was determined by HPLC
or 'HNMR spectroscopy analysis after isolation and purification). The enantiomeric ex-
cess was determined by chiral HPLC analysis (Daicel Chiralpak AD-H, OD-H, or AD; hex-
ane/iPrOH, 1.0 or 0.75 mL-min~", A =254 nm).

2.2.4.45 Mannich Reaction of Lactones with Imines

In 2010, Wang and co-workers reported the enantioselective addition of a lactone 73 to
imines 74.0** The reaction is catalyzed by a cyclohexane-1,2-diamine-derived thiourea
75. The mechanistic proposal consists of hydrogen-bonding activation of the aldimine
by the thiourea moiety, while the acylated lactone in its enol form is activated by binding
to the cinchona alkaloid’s nitrogen."*! The products 76 are generally obtained with high
to excellent enantiomeric excesses of 81-99% (in one case 75% ee) and in 80-92% yield. The
diastereomeric ratios are in all cases reported >20:1. The best results obtained are given in
Scheme 27.

Scheme 27 Enantioselective Mannich Reaction of a Lactone with Imines Catalyzed by a
Cyclohexane-1,2-diamine-Derived Thioureal'*!

S
[ j,,NJLN/c.,,
H H

H

NMe,
c _Boc 75 i 0 NHBoc
0&, Ac j\i toluene, -60 °C, 12 h N o \&/]\ |
R! ‘Ac

73 (1.2 equiv) 74 76

R Yield (%) dr® ee (%) Ref

3-MeOCH, 83 >20:1 99 [145]

4-Tol 82 >20:1 99 (151

2-BrCH, 85 >20:1 98 D4l

2-Tol 83 >20:1 93 3l

2-thienyl 80 >20:1 93 [145]

Ph 86 >20:1 91 [145]

2 The other diastereomer could not be de-
tected by the analytical methods used
("H NMR spectroscopy and HPLC analysis).

3-Acetyl-3-[(tert-butoxycarbonylamino)methyl]dihydrofuran-2(3H)-ones 76;

General Procedure:'*’

Method A: Under an atmosphere of argon, a stirred soln of catalyst 75 (0.015 mmol,
15 mol%), and the N-{tert-butoxycarbonyl)imine 74 (0.1 mmol) in anhyd toluene (1.0 mL)
was prepared, followed by addition of lactone 73 (0.12 mmol, 1.2 equiv) to this soln over
aperiod of 15 min at—60°C. Then, the soln was stirred at this temperature over a period of
12 h. After completion of the reaction (TLC monitoring) and concentration under reduced
pressure, the product was isolated by column chromatography (silica gel, EtOAc/hexane
1:8). The enantiomeric excess was determined by chiral HPLC analysis (Daicel Chiralcel
AD-H or OJ-H, iPrOH/hexane, 0.8 or 1.0 mL-min™"); the diastereomeric ratio was deter-
mined by 'HNMR spectroscopy and HPLC analysis.

for references see p 407
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Method B: Under an atmosphere of argon, a stirred soln of catalyst 75 (0.015 mmol,
15 mol%), and the N-{tert-butoxycarbonyl)imine 74 (0.1 mmol) in anhyd toluene (1.0 mL)
was prepared, followed by addition of lactone 73 (0.12 mmol, 1.2 equiv) to this soln over
a period of 15 min at —60 °C. Then, the soln was stirred at this temperature over a period of
12 hresulting in a mixture. After completion of the reaction (TLC monitoring) and concen-
tration under reduced pressure, the product was isolated by column chromatography (sili-
ca gel, EtOAc/hexane 1:10). After dissolution of the product in Et,0, the soln was filtered.
Removing the solvent under reduced pressure yielded the pure product. The enantiomer-
ic excess was determined by chiral HPLC analysis (Daicel Chiralcel AD-H or OJ-H, iPrOH/
hexane, 0.8 or 1.0mL-min™); the diastereomeric ratio was determined by 'H NMR spec-
troscopy and HPLC analysis.

2.2.4.4.6 Mannich Reaction of Oxindoles with Imines

In 2008, the Chen group published the enantioselective addition of oxindoles 77 to
imines 78 catalyzed by a 1,2-diamine-derived thiourea 79.1% The enantiomeric excesses
are generally in the range of 82-95%, although in two reported cases less than 5% ee is ob-
tained. The products 80 are afforded in 75-95% yield in most cases (40 and 60% for two
examples), with diastereomeric ratios from >8.0:1 to >19.0:1 (Scheme 28).

Scheme 28 Enantioselective Mannich Reaction of Oxindoles with Imines Catalyzed by a
1,2-Diamine-Derived Thioureal'4¢l

CF;
Ph S
10 mol% Ph
; NJLN
H H

I‘:IMez

R! 4]
Boc ;:;li:}:ﬁ; ;n:lecu lar sieves
o + /~—N >
C:N\ R2
Boc
7 78
80
R R? Yield (%) dr? ee (%) Ref
4-FCH,CH, Ph 95 >19.0:1 95 (18l
Bn Ph 94 >18.8:1 95 [146]
Bn 2-thienyl 90 12.8:1 94 [146]
Bn 3-CICH, 90 11.3:1 93 [146]
Pr Ph 76 >15.0:1 92 [146]
Bn 4-FCHy 95 >19.0:1 91 [146]
2-thienylmethyl Ph 83 17.0:1 91 [148]
2-CICH,CH,  Ph 85 >17.0:1 90 (18]

@ Calculated from isolated yields of both diastereomers.
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3-[(tert-Butoxycarbonylamino)methyl]-1,3-dihydro-2H-indol-2-ones 80;

General Procedure:*?

Amixture of catalyst 79 (4.5 mg, 0.01 mmol, 10 mol%), the oxindole 77 (0.1 mmol), and 4-A
molecular sieves (15mg) in anhyd m-xylene (0.4 ml) was prepared, and then stirred at
5-10°C. The tert-butoxycarbonyl-protected imine 78 (0.15 mmol, 1.5 equiv) in anhyd m-xy-
lene (0.1 mL) was then added. After the reaction was complete (TLC monitoring), the prod-
uct was isolated by flash chromatography (silica gel, EtOAc/petroleum ether). The enantio-
meric excess was determined by chiral HPLC analysis (Daicel Chiralpak IC, AS, or AD, or
Daicel Chiralcel OD; iPrOH/hexane, 1.0 mL-min™, A =254 nm).

2.2.4.4.7 Mannich Reaction of Ketones with Hydrazones

In 2008, the Tsogoeva group published a method for the enantioselective addition of ke-
tones 82 to hydrazones 81 (Scheme 29).1'47l A primary amine thiourea 83 derived from cy-
clohexane-1,2-diamine functions as organocatalyst. The products 84 are obtained in most-
ly excellent enantiomeric excesses of 90 to >99% (one product was obtained in 82% ee)
with yields in the range of 45-89%.

Scheme 29 Enantioselective Addition of Ketones to Hydrazones in the Presence of a Thio-

urea Organocatalyst('47]
Sz
15 mol% '-NJLN/'\F.h
H H

NHa H
o 8 R CNH O
HKH,N &~ CO2Et | HJ\ toluene, rt, 6-60 h _ o )\/u\
RZ R? R2 B
81 82 (10 equiv) 84

R RZ R® Yield (%) de®(%) ee (%) Ref

syn anti
Bz H Me 86° - >99 [147]
Bz Me H - 40 (anti) >99 >99 [47]
Bz H Et 80° - >99 [147]
Bz Bt H - 29 (anti) >99 >99 [47]
Bz Me Me 82 72 (anti) 90 99 [47]
Bz (CH,), 87 8 (syn) >96 >94 D47l
4-0,NCH,CO  (CH,); 85 8(syn) >95 >90 [47]
4-BrC,H,CO (CH,), 89 8 (syn) >94 >92 4]
4-MeOCH,CO  (CH,); 83 9(syn) >93 >92 [147)
Bz CH,SCH, 88 19 (syn) >92 >82 [147]

3 Configuration of major diastereomer shown in parentheses.

b Mixture of regioisomeric products 84 (R?=H; R>=Me) and 84
(R?=Me; R*=H) in 1.4:1 ratio.

¢ Mixture of regioisomeric products 84 (R?=H; R*=Et) and 84
(R?=Et; R*=H)in 13:1 ratio.

Ethyl 2-Hydrazino-4-oxoalkanoates 84; General Procedure:¥’|

A stirred soln of catalyst 83 (0.15 equiv, 15 mol%) and hydrazone 81 (1 equiv) in anhyd tol-
uene (4 mljmmol hydrazone) was prepared, followed by addition of the ketone 82
(10 equiv) at rt. After stirring the mixture for 6-60 h under an argon atmosphere at rt,

for references see p 407
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the solvent was removed, followed by purification of the residue by flash chromatogra-
phy (silica gel) to yield the product 84. The enantiomeric excess and diastereomeric
ratio were determined by chiral HPLC analysis (AD, OD, or IA column).

22448 Mannich Reaction of Ketene Silyl Acetals with Imines

In 2002, Wenzel and Jacobsen reported a method for the enantioselective addition of a ke-
tene silyl acetal 86 to imines 85 catalyzed by a thiourea 87 derived from cyclohexane-1,2-
diamine.["*¥ High to excellent enantiomeric excesses in the range of 86-98% and excellent
yields of 84-99% are obtained; Scheme 30 shows the best results. In 2003, the same group
presented further studies on the structural dependence of the catalyst and the enantio-
selectivity obtained in the Mannich as well as Strecker reactions.[*%)

Scheme 30 Enantioselective Mannich Reaction of a Ketene Silyl Acetal with Imines Cata-
lyzed by a Cyclohexane-1,2-diamine-Derived Thioureal*!

" Bu' S
e -
N '
Bn” \H/\NJLN'
H H
0

1.5 mol% Ny
HO. 3
Bu! Bu!

87

Boc ., OTBDMS toluene, 48 h
T'L 2. TFA, 2 min
R' OiPr
85 86 (2 equiv)
(0] NHBoc
PrlO R
88
R Temp (°C) Yield (%) ee (%) Ref
3-pyridyl =30 99 98 [148]
Ph -40 95 97 [148]
3-quinolyl =30 99 96 lE]
2-naphthyl =30 88 96 [148]
4-Tol -30 87 96 [148]
3-Tol =30 98 94 [148]
4BrCH, -30 93 94  [18)

Isopropyl 3-(tert-Butoxycarbonylamino)-3-phenylpropanoate (88, R' = Ph);

Typical Procedure:!*

In a 5-ml round-bottomed flask, a mixture of catalyst 87 (15 mg, 0.025 mmol, 5 mol%) and
anhyd toluene (250 pL) was prepared. To this mixture was added tert-butoxycarbonyl-pro-
tected imine 85 (R!=Ph; 100 mg, 0.50 mmol) at once under stirring. After homogeneity
was reached, the soln was cooled to —40°C (dry icefacetone bath) followed by slow addi-
tion of ketene silyl acetal 86 (216 mg, 1.00 mmol, 2.0 equiv) along the flask wall over a
period of 10 min. After the flask had been sealed under an atmosphere of N,, the mixture
was stirred for 48 h at —40°C. For removal of excess 86, the reaction was quenched at this
temperature by the fast addition of a precooled (-20°C) 3 M soln of TFA in toluene (500 uL).
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The mixture was allowed to warm to ca. 5 °C followed by partition between sat. aq Na,CO,
and CH,CI, (1:1; 2mL). After extraction of the aqueous phase with CH,Cl, (3 x2 mL), the
combined organic phases were dried (Na,SO,) followed by filtration and concentration
under vacuum. Then, purification of the residue by flash chromatography (silica gel,
EtOAc/hexanes 2.5:97.5 to 10:90) afforded the pure product 88 (R' =Ph) as a white, crystal-
line solid; yield: 146 mg (95%); 97% ee by chiral HPLC analysis [(R.R)-Whelk-O 1, iPrOH/hex-
anes 5:95, 1.5 mL-min™", A =206 nm, ty(minor)= 6.8 min, ty(major)=12.5 min].

2.2.4.49 Vinylogous Mannich Reaction

In 2007, Chen and co-workers published a method for the stereoselective vinylogous Man-
nich reaction catalyzed by a cyclohexane-1,2-diamine-derived thiourea 91.1* This bifunc-
tional catalyst has the potential to activate both reaction components, i.e. the aldimine 90
and the dicyanoalkene 89.'%% Excellent enantiomeric excesses of 96 to >99.5% and very
good yields in the range 94-99% are obtained in most cases (Scheme 31). Lower yields of
67 and 74% are obtained for only two of the reported examples (not shown); the corre-
sponding other diastereomers are obtained in 32 and 17% yield, respectively, with 78% ee.

Scheme 31 Stereoselective Vinylogous Mannich Reaction Catalyzed by a Cyclohexane-

1,2-diamine-Derived Thioureal'30]
O\ I
2 mol% . HJLNHCy

I;IMeg

NC CN Boc ., 9 NC CN
N toluene, rt, overmnight NHBoc
Re * | J\ -
=1 RS R1 o Rﬂ
R2
89 90 (1.2 equiv) 92
R Rz R3 Yield (%) ee (%) Ref

N

EI ) 2-CICH, 99 >09.5 [150]
s
A

Ly wen 0 m
S
N

@ ) Ph 99 99 [150]
s

g_/ Ph 99 99 (150

Ph Me Ph 99 99 Dol
4-FCH, H Ph 99 99  [150]

for references see p 407
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R RZ R? Yield (%) ee (%) Ref
(CH,), Ph 99 99  Is0]
H Et Ph 99 99 [150]

@:j“ 4-MeOC,H, 99 99 0l
s

2-[3-(tert-Butoxycarbonylamino)propylidene]malononitriles 92; General Procedure:'>

A mixture of catalyst 91 (0.002 mmol, 2 mol%), 1,1-dicyanoalkene 89 (0.1 mmol), and 4-A
molecular sieves (50 mg) in anhyd toluene (0.8 mL) was prepared and stirred at rt, fol-
lowed by addition of the N-tert-butoxycarbonyl aldimine 90 (0.12 mmol, 1.2 equiv) in
anhyd toluene (0.2 mL). After stirring overnight at rt, the product 92 was isolated by
flash chromatography (silica gel, petroleum ether/EtOAc). The enantiomeric excess was
determined by chiral HPLC analysis (Chiralcel AS, AD, or OD; hexane/iPrOH, 1.0 or
2.0 mL-min~?, A=254 nm).

2.2.4.4.10 Nitro-Mannich Reaction|Aza-Henry Reaction

2.2.4.4.10.1 Nitro-Mannich|Aza-Henry Reaction of Nitroalkanes with Imines

Several groups have developed methods for the enantioselective addition of nitroalkanes
to tert-butoxycarbonyl-protected imines. In 2004, the Takemoto group presented a nitro-
Mannich/aza-Henry reaction of phosphinoyl-protected imines with nitromethane and ni-
troethane catalyzed by a cyclohexane-1,2-diamine-derived thiourea.'>!! The products of
the reaction with nitromethane are obtained with 63-76% ee in yields in the range 57-
91%. In the case of nitroethane, the product is obtained in 83% yield with a diastereomeric
ratio of 73:27; the major diastereomer is obtained with 67% ee. In 2005, Jacobsen and Yoon
reported a nitro-Mannich/aza-Henry reaction of various aromatic imines with nitroethane
utilizing a cyclohexane-1,2-diamine-derived thiourea.'> The syn-products are obtained
with 92-97% ee and in 79-99% yield, and the diastereomeric ratios range from 2:1 to
16:1. In 2006, Ricci and co-workers reported a method for the addition of nitromethane
to aromatic tert-butoxycarbonyl- or (in one case) benzyloxycarbonyl-protected imines.!*>!
The products are obtained in 50-95% yield with enantiomeric excesses mostly between 80
and 94% (in two cases 44 and 63% ee were obtained). The Takemoto group reported an
enantioselective addition of various nitroalkanes to aromatic tert-butoxycarbonyl-substi-
tuted imines also utilizing such a type of catalyst in 2006.1>4 The enantiomeric excesses of
the syn-products are in the range 89-99%; the products are obtained in 75-94% yield, and
with diastereomeric ratios from 75:25 to 97:3. The same group reported an aza-Henry re-
action catalyzed by polymer-supported thiourea catalysts in 2006./'° [n the same year, the
Schaus group reported an enantioselective addition of nitromethane and nitroethane to
aromatic acylimines with a cinchona alkaloid thiourea derivative.'*>! The addition of ni-
tromethane to acylimines furnishes the products in 60-98% yield, with the enantiomeric
excesses ranging from 90 to 98%. The addition of nitroethane affords the syn-products
with 90-97% ee in yields of 73-98%. The diastereomeric excesses are in the range 82—
97%. In 2007, the Chang group published enantioselective aza-Henry reactions catalyzed
by a dihydrooxazole (oxazoline) thiourea derivative.*® The products were obtained in 68—
97% yield and with 73-92% ee. In 2008, Rampalakos and Wulff reported an aza-Henry re-
action catalyzed by a bisthiourea.'>”l The reaction furnished the products with 65-91% ee
and with yields in the range of' 40 to 65%. Also in 2008, Zhou and co-workers developed an
addition of nitromethane 95 (R*=H) to aromatic N-(tert-butoxycarbonyl)imines 94 cata-
lyzed by a sugar-derived thiourea 93.1**8! The products are generally obtained in 84-95%
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yield (in two cases yields of 69%, and 70% after recrystallization). The enantiomeric excess-
es range from 83 to >99%. Also in that year, Wang and co-workers reported an asymmetric,
anti-selective addition of several nitroalkanes 95 to N-(tert-butoxycarbonyl)imines 94 uti-
lizing a thiourea 24 derived from cyclohexane-1,2-diamine as organocatalyst.'> The
products 96 (R*=H) of the addition of nitromethane are afforded with 96-99% ee and in
yields ranging from 85 to 99%. The products 96 (R?2=Me, Et, Bn) for the addition of nitro-
ethane, nitropropane, or 1-nitro-2-phenylethane are obtained with 96-99% ee, and in 88—
99% yield. The diastereomeric ratios range from 93:7 to 99:1. The best results for nitro-
Mannich/aza-Henry reactions are shown in Scheme 32.

Scheme 32 Enantioselective Nitro-Mannich/Aza-Henry Reaction of Nitroalkanes with Imines Catalyzed by
Thiourea Derivatives!'58.15

Zun
I=
Ir=

: H H 0
i AcO NMe, HN. &
OAc =20
0 OAc
ME.‘2
FaC CF

OAc

93 24
n-BC NHBoc
B e, mmmn v,
R
HZ

94 95 96
R R? Conditions Yield (%) dr* ee (%) Ref
1-naphthyl H 93 (15mol%), CH,Cl,, ~78°C, 65 h 95 ~ 99  [§
4CICH, H 93 (15mol%), CH,Cl,, -78°C, 60 h 93 - >99 (13
4FCH, H 93(15mol%), CHyCl, ~78°C, 65h 91 - >99 [s§
3FCH, H 93 (15mol%), CH,Cl, -78°C, 39h 87 - >99 05§
Ph H 93 (15mol%), CH,Cl,, -78°C, 60 h 86 - >99  [158]
Ph Bn 24 (10 mol%), 4-A molecular sieves, MeCN, -20°C, 10-15h 95 99:1 99 159
Ph Et 24 (10 mol%), 4-A molecular sieves, MeCN, -20°C, 10-15h 94 99:1 99 [159]
4-Tol Et 24 (10 mol%), 4-A molecular sieves, MeCN, -20°C, 10-15h 99 97:3 99 [
4F,CCH, Me 24 (10 mol%), 4-A molecular sieves, MeCN, -20°C, 10-15h 97 97:3 99 059l
Ph Me 24 (10 mol%), 4-A molecular sieves, MeCN, -20°C, 10-15h 92 97:3 99 159

2 Determined by HPLC analysis. Minor syn-isomer was not detected by 'H NMR analysis of crude product.

Takeda and Nagasawa reported an aza-Henry reaction utilizing a guanidine thiourea cata-
Iyst in 2009.1'% The products were obtained with excellent enantiomeric excesses of 90—
99%, diastereomeric ratios in the range of 90:10 to 99:1, and with yields ranging from 81 to
96%, but the synthesis of the catalyst requires the use of highly toxic mercury(Il) chloride.
Also in that year, Wang, Zhou, and co-workers published the aza-Henry reaction of N-thio-
phosphorylimines with nitromethane furnishing the products with yields in the range of
78 to 94% and with 77-87% ee.l6!l

for references see p 407
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N-(tert-Butoxycarbonyl)-f-nitroamines 96 (R' = H); General Procedure Using Catalyst 93:1'>¢

CAUTION: Nitromethane is flammable, a shock- and heat-sensitive explosive, and an eye, skin,
and respiratory tract irritant.

In a flame-dried (under vacuum) vessel, nitromethane (95, R?=H; 270 uL, 5mmol,
10 equiv) was added in one portion to a soln of the imine 94 (0.5 mmol) and catalyst 93
(40 mg, 0.075 mmol, 15 mol%) in CH,Cl, at —78 °C. The mixture was stirred at that temper-
ature and the course of the reaction was monitored by TLC. Then, the soln was concentrat-
ed followed by purification by column chromatography (silica gel, EtOAc/petroleum ether
1:12) to afford product 96 as a white solid. The enantiomeric excess was determined by
chiral HPLC analysis (Chiralpak AD-H, hexane/iPrOH, 1.0 or 0.8 mL-min™, A =254 nm).

N-(tert-Butoxycarbonyl)-f-nitroamines 96 (R* =Me, Et, Bn); General Procedure Using Cata-
lyst 24:0'%°)

A mixture of the N-(fert-butoxycarbonyl)imine 94 (0.2 mmol) and the nitroalkane 95
(1.0 mmol, 5 equiv) in MeCN (0.5 mL) was prepared, followed by addition of catalyst 24
(13.5 mg, 0.02 mmol, 10 mol%) at =20°C (note: the addition of 4-A molecular sieves was
not mentioned in the procedure). After the reaction was complete (TLC monitoring, 10-
15 h), the mixture was concentrated under vacuum followed by purification by flash chro-
matography (silica gel) to yield the product 96. The enantiomeric excess was determined
by chiral HPLC analysis (Chiralcel AD-H or AS-H, iPrOH/hexane or EtOH/hexane, 1.0 or
0.5mL-min~!, A=210 or 220 nm).

2.2.4.4.10.2 Nitro-Mannich|Aza-Henry Reaction of Nitroalkanes with «-Amido Sulfones

In 2009, Wang and co-workers reported a method for the enantioselective nitro-Mannich/
aza-Henry reaction of nitroalkanes 98 with a-amido sulfones 97 (Scheme 33).'%% As cata-
lyst, a rosin-derived thiourea 75 is utilized. The (1S)-products 99 are obtained with 81-98%
ee and in yields of 80-93%, with the exception of a nonaromatic amido sulfone example
(R'=Cy), which gives only 15% of the (1S)- and 10% of the (1R)-product. The diastereomeric
ratios of the products obtained via transformation with nitroethane range from 78:22 to
98:2. The (1R)-products are obtained by utilizing the opposite enantiomer of the catalyst,
although the reported enantiomeric excesses and yields are on average not as high for
these products as for the (15)-analogues (78-97% ee, 80-90% yield).

Scheme 33 Enantioselective Nitro-Mannich/Aza-Henry Reaction of Nitroalkanes with
a-Amido Sulfones Catalyzed by a Rosin-Derived Thiourea!'62

15 mol%

o NHBoc
NHBoc R Kz2COs (1 equiv), CHCIyH,0 (1:1), 0 °C, 48 h : NO
- r R1/\I/ 2
R'” S0O4Ph NO: B2
97 98 (3 equiv) 99
R R?  Yield (%) dr(anti/syn) ee (%) Ref
4FCH, H 83 - 98 [162
4-CICH, Me 93 78:22 95 [z
4-CIC,H, H 89 - 95 [162]

2-MeOCH, H 81 - 95 162
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R’ R?  Yield (%) dr(anti/syn) ee (%) Ref
Ph H 86 - 93 [e2]
1-naphthyl H 82 - 93 re2]
3-MeOCH, H 80 - 93 [e2
2-FCeH, H 92 - 92 062
2-FCH, Me 90 86:14 92 [e2]

tert-Butyl 2-Nitro-1-phenylethylcarbamate (99, R! =Ph; R? = H); Typical Procedure:['%!

CAUTION: Nitromethane is flammable, a shock- and heat-sensitive explosive, and an eye, skin,
and respiratory tract irritant.

A mixture of catalyst 75 (7 mg, 0.015 mmol, 15 mol%) and o-amido sulfone 97 (R!=Ph;
34.7 mg, 0.1 mmol) was prepared in a mixture of CHCI, (1.0 mL) and H,O (1.0 mL), followed
by addition of K,CO, (13.8 mg. 0.1 mmol, 1.0 equiv) under stirring. After addition of nitro-
methane (98, R*=H; 16.1 uL, 0.3mmol, 3.0 equiv) under an argon atmosphere, the mix-
ture was stirred at 0°C. After completion of the reaction (TLC monitoring), the mixture
was extracted with CHC, (4 x 10 mL) followed by drying (Na,SO,). The soln was concen-
trated, and the residue was purified by flash chromatography (silica gel, EtOAc/hexane
1:8) to give product 99 (R! =Ph; R* = H); yield: 22.8 mg (86%); 93% ee by chiral HPLC analysis
[Chiralpak AD, iPrOH/hexane 1:9, 0.6 mL-min~!, A=210nm, t;(major)=16.88 min, ty(mi-
nor)=17.91 min].

2.2.4.4.10.3 Nitro-Mannich|Aza-Henry Reaction of Nitroacetates with Imines

In 2008, Li, Chen, and co-workers reported a method for the enantioselective addition of
nitroacetates 100 to N-tert-butoxycarbonyl-protected imines 101 utilizing a 1,2-diphenyl-
ethane-1,2-diamine-derived thiourea 102.1%°! High to excellent enantiomeric excesses of
91-96% and yields of 68-86% (38% in one reported case) are attained (Scheme 34). The dia-
stereomeric ratios range from 3.8:1 to 17.2:1. In the case of R! = R2=Ph, the product 103 is
labile.

for references see p 407
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Scheme 34 Nitro-Mannich/Aza-Henry Reaction of Nitroacetates with Imines Catalyzed by a
1,2-Diphenylethane-1,2-diamine-Derived Thioureal'63]

CF;
Ph S @
10 mol% Q Ph\EI:kHJLH CF,
NO; N Boc m-xylene, 4-A molecularsieves:lgo%‘ 72h _
R! )\COZHZ : Ha/_N
100 101 (1.5 equiv)
H1”,N02 NHBoc
R2O,C R
103

R R? R Yield® (%) dr® ee (%) Ref
Me Me Ph 86 17.2:1 96 [e3]
Me Me 4-Tol 86 14.3:1 96 (a3
Me Me 4-FCH, 78 9.8:1 96 [1e3]
iPr  Et Ph 38 5.4:1 96 ]
Me Me 2-furyl 85 8.5:1 95 [E3]
Me Me 3-CIC;H, 83 10.4:1 95 [e3]
Me Me 3-Tol 85 17.0:1 94 (63
Bn Me Ph 68 7.6:1 93 [e3]
Me Me 2-CICH, 79 7.9:1 91 (a3
Me Me 2-thienyl 75 3.8:1 91 (63

? Yield of isolated major product.
b Calculated from the yields of both isolated diaste-
reomers.

3tert-Butoxycarbonylamino)-2-nitropropanoates 103; General Procedure:**

A mixture of catalyst 102 (9.3 mg, 0.015 mmol, 10 mol%), the imine 101 (0.23 mmol,
1.5 equiv), and 4-A molecular sieves (40 mg) in freshly distilled m-xylene (0.50 mL)was pre-
pared. After addition of the nitroacetate 100 (0.15 mmol) in one portion at —20 °C, the mix-
ture was stirred at this temperature overa period of 72 h. The mixture was then filtered by
passing through silica gel followed by concentration and purification via flash chroma-
tography (silica gel, petroleum ether/EtOAc). The enantiomeric excess was determined
by chiral HPLC analysis (Daicel Chiralpak AD, iPrOH/hexane, 1 mL-min~", A =220 nm).

2.2.4.4.11 Acyl-Mannich Reaction

In 2005, Jacobsen and co-workers developed a method for the enantioselective acyl-Man-
nich reaction of isoquinolines 104 catalyzed by a thiourea tertiary amine organocatalyst
105.1%4 This catalyst has the potential to activate a putative acyliminium ion via hydro-
gen-bonding interactions.'** The resulting esters 106 are obtained in 67-86% yield with
60-92% ee. The six examples with the best enantiomeric excesses are shown in Scheme
35.
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Scheme 35 Enantioselective Acyl-Mannich Reaction of Isoquinolines Catalyzed by a Thio-
urea Tertiary Amine Organocatalyst(164]

o
1. (1.1 equiv), Et:0, 0to 23 °C
ChCAOJLCI
OTBDMS
2. (2 equiv)
/\OiPr
86

10 mol% Bu'sN ~ -
N N
NN

o N _Ph

W

105

HS RZ
R4 Rl
= Et,0, —7810 —70°C
RS N
104
R® R?
4 1
R X R
RS N OvCCIa
: o]
\oozpr‘
106
R" RZ R? R* R5 Yield (%) ee (%) Ref
Me H H H H 75 92 [e4)
H Br H H H 78 91 [164]
H H Br H H 77 87 [164]
H H H H H 80 86 ngdl
H H OTBDMS H H 77 83 k)
H H H oTf H 67 83 (4]

2,2,2-Trichloroethyl 1-[(Isopropoxycarbonyl)methyl]-1 H-isoquinoline-2-carboxylate
(106, R* =R2 = R® =R*=R® =H); Typical Procedure:"*

rCAUTION: 2,2,2-Trichloroethyl chloroformate is toxic by inhalation and causes burns.

Under a N, atmosphere, a soln of isoquinoline 104 (R'=R*=R3*=R*=R>=H; 97% pure;
61 uL, 0.50 mmol) in anhyd Et,O (5.0 mL) was cooled to 0°C in a flame-dried round-bot-
tomed flask followed by the dropwise addition of 2,2,2-trichloroethyl chloroformate
(TrocCl; 98% pure; 76 uL, 0.55 mmol, 1.1 equiv) via syringe resulting in a white suspension.
The mixture was then warmed to 23 °C and stirred for 30 min. After cooling to -78 °C (dry
ice/iPrOH bath), catalyst 105 (26.9 mg, 0.050 mmol, 10 mol%) in anhyd Et,0 (4.0mL +
1.0 mL for rinsing) was added followed by addition of 1-(tert-butyldimethylsiloxy)-1-isopro-
poxyethene (86; 216 mg, 1.0 mmol, 2.0 equiv). The mixture was warmed to —70 °C (iPrOH
bath equipped with immersion cooler) and stirred for 14 h. Then, the cooling bath was
allowed to warm to 23 °C over a period of 3 h. The solvent was removed under vacuum,
and the residue was purified by chromatography (silica gel, EtOAc/hexanes 0:100 to
5:95) affording 106 (R!=R*=R*=R*=R>=H) as a colorless oil; yield: 161 mg (80%); 86% ee
by chiral SFC analysis [Chiralpak OD-H, 5% MeOH/CO,, 5 mL-min~?, 50°C, A=285nm,
tz(minor) = 2.23 min, tz(major)=2.66 min].

for references see p 407
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2.2.4.4.12 anti-Mannich Reaction

In 2009, Peng and co-workers developed a method for the enantio- and diastereoselective
anti-Mannich reaction of protected a-iminoacetate 107 with aldehydes or ketones 108
catalyzed by thiourea derivative 109.1%! The resulting }-amino carbonyl compounds
110 are obtained in 63-94% yield and with enantiomeric excesses for the anti-products
mostly ranging from 94 to >99% (in one case 81.5% ee). Diastereomeric ratios (antifsyn)
vary from 55:45 to >99:1. Some of the best results are given in Scheme 36.

Scheme 36 Enantio- and Diastereoselective anti-Mannich Reaction Catalyzed by a Thiourea
Derivativel'65]

CF3

5-10 mol% F3C ” NH

20
MeO OTBDPS
o 109
1,2-dichloroethane
N + J\ -

| i}
CO,Et R2
107 108
/©/0Me
O HN
R‘JY\CogEt
R2
110
R' R? Temp (°C) Time (min) Yield (%) dr(anti/syn) ee (%) Ref
H iPr =20 30 94 93:7 >99  [165]
H (CH,)Me =20 20 93 >99:1 >99  [163]
H Et =20 120 93 96:4 >99  [165]
H (CHy)Me -20 8 93 95:5 >99  [165]
H (CH,),Me -20 20 87 97:3 >99  [165]
H Pr -20 20 84 93.7 >99  [165]

Ethyl 2-[(4-Methoxyphenyl)amino]-4-oxoalkanoates 110; General Procedure:¢°

The aldehyde 108 (R'=H; 1.0 mmol, 5 equiv) or ketone 108 (R'=organo; 2.0 mmol,
10 equiv) was added to a soln of ethyl 2-(4-methoxyphenyl)imino|acetate (107;
0.2 mmol) in anhyd 1,2-dichloroethane (1.5ml), and then catalyst 109 (0.01 mmol,
5mol%; or 0.02 mmol, 10 mol%) was added. The mixture was stirred at the above-men-
tioned temperature for the indicated time (Scheme 36). After consumption of the imine
(TLC monitoring), sat. aq NH,Cl was added, and the mixture was extracted with EtOAc
(3-4 x). The combined organic layers were washed with brine and dried (Na,SO,). The fil-
trate was concentrated under vacuum, and purified by flash column chromatography
(silica gel, EtOAc/petroleum ether 5:95 to 10:90) to afford the product 110. The enantio-
meric excess and diastereomeric ratio were determined by chiral-phase HPLC analysis
(Chiralpak AS-H, hexane/iPrOH 90:10 or 98:2, 0.5 mL-min~?, A =254 nm).
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2245 Henry Reaction|Nitroaldol Reaction

The reaction of aldehydes or ketones with nitroalkenes is known as the Henry or nitro-
aldol reaction. It is named after L. Henry, who reported this type of reaction in 1895113

The Nagasawa group reported methods for the enantioselective Henry reaction cata-
lyzed by a guanidine-derived thiourea.'®*'" However, the synthesis of this organo-
catalyst requires the use of highly toxic mercury(Il) chloride.

In 2007, Shi and co-workers published an enantioselective Henry reaction of aromat-
ic aldehydes with nitromethane,/'”! utilizing a 2,2-diamino-1,1"-binaphthyl (BINAM) de-
rived bisthiourea as catalyst. The products are obtained with 22-75% ee in 65-99% yield.

Hiemstra and co-workers reported in 2006 an enantioselective organocatalytic Henry
reaction of various aromatic aldehydes 111 with nitromethane catalyzed by a cinchona
alkaloid thiourea derivative 112.72 In their mechanistic proposal, the thiourea group
binds via double hydrogen bonding to the aldehyde, and thus activates the carbonyl com-
pound by stabilizing the oxygen atom’s partial negative charge. The nitrogen of the cin-
chona alkaloid activates the nitroalkane.l'”? The resulting nitro alcohols 113 are obtained
with high enantiomeric excesses of 85-92% in excellent yields ranging from 90 to 99%
(Scheme 37). In 2007, Himo and co-workers published a computational study regarding
the mechanism of this reaction.!'”!

Scheme 37 Enantioselective Henry Reaction of Aromatic Aldehydes with Nitrometh-
ane Catalyzed by a Cinchona Alkaloid Thiourea Derivativel'??!

N
%S
HN
FsC
j\ THF, -20°C ' C:)H
mioy t MeNO, > H1;\/NO2
111 113
R Time (h) Yield (%) ee (%) Ref
1-naphthyl 48 99 92 (72|
Ph 48 0 92 [172]
2-Tol 96 97 91 [72]
Boc
N\ 2« s @1 0
-
4-MeOCH, 168 94 g9 17
4-0,NCH, 4 91 86 72
3-pyridyl 24 91 86 [172]
4-FCH, 24 99 85 (172]

for references see p 407



63

340 Asymmetric Organocatalysis 2.2 Brensted Acids

Nitro Alcohols 113; General Procedure:!”2

CAUTION: Nitromethane is flammable, a shock- and heat-sensitive explosive, and an eye, skin,
and respiratory tract irritant.

In a screw-capped vial, a mixture of the aldehyde 111 (1.0 mmeol) and catalyst 112 (67 mg,
0.1 mmol, 10 mol%) in anhyd THF (1 ml.) was prepared. After cooling of the soln to —20°C
in a freezer, nitromethane (536 uL, 10.0 mmol, 10 equiv) was added, and the soln was kept
at this temperature for the time stated in Scheme 37. Then, the mixture was purified by
column chromatography (silica gel, petroleum ether/EtOAc) to yield the product 113. The
enantiomeric excess was determined by chiral HPLC analysis (Chiralcel OD-H, iPrOH/hep-
tane, 0.7 or 0.8 mL-min~!, A =215 or 254 nm).

2.2.46 Aldol Reaction
An aldol reaction catalyzed by a thiourea derivative was applied in the synthesis of (+)-tra-
chyspic acid by Hatakeyama and co-workers.'74

2.2.4.6.1 Aldol Reaction of a-Isothiocyanato Imides with Aldehydes

In 2008, Seidel and co-workers disclosed the aldol reaction of a-isothiocyanato imide 115
with aldehydes 114.1"73 This aldol-type addition is catalyzed by a cyclohexane-1,2-di-
amine-derived thiourea 116. The resulting thiocarbamate derivatives 117 are obtained
with high enantiomeric excesses of 81-96% and in yields of 55-99%. The diastereomeric
ratios are in the range 82:18 to 98:2. The eight best results are shown in Scheme 38.

Scheme 38 Enantioselective Aldol Reaction of an a-Isothiocyanato Imide with Aldehydes
Catalyzed by a Gyclohexane-1,2-diamine-Derived Thiourea Derivativel'”’l

Oz:N
T i 0
5 mol% H H
O

O 2 116
(0]
J-l\ SCN \)-I\ N JLO toluene (0.15 M), rt

+

R'" "H
114 (1.2 equiv) 115
0 0]
H
§ J
S:/\ N O
o "w’\V
117

R Time (h) Yield® (%) dr (trans/cis) ee® (%) Ref

4-MeOCH, 3 76 97:3 96 (17s]

4-FCH, 8 97 95:5 94 (17s]

4-BrCgH, 2 91 95:5 94 [175]

4-Tol 16 94 94:6 94 (175

Ph 4 99 937 94 (73]
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R Time (h) Yield® (%) dr(trans/cis) ee® (%) Ref
1-naphthyl 72 60 93:7 94 n7s)
4-0,NCH, 2 97 95:5 93 n7s)
3-Tol 12 90 94:6 93 (73]

?* Combined yield of both diastereomers.
® Determined by chiral HPLC analysis after transformation to
the corresponding ethyl esters.

Thiocarbamate Derivatives 117; General Procedure:'”?

A soln of the aldehyde 114 (freshly distilled; 1.20 mmol, 1.2 equiv), catalyst 116 (17.5 mg,
0.05 mmol, 5 mol%), and a-isothiocyanato imide 115 (214 mg, 1.00 mmol) was prepared in
toluene (6.67 mL) at rt. After imide 115 was consumed (TLC monitoring), the mixture was
purified by flash chromatography (silica gel, CH,Cl,/EtOAc 50:1) to afford the product 117
as a mixture of diastereomers.

For transformation to the corresponding ethyl esters, a soln of the diastereomer mix-
ture in anhyd THF (20 mL) was prepared. After cooling to 0°C, a soln of MeMgCl (3 M in
THF; 1.2 equiv) in EtOH (8 mL) was added with a syringe. To quench the reaction, aq phos-
phate buffer (pH 7; 8 mL) was added after 3 min. After concentration under vacuum, the
residue was mixed with 1 M aq HCI (16 mL) and CH,Cl, (20 mL). After separation, the aque-
ous phase was extracted with CH,Cl, (3 x 15 mL). The extracts were combined and dried
(Na,S0O,). After concentration under reduced pressure, the crude product was purified by
flash chromatography (silica gel, CH,CL,/EtOAc 50:1). The enantiomeric excess was deter-
mined by chiral HPLC analysis (Daicel Chiralpak AS-H or AD-H, hexaneiPrOH, 1 mlL.
min~, L=254 nm).

2.2.4.6.2 Aldol Reaction of a-Isothiocyanato Imides with o-Keto Esters

In 2010, the Wang group!'”l as well as Seidel and co-workers!'”” reported enantioselective
aldol reactions of a-isothiocyanato imide 115 with o-keto esters 119. They utilized cyclo-
hexane-1,2-diamine-derived thioureas 118 and 116, respectively, as organocatalysts for
this addition. The resulting thiocarbamates 120 are obtained in 70-99% yield with 79—
99% ee. The diastereomeric ratios range from 70:30 to 90:10. Ten of the best results are
shown in Scheme 39.

Scheme 39 Enantioselective Aldol Reaction of an a-lsothiocyanato Imide with «-Keto Es-
ters Catalyzed by Cyclohexane-1,2-diamine-Derived Thiourea Derivatives!'76177]

L
A
H >

N

(_7 H

118 116

for references see p 407
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o © N
o] NT O
SCN organocatalyst, rt S
R1 Jl\l'rOHz + \)J\N)LO rga 'y > #O -
)V/ o) \

;
© RHEO
119 115 120
R R? Conditions Yield® (%) dr ee (%) Ref
3-MeOCH, Me 118 (1 mol%), toluene, 2.5h 86 83:17 99 [176]
4-BrCgH, Me 118 (1 mol%), toluene, 2.5h 84 85:15 98 [176]
3,4-CLCH; Et 116 (5mol%), -BuOMe (0.15M), 1.5h 99 8317 98 7
4-CICH, Et 116 (5 mol%), -BuOMe (0.15M),2.5h 99 83:17 98 1177]
4-Tol Me 118 (1 mol%), toluene, 2.5h 85 88:12 97 [176]
4F,CCH, Et 116(5mol%), tBuOMe (0.15M), 12h 95 85:15 97 U7l
3,5FCH; Et 116 (5mol%), -BuOMe (0.15M),2h 96 80:20 97 7
2-naphthyl Me 118 (1 mol%), toluene, 5 h 78 90:10 96 [176]
4tBuCH, Et 116 (5mol%), tBuOMe (0.15M),7h 90 80:20 96 17
Ph Et 116 (5 mol%), -BuOMe (0.15M),3h 93 80:20 95 17

2 Yield of isolated product (reactions using catalyst 118), or yield of both isolated diaste-
reomers combined (reactions using catalyst 116).

Alkyl 4-(4,4-Dimethyl-2-oxooxazolidine-3-carbonyl)-2-thioxooxazolidine-5-carboxylates
120; General Procedure Using Catalyst 118:'7¢

A soln of the o-keto ester 119 (0.24 mmol, 1.2 equiv) and catalyst 118 (0.002 mmol,
1.0 mol%) in anhyd toluene (1.0 mL) was prepared, followed by addition of a soln of o-iso-
thiocyanato imide 115 (0.2 mmol) in anhyd toluene (0.1 mL) over a period of 10 min under
an atmosphere of argon and with stirring. The soln was stirred for 2.5 h at rt (unless oth-
erwise noted). After completion of the reaction (TLC monitoring), the mixture was con-
centrated under reduced pressure followed by purification by column chromatography
(silica gel, EtOAc/hexane 1:2). The product was dissolved in Et, 0, and the soln was filtered.
The product 120 was obtained after concentration under reduced pressure. The enantio-
meric excess of the major diastereomer was determined by HPLC analysis (Chiralcel AD-H,
iPrOH/hexane 1:4 or 1:9, 1.0 mL+-min™).

Alkyl 4-(4,4-Dimethyl-2-oxooxazolidine-3-carbonyl)-2-thioxooxazolidine-5-carboxylates
120; General Procedure Using Catalyst 116:1'77)

In a screw-capped vial, a soln of the a-keto ester 119 (0.55 mmol, 1.1 equiv) and catalyst
116 (0.025 mmol, 5 mol%) was prepared in anhyd t-BuOMe. Then, a-isothiocyanato imide
115 (0.50 mmol) was added. After imide 115 had been consumed (TLC monitoring), the
solvent was removed under vacuum, followed by purification of the residue by flash chro-
matography (silica gel, EtOAc/CH,Cl,) to afford the product 120. The enantiomeric excess
was determined by chiral HPLC analysis (Daicel Chiralpak AD-H, hexanes/iPrOH 9:1, 1 mL-
min~?, A=254 nm).

22463 Aldol Reaction of Aromatic Aldehydes with Cyclohexanone

In 2009, Demir and co-workers reported the aldol reaction between aromatic aldehydes
121 and cyclohexanone.'”® The reaction is catalyzed by a complex between N,N’-bis|3,5-
bis(trifluoromethyl)phenyl]thiourea (1) and proline (122). The desymmetrization of pro-
chiral cyclohexanones with, and mechanistic studies on such a catalyst complex were un-
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dertaken by Rios, Moyano, and co-workers in 2009/2010.[17>1%] The resulting aldol adducts
123 are obtained in 75-98% yield with 97 to >99% ee.7% The diastereomeric ratios are in
the range from 60:40 to 94:6. Seven of the best results are shown in Scheme 40. In 2010,
the same group reported further studies regarding this reaction.'8!l

Scheme 40 Enantioselective Aldol Reaction of Aromatic Aldehydes with Cyclohexa-
none Catalyzed by N,N’-Bis[3,5-bis(trifluoromethyl)phenyl]thiourea and Prolinel'?8l

CF3 CFa

o 24 L
F3C N CF:.

10 mol% qL CORH

3
L

Q H OH O
o) 122
121 (16 equiv) 123
R Time (h) Yield (%) dr (anti/syn) ee (%) Ref
3-0,NC,H, 16 94 92:8 >99 (78]
4-NCCH, 16 98 93:.7 99 [z8]
4-0,NC;H, 16 96 90:10 99 g
4-F,CCH, 24 93 94:6 99 (78]
4-CICH, 36 91 88:12 99 [17g]
4-BrCgH, 36 87 90:10 99 [178]
2-CICH, 36 83 94:6 99 [178]

2-[Aryl(hydroxy)methyl]cyclohexanones 123; General Procedure:'’8l

In a screw-capped vial, a mixture of proline (122; 2.9 mg, 0.025 mmol, 10 mol%) and thio-
urea derivative 1 (12.5mg, 0.025 mmol, 10 mol%) in hexane (1.8 mL) was prepared, fol-
lowed by the addition of cyclohexanone (0.4 mL, 4 mmol, 16 equiv). The mixture was
stirred over a period of 15 min at rt, and then the aldehyde 121 (0.25 mmol) was added.
After the reaction was complete (TLC monitoring), sat. aq NH,Cl was added. Then, extrac-
tion of the whole mixture with EtOAc was accomplished. After washing with brine, the
organic phase was dried and the solvent was removed. The crude product was purified
by column chromatography (silica gel, hexane/EtOAc) to give the product 123. The diaste-
reomeric ratio was determined by 'HNMR spectroscopic analysis of the crude product;
the enantiomeric excess was determined by chiral HPLC analysis (Chiralpak AD-H or OD-
H, hexane(iPrOH 90:10 or 95:5, 0.5 or 1.0 mL.min™).

2.2.4.6.4 Vinylogous Aldol Reaction

In 2010, the Feng group reported a method for the organocatalytic, enantioselective vinyl-
ogous aldol reaction.'®? As organocatalyst a cinchona alkaloid derived thiourea 28 is uti-
lized. High yields of 73-93% are obtained in general (40% in only one case), and fairly good
enantiomeric excesses ranging from 78 to 83% are attained. The best results can be found
in Scheme 41.

for references see p 407



67

344 Asymmetric Organocatalysis 2.2 Brensted Acids

Scheme 41 Enantioselective Vinylogous Aldol Reaction Catalyzed by a Cinchona

Alkaloid Derived Thioureal™82l
OMe /27
N

= NH

N A

10 mol% S” 'NH

FaC” t “CFs 0
o 28
Etz0, 30 °C (0]
0
\ 2 H1J\H \

R
HO
(4 equiv) 124 125
R Time (h) Yield (%) dr(anti/syn) ee®(%) Ref
3-Tol 48 91 81:19 83 [132)
4-FCgH, 48 90 84:16 82 [162]
Ph 50 87 85:15 82 [132]
2-FCH, 40 80 85:15 82 [s2)
2-Tol 52 76 81:19 82 [182]
2-MeOGH, 52 93 82:18 81 [182]
2-thienyl 48 91 85:15 81 [182]
4-CIGH, 40 83 81:19 81 (182
4-Tol 52 75 82:18 81 [1e2|

? Of anti-product.

5-[(4-Fluorophenyl)(hydroxy)methyljfuran-2(5H)-one (125, R = 4-FC;H,);
Typical Procedure: [182]

| CAUTION: Furan-2(5H)-one is irritating to the eyes, skin, and respiratory system.

A mixture of 4-fluorobenzaldehyde (124, R'=4-FC,H,; 11 uL, 0.1 mmol) and catalyst 28
(5.9mg, 0.01 mmol, 10 mol%) in anhyd Et,0 (0.5 mL) was stirred over a period of 20 min
at rt followed by addition of furan-2(5H)-one (28 pL, 0.4 mmol, 4 equiv). After stirring of
the mixture for 48 h at 30 °C, the product 125 (R'=4-FC.H,) was directly isolated by chro-
matography (silica gel, CH,CL,/EtOAc 10:1); yield: 90%; dr (antifsyn) 84:16; 82% ee (anti) by
chiral HPLC analysis (hexane/iPrOH 95:5, 1.0 mL.min™, A=210 nm; tz, =24.2 min, tg,=
27.4 min, tp;=31.6 min, tz,=33.0min).

2.2.4.6.5 Vinylogous Mukaiyama Aldol Reaction

In 2003, Takemoto and co-workers investigated a Mukaiyama aldol reaction of two alde-
hydes with a ketene silyl acetal catalyzed by N,N'-bis[3,5-bis(trifluoromethyl)phenyl|thio-
urea (1).2% The aldol product of benzaldehyde is obtained in 36% yield, whereas the prod-
uct of the reaction with 2,6-dimethoxybenzaldehyde is obtained in 65% yield. Ma, Wang,
and co-workers reported an enantioselective Mukaiyama aldol reaction in 2010.¥3 A cin-
chona alkaloid derived thiourea is utilized as organocatalyst and high enantiomeric ex-
cesses 0f 82-91% are achieved. Diastereomeric ratios range from 60:40 to 90:10 with yields
of 72-90%. Later in 2010, Deng and co-workers also published the vinylogous Mukaiyama
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aldol reaction catalyzed by a cinchona alkaloid thiourea derivative 127 (Scheme 42).0184
The presence of a carboxylic acid is necessary for the reaction. In the mechanistic propos-
al, the thiourea moiety builds in the first step a double-hydrogen-bonding complex with
the carboxylate of the respective carboxylic acid. This carboxylate desilylates in the sec-
ond step the dihydrofuran, which is bound by the cinchona alkaloid’s NH."*4 For aromatic
aldehydes 126 (R! = aryl), enantiomeric excesses are 90-95%, yields are in the range of 71—
98%, and diastereomeric ratios vary from 84:16 to 96:4. The results for cinnamaldehyde
and alkyl aldehydes are not as good as those for aromatic aldehydes. In these cases, 47—
76% yield and 80-93% ee are attained, with diastereomeric ratios from 72:28 to 82:18.
Seven of the best results are given in Scheme 42.

Scheme 42 Enantioselective Vinylogous Mukaiyama Aldol Reaction!'84

OMe 7
v-‘-
H .0, .CF
1.10mor% NH” }'o( 24h
= SJ\NH"’
FsC CFs
0 127
JL @\ 2. 1M HCITHF
+
R'" "H o~ ~OTMs
126 (1.5 equiv)
R Temp (°C) Time (h) Yield (%) dr (antifsyn) ee® (%) Ref
4-FCgH, =20 96 95 96:4 95 [184]
2-naphthyl -20 96 93 95:5 95 (124
3-MeOCH, -50 36 96 95:5 95 [184)
Ph =20 96 94 95:5 95 (124
4-BrCgH, =20 96 97 96:4 94 [184]
4-F,CCH, -20 9% 9% 96:4 93 D14
4-CICeH, -20 96 93 94:6 93 (124

* Of anti-product.

5-(1-Hydroxyalkyl)furan-2(5H)-ones 128; General Procedure:'*!

CAUTION: 2-(Trimethylsiloxy)furan is highly flammable, and irritating to the eyes, skin, and res-
piratory system.

The aldehyde 126 (0.25 mmol) was added to a soln of catalyst 127 (0.025 mmol, 10 mol%)
in the appropriate solvent |Et,0, 1,2-dichloroethane, or Et,0/CH,Cl, (1:1)]. After cooling to
the temperature stated in Scheme 42, the mixture was stirred over a period of 15 min fol-
lowed by addition of 2-(trimethylsiloxy)furan (0.37 mmol, 1.5 equiv). The mixture was
stirred for the time mentioned in Scheme 42 at this temperature, and after dilution with

for references see p 407
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THF (1 mL) resulting in a soln, 1 M HCI (1 mL) was added. The soln was allowed to warm to
rt. After stirring over a period of 15 min at rt, the mixture was neutralized by adding sat.
aq NaHCO,. The mixture was extracted with EtOAc (3 x 5 mL), and the organic layers were
combined and washed with H,0. After drying (Na,S0,), the soln was concentrated fol-
lowed by filtration of the mixture through silica gel to remove the catalyst. The silica gel
was rinsed with EtOAc (3—4 mL). The solvent was removed under vacuum and the crude
product was purified by flash chromatography (silica gel, EtOAc/hexane) to afford the
product 128. The enantiomeric excess was determined by chiral HPLC analysis (Chiralpak
AD-H or AS-H, hexanes[iPrOH, 1.0 mL-min™).

2247 Morita-Baylis-Hillman Reaction

2.2.47.1 Morita-Baylis—-Hillman Reaction of Cyclohex-2-enone with Aldehydes

The Morita-Baylis—Hillman (MBH) reaction has been utilized by many groups to synthe-
size allylic alcohols from aldehydes and o,-unsaturated systems.'*>%?l The standard re-
action requires a bulky, conformationally rigid, and basic tertiary amine, which acts as a
Lewis base.'®] The Lewis base attacks in a nucleophilic Michael addition the o,3-unsatu-
rated compound. This intermediate zwitterion attacks nucleophilically the aldehyde and
after hydrogen transfer and elimination of the base an allylic alcohol forms. Brgnsted ad-
ditives such as (thio)urea derivatives can stabilize the intermediates and transition states
that arise. Many groups have utilized tertiary amines and (thio)urea moieties combined in
a single bifunctional catalyst, or added a chiral (thio)urea derivative to a tertiary amine.
Connon and Maher first demonstrated, in 2004, a (thio)urea-catalyzed and 1,4-diazabicy-
clo[2.2.2]octane-promoted Morita-Baylis—-Hillman reaction.?® Philp and Clarke present-
ed, in 2008, an achiral bis(thio)urea cocatalyst.® In 2009, Maseras, Eberlin, and Coelho
investigated a thiourea-catalyzed Morita-Baylis-Hillman reaction by ESI-MS and DFT com-
putations.®*1%2 The groups of Berkessel,'*® Lattanzi,"* and Nagasawa,*”-*! developed
protocols for enantioselective thiourea-derivative catalyzed reactions, but good enantio-
selectivities were afforded only for some substrates. Wu and co-workers presented, in
2010, an enantioselective intramolecular Morita-Baylis—Hillman reaction with an amino
acid derived phosphino thiourea derivative with good yields (63-100%) and enantioselec-
tivities (45-84% ee and 5% ee in one case).'*! In 2005, Wang and co-workers used aliphatic
aldehydes and a bifunctional thiourea catalyst 130 and obtained good yields (55-84%) and
enantioselectivities of 60-94% (Scheme 43).5' The best results are shown in Scheme 43 for
simple aliphatic (linear) aldehydes 129 [R'=Bu, (CH,),Me, (CH,)sMe, (CH,);Me, (CH,),Ph,
(Z)-CH,),CH=CHE(t] and for sterically demanding aldehydes 129 (R'=iPr, cyclopentyl,
Cy). In 2008, Shi and Liu used cyclohex-2-enone and aromatic aldehydes 132 to afford
the Morita-Baylis-Hillman adducts in good to excellent yields (50-99%) and with good
enantioselectivities of 62-88% (Scheme 44).'71 They utilized a bis(thiourea) derivative
133 in combination with 1,4-diazabicyclo[2.2.2]octane; the best results are presented in
Scheme 44.
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Scheme 43 Enantioselective Morita-Baylis-Hillman Reaction of Cyclohex-2-enone and
Aliphatic Aldehydes Catalyzed by a Bifunctional Thiourea Catalyst(5]

10 mol% HeH
NMes
) 90
o 130
MeCN, 0 °C
.
129
R Temp (°C) Time (h) Yield (%) ee (%) Ref
Bu 0 48 84 81 )
(CH,),Me 0 60 75 g1 [
(CH,)Me 0 72 71 80 5
(CH)eMe 0 72 74 g2 15
(CH,),Ph 0 48 80 83 151
(2)-(CH,),CH=CHEt 0 72 82 g1 [
iPr 0 72 63 94 511
cyclopentyl 0 96 71 90 IE
Cy 0 120 67 92 1511
iBu 0 72 72 80 1511

131

for references see p 407
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Scheme 44 Morita—Baylis-Hillman Reaction of Cyclohex-2-enone and Aromatic Aldehydes
Catalyzed by a Bis(thiourea) Derivative and 1,4-Diazabicyclo[2.2.2]octanel'%]

20 mol%

o O OH
o 20 mol% DABCO Ar
Tk, - O
132 134
Ar! Temp (°C) Time (h) Yield (%) ee (%) Ref
3-FCH, rt 72 79 gg o7l
3-CICH, rt 72 67 86  (97]
4-CICH, rt 72 90 g5 heml
4FCH, rt 72 88 84 [
3-pyridyl rt 72 99 83 =71
4BrCH, rt 72 95 83 [
3-BrCgH, rt 72 71 83 [
Ph rt 72 99 81 (7]
4-FtCH, rt 9% 67 g0 (9

2-(1-Hydroxyalkyl)cyclohex-2-enones 131; General Procedure Using Catalyst 130:5%

CAUTION: 2-Cyclohexen-1-one is toxic by inhalation and in contact with skin and harmful if
swallowed.

A reaction vial was charged with cyclohex-2-enone (36 pL, 0.374 mmol) in MeCN (1 mL)
and the bifunctional catalyst 130 (10 mg, 0.019 mmol) was added at 0 °C. After stirring of
the mixture for 10 min, the aldehyde 129 (0.187 mmol) was added and the mixture was
stirred for the above-mentioned time (Scheme 43) at 0°C. The solvent was evaporated
under reduced pressure and the crude product was purified by column chromatography
[silica gel (Merck 60), EtOAc/hexane 1:10 to 1:2 gradient]. The enantiomeric excess was de-
termined by HPLC analysis (Chiralpak AS-H or Chiralcel OD-H, hexane/(iPrOH 90:10).

2-[Aryl(hydroxy)methyl]cyclohex-2-enones 134; General Procedure Using Catalyst 133/
DABCO:1"7

CAUTION: 1,4-Diazabicyclo[2.2.2]octane (DABCO) is highly flammable and is irritating to the
eyes, respiratory system and skin. DABCO is harmful to aquatic organisms and may cause long-
term adverse effects in the aquatic environment.

A reaction vessel was charged with the aromatic aldehyde 132 (0.15mmol), DABCO
(0.03 mmol), and catalyst 133 (0.03 mmol) in anhyd toluene under an argon atmosphere.
Cyclohex-2-enone (0.45 mmol) was added and the mixture was stirred at rt for the above-
mentioned time (Scheme 44). The solvent was evaporated under reduced pressure and the
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crude product was purified by flash chromatography (silica gel, EtOAc/petroleum ether
1:4). The enantiomeric excess was determined by HPLC analysis (Daicel Chiralcel OJ-H or
OD-H, hexane/iPrOH).

2.2.4.7.2 Morita-Baylis-Hillman Reaction of Methyl Vinyl Ketone with Aldehydes

In 2008, Wu and co-workers developed a protocol to transform methyl vinyl ketone and
various aromatic aldehydes into allylic alcohols with a phosphino thiourea derivative, cat-
alyst 135. The yields vary from 15 to 91% but the enantioselectivities are good (87-94% ee)
(Scheme 45).19%1%9 In 2009, Wu and co-workers utilized a phosphino thiourea derivative
with a range of acrylates and aromatic aldehydes to afford products in yields of up to 96%
and with up to 83% ee.2%

Scheme 45 Enantioselective Morita-Baylis-Hillman Reaction of Methyl
Vinyl Ketone and Aromatic Aldehydes Catalyzed by a Phosphino Thiourea

Derivativel1%l
[ ] s
10 mol% . N /l"\ NHPh

PPh,

1 (& CHCl, 13°C y i CE)H
)‘m + H‘JJ\H )H(\R1
136
R Time (h) Yield (%) ee (%) Ref
4-0,NCHH, 15 75 94 sl
3-0,NCH, 20 71 94 D98
2-0,NCH, 45 91 92 Dol
4-FCCH, 60 65 92 [y
4-BrCH, 90 43 92 Dol
4-NCCgH, 30 63 90 (18]
Ph 180 48 90 [198]
4-CICH, 120 40 90 [
2-naphthyl 120 15 90 [os]
2,4C,CH, 60 61 89 Dol

Methyl a-Methylene-f-hydroxy Ketones 136; General Procedure:*!

CAUTION: Methyl vinyl ketone is highly flammable, causes burns, is very toxic by inhalation, in
contact with skin, and if swallowed, and may cause sensitization by skin contact. It is very toxic to
aquatic organisms and may cause long-term adverse effects in the aquatic environment.

A rteaction vessel was charged with catalyst 135 (12.6 mg. 0.03mmol), anhyd CHCI,
(1.0mlL), and methyl vinyl ketone (105mg, 1.5mmol). The mixture was stirred for
10 min at 13 °C. Then, the aldehyde [R'CHO; 0.3 mmol; liquid aldehydes were freshly dis-
tilled; solid aldehydes were recrystallized (EtOH)| was added and the mixture was stirred
for the above-mentioned time (Scheme 45) at 13 °C. After full completion, the solvent was
evaporated under reduced pressure. The crude product was purified by column chroma-
tography [silica gel (300-400 mesh), EtOAc/petroleum ether]. The enantiomeric excess
was determined by HPLC analysis (Chiralpak AS-H or AD-H, or Chiralcel OD-H; hexane/
iPrOH).

for references see p 407
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22473 Aza-Morita-Baylis-Hillman Reaction of Imines with
Acrylates or Methyl Vinyl Ketone

The groups of Jacobsen?% and Shil'#2202 synthesized efficient catalysts for the aza-Morita—
Baylis-Hillman (aza-MBH) reaction.?*® Jacobsen and Raheem used thiourea catalyst 87 in
combination with 1,4-diazabicyclo[2.2.2]octane to produce products 138 from N-(4-nitro-
phenylsulfonyl)imines (N-nosylimines) 137 and methyl acrylate with good enantioselec-
tivities (87-99%) and in marginal yields (25-49%) (Scheme 46).2°! Jacobsen and Raheem
generated aza-Morita-Baylis-Hillman adducts from electron-donating, electron-with-
drawing, and heteroaromatic substrates. The Supporting Information to ref!®! also pro-
vides a list of the benzenesulfonamides and transformation products of the aza-Morita—
Baylis—Hillman imines. Furthermore a mechanistic proposal was formulated.

Scheme 46 Enantioselective Aza-Morita-Baylis-Hillman Reaction of Methyl Acrylate and
N-(4-Nitrophenylsulfonyl)imines Catalyzed by a Chiral Thiourea at 4 °C(20]

N But S
e
N .
S Suy
H H
o]

10 mol% Ny
HO
Bu' Bu'
O‘\s”o 87
/©/ ]\ll W e DABCO (1 equiv), 3-A molecular sieves, xylenes, 4 °C
+
02N R
137
ONe
gl
i _COM
ON H1lj]/ &
138
R Time (h) Yield (%) ee (%) Ref
2-thienyl 36 30 Ll [201]
3-furyl 36 25 98 [201]
3-MeOCH, 24 42 96 [201]
Ph 36 49 95 [201]
3-CICH, 16 33 94 [0
3-Tol 24 40 93 [201]
3BrGH, 16 39 92 [0
1-naphthyl 24 27 91 [201]
4CICH, 24 36 87 ko

The protocol of Shi and Shi requires the addition of benzoic acid to the bifunctional thio-
urea phosphine catalyst 140 to perform the aza-Morita-Baylis-Hillman reaction of a
range of N-alkylidenebenzenesulfonamide derivatives 139 and methyl vinyl ketone
(Scheme 47). Various aromatic imines and cinnamoyl imine give moderate to excellent
results (67-97% ee, 61-98% yield). The enantiopurity of the products 141 is independent
of the reaction time; no racemization of the product or autocatalysis is observed. The use
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22473 Aza-Morita-Baylis-Hillman Reaction of Imines with
Acrylates or Methyl Vinyl Ketone

The groups of Jacobsen?% and Shil'#2202 synthesized efficient catalysts for the aza-Morita—
Baylis-Hillman (aza-MBH) reaction.?*® Jacobsen and Raheem used thiourea catalyst 87 in
combination with 1,4-diazabicyclo[2.2.2]octane to produce products 138 from N-(4-nitro-
phenylsulfonyl)imines (N-nosylimines) 137 and methyl acrylate with good enantioselec-
tivities (87-99%) and in marginal yields (25-49%) (Scheme 46).2°! Jacobsen and Raheem
generated aza-Morita-Baylis-Hillman adducts from electron-donating, electron-with-
drawing, and heteroaromatic substrates. The Supporting Information to ref!®! also pro-
vides a list of the benzenesulfonamides and transformation products of the aza-Morita—
Baylis—Hillman imines. Furthermore a mechanistic proposal was formulated.

Scheme 46 Enantioselective Aza-Morita-Baylis-Hillman Reaction of Methyl Acrylate and
N-(4-Nitrophenylsulfonyl)imines Catalyzed by a Chiral Thiourea at 4 °C(20]

N But S
e
N .
S Suy
H H
o]

10 mol% Ny
HO
Bu' Bu'
O‘\s”o 87
/©/ ]\ll W e DABCO (1 equiv), 3-A molecular sieves, xylenes, 4 °C
+
02N R
137
ONe
gl
i _COM
ON H1lj]/ &
138
R Time (h) Yield (%) ee (%) Ref
2-thienyl 36 30 Ll [201]
3-furyl 36 25 98 [201]
3-MeOCH, 24 42 96 [201]
Ph 36 49 95  [on
3-CICH, 16 33 94 [0
3-Tol 24 40 93 [201]
3BrGH, 16 39 92 [0
1-naphthyl 24 27 91 [201]
4CICH, 24 36 87 ko

The protocol of Shi and Shi requires the addition of benzoic acid to the bifunctional thio-
urea phosphine catalyst 140 to perform the aza-Morita-Baylis-Hillman reaction of a
range of N-alkylidenebenzenesulfonamide derivatives 139 and methyl vinyl ketone
(Scheme 47). Various aromatic imines and cinnamoyl imine give moderate to excellent
results (67-97% ee, 61-98% yield). The enantiopurity of the products 141 is independent
of the reaction time; no racemization of the product or autocatalysis is observed. The use
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of propenal, ethyl vinyl ketone, and phenyl vinyl ketone results in lower enantioselectiv-
ities in comparison with the methyl vinyl ketone reactions (67-77% ee, 69-81% yield). A
mechanism was proposed based on *'P NMR spectroscopic investigations.

Scheme 47 Enantioselective Aza-Morita—Baylis—Hillman Reaction of Methyl
Vinyl Ketone and N-Tosyl Aldimines Catalyzed by a Chiral Thiourea Phosphine at

Room Temperaturel2°2]
L
NJLNHPh
H
‘ ‘ PPhy

10 mol%

Ts.. 0 140 NHTs O

j*i g HJ\ 5 mol% BzOH, GHoCly, 1t 8 o /\Iﬁk
R |

139 141

R Time (h) Yield (%) ee (%) Ref

3.CICH, 10 98 97 Lol

Ph 10 97 91 [202]

3FCH, 10 96 91 ko

4-Tol 10 98 90 [202]

4-CICH, 10 98 90 [0

4FCH, 10 94 90 Izl

4-BiCH, 10 97 g8 o2l

3-0,NCH, 5 95 gg  [201]

Methyl 2-Methylene-3<{4-nitrophenylsulfonamido)alkanoates 138; General Procedure:*"

CAUTION: 1,4-Diazabicyclo[2.2.2]octane (DABCO) is highly flammable and is irritating to the
eyes, respiratory system and skin. DABCO is harmful to aquatic organisms and may cause long-
term adverse effects in the aquatic environment.

CAUTION: Hydrogen chloride in dioxane is extremely flammable, causes severe burns, and may
build explosive peroxides.

An oven-dried 1.75-mL vial was charged with the N-(4-nitrophenylsulfonyl}protected
imine 137 (0.1mmol, 1 equiv), catalyst 87 (6mg, 0.01 mmol), DABCO (11.2mg,
0.1 mmol, 1 equiv), and activated 3-A molecular sieves (40 mg). The flask was evacuated
and purged with N, gas. Precooled anhyd xylenes (700 pl) and methyl acrylate (75 ulL,
0.8 mmol, 8 equiv) were added at 4°C via syringe and the mixture was stirred for the
above-mentioned time (Scheme 46). The mixture was diluted with anhyd MeOH (150 L)
and immediately afterwards with 4 M HCl in dioxane (60 pL). The crude adduct was puri-
fied by flash column chromatography [silica gel (EM Science 60, 230-400 mesh)| to afford
solid product 138. The enantiomeric excess was determined by HPLC [Chiralpak AS,
iPrOH/hexanes 2:3 or EtOH/hexanes 1:9 (only for R! = 2-thienyl)).

for references see p 407
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4-Methyl-N-(2-methylene-3-oxo-1-phenylbutyl)benzenesulfonamide (141, R' = Ph);
Typical Procedure:*"?

CAUTION: Methyl vinyl ketone is highly flammable, causes burns, is very toxic by inhalation, in
contact with skin, and if swallowed, and may cause sensitization by skin contact. It is very toxic to
aquatic organisms and may cause long-term adverse effects in the aquatic environment.

Under an argon atmosphere, a reaction vessel was charged with imine 139 (R'=Ph;
0.65mg, 0.25mmol), catalyst 140 (15mg, 0.025mmol), benzoic acid (0.15mg,
0.0125 mmol), and predistilled CH,Cl, (1.0 mL). To this soln, methyl vinyl ketone (42 pL,
0.5 mmol, 2 equiv) was added and the mixture was stirred at rt for 10 h. After completion
of the reaction, the solvent was evaporated under reduced pressure. The crude residue
was purified by column chromatography (silica gel, EtOAc/petroleum ether 1:5) to afford
the colorless solid product 141 (R!=Ph); yield: 80 mg (97%); 91% ee by chiral HPLC (AD col-
umn, hexane/iPrOH 80:20).

2.24.7.4 Aza-Morita-Baylis-Hillman-Type Reactions of N-Tosylimines with
Nitroalkenes

In 2009, Xu and co-workers published an aza-Morita-Baylis-Hillman-type reaction to pro-
duce p-nitro-y-enamines 144 from N-tosyl-protected aryl imines 142 and nitroalkene 143
through activation by a bifunctional amino thiourea catalyst 20.?°Y The suggested reac-
tion mechanism involves a Michael addition, aza-Henry addition, proton transfer, and
[-elimination. Good yields (80-95%), and high enantioselectivities (72-91% ee) and diaste-
reoselectivities (dr 35:65 to 1:99) are achieved; the best results are shown in Scheme 48.
Protic solvents lower the yields and enantioselectivities. Aryl imines with electron-rich
groups lead to higher enantioselectivities, as illustrated by the results for 144 (R'= 2-Tol,
3-Tol, 4-Tol, 4-MeOCH,, 2-furyl) in Scheme 48, whereas electron deficiency decreases the
enantiopurity of the obtained products. Only one aliphatic imine was used with good en-
antioselectivity and yield (84% ee and 87% yield).

Scheme 48 Diastereo- and Enantioselective Aza-Morita—Baylis—Hillman-Type Reaction
of N-Tosylimines and a Nitroalkene under Thiourea Organocatalysis at ~40 °Cl2%l

CF;
QL
20 mol% o HJ\HQ
NMe;
Ts. NO» 20 NO,
j\i . JL m-xylene, —40 °C _ =1 \l)\"/ Ph
R Ph NHTs
142 143 144
R Time (h) Yield (%) dr (anti/syn) ee (%) Ref
Ph 45 91 3:97 91 [204]
3-Tol 90 95 9:91 91 [204]
2-furyl 72 92 <1:99 90 [204]
2-Tol 65 90 7:93 89 1204]
4-MeOCgH, 90 91 5:95 88 [204]
4-Tol 50 84 13:.87 85 (204]

Pr 24 87 19:81 84 204]
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4-Methyl-N-2-nitro-3-phenylbut-3-enyl)benzenesulfonamides 144; General Procedure:**
An oven-dried reaction vial was charged with the N-tosylimine 142 (0.1 mmol), nitroal-
kene 143 (1 mmol, 10 equiv), and catalyst 20 (8.3 mg, 0.02 mmol); anhyd m-xylene
(1.0mL) was added under an argon atmosphere at —40°C and the resulting mixture was
stirred at —40 °C. The reaction times for the different substrates (based on TLC monitoring)
are given in Scheme 48. The mixture was purified by flash gel column chromatography
[silica gel (200-300 mesh), CHCl,/petroleum ether/EtOAc 150:100:10 to 150:100:30] to af-
ford a white solid. The enantiomeric excess was determined by chiral HPLC analysis (Chi-
ralcel OD-H or AD-H, iPrOH/hexane). The diastereomeric ratio was determined by 'H NMR
analysis.

2.2.4.8 Strecker Reaction

2.2.4.8.1 Strecker Reaction: Catalytic Addition of Hydrogen Cyanide or
Trimethylsilyl Cyanide to Aldimines

The Strecker reaction, first reported in 1850, describes the synthesis of c-amino acids
through the reaction of an imine with hydrogen cyanide in a C—C bond-forming pro-
cess.2%5-207] The first catalysts of the Jacobsen group featured thiourea and urea functions
and a chiral cyclohexane-1,2-diamine moiety.?°® Enantiomeric excesses of >70% and
yields of 65-92% are attained using a resin-bound catalyst.[*®! A soluble thiourea catalyst
gives higher enantioselectivities (77-97% ee) and yields of 65-99%.2921% Both ald-
imines?'” and ketimines*!" give rise to excellent enantioselectivities. Various allylic and
benzylic aldimines can also be transformed into a-aminonitriles with 77-97% ee and in
65-99% vyield and various ketimines can be transformed into a-aminonitrile precursors
with up to 99.9% ee after recrystallization and in 45% to quantitative yield using the
urea-derived catalyst.[210.211]

The effect of the catalyst structure was also investigated by Jacobsen and co-workers
for the Strecker and Mannich reactions,>'? using as cyanide sources either hydrogen
cyanide or trimethylsilyl cyanide/methanol.*'® Carboxamide thiourea organocatalyst
146 proved to be robust, compatible with aqueous cyanide salts, and amenable to scale-
up.?? Amide thiourea derived catalyst 146 provides in the enantioselective hydrocyana-
tion at 1-mmol scale high enantioselectivities for alkyl and alkenyl imines (73-96% ee) and
very good yields of >97% (Scheme 49). At 25-100-mmol scale, enantioselectivities of 87—
90% are achieved. Using aryl and hetaryl imines 148, similarly high enantioselectivities of
88-99% and yields of 96-99% are achieved (Scheme 50).

for references see p 407
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Scheme 49 Enantioselective Hydrocyanation of Aliphatic Imines at -30 °C Using

a Hydrogen-Bond Catalyst(212]

CF3
2 mal% we 3
Ph YN \I]/\HJLH -
Ph e 146 Ph
)\ TMSCN (2 equiv), MeOH (2 equiv), toluene (0.2 M) )\
r\i Ph -30°C, 20 h _ HN Ph
R J R J\oN
145 147
R’ Yield® (%) ee’ (%) Ref
CMeEt, 99 96 (212]
1-methylcyclohexyl 99 95 2]
cyclohex-1-enyl 99 95 [212]
(E)-CH=CHPh 99 95 212
t-Bu 99 93 (2121
1-adamantyl 99 93 [212]
(E)-CMe=CHEt 98 91 (212)
CMe,Ph 97 85 [212]
Oy 99 74 2
(E)-CH=CHPr 97 73 @2

o

Yield of isolated product of 1-mmol scale
reaction. Scale-up reaction (25-100-mmol
scale, 87-90% ee) was also performed for
R'=CMeEt,, CHMeCy, and t-Bu under the
following conditions: 146 (5 mol%), KCN,
AcOH, H,0, toluene, 0°C, 4-8 h.

b Determined by chiral HPLC for product of
1-mmol scale reaction.

Scheme 50 Enantioselective Hydrocyanation of Aromatic and Heteroaromatic

Imines at =30°C Using a Hydrogen-Bond Catalyst(*'?]
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N Ph -30°C, 20 h
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Ar! Yield (%) ee (%) Ref
3-furyl 98 97 (2121
2-BrCH,  96° 97 212
4-F,CCH, 98 96 (212
2-thienyl 97? 95 [212]
2-furyl 99 93 212

4-NCCH, ~ 96*° 93 (212

2 Reaction run at 0°C.
b Reaction run with 10 mol% cata-
lyst 146.

In the same year (2009), mechanistic insights through DFT computations and experi-
ments showed that the (thiojurea-derived catalyst promotes imine protonation by hydro-
gen cyanide and the formation of a catalyst-bound iminium/cyanide ion pair. The subse-
quent collapse of the ion pair and C—C bond formation furnishes the o-aminoni-
trile.?*2%1 In 2007, Deslongchamps and co-workers also computationally investigated
this process./?'°l

Itoh and co-workers presented a synthesis of (RH+)-6,7-dimethoxy-1,2,3,4-tetrahydro-
isoquinoline-1-carbonitrile, using a Jacobsen catalyst®'”) for cyanation of a dihydroiso-
quinoline derivative with trimethylsilyl cyanide with 95% ee and in 86% yield.?'® In
2007, Kunz and co-workers reported the hydrocyanation of various aldimines with a glu-
cosamine urea derived catalyst with 47-86% ee (0% ee for one example) and in 60-98%
yield.?*?! A pyridyl thiourea derivative?>! and an imidazole-based thiourea catalyst!?*!
can also be utilized in the Strecker reaction, but with low enantioselectivities.

o-[(Diphenylmethyl)amino]nitriles 147 and 149; General Procedure at 1-mmol Scale:*'?!

CAUTION: Trimethylsilyl cyanide is highly flammable, can liberate with water toxic HCN, and is
very toxic by inhalation, in contact with skin, and if swallowed. During the reaction, protic meth-
anol liberates HCN; working in a well-ventilated fume hood is mandatory. Waste aqueous solu-
tion should be kept at alkaline pH and stored in the fume hood.

| CAUTION: Hydrogen cyanide can be absorbed through the skin and is extremely toxic.

In a flame-dried 25-mL round-bottomed flask equipped with a stirrer bar, imine 145 or
148 (1.0mmol, 1.0 equiv) and catalyst 146 (11.6 mg, 0.02 mmol, 0.02 equiv) were added,
and the flask was flushed with N, and capped with a rubber septum. Via syringe under
positive N, pressure, anhyd toluene (3.75 mL) was added. The mixture was stirred at rt
until a homogeneous soln was formed. The flask was cooled in a dry icefacetone bath
(-78°C) for 10 min. In an additional flame-dried 10-mL round-bottomed flask equipped
with a stirrer bar, a HCN stock soln was prepared. The flask was capped with a rubber sep-
tum. Via syringe, anhyd toluene (1.25 mL) was added under a positive N, pressure. The
soln was cooled with an ice-water bath for 10 min and predistilled TMSCN (0.27 mlL,
2.0mmol, 2 equiv) was added via syringe under positive N, pressure. MeOH (0.075 mL,
1.9 mmol, 1.9 equiv) was then added over 90 s. After stirring of the stock soln for 30 min
at 0°C, it was added via syringe to the stirred mixture within 2 min. The flask was sealed
with Parafilm, placed in either a freezer (-30°C) or a refrigerator (0°C) (see Schemes 49
and 50), and left there for 20 h. The mixture was then transferred into a well-ventilated
fume hood and the solvent was removed under reduced pressure (1 Torr). The crude resi-
due was purified by flash column chromatography |[silica gel (EM Science 60, 230-400
mesh), Et,0/hexanes]. The enantiomeric excess of the a-aminonitrile was determined by
chiral HPLC [AS-H, OD-H, (5.5)-Whelk, or AD-H; iPrOH/hexanes]. Before determination of

for references see p 407
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the enantiomeric excess, the solid a-aminonitriles had to be carefully homogenized to
avoid inaccurate enantiomeric excess determinations due to crystallization of the prod-
uct.

(R)-2-[(Diphenylmethyl)amino]-3,3-dimethylbutanenitrile (147, R' =1-Bu); Scale-Up Proce-
dure:?12

l CAUTION: Cyanide salts can be absorbed through the skin and are extremely toxic.

The reaction was performed in a well-ventilated fume hood. In a 250-mL round-bottomed
flask equipped with a stirrer bar (length 4 cm), KCN (5.21 g, 80 mmol, 2.0 equiv) and anhyd
toluene (76 mL) were added. The flask was capped with a rubber septum under a positive
N, pressure. The mixture was cooled to 0°C for 10 min. Sequentially, AcOH (2.75 mL,
48 mmol, 1.2 equiv) and H,0 (2.88 mL, 160 mmol, 4.0 equiv) were added via syringe. The
N, inlet was removed and the resulting white heterogeneous mixture was stirred at 0 °C.
After the cyanide-containing soln had been stirred for 5 min, the upper layer became
clear; the lower aqueous soln contained a white precipitate. The mixture was stirred for
an additional 20 min and the flask was connected again to the N, gas inlet. A stock soln of
N-(2,2-dimethylpropylidene)-1,1-diphenylmethanamine (145, R!'={-Bu; 9.79-9.93¢g,
40 mmol) and catalyst 146 (116 mg, 0.20 mmol, 0.0050 equiv) in anhyd toluene (24 mL)
was prepared. The stock soln was added via syringe within 1 min to the mixture in por-
tions (10 mL). The stock-soln flask was rinsed with anhyd toluene (2 x 3 mL) and the wash-
ings were added to the mixture. After removal of the N,, the mixture was stirred for4h at
0°C. The reaction could be monitored by '"H NMR (method shown in Supplementary Infor-
mation of the publication). The mixture was allowed to warm to rt and stirred for 5 min.
The septum was removed and 0.2 g-mL™ aq K,CO, (50 mL) was added. The mixture was
transferred to a 250-mL separatory funnel, the flask was rinsed with Et,O (3 x5 mlL), and
the rinsings were added to the separatory funnel. The phases were mixed and then sep-
arated. The organic layer was treated with further K,CO, soln (50 mL) and brine (50 mL).
The colorless and clear organic phase was dried (Na,SO,) and then decanted into a 500-mL
round-bottomed flask. The drying salt was rinsed with Et,O (3 x5 mL) and the soln was
concentrated to 100 mL using a rotary evaporator. Then, a stirrer bar (length 2 cm) was
added and the flask was placed in a water bath at 25 °C. Most of the solvent was removed
under reduced pressure in a cooled bath (dry icefacetone, =78 °C) until a volume of 15 mL
remained. A sample was taken for HPLC analysis (Chiralpak AS-H, iPrOH/hexanes 5:95);
87-88% ee. The soln was transferred into a 100-mL round-bottomed flask, the other flask
was rinsed with CH,Cl, (3 x4 mL), and the solvent was removed under reduced pressure
(ca. 30 to 1 Torr) to give a viscous oil (12 g) containing the product and toluene residue,
which was used in the next step without purification.

(R)-2-[(Diphenylmethyl)amino]-2-1-methylcyclohexyl)acetonitrile (147, R' =1-Methylcy-
clohexyl); Scale-Up Procedure:*%l

| CAUTION: Cyanide salts can be absorbed through the skin and are extremely toxic.

The reaction was performed in a well-ventilated fume hood. In a 250-ml. round-bottomed
flask equipped with a stirrer bar (length 4 cm), KCN (3.26 g, 50 mmol, 2.0 equiv) and anhyd
toluene (48 mL) were added. The flask was capped with a rubber septum under a positive
N, pressure. The mixture was cooled to 0°C for 10 min. Sequentially, AcOH (1.72 mL,
30 mmol, 1.2 equiv) and H,0 (1.80 mL, 100 mmol, 4.0 equiv) were added via syringe. The
N, inlet was removed and the resulting heterogeneous mixture was stirred at 0 °C. After
the cyanide-containing soln had been stirred for 5 min, the upper layer became clear; the
lower aqueous soln contained a white precipitate. The mixture was stirred for an addition-
al 20 min and the flask was connected again to the N, gas inlet. A stock soln of
(E)-N-{(1-methylcyclohexyl)methylene]-1,1-diphenylmethanamine (145, R!'=1-methylcy-



81

2.2.4 Hydrogen-Bonding Catalysts: (Thio)urea Catalysis 357

clohexyl; 7.29 g, 25 mmol, 1.0 equiv) and catalyst 146 (73 mg, 0.125 mmol, 0.0050 equiv)
in anhyd toluene (15 mL) was prepared. The stock soln was added via syringe within 1 min
to the mixture. The stock-soln flask was rinsed with anhyd toluene (2x2mlL) and the
washings were added to the mixture. After removal of the N, inlet, the mixture was stirred
for 4.5 h at 0°C. The mixture was allowed to warm to rt and stirred for 5 min. The septum
was removed and 0.2 g-mL™ aq K,CO, (50 mL) was added. The mixture was transferred to a
250-mL separatory funnel, the flask was rinsed with Et,0 (3 x 5mL), and the rinsings were
added to the separatory funnel. The phases were mixed and then separated. The organic
layer was treated with further K,CO; soln (50 mL) and brine (50 mL). The colorless and
clear organic phase was dried (Na,SO,) and then decanted into a 500-mL round-bottomed
flask. The drying salt was rinsed with Et,0 (3 x5 mL) and the soln was concentrated to
70 mL using a rotary evaporator. Then, a stirrer bar (length 2cm) was added and the
flask was placed in a water bath at 25 °C. Most of the solvent was removed under reduced
pressure in a cooled bath (-78 °C) until a volume of 10 mL remained. A sample was taken
for HPLC analysis (AD-H column, iPrOH/hexanes 5:95); 89-90% ee. The soln was trans-
ferred into a 200-mL round-bottomed flask, the other flask was rinsed with CH,Cl, (3 x
4 ml), and the solvent was removed under reduced pressure (ca. 30 to 1 Torr). The residue
was additionally treated with CH,CI, (2 x 20 mL) and the solvent was again removed under
reduced pressure (ca. 30 to 1 Torr) to give a viscous oil (8.6-8.7 g) containing the product,
which was used in the next step without purification.

(R)-2-{(Diphenylmethyl)amino]-3-ethyl-3-methylpentanenitrile (147, R! =CMekEt,); Scale-
Up Procedure:?'2

| CAUTION: Cyanide salts can be absorbed through the skin and are extremely toxic.

The reaction was performed in a well-ventilated fume hood. In a 250-mL round-bottomed
flask equipped with a stirrer bar (length 4 cm), KCN (3.26 g, 50 mmol, 2.0 equiv) and anhyd
toluene (48 mL) were added. The flask was capped with a rubber septum under a positive
N, pressure. The mixture was cooled to 0°C for 10 min. Sequentially, AcOH (1.72 mL,
30 mmol, 1.2 equiv) and H,O (1.80 mL, 160 mmol, 4.0 equiv) were added via syringe. The
N, inlet was removed and the resulting heterogeneous white mixture was stirred at 0°C.
After the cyanide-containing soln had been stirred for 5min, the upper layer became
clear; the lower aqueous soln contained a white precipitate. The mixture was stirred for
an additional 20 min and the flask was connected again to the N, gas inlet. A stock soln of
(E)-N-(2-ethyl-2-methylbutylidene)-1,1-diphenylmethanamine (145, R!'=CMeEt,; 6.90g,
25 mmol, 1.0 equiv) and catalyst 146 (73 mg, 0.125 mmol, 0.0050 equiv) in anhyd toluene
(15mL) was prepared. The stock soln was added via syringe within 1 min. The stock-soln
flask was rinsed with anhyd toluene (2 x 2 mL) and the washings were added to the mix-
ture. After removal of the N,, the mixture was stirred for 6 h at 0 °C. The mixture was al-
lowed to warm to rt and stirred for 5min. The septum was removed and 0.2 g-mL™ aq
K,CO, (50 mL) was added. The mixture was transferred to a 250-mL separatory funnel,
the flask was rinsed with Et,O (3 x5 mlL), and the rinsings were added to the separatory
funnel. The phases were mixed and then separated. The organic layer was treated with
further K,COj; soln (50 mL) and brine (50 mL). The colorless and clear organic phase was
dried (Na,SO,) and then decanted into a 500-mL round-bottomed flask. The drying salt
was rinsed with Et,0 (3x5ml) and the soln was concentrated to 70 mL under reduced
pressure (ca. 30 Torr). Then, a stirrer bar (length 2 cm) was added and the flask was placed
in a water bath at 25°C. Most of the solvent was removed under reduced pressure in a
cooled bath (-78°C) until a volume of 10 mL remained. A sample was taken for HPLC anal-
ysis (AS-H column, iPrOH/hexanes 1:99); 88% ee. The soln was transferred into a 200-mL
round-bottomed flask, the other flask was rinsed with CH,Cl, (3 x4mL), and the solvent
was removed under reduced pressure (ca. 30 to 1 Torr). The residue was additionally treat-

for references see p 407
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ed with CH,Cl, (2 x 20 mL) and the solvent was again removed under reduced pressure (ca.
30 to 1 Torr). A colorless 0il [8.5 g, ca 90% (*H NMR purity)] containing the product was ob-
tained, which was used in the next step without purification.

22482 Strecker Reaction: Catalytic Addition of Hydrogen Cyanide or
Trimethylsilyl Cyanide to Ketimines

Various functionalized ketimines can be transformed into o-aminonitriles catalyzed by a
Schiff base urea derivative 151 and give after formylation, hydrolysis, and debenzylation
o-quaternary c-amino acids.?®2'!l The enantioselectivities increase when N-benzyl-pro-
tected imines 150 are used; N-allyl-protected imines are unstable. The c-aminonitriles
152 obtained after recrystallization from hexanes typically are of >99% ee with yields of
>75%. The influence of additional substituents at the N-benzyl-derived protecting group
on enantioselectivities is small, as apparent from the reactions of 150 (R'=Ph; R?=Br,
OMe, CF,, t-Bu), which give products 152 of 89-99.9% ee (Scheme 51). Electron-withdraw-
ing and electron-donating groups in the para-position of the ketimine result in products
of 88-99.9% ee in yields of 75-98%. A 3-bromophenyl-substituted N-benzyl ketimine gives
91% ee after hydrocyanation. The corresponding 2-bromophenyl and aliphatic ketimines
give lower enantioselectivity in the hydrocyanation (not shown).

Scheme 51 Addition of Hydrogen Cyanide to Ketimines Catalyzed by a Schiff Base Urea
Derivative at =75°C(2']

2 mol% N
HO
o]
Bu' OJLBU‘

151

N /\©\ TMSCN (1.25 equiv), MeOH (1.25 equiv), toluene, —75°C HN /\‘@\
H1 JJ\ R2 }\CN Hz
150

H1
152
R R Time (h) Yield (%) ee(%) Ref
4-0,NCH, H 80 79 9992 [11]
4-BrCgH, H 80 767 99.9° 211
4-F,CCH, H 65 75 9992 [11]
Ph Br 40 75° 99,92 [1]
Ph OMe 36 97 93 [2m]
Ph CF; 50 95 92 (21
4-Tol H 80 98 91 [21]
Ph H 24 97 90 [21]
Ph t-Bu 30 95 89 (211
4-MeOCH, H 60 98 88 [l

2 After recrystallization from hexanes.
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2-(Benzylamino)propanenitriles 152; General Procedure:*!!l

CAUTION: Trimethylsilyl cyanide is highly flammable, can liberate with water toxic HCN, and is
very toxic by inhalation, in contact with skin, and if swallowed. During the reaction, protic meth-
anol liberates HCN; working in a well ventilated fume hood is mandatory. Waste aqueous solution
should be kept at alkaline pH and stored in the fume hood.

In a 10-mL round-bottomed flask equipped with a stirrer bar, catalyst 151 (3.7 mg,
0.006 mmol, 0.02 equiv), anhyd toluene (2mlL), and the imine 150 (0.03 mmol) were
added. The mixture was cooled to -75°C. In a 2-mlL flask equipped with a stirrer bar
were mixed anhyd toluene (1 mlL) and distilled TMSCN (50 ul, 1.25 equiv). After cooling
of this stock soln to 5°C, anhyd MeOH (15 uL, 1.25 equiv) was added, and the resulting
mixture was stirred at 5°C for 2 h and then cooled to —78 °C. The stock soln was added
via syringe to the mixture with the imine. '"H NMR or HPLC analysis was used to monitor
the conversion; reaction times are given in Scheme 51. At >99% conversion, the solvent
was removed under reduced pressure. The crude residue was purified by flash column
chromatography (silica gel or neutral alumina, EtOAc/hexanes 1:4) or by recrystallization
(Scheme 51). The enantiomeric excess was determined by chiral HPLC analysis (Chiralcel
OD, iPrOH/hexanes or EtOH/hexanes).

2.2.4.83 Strecker Reaction: Acylcyanation of Imines

In 1956, the first reaction of acyl cyanides with imines was reported by Dornow and co-
workers.??22%l In order to avoid highly volatile and highly toxic hydrogen cyanide, List
and co-workers developed an achiral thiourea organocatalyzed reaction for the acylcyan-
ation of imines with acyl cyanide in 2006.%-2*4 In an asymmetric version, a-aminonitriles
155 are obtained in good yields and with good to excellent enantioselectivities (62-95%
yield; 89-98% ee).*Y Scheme 52 shows results for aromatic, aliphatic, and alkenic imines
153. Some substrates show a dependence on catalyst loading, as demonstrated by the ob-
servation that increasing the amount of catalyst from 1 to 5mol% increases the enantio-
selectivity. An asymmetric version of the addition reaction of hydrogen cyanide to imines
through a chiral Brensted acid catalyst was developed by the Jacobsen group.[208210-212.217]

for references see p 407
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Scheme 52 Acylcyanation of Imines Catalyzed by a Schiff Base Thiourea Catalyst at

-40°CBo]
Bu' S
Me;N \I]/\H JU v Q
1-5 mol% & Ny
5,
Bu' c;JL Bu! o
)Cj)\ . j‘i - toluene, ~40°C, 20-50 h = N )L N -Bn
oN T L NN
153 155

R 154 (mol%) Yield (%) ee (%) Ref

4-CICH, 1 87 9g o)

cyclohex-1-enyl 5 82 98 [30]

4-MeOCeH, 1 95 96 0]

Ph 1 94 96 30)

2-naphthyl 1 92 96 30]

t-Bu 5 62 96 130]

iPr 5 87 95 130]

(F)-CH=CHPh 1 83 94  Bo

Bu 5 76 94 [30]

Gy 1 88 92  Bol

2-[Acetyl(benzyl)Jamino]alkanenitriles 155; General Procedure:*

CAUTION: Acetyl cyanide is highly flammable, toxic by inhalation or if swallowed, and irritating
to respiratory system and skin. It is toxic to aquatic organisms and may cause long-term adverse
effects in the aquatic environment.

A dried Schlenk tube was charged with the imine 153 (0.5 mmol), catalyst 154 (1-5 mol%;
see Scheme 52), and anhyd toluene (1 mL). Then, the mixture was cooled to —40°C under a
positive argon stream and stirred for 10 min. Acetyl cyanide (50 pL, 1.5 equiv) was added to
the mixture, which was then stirred for an additional 20-50 h at —40°C. The mixture was
purified directly by flash chromatography [silica gel (Merck 60, 0.040-0.063 mm), EtOAc/
hexanes|. The enantiomeric excess was determined by chiral HPLC analysis (ChiralPak AS-
H or OJ-H, iPrOH/heptane).

2.2.4.8.4 Acyl-Strecker Reaction in One Pot

In 2007, List and co-workers reported an achiral three-component acyl-Strecker reaction
in one pot using acyl cyanides as cyanide source.*l An asymmetric one-pot a-aminonitrile
synthesis is catalyzed by a thiourea catalyst 154 (Scheme 53).%?% Using the more manage-
able acyl cyanide avoids the use of highly toxic and volatile hydrogen cyanide. Good enan-
tioselectivities (88-94% ee) and yields of 46-97% are afforded for aromatic and aliphatic
aldehydes 157 with benzylamine. Various benzylamine derivatives 156 (R?=aryl) react
with benzaldehyde in high yields of 92-95% and with good enantioselectivity (up to 94%
ee). Allylic, aliphatic, and 2-furfuryl amines give enantioselectivities of <88%. To afford the
a-amino acids, the nitriles 158 have to be hydrolyzed.
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Scheme 53 Asymmetric Three-Component Acyl-Strecker Reaction Catalyzed by Jacobsen’s

Schiff Base Thiourea Catalyst at -40°C[225]
¥ 1O
MesN = K
T

Na
5 mol% HO
0]
But OJLBU'

o} 0 154
CH_Cly, 5-A molecular sieves, —40 °C, 36 h
J
)'I\CN + R'NH2 + R2JLH
156 157
0
)]\ _R!
N
R27 T CN
158
R R? Yield (%) ee (%) Ref
Bn Ph 94 94 [225]
4-MeOCH,CH;,  Ph 95 94 [225]
4-CICgH,CH, Ph 93 94 [225]
Bn 2-naphthyl 92 94 2281

A\

I l Ph 92 94 [22]

Bn CH,t-Bu 97 92 (5]
Bn iPr 92 92 [
Bn 4-MeOC,H, 88 92 [
Bn (E)-CH=CHPh 82 92 )
Bn 4-CICH, 78 92 (5]

# With 10 mol% of catalyst 154.

2-(Acetylamino)alkanenitriles 158; General Procedure:*?!

CAUTION: Acetyl cyanide is highly flammable, toxic by inhalation or if swallowed, and irritating
to respiratory system and skin. It is toxic to aquatic organisms and may cause long-term adverse
effects in the aquatic environment.

A dried Schlenk tube was charged with the aldehyde 157 (0.5 mmol), the amine 156
(0.5mmol), and 5-A molecular sieves (150 mg). Anhyd CH,Cl, (2 mL) was added and the
mixture was stirred at rt for 2 h. After addition of the catalyst 154 (5 mol%), the mixture
was cooled the —40°C and stirred for 10 min. Acetyl cyanide (0.75 mmol, 1.5 equiv) was
added to the mixture, which was then stirred at —40 °C for a further 36-50 h. The mixture
was purified directly by flash chromatography |[silica gel (Merck 60, 0.040-0.063 mm),
EtOAc/hexane]. The enantiomeric excess was determined by chiral HPLC analysis (Chiral-
Pak AS-H or OJ-H, iPrOH/heptane).

for references see p 407
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2.24.9 Cyanosilylation

In 2003, Takemoto and co-workers developed a nonstereoselective nucleophilic addition
reaction of trimethylsilyl cyanide and ketene silyl acetals to nitrones and aldehydes cata-
lyzed by achiral N,N"-bis[3,5-bis(trifluoromethyl)phenyl|thiourea (1).2* In 2005, Fuerst and
Jacobsen developed a method for the asymmetric cyanosilylation of ketones.2 Enantio-
meric excesses in the range of 86-98% and yields of 81-98% are achieved. The 10 examples
with the best enantiomeric excesses achieved are shown in Scheme 54. A mechanistic
study regarding this reaction was published in 2007.%2” In 2006, Gennari, Piarulli, and
co-workers developed a method for the cyanosilylation of aldehydes catalyzed by a mix-
ture of atropisomeric thiourea derivatives.??® Moderate enantiomeric excesses of 45-69%
and yields from 30% to quantitative are obtained. Bernal, Ferndndez, and Lassaletta re-
ported an asymmetric cyanosilylation of nitroalkenes in 2010, with enantiomeric excess-
es in the range 60-86% and yields from 19 to 98%.1%°

Scheme 54 Enantioselective Cyanosilylation of Ketones with Trimethylsily!
Cyanide Using a Chiral Thiourea Organocatalyst(?2°]

Bu' S
5 mol% MeHN\n/'\NJLN.-
H H
0

NPro
160
o TMSCN (2.2 equiv), GFaCH,OH (1 equiv)
CH,Cly, -78 °C TMSOXCN
=Y R2 o R R2
159 161
R RZ  Time (h) Yield (%) ee (%) Ref
2-Tol Me 36° 96 98 [22e]
2-thienyl Me 48P 88 98 [226]
2-naphthyl Me 12 98 97 [226]
3-MeOGH, Me 12° 97 97 [
Ph Me 24 96 97 [226]
CBr=CH(CH,); 12 95 97  126]
s A\
¢ I Me 48 87 97 2]
N
2-furyl Me 48° 81 97 [226]
4-Tol Me 36 97 96 [226]
(E)-CH=CHPh Me 12 94 96  [26]

3 Carried out on 10-mmol scale; other reactions were
carried out on a 1-mmol scale.

® 10 mol% of catalyst was used.

¢ Carried out with 2.7 equiv of TMSCN and 1.5 equiv of
2,2,2-trifluoroethanol.
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2-Phenyl-2-(trimethylsiloxy)propanenitrile (161, R!=Ph; R% = Me); Typical Procedure:**9

CAUTION: Trimethylsilyl cyanide is highly flammable, can liberate with water highly toxic HCN,
and is very toxic by inhalation, in contact with skin, and if swallowed.

In a flame-dried 5-mL round-bottomed flask sealed with a rubber septum and equipped
with a magnetic stirrer bar, a soln of catalyst 160 (0.0192 g, 0.05 mmol, 5 mol%), acetophe-
none (159, R'=Ph; R*’=Me; 0.117mL, 1.00mmol), and distilled TMSCN (0.294 mL,
2.20 mmol, 2.2 equiv) in anhyd CH,CI, (2.0 mL) was prepared. The septum was sealed
with Parafilm M, and the soln was cooled to =78 °C in an immersion Cryocool. After stir-
ring for 15 min, 2,2,2-trifluoroethanol (0.073 mL, 1.00 mmol) was added with a syringe to
the mixture. After 24 h of stirring at =78 °C, the mixture was put under high vacuum for
5 min at this temperature for removal of excess HCN. The entire mixture was warmed to
rt, and purified by column chromatography (silica gel, hexanes/EtOAc 20:1) to give the
product as a clear, colorless oil; yield: 210 mg (96%); 97% ee by chiral GC [y-TA, 100°C iso-
thermal, 48.3 kPa, tz(minor)=14.70 min, {z(major)=15.31 min|.

2.2.4.10 Hydrophosphonylation
2.2.4.10.1 Hydrophosphonylation of Imines

In 2004, Joly and Jacobsen developed an asymmetric method for the hydrophosphonyla-
tion of imines with bis(2-nitrobenzyl) phosphite (162) catalyzed by thiourea derivative
154.239 More-electron-deficient phosphites such as bis(2,2,2-trifluoroethyl) phosphite
lead to configurationally unstable products.?*" The reaction affords the hydrophosphon-
ylated products with 81-99% ee in yields of 52-93%. Aliphatic imines react faster with
phosphite 162 than do aromatic ones; the temperature has to be increased to room tem-
perature for reaction of aromatic imines in some cases. The best results are shown in
Scheme 55.

for references see p 407
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Scheme 55 Enantioselective Hydrophosphonylation of Imines with Bis(2-nitrobenzyl)
Phosphite Catalyzed by a Schiff Base Thiourea Derivative(230]

B S
MegNTI/\HJL -

]

10 mol% N
HO o
NO;
(0] Bu! OJI\BU‘
II:! _Bn 154
07 ~H N Et,0
o] + JJ >

I=

162 163
NO,
0}
Il ;
@AOWP‘YH
o =
NHBn
NO,
164
R Temp (°C) Time (h) Yield (%) ee (%) Ref
4-CICH, 4 72 87 99 [0
4-FCH, 4 72 89 98 [230)
Ph 4 72 87 98 [230]
2-naphthyl 4 72 86 98 125¢
3-CICH, 23 48 83 98 [0
CHEt, 4 24 90 96 [230]
4MeOCH, 4 48 90 96 [0
4-MeO,CCH, 23 48 78 96 [0
3-pyridyl 23 48 77 96 [230]

Bis(2-nitrobenzyl) (Benzylamino)(phenyl)methylphosphonate (164, R' = Ph);

Typical Procedure:2*

In an oven-dried 4-ml vial, phosphite 162 (0.177 g, 0.501 mmol, 1.0 equiv), catalyst 154
(0.0288 ¢, 0.0501 mmol, 10 mol%), and Et,0 (1.2mL) were mixed. The vial was sealed
with a plastic cap and cooled under stirring to 0°C (ice—~water bath). Imine 163 (R!=Ph;
0.0979 g, 0.501 mmol, 1.0 equiv) was added to this suspension (phosphite 162 is sparingly
soluble). The mixture was warmed to 4 °C. After 72 h, a mixture of 1 M aq HCl (0.5 mL) and
THF (0.5 mL) was added. This mixture was stirred at 4 °C for 1h, and then partitioned be-
tween 1M aq HCl and CH,CI, (1:1; 40 mL). The layers were mixed well and separated. The
aqueous layer was extracted with CH,Cl, (5mL). The combined organic layers were
washed with sat. ag Na,CO; (20mL). The Na,CO; soln was extracted with CH,Cl, (2 x
5ml), and the combined organic extracts were dried (Na,S0,), filtered, and concentrated
under reduced pressure. The resulting residue was purified by flash chromatography (sili-
ca gel, hexanes/EtOAc 60:40) to provide the product 164 (R'=Ph) as a very pale yellow
solid; yield: 0.239 g (87%); 98% ee by chiral HPLC analysis [Pirkle 1-leucine, hexane(/iPrOH
95:5, 1.0 mL-min~?, A =208 nm, ty(major)=87.9 min, tz(minor)=100.1 min].
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2.2.4.10.2 Hydrophosphonylation of a-Keto Esters

In 2009, Feng and co-workers developed a method for the hydrophosphonylation of
a-keto esters 165 with dimethyl phosphite catalyzed by a thiourea derivative 166 bearing
a cinchona alkaloid moiety.l*! It was proposed that the keto ester is activated by double
hydrogen bonding through the thiourea group while the nitrogen atom of the cinchona
alkaloid has the potential to shift the phosphite-phosphonate equilibrium to the phos-
phite via hydrogen-bonding interactions.”*!l High yields of 85-94% and enantiomeric ex-
cesses in the range 88-91% are obtained (Scheme 56).

Scheme 56 Hydrophosphonylation of a-Keto Esters with Dimethyl Phosphite Catalyzed

by d C|nch0na Alka|0|d |h|0L| ed DE ivative |
/27
N

15 mol%

i = NH
N S)\NHPh o
? ) IIiI)—OMe THF,D°C,3640I1166 . HO \\\g(OMe}z
R'" “CO.Me H' ome R'” “COzMe
165 (2.0 equiv) 167
R Yield (%) ee (%) Ref
2-thienyl 91 91 [231]
4-MeOCH, 90 91 [
3-FCH, 94 90 [
3-Tol 92 90 [231]
Ph 92 90 (31
4-Tol 90 90 [231]
4FCH, 90 90 [
4-BrCH, 87 90 1
4accH, 85 90 [
2-naphthyl 86 83 (31

(+)-Methyl 2-{Dimethoxyphosphoryl)-2-hydroxy-2-phenylacetate (167, R! = Ph);
Typical Procedure:?*!

| CAUTION: Dimethyl phosphite is a suspected carcinogen.

Methyl 2-oxo-2-phenylacetate (165, R'=Ph; 15 uL, 0.1 mmol) was added to a soln of cata-
lyst 166 (6.5 mg, 0.015 mmol, 15 mol%) in anhyd THF (0.4 mL) under stirring at 0°C fol-
lowed by addition of dimethyl phosphite (19 uL, 0.2 mmol, 2.0 equiv). The mixture was
stirred for 36-40h at 0°C. Purification was accomplished by flash chromatography
(EtOAc/petroleum ether 1:1) affording the product as a pale yellow liquid; yield: 25.2 mg
(92%); 90% ee by chiral HPLC analysis [Chiralcel AD-H, hexane/iPrOH 95:5, 1.0 mL-min~?,
A=210nm, 23°C, fz(major) = 18.08 min, ty(minor)=20.22 min]|.

for references see p 407
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2.2.4.11 Friedel-Crafts Reaction

The Friedel-Crafts alkylation reaction of aromatic compounds with unsaturated com-
pounds can be used as a method to synthesize enantioenriched aromatic com-
pounds.?*223% In 2008, Connon and his group utilized a thiourea-based organocatalyst
for the addition 1,2-dimethylindoles to styrene oxide derivatives with very good yields
of isolated products, but no enantioselectivity.?*+2%! Additionally, they utilized a bis(thio-
urea) derivative catalyst in an addition reaction of nitroalkenes to 1-methylindoles with
low enantioselectivities (12-50% ee) and moderate to high yields of 54-98%.1%3¢ A planar-
chiral thiourea derivative employed by Paradies and co-workers also affords low enantio-
selectivities (<9% ee).”*” Nagasawa and Sohotome developed a protocol for a 1,4-type Frie-
del-Crafts reaction of nitroalkenes to phenols through a guanidine/bis(thiourea) organo-
catalyst.1?*® The yields of isolated products are good to excellent (77-99%) and the enantio-
selectivities are also good (82-93% ee), but the synthesis of the catalysts requires the addi-
tion of very toxic mercury(Il) chloride. In 2005, Ricci and co-workers first reported an
asymmetric Friedel-Crafts reaction with nitroalkenes and indoles.?*?3* The yields of
isolated products are marginal to good (37-88%), and the enantioselectivities are good
(71-89%), but the substrate scope is narrow.?*!

2.2.4.11.1 Friedel-Crafts Reaction of Indoles with Imines

A bifunctional cinchona alkaloid derived thiourea organocatalyst 28 (and the opposite di-
astereomer 68) was studied by the group of Deng in a Friedel-Crafts reaction of indoles
168 with imines 169 to synthesize indol-3-ylmethanamine derivatives 170 (Scheme
57).241 Presumably, the bifunctional catalyst simultaneously activates the indole and
imine through hydrogen bonding. Good enantioselectivities of 83-97% and yields of 53—
99% are achieved. The applicability of the catalyst is broad, because it transforms aromatic
as well as aliphatic imines with good enantioselectivities into indol-3-ylmethanamines.
Electron-withdrawing and electron-donating groups on the indole have no influence on
the enantioselectivity, as illustrated by the examples with R!'=Br and OMe in Scheme
57. The enantioselectivity is likewise maintained when the protecting group of the
imine changes from N-tosyl to N-phenylsulfonyl. N-tert-Butoxycarbonyl-protected imines,
however, only give racemic products. Combining an electron-deficient indole with an
electron-rich imine does not give as good results as do the other reactions. Aryl imines
with various electron-withdrawing and electron-donating groups also show high enantio-
selectivities. A similarly good enantioselectivity is achieved with the diastereomeric cata-
lyst 68. 1-Methylindole shows no reactivity. A protocol for the deprotection of the prod-
ucts is also mentioned. In 2008, He and co-workers first reported a thiourea-derived cin-
chona catalyst on mesoporous silica as a recyclable heterogeneous catalyst for the Frie-
del-Crafts reaction.?*!-2#2] This heterogeneous catalyst gives good enantioselectivities
(90-99% ee), but lower yields of 30-80%.24°
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Scheme 57 Enantioselective Friedel-Crafts Reaction of Indoles with Protected Imines
Using Bifunctional Thiourea Catalysts[24°]

OMe % CFs
FsC

S
=
= NH
I N™ "NH
N H
= S)\NH i s N
je! g
FsC CF3 OMe
28 68
R®HN
HE
N R? 10 mol% organocatalyst
/@\/\> JL EtOAc, 8-72 h, 50°C A
" >
=Y N RZ" "H R N
H H
168 169 170
R" R? R3 Organocatalyst Time (h) Yield (%) ee (%) Ref
H 2-furyl Ts 28 12 88 96 [240]
Br Ph SO,Ph 28 60 86 95 [240]
H 4-CICH, Ts 28 28 98 94 [240]
H Ph Ts 28 60 96 94 [240]
H Cy {5 28 48 86 94 [240]
H Ph SO,Ph 28 36 87 94 [240]
OMe Ph SO,Ph 28 36 89 92 [240]
H 4-Tol SO,Ph 68 46 96 94 [240]
H 4FCCH, Ts 68 8 97 97 B4
H iBu Ts 68 12 85 96 [240]

1-(1H-Indol-3-yl)methanamines 170; General Procedure:?*!

CAUTION: 1H-Indole is harmful in contact with skin and if swallowed, irritating to respiratory
system and skin, and risk of serious damage to eyes. 1H-Indole is very toxic to aquatic organisms,
may cause long-term adverse effects in the aquatic environment.

A reaction vessel was charged with the N-protected imine 169 (0.3 mmol), catalyst 28 or
68 (10 mol%), and EtOAc (0.15 mL). In one portion, the indole 168 (0.6 mmol) was added.
The mixture was heated to 50°C for 8-72 h (Scheme 57). Then, the mixture was directly
purified by flash chromatography (silica gel, hexanes/EtOAc) to afford the product. The
enantiomeric excess was determined by chiral HPLC analysis (Daicel Chiralcel OD, hex-
anes/iPrOH 60:40).

2.2.4.11.2 Friedel-Crafts Reaction of Naphthols with Nitroalkenes

In 2007, Chen and co-workers developed a protocol for the Friedel-Crafts reaction of 1-
and 2-naphthols with nitroalkenes utilizing a bifunctional thiourea amine derivative cat-
alyst 6.%*¥ The isolated yields range from 69 to 83% and the enantiomeric excess values
from 85 to 95%. The enantioselectivities are excellent for nitroalkenes 172 with elec-

for references see p 407
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tron-withdrawing groups (Scheme 58), even in combination with electron-rich and elec-
tron-poor naphthols 171 (i.e., R'=0Me or R?=Br). Even hetaryl nitroalkenes 172 (R®*=
2-thienyl, 2-furyl) provide good enantiomeric excess values. An interesting finding is the
isolation of a byproduct through dimerization of product to N-(1,2-dihydronaphthol2,1-
bJfuran-2-yl)hydroxylamine derivatives. Longer reaction times of 144 hours promote this
reaction. The enantioselectivities are 99.5% and the yields 52-67%.

Scheme 58 Enantioselective Friedel-Crafts Reaction of Naphthol Derivatives with Nitroal-
kenes Using a Bifunctional Thiourea Tertiary Amine Catalyst(#4l

N
ﬁ
HN = I
10 mol%
N
HNAS =
F30/©\CF3

6

R! OH ) o
NO toluene, 4-A molecular sieves, -50 °C, 96 h
* H3/\/ 2 >
H2

171 172
R®,
. NO,
R1 l l OH
H2
173
Rl R2 R Yield (%) ee (%) Ref
OMe H 4-CICH, 83 95 (24
H H 4dCH, 82 94 124
H H 2-thienyl 79 94 [244]
H H Pr 69 94 [244]
H H Ph 80 93 [244]
OMe H Ph 81 91 [zl
H H 3-Tol 72 91 [244]
H H  2-furyl 77 90 [244]
H Br 4CCH, 77 90 124
H Br  Ph 72 90 250

1-(2-Nitroethyl)-2-naphthols 173; General Procedure:?*!

CAUTION: 2-Naphthol is classified as harmful by inhalation and if swallowed and very toxic to
aquatic organisms.

A reaction vessel was charged with catalyst 6 (5.6 mg, 0.01 mmol, 10 mol%), the naphthol
derivative 171 (0.1 mmol), 4-A molecular sieves (20 mg), and anhyd toluene (0.8 mL). The
mixture was cooled to -50°C under an argon atmosphere. The nitroalkene 172
(0.15 mmol) in anhyd toluene (0.8 mL) was added and the mixture was stirred for 96 h at
—-50°C under an argon atmosphere. The mixture was saturated with cold petroleum ether
to remove the starting material. The purification of product was performed by flash chro-
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matography [silica gel (200-300 mesh), EtOAc/petroleum ether|. The enantiomeric excess
was determined by chiral HPLC analysis (Chiralpak AS or OD, hexane/iPrOH 90:10 or 98:2).

2.2.4.11.3 Friedel-Crafts Reaction of Naphthols with p,y-Unsaturated «.-Keto Esters

Zhao, Yang, and co-workers developed a synthesis of naphthopyran derivatives 176 from
2-naphthol or its 6-bromo derivative 174 (R'=H, Br) and f,y-unsaturated o-keto esters
175P4 utilizing catalyst 20.24¢ In a one-pot reaction, the product naphthopyran is obtain-
ed in yields of 51-91% and with enantioselectivities of 57-90%. The ester alkyl group R3
controls the reactivity, but has minor influence on enantioselectivity. The best results
are obtained for substrates with electron-withdrawing groups in the 4- or 3-positions of
the aryl group of the a-keto ester, i.e. for 175 (R*=4-O,NC.H,, 4-BrC,H,, 4-CICH,,
3-CIC,H,), as shown in Scheme 59. In 2008, Zhao and Yang published a Friedel-Crafts re-
action of 2-naphthols and «,a-dicyanoalkenes with a bifunctional thiourea tertiary amine
catalyst 20, with enantiomeric excesses of the synthesized naphthopyrans in the range
56-99% and yields of 19-99%.1247)

Scheme 59 Asymmetric Friedel-Crafts Reaction of 2-Naphthols with B,y-Unsaturated
a-Keto Esters Using a Bifunctional Thiourea Tertiary Amine Catalyst at Room Temperature(24]

GCFy
QL
1.2{)mo|%':SC HJLHQ
NMes
20
OH o} CH,Cly, rt
R o
174 175
RT R? R3  Yield (%) ee (%) Ref
H 4-0,NCGH, Me 78 90 [246]
H 4-BrGH, Me 91 87 [246]
H 4-CICH, Me 89 87 [236]
H Ph Me 84 87 [246]
H  3-ClICH, Me 71 86 [246]
Br Ph Me 57 86 [248]

Alkyl 1H-Naphtho|2,1-b]pyran-3-carboxylates 176; General Procedure:?#!

CAUTION: 2-Naphthol is classified as harmful by inhalation and if swallowed and very toxic to
aquatic organisms.

Areaction vessel was charged with the naphthol derivative 174 (0.1 mmol), the [3,y-unsat-
urated a-keto ester 175 (0.1 mmol), thiourea organocatalyst 20 (0.02 mmol), and anhyd

for references see p 407
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CH,Cl, (1.0 mL). The mixture was stirred at rt for 6-48 h (monitoring by TLC). A drop of
concd (98%) H,SO, was added and the mixture was stirred for an additional 30 min at rt.
The mixture was purified by flash chromatography (silica gel) to obtain the product as a
white solid. The enantiomeric excess was determined by chiral HPLC analysis (Chiralcel
OD-H, hexane/iPrOH 9:1).

224114 Friedel-Crafts Reactions of Sesamol with Nitrostyrenes

In 2010, Zhang and co-workers published a method for the enantioselective Friedel-Crafts
reaction of electronrich sesamol and 2-substituted sesamols (4-substituted 1,3-benzodi-
oxol-5-0ls) 177 with 1-aryl-2-nitroethenes using a thiourea tertiary amine catalyst 6;
good yields (75-97%) and enantioselectivities (59-90% ee) are attained./**3I The best results
are obtained when the 1-aryl-2-nitroethenes bear substituents in the meta- or para-posi-
tions. Lower enantioselectivities result with substituents in the ortho-position (not
shown). The best results are shown in Scheme 60.

Scheme 60 Friedel-Crafts Alkylation of Sesamol Derivatives with 1-Aryl-2-nitroethenes

Using a Chiral Thiourea Catalyst!24]
ﬁr
=

HN = i
5 mol%
N
HNAS

R F30/©CF

3

o OH 6
< /\/NOE mesitylene, —40 °C, 96 h
+ R2 -
o

177 178
H1
0 OH
0 NO,
R2
179
R' R? Yield (%) ee® (%) Ref
| Ph 88 90 [248]
H 4—C|C5H4 96 88 [248]
H 4-BrCH, 96 86 [248]
H 3-BrCgH, 87 86 [348]
H 4-MeOGH, 97 85 [248]
3-FCgH, 75 85 [248]

® The absolute configuration was not
determined.

6-2-Nitroethyl)-1,3-benzodioxol-5-ols 179; General Procedure:**!
A 10-mL reaction tube was charged with catalyst 6 (5.6 mg, 0.01 mmol, 5mol%), the 1,3-
benzodioxol-5-01 177 (0.2mol), and the nitroalkene 178 (0.3 mmol). The mixture was
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cooled to —40°C under an argon atmosphere and anhyd mesitylene (4 mL) was added.
After 96 h, the mixture was purified by flash chromatography [silica gel (type HG/T2345-
92)] and a colorless o0il was isolated. The enantiomeric excess was determined by chiral
HPLC analysis (Daicel Chiralpak AD-H, hexane/EtOH 70:30; or Daicel Chiralpak OD-H, hex-
ane/iPrOH 80:20 or hexane/EtOH 70:30).

224115 Friedel-Crafts Reaction of Indoles with Acylphosphonates

Jorgensen and co-workers published in 2010 the Friedel-Crafts alkylation of indoles with
acylphosphonates as ester amide surrogates.?*’ Thiourea organocatalyst 182, containing
a free hydroxy group, is suggested to activate dimethyl (E)-but-2-enoylphosphonate (181)
through hydrogen bonding and the hydroxy group binds to the nitrogen atom of the in-
dole 180 to synthesize f-indol-3-yl acylphosphonates. It is also suggested that in the tran-
sition state the thiourea catalyst arranges the nucleophilic indole next to the electrophilic
acylphosphonate. After addition of the indole, the phosphonate is substituted by a nucle-
ophile to afford [3-hetarylated esters. Jorgensen and co-workers utilized thiourea 182 with
broad substrate scope: Indoles with electron-donating substituents at various positions
give good yields (ca. 90%) and enantioselectivities (82-90% ee). Indoles bearing electron-
withdrawing groups lead to good enantioselectivities of 85-90% with yields of 72-86%.
The best results are shown in Scheme 61. Due to the possibility of a second nucleophilic
attack, the ester can racemize, but this strongly depends on the nucleophilicity and basic-
ity of the nucleophile as well as reaction time.

for references see p 407
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Scheme 61 Friedel-Crafts Alkylation of Indoles with an Alkenoylphosphonatel2#!

GF3
s
1.10 mol% ©\
R 182 OH
o .
R? CH5Clp, —20 °C
mwl . MP\/’O 2. DBU, nucleophile, 0 °C N
R N MeO' OMe
180 181
R" R R R* Nudeophile Nu Yield (%) ee (%) Ref
7~
H H H H morpholine @ 63 g7  [249)
(0]
OMe H H H EtOH OEt 93 90 [249]
H cl H H EtOH OEt 86 a0 [249]
H H H H EtOH OEt 68 a0 [249]
H H H H MeOH OMe 60 86 [249]
H OMe H Me EtOH OFEt 87 85 [249]
H | H H EtOH OEt 70 85 [249]

3«(1H-Indol-3-yl)butanoates and -butanamides 183; General Procedure:**!

CAUTION: 1H-Indole is harmful in contact with skin and if swallowed, irritating to respiratory
system and skin, and risk of serious damage to eyes. 1H-Indole is very toxic to aquatic organisms,
may cause long-term adverse effects in the aquatic environment.

Areaction vial with a magnetic stirrer bar was charged with dimethyl (E)-but-2-enoylphos-
phonate (181; 0.2 mmol, 2 equiv), catalyst 182 (0.01 mmol, 0.1 equiv), and CH,Cl, (2.0 mL).
The mixture was stirred for 5 min, and then the indole 180 (0.1 mmol, 1 equiv) was added.
The mixture was stirred at —20 C until full conversion was observed by TLC. The reaction
times were usually 24-72 h. The nucleophile [alcohol (0.1 mL) or morpholine (0.2 mmol,
2 equiv)|] and DBU (0.2 mmol, 2 equiv) were then added in sequence to the mixture at
0°C. The mixture was stirred for additional 30 min, sat. aq NH,CIl was added, and the re-
sulting mixture was extracted with EtOAc (3 x 5 mL). The organic phase was dried (MgSO,),
the solvent was removed under reduced pressure, and the crude product was purified by
flash chromatography [silica gel (Fluka 60, 230-400 mesh), pentane/EtOAc 4:1 to 2:1 gradi-
ent or pentane/EtOAc 4:1 to EtOAc gradient]. The enantiomeric excess was determined by
chiral HPLC analysis (Daicel Chiralpak OD, hexane/iPrOH).
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2.2.4.12 Desymmetrizations
2.2.4.12.1 meso-Anhydride Desymmetrization

The groups of Chen,?*® Connon,®! Pedrosa,?*? and Chin and Song?**%5% developed thio-
urea-catalyzed protocols for the desymmetrization of meso-anhydrides via alcoholysis to
obtain enantioenriched hemiesters with high yields and good enantioselectivities; results
from Connon®P! and Pedrosa®® are shown in Scheme 62 and Table 1. Chen and Wang also
reached enantioselectivities of 82-95% with good yields (88-97%), and utilized the devel-
oped protocol in a reaction step in the total synthesis of (+)-biotin.?> Song and Chin also
achieved high enantioselectivity of >91% with good yields of >88%, but the other groups
demonstrated broader scope.”® The desymmetrization of anhydrides requires simulta-
neous activation of the alcohol and the ester functions, and the bifunctional catalyst pre-
sumably assumes this role. The enantioselectivity is independent of the relative stereo-
chemistry of the starting meso-anhydrides, because endo- as well as exo-tricyclic anhy-
drides react at the same carbonyl group (Table 1, entries 1, 2, 5, and 10). Huang and co-
workers published a synthesis of an asymmetric dihydropyridin-2-one derivative utilizing
an anhydride desymmetrization step.?%

Scheme 62 Catalysts for Enantioselective Methanolysis of
Anhydrides with Thiourea Catalysts!25'.252

OMe /27

P i

N ! \I/\ NMe,
HN S

| Y N Y

N HN CF3
- S)\NH \Q/
/@ CFS
F3C CFj3

28 184

for references see p 407
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Table 1 Enantioselective Methanolysis of Anhydrides with Thiourea Catalysts(2>:252
R? . R
R1 R! catalyst, MeOH (10 equiv)
N tBuOMe, 1t R! R!
- s n
(0] (0] 0] HO,C CO,Me
185 186
Entry Starting Material Catalyst Temp (°C) Time (h) Product Yield (%) ee (%) Ref
H
§_CO.Me
1 184 rt 32 m 95 >99° 1252]
T~CO,H
H
H
COLH
2 184 rt 32 99 96° (252]
COzMe
H
H
CO.H
3 184 rt 12 99 96°? (252]
CO,Me
H ©o H
H H
COLH
4 ) 184 rt 12 99 94° {252]
CO,Me
H o H
H
= COgMe
5 184 rt 12 99 96° 1252]
T=CO,H
H
(0]
'''''' COzMe
6 0 28 rt 14 I 98 92° (251
\\\\ COLH
(6]
(0]
7 0 28 0 50 94 90> [251]
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Table1 (cont.)

Entry Starting Material Catalyst Temp (°C) Time (h) Product Yield (%) ee (%) Ref
[0}
COzMe
3 Ph 0 28 0 26 Ph—C g5¢ 8gb [251]
COuH
0
H O H
COzH
9 o] 184 4 60 { 94 867 [252]
002Me
H o H
H 9 H
COzH
10 0 184 rt 120 55 50? [252]
ConE
H o H

¢ Enantiomeric excess determined after derivatization to a 4-bromophenyl ester.

b Enantiomeric excess determined after derivatization with (R)-1-(1-naphthyl)ethylamine by 'H-NMR analysis and/
or confirmed by CSP-HPLC.

¢ The absolute configuration of the product was not determined.

Enantioenriched Hemiesters (Table 1, Entries 1-5, 9, and 10); General Procedure Using
Catalyst 184:1252

Under a N, atmosphere and at rt, anhyd MeOH (203 pL, 5.0 mmol) was added dropwise to a
soln of the anhydride 185 (0.5 mmol) and catalyst 184 (10.0 mg, 0.025 mmol) in anhyd
t-BuOMe (33 mlL, 0.015 M). The mixture was stirred until complete conversion was ob-
served. The solvent was evaporated, the residue was dissolved with CH,CI, (5 mL), and
the soln was extracted with sat. ag Na,CO; (2x5mlL). The combined aqueous phases
were acidified with 2 M HCl and extracted with EtOAc (3 x 20 mL). The combined organic
phases were dried (MgSO,), and after removal of the drying agent by filtration, the solvent
was evaporated under reduced pressure.

The enantiomeric excess was determined by optical rotation and/or HPLC analysis.
After conversion of the hemiester 186 into the corresponding 4-bromophenyl esters, the
enantiomeric excess was also determined by HPLC analysis [Daicel Chiralcel OD or Chi-
ralpak AS-H or AD-H (each 250 x 4.6 mm); hexane/iPrOH].

Enantioenriched Hemiesters (e.g., Table 1, Entry 6); General Procedure Using Catalyst 28
at Room Temperature:?51

The anhydride (0.3 mmol) was placed in a 40-mL vial equipped with a stirrer bar and cata-
lyst 28 (1.8 mg, 0.003 mmol). A septum was fixed on the vial, which was flushed with
argon and anhyd t-BuOMe (20 mL) was added. Anhyd MeOH (122 pL, 3.0 mmol) was
added dropwise to the mixture through a syringe. The mixture was stirred at rt for the
time given in Table 1, Full conversion was determined by TLC or *H NMR spectroscopy.
The solvent was evaporated under reduced pressure and the residue was purified by
flash chromatography (particle size 0.04-0.063 mm). If full conversion was not observed,
the mixture was quenched by adding 0.1 M HCI1 (10 mL). The aqueous phase was extracted
with EtOAc (2 x 10 mL) and the combined organic phases were dried (MgSQO,). The solvent
was removed under reduced pressure and the crude residue was purified by flash chroma-
tography (particle size 0.04-0.063 mm).

for references see p 407
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The enantiomeric excess was determined by 'H NMR spectroscopy after derivatiza-
tion with (R)-1{1-naphthyl)ethylamine andfor by CSPC-HPLC analysis [OD-H column
(4.6 mm x 25 cm), hexane/iPrOH 90:10] and by optical rotation.

Enantioenriched Hemiesters (Table 1, Entries 7 and 8); General Procedure Using Catalyst
28 at Low Temperature:?3'

The anhydride (0.3 mmol) was placed in a 60-mL vial equipped with a stirrer bar and cata-
lyst 28 (1.8 mg, 0.003 mmol). A septum was fixed on the vial, which was then flushed with
argon. Anhyd t-BuOMe (40 mL) was added and the mixture was cooled to 0°C. Anhyd
MeOH (122 pL, 3.0 mmol) was added dropwise to the mixture through a syringe. The mix-
ture was stirred at 0°C for the time given in Table 1. Full conversion was detected by TLC
or 'H NMR spectroscopy. The solvent was evaporated under reduced pressure and the res-
idue was purified by flash chromatography.

For determination of enantiomeric excess see room-temperature procedure above.

2.2.4.12.2 Ring Opening of Aziridines

In 2009, Mita and Jacobsen developed an asymmetric method for the desymmetrization of
meso-aziridines 187 with hydrogen chloride.** In the mechanistic proposal, the phos-
phine moiety of the catalyst 188 is protonated by hydrogen chloride while the chloride
anion is bound by the thiourea group. This leads to activation toward electrophilic addi-
tion. The oxygen of the aziridine’s benzoyl group undergoes hydrogen-bonding interac-
tions with the protonated phosphine moiety, thus bringing the aziridine and the chloride
anion into proximity. This paves the way for an Sy2 reaction.?>® The resulting 2-chloro-
benzamide derivatives 189 are obtained in excellent yields of 91-99% with moderate to
high enantiomeric excesses of 70-92% (Scheme 63).

Scheme 63 Enantioselective Ring Opening of meso-Aziridines with Hydrogen Chloride
Catalyzed by a Phosphino Thiourea Derivativel2%!

S
10 mol% - ‘[::j
Bu'sN
) AN
H H
o}

PPhy

Bz 188
5N: 1 M HCVEO (1.2-2 equiv), EtO (0.0025 M) BzHN _‘.C'
R R? . "
187 189
R’ RZ Temp(°C) Time (h) Yield (%) ee (%) Ref
(CH,),CH=CH(CH,), -78to-50 13° 94 92 [256]
(CH,)s -78to-50 192 96 90 [256]
(CHy)s -78t0-50 84" 91 84 [256]
(CH,)4 =78 4 97 33 [256]
(CH,); =78 6 99 78 [256]
Me Me -78 1 96 70 [256]

3 20 mol% of catalyst was used.
b The reaction was conducted at 0.025 M concentration.
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(1R,2R)-N-(2-Chlorocyclohexyl)benzamide [189, R',R? =(CH,),]; Typical Procedure:?*!

CAUTION: Hydrogen chloride in diethyl ether is extremely flammable, causes severe burns, and
may build explosive peroxides.

A 1M soln of HClin Et,0 (60 puL, 0.06 mmol, 1.2 equiv) was added to a soln of 7-azabicyclo-
[4.1.0]heptane [187, R'.R?’=(CH,),; 10.1mg, 0.050 mmol] and catalyst 188 (3.0 mg,
0.005 mmol, 10 mol%) in Et,0 (20 mL, 0.0025 M) at —=78°C. After 4h, the solvent was re-
moved under reduced pressure. The residue was purified via automated column chroma-
tography (silica gel, hexane/EtOAc 19:1 to 3:2) to afford the product as a colorless solid;
yield: 11.6 mg (98%); 83% ee by chiral HPLC analysis [Daicel Chiralpak AD-H, iPrOH/hexane
1:10, 1.0 mL-min~!, A =210 nm, and 254 nm, ty(major)=13.8 min, tz(minor) = 23.4 min)].

2.2.4.13 Kinetic Resolutions
2.2.4.13.1 Kinetic Resolution of Propargylic Amines

In 2009, the Seidel group published a protocol for the kinetic resolution of amines
through benzoylation with good enantioselectivities (62-83%), and yields higher than
35% (S-factors between 7 and 24).?57 In 2010, they introduced a new thiourea amide cata-
lyst 191, a chiral anion acceptor for the achiral acyl pyridinium salt, which can benzoyl-
ate a broader spectrum of racemic propargylic amines 190 with good enantioselectivities
(up to 91.8% ee and S-factors of 12-56).12%8 The highest S-factors are obtained for propargy-
lic amines 190 (R!'=3-CIC,H,, 3-Tol) with substituents in the meta-position of the aromatic
ring (Scheme 64). Benzoylation of aliphatic propargylic amines, e.g. 190 (R'=Bu), gives
lower enantioselectivities. Utilization of the new thiourea catalyst 191 on benzylamine
derivatives results in higher S-factors (13-38) compared with those observed in the publi-
cation of 2009.

for references see p 407
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Scheme 64 Dynamic Kinetic Resolution of Propargylic Amines!2%!

S

Q N JL N @CFS

5 mol% O _NH HEpaH

FsC CF3
NHz 191 NHBz

Bz;0, 5 mol% DMAP, toluene (0.01 M) H

/ / R2 4-A molecular sieves, —78°C, 3 h _ ; /\ R2
rac-190 192

R R? Yield? (%) ee? (%) Ref
3-CICeH, Me 40 91.8  [=8
Ph iPr 40 90.8  [>8l
Ph Et 45 89.5  [=8
4-Tol Me 42 893 (=8
3-Tol Me 42 89 [258]
4-CIC¢H, Me 36 88" [228]
Ph Me 43 87.8  [=8
4-F;,CCgHy  Me 41 86.8  [=8
Ph Ph 29 786  [=8
Bu (CH,),Ph 41 76.2 (=8

3 All reactions were run twice; the results of only
the first run are presented here with no aver-
age of yields and enantiomeric excess.

b Absolute stereochemistry determined after
recrystallization and crystal structure analysis.

Enantioenriched Propargylic Amides 192 (R! = Aryl; R% = Me, Et, iPr);

General Procedure:**®

Benzoic anhydride (34.0 mg, 0.150 mmol, 0.6 equiv) and 4-A molecular sieves (100 mg)
were placed in a flame-dried round-bottomed flask under a N, atmosphere. DMAP
(1.52 mg, 0.0125 mmol, 0.05 equiv) dissolved in anhyd toluene (1 mL) and freshly distilled
anhyd toluene (21.0 mL, 0.01 M) were added. The mixture was cooled to =78 °C and, after
15 min, a soln of catalyst 191 (7.82 mg, 0.0125 mmol, 0.05 equiv) in anhyd toluene (2 mL)
was added. A soln of amine 190 (0.25 mmol) in anhyd toluene (1 mlL) was added and the
mixture was stirred at =78 °C for 3 h. The reaction was quenched with 3.0 M MeMgCl in
THF (0.167 mL, 0.5 mmol) at -78 °C and the mixture was stirred for additional 10 min at
this temperature. The excess of Grignard reagent was quenched with 1M aq HCI (5 ml).
After the mixture had warmed to rt, it was extracted with Et,0 (3x 50 mL). The combined
organic phases were washed with 1 M HCI (5 mL) and brine and dried (Na,SO,). The solvent
was evaporated under reduced pressure and the residue was flash chromatographed [sili-
ca gel (EM Reagent 60, 230—400 mesh)|. The enantiomeric excess was determined by opti-
cal rotation and by chiral HPLC analysis (Daicel Chiralpak OD-H or AD-H, hexane[iPrOH).

(R)-N{1,3-Diphenylprop-2-ynyl)benzamide (192, R' = R2=Ph):**!
Benzoic anhydride (34.0 mg, 0.150 mmol, 0.6 equiv) and 4-A molecular sieves (100 mg)
were placed in a flame-dried round-bottomed flask under a N, atmosphere. DMAP
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(1.52 mg, 0.0125 mmol, 0.05 equiv) dissolved in anhyd toluene (1 mL) and freshly distilled
anhyd toluene (21.0mL, 0.01 M) were added. The mixture was cooled to —78 °C and, after
15 min, a soln of catalyst 191 (7.82 mg, 0.0125 mmol, 0.05 equiv) in anhyd toluene (2 mlL)
was added. A soln of (R)-N-(1,3-diphenylprop-2-ynyljamine (190, R!'=R%=Ph; 0.25 mmol) in
anhyd toluene (1 mL) was added and the mixture was stirred at —78 °C for 8 h. The reaction
was quenched with 3.0 M MeMgCl in THF (0.167 mL, 0.5 mmol) at —-78°C and the mixture
was stirred for additional 10 min at this temperature. The excess of Grignard reagent was
quenched with 1M ag HCI (5 mL). After the mixture had warmed to rt, it was extracted
with Et,0 (3 x50mL). The combined organic phases were washed with 1M HCI (5mlL)
and brine and dried (Na,SO,). The solvent was evaporated under reduced pressure and
the residue was flash chromatographed [silica gel (EM Reagent 60, 230-400 mesh)|. The
product was obtained as a white solid; yield: 23.1 mg (29%); [a]p2° =5.0 (¢ 1.0, CHCL,);
78.6% ee by chiral HPLC analysis (Daicel Chiralpak AD-H, hexane(iPrOH 90:10).

Aliphatic Propargylic Amines, e.g. 192 (R' = Bu); Typical Procedure:*>*!

Benzoic anhydride (34.0 mg, 0.150 mmol, 0.6 equiv) and 4-A molecular sieves (100 mg)
were placed in a flame-dried round-bottomed flask under a N, atmosphere. DMAP
(1.52 mg, 0.0125 mmol, 0.05 equiv) dissolved in anhyd toluene (1 mL) and freshly distilled
anhyd toluene (21.0 mL, 0.01 M) were added. The mixture was cooled to —78 °C and, after
15 min, a soln of catalyst 191 (7.82 mg, 0.0125 mmol, 0.05 equiv) in anhyd toluene (2 mL)
was added. A soln of the aliphatic amine 190 (0.25 mmol) in anhyd toluene (1 mL) was
added and the mixture was stirred at —78°C for 3h. The reaction was quenched with
3.0 M MeMgCl in THF (0.167 mL, 0.5 mmol) at —78 °C and the mixture was stirred for addi-
tional 10 min at this temperature. The excess of Grignard reagent was quenched with sat.
aq NH,Cl (5 mL). After the mixture had warmed to rt, it was extracted with Et,O (3 x
50 mL). The combined organic phases were washed with brine and dried (Na,SO,). The sol-
vent was evaporated under reduced pressure and the residue was flash chromatographed
[silica gel (EM Reagent 60, 230-400 mesh), hexane/EtOAc gradient|. The enantiomeric ex-
cess was determined by optical rotation and by chiral HPLC analysis (Daicel Chiralpak OD-
H, AD-H, or OJ-H; hexane[iPrOH).

2.2.4.14 Cycloadditions
2.2.4.14.1 Diels—Alder Reaction

The Diels-Alder reaction is a [4+2] cycloaddition in which a diene and an alkene, the di-
enophile, react to give cyclohexene derivatives. It is named after O. Diels and K. Alder who
reported for the first time the correct structure of the cycloadducts in the year 1928.1'*3 In
2002/2003, Wittkopp und Schreiner showed that thiourea derivatives such as N,N"-bis[3,5-
bis(trifluoromethyl)phenyl|thiourea (1) act akin to Lewis acids by catalyzing Diels-Alder
reactions.”® Theoretical studies focusing on these types of Diels-Alder reactions cata-
lyzed by thiourea derivatives were performed by Fu and Thiel in 2006, as well as by
Linder and Brinck in 2009.%%° In 2009, Kotsuki and co-workers published an organo-
catalytic hetero-Diels-Alder reaction.?¥ Ketones bearing electron-withdrawing groups
in the a-position are transformed into precursors of &-lactones in the presence of catalyst
1 under high pressure (1.0 GPa). In 2010, Lin and co-workers reported Diels-Alder reac-
tions catalyzed by mesoporous silica nanoparticles functionalized with urea or thiourea
moieties.?4

In 2008, Bernardi, Ricci, and co-workers developed an enantioselective method for
the Diels-Alder reactions of 3-vinylindoles 193 catalyzed by a cinchona alkaloid derived
thiourea 17 (Scheme 65).?°?! It was proposed that the nitrogen of the cinchona alkaloid
moiety binds to the indole’s NH, thus raising the HOMO energy of the diene. The thiourea

for references see p 407
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group interacts via double hydrogen bonding with the oxygen of the dienophile 194, and
lowers the LUMO energy.**? In 2010, the scope of the reaction was extended to 2-vinylin-
doles.[263

Scheme 65 Enantioselective Diels-Alder Reaction of 3-Vinylindoles Catalyzed by a Cin-
chona-Derived Thioureal?62:263]

s
1. 20 mol% @\
RS
I JLN CF,

N__= NN 8
R? R? OMe
— 0 17
R1 CHjCly, 55 °C, 48 h
A | 2. TFAA
+ X
N
H
(0]
193 (1.2 equiv) 194
F3C
195 (endolexo) >95:5
R RZ R X Yield (%) ee (%) Ref
H H H CH=CH 83 >99 [262,263]
H H H NPh 91 98 [262,263]
H H NMe 89 a8 [262,263]
H H H NBn 89 96 [262.263]
H Me H NPh 79 96 [262,263]
H H H D 77 96 [262,263)
OMe H H NPh 77° 96 [262:263]
H H Me NPh 5g2b 92 [262,263]
Br H H NPh 867 90 [262,263]

3 2 equiv of diene was used.

b Ratio (E/Z) of diene: 50:50; the product was a single
diastereomer (dr >95:5) from reaction of the E-iso-
mer.

1,2-Fused 9+2,2,2-Trifluoroacetyl)-2,3,9,9a-tetrahydro-1H-carbazolediones 195;

General Procedure:?%?

The dienophile (0.15 mmol), CH,Cl, (1.0 mL; previously passed through basic alumina),
and then catalyst 17 (17.8 mg, 0.030 mmol, 20 mol%) were added to a test tube, and cooled
to —55 °C. After addition of a precooled soln of the 3-vinylindole 193 (0.18 mmol, 1.2 equiv)
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in CH,Cl, (0.50 mL) with a syringe, the mixture was stirred at this temperature for 48 h
without moisture or air exclusion, followed by the addition of a soln of TFAA (104 plL,
0.75 mmol, 5.0 equiv) in CH,Cl, (1.5 mL). The mixture was allowed to warm to rt over a
period of 1h. Then, sat. NaHCO, soln was added slowly followed by extraction with
CH,CI, (3x5ml). After combining and drying of the organic layers (Na,SO,), the soln
was filtered and concentrated (only the endo-cycloadduct was observed by 'H NMR spec-
troscopy analysis). The residue was purified by chromatography (silica gel, CH,Cl,/Et,0)
to afford the product. The enantiomeric excess was determined by chiral stationary-
phase HPLC analysis (Daicel Chiralpak AD-H or Chiralcel OJ-H, hexane/iPrOH 80:20 or
95:5, 0.75 mL-min™).

2.2.4.14.2 [3+2] Cycloaddition

In 2008, Takemoto and co-workers reported a formal [3+2] cycloaddition of azomethine
ylides with nitroalkenes.?%¥ The reaction consists of two steps which are both catalyzed
by the thiourea catalyst: a Michael addition and a subsequent aza-Henry reaction.

Fang and Jacobsen reported a method for the enantioselective [3+2] cycloaddition of
imines with allenes in 2008.%%% The reaction is catalyzed by a phosphino thiourea deriva-
tive 197. This bifunctional catalyst has the potential to activate the allene by binding to
the phosphine moiety, and the phosphorylimine 196 by hydrogen bonding with the thio-
urea group.”® Water and triethylamine as additives increase the reaction rates. The reac-
tion proceeds in moderate to high yields of 68-90%, and with excellent enantiomeric ex-
cesses of 94-98%. The 10 best results are shown in Scheme 66.

Scheme 66 Enantioselective [3 +2] Cyclization of N-Phosphorylimines with an Allene Cata-
lyzed by a Phosphino Thiourea Derivativel265]

S
2.5-20 mol% BnzN TH\ N JL o Q
H H
e}

PPh; COoEt
197

o 20 mol% H30, 5 mol% EtgN, toluene -

I —.— -30°C, 48 h gl

P—Ph —\ - N
RITSNTL T CO,Et |

_~P—=Ph
o\
Ph
196 (1.2 equiv) 198

R 197 (mol%) Yield (%) ee (%) Ref
Ph 10 84 98 [265]
4-MeOCgH, 20 80 97 [265]
2-thienyl 20 77 97 [265]
4-PhCgH, 10 81 96 1265]
2-BrCeH, 10 90 95  [3]
3-pyridyl 10 85 95 265]
2-BrCgH, 2.5 77 95 [265]
4-FCH, 10 72 95 265]
3-0,NCgH, 10 70 95 [265]
3,4,5-(Me0),CH, 20 70 95 [265]

for references see p 407
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Ethyl (S)-1{(Diphenylphosphoryl)-2-phenyl-2,5-dihydro-1 H-pyrrole-3-carboxylate

(198, R' =Ph); Typical Procedure:?%

The imine 196 (R!'=Ph; 0.0763g, 0.25mmol) and catalyst 197 (15mg, 0.025 mmol,
10 mol%) were added to a 1-dram vial. After the vial had been sealed with a screw cap
equipped with a Teflon septum, it was evacuated and flooded with N, (3 x). Anhyd toluene
(2.5ml) and then H,O (0.9 uL, 20 mol%) were added. After the mixture had been stirred vig-
orously at rt for 10 min, Et;N (1.8 uL, 5 mol%) was added followed by immediate cooling to
=-30°C (iPrOH bath). The mixture was stirred over a period of 15 min, and then ethyl buta-
2,3-dienoate (35 uL, 0.3 mmol, 1.2 equiv) was added with a microsyringe. After stirring for
48 h at —30°C, the resulting soln was rapidly purified by flash chromatography [silica gel
(2.5 cm % 3 cm), EtOAc/hexanes 50:50 to 70:30 to 100:0]. The mixed fractions were further
purified by preparative TLC (EtOAc/hexanes 75:25) to afford the product as a white foamy
solid; yield: 0.0877 g (84%); 98% ee by chiral SFC analysis [Chiralpak AS-H, 5% MeOH/CO,,
30°C, 3mL.min~", A=210 nm, ty(minor)=7.27 min, tx(major)=8.19 min)].

2.2.4.143 1,3-Dipolar Cycloaddition

In 2008, Zhang and co-workers reported the 1,3-dipolar cycloaddition of azomethine
ylides with nitroalkenes catalyzed by a cinchona alkaloid thiourea derivative.l?**! Moder-
ate enantiomeric excesses of 46-65%, diastereomeric ratios from 85:15 to >99:1, and
yields in the range 49-77% are obtained.

Later in 2008, the Chen group published a method for the enantioselective 1,3-dipo-
lar cycloaddition of nitrones 199 to nitroalkenes 200.?%”) The reaction is catalyzed by a
cyclohexane-1,2-diamine-derived thiourea 201. High enantiomeric excesses of 80-88%
are obtained, except for in a single reported case (40% ee). The yields are in the range 43—
93%. Seven of the best results are shown in Scheme 67.

Scheme 67 Enantioselective 1,3-Dipolar Cycloaddition of Nitrones to Nitroalkenes Cata-
lyzed by a Gyclohexane-1,2-diamine-Derived Thioureal?®’]

o
o

i
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w

10 mol%

O“
=z
Iz
Iz
-
o

O

0 NO, 201 R Nl
1, ’ | +BuOMe, 4-A molecular sieves, 0 °C, 6 d \
Ph” N > R > 0
R? ON" =
R
199 200 (1.2 equiv) 202
R R? Yield (%) ee (%) Ref
4-MeOCH, Et 78 gg  [267]
Ph Et 84 87 (267]
4-CICH, Et 54 87 (267]
4-Tol Et 71 86 (267]
Ph Pr 93 84 [267]
2-CICH, Et 78 84 [267]

Ph (CHy)Me 72 84 (7]
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4-Nitro-2-phenylisoxazolidines 202; General Procedure:*’!

A mixture of the nitrone 199 (0.1 mmol), catalyst 201 (6.6 mg, 0.01 mmol, 10 mol%), and
4-A molecular sieves (50 mg) was stirred in redistilled t-BuOMe (0.4 mL) at 0°C. The nitro-
alkene 200 (0.12 mmol, 1.2 equiv) in -BuOMe (0.1 mL) was added at the same tempera-
ture. After 6 d, the product was isolated by flash chromatography (silica gel, EtOAc/petro-
leum ether 1:15). The enantiomeric excess was determined by chiral HPLC analysis (Chi-
ralpak AD or IC or Chiralcel OD or O], hexane/iPrOH, 1.0 mL.min™", A =254 nm).

2.2.4.15 Pictet-Spengler Reaction

In the presence of a protic or Lewis acid, the reaction of f-arylethylamines with carbonyl
compounds leads to ring closure and thus to the formation of tetrahydroisoquinoline de-
rivatives. This reaction was published by A. Pictet and T. Spengler in 1911 and is thus
called the Pictet-Spengler reaction.*

Pictet-Spengler reactions catalyzed by thiourea derivatives were successfully applied
in the total syntheses of (+)-harmicine by cyclization of hydroxy lactams!***! (see below)
and (+)-yohimbine, also developed by Jacobsen and co-workers. 2%

2.2.4.15.1 Cyclization of Hydroxy Lactams

In 2007, Jacobsen and co-workers reported the Pictet-Spengler-type cyclization of hy-
droxy lactams 203 catalyzed by a pyrrolyl thiourea derivative 204.2%% An S, 1-type cycliza-
tion is proposed based on experiments and computational studies.?%¥ For n=1, high to
excellent enantiomeric excesses of 85-99% and yields of 51-94% are obtained (Scheme
68). For n =2, products 205 are synthesized in 52-65% yield with 81-96% ee.

for references see p 407
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Scheme 68 Enantioselective Pictet-Spengler-Type Cyclization of Hydroxy Lactams Cata-
lyzed by a Pyrrolyl Thiourea Derivativel?68]

10 mol% W \n/\N Q

R! U

0 204
R2 \ How TMSCI, +BuOMe, -55 or -78 °C, 24-72 h
n

R3 H R*

A,
6
2
2
b=

Temp (°C) Time (h) Yield (%) ee (%) Ref

F H H H 1 =55 48 89 99 Ll
H H H Bu 1 -78 24 74 98 9]
H F H H 1 =55 48 94 97 I8l
H H H H 1 =55 48 90 97 8l
H H H Me 1 -78 24 92 96 I8
Bf H H H 1 =55 48 88 96 8]
OMe H H H 1 -55 48 86 95 I8
H H Me H 1 =55 48 91 93 L8l
OMe H H Me 1 -78 24 84 91 %)

1,2,5,6,11,11b-Hexahydroindolizino[8,7-b]indol-3-one (205, R =R%=R? =R* = H); Typical
Procedure for Cyclization of Hydroxy Lactams Prepared by Reduction of Imides:*®!

In an oven- or flame-dried 100-mL round-bottomed flask, a mixture of crude 5-hydroxy-1-
[2<(1H-indol-3-yl)ethyl|pyrrolidin-2-one (203, R!=R?=R*=R*=H; 230 mg, 0.942 mmol),
freshly distilled +-BuOMe (94.2 mL), and catalyst 204 (48 mg, 94.2 umol, 10 mol%) was pre-
pared. The flask was sealed with a rubber septum, and the mixture was stirred vigorously
at rt for 1 min with a magnetic stirrer bar followed by cooling to —78 °C, whereupon the
mixture was stirred vigorously for 3 min. Freshly distilled TMSCI1 (241 uL, 1.88 mmol,
2 equiv) was then added with a syringe, and the mixture was warmed to —55°C. After
rapid stirring at this temperature for 48 h, the reaction was quenched with precooled
(=55°C) Et;N (650 uL, 4.71 mmol), and the mixture was poured quantitatively into sat. aq
NaHCO, (100 mL). The aqueous phase was extracted with CH,Cl, (3 x 75 mL), and the com-
bined organic layers were dried (Na,SO,) and filtered. After concentration under reduced
pressure, the crude product was purified by flash chromatography (silica gel, MeOH|/
CH,CI, 2:98) to yield the product as an off-white solid; yield: 191 mg (90%); 97% ee by chiral
SFC analysis [Chiralpak AS-H, 20% MeOH, 4.0 mL.-min™, A =280 nm, ty(minor)=3.77 min,
tgx(major)=4.50 min|.
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11b-Methyl-1,2,5,6,11,11b-hexahydroindolizino[8,7-blindol-3-one (205, R' =R*=R®*=H;

R* =Me); Typical Procedure for Cyclization of Hydroxy Lactams Prepared by Alkylation of
Imides:=%l

In an oven- or flame-dried 50-mL round-bottomed flask, a mixture of crude 5-hydroxy-1-
[2-(1H-indol-3-yl)ethyl]-5-methylpyrrolidin-2-one (203, R!'=R?*=R®*=H; R*=Me; 330 mg,
1.28 mmol), freshly distilled t-BuOMe (32ml), and catalyst 204 (65mg, 128 umol,
10 mol%) was prepared. The flask was sealed with a rubber septum, and the mixture was
stirred vigorously at rt for 1 min with a magnetic stirrer bar followed by cooling to -78°C,
whereupon the mixture was stirred vigorously for 3 min. Freshly distilled TMSCI (330 uL,
2.56 mmol, 2 equiv) was then added with a syringe. After rapid stirring at this temperature
for 24 h (unless otherwise noted), the reaction was quenched with precooled (=78 °C) Et;N
(890 uL, 6.4mmol), and the mixture was poured quantitatively into sat. aq NaHCO,
(100 mL). The aqueous phase was extracted with CH,Cl, (3 x 75 mL), and the combined or-
ganic layers were dried (Na,SO,) and filtered. After concentration under reduced pressure,
the crude product was purified by flash chromatography (silica gel, MeOH/CH,Cl, 2:98) to
yield the product as an off'white solid; yield: 283 mg (92%); 96% ee by chiral SFC analysis
[Chiralpak AD-H, 20% MeOH, 4.0 mL-min™!, A =230 nm, tyz(major)=2.02 min, tz(minor)=
3.30 min].

2.2.4.15.2 Cyclization of Pyrroles onto N-Acyliminium lons

In 2008, the Jacobsen group developed a method for the Pictet-Spengler type cyclization
of pyrroles 206 catalyzed by a chiral pyrrolyl thiourea derivative 204.27° C2- as well as C4-
cyclizations can be accomplished. The C4-cyclizations generally proceed in 49-77% yield
and with enantiomeric excesses of 92-97% (Scheme 69), although in one case the enantio-
meric excess was 70% and a mixture of two regioisomers is formed in a ratio of 1.7:1 favor-
ing the C4-product. The results for the C2 cyclization are not as good as for the C4 case:
yields in the range 51-86% and enantiomeric excesses of 52-93% are obtained.

Scheme 69 Enantioselective C4 Cyclization of Pyrroles Catalyzed by a Chiral Pyrrolyl
Thiourea Derivativel270]

1. R'Li, THF, -78 °C

- Bu' S
.
Ne A JU
2.20mot \[(\ﬂ N
© N__Ph
W

(@] 204
/ \ ij TMSCI, +-BuOMe, —55 or -30°C, 48 h
0 ),

206

n R Yield (%) ee (%) Ref
2 Bu 70 97 [270]
1 Bu 69 96 [270]
1 iBu 68 96 270]
1 iPr 49 93 1270]
1T Me 77 92 [270]
1 Ph 63 92 [270]

for references see p 407
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9a-Methyl-2-(triisopropylsilyl)-4,5,9 ,9a-tetrahydro-2H-pyrrolo[3,4-glindolizin-7(8 Hr-one
(207, n=1); Typical Procedure:"

In a flame-dried 100-mL round-bottomed flask equipped with a magnetic stirrer bar, a
mixture of 1-{2-[1-(triisopropylsilyl)-1 H-pyrrol-3-yl|ethyl}pyrrolidine-2,5-dione (206, n=1;
90.5 mg, 0.26 mmol) and anhyd THF (26 mL) was prepared. After the flask had been sealed
with a rubber septum, the mixture was cooled to =78°C (dry icefacetone bath), and 1.6 M
Meli in THF (0.244 mL, 0.39 mmol, 1.5 equiv) was added in one portion with a syringe.
After vigorous stirring for 2 h at -78°C, the flask was removed from the cooling bath,
and sat. ag NaHCO, (2.0 mL) was added dropwise under vigorous stirring for quenching.
CH,CI, (30 mL) was added to this mixture, and after vigorous stirring at rt for 3 min, the
mixture was poured into sat. ag NaHCO, (50 mL). The layers were separated, and the aque-
ous layer was extracted with CH,Cl, (20 mL). The organic layers were combined, dried
(Na,S0,), and filtered (a small amount of the organic phase was taken for 'H NMR analysis;
see below). Concentration of the organic layer under reduced pressure, and then under
high vacuum for 5min, yielded the crude hydroxy lactam (>95% pure; 95mg,
0.26 mmol). This was immediately suspended in anhyd t-BuOMe (26 mL) in a 50-mL
round-bottomed flask. Under stirring, catalyst 204 (26.6 mg, 0.052 mmol, 20 mol%) was
added, and the mixture was cooled to —78°C (dry ice/acetone bath). After the addition of
anhyd TMSCI (0.166 mL, 1.3 mmol) with a syringe in one portion, the mixture was
warmed to -55°C, and stirred for 48 h at this temperature ['"HNMR analysis of a small
amount of the hydroxy lactam was performed to guarantee that no racemic cyclization
occurred; basified CDCI, (>2 weeks), DMSO-d,, or acetone-d, was used to prevent acid-cat-
alyzed cyclization|. The reaction was quenched with precooled (-55°C) Et;N (10 equiv),
and the mixture was poured quantitatively into sat. aq NaHCO, (50 ml). The aqueous
phase was extracted with CH,CL, (3x20mL), and the combined organic layers were
dried (Na,SO,) and filtered. After concentration under reduced pressure, the crude prod-
uct was purified by flash chromatography (silica gel, MeOH/CH,Cl, 1:99) to yield the prod-
uct as a light yellow oil; yield: 69 mg (77%); 92% ee by chiral SFC analysis [Chiralcel OD-H,
5% MeOH/CO,, 4.0 mL-min~", A =230 nm, t(major)= 3.88 min, ty(minor)=5.58 min)|.

2.2.4.15.3 Acyl-Pictet-Spengler Reaction

In 2004, Taylor and Jacobsen developed a method for the enantioselective acyl-Pictet—
Spengler reaction catalyzed by tertiary amine-thiourea derivative 105.*” High enantio-
meric excesses of 85-95% and yields in the range 65-81% are obtained (Scheme 70).
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Scheme 70 Enantioselective Acyl-Pictet-Spengler Reaction Catalyzed by a Chiral Pyrrolyl Thiourea
Derivativel?!]

1. R3CHO (1.05 equiv), 3-A molecular sieves or NaSO4

BuN = Jl\ -
2,510 mol% \[I/\H N
o Ny _Ph
r

NH>
R 105
AcClI (1 equiv), 2,6-lutidine (1 equiv), ELO
AN -~
N
R? i
208
R1
l NAc
R2 N
H RS
209
R R? R3 Conditions (Step 1) 105 Temp (Step 2) Yield® ee Ref
(mol%) (°Q (%) (%)
H H (CH,),Me Na,SO,, CH,Cl,/Et,0 10 -78 to -60 65 95 [271]
OMe H  CHEL, 3-A molecular sieves, 5 -78 to -40 81 93 [271]
CH,Cl,
H H iBu Na,S0,, CH,Cl,/Et,0 10 ~78 to -60 75 93 71
H H  CHEt, 3-A molecular sieves, 5 -78 to -30 65 93 [271]
CH,Cl,
H H (CH,),OTBDPS Na,SO,, CH,Cl,/Et,0b 10 -78 to =60 77 90 [l

? Yield of isolated products over two steps after chromatography (0.25-mmol scale).
b With slight modification.

(S)-2-Acetyl-1-(pentan-3-yl)-2,3,4,9-tetrahydro-1 H-pyrido[3,4-blindole (209, R' =R*=H;

R3 = CHEL,); Typical Procedure Using Molecular Sieves and 5 mol% Catalyst:?"!

Spherical 3-A molecular sieves (250 mg) were flame-dried under vacuum and cooled to
23°C under N,. Anhyd CH,Cl, (1.25 mL) was added to the molecular sieves followed by
tryptamine (208, R =R?=H; 40 mg, 0.25 mmol). After the dropwise addition of 2-ethylbu-
tanal (32 pL, 0.275 mmol, 1.05 equiv) with a syringe to this suspension, the mixture was
allowed to stand for 7 h at 23 °C. Occasional swirling guaranteed mixing of the contents. A
round-bottomed flask plugged by a rubber septum was flame-dried under an atmosphere
of N,, and the prepared soln mentioned above was transferred into this with a cannula,
and thus filtered. The remaining desiccant was washed with anhyd CH,Cl, (2 x 5 mL). The
rinses were transferred into the flask with a cannula as well, and combined with the fil-
trate. After concentration under vacuum, the afforded imine, a pale brown oil, was dis-
solved in anhyd Et,0 (5.0 mL), and catalyst 105 (6.7 mg, 0.013 mmol, 5 mol%) was added.
The soln was cooled to -78°C (dry icefacetone bath), and 2,6-lut (29 uL, 0.25 mmol,
1.0 equiv) followed by AcCl (18 pL, 0.25 mmol, 1.0 equiv) were added dropwise with a sy-
ringe. The mixture was stirred at =78 °C for 5 min, and after warming to —30°C stirred for
an additional 22 h, after which the resulting heterogeneous mixture was allowed to warm
to 23 °C. After concentration under vacuum, the residue was purified by column chroma-
tography (silica gel, EtOAc/CH,Cl, 20:80) to afford the white, solid product; yield: 46 mg
(65%); 93% ee by chiral HPLC analysis [(S,S}Whelk-O 1 (Pirkle), EtOH/hexanes 10:90,
1.2 mL-min™, A =220 nm, ty(minor)=9.9 min, t,(major)=12.1 min].

for references see p 407
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(S)2-Acetyl-1-pentyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-blindole [209, R! =R2=H;
R®=(CH,),Me]; Typical Procedure Using Sodium Sulfate and 10 mol% Catalyst:*"!l

In a flame-dried round-bottomed flask plugged with a rubber septum, a soln of tryptamine
(208, R'=R?=H; 40 mg, 0.25 mmol) in anhyd CH,Cl,Janhyd Et,0 (3:1 v/v; 12.5 mL) was pre-
pared under a N, atmosphere. After the dropwise addition of hexanal (32 uL, 0.275 mmol,
1.05 equiv) with a syringe at 23 °C, the mixture was stirred at this temperature for 90 min.
Na,SO, (500 mg) was added and the mixture was stirred for additional 30 min. A round-
bottomed flask plugged by a rubber septum was flame-dried under a N, atmosphere, and
the prepared soln mentioned above was transferred into this with a cannula and thus fil-
tered. The remaining desiccant was washed with anhyd CH,Cl, (2 x 5mL). The rinses were
transferred into the flask with a cannula as well, and combined with the filtrate. After
concentration under vacuum, the afforded imine, a pale brown oil, was immediately dis-
solved in anhyd Et,0 (5.0 mL), and catalyst 105 (13.5 mg, 0.025 mmol, 10 mol%) was added.
The soln was cooled to —-78°C (dry icefacetone bath), and 2,6-lut (29 pL, 0.25 mmol,
1.0 equiv) followed by AcCl (18 uL, 0.25 mmol, 1.0 equiv) were added dropwise with a sy-
ringe. The mixture was stirred at =78 °C for 5 min, and after warming to —60 °C stirred for
an additional 23 h, after which the resulting heterogeneous mixture was allowed to warm
to 23 °C. After concentration under vacuuin, the residue was purified by chromatography
(silica gel, EtOAc/hexanes 1:2) affording the product as a white solid contaminated with
2% enamide byproduct; yield: 47 mg (65%); 95% ee by chiral HPLC analysis [Pirkle 1-leucine,
EtOAc/hexanes 10:90, 1.2 mL-min~?, fz(minor)= 10.4 min, ty(major)=12.3 min].

2.2.4.154 Protio-Pictet-Spengler Reaction

In 2009, the Jacobsen group developed an enantioselective protio-Pictet-Spengler reac-
tion catalyzed in a cooperative manner by thiourea derivative 211 and benzoic acid.l?”?
It was proposed that thiourea derivative 211 coordinates the carboxylic acid. Its proton
is transferred to the tryptamine and is thus activating this toward cyclization, while the
thiourea stabilizes the counterion by anion binding.?”?! High to excellent enantiomeric
excesses of 85-99%, and yields from a modest 39 to a very good 94%, are obtained (Scheme
71).

Scheme 71 Enantioselective Protio-Pictet-Spengler Reaction!?’2!
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R" R R? BzOH (mol%) Time (h) Yield (%) ee®(%) Ref
OMe H 2-BrCgH, 40 87 g2t 99 1272]
H OMe 2-BrCgH, 20 11 74 95 1272]
H OMe iPr 0 88 90 94 1272]
H OMe 3-BrCgH, 20 19 87 94 [272)
H OMe 4-BrCiH, 20 74 79 94 [272]
H OMe 4-CICH, 20 66 78 94 1272]
H OMe 4-FC,H, 20 78 81 92 78]

¢ Determined by chiral SFC analysis of the N-tert-butoxycarbonyl deriva-
tive.

b Reaction performed at 35 °C.

¢ Modified procedure.

(R)-1{4-Chlorophenyl)-7-methoxy-2,3,4,9-tetrahydro-1 H-pyrido[3,4-blindole (212, R'=H;
R? = OMe; R®=4-CIC H,); Typical Procedure:”?

A homogeneous soln of 4-chlorobenzaldehyde (1.00 g, 7.14 mmol) in CH,Cl, (10 mL; dried
by passing through activated alumina) was prepared in a separatory funnel and washed
with4 M aq NaOH (3 x 10 mL). The organic layer was dried (Na,S0O,), filtered, concentrated,
and put under high vacuum (<133 Pa) for 10 min to afford a white, semicrystalline solid.
The so-prepared 4-chlorobenzaldehyde (77 mg, 0.55 mmol, 1.1 equiv) was placed immedi-
ately in a flame-dried 50-mL round-bottomed flask equipped with a magnetic stirrer bar
together with 6-methoxytryptamine (210, R'=H; R? = OMe; 95 mg, 0.50 mmol) and cata-
lyst 211 (49 mg, 0.1 mmol, 20 mol%). The mixture was put under high vacuum (<133 Pa)
for 5 min; the flask was purged with N, and capped with a rubber septum. Toluene (10 mL;
dried by passing through activated alumina) and benzoic acid (12 mg, 0.1 mmol, 20 mol%)
were added and the cloudy white suspension was stirred for 66 h at rt. The heterogeneous
mixture was quenched by addition of sat. aqg NaHCO, (10 mL) followed by extraction with
EtOAc (4 x5 mL). The combined organic layers were dried (Na,SO,) and concentrated. The
crude product was purified by chromatography [silica gel (short, wide column: 30 cm x
20 cm), MeOH/CH,CIL, 0:100 to 5:95] to afford the product as a pale yellow solid; yield:
120 mg (78%).

2.2.4.16 Biginelli Reaction
2.2.4.16.1 Biginelli Reaction of (Thio)ureas with Benzaldehydes and Ethyl Acetoacetate

3,4-Dihydropyrimidin-2(1H}ones (DHPMs) are important targets because of their broad
applicability in medicinal compounds.”?” In 2009, Chen, Miao and co-workers developed
a protocol for a highly enantioselective synthesis of 3,4-dihydropyrimidin-2(1H)-ones with
urea (213, R'=0) or thiourea (213, R'=S), a benzaldehyde derivative 214, and ethyl ace-
toacetate utilizing a bifunctional primary amine thiourea derivative catalyst 215.1*”*l The
products are obtained in good yields and with moderate to good enantioselectivities; the
best results are depicted in Scheme 72. Butanal shows low enantioselectivity (ca. 15% ee).

for references see p 407
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Scheme 72 Synthesis of Dihydropyrimidines through Enantioselective Biginelli Reaction
Utilizing a Primary Amine Thiourea Derivative Catalyst(273l

AcO ]
5 mol% AcO ° NJI\N"
AcO H H
OAc NH

2
215

X 0 o o 10 mol% 2,4,6-ClaCeHaCOLH
10 mol% EBUNHz»TFA, CH.Clp, 25 °C, 72 h
HzNJLNHz ' H1JLH N EtOM a
213 214
X
HN JJ\NH
N g
CO,Et
216
R X Yield (%) ee?(%) Ref
4CICH, O 72 >99  [73]
3-Tol 0O 78 >99 [273]
2-furyl O 89 g5°  [73
Ph 0O 93 94 [273)
4FCH, O 85 93 3
Ph S 91 93 [273]
4-Tol 0O 83 89 [273)
3-FCH, S 86 g7 [
3-FCH, O 88 g0 3l
4BrCH, O 77 74 73

3 Absolute configuration was S unless
otherwise stated.
b Absolute configuration was R.

Ethyl 6-Methyl-2-ox0-1,2,3,4-tetrahydropyrimidine-5-carboxylates 216;
General Procedure:?"?

CAUTION: 2-Furaldehyde is classified as toxic by inhalation and if swallowed, harmful in con-
tact with skin and irritating to eyes, respiratory system and skin. 2-Furaldehyde shows limited
evidence of a carcinogenic effect.

CAUTION: Thiourea is harmful if swallowed and shows limited evidence of a carcinogenic effect
and possible risk of harm to the unborn child. Thiourea is toxic to aquatic organisms and may
cause long-term adverse effects in the aquatic environment.

A reaction vessel was charged with the aldehyde 214 (0.75 mmol), urea/thiourea 213
(0.05 mmol), 2,4,6-trichlorobenzoic acid (0.0112 g, 0.05 mmol), and i-BuNH,*TFA (0.009 g,
0.05 mmol) in anhyd CH,Cl, (1 mL), and the mixture was stirred at 25 °C for 1 h. Sequen-
tially, catalyst 215 (0.013 g, 0.025 mmol) and ethyl acetoacetate (0.195 g, 1.5 mmol) were
added. After the mixture had been stirred at rt for 3 d, the crude product precipitated. The
product was collected by filtration under suction and washed with precooled EtOAc (2 x).
This isolated product was a white solid. The enantiomeric excess was determined by HPLC
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analysis (Daicel Chiralcel OD-H or Chiralpak AS-H or AD-H, hexane/iPrOH) and by optical
rotation.

2.2.4.17 Petasis Reaction
2.2.4.17.1 Petasis-Type 2-Vinylation of Quinolines

In 2007, Takemoto and co-workers developed a Petasis-type reaction protocol to synthe-
size dihydroquinolines 220 from quinolines 217 and vinylboronic acids 219 through
thiourea catalysis (Scheme 73).274 The asymmetric synthesis of quinolines is a contempo-
rary challenge, because the resonance stability of heteroaromatic compounds compli-
cates the asymmetric addition. Shibasaki developed the first enantioselective additions
to quinolines using Lewis acid and Lewis base catalysis.?”>?7 Alexakis and co-workers en-
gineered an organolithium addition to quinolines as well as to isoquinolines,?7”-27° while
Jacobsen and co-workers succeeded in the addition of ketene silyl acetals to isoquino-
lines.['64

In the reaction illustrated in Scheme 73, nucleophilic attack of the quinoline on
phenyl chloroformate presumably activates the substrate for nucleophilic attack of the
thiourea-activated boronic acid 219; the activation of the latter occurs through the attack
of the terminal hydroxy function in catalyst 218 onto the boronic acid moiety.?”* The ad-
dition of aqueous sodium hydrogen carbonate regenerates the catalyst and removes the
boronic acid. The reaction proceeds smoothly when the quinoline bears a methyl group in
the 3-position. More-electron-rich boronic acids are more reactive, whereas with a trifluo-
romethyl group the reaction is sluggish, but gives high stereoinduction.

for references see p 407
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Scheme 73 Petasis-Type Reaction of Quinolines with Vinylboronic Acids in the Presence of
a Hydroxy Thiourea Catalyst(74]

2

1. PhOCOCI

2.10 mol% F4C

R“]©/\, B(OH)2
Rﬂ

219

H,0 (56 equiv), NaHCOj (2 equiv), CHaCly

1
A0S
P,
N

217
R RZ R R* Temp(°C) Yield (%) ee (%) Ref
H H OMe H =78 70 97 [274]
H Me H H -78 70 96 [274]
CO,t-Bu H H H -65 61 96 [274]
Br H H H -65 78 95 [274]
Me H H H -65 75 95 23l
H H CF; H =40 28 95 [274]
H H H H -65 65 94 [274]
Cl H H H -65 63 94 [274]
H H Me H -65 60 91 [274]
H H OMe OMe -78 60 89 [274]
H H OCH,O0 -78 59 82 [274]

2-(2-Arylvinyl)-1,2-dihydroquinolines 220; General Procedure:*"*

CAUTION: Phenyl chloroformate is very toxic. It causes burns, is very toxic by inhalation, and is

harmful if swallowed.

Phenyl chloroformate (0.051 mL, 0.4 mmol) and H,O (0.2 mL) were added to a cooled soln
of the quinoline derivative 217 (0.2 mmol), the vinylboronic acid 219 (0.4 mmol), thio-
urea derivative 218 (0.02 mmol), and NaHCO, (34 mg, 0.4 mmol) in CH,CI, (2 mL) under
an argon atmosphere, and the mixture was stirred for 24 h at the appropriate temperature
(Scheme 73). Then, the mixture was diluted with CHCI; and washed with 1 M NaOH, 1M
HCI, and H,O. The organic phase was dried (MgS0O,), and the solvent was evaporated under
reduced pressure. The residue was purified by column chromatography (hexane/EtOAc
10:1). The enantiomeric excess was determined by HPLC analysis (Chiralcel OD-H or AD-

H, hexane/iPrOH).
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2.2.4.18 Transfer Hydrogenation
2.2.4.18.1 Transfer Hydrogenation of Nitroalkenes

In 2007, Schreiner and Zhang developed a protocol for the synthesis of nitroalkenes using
an achiral thiourea catalyst.*! In the same year, List and co-workers presented their re-
sults on a highly enantioselective organocatalytic transfer hydrogenation of f3,p-disubsti-
tuted nitroalkenes 221 through a thiourea-derived catalyst.?® They applied a Jacobsen-
type catalyst 22371 and the Hantzsch ester 222 as reagent (Scheme 74). The reaction is
performed at 40 °C for better solubility of the Hantzsch ester. Aliphatic, heteroaromatic,
and various aromatic alkenes are tolerated and give good yields as well as enantioselectiv-
ities (>82% yield and >90% ee). The results for 221 (R!=Et; R?=Me) and 221 (R'=Me; R?=
Et) (Scheme 74) show that the enantioselectivity depends on the geometry of the alkene:
the E-enriched isomer 221 (R!=Et; R?=Me) gives more S-enantiomer, whereas the Z-en-
riched isomer 221 (R!=Me; R?=Et) gives more R-enantiomer. In 2010, Paradies and co-
workers also demonstrated transfer hydrogenation of nitroalkenes, using a planar chiral
thiourea derivative, but with low yields and enantioselectivities.>*)

Scheme 74 Transfer Hydrogenation of Nitroalkenes with a Thiourea-Derived
Organocatalyst and a Hantzsch Ester(?3°]

Bu'0;C CO,Bu!
I\/l( (1.1 equiv)
N
H

222

Bu' S
e A L
5 mol% \n/\H N
0 N
v

R2 223 B2
8 ,J\/ 3 toluene, 40 °C, 2448 h ¥ g /\/ NO,
221 224
R R? Yield® (%) ee (%) Ref
Ph Pr =99 96 [280]
4-Tol Me 99 94 [2e0]
4CICH, Me 99 94 [0
Ph Me 97 94 [280]
Ph Et 94 94 [2e0]
2-naphthyl Me >99° 92 [280]
2-furyl Me  84° 92 [220]
t-Bu Me 82> 92 [280]
4NCCH, Me 99 90 10

for references see p 407
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R R? Yield® (%) ee (%) Ref
3-CICeH, Me 97 90 [280]
Et Me  97bcd 64 [280]
Me Et g5bae 12 [280]

? Isomeric purity of nitroalkene was
>98:2 unless stated otherwise.

b With 10 mol% of catalyst 223.

¢ Yield and enantiopurity of product deter-
mined by GC (volatile products).

d Ratio (E/Z) in starting material 93:7.

¢ Ratio (E/Z) in starting material 14:86.

Nitroalkanes 224; General Procedure:?*l

In an oven-dried flask, the catalyst 223 (8.2 mg, 0.020 mmol, 0.05 equiv) and Hantzsch
ester 222 (132.6 mg, 0.429 mmol, 1.1 equiv) were added to a soln of {3,p-disubstituted ni-
troalkene 221 (0.390 mmol) in anhyd toluene (0.3 ml, 1.3 M). After stirring of the mixture
under an argon atmosphere at 40 °C for 48 h, the solvent was removed under reduced
pressure. The residue was purified by flash column chromatography [silica gel (Merck
60, 0.040-0.063 mm), pentane/Et,0]. The enantiomeric excess was determined by chiral
GC [Ivadex 1/PS086 or G-TA or BGB 176/SE|, polarimetry, or chiral HPLC (Chiralcel AS-H,
heptane/iPrOH 90:10).

224182 Transfer Hydrogenation of [}-Nitroacrylates

List and co-workers developed, in 2008, an alternative protocol to synthesize [3-nitro es-
ters 226 as precursors for j?-amino acids through hydrogenation of (-nitroacrylates 225
with Hantzsch esters (e.g., 222) and a chiral thiourea catalyst 223 (Scheme 75).128%-21 Gell-
man and co-workers obtained -amino aldehydes via Mannich aldehydes, which also can
be converted into f*-amino acids.**22% Direct palladium/carbon-catalyzed hydrogenation
of the (-nitro esters gives the free [}*-amino acids.*®!! The yield is high in all cases, but the
enantioselectivity increases slightly with size and bulkiness of the ester moiety./?8!l Other
aryl and hetaryl groups can also be utilized and give good enantioselectivity (>89% ee). List
and co-workers also tested the influence of E- and Z-nitroalkenes, and observed that the
E-isomer of 225 (R'= Me; R*=Et) gives the opposite enantiomer as product. Mixtures of E-
and Z-isomers of nitroalkenes 225 give racemic [-nitro esters.

Scheme 75 Transfer Hydrogenation of B-Nitroacrylates Using a Chiral Thiourea

Catalyst(81]
Bu'0,C CO,Bu!
X
N
H
222
EtN ~ K
10 mol% \H/\H N
0 N
\@/
COzR? 2 CO.R?

toluene, 0 °C, 24-48 h H
R! &/NO? . R1 /\/NOZ

225 226
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R R?  Yield* (%) ee (%) Ref
(CH,),Me Et 91° 95 [
Ph iPr 91 95 [281]
Ph t-Bu 92 94 281]
Me Et  97° 94 [281]
Ph Bn 91 94 [281]
4-Tol Et 92 93 281]
2-thienyl Et 81 93 [281]
iPr Et 92 93 [
Ph Et 95 92 [281]
4FCH, tBu 85 92 281

? Isomeric purity >98:2 in the starting
nitroacrylate; the Z-alkene was used
unless otherwise stated.

b E-Alkene was used.

[-Nitro Esters 226; General Procedure:**!

CAUTION: Di-tert-butyl azodicarboxylate has specific target organ toxicity properties for single
exposure. It is irritating to the eyes, respiratory system, and skin.

Hantzsch ester 222 (92.8mg, 0.3mmol, 1.0 equiv) and the catalyst 223 (12.6mg,
0.03 mmol, 0.1 equiv) were added to a soln of the P-nitroacrylic ester 225 (0.3 mmol) in
toluene (0.3 mlL, 1.0 M) in oven-dried glassware under an argon atmosphere. The mixture
was stirred for 24-48 h at 0°C. After removal of the solvent under reduced pressure, the
residue was purified by flash column chromatography |[silica gel (Merck 60, 0.040-
0.063 mm), pentane/Et,0].

If the reaction was not complete, the Hantzsch ester was destroyed at 0 °C with di-tert-
butyl azodicarboxylate (DBAD). In this way the non-enantioselective background reac-
tions during solvent evaporation were avoided. The enantiomeric excess was determined
by chiral HPLC analysis (Chiralcel AS-H, heptane(iPrOH 80:20) or chiral GC (G-TA, BGB-176/
BGB-15, IVADEX 1/PS086, or LIPODEX G) and polarimetry.

2.2.4.19 Reduction of Ketones

Procuranti and Connon published a method for the chemoselective reduction of 1,2-dike-
tones catalyzed by a bifunctional thiourea derivative bearing an organic hydride donor in
2007.28 Later in the same year, Costero and co-workers showed biphenylylthioureas to be
good organocatalysts for electrochemical reductions of aromatic carboxylates.”® In 2010,
the Falck group developed a method for the enantioselective reduction of various ketones
227 catalyzed by cyclohexane-1,2-diamine-derived thiourea 228.1*4 It was proposed that
the thiourea moiety activates the carbonyl group by double hydrogen bonding while the
secondary amine functionality activates the borane by forming a boronate-amine com-
plex.1”4 For aryl ketones, moderate to high yields (66-95%) and excellent enantiomeric
excesses (95-99%) are achieved (Scheme 76). The results for alkenyl and alkyl ketones
are not as good: reduction affords the corresponding alcohols in 60-92% yield with 47—
97% ee.

for references see p 407
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Scheme 76 Enantioselective Reduction of Ketones!2#l

CF3
o¥¥s!
10 mol%
" v NJLN CFs
H H H
NHBn
228
o) catecholborane (1.6 equiv) OH
4-A molecular sieves, toluene, —46 °C J\
R'" "R? - R "R?
227 229
R RZ Time (h) Yield (%) ee (%) Ref
4-BrCH, Me 22 95 99 [
4-CICgH, Me 22 94 99 [264]
Ph Et 24 86 99 [284]
Ph Pr 24 86 99 [284]
N
@[) 24 86 99 w4
4-FCeH, Me 20 84 99 [284]
Ph Me 24 88 98 [264]

(S}1-Phenylethanol (229, R! =Ph; R?=Me); Typical Procedure:***

Under an argon atmosphere, a mixture of acetophenone (227, R!=Ph; R*=Me; 30mg,
0.25 mmol), catalyst 228 (12 mg, 0.025 mmol, 10 mol%), and freshly activated 4-A molecu-
lar sieves (250 mg) in anhyd toluene (0.7 mL) was cooled to =78 °C. A 1.0 M soln of catechol-
borane in toluene (0.4 mL, 0.4 mmol, 1.6 equiv) was added slowly and the mixture was
placed in a bath at a temperature of —46°C. The soln was stirred for 24 h at this temper-
ature followed by addition of first MeOH (1 mL) and then 3 M NaOH soln (1 mL). The mix-
ture was warmed to rt gradually, stirred for 1 h, and extracted with Et,0 (3 x 20 mL). The
extracts were combined, dried (Na,SO,), filtered, and concentrated under reduced pres-
sure. The residue was purified by flash column chromatography (silica gel, hexanes/
EtOAc 6:1) to yield (S)-1-phenylethanol as a colorless oil; yield: 27 mg (88%); 98% ee by chi-
ral HPLC [Chiralcel OD, iPrOH/hexane 2:98, 1 mL.-min™, A =254 nm, t(minor)=15.0 min,
fx(major)=15.2 min|.

2.2.4.20 o-Amination

2.2.4.20.1 a-Amination of a-Cyano Ketones

Kim and co-workers published in 2008 a method for the enantioselective a-amination of
a-cyano ketones 230 with azodicarboxylates catalyzed by a tertiary amine thiourea deriv-
ative 231.12%5 High to excellent enantiomeric excesses of 87-99% and mostly high yields of
77-95% (45% in one case) are obtained. The seven best results can be found in Scheme 77.
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Scheme 77 Enantioselective a-Amination of a-Cyano Ketones with Di-tert-butyl Azodicar-
boxylate Catalyzed by a Tertiary Amine Thiourea Derivativel283]

CF3
"NJLN CFa
H H
10 mol®% N
0 _COBu! 231
CN N II\II toluene _
R2 BUIOZC
230 (1.5 equiv)
,COZBUI
O HN
N
FUJJX ~COBu!
R2 CN
232
R R? Temp (°C) Time  Yield (%) ee (%) Ref
@:)" -35° 21h 94 99 (28
/@:J' -78 48h 94 99 [
Ph 4-MeOCH, =30 36h 93 99 [285]

Nt
@) -30 8d 77 99 28]

-78 24h 85 98 [285]

@ -20° 05h 95 97 B8l
QJ -78 20h 92 97 (9]

2 1 mol% catalyst.

for references see p 407
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Di-tert-butyl 1(2-Cyano-1-ox0-2,3-dihydro-1H-inden-2-yl)hydrazine-1,2-dicarboxylate
(232, R%,R' =2-CH,C,H,); Typical Procedure:?*!

CAUTION: Di-tert-butyl azodicarboxylate has specific target organ toxicity properties for single
exposure. It is irritating to the eyes, respiratory system, and skin.

A soln of 1-0x0-2,3-dihydro-1H-indene-2-carbonitrile (230, R%R'=2-CH,C,H,; 47.15mg,
0.3 mmol) and catalyst 231 (1.99 mg, 0.003 mmol, 1 mol%) in toluene (0.3 mL) was prepar-
ed followed by the dropwise addition of a soln of di-tert-butyl azodicarboxylate (103.6 mg,
0.45 mmol, 1.5 equiv) in toluene (0.3 mL) under stirring at —20 °C. After stirring over a peri-
od of 30 min at this temperature, the mixture was concentrated, and then purified by
flash chromatography (EtOAc/hexane 1:4) to yield the product; yield: 110.4 mg (95%);
97% ee by HPLC analysis [Chiralpak AD, hexanefiPrOH 4:1, »=254 nm, 1.0 mL-min™,
lg(minor)= 5.8 min, tz(major)="7.7 min|.

2.2.4.20.2 o-Amination of Aldehydes

In 2010, Wang, Xu, and co-workers reported the enantioselective a-amination of alde-
hydes.?®! The amination reaction is catalyzed by a bifunctional catalyst 235 bearing
both a proline amide and a thiourea moiety. It was proposed that this kind of catalyst ac-
tivates the azodicarboxylate 233 by double hydrogen bonding to the thiourea moiety and
the aldehyde 234 by enamine formation through the pyrrolidine group.®d Yields in the
range 65-97% and enantiomeric excesses of 77-99% are obtained. Some results are given
in Scheme 78.

Scheme 78 Enantioselective a-Amination of Aldehydes with Azodicarboxylates Catalyzed
by a Proline Amide Thioureal28¢!

1o
o¥usl
~ N A N CFs
1. 20 mol% = H H
o} NH
{ NH
OR!? 235
% o-xylene, 0°C
o N R - 2. NaBH; (1.5 equiv), MeOH, 0°C -~
1l 1+ R°-CHO
N TI/O
0
233 234 (1.5 equiv)

R" R? Time* Yield (%) ee (%) Ref
Et iPr Tmin 97 99 286]
Et iPr 9.5h" 96 99 [236]
iPr iPr  40min 89 99 [286]
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R" R? Time* Yield (%) ee (%) Ref

Bn iPr 10min 70 98 [286]
Bn Et 9h 73 97 286]
Et Me 2min 89 96 [286]
Bh Me 9h 82 9 [286]

? For the amination reaction.
b With 2.0 mL of o-xylene.

Later in 2010, the same group reported the enantioselective o-amination of branched al-
dehydes 237.1?*7] As organocatalyst, the above-mentioned proline amide thiourea deriva-
tive 235 is also utilized. 2-Hydroxybenzoic acid (20 mol%) is employed as an additive to
increase yields; under these conditions, yields of 30-99% and enantiomeric excesses of
80-97% are obtained (except for two cases, where no reaction was observed or the product
was only obtained in traces). The seven results with the best enantiomeric excesses ob-
tained are given in Scheme 79.

Scheme 79 Enantioselective a-Amination of Branched Aldehydes with Azodicarboxylates
Catalyzed by a Proline Amide Thioureal?®]

CF3
10 mol% : NN CFs
0. _NH
{ NH
(o]
R1 235
/J\ N JJ\ORZ 20 mol% 2-HOCgH4CO,H, CH,Cly, 0°C
I -
CHO (o] N
OR?
237 (1.5 equiv) 238
R20 (0]
Y B
HN )r
h CHO
HEOAO
239

R R? Time (h) Yield (%) ee (%) Ref

4-BrCH, iPr 32 92 97 [287]

Ph iPr 32 87 97 [287]

2-CICH, iPr 56 30 97 (28]

Ph Et 23 96 96 [287]

4-FCeH, iPr 32 94 96 (28]

4-Tol iPr 20 85 96 [287]

2-naphthyl iPr 15.5 90 95 [25]

for references see p 407
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Dialkyl 1-(1-Alkyl-2-hydroxyethyl)hydrazine-1,2-dicarboxylates 236;
General Procedure:**°!

CAUTION: Diethyl azodicarboxylate is irritating to eyes, skin, and the respiratory system. It can
explode when heated, and is harmful if inhaled.

CAUTION: Diisopropyl azodicarboxylate is irritating to eyes, skin, and the respiratory system. It
is a suspected carcinogen. Health can be seriously damaged by prolonged exposure. It is harmful
by swallowing and if inhaled.

| CAUTION: Dibenzyl azodicarboxylate is irritating to eyes, skin, and the respiratory system. |

A stirred soln of catalyst 235 (0.04 mmol, 20 mol%) and the aldehyde 234 (0.3 mmol,
1.5 equiv) in anhyd o-xylene (0.8 ml) was prepared, and cooled to 0°C followed by addition
of the azodicarboxylate 233 (0.2 mmol) (dibenzyl azodicarboxylate synthesized from hy-
drazine had a purity of 90%). The mixture was stirred at this temperature for the time
given in Scheme 78. After consumption of 233 (TLC monitoring; the color of 233 also van-
ishes), NaBH, (11 mg, 0.3 mmol) in anhyd MeOH (0.8 mL) was added. After 20 min, the re-
action was quenched by addition of 2M NH,CI soln (3 mL) followed by extraction with
EtOAc (3 x2.5 mL). The combined organic layers were dried (MgSO,) and filtered. After
concentration under vacuum, the residue was purified by column chromatography (silica
gel, petroleum ether/EtOAc 10:1 to 4:1) to yield the product. The enantiomeric excess was
determined by chiral HPLC (Chiralpak AD-H or AS-H, or Whelk-O 1; iPrOH/hexane 10:90 or
5:95) or GC analysis (CP-Chirasil Dex CB).

Dialkyl 1{(1-Alkyl-1-methyl-2-oxoethyl)hydrazine-1,2-dicarboxylates 239;
General Procedure:**’!

CAUTION: Diethyl azodicarboxylate is irritating to eyes, skin, and the respiratory system. It can
explode when heated, and is harmful if inhaled.

CAUTION: Diisopropyl azodicarboxylate is irritating to eyes, skin, and the respiratory system. It
is a suspected carcinogen. Health can be seriously damaged by prolonged exposure. It is harmful
by swallowing and if inhaled.

A soln of catalyst 235 (0.02 mmol, 10 mol%), 2-hydroxybenzoic acid (0.04 mmol, 20 mol%),
and the aldehyde 237 (0.3 mmol, 1.5 equiv) in anhyd CH,Cl, (1.0 mL) was prepared, and
cooled to 0°C followed by addition of the azodicarboxylate 238 (0.2 mmol) under stirring.
The mixture was stirred at this temperature for the time given in Scheme 79. After con-
sumption of 238 (TLC monitoring; the color of 238 also vanishes), the mixture was con-
centrated under reduced pressure, and the residue was purified by column chromatogra-
phy (silica gel, petroleum ether/EtOAc 8:1) to yield the product. The enantiomeric excess
was determined by chiral HPLC analysis (Daicel Chiralpak AD-H, AS-H, AS, or OD-H, or
Whelk-O 1; iPrOH/hexane).

2.2.4.21 o-Alkylation of Aldehydes

In 2010, the Jacobsen group developed an enantioselective a-alkylation of aldehydes 240
catalyzed by a bifunctional thiourea derivative 10, bearing a cyclohexane-1,2-diamine
moiety.l?% The electrophile could in principle be activated by halogen abstraction (Sy1-
type) or coordination by the thiourea derivative (Sy2-type). Based on kinetic isotope ef-
fects, competition experiments, and catalyst structure-activity studies, an
Sy1 mechanism was proposed based on anion binding to the catalyst.?*® High enantio-
meric excesses (85-94%) as well as moderate yields in the range 52-70% are obtained
(Scheme 80).
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Scheme 80 Enantioselective a-Alkylation of Aldehydes Using a Cyclohexane-1,2-diamine
Thiourea Derivative as Catalyst[288]

CF3
20 mol% Q 5
mol%
FaC N JLN“
H H N
Br 10
o} H,0 (1 equiv), EtgN (1 equiv)
R O O 10 mol% AcOH, toluene (0.05 M), rt
H + -
RZ HE

240 241 (2 equiv)

NaBH,, MeOH
CHCl, 0 °C to rt

HE
242
R R Time (d) Yield® (%) eeb(%) Ref
4BrCH, H 4 56 94 (28]
4FCH, H 4 57 92 =
2-naphthyl H 2 68 92 [288]
Ph H 3 70 91 [228]
Ph cl 3 61 91 [288]
Ph Br 3 61¢ 91 [288]
Ph F 3 60° 90 1288)

? Yield of isolated alcohol after reduction with NaBH,
unless otherwise indicated.

® Determined by HPLC analysis of alcohol following
reduction with NaBH,.

¢ Yield of isolated aldehyde 242.

a-Alkylated Aldehydes 242; General Procedure:?sd!

For preparation of the stock soln, the bromodiphenylmethane 241 (0.750 mmol, 2 equiv)
was added to a flame-dried 10-mL Schlenk flask under a N, atmosphere. The flask was
sealed with a rubber septum, and then evacuated and flooded with N, (4 x). After addition
of the aldehyde 240 (0.375 mmol), AcOH (2.1 L, 0.0375mmol, 10 mol%), anhyd Et;N
(52 uL, 0.375mmol, 1 equiv), and anhyd toluene (7.5 mL), the septum was replaced by a
glass plug under a positive N, pressure, and the mixture was degassed (three freeze—
pump-thaw cycles). The glass plug was replaced by a rubber septum.

A flame-dried 10-mL Schlenk flask was charged with catalyst 10 (22.4mg,
0.058 mmol, 20 mol%) under a N, atmosphere. The flask was sealed with a rubber septum,
and then evacuated and flooded with N, (4 x). N, was bubbled through deionized H,O (ca.
1mlL) for 10 min in a GC vial; a portion of this H,O (5.2 uL, 0.29 mmol, 1 equiv) was trans-
ferred to the Schlenk flask using a gastight microsyringe, followed by addition of the
stock soln (6 mL, 0.29 mmol aldehyde, 0.58 mmol bromide). Care was taken on rinsing
the H,O from the flask wall. Under a positive N, flow, the rubber septum was replaced
by a glass plug, the Schlenk flask was sealed, and the mixture was stirred at rt.

for references see p 407
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Workup procedure for isolation of the aldehyde product: After addition of 1M aq HC1 (3 mL) to
the mixture, the resultant mixture was stirred for 15 min followed by extraction with
CH,Cl, (3 x 15 mL). The combined organic layers were dried (Na,SO,). After concentration
under reduced pressure, the residue was purified by flash chromatography (silica gel) to
yield the aldehyde product.

Workup procedure for isolation of the alcohol product: After addition of 1 M aq HCI (3 mL), the
mixture was stirred for 15 min followed by extraction with CH,Cl, (3 x15mL). The com-
bined organic layers were dried (Na,S0,). After concentration under reduced pressure,
MeOH (ca. 10 mL) and CH,Cl, (ca. 5 mL) were added to the residue followed by cooling to
0°C. After addition of NaBH, (113 mg, 3.0 mmol), the mixture was stirred for 15 min at
0°C. Then, the mixture was allowed to warm to rt followed by stirring for an additional
30 min. After addition of H,0 (ca. 10 mL), the mixture was again stirred for 30 min fol-
lowed by extraction with CH,Cl, (3x15ml). The combined organic layers were dried
(Na,SO,). After concentration under reduced pressure, the residue was purified by flash
chromatography (silica gel) to afford the alcohol product. The enantiomeric excess was
determined by chiral HPLC analysis [OD-H or (S.S)-Whelk, iPrOH/hexanes 2:98, 1.0 mL.
min~.

2.2.4.22 o.-Chlorination of Aldehydes

In 2010, Cai and Zhang showed (S)-pyrrolidine thiourea 244 to be an efficient catalyst for
the a-chlorination of aldehydes 243.1%%9 [t was proposed that an enamine is built from the
aldehyde and the catalyst’s pyrrolidine moiety while one carbonyl group of N-chlorosuc-
cinimide is bound to the thiourea moiety.**? The resulting 2-chloroaldehydes 245 are ob-
tained in yields ranging from 91 to 99% with enantiomeric excesses from 85 to 95%
(Scheme 81).

Scheme 81 Enantioselective a-Chlorination of Aldehydes with N-Chlorosuc-
cinimide Catalyzed by a Chiral Pyrrolidine Thiourea Derivative at 25 °C[2%]

F. F
s /@Mca
10 mol% 7
Qs
NH i i
0] 244 0]
R! NGS (1.3 equiv), CHoClp, 25 °C R
cl
243 245
R Time (h) Yield® (%) ee® (%) Ref
t-Bu 2 92 95 [289]
(CH,);Me 3 96 92 =)
(CH)Me 3 95 91 (289)
iPr 2 97 90 (289]

CH,CH=CH, 3 91 89 (269]
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R’ Time (h) Yield® (%) ee®(%) Ref
Pr 2 95 87 2891
Et 2 99 86 (289]
Bn 3 99 85¢ 289]

@ Measured by GC using benzyl methyl ether as
internal standard.

b Determined by chiral GC unless otherwise stat-
ed.

¢ Determined by chiral HPLC after reduction to
the corresponding alcohol.

2-Chloro-3-phenylpropanal (245, R! = Bn); Typical Procedure:?*!

Catalyst 244 (32.65 mg, 0.05 mmol, 10 mol%) and then NCS (87 mg, 0.65 mmol, 1.3 equiv)
were added to a stirred and cooled (ice bath) soln of 3-phenylpropanal (243, R!=Bn;
65.8 pL, 0.5 mmol) in CH,Cl, (1.0mL) and the mixture was stirred for 1 h. Then, the mix-
ture was allowed to warm to 25 °C. After the reaction was completed (ca. 2 h, GC analysis,
internal standard: benzyl methyl ether), the mixture was concentrated and loaded onto a
FluoroFlash silica gel cartridge (2 g) for E-SPE [eluents: THF/H,O (80:20; 10 mL) for non-fluo-
rous products, then THF (5 mL) for the fluorous catalyst]. The THF/H,O fraction filtrates
were combined and extracted with hexane, and the extracts were dried (Na,S0O,) and con-
centrated to give the pure product; yield: 99%. The fluorous catalyst dissolved in the THF
fraction could easily be recovered by evaporating the solvent.

The aldehyde was dissolved in MeOH (2 mL) and NaBH, (100 mg, 2.6 mmol) was added
in several portions for reduction to the corresponding alcohol. After 10 min of stirring,
the reaction was quenched by addition of H,0 and the mixture was extracted with
EtOAc. The separated organic layer was dried (Na,SO,). The solvent was evaporated and
the product was purified by flash chromatography (pentane/EtOAc 4:1); 85% ee by chiral
HPLC analysis [Daicel Chiralpak OD-H, hexane/iPrOH 98:2, ty(minor)=11.38 min, fz(ma-
jor)=12.18 min).

2.2.423 Cationic Polycyclization
2.2.4.23.1 Cationic Polycyclizations of Lactam Derivatives

The Jacobsen group developed an efficient method for the asymmetric biscyclization of
hydroxy lactams catalyzed by a thiourea organocatalyst 247.2%! Presumably, in the con-
version of the lactam into a chloro lactam with hydrogen chloride, the thiourea stabilizes
the chloride through hydrogen bonding, while the cationic center is stabilized through
cation—rm interactions. 4-Substituted phenyl derivatives show high enantioselectivities
and reactivities (Scheme 82). Substrates with more-electron-rich arenes or modifications
of the nonaromatic portions of the molecule result in lower enantioselectivity and reac-
tivity. More information and additional substrates are found in the Supporting Informa-
tion to the relevant reference.*

for references see p 407
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Scheme 82 Enantioselective Thiourea-Catalyzed Cationic Polycyclizations?!

15 mol%

5

247

25 mol% HCI, 4-A molecular sieves, +-BuOMe, —30 °C

R1
X

\

246
X R"  Time (h) Yield (%) ee (%) Ref
CH=CH OMe 72 72 94 [290]
D H 728 75 92 [290]
CH=CH Me 96 62 91 (290]
S c 72° 77 91 [290]
CH=CH t-Bu 96 71 91 [290]
CH=CH Ph 117¢ 54 91 [290]
CH=CH H 96 51 89 (290]

@ Reaction run with 50 mol% HCI.

b Reaction run at -10°C.

¢ Reaction run with addition of TMSCI (2 equiv);

single procedure.

7,8-Fused 6a-Methyldecahydropyrrolo[2,1-alisoquinolin-3(2H)-ones 248;

General Procedure:**

CAUTION: Hydrogen chloride in diethyl ether is extremely flammable, causes severe burns, and

may build explosive peroxides.

An oven-dried round-bottomed flask (25 mlL) was filled with the hydroxy lactam 246
(0.25 mmol, 1.0 equiv), thiourea catalyst 247 (0.375mmol, 0.15 equiv), 4-A molecular
sieves (160 mg), and anhyd t-BuOMe (10 mL). The mixture was cooled to —=78°C and a 2 M
soln of HCI (0.0625 to 0.125 mmol, 0.25 to 0.50 equiv) in Et,0 was added dropwise. The
mixture was then placed in a Cryocool at =30°C and stirred for 72-96 h at this tempera-
ture. Then, the mixture was quenched with a precooled 20% v/v soln of Et;N in EtOAc (ca.
1mlL). The mixture was filtered through a pipet containing silica gel, which was rinsed
with acetone. The solvents were removed under reduced and the residue was purified
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chromatographically [silica gel (EM Science 60, 230-400 mesh)|. The enantiomeric excess
was determined by SFC analysis (Chiralpak AS, AD-H, or OD-H).

(4bS,10aS,10bR)-4b-Methyl-3-phenyl-5,6,9,10,10a,10b,11,12-octahydrobenzo[f]pyrrolo-
[2,1-a)lisoquinolin-8(4bH)-one (248, X = CH=CH; R! =Ph):**!

An oven-dried round-bottomed flask (25 mL) was filled with the hydroxy lactam 246 (X =
CH=CH; R'=Ph; 0.25mmeol, 1.0 equiv), anhyd CH,Cl, (2.5mlL), and anhyd Et,N
(0.78 mmol, 3.1 equiv). Into the cooled (0°C) mixture, AcCl (0.73 mmol, 2.9 equiv) was
added dropwise under stirring. The mixture was stirred at rt for 1.5h. The light yellow
suspension was filtered through an alumina plug and rinsed with acetone. Then, the re-
maining solvent and reagents were evaporated under reduced pressure. An oily residue
was afforded in the flask, which was charged with the thiourea catalyst 247
(0.375 mmol, 0.15 equiv), 4-A molecular sieves (160mg), and anhyd t-BuOMe (10 mL). The
mixture was cooled to =78 °C and TMSCL(63.5 pL, 0.50 mmol, 2 equiv) was added dropwise.
The flask was placed in a Cryocool at —30°C and the mixture was stirred for 117 h. After
quenching at —30 °C with a precooled 20% v/v soln of Et;N in EtOAc (ca. 1 mL), the mixture
was filtered through a pipet containing silica gel, which was rinsed with acetone. The sol-
vents were evaporated under reduced pressure and the residue was purified chromato-
graphically [silica gel (EM Science 60, 230-400 mesh)] to give the product as a white
foam; yield: 44.9 mg (54%). The enantiomeric excess was determined by SFC analysis (Chir-
alpak AS-H, 20% MeOH).

2.2.4.24 Addition to Oxocarbenium lons

2.2.4.24.1 Addition to Oxocarbenium lons: Synthesis of
3,4-Dihydro-1H-2-benzopyran Derivatives

Schreiner and co-workers reported the first use of a double hydrogen bonding thiourea
organocatalyst in acetalization reactions.’>?* The thiourea catalyst in this case assists the
heterolysis of an ortho ester through stabilization of an oxyanion through hydrogen
bonding. The stabilized oxyanion is then transferred to a carbonyl moiety to complete
the acetalization. In 2008, Jacobsen reported a protocol for the use of asymmetric counter-
ion catalysis in nucleophilic additions to oxocarbenium ions.*! A thiourea catalyst 251, a
ketene silyl acetal 250, and 1-chloro-3,4-dihydro-1H-2-benzopyrans (or 1-methoxy-3,4-di-
hydro-1H-2-benzopyrans 249 with boron trichloride) are used to synthesize several 3,4-di-
hydro-1H-2-benzopyran derivatives 252 with excellent enantioselectivity (Scheme 83).

for references see p 407
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Scheme 83 Synthesis of 3,4-Dihydro-1H-2-benzopyran Derivatives under Thiourea Or-
ganocatalysis through Asymmetric Addition of Nucleophiles to Oxocarbenium lons/291

1. BCls, CHzClo, 0°C to 1t

CF,
W Q
2.10 mol% -
- NY\NJLN CFs
H H
o}
F
251
t+BuOMe, -78°C
OTMS
R y OMe R!
HZ RS HE
250
RS o RB (o]
OMe R4
RS COz2Me
249 252

R" R R R* R> Time (h) Yield (%) ee (%) Ref

Me H H  (CH)0(CHy), 24 74 97 9]

H F H (CH,),0(CH,), 24 70 95 [297]

H H H (CH,)5 24 84 94 [297]

H Me H (CH,);,0(CH,), 24 76 94 [291]

H H H (CH,),0(CH;), 24 87 93 [291]

H H H Me Me 24 92 92 [297]

H H H (CH,), 24 85 92 [291]

H H Me (CHy),0(CHy), 20 70 92 [z

Me H H H H 7.5 71 90 [291]

H F H H H 21 70 90 [297]

Methyl 2<3,4-Dihydro-1H-2-benzopyran-1-yl)alkanoates 252; General Procedure:*!

An oven-dried flask flushed with N, was charged with the anhyd 1-methoxy-3,4-dihydro-
1H-2-benzopyran 249 (0.30 mmol, 1.0 equiv) and anhyd CH,Cl, (0.4 mL). After cooling of
the mixture to 0°C, a 1.0 M soln of BCl; in hexanes (0.10 mL, 0.35 equiv) was added drop-
wise. The mixture was warmed to rt and stirred for an additional 1.5 h. The solvent was
removed under reduced pressure. The crude residue was kept under vacuum (1 Torr) for
30 min. Anhyd t-BuOMe (2.0 mL) was added under a N, atmosphere. After cooling of the
flask to —-78°C, thiourea catalyst 251 (0.03M stock soln in anhyd t-BuOMe; 1.0 mL,
0.03 mmol, 0.1 equiv) and the ketene silyl acetal 250 (0.45 mmol, 1.5 equiv) were added.
After temporary stirring (see Scheme 83) at this temperature, the reaction was quenched
by addition of 0.5 M NaOMe in MeOH (0.2 mL) at —78 °C. Then, the mixture was diluted
with of Et,Ofhexanes (1:1; 2mL). To hydrolyze the remaining ketene silyl acetal, the mix-
ture was filtered through a 10-mL fritted funnel containing silica gel. The silica gel was
rinsed with Et,O/hexanes (1:1; 15 mL). The solvent was evaporated to afford the crude res-
idue, which was purified by chromatography |[silica gel (EM Science 60, 230-400 mesh),
hexanes/EtOAc or hexanes/Et,0|. The enantiomeric excess was determined by chiral
HPLC analysis [(S,5)-Whelk-O 1, Chiralpak AS-H or AD-H, or Chiralcel OD-H; hexanes/
iPrOH or hexanes/EtOH] or GC analysis (f-cyclodex, 20 m x 0.25 mm).



131

References 407

References

[l Schreiner, P. R., Chem. Soc. Rev., (2003) 32, 289.

2 Takemoto, Y., Org. Biomol. Chem., (2005) 3, 4299.

[ Connon, S. J., Chem.—Eur. J., (2006) 12, 5418.

4 Doyle, A. G.; Jacobsen, E. N., Chem. Rev., (2007) 107, 5713.

5 Zhang, Z.; Schreiner, P. R., Chem. Soc. Rev., (2009) 38, 1187.

¥ Kotke, M.; Schreiner, P. R., In Hydrogen Bonding in Organic Synthesis, Pihko, P. M., Ed. Wiley-VCH:
Weinheim, Germany, (2009); pp 141-351.

[ Schreiner, P. R.; Wittkopp, A., Org. Lett., (2002) 4, 217.

¥ Wittkopp, A.; Schreiner, P. R., Chem.—Eur. J., (2003) 9, 407.

Bl Fan, E.; Arman, S. A. V.; Kincaid, S.; Hamilton, A. D., J. Am. Chem. Soc., (1993) 115, 369.

[0 Nishizawa, S.; Biihlmann, P.; Iwao, M.; Umezawa, Y., Tetrahedron Lett., (1995) 36, 6483.

(" Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X; Takemoto, Y., J. Am. Chem. Soc., (2005) 127, 119.

12 Hine, J.; Ahn, K.; Gallucci, J. C.; Linden, S.-M., J. Am. Chem. Soc., (1984) 106, 7980.

I3l Hine, J.; Linden, S.-M.; Kanagasabapathy, V. M., J. Am. Chem. Soc., (1985) 107, 1082.

[ Hine, ].; Linden, S.-M.; Kanagasabapathy, V. M., |. Org. Chem., (1985) 50, 5096.

(5l Hine, J.; Ahn, K., ]. Org. Chem., (1987) 52, 2083.

18 Etter, M. C.; Panunto, T. W., J. Am. Chem. Soc., (1988) 110, 5896.

7 Etter, M. C.; Urbaficzyk-Lipkowska, Z.; Zia-Ebrahimi, M.; Panunto, T. W., J. Am. Chem. Soc., (1990)
112, 8415.

118 Kelly, T. R.; Meghani, P.; Ekkundi, V. S., Tetrahedron Lett., (1990) 31, 3381.

[ Curran, D. P.; Kuo, L. H., Tetrahedron Lett., (1995) 36, 6647.

29 Wilcox, C. S.; Kim, E-i.; Romano, D.; Kuo, L. H.; Burt, A. L.; Curran, D. P., Tetrahedron, (1995) 51,
621.

21l Qkino, T.; Hoashi, Y.; Takemoto, Y., J. Am. Chem. Soc., (2003) 125, 12672.

22 Chen, H.-T.; Trewyn, B. G.; Wiench, ]. W.; Pruski, M.; Lin, V. S-Y., Top. Catal., (2010) 53, 187.

23 Okino, T.; Hoashi, Y.; Takemoto, Y., Tetrahedron Lett., (2003) 44, 2817.

4 Dessole, G.; Herrera, R. P.; Ricci, A., Synlett, (2004), 2374.

25l Maher, D. J.; Connon, S. J., Tetrahedron Lett., (2004) 45, 1301.

26l Kotke, M.; Schreiner, P. R., Tetrahedron, (2006) 62, 434.

27 Pettersen, D.; Herrera, R. P.; Bernardi, L.; Fini, F.; Sgarzani, V.; Fernandez, R.; Lassaletta, J. M.;
Ricci, A., Synlett, (2006), 239.

28] Kleiner, C. M.; Schreiner, P. R., Chem. Commun. (Cambridge), (2006), 4315.

29 Pan, S. C.; Zhou, ].; List, B., Synlett, (2006), 3275.

139 Pan, S. C.; Zhou, J.; List, B., Angew. Chem. Int. Ed., (2007) 46, 612; corrigendum: Angew. Chem, Int.
Ed., (2007) 46, 2971.

31 pan, S. C.; List, B., Synlett, (2007), 318.

132 Dove, A. P.; Pratt, R. C.; Lohmeijer, B. G. G.; Waymouth, R. M.; Hedrick, J. L., J. Am. Chem. Soc.,
(2005) 127, 13798.

133 Pratt, R. C.; Lohmeijer, B. G. G.; Long, D. A.; Lundberg, P. N. P.; Dove, A. P.; Li, H.; Wade, C. G.;
Waymouth, R. M.; Hedrick, J. L., Macromolecules, (2006) 39, 7863.

[*4 Lohmeijer, B. G. G.; Pratt, R. C.; Leibfarth, F.; Logan, ]. W.; Long, D. A.; Dove, A. P.; Nederberg, F.;
Choi, J.; Wade, C.; Waymouth, R. M.; Hedrick, J. L., Macromolecules, (2006) 39, 8574.

135 Nederberg, F.; Lohmeijer, B. G. G.; Leibfarth, F.; Pratt, R. C.; Choi, J.; Dove, A. P.; Waymouth, R. M.;
Hedrick, J. L., Biomacromolecules, (2007) 8, 153.

3¢ Kirsten, M.; Rehbein, ].; Hiersemann, M.; Strassner, T., ]. Org. Chem., (2007) 72, 4001.

137 Kotke, M.; Schreiner, P. R., Synthesis, (2007), 779.

133 Procuranti, B.; Connon, S. J., Chem. Commun. (Cambridge), (2007), 1421.

139 Costero, A. M.; Rodriguez-Mufiiz, G. M.; Gavifia, P.; Gil, S.; Domenech, A., Tetrahedron Lett., (2007)
48, 6992.

149 Zhang, Z.; Schreiner, P. R., Synlett, (2007), 1455.

41l Zhang, Z.; Schreiner, P. R., Synthesis, (2007), 2559.

142l Khaksar, S.; Heydari, A.; Tajbakhsh, M.; Vahdat, S. M., Tetrahedron Lett., (2008) 49, 3527.

1% Kavanagh, S. A.; Piccinini, A.; Fleming, E. M.; Connon, S. J., Org. Biomol. Chem., (2008) 6, 1339.

144 Weil, T.; Kotke, M.; Kleiner, C. M.; Schreiner, P. R., Org. Lett., (2008) 10, 1513.

145 List, B.; Reisinger, C., Synfacts, (2008) 6, 644.

148 Russo, A.; Lattanzi, A., Adv. Synth. Catal., (2009) 351, 521.



132

408 Asymmetric Organocatalysis 2.2 Brensted Acids

147} Sohtome, Y.; Tanatani, A.; Hashimoto, Y.; Nagasawa, K., Tetrahedron Lett., (2004) 45, 5589.

1481 Li, B.].; Jiang, L.; Liu, M.; Chen, Y.-C.; Ding, L-S.; Wu, Y., Synlett, (2005), 603.

491 McCooey, S. H.; Connon, S. J., Angew. Chem. Int. Ed., (2005) 44, 6367.

50 Vakulya, B.; Varga, S.; Csdmpai, A.; Soés, T., Org. Lett., (2005) 7, 1967.

BUWang, J.; Li, H.; Yu, X.; Zu, L.; Wang, W., Org. Lett., (2005) 7, 4293.

521 Basak, A. K.; Shimada, N.; Bow, W. F.; Vicic, D. A; Tius, M. A., ]. Am. Chem. Soc., (2010) 132, 8266.

53 Chen, H.; Jiang, R.; Wang, Q. F.; Sun, X. L.; Luo, ].; Zhang, S. Y., Chin. Chem. Lett., (2010) 21, 167.

1541 Hynes, P. S.; Stranges, D.; Stupple, P. A.; Guarna, A.; Dixon, D. ., Org. Lett., (2007) 9, 2107.

551 Uehara, H.; Barbas, C. F., I, Angew. Chem. Int. Ed., (2009) 48, 9848.

58] Uehara, H.; Imashiro, R.; Herndndez-Torres, G.; Barbas, C. ., III, Proc. Natl. Acad. Sci. U. S. A., (2010)
107, 20672.

[57) Imashiro, R.; Uehara, H.; Barbas, C. E., III, Org. Lett., (2010) 12, 5250.

81 Li, P.; Chai, Z.; Zhao, S.-L.; Yang, Y.-Q.; Wang, H.-F.; Zheng, C.-W.; Cai, Y.-P.; Zhao, G.; Zhu, S.-Z.,
Chem. Commun. (Cambridge), (2009), 7369.

5% Zhao, S.-L.; Zheng, C-W.; Wang, H.-F.; Zhao, G., Adv. Synth. Catal., (2009) 351, 2811.

691 Wang, J.; Li, H.; Zu, L.; Jiang, W.; Xie, H.; Duan, W.; Wang, W., . Am. Chem. Soc., (2006) 128, 12 652.

61 Wang, ].; Zu, L.; Li, H.; Xie, H.; Wang, W., Synthesis, (2007), 2576.

621 Gu, C.-L; Liu, L.; Sui, Y.; Zhao, ].-L.; Wang, D.; Chen, Y.., Tetrahedron: Asymmetry, (2007) 18, 455.

1631 Mei, K.; Jin, M.; Zhang, S.; Li, P.; Liu, W.; Chen, X.; Xue, F.; Duan, W.; Wang, W., Org. Lett., (2009)
11, 2864.

64 'Wu, C.; Li, W.; Yang, J.; Liang, X; Ye, ]., Org. Biomol. Chem., (2010) 8, 3244.

1651 pettersen, D.; Piana, F.; Bernardi, L.; Fini, F.; Fochi, M.; Sgarzani, V.; Ricci, A., Tetrahedron Lett.,
(2007) 48, 7805.

561 Pham, T. S.; Baldzs, L.; Petnehdzy, L; Jaszay, Z., Tetrahedron: Asymmetry, (2010) 21, 346.

1671 Qliva, C. G.; Silva, A. M. S.; Paz, F. A. A;; Cavaleiro, ]. A. S., Synlett, (2010), 1123.

58] Hoashi, Y.; Okino, T.; Takemoto, Y., Angew. Chem. Int. Ed., (2005) 44, 4032.

691 Rabalakos, C.; Wulff, W. D., Synlett, (2008), 2826.

70l Rabalakos, C.; Wulff, W. D., J. Am. Chem. Soc., (2008) 130, 13524.

7 Dong, X.-Q.; Teng, H.-L.; Wang, C.-J., Org Lett., (2009) 11, 1265.

(7211, P.; Wang, Y.; Liang, X; Ye, J., Chem. Commun. (Cambridge), (2008), 3302.

73 Lu, H.-H.; Wang, X.-F; Yao, C.-J.; Zhang, ]-M.; Wu, H.; Xiao, W.-]., Chem. Commun. (Cambridge),
(2009), 4251.

71 Herrera, R. P.; Monge, D.; Martin-Zamora, E.; Fernindez, R.; Lassaletta, J. M., Org. Lett., (2007) 9,
3303.

75l Dinér, P.; Nielsen, M.; Bertelsen, S.; Niess, B.; Jorgensen, K. A., Chem. Commun. (Cambridge),
(2007), 3646.

78l Bui, T.; Syed, S.; Barbas, C. F., III, J. Am. Chem. Soc., (2009) 131, 8758.

77 Ding, M.; Zhou, F.; Qian, Z-Q.; Zhou, J., Org. Biomol. Chem., (2010) 8, 2912.

[78] Galzerano, P.; Bencivenni, G.; Pesciaioli, F.; Mazzanti, A.; Giannichi, B.; Sambri, L.; Bartoli, G.;
Melchiorre, P., Chem.—Eur. J., (2009) 15, 7846.

791 Li, X.; Zhang, B.; Xi, Z-G.; Luo, S.; Cheng, J.-P., Adv. Synth. Catal., (2010) 352, 416.

#0111, X.; Xi, Z-G.; Luo, S.; Cheng, ].-P., Org. Biomol. Chem., (2010) 8, 77.

81 Liao, Y.-H.; Liu, X.-L.; Wu, Z.-].; Cun, L.-F.; Zhang, X.-M.; Yuan, W.-C., Org. LelL., (2010) 12, 2896.

82] Lju, X-L; Liao, Y.-H.; Wu, Z.-].; Cun, L-F.; Zhang, X-M.; Yuan, W.-C., J. Org. Chem., (2010) 75, 4872.

[#31 Wen, S.; 1i, P.; Wu, H.; Yu, F.; Liang, X.; Ye, ., Chem. Commun. (Cambridge), (2010) 46, 4806.

B84 Hao, L.; Zu, L.; Wang, |.; Wang, W., Tetrahedron Lett., (2006) 47, 3145.

1851 11, H.; Wang, ].; Zu, L.; Wang, W., Tetrahedron Lett., (2006) 47, 2585.

[#6] L1, H-H.; Zhang, F.-G.; Meng, X.-G.; Duan, S-W.; Xiao, W.]., Org. Lett., (2009) 11, 3946.

(871 Liu, Y.; Sun, B.; Wang, B.; Wakem, M.; Deng, L., J. Am. Chem. Soc., (2009) 131, 418.

[#8] Cao, C-L.; Ye, M.-C.; Sun, X.-L; Tang, Y., Org. Lett., (2006) 8, 2901.

89 Cao, Y.].; Lu, H-H,; Lai, Y.-Y; Lu, L-Q.; Xiao, W.-]., Synthesis, (2006), 3795.

% Cao, Y.-J.; Lai, Y-Y.; Wang, X.; Li, Y.-J.; Xiao, W.-]., Tetrahedron Lett., (2007) 48, 21.

U T, A.; Gao, P.; Wu, Y.; Wang, Y.; Zhou, Z.; Tang, C., Org. Biomol. Chem., (2009) 7, 3141.

2] Chen, ].-R.; Cao, Y-].; Zou, Y.-Q.; Tan, F.; Fu, L.; Zhu, X.-Y.; Xiao, W.-J., Org. Biomol. Chem., (2010) 8,
1275.

193] Nodes, W. ].; Nutt, D. R.; Chippindale, A. M.; Cobb, A.]. A., J. Am. Chem. Soc., (2009) 131, 16016;
corrigendum: J. Am. Chem. Soc., (2010) 132, 427.

14l Huang, H.; Jacobsen, E. N., J. Am. Chem. Soc., (2006) 128, 7170.



133

References 409

199 Lalonde, M. P.; Chen, Y.; Jacobsen, E. N., Angew. Chem. Int. Ed., (2006) 45, 6366.

°l Wang, ].; Li, H.; Duan, W.; Zu, L.; Wang, W., Org. Lett., (2005) 7, 4713.

17l Tsogoeva, S. B.; Wei, S., Chem. Commun. (Cambridge), (2006), 1451.

8l Liu, K.; Cui, H.-F.; Nie, J.; Dong, K-Y.; Li, X.-].; Ma, J-A., Org. Lett., (2007) 9, 923.

®9 Gao, P.; Wang, C.; Wu, Y.; Zhou, Z.; Tang, C., Eur. J. Org. Chem., (2008), 4563.

(100 Zhou, W.-M.; Liu, H.; Du, D.-M., Org. Lett., (2008) 10, 2817.

(91 Cheng, D.; Bao, W., Lett. Org. Chem., (2008) 5, 342.

[102 Jiang, X.; Zhang, Y.; Chan, A. S. C.; Wang, R., Org. Lett., (2009) 11, 153.

(193 peng, F.-Z.; Shao, Z-H.; Fan, B.-M.; Song, H.; Li, G.-P.; Zhang, H.-B., J. Org. Chem., (2008) 73, 5202.

(04 Mandal, T.; Zhao, C.-G., Angew. Chem. Int. Ed., (2008) 47, 7714.

(9% Jiang, X.; Zhang, Y.; Liu, X.; Zhang, G.; Lai, L.; Wu, L.; Zhang, J.; Wang, R., J. Org. Chem., (2009) 74,
5562.

(108l Kokotos, C. G.; Kokotos, G., Adv. Synth. Catal., (2009) 351, 1355.

(97 Gu, Q.; Guo, X.-T.; Wu, X.-Y., Tetrahedron, (2009) 65, 5265.

(981 Dong, X.-Q.; Teng, H-L.; Tong, M.-C.; Huang, H.; Tao, H.-Y.; Wang, C.-J., Chem. Commun.
(Cambridge), (2010) 46, 6840,

(109 Py, X.-W.; Peng, F.-Z.; Zhang, H.-B.; Shao, Z.-H., Tetrahedron, (2010) 66, 3655.

(1 Chen, J.-R.; Zou, Y.-Q.; Fu, L.; Ren, F; Tan, F.; Xiao, W.-]., Tetrahedron, (2010) 66, 5367.

(1 1, B.-L; Wang, Y.-F,; Luo, S-P.; Zhong, A-G.; Li, Z.-B.; Du, X.-H.; Xu, D.-Q., Eur. J. Org. Chem., (2010),
656.

(12l Takemoto, Y., Chem. Pharm. Bull., (2010) 58, 593.

('3 [nokuma, T.; Hoashi, Y.; Takemoto, Y., J. Am. Chem. Soc., (2006) 128, 9413.

('l Hoashi, Y.; Yabuta, T.; Takemoto, Y., Tetrahedron Lett., (2004) 45, 9185.

(151 Hoashi, Y.; Yabuta, T.; Yuan, P.; Miyabe, H.; Takemoto, Y., Tetrahedron, (2006) 62, 365.

(18l Miyabe, H.; Tuchida, S.; Yamauchi, M.; Takemoto, Y., Synthesis, (2006), 3295.

(17 Ye, J.; Dixon, D. J.; Hynes, P. S., Chem. Commun. (Cambridge), (2005), 4481.

(18l Hynes, P. S.; Stupple, P. A;; Dixon, D. J., Org. Lett., (2008) 10, 1389.

[119 Andrés, J. M.; Manzano, R.; Pedrosa, R., Chem.—Eur. J., (2008) 14, 5116.

(20 McCooey, S. H.; McCabe, T.; Connon, S. J., J. Org. Chem., (2006) 71, 7494.

21 Inokuma, T.; Sakamoto, S.; Takemoto, Y., Synlett, (2009), 1627.

(22 Dong, L.-t.; Du, Q.-s.; Lou, C.-l;; Zhang, J.-m.; Lu, R.-j.; Yan, M., Synleit, (2010), 266.

(23 i, D. R.; Murugan, A.; Falck, ]. R., J. Am. Chem. Soc., (2008) 130, 46.

24 ITnokuma, T.; Takasu, K.; Sakaeda, T.; Takemoto, Y., Org. Lett., (2009) 11, 2425.

(123 Sibi, M. P.; Itoh, K., J. Am. Chem. Soc., (2007) 129, 8064.

1228 TLjao, Y.-H.; Chen, W.-B.; Wu, Z.-].; Du, X-L.; Cun, L.-F.; Zhang, X.-M.; Yuan, W.-C., Adv. Synth. Catal.,
(2010) 352, 827.

27 Simén, L.; Goodman, J. M., Org. Biomol. Chem., (2009) 7, 483.

(228 Biddle, M. M.; Lin, M.; Scheidt, K. A., J. Am. Chem. Soc., (2007) 129, 3830.

(129 He, T.; Qian, ].-Y.; Song, H.-L.; Wu, X.-Y., Synlett, (2009), 3195.

(301 Ma, H.; Liu, K;; Zhang, F.-G.; Zhu, C-L.; Nie, ].; Ma, J.-A., ]. Org. Chem., (2010) 75, 1402.

(31 Baslé, O.; Raimondi, W.; del Mar Sanchez Duque, M.; Bonne, D.; Constantieux, T.; Rodriguez, ].,
Org. Lett., (2010) 12, 5246.

032 Liao, Y.-H.; Zhang, H.; Wu, Z-].; Cun, L.-E.; Zhang, X.-M.; Yuan, W.-C., Tetrahedron: Asymmetry,
(2009) 20, 2397.

033 Kiirti, L.; Czako, B., Strategic Applications of Named Reactions in Organic Synthesis: Background and
Detailed Mechanism, Elsevier: Amsterdam, (2005).

34 Zhang, Y.; Liu, Y-K.; Kang, T.-R.; Hu, Z.-K.; Chen, Y.-C., ]. Am. Chem. Soc., (2008) 130, 2456.

(35 Tillman, A. L; Ye, J.; Dixon, D. J., Chem. Commun. (Cambridge), (2006), 1191.

(138l Song, J.; Wang, Y.; Deng, L., J. Am. Chem. Soc., (2006) 128, 6048.

(37 Yamaoka, Y.; Miyabe, H.; Yasui, Y.; Takemoto, Y., Synthesis, (2007), 2571.

(38 Han, X.; Kwiatkowskd, J.; Xue, F.; Huang, K-W.; Lu, Y., Angew. Chem. Int. Ed., (2009) 48, 7604.

(139 Lee, ]. H.; Kim, D. Y., Synthesis, (2010), 1860.

40 Takada, K.; Tanaka, S.; Nagasawa, K., Synlett, (2009}, 1643.

41 Ayaz, M.; Westermann, B., Synlett, (2010), 1489.

(42 Kohler, M. C.; Yost, J. M.; Garnsey, M. R;; Coltart, D. M., Org. Lett., (2010) 12, 3376.

(43 Song, J.; Shih, H-W.; Deng, L., Org. Lett., (2007) 9, 603.

4 Zhang, H.; Syed, S.; Barbas, C. F., I1I, Org. Lett., (2010) 12, 708.



134

410 Asymmetric Organocatalysis 2.2 Brensted Acids

(451 Jiang, X.; Fu, D.; Zhang, G.; Cao, Y.; Liu, L.; Song, ].; Wang, R., Chem. Commun. (Cambridge), (2010)
46, 4294.

[146] Tian, X; Jiang, K.; Peng, J.; Du, W.; Chen, Y.-C., Org. Lett., (2008) 10, 3583.

1471 Yalalov, D. A.; Tsogoeva, S. B.; Shubina, T. E.; Martynova, 1. M.; Clark, T., Angew. Chem. Int. Ed.,
(2008) 47, 6624.

(1431 Wenzel, A. G.; Jacobsen, E. N., J. Am. Chem. Soc., (2002) 124, 12964,

(149 Wenzel, A. G.; Lalonde, M. P.; Jacobsen, E. N., Synlett, (2003), 1919.

(150 Lju, T.-Y.; Cui, H.-L; Long, J.; Li, B-].; Wu, Y,; Ding, L-S.; Chen, Y.-C., J. Am. Chem. Soc., (2007) 129,
1878.

1511 Qkino, T.; Nakamura, S.; Furukawa, T.; Takemoto, Y., Org, Lett., (2004) 6, 625.

(321 Yoon, T. P.; Jacobsen, E. N., Angew. Chem. Int. Ed., (2005) 44, 466.

1531 Bernardi, L.; Fini, F.; Herrera, R. P.; Ricci, A.; Sgarzani, V., Tetrahedron, (2006) 62, 375.

(154 Xu, X.; Furukawa, T.; Okino, T.; Miyabe, H.; Takemoto, Y., Chem.—Eur. J., (2006) 12, 466.

(551 Bode, C. M.; Ting, A; Schaus, S. E., Tetrahedron, (2006) 62, 11499.

[5¢] Chang, Y.-w.; Yang, J.-j.; Dang, J.-n.; Xue, Y.-x., Synlett, (2007), 2283.

1571 Rampalakos, C.; Wulff, W. D., Adv. Synth. Catal., (2008) 350, 1785.

(58 Wang, C.; Zhou, Z; Tang, C., Org. Lett., (2008) 10, 1707.

1591 Wang, C.-J.; Dong, X.-Q.; Zhang, Z.-H.; Xue, Z.-Y.; Teng, H-L., J. Am. Chem. Soc., (2008) 130, 8606.

[160] Takkeda, K.; Nagasawa, K., Adv. Synth. Catal., (2009) 351, 345.

(161 Hy, K.; Wang, C.; Ma, X.; Wang, Y.; Zhou, Z.; Tang, C., Tetrahedron: Asymmetry, (2009) 20, 2178.

162 Jiang, X.; Zhang, Y.; Wu, L; Zhang, G.; Liu, X.; Zhang, H.; Fu, D.; Wang, R., Adv. Synth. Catal., (2009)
351, 2096.

(3] Han, B.; Liu, Q.-P.; Li, R;; Tian, X.; Xiong, X.-F.; Deng, ]-G.; Chen, Y.-C., Chem.—Eur. J., (2008) 14,
8094.

[164] Taylor, M. S.; Tokunaga, N.; Jacobsen, E. N., Angew. Chem. Int. Ed., (2005) 44, 6700.

(5] Zhang, H.; Chuan, Y.; Li, Z.; Peng, Y., Adv. Synth. Catal., (2009) 351, 2288.

[681 Sohtome, Y.; Hashimoto, Y.; Nagasawa, K., Adv. Synth. Catal., (2005) 347, 1643.

1167 Sohtome, Y.; Takemura, N.; Iguchi, T.; Hashimoto, Y.; Nagasawa, K., Synlett, (2006), 144.

[168] Sohtome, Y.; Hashimoto, Y.; Nagasawa, K., Eur. J. Org. Chem., (2006), 2894.

163 Sohtome, Y.; Takemura, N.; Takada, K.; Takagi, R.; Iguchi, T.; Nagasawa, K., Chem.—Asian J., (2007)
2,1150.

(170 Takada, K.; Takemura, N.; Cho, K.; Sohtome, Y.; Nagasawa, K., Tetrahedron Lett., (2008) 49, 1623.

07 Lju, X.-G.; Jiang, J.-J.; Shi, M., Tetrahedron: Asymmetry, (2007) 18, 2773.

[172] Marcelli, T.; van der Haas, R. N. S.; van Maarseveen, J. H.; Hiemstra, H., Angew. Chem. Int. Ed.,
(2006) 45, 929.

73l Hammar, P.; Marcelli, T.; Hiemstra, H.; Himo, F., Adv. Synth. Catal., (2007) 349, 2537.

74 Morokuma, K.; Taira, Y.; Uehara, Y.; Shibahara, S.; Takahashi, K.; Ishihara, J.; Hatakeyama, S.,
Tetrahedron Lett., (2008) 49, 6043.

1751 14, L; Klauber, E. G.; Seidel, D., J. Am. Chem. Soc., (2008) 130, 12248.

1176l Jiang, X.; Zhang, G.; Fu, D.; Cao, Y.; Shen, F.; Wang, R., Org. Lett., (2010) 12, 1544.

[77) Vecchione, M. K; Li, L.; Seidel, D., Chem. Commun. (Cambridge), (2010) 46, 4604.

[178] Reis, O.; Eymur, S.; Reis, B.; Demir, A. S., Chem. Commun. (Cambridge), (2009), 1088.

178 Companyd, X.; Valero, G.; Crovetto, L.; Moyano, A.; Rios, R., Chem.—Eur. J., (2009) 15, 6564.

[130] E]l-Hamdouni, N.; Companyd, X.; Rios, R.; Moyano, A., Chem.—Eur. ]., (2010) 16, 1142.

[¥1 Demir, A. S.; Eymur, S., Tetrahedron: Asymmetry, (2010) 21, 405.

821 Yang, Y.; Zheng, K.; Zhao, |.; Shi, J.; Lin, L.; Liu, X.; Feng, X., . Org. Chem., (2010) 75, 5382.

(133 Zhu, N.; Ma, B.-C.; Zhang, Y.; Wang, W., Adv. Synth. Catal., (2010) 352, 1291.

(¥4 §ingh, R. P.; Foxman, B. M.; Deng, L., J. Am. Chem. Soc., (2010) 132, 9558.

[185] Morita, K.; Suzuki, Z.; Hirose, H., Bull. Chem. Soc. Jpn., (1968) 41, 2815.

[136] Baylis, A. B.; Hillman, M. E. D., DE 2 155 113, (1972); Chem. Abstr., (1972) 77, 34174.

[¥7] Masson, G.; Housseman, C.; Zhu, |., Angew. Chem. Int. Ed., (2007) 46, 4614.

(18] Basavaiah, D.; Reddy, B. S.; Badsara, S. S., Chem. Rev., (2010) 110, 5447.

(139 Mansilla, J.; Sad, J. M., Molecules, (2010) 15, 709.

(%9 Jones, C. E. S.; Turega, S. M.; Clarke, M. L.; Philp, D., Tetrahedron Lett., (2008) 49, 4666.

(% Santos, L. S.; Pavam, C. H.; Almeida, W. P.; Coelho, F.; Eberlin, M. N., Angew. Chem. Int. Ed., (2004)
43, 4330.

1921 Amarante, G. W.; Benassi, M.; Milagre, H. M. S.; Braga, A. A. C.; Maseras, F.; Eberlin, M. N.;
Coelho, F., Chem.—Eur. J., (2009) 15, 12460.



135

References 411

(93 Berkessel, A.; Roland, K.; Neudérfl, J. M., Org. Lett., (2006) 8, 4195.

094 Lattanzi, A., Synlett, (2007), 2106.

1195 Sohtome, Y.; Takemura, N.; Takagi, R.; Hashimoto, Y.; Nagasawa, K., Tetrahedron, (2008) 64, 9423.

1% Gong, J.-].; Yuan, K.; Song, H.-L.; Wu, X.-Y., Tetrahedron, (2010) 66, 2439.

(97 Shi, M.; Liu, X.-G., Org. Lett., (2008) 10, 1043.

(%8 Yuan, K.; Zhang, L; Song, H-L; Hu, Y.; Wu, X.-Y., Tetrahedron Lelt., (2008) 49, 6262.

(9% 'Wei, Y.; Shi, M., Acc. Chem. Res., (2010) 43, 1005.

(200 Gong, J.-].; Yuan, K.; Wu, X-Y., Tetrahedron: Asymmetry, (2009) 20, 2117.

(201 Raheem, I. T.; Jacobsen, E. N., Adv. Synth. Catal., (2005) 347, 1701.

2021 Shi, Y.-L.; Shi, M., Adv. Synth. Catal., (2007) 349, 2129.

(203 Declerck, V.; Martinez, J.; Lamaty, F., Chem. Rev., (2009) 109, 1.

[204 Wang, X.; Chen, Y.-F.; Niu, L.-F.; Xu, P.-F., Org. Lett., (2009) 11, 3310.

(205 Strecker, A., Justus Liebigs Ann. Chem., (1850) 75, 27.

[206l Merino, P.; Marqués-Lopez, E.; Tejero, T.; Herrera, R. P., Tetrahedron, (2009) 65, 1219.

(207 List, B.; Yang, ]. W., Science (Washington, D. C.), (2006) 313, 1584.

[208 Sigman, M. S.; Jacobsen, E. N., J. Am. Chem. Soc., (1998) 120, 4901.

209 Sy, J. T.; Vachal, P.; Jacobsen, E. N., Adv. Synth. Catal., (2001) 343, 197.

(219 Sigman, M. S.; Vachal, P.; Jacobsen, E. N., Angew. Chem. Int. Ed., (2000) 39, 1279.

(211 Vachal, P.; Jacobsen, E. N., Org. Lett., (2000) 2, 867.

(212 Zuend, S. ].; Coughlin, M. P.; Lalonde, M. P.; Jacobsen, E. N., Nature (London), (2009) 461, 968.

(213 Groger, H., Chem. Rev., (2003) 103, 2795.

(214 Zheng, W.-R.; Fu, Y.; Shen, K; Liu, L; Guo, Q.-X., J. Mol. Struct.: THEOCHEM, (2007) 822, 103.

(215 Zuend, S. ].; Jacobsen, E. N., J. Am. Chem. Soc., (2009) 131, 15 358.

(218 Harriman, D. J.; Deleavey, G. F.; Lambropoulos, A.; Deslongchamps, G., Tetrahedron, (2007) 63,
13032.

(217l YVachal, P.; Jacobsen, E. N., J. Am. Chem. Soc., (2002) 124, 10012.

[28 Kanemitsu, T.; Yamashita, Y.; Nagata, K.; Itoh, T., Synlett, (2006), 1595.

[219 Becker, C.; Hoben, C.; Kunz, H., Adv. Synth. Catal., (2007) 349, 417.

(20l Tsogoeva, S. B.; Hateley, M. J.; Yalalov, D. A.; Meindl, K.; Weckbecker, C.; Huthmacher, K., Bioorg.
Med. Chem., (2005) 13, 5680.

[221 Tsogoeva, S. B.; Yalalov, D. A.; Hateley, M. J.; Weckbecker, C.; Huthmacher, K., Eur. J. Org. Chem.,
(2005), 4995.

(222 Dornow, A.; Liipfert, S., Chem. Ber., (1956) 89, 2718.

(2% Dornow, A.; Liipfert, S., Chem. Ber., (1957) 90, 1780.

[224] Pan, S. C.; List, B., Chem.—-Asian J., (2008) 3, 430.

(225 Pan, S. C.; List, B., Org. Lett., (2007) 9, 1149.

(226 Fyerst, D. E.; Jacobsen, E. N., J. Am. Chem. Soc., (2005) 127, 8964.

[227 Zuend, S. ].; Jacobsen, E. N., J. Am. Chem. Soc., (2007) 129, 15872.

[228 Steele, R. M.; Monti, C.; Gennari, C.; Piarulli, U.; Andreoli, F.; Vanthuyne, N.; Roussel, C.,
Tetrahedron: Asymmetry, (2006) 17, 999.

(229 Bernal, P.; Ferndndez, R.; Lassaletta, ]. M., Chem.—Eur. |., (2010) 16, 7714.

(239 Joly, G. D.; Jacobsen, E. N., J. Am. Chem. Soc., (2004) 126, 4102.

231 Wang, F.; Liu, X.; Cui, X.; Xiong, Y.; Zhou, X.; Feng, X., Chem.—Eur. ]., (2009) 15, 589.

(32 Poulsen, T. B.; Jorgensen, K. A., Chem. Rev., (2008) 108, 2903.

(3% You, S.-L; Cai, Q.; Zeng, M., Chem. Soc. Rev., (2009) 38, 2190.

(34 Fleming, E. M.; Quigley, C.; Rozas, L; Connon, S. J., J. Org. Chem., (2008) 73, 948.

(235 Connon, S. J., Synlett, (2009), 354.

(238 Fleming, E. M.; McCabe, T.; Connon, S. J., Tetrahedron Lett., (2006) 47, 7037.

1237 Schneider, ]. F.; Falk, E. C.; Frohlich, R.; Paradies, J., Eur. J. Org. Chem., (2010), 2265.

(%38 Sohtome, Y.; Shin, B.; Horitsugi, N.; Takagi, R.; Noguchi, K.; Nagasawa, K., Angew. Chem. Int. Ed.,
(2010) 49, 7299.

(3% Herrera, R. P.; Sgarzani, V.; Bernardi, L.; Ricci, A., Angew. Chem. Int. Ed., (2005) 44, 6576.

240 Wang, Y.-Q.; Song, |.; Hong, R.; Li, H.; Deng, L., J. Am. Chem. Soc., (2006) 128, 8156.

241 Yy, P.; He, J.; Guo, C., Chem. Commun. (Cambridge), (2008), 2355.

[ Trindade, A. F.; Gois, P. M. P.; Afonso, C. A. M., Chem. Rev., (2009) 109, 418.

(4% Yu, P.; He, ].; Yang, L.; Pu, M,; Guo, X., J. Catal., (2008) 260, 81.

(244 Liu, T-Y.; Cui, H-L; Chai, Q.; Long, J.; Li, B-].; Wu, Y.; Ding, L-S.; Chen, Y.-C., Chem. Commun.
(Cambridge), (2007), 2228.



136

412 Asymmetric Organocatalysis 2.2 Brensted Acids

[245] Audrain, H.; Thorhauge, ].; Hazell, R. G.; Jorgensen, K. A., J. Org. Chem., (2000) 65, 4487.

246l Wang, X.-S.; Zheng, C-W.; Zhao, S.-L.; Chai, Z.; Zhao, G.; Yang, G.-S., Tetrahedron: Asymmetry,
(2008) 19, 2699.

47l Wang, X.-S.; Yang, G.-S.; Zhao, G., Tetrahedron: Asymmetry, (2008) 19, 709.

48] Zhang, H.; Liao, Y.-H.; Yuan, W.-C.; Zhang, X.-M., Eur. J. Org. Chem., (2010), 3215.

4] [iang, H.; Paixdo, M. W.; Monge, D.; Jergensen, K. A, J. Am. Chem. Soc., (2010) 132, 2775.

30l Wang, S.-X.; Chen, F.-E., Adv. Synth. Catal., (2009) 351, 547.

251 Pegchiulli, A.; Gun’ko, Y.; Connon, S. J., . Org. Chem., (2008) 73, 2454,

(32 Manzano, R.; Andrés, J. M.; Muruzdbal, M.-D.; Pedrosa, R., J. Org. Chem., (2010) 75, 5417.

(253 Oh, S. H.; Rho, H. S.; Lee, J. W.; Lee, ]. E.; Youk, S. H.; Chin, J.; Song, C. E., Angew. Chem. Int. Ed.,
(2008) 47, 7872.

(54 Rho, H. S.; Oh, S. H.; Lee, ]. W.; Lee, J. Y.; Chin, ].; Song, C. E., Chem. Commun. (Cambridge), (2008),
1208.

(351 Huang, X.; Zhu, J.; Broadbent, S., Tetrahedron Lett., (2010) 51, 1554.

2361 Mita, T.; Jacobsen, E. N., Synlett, (2009), 1680.

(57 De, C. K.; Klauber, E. G.; Seidel, D., J. Am. Chem. Soc., (2009) 131, 17 060.

(28] Klauber, E. G.; De, C. K,; Shah, T. K; Seidel, D., J. Am. Chem. Soc., (2010) 132, 13624.

259] Fu, A.; Thiel, W., J. Mol Struct.: THEOCHEM, (2006) 765, 45.

(20l Linder, M.; Brinck, T., Org. Biomol. Chem., (2009) 7, 1304.

(261 Mori, K.; Maddaluno, J.; Nakano, K.; Ichikawa, Y.; Kotsuki, H., Synlett, (2009), 2346.

(62 Gioia, C.; Hauville, A.; Bernardi, L; Fini, F.; Ricci, A., Angew. Chem. Int. Ed., (2008) 47, 9236.

263 Gioia, C.; Bernardi, L.; Ricci, A., Synthesis, (2010), 161.

(264 Xie, ].; Yoshida, K.; Takasu, K.; Takemoto, Y., Tetrahedron Lett., (2008) 49, 6910.

265] Fang, Y.-Q.; Jacobsen, E. N., J. Am. Chem. Soc., (2008) 130, 5660.

266l Xue, M.-X.; Zhang, X.-M.; Gong, L.-Z., Synlett, (2008), 691.

(67 Du, W.; Liu, Y.-K.; Yue, L;; Chen, Y.-C., Synlett, (2008), 2997.

[268] Raheem, 1. T.; Thiara, P. S.; Peterson, E. A.; Jacobsen, E. N., J. Am. Chem. Soc., (2007) 129, 13404.

(269 Mergott, D. ].; Zuend, S. ].; Jacobsen, E. N., Org. Lett., (2008) 10, 745.

270 Raheem, 1. T.; Thiara, P. S.; Jacobsen, E. N., Org. Lett., (2008) 10, 1577.

71 Taylor, M. S.; Jacobsen, E. N., J. Am. Chem. Soc., (2004) 126, 10558.

(72l Klausen, R. S.; Jacobsen, E. N., Org. Lett., (2009) 11, 887.

273 'Wang, Y.; Yang, H.; Yu, J.; Miao, Z.; Chen, R., Adv. Synth. Catal., (2009) 351, 3057.

74 Yamaoka, Y.; Miyabe, H.; Takemoto, Y., . Am. Chem. Soc., (2007) 129, 6686.

(275l Takamura, M.; Funabashi, K.; Kanai, M.; Shibasaki, M., ]. Am. Chem. Soc., (2000) 122, 6327.

[276] Takamura, M.; Funabashi, K.; Kanai, M.; Shibasaki, M., ]. Am. Chem. Soc., (2001) 123, 6801.

77 Alexakis, A.; Amiot, F., Tetrahedron: Asymmetry, (2002) 13, 2117.

78] Amiot, F.; Cointeaux, L.; Jan Silve, E.; Alexakis, A., Tetrahedron, (2004) 60, 8221.

79 Cointeaux, L.; Alexakis, A., Tetrahedron: Asymmetry, (2005) 16, 925.

(280l Martin, N. J. A.; Ozores, L.; List, B., J. Am. Chem. Soc., (2007) 129, 8976.

(281 Martin, N. J. A;; Cheng, X.; List, B., J. Am. Chem. Soc., (2008) 130, 13862.

(282 Chi, Y.; Gellman, S. H., J. Am. Chem. Soc., (2006) 128, 6804.

(23] Chi, Y.; English, E. P.; Pomerantz, W. C.; Horne, W. S; Joyce, L. A.; Alexander, L. R.; Fleming, W.S.;
Hopkins, E. A.; Gellman, S. H., J. Am. Chem. Soc., (2007) 129, 6050.

84 14, D. R.; He, A.; Falck, J. R., Org. Lett., (2010) 12, 1756.

(285 Kim, S. M.; Lee, ]. H.; Kim, D. Y., Synlett, (2008), 2659.

(286] By, ].-Y.; Huang, Q.-C.; Wang, Q.-W.; Wang, L-X_; Xu, X-Y., Tetrahedron Lett., (2010) 51, 4870.

(287] Fu, J.-Y.; Xu, X.-Y.; Li, Y.-C.; Huang, Q.-C.; Wang, L-X., Org. Biomol. Chem., (2010) 8, 4524.

(%8 Brown, A. R.; Kuo, W.-H.; Jacobsen, E. N., . Am. Chem. Soc., (2010) 132, 9286.

(283 'Wang, L.; Cai, C.; Curran, D. P.; Zhang, W., Synlett, (2010), 433.

(290 Knowles, R. R; Lin, S.; Jacobsen, E. N., J. Am. Chem. Soc., (2010) 132, 5030.

291 Reisman, S. E.; Doyle, A. G.; Jacobsen, E. N., J. Am. Chem. Soc., (2008) 130, 7198.



137

2 Hydrogen-Bonding Thiourea Organocatalysts: The Privileged
3,5-Bis(trifluoromethyl)phenyl Group

The second chapter presents the publication named “Hydrogen-Bonding
Thiourea Organocatalysts: The Privileged 3,5-Bis(trifluoromethyl)-
phenyl Group”. Herein, we examined complexes between thiourea deriva-
tives and carbonyl compounds revealing the mode of action of thiourea
organocatalysts bearing bis(triflouromethyl)phenyl groups. This study was
published in the European Journal of Organic Chemistry. The Supporting
Information accompanying this publication can be downloaded free of
charge (see footnote on publication’s first page). The permission to show this
publication herein was friendly given by the Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim, which is gratefully acknowledged.
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We present evidence that the privileged use of the 3,5-bis(tri-
fluoromethyljphenyl group in thiourea organocatalysis is due
to the involvement of the ortho-CH bond in the binding event
with Lewis-basic sites. We utilized a combination of low-tem-
perature IR spectroscopy, 2D NMR spectroscopy, nano-MS

(ES]) investigations, as well as density functional theory com-
putations [M06/6-31+G(d,p), including solvent corrections as
well as natural bond orbital and atoms-in-molecules analy-
ses] to support our conclusions that bear implications for cat-
alyst design.

Introduction

Urea and thiourea derivatives are popular hydrogen-bond-
ing catalysts that have been utilized successfully in a large
variety of organocatalytic transformations.!'l Many cata-
lysts display the 3,5-bis(trifluoromethyl)phenyl groupt®! that
was first introduced as a key structural motif in thiourea
catalysis in 2002.*1 Remarkably, this moiety is also present
in some of the most active proline and phosphoric acid de-

CFy

rived catalysts (Figure 1).1 It appears that the 3,5-bis(tri-
fluoromethyl)phenyl moiety generally has beneficial effects
on organocatalysts. This may inter alia involve an increase
in catalyst polarity, polarizability, acidity.”] and n—m inter-
actions!?*®] through the highly polarized aryl groups. Here
we describe that the involvement of the highly polar orthe-
CH bond is also quite important for catalyst-substrate in-
teractions in the case of thiourea catalysis.[**"1 Evidence for

CF4

SO O
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Figure 1. Selection of catalysts bearing a 3.5-bis(trifluoromethyl)phenyl group.
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the non-negligible role of CH-heteroatom interactions
comes from early TR and NMR spectroscopic studies.!®]
Such interactions increase with increasing carbon s-content
in the hybridization and in the presence of electron-with-
drawing groups.[®? Hydrogen-bonding interactions of polar
aromatic CH bonds with Lewis basic sites have been well
studied but,”!% to the best of our knowledge, not in the
context of hydrogen-bonding organocatalysis.
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Results and Discussion

We utilized low-temperature NMR and IR techniques as
well as modern density functional theory (DFT) computa-
tions!' !l to corroborate our findings. While there are numer-
ous complexes of anions and neutrals with (thio)urea deriv-
atives, we are unaware of reports on the involvement of C—
H bonding in the binding event.'8'21 A pertinent example
in the context of thiourea binding to neutrals comes from
the work of Waymouth and Hedrick, who examined effects
of supramolecular recognition for living polymerization of
lactide by utilizing catalysts bearing the 3,5-bis(trifluorome-
thyl)phenyl motif. 74! To elucidate the structural changes
upon binding between catalyst and substrate, we examined
the interactions of thiourea derivatives 1-4 with neutrals 5—
9 (Figure 2).

CF3
N~ N FiC NJLN
H H H H
2 3
oa 0 A i
I é’ Cﬁ
H H
4 5 6
iﬁ iﬁ Of
b ob &b
T 8 9

Figure 2. Investigated thiourea derivatives and substrates 5-9.

Individual Components

In the absence of a Lewis basic donor. structure 2, which
has not been employed as a catalyst, displays two conform-
ers with E.Z- (2_E.7Z) and Z.Z-orientations (2_Z.7) of the
N-H bonds (Figure 3), with the 2_E.Z form being slightly
more stable as derived from computations and its crystal
structure. However, our NMR spectroscopic studies imply
that in [Dg]toluene at room temperature, conformer 27,7
is preferred, whereas 2_Z.F predominates at temperatures
below 200 K that is, the rotation around the C-N bonds is
facile (cf. Supporting Information, Figure 529).

1_Cs

5 he

5_b H—'
Figure 3. The lowest-lying conformers of 1. 2. and 5 computed at

M06/6-31+G(d,p) at 0 K. Compounds 1_Cs and 2_E.Z are also
present in the crystal structure.

Catalyst 1 prefers a Z,Z-orientation of the N-H protons
(Figure 3) in solution, in the crystal, and computationally.
At temperatures below 190 K in [Dg]THEF, 1 transforms into
the Z. E-conformation, as evident from the separated signals
of the N-H protons (Figure 4). A '"H-'""N HSQC spectrum

9F
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Figure 4. Stacked 'H NMR (600 MHz) spectra of 1 (0.01 mmol, 13.3 mM) in [Dg]THF.
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were computed at the M06/6-31+G(dp) level of theory. Dissociation energies (Dagg) given in kealmol™!. Values in parentheses were

computed with the PCM model for toluene employing UAHF radii.

at 183 K clearly identifies two species with different N-H
proton shifts (cf. Supporting Information, Figure S8).
Again, C-N bond rotation is facile.

The half-chair (ie., 5_hc) conformer of uncomplexed
lactone 5 is preferred computationally by 1.1 kcalmol!
over the boat conformer (5_b, Figure 3). IR measurements
in [Dg]toluene at room temperature show a broad C=0
band wh a shoulder (Figure 5a, at 1745 cm™') implying a
mixture of 5_he and 5_b. At low temperatures, the concen-
tration of 5_hc increases, as evidenced from the growing
band at 1733 cm !

Complexation Studies

Turning to mixtures of the thiourea derivatives and the
Lewis basic substrates we find that the 'H NMR and '*C
NMR spectra of 2 in [Dg]toluene at room temperature in
the absence and presence of 5 are rather similar (Fig-
ure Ga.b; *C NMR spectra are depicted in Figure 7) indi-
cating that a complex does not form under these conditions.
This is also supported by the absence of NOE cross peaks
(Figure 8a) and the virtually unchanged (relative to free 5)

Eur J Org Chem. 2012, 5919-5927
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variable-temperature IR spectra (Figure 5b). MO06/6-
314+Gi(d.p) computations in the gas phase and in solution
at room temperature give negative dissociation energies so
that complex formation of 2-5 seems rather unlikely. On the
contrary, the corresponding NMR spectra for 1 show large
changes in the chemical shifts (Ad = 1.8 ppm) for the NH
protons (Figure 6¢.d) but also for the ortho-protons (Ad =
0.7 ppm). The same applies to the '*C NMR absorptions
(Figure 7) of the carbonyl (Ad = 3.2 ppm) and methylene
carbon atoms next to the ring oxygen (Ad = 1.4 ppm).l7dl
The NOESY (Figure 8b), YF-'H HOESY (Figure 9), and
IR spectra equally indicate 1-5 complex formation. The ob-
served '"F coupling with the hydrogen atoms of the methyl-
ene group next to the ring oxygen clearly indicate a very
close spatial relationship between the ortho-C-H and the
ring oxygen. The IR spectra of a 1:1 mixture of | and 5 in
[Dg]toluene reveal a band at 1744 cm ! originating from free
5 and a redshifted band at 1712 cm™!, indicating a hydro-
gen-bonded complex of 1-5 (Figure 5¢). These findings are
also supported by MS (ESI) measurements (cf. Supporting
Information) where the mass of [I-5+H]* = 601.08 was
identified. M06/6-31G+(d.p) computations (Figure 5e) in

5921
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Figure 7. Sections of the *C NMR spectra in [Dg]toluene at 298 K. (a) Free 5 (13.3 mm); (b) complex 25 (2. 13.3 mm; 5, 13.3 mm):

(¢) complex 1-5 (1. 13.3 mm; 5. 13.3 mm).

the gas phase give Dagg = 1.8 kcalmol™! (in solution Dsog =
—2.5 kcalmol ™) so that complex formation of 1-5 is pre-
ferred at room temperature, with 1 binding through double
hydrogen bonding to the C=0 group and the ortho-proton
binding to the ring oxygen.

Natural bond order (NBO) analysis confirmed the N-H---
0=C as well as the C—H-~-O,,, interactions in 1-5, with the
C-H-+Oyi,, oxygen lone pair interaction with the C-H o*

5922 WWW.elrjoc.org
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orbital being energetically =2.5-fold weaker than the N-H---
O=C interaction. This is confirmed through a quantum
theory of atoms in molecules (QTAIM)!'#] study by utilizing
ATMAIL!! an analysis of the electron density reveals bond
critical points (BCPs) for the interactions noted above. In
particular, we found a BCP for a hydrogen bond between
the ring oxygen and the ortho-proton of p = 1.20x 10 2 au,
which is in the range of weak hydrogen bonds; there is also

Eur [ Org. Chem. 2012, 59195927
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of I and 5 in [Dg]toluene at 298 K showing the cross peak between
the fluorine of the CF; group and the methylene group protons
adjacent to the ring oxygen: 1 (13.3 mm) and 5 (13.3 mm).

a BCP between the fluorine and the methylene proton adja-
cent to the ring oxygen.['*]

Thiourea derivatives 3 and 4 also bind to 5, but the IR
spectra (at the same concentrations, cf. Supporting Infor-
mation) show that the amounts of complexes 3-5 and 4-5
are much lower than for 1-5. NMR cross-peaks were only
observed for 3-5, and it can equilibrate between two low-
energetically lying complexes (cf. Supporting Information).
NBO analysis revealed both C-H--O,, interactions
through the ortho- or cyclohexyl methylene protons with
the ring oxygen owing to an interaction of the ring oxygen’s
lone pair with the C-H o* orbital (cf. Supporting Infor-
mation, Figure $52 and Figure 10), similar to that found
for 1-5 but weaker.['® The hydrogen bonding in 3-5 is also
evident from the downfield shifts of the NH- and ortho-
protons. These downfield shifts correlate well with the thio-
urea NH acidities,"®! and as catalytic acidity also qualita-
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tively correlates with these pK, values, the chemical shift
differences (Ad) may be suggestive of the potential activity
of a particular catalyst. This correlation is evident from the
presence of aciditying CF; groups, for which the pK, values
and AJ differences follow the order 1 > 3 > 4 > 2.5

Next we investigated the complexation of 1 with 6-9. Al-
though 6 bears no ring oxygen as an additional hydrogen-
bonding contact point, we identified an NH---O=C hydro-
gen-bonded complex through NOESY as well as IR mea-
surements and DFT computations (Figure 10 and the Sup-
porting Information). Both NH- and the ortho-protons of
1 bind to the carbonyl oxygen of 6. because we find cross-
peaks between the a-protons of 6 with the NH proton as
well as with the ortho-proton. Computing the NBOs we
found no C-H--O interaction, but this should be a conse-
quence of long distance between the ortho-proton and the
C=0 group and according to that no correlation between
the oxygen and C-H ¢* orbital was visible; there is no C—
H-+O BCPIT Carbonyl derivatives bearing two C=0
groups and a ring oxygen (i.e.. 7 and 8) lead to complexes
as identified by IR and MS (ESI) techniques (Figure 10).
The ring C=0 IR redshift implies a hydrogen-bonded com-
plex with the oxazolidinone ring. The NH and the ortho-
protons of 1 bind to the ring C=0 group of 7 and 8. respec-
tively. Computations reveal interactions of the ortho-pro-
tons with the ring oxygen for 1-7 and 1-8. Without the ring
oxygen structure 9 binds to 1 through the crotonyl C=0
group (Figure 10). Complex 19 was found by NMR and
IR spectroscopy and MS (ESI) measurements as well as
DFT computations.

In the last years, many catalysts bearing the 3,5-bis(tri-
fluoromethyl)phenyl moiety were reported and used in vari-
ous hydrogen-bond-assisted organocatalytic reactions.['®]
Many provide high enantioselectivities and high yields.
Nevertheless, reactions for some systems fail due to a lack
of substrate-specific interactions with the catalyst and show
5923
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bonds (dashed lines) where drawn for each complex demonstrated by relevant shortened distances between thiourea and carbonyl deriva-

tive by comparing NMR and computational results.

better results with alternatively tfunctionalized cata-
lysts.587%191 For example, a phase-transfer catalyst bearing
3.4.5-trifluorophenyl substituents leads to higher enantio-
selectivities than a phase-transfer catalyst with pentafluoro-
phenyl substituents!*’! possibly due to the lack of polarized
ortho-protons.?!]

Conclusions

As implied in many organocatalytic reactions utilizing 1
and its many derivatives, we find that it readily forms hydro-
gen-bonded complexes with Lewis basic substrates. The
binding interactions do not only arise from interactions of
the highly polar NH protons but also trom the ortho-pro-
tons with Lewis bases. This is evident from NMR and IR
spectroscopy. mass spectrometry (ESI). and DFT investi-
gations and bears important implications for catalyst de-
sign.

Experimental Section

General Methods: All chemicals were purchased from Aldrich,
Acros Organics, Alfa Aesar. Merck, and Lancaster in the highest
purity available and were used without further purification unless
otherwise noted. Liquid d-valerolactone was freshly distilled and
stored in a Schlenk tube under an argon atmosphere in the freezer.
The thiourea and N-crotonyl derivatives were synthesized as noted
below? or by literature-known procedures.['*?¥ Thiourea and so-
lid N-crotonyloxazolidinone derivatives were stored under reduced
pressure over P,Os. All solvents used for filtrations were distilled
once. Drying was performed by following established literature pro-
cedures: THF and toluene were freshly distilled from Na/benzo-
phenone ketyl: CH,Cl, was distilled from CaH, and stored over
(4 A) molecular sieves (MS) and under an argon atmosphere. All
5924
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deuterated chemicals {[Ds]THE. [Ds]toluene (99.8%. purchased
from Deutero GmbH or curoisotop GmbH)} were stored over
(4 A) MS. TLC was carried out on precoated Macherey—Nagel
plastic sheets Polygram SiO; N/UV254 (40-80 mm) by using UV
light for visualization. '"H NMR and '*C NMR were recorded with
Bruker spectrometer Avance Il (AV 400) [Dg]DMSO [6('H) =
2.50 ppm], [Dg]DMSO [6('*C) = 39.5 ppm]. IR spectra were mea-
sured with Bruker TFS25 and TFS48 spectrophotometers. HRMS
were recorded with a Sectorfield-MS: Finnigan MAT 95. CHN
analyses were obtained with a Carlo Erba 1106 (balance: Mettler
Toledo UMX-2) analyzer.

N, N'-Bis|3,5-(trifluoromethyl)phenyl]thiourea (1): To a mixture of
1.,1'-thiocarbonyldiimidazole® (1.50 g, 8.43 mmol) in CH,Cl,
(dried, 8 mL) was added carefully 3.5-bistrifluoromethylaniline
(2.74 mL, 17.70 mmol, 2.1 equiv.) under an argon atmosphere. The
resulting solution was stirred for 24 h at room temperature. The
solvent was evaporated and diethyl ether (70 mL) was added to the
yellowish oil. The organic phase was extracted with HCI (1 M, 3%
20 mL), aqueous NaHCO; (saturated, 3 X 20 mL). and brine (3 X
20 mL). The organic phase was dried with Na,50,. After removing
the drying agent and the solvent, the light yellow solid was recrys-
tallized from CHCl,. The filtrate was concentrated under reduced
pressure, and the residue was recrystallized from CHCL; again. The
white solid was dried under vacuum in a desiccator over PoOs. A
white solid (2.29 g, 61.3 %) was afforded. Physical data were consis-
tent with those reported in the literature.23

N,N'-Bis(3,5-dimethylphenyl)thiourea (2): To a mixture of 1,1"-thio-
carbonyldiimidazol®¥ (1.50 g, 8.43 mmol) in CHCl, (dried, 8 mL)
was added carefully 3.5-dimethylaniline (221 mL, 2.14g.
17.7 mmol. 2.1 equiv.) under an argon atmosphere. The resulting
solution was stirred for 24 h at room temperature. The solvent was
evaporated and ethyl acetate (150 mL) was added to the brown oil;
the solution was poured into a 250-mL separatory funnel. The or-
ganic phase was extracted with HCl (aqueous, 1M, 3% 40 mL),
aqueous NaHCO; (saturated, 3 X 40 mL), and brine (3 X 40 mL).
The organic phase was dried with Na;SO,. After removing the dry-
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ing agent and the solvent, the light yellow solid was heated at reflux
in diethyl ether (70 mL in a 250-mL flask) for 0.5 h. The solid was
pumped off and washed with small portions of cooled diethyl ether
to give a white solid (1.38 g, 57.6%). 'H NMR (400 MHz, [D]-
DMSO): 6 = 9.56 (s, 2 H. N-H), 7.04 (s, 4 H. C-Hppo). 6.76 (s, 2
H. C-Hpar). 2.24 (s 12 H, CHy) ppm. '3C NMR (100.6 MHz. [D]-
DMSO): § = 179.35 (Cq). 139.16 (Cq), 137.39 (Cq). 126.00 (C-H),
121.50 (C-H), 20.93 ppm. IR (KBr disc): v = 3360.0, 3195.5,
3017.5, 2972.2, 2913.7. 1610.2, 1537.7, 1516.6, 1470.0, 1432.3,
13423, 1313.3, 1270.9, 1227.6, 1166.3, 1037.0, 862.2, 347.0, 715.3,
652.3,482.7 cm'. HRMS: caled. for CpaH 7 FaN,S, [M]* 284.1347;
found 284.1348.

N-Cyclohexyl-N'-[3-(trifluoromethyl)phenyl|thiourea (4): To a 10-
mL flask with a gas inlet charged with dried CH;Cl (5 mL) was
added cyclohexylamine (0.3 mL. 0.27 mg, 2.7 mmol) and 3-(tri-
fluoromethyl)phenylisothiocyanate (0.41 mL. 0.55 mg. 2.7 mmol),
and the mixture was stirred al room temperature under an argon
atmosphere for 12 h. Afterwards the solvent was evaporated and
the precipitate was washed with hexane/CH,Cly (4:1). The solvent
was then removed. The white solid of 42 (0.5 g, 1.64 mmol, 60 %)
was dried under vacuum over P,Os. M.p. 140141 °C. 'H NMR
(400 MHz, [Dg]DMSO): 6 = 9.59 (s, 1 H. N-H). 8.05 (s. 1 H, C-
Hopo). 791 (s. 1 H, N-H), 7.66 (d. J = 7.88 Hz, 1 H. C-Hpa).
751 (t.J=8.9,89Hz 1 H, C-Hpp). 7.39 (d. J = 7.55Hz, | H.
C-Hopipo)s 410 (s, 1 H, C-H), 1.91 (m, 2 H, CH). 1.69 (m, 2 H,
CH,). 1.51 (m. 1 H. CH,), 1.28 (m, 1 H, CH;) ppm. '3C NMR
(100.6 MHz. [Dg]DMSO): 6 = 179.18 (Cq). 140.64 (Cq). 129.45 (C-
H). 128.87 (q. J = 30.70Hz). 125.78 (C-H), 12401 (q. J =
271.19 Hz), 119.67 (C-H), 118.27 (C-H). 52.07 (C-H). 31.70 (CH;),
25.09 (CH,), 24.42 (CH,) ppm. IR (KBr disc): ¥ = 3230.8, 3076.2,
20327, 2852.9, 1602.4, 1543.3, 1484.8, 1459.3, 13274, 12733,
1212.0, 1163.8, 1117.3, 1093.0, 1072.8, 984.4, 887.0, 795.5, 715.0,
700.0, 654.8, 588.3 cm™'. HRMS: calcd. for C4H7FaN,S; [M]*
302.1065; found 302.1088. Elemental analysis: caled. C 55.61, H
5.67. N 9.26; found C 55.36. H 5.65, N 9.29.

NMR Spectroscopic Data Collection and Processing: The NMR
spectra ('H, '*C, 'H-'N HSQC. NOESY, and ROESY) were re-
corded with a 600 MHz spectrometer equipped with a 5-mm broad-
band z-gradient probe (maximum gradient strength 53.5 Gem™).
The phase-sensitive 'H NOESY spectra were recorded by using a
mixing time of 1 s; the ROESY had a spin-lock pulse of 70 ms. The
'H-'"N HSQC spectra were acquired with pulsed field gradients.
The delay was adjusted to a coupling constant of J('H.,"N) =
60.8 MHz. 'H: 600.13 MHz. '*C: 150.90 MHz; when necessary
using as the internal standard: TMS d('H) = 0, d('*C) = 0, [Dg}-
toluene [§('H) = 2.09, 6.98, 7.00, 7.09 ppm]. [Ds]toluene [§(**C) =
18.3. 25.2, 78.7 ppm]. [DE]THF [3('H) = 1.73, 3.58 ppm]. [Ds]THF
[6('3C) = 25.37. 67.57 ppm]. *F—'H HOESY measurements were
performed with a 400 MHz Bruker Avance Il spectrometer
equipped with a 5-mm BBFO probe with z-gradient. For the *F-
'"H HOESY experiments the hoesyph pulse sequence was used and
1 K data points were acquired in the directly detected dimension.
All experiments were run under fluorine detection. A mixing time
of 800 ms was used for the non-degassed samples and 64 scans were
taken for each of the 256 T, increments. The delay between in-
crements was set to 3 5. The 'F signals are recorded relative to the
resonance of a sample of CFCla.

IR Spectroscopic Studies: We used a Bruker TFS 25 TR or a Bruker
IFS 55 FTIR spectrometer and a low-temperature cell with CaF;
windows. Solutions of the various pure compounds and compound
mixtures in [Dg]toluene were loaded into a low-temperature CaF,
cell (d = 0.1 mm). The cell was cooled from room temperature to
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—95 °C with liquid nitrogen because at this temperature the solvent
([Dgltoluene) froze. Absorbance spectra were recorded at 2 cmi!
resolution (40 scans) with pure solvent at the respective tempera-
ture as reference.

Computational Studies: All computations were performed with the
Gaussian09 suite of programs.*” Geometry optimizations and fre-
quency computations were performed using the M06 density func-
tional in conjunction with 6-31+G(d,p) basis set. The M06 func-
tional is recommended for computations of organometallic species
and for studies of noncovalent interactions, thermochemistry, and
kinetics.''] Additional geometry optimizations and frequency com-
putations for the determination of solvent effects were also per-
formed by using the M06/6-31+G(d.p) method with a self-consis-
tent reaction-field (SCRF) model.*® SCRF methods treat the sol-
ute at the quantum mechanical level, while the solvent is repre-
sented as a dielectric continuum. Specifically, we chose the polariz-
able continuum model (PCM) developed by Tomasi and co-workers
to describe the bulk solvent.?*21 PCM computations were modi-
fied by using the UAHF model, a United Atom Topological Model
applied on radii optimized for the HF/6-31Gi(d) level of theory.[?*]
We found shifts of the stretching vibrations of the cyclohexyl meth-
inc CH bonds of about =100-400 cm™: at this time the reasons for
these unphysical shifts are unclear, but we note that they only occur
when using the UAHF model in solvent computations. AH values
are corrected for zero-point vibrational energies (ZPVEs). All com-
puted minima displayed only real vibrational frequencies (no imag-
imary frequencies). The quantum theory of atoms in molecules
(QTAIM)!™! analysis was performed using AIMAILM™! Computa-
tional results were depicted with CYLview.F!]

MS (ESI) Studies: The formation of thiourea—guest complexes was
also investigated by mass spectrometry using a linear lon trap/
Fourier transform orbital trapping mass spectrometer (LTQ Or-
bitrap Discovery, Thermo Scientific GmbH, Bremen, Germany)
equipped with a nanoelectrospray ion source (Nanospray Ton
Source, Thermo Scientific GmbH. Bremen, Germany).?? Sample
solutions were prepared by dissolving the host (thiourea derivative
¢ = 20mm) and guest (carbonyl derivative ¢ = 200 mm) in toluene
(dried). Analysis was performed in positive ion mode, Complex for-
mation was confirmed by determination of the accurate mass of
the protonated complex and of its constituents (protonated) after
intentional destruction of the complex via collision induced dissoci-
ation (CID).

X-ray Crystallographic Analysis: CCDC-868394 (for 2). -868395
(for 4). and -206506 (for 1) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre wvia
www.cede.cam.ac.uk/data_request/cif. The crystal structure of 1
was previously published by Kotke and Schreiner.?!

Supporting Information (see footnote on the first page of this arti-
cle): Experimental details, remarks on NMR spectroscopic data
collection and processing, matrix isolation studies, computational
studies, as well as all NMR. IR, matrix-isolation IR, and mass
spectra.
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3 Two-Dimensional Infrared Spectroscopy Reveals the Structure
of an Evans Auxiliary Derivative and Its SnCl4 Lewis Acid Com-

plex

In this third chapter the publication “Two-Dimensional Infrared Spectroscopy
Reveals the Structure of an Evans Auxiliary Derivative and its SnCl, Lewis
Acid Complex” is presented. This study was published in Chemistry — A Eu-
ropean Journal. The Supporting Information accompanying this publication
can be downloaded free of charge (see footnote on publication’s first page). The
permission to show this publication herein was friendly given by the Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim, which is gratefully acknowl-
edged.
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Abstract: Determining the structure of
reactive intermediates is the key to un-
derstanding reaction mechanisms. To
access these structures, a method com-
bining structural sensitivity and high
time resolution is required. Here ultra-
fast polarization-dependent two-dimen-
sional infrared (P2D-IR) spectroscopy
is shown to be an excellent comple-
ment to commonly used methods such
as one-dimensional IR multidi-
mensional NMR spectroscopy for in-
vestigating intermediates. P2D-IR spec-

and

Ib]

termediates. The ubiquity of vibrations
in molecules ensures broad applicabili-
ty of the method, particularly in cases
in which NMR spectroscopy is chal-
lenging due to a low density of active
nuclei. Here we illustrate the strengths
of P2D-IR by determining the confor-
mation of a Diels—Alder dienophile
that carries the Evans auxiliary and its
conformational change induced by the
complexation with the Lewis
SnCly, which is a catalyst for stereose-
lective Diels—Alder reactions. We show
that P2D-IR in combination with DFT

acid

and Jens Bredenbeck™!®

computations can discriminate between
the various conformers of the free di-
enophile N-crotonyloxazolidinone that
have been debated before, proving an-
tiperiplanar orientation of the carbonyl
groups and s-cis conformation of the
crotonyl moiety. P2D-IR unequivocally
identifies the coordination and confor-
mation in the catalyst-substrate com-
plex with SnCly. even in the presence
of exchange that is fast on the NMR
time scale. a chelate with
the carbonyl orientation flipped to syn-

It resolves

troscopy allows structure determination
by measuring the angles between vibra-
tional transition dipole moments. The
high time resolution makes P2D-IR
spectroscopy an attractive method for
structure determination in the presence
of fast exchange and for short-lived in-

Introduction

Rational design and optimization of chemical reactions re-
quires detailed knowledge about the structures that occur
along the course of the reaction. To guide a reaction to the
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la] A.’L Messmer,” S. Steinwand, Dr. E.-B. W. Lerch,
Prof. Dr. I. Bredenbeck

Institute of Biophysics

Johann Wolfgang von Goethe University
Max-von-Laue-Str. 1

60438 Franklunt (Germany)

Fax: (+49)69-798-46421

E-mail: bredenbeck@biophysik.uni-frank{urt.de
K. M. Lippert,” K. Hof, D. Ley, Dr. D. Gerbig, Dr. H. Hausmann,
Prof. Dr. . R. Schreiner

Institute of Organic Chemistry

Justus-Liebig University

Heinrich-Buff-Ring 58

35392 Giessen (Germany)

Fax: (+49)641-99-34309

E-mail: prs@org.chemie.uni-giessen.de

[b

[*] These authors contributed equally to this work.

‘% Supporting information for this article is available on the WWW
under hitp:/dx.dol.org/10.1002/chem. 201201583,

Chen. Eur J 2012, 18, 14089 - 14995 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weir

periplanar and s-cis crotonyl configura-
tion as the main species. This work sets
the stage for future studies of other
catalyst—substrate complexes and inter-
mediates using a combination of P2D-
IR spectroscopy and DFT computa-
tions.

desired product, auxiliaries and catalysts are frequently used
that control molecular conformation and accessibility of the
reactive moiety. The combination of a Lewis acid catalyst
and the chiral Evans auxiliary (a chiral oxazolidin-2-one de-
rivative)l"? has frequently been used in asymmetric synthe-
sis to induce predictable stereochemistry in reactions of pro-
chiral moieties, such as N-acyloxazolidinones (Figure 1).0!
Early showcase examples are Lewis acid catalyzed enantio-
selective aldol additions™™*! and Diels-Alder reactions of 1.1%!
The stereochemical outcome of these types of reactions is
determined by a bulky group on the oxazolidinone auxiliary
that shields one side of the molecule so that the reagent
(e.g.. cyclopentadiene in a Diels—Alder reaction) can only
approach from the other side of the reactive moiety.™ As il-
lustrated in Figure 1, it is essential to control the rotational
degrees of freedom of the connection between the chiral
auxiliary and the reactive moiety to guide the reaction to-
wards the desired product.”) According to the mechanism
proposed by Evans, the major Diels—Alder product origi-
nates from the conformer 1-spe. Metal ion chelation, which
locks the conformation of the N-acyl bond (transition state
in Figure 1), is commonly used to rationalize the observed
high diastereoselectivities of these and related reactions. An
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Figure 1. Top: The reaction of the N-crotonyloxazolidinone (45)-3-[(E)-2-
butenoyl]-4-(1-methylethyl)-2-oxazolidinone (1) with cyclopentadiene, an
example for highly diastereoselective Diels—Alder reactions employing
the Evans auxiliary (blue, abbreviated as R)!¥ The transition structure
commonly used to explain the observed stereoselectivity, a chelate of 1
with the Lewis acid, is shown on the right. Bottom: Conformers of 1 (in-
cluding their shorthand notation: ap and sp denote the antiperiplanar
and synperiplanar orientations of the two carbonyl groups relative to
each other; ¢ and t relate to the s-cis and s-trans conligurations of the
sp*=sp’ single bond of the crotonyl moiety).

alternative mechanism that questions the exclusive role of
chelates has recently been proposed in a study using diethyl-
aluminium chloride as a Lewis acid.”

There have been numerous attempts to determine the sol-
ution structures of these complexes and of the free N-croto-
nyloxazolidinones, for which the conformational equilibria
in Figure | have been discussed in the literature.™" Tem-
perature and concentration-dependent one-dimensional nu-
clear magnetic resonance (1D-NMR) experiments on the
complexes of 1 with SnCl, do not provide 3D structure in-
formation but agree with the proposed selectivity model,”!
although the selectivity is low with this particular Lewis
acid!! Optimal selectivity was observed with >1.4 equiva-
lents diethylaluminium chloride, for which ELAlY com-
plexes with 1 were also studied using 1D-NMR.”! Previous
attempts to determine the structure of free 1 and its com-
plexes with Lewis acids containing aluminium and magnesi-
um in solution were done using two-dimensional (2D) NMR
spectroscopy by through-space magnetization transfer (nu-
clear Overhauser effect spectroscopy, NOESY) and correlat-
ed spectroscopy (COSY).["®! NOE signals indicate the
spatial proximity of nucleil'? whereas COSY determines vi-
cinal couplings that can be used to deduce bond angles ¥
A source of difficulty that is frequently encountered in
small- to medium-sized molecules is a low density of active
nuclei, such that no suitable NOEs or through-bond cou-
plings can be obtained. Accordingly, 2D-NMR experiments
for 1 provide incomplete structural assignments because of
the small number of useful cross peaks, which prevents the
accurate determination of the conformational preferences.
Furthermore, fast exchange processes occur under certain
experimental conditions and preclude NMR structure deter-
mination (see the Supporting Information chapter 4.2).

Polarization-dependent 2D infrared (P2D-IR) spectrosco-
py offers a complementary approach to NMR spectroscopy,
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because it features sub-picosecond time resolution and
allows the deduction of structural information from vibra-
tions." ! In a P2D-IR experiment, a vibration is selectively
excited and the induced absorption change of this and other
vibrations is probed. Similar to a 2D-NMR spectrum, the
spectrum spans two frequency axes, one for the excitation
frequency (y axis) and one for the probe frequency (x axis).
Interactions between two vibrations, that is, couplings, lead
to cross peaks between the vibrations that contain informa-
tion about their proximity and relative orientations!*®! A
very useful parameter for determining conformations is the
angle between the transition dipole moments of two vibra-
tions. This angle is accessible using P2D-IR spectrosco-
py"21 Careful design of our experiment allows an accuracy
for the angle as low as £2°. Since vibrations are present in
all molecules, structure determination using P2D-IR will be
particularly helpful in systems with a sparse distribution of
NMR-active nuclei, such as 1 and its SnCl; complexes.

Because of its sub-picosecond time resolution, P2D-IR
spectroscopy is particularly well suited for structure determi-
nation in the presence of dynamic processes that occur on
time scales faster than the intrinsic time resolution of an
NMR experiment (typically milliseconds). Fast time scales
are common for flexible molecules and conformational
changes that occur upon complex formation, for example,
substrate—catalyst association in the present case. NMR
spectra of such fast processes are motionally averaged and
the NMR parameters do not directly correspond to any of
the involved species. In these situations, the P2D-IR spectra
show the signals of the individual species, because the dy-
namics of these processes are essentially frozen.

In the following we show that P2D-IR spectroscopy in
combination with computations using density functional
theory (DFT) allows complete resolution of the conforma-
tional degrees of freedom of 1 that are important for con-
trolling diastereoselectivity. The major conformer of 1 is de-
termined and upper limits for the concentrations of the
other conformers in Figure 1 are given. We unequivocally
identify the coordination and conformation of 1 in the cata-
lyst—substrate complex that forms upon addition of SnCl,. In
particular, the structural details of 1 and its complexes are
resolved, even in the presence of dynamics that are fast on
the NMR time scale. The structures identified for free and
complexed 1 are in agreement with the relative free energies
computed by DFT.

Results and Discussion

Solution structure of N-crotonyloxazolidinone: The con-
formers shown in Figure 1 have been previously discussed as
potential solution structures of L' They equilibrate
through rotations around the o bond of the crotonyl moiety
and the amide bond and differ considerably in the relative
orientation of the alkenyl and the two carbonyl groups. We
show that P2D-IR spectroscopy in the spectral range of the
vibrations involving these groups therefore allows the deter-
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mination of the conformational preferences in solution; the
corresponding bands are located at 1638 (v), 1686 (1,), and
1776 cm™! (13). Figure 2a shows the P2D-IR spectra of 1 in
CH,Cl, for parallel (left) and perpendicular polarizations
(right) of the pump and probe pulses: the IR absorption
spectrum is shown on top for orientation.

a
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Figure 2. a) P2D-IR spectra of 1 in CH,Cl, (1.5 ps). Left: parallel polari-
zation and right: perpendicular polarization of the pump and probe
pulses. The contour lines are spaced by 0.05 mOD. Signals larger than
+0.5mOD are truncated. The FTIR spectrum is shown in the top panel
for reference. b)Top: Time dependence of the diagonal peak intensity
(negative signal) of vy (see pos. A) for parallel (red) and perpendicular
polarizations (black) in CH,Cl,; Bottom: Time dependence of the aniso-
tropy calculated Irom the data points shown in the top panel (blue line:
exponential fit to the data points with a time delay of more than 1.5 ps
(blue), gray data poeints indicate the region when the pump and probe
pulses overlap in time). ¢) Time dependence of the anisotropy for the sig-
nals labeled in Figure 2a. The straight lines show a linear fit to the data
from 1.5 to 5 ps. For exponential fits of the data until 20 ps see the Sup-
porting Information chapter 24.2. Diagonal peak vy: blue (see pos. 1);
cross peak vyvy: green (see pos. 2); cross peak v/vy: red (see pos. 3);
eross peak /vy black (see pos. 4).

The P2D-IR spectra of 1 show three intense peaks along
the diagonal, where the pump and probe pulses interact
with the same vibration. The spectral positions of the diago-
nal peaks correspond to those in the absorption spectrum.
Each peak consists of a positive (red) and negative (blue)
contribution. The negative signal is caused by depopulation
of the vibrational ground state after the vibration is excited
to the first excited state. From there, stimulated emission
occurs and also contributes to the negative signal. The posi-
tive signal is caused by absorption in the excited state. Posi-
tive and negative signals are separated by the vibrational an-
harmonicity.** A fourth, much weaker, diagonal peak is
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located at approximately 1725 cm™', which is redshifted by

about 50 cm™ from the diagonal peak at position A. This
peak is assigned as a *C satellite of the peak at position A
(see the Supporting Information chapter 2.4.3). In addition
to the diagonal peaks, cross peaks between all three stretch-
ing vibrations occur, indicating that the vibrations are cou-
pled to each other and are not localized on one individual
bond.">®! By analyzing the polarization dependence of
these cross peaks, the angles between the vibrational transi-
tion dipole moments are obtained from which the structure
can be derived.

The size of the P2D-IR signal, Aa. depends strongly on
the relative polarization of pump and probe pulse. The dif-
ference can be quantified by the anisotropy r(f) calculated
as shown in Equation (1):

_ Arlll(l) — Aa (1) (1)
Aoy (1) +2A0, (1)

in which A« (1) and A (1) are the signal intensities for
parallel and perpendicular polarization. For a fixed isotropic
distribution of molecules in space, the anisotropy gives
direct access to the angle # between the transition dipole
moments of the vibrations of the molecule through the rela-
tion given in Equation (2):1*

+1 (2)

Figure 2b shows the time-dependent signals A« (1) and
Ac (1) for the diagonal peak of »; and the time-dependent
anisotropy, r(f), calculated from them. As the molecules
rotate on the time scale of the time delay between the pump
and probe pulses in a 2D-IR measurement, the anisotropy
decays (Figure 2b, bottom) and it is essential to extrapolate
the anisotropy to a delay time of =0 to obtain exact values
for .25 Typical rotational correlation times for molecules of
the size studied here are in the range from a few picosec-
onds to tens of picoseconds.*?7]

The time dependence of the anisotropy of the diagonal
and cross peaks labeled in Figure 2a (pos. 1 to 4, negative
part of the signals) is shown in Figure 2c. The anisotropy of
the diagonal peak of the vibration v, (blue, see Figure 2a
pos. 1) linearly extrapolates to 0.379(4), which is in good
agreement with the exact value of 0.4 for a diagonal peak
(angle 0°) and serves as an intrinsic validation of the experi-
ment (see the Supporting Information chapter 2.4.1 for a de-
tailed discussion). The anisotropy data points where the
pump and probe pulses overlap (gray) were not used for the
analysis. For the cross peak between », and v; (see Figure 2a
pos. 2), which is shown in green. we observed an anisotropy
of 0.104(3) for zero delay time. Using Equation (2), this
translates into an angle between the transition dipole mo-
ments of (44+3)°. Similar analysis of the cross peaks be-
tween the vibrations v, and », (red, see Figure 2a pos. 3)
and between v, and v5 (black, see Figure 2a pos. 4) results in
angles of (57 £2)7 and (28 £3)°, respectively.
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Table 1. Comparison between experimentally determined angles of 1 from P2D-IR in CH,Cl, and the results
of DFT computations (M06/6-31+ G(d,p)/PCM/Bondi). The overall deviation of the three angles is expressed

by the sum of the single deviations A,

the Diels-Alder reaction
(Figure 1), is less than 0.2%.
This is in agreement with a

fL ﬁ ii )Ci o /Ci i//\ com_plutecl .AGM of. 3:3 kcal

o NS o NN Q ’Nkl 0" N mol™" relative to l-ape. The

4 \—’yd _},. - \_S, conformational preference ob-

4&. / ! served in solution was also

exptl L-ape L-apt L-spt 1-spc seen in the crystal structure of

vy [°] 5740 64 (A=T) 33 (A=24) T4 (A=1T) 67 (A=10) 1 (see the Supporting Informa-

vyt [0 2843 2L (A=T) 5 (A=26) 65 (A=37) 42 (A=14) tion chapter 2.6, CCDC-867200

valvs [7] M2 Ba=D 40 (a=4) 52 (A=%) 7 (A=27) contains the supplementary

B =Z| 4| IDI, 13 3 62 o crystallographic data for this
AG g [keal mol™] 0 36 6.0 33 =

In the ideal case when the vibrations are localized on indi-
vidual bonds, the angles between the transition dipole mo-
ments correspond directly to the bond angles of the mole-
cule. However, in most cases the vibrations are delocalized
over more than one bond®¥ and the direction of the transi-
tion dipole moment with respect to the molecule is required
to determine the structure. This can be accomplished using
quantum chemical computations, for example, using DFT
(see Computational Methods). The transition dipole mo-
ments were computed for the four conformers of 1 shown in
Figure 1; Table 1 summarizes the DFT results and compares
the computed angles with the measured angles.

The experimentally determined angles agree very well
with the computations for the conformer 1-ape. All other
conformers show large differences compared with the meas-
ured values for at least one angle (up to 37° for the angle
between »,/v; in the case of 1-spt). The measured IR fre-
quencies also match best with those computed for 1-apc (see
the Supporting Information chapters 2.2 and 2.3). The small
difference between the computed and experimental angles
for 1-ape may be due to the fact that although the computed
structure is the energy minimum at 0K, there is thermal
motion at the finite temperatures of the experiment. Addi-
tionally, the DFT computations use the harmonic approxi-
mation, which may affect the transition dipole moment ori-
entations.

The same measurements and analyses were performed for
1 in MeCN (see the Supporting Information chapter 2.4.2).
Changing the solvent had little effect on the measured
angles and the same conformer dominates in both solvents.
This finding is in agreement with the similarity of the IR ab-
sorption spectra in the two solvents as well as with the rela-
tive free energies computed using DFT.

The P2D-IR measurements in combination with DFT
computations clearly show that l-apc is the preferred con-
former. By evaluating the P2D-IR signals at the frequencies
determined from the computations for the other three con-
formers, we estimate the upper limit for the sum of their
concentrations to be less than 5% (for a detailed analysis
see the Supporting Information chapter 2.4.4). In particular,
the population of 1-spe, which is the precursor conformer
used to rationalize the typically observed stereochemistry of
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paper. These data can be ob-
tained free of charge from The
Cambridge Crystallographic
Data Centre via www.ccde.cam.ac.uk/data_request/cif). The
DFT computations are in excellent agreement with the
structural parameters obtained from crystallography. The re-
sults of NMR studies™ "] (see the Supporting Information
chapter 2.5) agree with the structure determined using P2D-
IR. While NMR studies were inconclusive because they
were based on the absence of cross peaks, the combination
of P2D-IR spectroscopy and DFT computations allows for
the distinction between all possible conformers and there-
fore the unambiguous determination of the structure of 1.

Solution structure of the N-crotonyloxazolidinone tin(IV)
chloride complex: Complexation of the dienophile 1 by the
Lewis acid increases the reactivity and diastereoselectivity
in Diels—Alder reactions.” There are two Lewis basic car-
bonyl groups in 1 and two important conformational degrees
of freedom with a potential influence on diastereoselectivity.
Accordingly. various 1:1 and 1:2 complexes have been dis-
cussed in the literature (Table 2).5%1 As for free 1, the com-
plexes differ considerably in their transition dipole moment
angles and we show that distinguishing between them using
P2D-IR spectroscopy is therefore possible.

The carbonyl and alkenyl stretching vibrations of 1 shift
to lower wavenumber upon complexation with SnCly and
are located at 1567 (v',), 1633 (v3), and 1726 cm™" (v'5) (Fig-
ure 3a). The peaks in the P2D-IR spectrum shown in Fig-
ure 3a are altered compared with Figure 2a accordingly.
The spectrum of the 1-SnCly complex is dominated by three
intense diagonal peaks. as is the case for 1. The cross peaks
IT and IV become more intense due to the increased extinc-
tion coefficient of the vibration +'; and are as intense as the
diagonal peaks. Minor signals on the diagonal originate
from isotopologues and possibly from minor conformers
(less than 15%): these are discussed in the Supporting Infor-
mation (chapter 3.3). Here, we focus on the signals of the
major conformer.

Figure 3b shows the time dependence of the anisotropy of
the peaks labeled in Figure 3a (I: diagonal peak, TI-IV:
cross peaks). The changes compared with free 1 are appa-
rent (see Figure 2c¢). First, the measured anisotropies are
very different. reflecting a considerable change in the angles
between the transition dipole moments. For instance, the ex-
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Table 2. Comparison of the experimentally determined angles between the vibrations of 1-SnCl; in CH,Cl, and the results of DFT computations (MO6/6-

31+ G(d,p)/SDD/PCM/Bondi).

,SQCL, ,S[\CI‘ J
i i 2 [ - oo S
o’LFNM\ OANJ\L O\)LN N OJ'\N S S0 o)\n S-SNCh
; /
exptl 1-spe-x2 0,0 L-spt-i2 0,0 l-ape-kO’ L-api-xk()’ L-ape-l kO 20

v, [°] 1146 16 (A=5) 24 (A=13) 81 (A=70) 38 (A=27) 84 (A=T3)
Vil [°] 45+2 46 (A=1) 20 (A=25) 20 (A=25) 44 (A=1) 5 (A=40)
valv's [°] 4942 61 (A=12) 2(A=T) 6l (A=12) 38 (A=11) 89 (A=40)
A =2 | A [°] 18 45 107 30 153
AG 4 [kealmol ™| 0 6.5 6.7 10.2 —al

|a] The free energy of the di-tin-complex cannot be set into relation with the monocomplexes.
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Figure 3. a) P2D-IR spectrum (parallel polarization, 1.5 ps) of the com-
plex 1-5nCl,) in CH,Cly (¢; =6 mM; c5,q0=47 mm). The contour lines are
spaced by 0.03 mOD; signals larger than £0.3 mOD are truncated. The
FTIR spectrum is shown in the top panel for reference. b) Anisotropy
time dependence of the signals labeled in Figure 3a. Diagonal peak v’y
blue (see pos. I); cross peak v,/v's: green (see pos. II); cross peak v'/v'y:
red (see pos. I11); cross peak v/ v'5: black (see pos. IV).

trapolated anisotropy of the cross peak between the two low
frequency modes (v'/v',) of 1-SnCl; is 0.379(8) (see Fig-
ure 3b, red data points), whereas the corresponding cross
peak for 1 (»y/1;) has an anisotropy of —0.021(5) (see Fig-
ure 2 ¢, red data points). Second, the anisotropy of the diag-
onal peak (blue) decays approximately two times more
slowly than that for 1 (see the Supporting Information chap-
ter 3.3.3). This slowing of the rotational diffusion reflects the
larger size of the complex.

As for free 1, the anisotropy is oblained by linear extrapo-
lation to zero time delay (straight lines) and provides the
angles between the vibrational transition dipole moments,
which are compared to DFT computations (Table 2).

The comparison shows that the chelate 1-spe->0,0"SnCl,
is the major complex. All other computed complexes show
much larger deviations from the experimentally determined
angles. The computed vibrational frequencies (see the Sup-
porting Information chapter 3.2) support this conclusion.
The computed free energies (Table 2) are consistent with 1-
spe-k20.0"-SnCl, being mainly populated. Previously pub-
lished 1D-NMR studies of 1-SnCl, concluded that a hexa-
coordinate Sn chelate with 1 formed.®™ This agrees with the
structure determined using P2D-IR. As an important piece
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of additional information to define the diastereoselectivity
of reactions with 1 as a substrate. P2D-IR spectroscopy re-
vealed that the crotonyl conformation remains s-cis upon
complex formation. Our 2D-NMR studies (see the Support-
ing Information chapter 3.4) support these conclusions and
agree with studies of related systems that use Lewis acids
other than SnCL."'*" Using diethylaluminium chloride as
a Lewis acid, Santos and co-workers have identified a di-
metal complex of 1 as the major species, leading to the pro-
posal of an alternative selectivity model that is not based on
chelation. We rule out the presence of the corresponding
Sn species, l-ape-/k0.2x0Q"SnCl,, based on the concentra-
tion dependence of our signals and the mismatch of the de-
termined angles. Additional signals in the 2D-IR spectra
(see the Supporting Information chapter 3.3.2) indicate a
minor population (<15%) of the s-trans conformer (1-spt-
£%0,0'-SnCl,), which is not visible in the NMR spectra. The
presence of this conformer may be the reason for a reduced
diastereoselectivity of the reaction when using the Lewis
acid SnCl,.

Structure analysis in dynamic equilibrium: The P2D-IR data
in Figure 3 used for structure determination were recorded
with a large excess of SnCly so that no uncomplexed 1 re-
mained in solution. However, under the typical reaction
conditions a mixture of rapidly interconverting species
cannot be excluded. The ability to carry out structure analy-
sis under such conditions is of particular interest and re-
quires a method with faster time resolution than NMR spec-
troscopy. NMR data for an equimolar mixture of 1 and
SnCl, recorded at room temperature show motional averag-
ing and do not allow separate analysis of free 1 and the vari-
ous 1-SnCly species that might coexist (see the Supporting
Information chapter 4.2). P2D-IR spectroscopy on the other
hand allows the distinction between interconverting species
under these conditions (Figure 4). Compared with the ultra-
fast time resolution of the 2D-IR experiment, isomerization
and complexation are slow and, therefore, motional averag-
ing does not occur. Consequently, the spectrum can be
thought of as the sum of the spectra of the different species
present in the sample. Signals that belong to the same mole-
cule are connected by a coupling pattern, as highlighted in
Figure 4 by the colored grids. The 2D-IR signals of free 1
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Figure 4. P2D-IR  spectrum (parallel polarization) of an equimolar
1:SnCl, mixture in CH,Cl, (¢, =24 mM; ¢g,q, =24 mu). The contour lines
are spaced by 0.05mOD. Signals larger than £0.5mOD are truncated.
The signals that belong to the same molecule are connected by the grids.
Green: [ree 1; red: 1.SnCl,. The FTIR spectra of the mixture (black), 1
(green), and 1-SnCl, (red) are shown in the top panel for orientation.

are connected with the green grid and are identical to the
signals shown in Figure 2a. The signals of 1.SnCl, are high-
lighted with the red grid and correspond to the signals
shown in Figure 3a. Analyzing the cross peak anisotropies
provides the same angles within the experimental error (see
the Supporting Information chapter4.1). The chelate 1-spe-
K20,0"-SnCl,, which is also found with an excess of SnCl,,
remains the dominant complex. This example demonstrates
the possibility of analyzing the structures of several species
interconnected by fast dynamic processes. Analysis is even
possible when some of the absorption bands overlap com-
pletely, as is the case here for the bands v/, (l-spe-
K20.0-SnCl,) and v, (free 1). Extracting the transition
dipole moment angles is possible because the cross peaks
are well separated for the different molecules (see Figure 4
pos. 3. 4, and II).

Conclusion
Using  P2D-IR  spectroscopy, N-crotonyloxazolidinone,
which is a showcase example for the application of the

Evans auxiliary in enantioselective Diels—Alder reactions, is
determined to exist in the apc conformation in solution.
Other conformations that have been previously discussed
are not observed. Upon complexation with the Lewis acid
SnCly, the amide bond rotates by 180° as proposed by
Evans. In the major complex structure identified using P2D-
IR the sp>—sp? single bond of the crotonyl moiety remains in
the s-cis conformation, which supports the proposed selec-
tivity model. Additional signals in the 2D-IR spectra indi-
cate a minor population of the s-trans conformer (spt), po-
tentially leading to the reduced diastereoselectivity using
the Lewis acid SnCl,. The structures formed in the presence
of other common Lewis acid catalysts, such as Me,;AlCI, are
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under debate as well and will be investigated using a future
P2D-IR setup capable of low temperature measurements.

The present study of the structures of the free N-crotony-
loxazolidinone and its Lewis acid complex demonstrates
that ultrafast P2D-IR spectroscopy provides detailed infor-
mation about molecular structures, even when fast dynamic
processes occur and when the molecules are highly function-
alized, which can cause a low proton density for NMR struc-
ture determination. P2ZD-IR spectroscopy is therefore an ex-
cellent complement to NMR spectroscopy and particularly
useful in cases where detailed structure information is
highly desired, that is, in reactive, medium-sized molecules
and short-lived intermediates, which often contain a number
of heteroatoms and unsaturated moieties that lead to pro-
nounced vibrational transitions. With the strengths demon-
strated here, P2D-IR spectroscopy has the potential to
become an integral part of organic chemists’ toolboxes for
structure determination and the elucidation
mechanisms.

of reaction

Experimental Section

Sample preparation: All materials were obtained from commercial sup-
pliers and were used without further purification, unless otherwise noted.
(§)-4-Isopropyl-oxazolidin-2-one was prepared as described by Benoit
etal.® (48)-3-[(E)-2-Butenoyl|-4-(1-methylethyl}-2-oxazolidinone (1)
was synthesized following the protocol of Evans et al®! and stored under
reduced pressure in a desiccator over POy The enantiomeric purity was
determined by polarimetry and was identical to that previously report-
ed.”) Tetrahydrofuran was dried over KOH, then distilled from sodium

and stored under argon over sodium. Purification of 1 was achieved by
flash chromatography (silica gel 60; particle size 230400 mesh).

For the P2D-IR and FTIR measurements of 1 a 37 mu solution in the de-
noted solvent was used. The 1-SnCl; complex was prepared by dissolving
1 (63 mm) and tin(IV) chloride (47 mm) in dichloromethane (CH,CL).
Partial complexation was achieved in a 1:1 solution of 1 and SnCl,
(24 mm) in CH,Cl,. The sample solutions were filled into a flow cell with

CaF, windows and an optical path length of 100 pm (measurements of 1)
or 250 pm (tin complex measurements).*”!

P2D-IR spectroscopy: Mid-TR pulses ((=2.4 plpulse™, center frequency
21660 cm™", bandwidth = 200 cm™' FWHM, pulse duration = 150 fs) were
generated in an optical parametric amplifier (OPA) with subsequent dif-
ference frequency generation.” The OPA was pumped by a Ti:sapphire-
oscillator/amplifier system (Spectra Physics, Spitfire XP, 800 nm, 120 s,
1 kHz; see the Supporting Infermation chapter 1.4 for the details of the
mid-IR generation). In the pump-probe 2D-IR setup, which is based on
the concept of Hamm et al.,” the probe and reference beams (both
250 nJ pulse™) were separated from the pump beam using a barium fluo-
ride wedge and focused with an off-axis parabolic mirror into the sample
(spot size =80 pm FWHM). The pump beam was spectrally narrowed by
a computer controlled Fabry—Perot filter (6th order, =11 em™! FWHM,
pulse length~1.2 ps), passed over a computer-controlled delay line and
was mechanically chopped with 500 Hz. It was focused into the sample
with a spot size of 130 pm (FWHM) in spatial overlap with the probe
beam. Special care was taken to obtain proper polarization of the beams.

The polarization of the pump beam was rotated by 45° relative to the
[25.3

probe and reference beam polarization.® ¥ The polarization contrast
at the sample position was >1400:1 for the pump beam and = 1200:1 for
the probe and reference beam. Directly after the sample, the probe and
reference beams passed through a motorized, computer-controlled polar-
izer and were then collimated. Since the motorized polarizer swapped its
position every 300 laser shots between +45% and —45°, it was possible to
quasi-simultaneously measure the spectra [or parallel and perpendicular
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polarization.”##3] Both beams were then frequency dispersed in a spec-
trometer onto a 2x 32 pixel mercury—cadmium—telluride detector array.
All spectra shown were measured in four blocks to span the whole spec-
tral region of interest with sufficient resolution. All four blocks were
measured directly after each other with minimal changes to the setup,
that is, no changes of the mid-IR spectrum of the OPA. Subsequently the
blocks were set together to the final spectrum without further treatment,
that is, no scaling of the signal intensities.

Computational methods: All computations were performed using the
Gaussian 09 suite of programs, using DFT with Truhlar’'s hybrid meta-ex-
change-correlation functional MO6 in conjunction with the 6-314+G(d.p)
basis set.**#1 Computations on Sn containing species were performed
using a 6-31 4+ G(d.p) basis set with Stuttgart/Dresden effective core po-
tentials (SDD) on the Sn atoms!® The M06 functional has been recom-
mended for computations of organometallic species and for studies of
non-covalent interactions, thermochemistry, and kinetics.* The 6-314 G-
(d,p) basis set has been chosen because a further increase of basis set
size and thus computational cost led to only minor changes in the com-
puted transition dipole moment angles (Figure S1 in the Supporting In-
formation). The solvent was taken into account by the sell-consistent re-
action field (SCRF) method, using the polarizable continuum model
(PCM) with van der Waals radii of Bondi with the Gaussian 09 default
scaling of L1 and explicit hydrogen atomsF** The frequently used
united atom topological models UAHF and UAKS do not take into ac-
count hydrogen atoms explicitly to create the solute cavity. Computations
using these models in some cases resulted in unphysically long C-H
bond lengths and low C—H stretching [requencies and were therefore not
used.
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4 Mechanistic Studies on the Organocatalytic Alcoholysis of Sty-

rene Oxides

Introduction

The versatility of epoxide openings has led to a widespread utilization of these reactions in
organic syntheses.™® Typically, the opening of epoxides by nucleophiles is catalyzed by
Bransted or Lewis acids. Some examples for this are the use of metal salts such as magnesium
perchlorate or calcium chloride, iron(111) montmorillonite,® a phosphaferrocene,®
BF3Et,0,1"! or aluminum triflate,’® and many more Lewis acids. Some very recent examples
include titanoniobate nanosheets co-doped with sulfur or iron,® palladium nanoparticles,*"
or a mixture of gallium(111) chloride and polyvinylpyrrolidone.™*” The group around Iranpoor
performed numerous studies on the alcoholysis of epoxides using, e.g., ceric(IVV) ammonium
nitrate,*? 2,3-dichloro-5,6-dicyano-p-benzoquinone,™! iron(111) chloride,™ tris[trinitrato-
cerium(IV)]paraperiodate,™ TiCl3(OTf) and TiO(TFA),,*® or aluminumdodecatungsto-
phosphate (AIPW1,0.0)."

The first organocatalytic conversion of epoxides was reported in 1985 when Hine et al.
showed 1,8-biphenylenediol to be a catalyst for the opening of epoxides with nucleo-
philes.'®™® In 2006, Kleiner and Schreiner were able to develop an organocatalyzed
aminolysis of epoxides utilizing N,N’-bis[3,5-bis(trifluoromethyl)phenyl]thiourea (1).*” Fur-
ther studies focused on the alcoholysis of epoxides. In 2008, our group published a
regioselective alcoholysis of styrene oxides.”) This reaction was only feasible when cata-
lyzed cooperatively by N,N’-bis[3,5-bis(trifluoromethyl)phenyl]thiourea (1) and mandelic
acid (2, pKa = 3.41%%). The proposed mechanism involves a ternary complex between 1, 2

and styrene oxide (Scheme 1).
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Scheme 1 Proposed mechanism for the regioselective alcoholysis of styrene oxides

cooperatively catalyzed by 1 and 2

Interestingly, the course of the reaction is not a linear process. There is a moment in which the
reaction is accelerated. Thus, we started the investigation of the reaction’s mechanism utiliz-

ing styrene oxide (3a) and 2-methyl-2-phenyloxirane (3b) (Scheme 2).1%*]

CF; CFs
jol el
R o FsC HXN CFs R o™
©)<1 . on 1 1mol% @
COOH
4 ©/LOH OH

H 12 equiv.
Me 2 1 mol% 5b R

Scheme 2 Organocatalytic, regioselective ethanolysis of 3a and 3b

Based on these preliminary studies — including the surprising result that styrene oxide (3a)
had been opened by ethanol within 3 h instead of 22 h in a competition experiment with 3b —
we extended our studies to the observation of autocatalytic effects. Such effects could not be
observed by Weil et al. when they added the respective p-alkoxy alcohol to the reaction mix-

ture.[?!]

Results and Discussion
In course of the present thesis we repeated the competition experiment done in our prelimi-
nary studies on this reaction. This competition experiment was done to compare the reaction

times of styrene oxide (3a) and 2-methyl-2-phenyloxirane (3b). Figure 1 shows the simulta-
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neous ethanolysis of 3a and 3b catalyzed by 1 mol% 1 and 1 mol% 2. The opening of styrene
oxide takes place within 4 h consistent with our previous experiment. The ethanolysis of sty-
rene oxide without 3b needs 22 h until completion. Figure 2 shows a graphical comparison of
these findings. Thus, the presence of 3b or the corresponding alcohol 2-ethoxy-2-phenyl-1-
propanol (5b) is shown to be promoting the ethanolysis of styrene oxide.

In the next step, we performed the reaction upon addition of 10 mol% of 3b. Under these con-
ditions, the ethanolysis of styrene oxide took place within 7 h. This confirms 3b or the corre-
sponding alcohol 5b to be a catalyst for this reaction. A graph depicting the course of this

reaction is shown in Figure 3.
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Figure 1 Temporary course of the simultaneous ethanolysis of equimolar amounts of styrene
oxide (3a, blue) and 2-methyl-2-phenyloxirane (3b, red) catalyzed by 1 mol% 1 and 1 mol% 2
at rt under ambient atmosphere (determined by GC/MS analysis)
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Figure 2 Comparison of the competition experiment (cf. Figure 1) and the ethanolysis of sty-
rene oxide catalyzed by 1 mol% 1 and 1 mol% 2 at rt under ambient atmosphere (determined
by GC/MS analysis)
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Figure 3 Temporary course of the ethanolysis of styrene oxide (3a) catalyzed by 1 mol% 1, 1
mol% 2, and 10 mol% of 2-methyl-2-phenyloxirane (3b) at rt under ambient atmosphere (de-
termined by GC/MS analysis)

To complete these studies on autocatalysis we examined the opening of styrene oxide with
ethanol under four different conditions (Figure 4). First of all, we reacted styrene oxide (3a) in
the presence of 1 mol% 1 and 1 mol% 2 as well as 10 mol% of 2-ethoxy-2-phenyl-1-propanol
(5b). The GC/MS analysis showed a full conversion of 3a within 10 h. Our next test reaction
was performed under the presence of 1 mol% 1 and 10 mol% 5b. In this case, no conversion

was observed within 13 h. In a third experiment we tried the addition of 1 mol% 2 and 10
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mol% 5b. Under these conditions, a conversion of less than 10% of the epoxide could be ob-
served after 13 h. In the last case, only 10 mol% of 5b were added. As in the second case, no
conversion was observable within 13 h. Thus, 2-ethoxy-2-phenyl-1-propanol (5b) increases
the reaction rate of the organocatalyzed ethanolysis of styrene oxide whereas 5a was not ca-

pable to do this at all.l!
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Figure 4 Temporary course of the ethanolysis of styrene oxide (3a) catalyzed by 1 mol% 1, 1
mol% 2, and/or 10 mol% 5b at rt under ambient atmosphere (determined by GC/MS analysis)

[The red line is hidden under the green one]

In a last panel of experiments, we screened three chloroacetic acids with decreasing pK, val-
ues as sole catalysts in the ethanolysis of styrene oxide (Table 1). This was done to find out if
the acid’s pK, value is an important fact for the epoxide opening. Using monochloroacetic
(PKa = 2.86)1*4 the conversion of styrene oxide (3a) was only 13% after 22.5 h. When we
utilized dichlororacetic acid (pK, = 1.29) full conversion of 3a could be observed within 24
h. However, when we tried trichloroacetic acid (pK. = 0.65) a conversion of 80% after 28 h
was found leading to the assumption that there is an optimal pK, of the acid employed as a
(co)catalyst in the ethanolysis of styrene oxides. Thus, we propose a mechanism where the
complexation of mandelic acid (2) by thiourea derivative 1 lowers the acid’s pK, to the range
where the alcoholysis of the epoxide is catalyzed smoothly.
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Table 1 Ethanolysis of styrene oxide (3a) with 1 mol% of a chloroacetic acid

o , o
. o 1 mol /nncalalys(
[ j 4 [ j OH
3a 12 equiv. 5a
Catalyst pPKa Time/h Conv./%*?
a X, 2.86 225 13
(6]
o Ao 1.29 24 100
(¢]]
O
c 0.65 28 80
4 GC/MS analysis

Conclusions

With a series of experiments we were able to show that the presence of 2-ethoxy-2-phenyl-1-
propanol (5b) catalyzes the ethanolysis of styrene oxide (3a). Furthermore, we proposed
based on our experiments with carboxylic acids that the pK, value of the acid employed seems
to be important for the reaction.

Experimental Section

General Remarks

All chemicals were purchased from Acros Organics, Alfa Aesar, Fluka, Merck, and Sigma
Aldrich in the highest purity available. Argon (99.99%) was purchased from Messer-
Griesheim. Styrene oxide was distilled in vacuo over a Vigreux column. 2-Methyl-2-
phenyloxirane was synthesized according to the method of Wallace and Battle.l”® Ethanol
was distilled from sodium/phthalic acid diethyl ester. Distilled chemicals were stored under an
Argon atmosphere over molecular sieve 3 A. All reactions were run in oven-dried, single-
necked 10 mL flasks (Schott DURAN®) with PTFE-coated magnetic stirring bars. Mandelic
acid was directly weighed into the reaction flasks; the thiourea derivative was weighed into an
Eppendorf cup and added to the flask. Liquid chemicals were transferred with 1 mL syringes
with thin cannulas. The reaction outcome was determined by GC/MS analyses with a
Quadrupol-MS HP MSD 5971 and a HP 5890A GC equipped with a HP5 crosslinked silica
GC column (25 m x 0.2 mm, 0.33 micron stationary phase: 5% phenyl and 95% methyl sili-

cone) using helium as carrier gas; temperature program: 60-250 °C (heating rate: 15 °C/min),
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injector and transfer line 250 °C. Samples were taken directly from the stirred reaction mix-

ture with a 10 pL. Hamilton syringe and were injected immediately.

Typical Procedure

Mandelic acid (2, 1.5 mg, 1 mol%) was weighed into an oven-dried, one-necked 10 mL flask
followed by addition of 1 (5.2 mg, 1 mol%). Then, the mixture was dissolved in ethanol (4,
0.7 mL, 12 mmol, 12 equiv.) under stirring at rt. After this, styrene oxide (3a 0.11 mL, 1
mmol) and 2-methyl-2-phenyloxirane (3b, 13.16 pL, 10 mol%) were added simultaneously.
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5 An Uncatalyzed Passerini Reaction

Introduction

The three-component reaction between an aldehyde, a carboxylic acid and an isocyanide to-
day is called the Passerini reaction. The reaction is named after Passerini who published a
reaction between p-isonitrilazobenzene with acetone, acetic acid and hydrogen peroxide in
acetone in 1921.% The mechanism involves a hydrogen-bonding interaction between the

carbonyl compound and the carboxylic acid (Scheme 1).”!

R! o
JO ‘ﬁ JO}H\Q . HQ./L*\F/\N\FQ . RZJLO
R! R1< o) R2 O%/O R1J* NHR3

R2

Scheme 1 Mechanism of the Passerini reaction

In 2002, Xia and Ganem published a variant of the Passerini reaction where the carboxylic
acid had been replaced by zinc(ll) triflate; this reaction furnished new heterocycles.[ Das
Sarma and Pirrung were able to show that water accelerates Passerini and Ugi reactions.” In
2004, Schreiber and coworkers published a stereocontrolled Passerini reaction catalyzed by
20 mol% of a tridentate Cu(Il) Lewis acid catalyst.’®) They achieved moderate to high ee’s of
62-98%. Mironov et al. found N-hydroxy succinimide to be an accelerant for Passerini reac-
tions.l®) Ngouansavanh and Zhu published a method for the utilization of alcohols instead of
aldehydes in the Passerini reaction.™® They were able to convert the alcohols in the presence
of o-iodobenzoic acid to the Passerini products. Denmark and Fan found a system consisting
of silicon tetrachloride and a chiral bisphosphoramide to be an efficient catalyst for
enantioselective Passerini reactions.*Y Andrade et al. were able to conduct Passerini reactions
in ionic liquids or polyethylene glycol.™? In 2008, Wang, Zhu and coworkers identified an
aluminum(l11) salen complex as a catalyst for an enantioselective Passerini reaction.™™®! This
system was leading to ee’s of 63 to >99%.

Thiourea derivatives are known for their analogy to Lewis acids and for coordinating alde-
hydes or carboxylic acids."*'”7 Hence we reasoned that an organocatalytic variant of the
Passerini reaction involving hydrogen bonding mimicking Lewis acid catalysis could be fea-
sible. Scheme 2 shows two possible mechanisms for a hypothetic organocatalytic variant of

the Passerini reaction.
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Scheme 2 Possible mechanisms for a hypothetic organocatalyzed Passerini reaction

Results and Discussion

At first, we screened various benzaldehyde derivatives and isocyanides in the Passerini reac-
tion. The first reactions we performed at room temperature. In these cases, the reaction was
furnishing the products even without any catalyst. Thus, we decided to lower the temperature
to 0 °C. Even at this lower temperature the products formed without the addition of a catalyst.
Therefore, we lowered the reaction temperature to —10 °C. Still, precipitation of substances
without any catalyst could be observed; via NMR spectroscopy these substances could be
identified — as in the former cases — as the desired products. Interestingly, the reaction of 4-
hydroxybenzaldehyde with cyclohexylisocyanide at 0 °C did not furnish any product. Only
the starting compounds could be found.
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Table 1 Passerini reaction of various aldehydes with isocyanides and benzoic acid

H._O ?
HO.___O RZ o
10 mol% 1 u
2_N=—& —_—
* R (’;‘\*b * abs. toluene ©
Ar atm.
3
R!
5

2 1.1 equiv

R R? Temperature Product
Cl 2a 4-OMe-Ph 3a rt 5a
Cl 2a 2-Naphthyl 3b rt 5b
Cl 2a n-Bu 3c rt 5c
Cl 2a Cy 3d rt 5d
OH 2b Cy 3d rt 5e
Cl 2a Cy 3d 0°C 5d
Br 2¢ Cy 3d 0°C 5f
OH 2b Cy 3d 0°C -
Cl 2a Cy 3d -10°C 5d
OH 2b Cy 3d -10°C 5e
Br 2¢ Cy 3d -10°C 5f
H 2d Cy 3d -10°C 5¢

8 Only the substrate 4-hydroxybenzaldehyde (2b) could be observed in the NMR spectrum

Conclusions

Surprisingly, the Passerini reaction is feasible without any catalyst with most of the starting
compounds we screened, even at relatively low temperatures. We were able to synthesize sev-
en Passerini products, all of which were isolated and fully characterized via NMR and IR

spectroscopy as well as HRMS and CHN analysis.

Experimental Section

General Remarks

All chemicals were purchased from Acros Organics, Alfa Aesar, Fluka, Merck, and Sigma
Aldrich in the highest purity available and were used — unless otherwise noted — without fur-
ther purification. DMSO-ds was purchased from Deutero GmbH and stored over MS 3 A.
Argon (99.99%) was purchased from Messer-Griesheim. Benzaldehyde was used after distil-
lation in vacuo. Toluene was distilled from sodium/benzophenone ketyl and stored under an
Argon atmosphere over molecular sieve 3 A. Cleaning of glassware and stirring bars was
done in a laboratory washer with first Extran® (Merck), then phosphoric acid, and last fresh

water. Drying was done in an oven. All reactions were run in oven-dried 10 mL Schlenk
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flasks or reaction tubes (Schott DURAN®) with PTFE-coated magnetic stirring bars. The
flasks and tubes — sealed with glass plugs equipped with PTFE thin wall sleeves — were heat-
ed with a heatgun in vacuo, and flushed with Argon (3x). The thiourea derivative, benzoic
acid, solid isocyanides, and solid aldehydes were weighed into Eppendorf cups and then trans-
ferred into the reaction vessels. Benzaldehyde and liquid isocyanides were transferred with
Eppendorf pipettes. The reaction outcome was determined by NMR analyses with a Bruker
Avance 1l 400 MHz (AV 400) spectrometer using as standard the solvent residual peaks of
DMSO-ds [6(*H) = 2.50 ppm; §(*3C) = 39.5 ppm]. IR spectra were measured with Bruker
IFS25 and IFS48 spectrophotometers. HRMS were recorded with a Sectorfield-MS: Finnigan
MAT 95. ESI-MS was performed with a Bruker MicroTOF. CHN analyses were obtained
with a Carlo Erba 1106 (balance: Mettler Toledo UMX-2) analyzer.

Typical Procedure

A reaction tube flushed with Argon and filled with toluene (5 mL) was cooled to 0 °C by a
cryostat. 4-Bromobenzaldeyde (2c, 1 mmol, 184.9 mg), thiourea derivative 1 (49.7 mg, 0.1
mmol, 10 mol%), and benzoic acid (4, 134.6 mg, 1.1 mmol, 1.1 equiv.) were weighed into
Eppendorf cups, and transferred into a reaction tube under positive Argon pressure. Then,
cyclohexylisocyanide (98%, 3d, 149.2 uL, 1.2 mmol, 1.2 equiv.) was added. The reaction
mixture was stirred overnight at rt which was leading to precipitation of a colorless solid. The
solid was filtered off, washed with toluene, and dried in an evacuated desiccator over

Sicapent® and paraffin. The solid was identified as product 5f by NMR analysis.

a-(Benzoyloxy)-4-chloro-N-(4-methoxyphenyl)benzeneacetamide (5a). New compound.
Meo@N ? Brown solid. *H NMR (400 MHz, DMSO-dg): & = 8.06 (d, 2H, J = 7.2

Q! Hz), 7.70 (d, 3H, J = 8.1 Hz), 7.59 (d, 2H, J = 7.8 Hz), 7.54 (d, 3H, J =

E& 8.8 Hz), 7.47 (d, 2H, J = 9.1 Hz), 6.88 (d, 2H, J = 9.1 Hz), 6.22 (s, 1H),
3.71 (s, 3H) ppm. *C NMR (100 MHz, DMSO-dg): 5 = 134.3 (C,), 133.8 (Cy), 129.5 (CH),
129.2 (CH), 129.2 (CH), 128.9 (CH), 128.7 (CH), 128.5 (CH), 120.9 (CH), 113.9 (CH), 55.1
(Cg) ppm. IR (KBr disc): 7 = 3443, 3292, 1732, 1666, 1542, 1514, 1249, 708 cm *. HRMS:
calcd for CyHigCINO4 [M]" 395.0924, found 395.0917. CHN analysis: calcd C 66.75, H,
4.58, N 3.54; found C 65.72, H 4.65, N 3.88.
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a-(Benzoyloxy)-4-chloro-N-(2-naphthyl)benzeneacetamide (5b). New compound. Brown

N 0 Om/© solid. *"H NMR (400 MHz, DMSO-de): & = 8.25 (s, 1H), 7.95 (d, 1H, J =

oo 8.2 Hz), 7.90-7.78 (m, 4H), 7.71 (d, 1H, J = 7.5 Hz), 7.62-7.54 (m, 6H),

) 7.53-7.38 (m, 4H), 6.32 (s, 1H) ppm. *C NMR (100 MHz, DMSO-dg):

0 = 166.5 (Cy), 135.8 (Cy), 130.0 (Cy), 129.5 (CH), 129.3 (CH), 128.9 (CH), 128.8 (CH),

128.5 (CH), 127.5 (CH), 127.3 (CH), 126.5 (CH), 124.9 (CH), 119.8 (CH), 115.8 (CH), 75.1

(CH) ppm. IR (KBr disc): 7 = 3444, 1728, 1666, 1632, 1605, 1272, 1250, 710 cm*. HRMS:

caled for CasHygCINO3; [M]™ 415.0975, found 415.0969. CHN analysis: caled C 72.20, H,
4.36, N 3.37; found C 70.24, H 4.43, N 3.83.

a-(Benzoyloxy)-4-chloro-N-(n-butyl)benzeneacetamide (5c). New compound. Colorless
o 0 Op solid. 'H NMR (400 MHz, DMSO-dg): & = 8.39 (t, 1H, J = 5.6 Hz), 8.05

Ho 8 (d, 2H, J = 7.7 Hz), 7.70 (t, 1H, J = 7.4 Hz), 7.61 (d, 2H, J = 8.3 Hz), 7.56

Eé (t, 2H, J = 7.4 Hz), 7.50 (d, 1H, J = 8.8 Hz) ppm. *C NMR (100 MHz,
DMSO-ds): 5 = 167.5 (Cy), 165.0 (Cy), 135.2 (Cy), 133.9 (Cy), 133.5 (CH), 131.3 (CH), 129.7
(CH), 129.3 (Cg), 129.2 (CH), 129.0 (CH), 128.9 (CH), 128.7 (CH), 75.1 (CH), 38.4 (CHy),
31.2 (CHy), 19.5 (CH,), 13.8 (CH3) ppm. IR (KBr disc): ¥ = 3427, 3279, 1726, 1657, 1261
cm . HRMS: calcd for C1oH20CINOs [M]* 345.1132, found 345.1119. CHN analysis: calcd
C 65.99, H, 5.83, N 4.05; found C 64.22, H 5.53, N 3.53.

a-(Benzoyloxy)-4-chloro-N-cyclohexylbenzeneacetamide (5d). Colorless solid. *H NMR
CL o op (400 MHz, DMSO-dg): & = 8.29 (d, 1H, J = 7.7 Hz), 8.04 (d, 2H, J = 7.7
D! Hz), 7.70 (t, 1H, J =7.5 Hz), 7.62 (d, 2H, J =8.6 Hz), 7.56 (t, 2H, J = 7.7
T Hz), 7.50 (d, 2H, J = 8.5 Hz), 6.06 (s, 1H), 3.50 (m, 1H), 1.81-1.47 (m,
5H), 1.31-1.01 (m, 5H) ppm. *C NMR (100 MHz, DMSO-dg): & = 166.7 (Cg), 165.0 (C),
135.2 (Cy), 133.9 (CH), 133.4 (Cy), 129.7 (CH), 129.3 (Cg), 129.2 (CH), 129.0 (CH), 128.7
(CH), 75.0 (CH), 47.9 (CH), 33.4 (CH,), 32.2 (CH,), 25.3 (CH,), 24.6 (CH,), 24.5 (CH,)
ppm. IR (KBr disc): ¥ = 3443, 3276, 1726, 1655, 1565, 1264, 1118 cm*. HRMS: calcd for
CxH2,CINO3 [M]* 371.1288, found 371.1256. CHN analysis: calcd C 67.83, H, 5.96, N
3.77; found C 67.06, H 5.84, N 3.64.
These values are comparable to the ones mentioned by Sotelo et al.!*®!
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a-(Benzoyloxy)-4-hydroxy-N-cyclohexylbenzeneacetamide (5e). New compound. Colorless
CL 0 Om/© solid. *H NMR (400 MHz, DMSO-dg): & = 9.58 (s, 1H), 8.11 (d, 1H, J = 8.0
! Hz), 8.01 (d, 2H, J = 8.0 Hz), 7.68 (t, 1H, J = 7.5 Hz), 7.54 (t, 2H, J = 7.7
I Hz), 7.37 (d, 2H, J = 8.7 Hz), 6.78 (d, 2H, J = 8.8 Hz), 5.94 (s, 1H), 3.50 (br
s, 1H), 1.81-1.45 (m, 5H), 1.33-0.99 (m, 5H) ppm. *C NMR (100 MHz, DMSO-dg): & =
187.0 (Cq), 167.1 (Cg), 165.1 (Cg), 165.0 (Cg), 157.7 (Cy), 133.5 (CH), 129.4 (CH), 129.3
(CH), 128.8 (CH), 128.7 (CH), 126.3 (CH), 115.1 (CH), 75.4 (CH), 47.6 (CH), 32.2 (CH,),
32.0 (CHy), 25.1 (CHy), 24.5 (CH,), 24.4 (CH,) ppm. IR (KBr disc): ¥ = 3373, 3312, 2933,
1723, 1662, 1615, 1599, 1548, 1517, 1451, 1260, 1174, 1109, 1095, 1070, 711 cm *. HRMS
(ESI, positive mode): calcd for CyH,3NaNO4 [M+Na]® 376.1519, found 376.1525. CHN
analysis: calcd C 71.37, H, 6.56, N 3.96; found C 67.89, H 6.92, N 3.88.

a-(Benzoyloxy)-4-bromo-N-cyclohexylbenzeneacetamide (5f). New compound. Colorless

QN o pr solid. *H NMR (400 MHz, DMSO-dg): & = 8.27 (d, 1H, J = 7.9 Hz), 8.03

H% 0 (d,2H,J=7.7Hz),7.69 (t, 1H, J=7.4 Hz), 7.63 (d, 2H, J = 8.4 Hz), 7.58-

T 7.50 (m, 4H), 6.04 (s, 1H), 3.53-3.44 (m, 1H), 1.80-1.46 (m, 5H), 1.29—

1.02 (m, 5H) ppm. *C NMR (100 MHz, DMSO-dg): 6 = 166.6 (Cg), 165.0 (Cy), 135.6 (Cy),

133.9 (CH), 131.6 (CH), 129.6 (CH), 129.5 (CH), 129.3 (Cg), 129.0 (CH), 122.0 (Cg), 75.0

(CH), 47.9 (CH), 32.4 (CH,), 32.2 (CH,), 25.3 (CHy), 24.6 (CH,), 24.5 (CHy) ppm. IR (KBr

disc): ¥ = 3443, 3287, 2934, 1726, 1657, 1561, 1265, 1119 cm . HRMS: calcd for

C21H2,BrNOs [M]" 415.0783, found 415.0769. CHN analysis: calcd C 60.59, H, 5.33, N
3.36; found C 60.52, H 5.28, N 3.38.

a-(Benzoyloxy)-N-cyclohexylbenzeneacetamide (5g). New compound. Colorless solid. *H
QNO °Y© NMR (400 MHz, DMSO-dg): & = 8.37-8.21 (m, 1H), 8.16-8.00 (m, 2H),
“% o 7.78-7.53 (m, 5H), 7.52-7.4 (m, 3H), 6.05 (s, 1H), 3.51 (br s, 1H), 1.88-
1.47 (m, 5H), 1.37-1.02 (m, 5H) ppm. *C NMR (100 MHz, DMSO-d¢): &
= 166.8 (Cq), 164.9 (Cy), 136.0 (Cy), 133.6 (CH), 129.4 (CH), 129.2 (C,), 128.8 (CH), 128.5
(CH), 128.4 (CH), 127.1 (CH), 75.5 (CH), 47.7 (CH), 32.2 (CH,), 32.0 (CH,), 25.1 (CH,),
24.4 (CHy), 24.3 (CH,) ppm. IR (KBr disc): 7 = 3423, 1657, 1026, 1000 cm ™. HRMS: calcd
for C,1H23sNO3 [M]* 337.1678, found 337.1653. CHN analysis: calcd C 74.75, H, 6.87, N
4.15; found C 73.30, H 6.73, N 4.16.
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6 Organocatalytic Synthesis of 1,4-Dioxepines

Introduction

In our group efforts were made towards an organocatalytic method for the synthesis of 1,3-
dioxolane derivatives from epoxides and aldehydes.™ In 2012, the Wang group revealed that
the Lewis acid-catalyzed version utilizing «,f-saturated aldehydes can furnish 1,4-dioxepine
derivatives (Scheme 1).! The 1,4-dioxepine core is present in some substances like
derquantel, used against parasites in animals,’® and (+)-marcfortine B, used for the same pur-

pose as anthelmintic substancel”! (Scheme 2).

R2
o O RS Lewis acid -0 5
R
+ LN\ -
RW/\)LRZ R3 R4 one step R1/(O:2<R4
R3

Scheme 1 Lewis acid-catalyzed synthesis of 1,4-dioxepines

N NH

N= | N
HsC CH3\_{-CH;,
3

CH
OH CHs,

N T 9 cHs
¢} CHj
derquantel \—

(+)-marcfortine B

Scheme 2 Structures of derquantel and (z)-marcfortine B

It was reasoned in our group that it could be possible to develop an organocatalyzed variant of
this [4+3] cycloaddition, and the first examinations dealing with this reaction led to positive
results utilizing 12 equivalents of cinnamaldehyde and 5 mol% of N,N’-bis[3,5-
bis(trifluoromethyl)phenyl]thiourea (3).®! Scheme 3 shows a mechanistic proposal for the

organocatalytic variant according to the Lewis acid-catalyzed version.
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O, O
Rs%—éRs N R Y R
RS R7 7N R

3 @O‘, 3 R3 R3
Rs’/Q\\RB
R R7
o -
RSHRB
R R’

Scheme 3 Mechanistic proposal for the organocatalytic synthesis of 1,4-dioxepines

Results and Discussion

We started with the optimization of the reaction conditions. For this purpose, we performed
five experiments with amounts of thiourea 3 varying from 1 mol% to 5 mol%. These experi-
ments showed 2 mol% to be sufficient for catalyzing the reaction within 24 h at room temper-
ature (Figure 2).

In the next step, we performed six experiments varying the equivalents of aldehyde; we used
2, 4, 6, 8, 10, and 12 equivalents. With 2 mol% of 3 and 10 equivalents of aldehyde we

achieved full conversion after 24 hours at room temperature (Figure 2).
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Figure 2 Results of the optimization of aldehyde equivalents
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After having optimized the reaction conditions, we focused on the scope of the reaction. Here,
we examined two a,f-unsaturated aldehydes and a ketone — crotonaldehyde (1a) as the ali-
phatic, cinnamaldehyde (1b) as the aromatic aldehyde variant, and methyl vinyl ketone (1c) —
as well as three epoxides — the aromatic, monosubstituted styrene oxide (2a), the 1,1-
disubstituted, aliphatic isobutylene oxide (2b), and the aliphatic, 1,2-disubstituted cyclohex-
ene oxide (2c). With this selection of substrates we wanted to examine the influence of substi-
tution pattern and the substituent’s nature.

Table 1 summarizes our results. The reaction of styrene oxide (2a) with aldehyde 1a led to
full conversion within the given reaction time of 24 h. Almost the same result could be ob-
served with aldehyde 1b. Interestingly, this finding is in contrast to Wang et al. They reported
that the utilization of aliphatic o,f-unsaturated aldehydes did not work with their variant may-
be due to the “higher reactivity of these enolizable aldehydes”.”®) In both cases, we could ob-
serve two diastereomers via GC/MS analysis with cis- and anti-standing methyl and phenyl
group or two phenyl groups, respectively. The reaction with ketone 1c did not lead to any
conversion within 24 h.

In case of isobutylene oxide (2b) full conversion with aldehyde 1a as well as with 1b could be
observed within 24 h via GC/MS analysis. According to our finding in the first experiments
with epoxides 2a, no conversion of 2b could be observed in the reaction with methyl vinyl
ketone (1c).

In a last series of experiments we observed the reaction between cyclohexene oxide (2¢) with
these two aldehydes and this ketone. The conversion of 2c in the experiments with 1a and 1b
were far lower than in the cases where epoxides 2a and 2b were used instead. The reaction of
2c with 1c showed — as in the reactions with this ketone before — no conversion at all.

We think these results are due to the epoxides’ corresponding ionic structures (Scheme 1).
The positive charge in styrene oxide is placed in a benzylic position. This leads to stabiliza-
tion by mesomerization. The positive charges in the isobutylene and cyclohexene oxide
mesomers are stabilized by C—H-hyperconjugation effects. The positive charge in isobutylene
oxide is stabilized by three, the one in cyclohexene oxide by “only” two of these effects. Be-
cause of this the reaction of cyclohexene oxide with the utilized aldehydes is far slower than

with styrene or isobutylene oxide.
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Table 1 Organocatalytic synthesis of 1,4-dioxepines

R3

R? O o 2 mol% 3 F2{1 N R*
R1)§R£LR4 : R;ﬁRs vl o 2,
10 equiv. R RS R7R
1 2 4

R'" R R R R’ R® R" R® Product
Me H H H la H H H Ph  2a 4a
Me H H H la H H Me Me 2b 4b
Me H H H la H -(CH,)s- H 2c 4c
Ph H H H 1b H H H Ph  2a 4d
Ph H H H 1b H H Me Me 2b de
Ph H H H 1b H -(CH)4 H 2c 4f
H H H Me 1c H H H Ph  2a -
H H H Me 1c H H Me Me 2b -
H H H Me 1c H -(CHy),- H 2c -

AQ - ks ’
© H

SRe Hz

Scheme 1 lonic structures of the epoxides

and visualization of the hyperconjugation effect

Conclusions
Out of nine desired products we were able to synthesize six 1,4-dioxepine derivatives. Unfor-

tunately, we were not capable of satisfyingly purify these products.

Experimental Section

General Remarks

All chemicals were purchased from Acros Organics, Alfa Aesar, Fluka, Merck, and Sigma
Aldrich in the highest purity available and were used — in case of liquids — after distillation

over 5, 10, or 20 cm Vigreux columns (in vacuo if needed). Distilled chemicals were stored
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under an argon atmosphere over MS 3 A. CDCI; was purchased from Deutero GmbH and
stored over MS 3 A. Glassware and stirring bars were cleaned in a laboratory washer with
first Extran® (Merck), then phosphoric acid, and last fresh water. Glassware was then dried in
an oven at 120 °C. All reactions were run in 10 mL single-necked flasks (Schott DURAN®)
with PTFE-coated magnetic stirring bars. The flasks were sealed with plastic plugs. Thiourea
derivative 3 was directly weighed into the reaction flasks. Liquid chemicals were transferred
with 1 mL or 5 mL syringes, respectively, with thin cannulas. The reaction outcome was de-
termined by GC/MS analyses with a Quadrupol-MS HP MSD 5971 and a HP 5890A GC
equipped with a HP5 crosslinked silica GC column (25 m x 0.2 mm, 0.33 micron stationary
phase: 5% phenyl and 95% methyl silicone) using helium as carrier gas; temperature program:
60-250 °C (heating rate: 15 °C/min), injector and transfer line 250 °C. Samples were taken
directly from the stirred reaction mixture with a 10 pL Hamilton syringe and were injected
immediately. *H NMR and *C NMR spectra were recorded with Bruker Avance 11 (AV 400)
or Bruker Avance Il (600 MHz) spectrometers using CDCl; as a solvent and the solvent re-
sidual peaks [6(*H) = 7.26 ppm], 6(**C) = 77.0 ppm] as well as TMS [6(*H) = 0.00 ppm],
5(*3C) = 77.0 ppm] as standard.

Typical Procedure

Thiourea derivative 3 (20.1 mg, 0.02 mmol, 2 mol%) was weighed directly into a 10 mL one-
necked flask. Then crotonaldehyde (1a, 1.6 mL, 10 mmol, 10 equiv.) and styrene oxide (2a,
0.24 mL, 1 mmol) were added under stirring at rt. The resulting colorless solution was al-

lowed to be stirred for 24 h. Then the solution was objected to GC/MS analysis.

Attempts towards Purification

First of all, we tried the purification via column chromatography on silica gel using ethyl ace-
tate/n-pentane 1:5 as described by Wang et al. As this turned out not to be working, we tried
column chromatography on neutral aluminum oxide. Again, we could not receive the desired
product with a satisfying purity. We then focused on preparative TLC. Here, we were not able
to separate the several fractions akin to the experiments with column chromatography. We
tried to distill the reaction solutions to remove the excess component. This was leading to
decomposition. In the next step, we objected the reaction solutions to HPLC. We were able to
separate one product quite well. The four other products had been decomposed before the
separation could be started. In the next step, we tried column chromatography again, but this

time with longer and thinner columns. Also, this was not leading to properly purified prod-
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ucts. Then, we tried to use a gradient (ethyl acetate/n-pentane 1:30 — 1:25 — 1:20 — 1:15 —
1:10 — 1:5, each time ca. 100 mL) to elute the products. In these cases the yields were very
low and sometimes the products had been decomposed before analytics could be run. The idea
of performing preparative GC was rejected because of the products’ instability. As ultima
ratio, we tried the derivatization of these enol ether-like products via a Diels—Alder
cycloaddition. This made the situation worse. We added 10.5 equivalents of freshly cracked
cyclopentadiene, because not only the desired product but the remaining 9 equivalents of a,f-
unsaturated aldehyde were supposed to react with the diene as well. Via GC/MS analysis we
could observe the dimer of cyclopentadiene, two adducts of crotonaldehyde with
cyclopentadiene and styrene oxide. The desired dioxepine—diene-adduct could not be ob-
served. So we made TLC analysis of the reaction mixture in six different eluents. We were

not able to find any spot clearly assigned to the desired adduct.

(2)-5-Methyl-2-phenyl-3,5-dihydro-2H-1,4-dioxepine (4a). New compound. R = 14.73 min
}O/\ and 14.86 min (two diastereomers). Molecular weight calcd for C;,H;40, 190.24,

O

@ found 190.

(2)-2,2,5-Trimethyl-3,5-dihydro-2H-1,4-dioxepine (4b). New compound. R = 7.85 min.

z/\o Molecular weight calcd for CgH140, 142.20, found 142.
¢

(2)-2-Methyl-5a,6,7,8,9,9a-hexahydro-2H-benzo[b][1,4]dioxepine (4c). New compound. Rt
HO/\O = 12.67 min. Molecular weight calcd for C1oH;60, 168.23, found 168.

O

(2)-2,5-Diphenyl-3,5-dihydro-2H-1,4-dioxepine (4d). New compound. R¢ = 21.07 min and
@ 21.58 min (two diastereomers). Molecular weight calcd for C17H160, 252.31,
J b found 193.

(2)-2,2-Dimethyl-5-phenyl-3,5-dihydro-2H-1,4-dioxepine (4e). Rs = 15.56 min. Molecular
% weight calcd for C13H160, 204.26, found 204.
(o] o]

L%



184

(2)-2-Phenyl-5a,6,7,8,9,9a-hexahydro-2H-benzo[b][1,4]dioxepine (4f). New compound. R¢
= 18.89 min. Molecular weight calcd for C15H150, 230.30, found 231.

B
[0} O

O
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Chromatograms and Mass Spectra
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7 Attempts towards the Bishydroxylation of Alkenes via Epoxide

Intermediates

Introduction

Over a period of 20 years, the group around Sharpless developed an asymmetric
dihydroxylation of alkenes (Scheme 1).! First, they utilized tert-butyl hydrogen peroxide as
the oxidant in an alkaline solution instead of metal chlorates or hydrogen peroxide.? In the
next step, they found out that diethylammonium acetate can be used in acetone for base-
sensitive substrates.!®! The improvement of this reaction went on with the utilization of cin-
chona alkaloids as chiral ligandst*® and the slow addition of the olefin.[>"! Their studies con-
cluded with the development of new ligands.®% In the year 2001, Sharpless was awarded the
Nobel Prize in Chemistry — together with Knowles and Noyori — "for his work on chirally

catalysed oxidation reactions".!****

; chiral ligand (catalytic) 4 5 4 5
R R oxidant (stoichiometric) R R R R
SN, T R2”T TR ' RZ“H R4
R R* 0s0, (catalytic) HO OH HO OH
organic solvent/water

(AD-mix o or AD-mix )

AD-mix a AD-mix B

(DHQ),PHAL
K2[OsO2(OH)4]
K3[Fe(CN)el

(DHQD),PHAL
K3[OsO2(OH)4]
K3[Fe(CN)e]

Scheme 1 The asymmetric dihydroxylation developed by Sharpless et al.

The aim of the project described in this chapter was to develop a kind of “organocatalytic
Sharpless dihydroxylation”. With the concept of the cooperative alcoholysis of styrene oxi-
des*® (vide supra) in mind, we reasoned that to achieve this goal it should be possible to first
oxidize an alkene to the respective epoxide. This epoxides could subsequently be opened by
water under catalysis with a (chiral) thiourea derivative, and — if necessary — mandelic acid
(Scheme 2).
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2 H* transfer R%Rz
- -
RHOH o -% \ / \
H'&H R! 0-—H x b
e T A
H

HooH
. en
= o, O-H
O~ o N
CFs CFs /R HoO-._ | R' R ohy
.0, YO Ph
A S, N Y
AW )
FaC NN CFs —_
H H R R

Scheme 2 Hypothesis for an “organocatalytic Sharpless dihydroxylation”

The opening of epoxides by water is a well-known reaction.*"! The miscibility of epoxides
with water is very good.!*® Vilotijevic et al. as well as Wang et al. described water-promoted

g [17,19]

hydrolyses of epoxide

Results and Discussion
The catalysts or catalytic systems we utilized consisted of mandelic acid (1), phenylglyoxylic
acid (2), and N,N’-bis[3,5-bis(trifluoromethyl)phenyl]thiourea (3) (Scheme 3).

OH o CF3 CFs
©/kCOOH ©)J\COOH /@\ s /@\
FsC NJ\N CFs3
H H
1 2 3
Scheme 3 Catalysts utilized in the attempted conversions shown below

In the first experiments we tried tert-butyl hydroperoxide as the oxidant. As solvents we chose
various substances or substance mixtures such as water or a water/THF mixture (Table 1). In
all cases a conversion to the respective vicinal diol could not be observed; however, in some
cases considerable amounts of cyclohexene oxide and traces of styrene oxide were detected
via GC/MS analysis.
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Table 1 Conditions for the attempted bishydroxylation utilizing tert-butylhydroperoxide as

the oxidant
Bromd o mo  HO  OH
R! B R? t 1A 2 1>—< 2
r R R R R
4aR'= R%=(CHyp), 5aR'= R?=(CHy), 6aR'= R?=(CHy),
4bR'= Ph,R2=H 5b R'= Ph,RZ=H 6bR"= Ph,RZ=H
R! R® Catalyst(s) Solvent Time
-(CH.)s- 1° H,O' 6d
-(CHy)s- 1° H,O/THF (1:1 Vol)' 5d
-(CH.)s- 1° H,O/DCM (1:1 Vol)? 25 h
Ph H 1° H,O' 6d
Ph H 1° H,O/THF (1:1 Vol)' 5d
Ph H 1° H,O/DCM (1:1 Vol)® 26 h
Ph H 1+3° H,O" 7d
Ph H 1&d.¢ abs. DCM? 7d
Ph H 2b.d abs. DCM? 19 h

21.0 equiv. ° 10 mol% 1 mol% ©1.0 equiv. t-BUOOH ¢5 mol% '2 mL 91 mL " 12 equiv.

Thus, we tried in the next step to use m-CPBA as the oxidant; as solvent we chose water. In
all five cases shown in Table 2 the respective diol 6b could be observed via GC/MS analysis,
even without any catalyst. We suggest these results are due to m-chlorobenzoic acid being
present due to reduction of m-CPBA. This acid is strong enough (pKa = 3.83)" to catalyze
the conversion of the intermediate epoxides to the respective diol with water in contrast to
tert-butanol (pK, = 17.0)%. In 5 mL of water, the reaction shows a conversion of only 79%
even after 65 h. We believe this is due to the 2.5-fold higher dilution decreasing the likeliness
of reactive collisions between the reactants.

Thus, in a third series of experiments, we utilized hydrogen peroxide (9) as an oxidant in wa-
ter. The results are summarized in Table 3. As in the experiments with tert-butyl hydrogen
peroxide the desired product could not be observed via GC/MS analyses; however, in a few

examples we detected benzaldehyde in our reaction mixtures.



Table 2 Results for the attempted dihydroxylation utilizing m-CPBA as the oxidant

m-CPBA (8)

S 10 ol atalyst 0 4
ab sb ob
Catalyst Time/h Conv./%" Product
1 20 100 6b
2 21,5 100 6b
- 21 100 6b
- 22,5 100 6b
-2 65 79 6b

25 mL H,0 ® GC/MS analysis
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Table 3 Conditions and results of the attempted dihydroxylation of alkenes utilizing hydrogen

peroxide as the oxidant

H,0, (9)
(1.3 equiv.)
10 mol% catalyst O HO OH
R' R yormy Rl R? Rl R?
4aR'= R?=(CH,), 5aR'= R?=(CH,), 6aR'= R2=(CH,),
4bR'= Ph,R2=H 5bR'= Ph,R2=H 6bR'= Ph,R?=H
R! R’ Catalyst(s) Temperature Time
Ph H 2 rt 22 h
-(CH2)s- 2 rt 7d
Ph H 2 50 °C 6d
-(CHy)4- 2 50 °C 6d
Ph H 2+ 3 rt 6d
~(CHy)s- 2+ 3 It 6d
Ph H 2+ 3 50 °C 7d
~(CHp)s- 2+3° 50 °C 7d

1.5 equiv. of H,0,

The forth oxidant we tried was oxone. Again, a conversion of styrene to the respective vicinal

diol was not observable (Table 4).
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Table 4 Conditions and results of the attempted dihydroxylation of alkenes utilizing oxone as

the oxidant
Oxone® (10)
o e R B @
THEIH,0 oH
ab sb ob
Catalyst(s) Temperature Time/d
1+3 rt 6
1 rt 6
3 rt 6
1+3 50 °C 5
1 50 °C 5
3 50 °C 5
2+3 rt 8
2 rt 8
3 rt 8
2+3 50 °C 5
2 50 °C 5
3 50 °C 5

4 GC/MS analysis

Conclusions

An “organocatalytic Sharpless dihydroxylation” could not be developed. Four different oxi-
dants were tried to make the reaction feasible in an “organocatalytic mode” without any suc-
cess. Nevertheless, the reaction was feasible utilizing m-CPBA as the oxidant but without any

catalyst differing from the respective m-chlorobenzoic acid built in the course of the reaction.

Experimental Section

General Remarks

All chemicals were purchased from Acros Organics, Alfa Aesar, Fluka, Merck, and Sigma
Aldrich in the highest purity available and were used — in case of liquids — after distillation in
vacuo over Vigreux columns, or without further purification in case of solid chemicals. Dis-
tilled chemicals were stored under an argon atmosphere. All reactions were run in 10 mL sin-
gle-necked flasks (Schott DURAN®) with PTFE-coated magnetic stirring bars. The flasks

were sealed with glass plugs equipped with PTFE thin wall sleeves. The thiourea derivative,
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mandelic acid, phenylglyoxylic acid, and oxone were directly weighed into the reaction
flasks. Liquid chemicals were transferred with 1 mL syringes with thin cannulas. The reaction
outcome was determined by GC/MS analyses with a Quadrupol-MS HP MSD 5971 and a HP
5890A GC equipped with a HP5 crosslinked silica GC column (25 m x 0.2 mm, 0.33 micron
stationary phase: 5% phenyl and 95% methyl silicone) using helium as carrier gas; tempera-
ture program: 60—250 °C (heating rate: 15 °C/min), injector and transfer line 250 °C. Samples
were taken directly from the stirred reaction mixture with a 10 L. Hamilton syringe and were

injected immediately.
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8 Attempts towards the Synthesis of Oxazolidinones via the

Organocatalytic Opening of Epoxides with Isocyanates

Introduction

As already mentioned in Chapter 4, epoxides are very useful substrates in organic transfor-
mations.”"*) The opening of epoxides with isocyanates is a long-known reaction; it leads to
oxazolidinone derivatives.*®¥ Some oxazolidinone derivatives have antimicrobial
properties.***? Thus, synthesizing oxazolidinone derivatives is of some interest. Especially
an asymmetric variant would be important for the synthesis of chiral oxazolidinone deriva-
tives such as Evans auxiliaries. Unsurprisingly, this epoxide opening reaction is usually cata-
lyzed by Lewis acids. Catalysts reported thus far include tetraphenylstibium iodide,™! lantha-
nide salts,™! or lithiumbromide/tributyl-phosphonium oxide™ — to mention just a few exam-
ples. In 2008, Janssen and coworkers published a synthesis of enantiopure oxazolidinones
through the opening of epoxides with isocyanates which was catalyzed by halohydrin
dehalogenase.l*®! Encouraged by this enzyme-catalyzed epoxide opening, we envisioned that

an organocatalyzed oxazolidinone synthesis utilizing thiourea derivatives could be feasible.

Results and Discussion

Scheme 1 summarizes the catalysts we utilized in trying the oxazolidinone synthesis. Addi-
tionally to thiourea catalyst 1 and mandelic acid (2), we tried triethylamine (3), pyridine (4),
phosphoric acid (5) and phenylglyoxylic acid (6).

CF3 CF3 OH
s SN
)k COOH )
FiC N7 N CFs
H H
1 2

3

(0]

N
S
| H3PO, @com
=

4 5 6

Scheme 1 Catalysts used in our attempts to synthesize oxazolidinones

We tried to run the reaction with thiourea catalyst 1, catalysts 1 and mandelic acid (2), 1 in
addition with triethylamine (3), 1 and pyridine (4), as well as with the catalysts 3, 4, and 5
alone. The reactions were done in DCM or in toluene. Furthermore, we tried four different

temperatures between 0 and 50 °C; additionally, in two cases we worked under Argon atmos-
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phere. In all these cases a conversion to the respective oxazolidinone derivative could not be

observed via GC/MS analysis even after several days (Table 1).

Table 1 Attempted conversion of various epoxides with ethyl isocyanate and different cata-
lysts/catalyst systems as well as various conditions
(@)
(0}

1
R ] O)LN/\
+ ~Nco 10 mol% catalyst R/

7aR'=H 8 9aR'=H

7b R' = Me 9b R' = Me
R! Catalyst(s) Conditions Time/d
H 1 DCM, rt 12
H 1 DCM, 30 °C 9
H 1 DCM, Ar atm., rt 7
H 1+2 DCM, rt )
H 1+2 DCM, Ar atm., 30 °C 4
H 1+3 DCM, rt 3
H 3 DCM, rt 3
H 1+4 DCM, rt 3
H 4 DCM, rt 3
H 1+2 toluene, 50 °C 2
H 1+2 DCM, 0°C 3
H 1+3 toluene, Ar atm., 50 °C 2
H 5 DCM, rt 10
H 5 toluene, 50 °C 6
H 1 toluene, 50 °C 3
H 1+4 toluene, 50 °C 3
Me 1 DCM, rt 7

In the next step, we changed ethyl isocyanate to phenyl isocyanate. Again, we tried various
catalysts under various conditions. We tried catalyst 1, catalyst 1 in addition to mandelic acid
(2), catalyst 1 in addition to phenylglyoxylic acid (6), only 2 or only 5. The reaction was done
at rt as well as 50 °C; as solvents we used DCM or toluene. In three cases, we worked under
an Argon atmosphere. Even after several days, we were not able to detect any desired prod-
ucts by GC/MS analysis (Table 2).
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Table 2 Attempted conversion of various epoxides with phenyl isocyanate and different cata-

lysts/catalyst systems as well as various conditions
o
(0}
ST
+ 10 mol% catalyst R
NGO ©?4
H 10

R1

7aR'=

b R1 =M T e
R! Catalyst(s) Conditions Time/d
H 1 DCM, Ar atm., rt 4
H 1+6 DCM, Ar atm., rt 2
H 1+6 toluene, Ar atm., 50 °C 2
H 5 DCM, rt 5
H 5 toluene, 50 °C 6
H 1 toluene, 50 °C 3
Me 1 DCM, rt 14
Me 1 toluene, 50 °C 6
Me 1+2 DCM, rt 6
Me 2 DCM, rt 6

To finish this project, we made a last attempt using chlorosulfonyl isocyanate, a very reactive
isocyanate, in addition to styrene oxide (Table 3). After three days in case of DCM or around
23 h in THF at rt, a conversion to the desired product could be seen; but this happens to be the

case even without any catalyst.

Table 3 Attempted conversion of styrene oxide with chlorosulfonyl isocyanate

o

o O N 10 mol% 1 0" NH
+ S SCy E——

7a 12 13

Solvent Time
DCM 3d
THF 22 h 45 min

Conclusions

We did not succeed in synthesizing oxazolidinone derivatives in an organocatalyzed manner.
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Experimental Section

General Remarks

All chemicals were purchased from Acros Organics, Alfa Aesar, Fluka, Merck, and Sigma
Aldrich in the highest purity available and were used — in case of liquids — after distillation in
vacuo over Vigreux columns, or without further purification in case of solid chemicals. DCM
was distilled from CaHy, toluene from sodium/benzophenone. Distilled chemicals were stored
under an argon atmosphere. All reactions were run in 10 mL single-necked or two-necked
flasks (Schott DURAN®) with PTFE-coated magnetic stirring bars. The flasks were sealed
with glass plugs equipped with PTFE thin wall sleeves. Solid chemicals were directly
weighed into the reaction flasks. Liquid chemicals were transferred with 1 mL syringes with
thin cannulas or Eppendorf pipets. The reaction outcome was determined by GC/MS analyses
with a Quadrupol-MS HP MSD 5971 and a HP 5890A GC equipped with a HP5 crosslinked
silica GC column (25 m x 0.2 mm, 0.33 micron stationary phase: 5% phenyl and 95% methyl
silicone) using helium as carrier gas; temperature program: 60-250 °C (heating rate: 15
°C/min), injector and transfer line 250 °C. Samples were taken directly from the stirred reac-

tion mixture with a 10 uL Hamilton syringe and were injected immediately.

Typical Procedure

1 (49.8 mg, 0.1 mmol, 10 mol%) was weighed directly into a 10 mL one-necked flask fol-
lowed by addition of 2 mL of DCM. Afterwards, styrene oxide (7a, 0.11 mL, 1 mmol) and
ethyl isocyanate (8, 79.2 uL, 1 mmol, 1 equiv.) were added. The then clear and colorless solu-

tion was allowed to stir for the above mentioned time at rt.
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9 Attempts towards an Organocatalyzed Prins Reaction

Introduction

In 1919, Prins published his findings “over de condensatie van formaldehyd met eenige
onverzadigde verbindingen” (about the condensation of formaldehyde with some unsaturated
compounds).’? He reacted formaldehyde with styrene, anethol, isosafrol and some terpenes
in the presence of acidic acid. Thus, the Prins reaction is a carbon—carbon bond forming reac-
tion between an alkene and an aldehyde or ketone; it is typically catalyzed by Brensted or
Lewis acids.®* Which product is formed is dependent on the reaction conditions. The for-
mation of a,f-unsaturated alcohols, alcohols with nucleophilic substituents in the y-position as
well as the formation of acetals is possible (Scheme 1).[ The Prins reaction can be catalyzed
by Lewis acids™; Bransted acidic ionic liquids have been applied as catalysts as well.[®! The
Prins reaction and the Prins cyclization are important tools for the synthesis of natural prod-
ucts like Beraprost™ (used against pulmonary arterial hypertension),!”? Leucascandrolide A (a
substance with antifungal and cytotoxic properties)™® core,"”! or Chatancin!! (a platelet acti-
vating factor antagonist).[®! In 2012, Fache and coworkers published a solvent- and metal-free

method for the Prins cyclization.™

R2_, R2_,

R R
mWRs o SN R
® OH OH
@ H R? 4 R? 4
I Rrs N . Ko
R R L R R
R3 R4 £ H*
OH Nu OH

Scheme 1 The possible products formed in a Prins reaction
Because of thiourea derivatives being weak Bransted acids and acting akin to Lewis acids,™"
we envisioned that an organocatalyzed method utilizing thiourea derivatives should be possi-

ble to build y-substituted alcohols or acetals (Scheme 2).
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Scheme 2 Hypothetic Mechanism for an Organocatalyzed Prins Reaction

Results and Discussion

First, we tried to convert benzaldehyde (1a) with styrene (2a) and ethanol (3) to the respective
product 5a under catalysis with N,N’-bis-3,5[bis(trifluoromethyl)phenyl]thiourea (4). The
GC/MS analysis showed only educts. Therefore, we chose to utilize better nucleophiles such
as amines. We tried a reaction between 1a, 2a, and isopropylamine (6a). This was just leading
to the formation of imine 7a. In the next step, we envisioned that we had to make the reaction
between aldehyde and alkene faster. Thus, we changed from styrene (2a) to
cyclohexylvinylether (2b) — thinking the oxygen would make it a better nucleophile. But
again, with vinylether 2b and aniline (6b) in hand, we only saw the respective imine 7b as a

product via GC/MS analysis (Scheme 3).
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GC/MS analysis
10 mol%

CF. CF,
ol Vel
FsC NJ\N CF;
HOH o, HO

/O =
' "t o only substrates
o~
1.1 equiv toluene, rt O

1.1 equiv

1a 2a 3 .

10 mol%

N

_0 =z /I\ NN 4 3 Ho O _ \(
' ' e HN and substrates
1.1 equiv toluene, rt O \r

1.1 equiv

1a 2a 6a o .
10 mol%

N

(0] N N
g i HH 4 77 Ho ) _
+ +
v and substrates

toluene, rt
1.1 equiv

NO, 1.1 equiv T,

HN
NO,

1b 2b 6b s .

Scheme 3 Attempted Prins reactions catalyzed by thiourea derivative 4

After we saw that thiourea derivative 4 alone would not be working as a catalyst we thought
to use the cooperative catalysis system of 4 with mandelic acid (8) created in our group.t*?
First, we tried a reaction between p-chlorobenzaldehyde (1c), vinyl ether 2b and ethanol (3).
The GC/MS analysis only showed the substrates. In the next step, we replaced the nucleophile
ethanol by aniline (6b). In this case, the respective imine 7c, cyclohexanol (9) and the sub-
strates could be observed via GC/MS analysis. Finally, we thought to try the acetal formation
of 2b with 1c. However, only the substrates could be detected with GC/MS analysis (Scheme

4).
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Scheme 4 Attempted Prins reactions catalyzed by thiourea derivative 4 and mandelic acid (8)

In 2011, a thiourea-silicon Lewis acid was developed in our group.l*¥) Scheme 5 shows the

formation of this novel Lewis acid. We envisioned that the Prins reaction could be feasible

with this Lewis acid. Thus, we tried to convert vinyl ether 2b with aldehyde 1c to the respec-
tive acetal. Again, only cyclohexanol (9) and the substrates were observable via GC/MS anal-

ysis (Scheme 6).
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Scheme 5 Formation of thiourea—silicon Lewis acid 13
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Scheme 6 Attempted Prins reactions catalyzed by thiourea derivative 4 and silicon tetrachlo-
ride (11)

Next, we thought to get away from thiourea derivatives and to come to a chiral phosphoric
acid (CPA). We tried Akiyama’s CPA, developed in 2005,  bearing
bis(trifluoromethyl)phenyl groups like the thiourea derivative utilized in the first experiments.
Again, we tried to convert aldehyde 1b with vinyl ether 2b and ethanol (3). GC/MS analysis
identified cyclohexanol (9), the substrates, and an unknown compound. Next, we tried the
acetal formation between 2b and 1c. Cyclohexanol (9), the substrates, and an unidentified
compound could be observed via GC/MS analysis. Hence, the reaction mixture was purified
by column chromatography, and the isolated compounds were analyzed by NMR and IR spec-
troscopy. We could identify p-chlorobenzyl alcohol as a product, however, it is not identical
with the unknown compound seen by GC/MS analysis (Scheme 7).

Finally, we tried to utilize a catalyst system consisting of thiourea derivative 4 and
trietylamine (17), and a bifunctional thiourea derivative — Takemoto’s catalyst developed in
20033 _ bearing both a bis(trifluoromethyl)phenyl as well as a chiral dimethylated
cycloheyldiamine moiety. With both catalysts/catalyst systems we tried the identical reactions
— the conversion of aldehydes 1c with 2b and aniline (6b) and the acetal formation of 2b with
1c. In case of catalyst system 4/17 we observed in the first reaction the respective imine 7¢
and the substrates via GC/MS analysis. The GC/MS as well as the NMR analysis of the acetal

formation’s reaction mixture revealed only the starting compounds (Scheme 8).
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Scheme 8 Attempted Prins reactions catalyzed by thiourea derivative 4 and triethylamine (17)

With Takemoto’s thiourea derivative as a catalyst we could observe the imine 7c, the sub-
strates, and an unknown compound by GC/MS analysis in the first reaction. In case of the
acetal formation only the substrates could be found by GC/MS as well as NMR analysis
(Scheme 9).
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Conclusions
An organocatalytic Prins reaction is not feasible with the catalysts and catalyst systems we
tried.

Experimental Section

General Remarks

All chemicals were purchased from Acros Organics, Alfa Aesar, Fluka, Merck, and Sigma
Aldrich in the highest purity available and were used — in case of liquids — after distillation in
vacuo over Vigreux columns, or without further purification in case of solid chemicals. Dis-
tilled chemicals were stored under an argon atmosphere. Cleaning of glassware and stirring
bars was done in a laboratory washer with first Extran® (Merck), then phosphoric acid, and
last fresh water. Drying was done in an oven. All reactions were run in 10 mL single-necked
flasks (Schott DURAN®) with PTFE-coated magnetic stirring bars. The flasks were sealed
with glass plugs equipped with PTFE thin wall sleeves. The thiourea derivative, mandelic
acid, the chiral phosphoric acid, and solid aldehydes were directly weighed into the reaction
flasks. Liquid aldehydes, alkenes, and alcohols or amines, respectively, were transferred with
1 mL syringes with thin cannulas. The reaction outcome was determined by GC/MS analyses
with a Quadrupol-MS HP MSD 5972 and a HP 5890 GC equipped with a HP5 crosslinked
silica GC column (23 m x 0.2 mm, 0.5 micron stationary phase: 5% phenyl and 95% methyl
silicone) using helium as carrier gas; temperature program: 60-250 °C (heating rate: 15
°C/min), injector and transfer line 250 °C. Samples were taken directly from the stirred reac-

tion mixture with a 10 uLL. Hamilton syringe and were injected immediately.
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Typical Procedure

4-Chlorobenzaldeyde (1c, 140.9 mg, 1 mmol), thiourea derivative 4 (50.3 mg, 0.1 mmol, 10
mol%), and (R)-(-)-mandelic acid (8, 15.2 mg, 0.1 mmol, 10 mol%) were weighed into a 10
mL one-necked flask at rt followed by addition of toluene (5 mL). Then, cyclohexylvinylether
(2b, 0.16 mL, 1.1 mmol, 1.1 equiv.) and aniline (6b, 0.10 mL, 1.1 mmol, 1.1 equiv.) were

added via syringe. The reaction mixture was stirred overnight at rt.
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10 Outlook

Building up a connection between the NMR titrations as well as the IR studies (Chapter 2)
and the mechanistic studies on the alcoholysis of styrene oxides (Chapter 4) described in this
thesis can be considered as the first step to advance further examinations. Observation of the
complexation between thiourea derivative 1 and mandelic acid (2) as well as 2-methyl-2-
phenyloxirane (3) or the respective p-alcoxy alcohols 4 (Figure 1) could enlighten the remark-
able temporary progress of the epoxide ring-opening by alcohols. A ternary complex built of
thiourea derivative 1, madelic acid (2) and styrene oxide(s) was proposed as an important part

in the reaction mechanism.™

R = alkyl, aryl, ...
4

CF3 CFs OH o oR
S
SO o O O,
H H
1 2 3
Figure 1 Substances for further NMR and IR complexation studies

We learned that with NMR titration experiments and IR studies it is possible to observe a
complexation between thiourea derivatives and carbonyl compounds. If we transfer this find-
ing to the alcoholysis of styrene oxides it could be possible to observe a complexation be-
tween these three substances and thus provide a proof for the existence of the proposed ter-
nary complex. Furthermore the IR studies described in Chapter 2 could be developed further
into a rapid method of screening for libraries of organocatalysts.!”) This method can deliver
data on the activity of the possible catalyst very quickly just by the “degree of complexation”,
i.e., the amount of complexed species, observed via IR spectroscopy. The more complexed
species can be observed, the more likely is the catalyst to be a highly active organocatalyst.

In case of the Passerini reaction — which worked even at lowered temperatures of —10 °C —
one could lower the temperature even further to, e.g., —78 °C. If the reaction would not work
without a catalyst but works with one at this temperature it would be possible to keep an eye
on the creation of an asymmetric variant of this reaction. The utilization of a chiral or
bifunctional thiourea derivative or a chiral phosphoric acid, for instance, could furnish
enantiomerically enriched products then.

The next step in the synthesis of 1,4-dioxepines also is the development of a diastereo- and
enantioselective version of this reaction. Possible catalysts for these conversions could be
chiral and/or bifunctional thiourea derivatives. Because of the reaction’s hypothetic mecha-

nism the Nagasawa catalyst™ appears as a promising choice for this system. The Nagasawa



214

catalyst incorporates two thiourea moieties thus giving the possibility of complexing two sub-
stances at once. This brings the two substances nearer together and provides the attack of the
anion by one site (Scheme 1).

@@@ @PN@ @@@

H, H
O R? /\/ / R2 @ ; R3
/ v / | R R4
HRs R“JV\R o) O~ R* R? S
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Scheme 1 The Nagasawa catalyst as a choice for the asymmetric synthesis of 1,4-dioxepines

However, the purification of these 1,4-dioxepine derivatives will remain a challenging task.
To avoid decomposition of the substances it would be maybe helpful to silanize all glassware
utilized in this reaction. This could prevent decomposition of the products by protons attached

to the glassware walls.™

To follow these studies up will widen and deepen the understanding of thiourea
organocatalysts’ mode of action as well as pave the way for the creation of organocatalyzed

reactions and novel organocatalysts.
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