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1.1 Introduction and Background

Non-covalent organocatalysis [1-14] utilizes small organic molecules for the
activation of substrates through hydrogen bonding (“partial protonation™) to
neutral or negatively charged (anion-binding) electron lone pairs. This catalytic
concept mimics nature where non-covalent interactions (NCIs) are ubiquitous and
essential for many processes essential to life [15], e.g., through catalyzing many
biochemical reactions [16-18]. NCIs empower enzymes with the high selectivity
in substrate recognition, activation, and the stereocontrol in biotransformations
[19]. The reason why nature uses these bonding types in catalytic systems such
as ribonucleases, antibodies, and enzymes is that the binding (recognition) of the
substrates is associated with small changes in Gibbs free energies [20]. Crystal
structure analyses, spectroscopic investigations [21, 22], and computational studies
[23, 24] reveal that enzymes typically do not contain strong Lewis acidic sites
[25, 26]. Binding to electron-deficient metal ions, which would be the obvious
alternative for catalyzing chemical reactions, would result in strong enthalpic
binding [1]. Copper, iron, or zinc ions in enzymes are considered “soft” in the
Pearson HSAB sense, and they are embedded in large and polarizable structures,
e.g., in carbonic anhydrase [27]. The recognition processes and the details of enzyme
catalysis are difficult to deconvolute because there are multiple interactions, and
each of them are necessary for high selectivity and high reactivity [15, 20, 28-31].
The dominant parts of these interactions are hydrogen bonding [32-37] and anion
binding [38, 39], but also, NCIs such as aromatic n-n stacking [40, 41], van der
Waals [42, 43], and dipole-dipole interactions [44, 45] are included in the enzyme’s
active site. Scheme 1.1 depicts four examples of enzymes using either hydrogen
bonding or anion binding for substrate activation and reaction initiation in their
active sites. Epoxide hydrolase (1) activates an epoxide for a nucleophilic opening
reaction via double hydrogen bonding [46-48] similar to haloalcohol dehalogenase
(2) that activates the same species for reversible ring opening with chloride [49].
Formate dehydrogenase (3) promotes the oxidation of formate, which binds via the
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1.1 Introduction and Background

guanidine function of an arginine residue [28, 50]. Serine protease (4) is an excellent
example of multifunctional activation for the cleavage of amides. The protease binds
the amide utilizing double hydrogen bonding, while at the same time, the imidazole
moiety of a histidine moiety activates in concert with a carboxylic acid function of an
aspartic acid motif, the hydroxy function of a serine, which cleaves the amide [51].

These examples show that (double) hydrogen bonding and anion binding in
enzymes are very closely related. Catalysis by hydrogen-bonding enzymes shows
no apparent product inhibition [52] but high turnover frequencies (TOFs), e.g.,
acetylcholinesterase with TOF = 25000 s™! [53], while operating in water and under
aerobic conditions [54, 55]. These characteristics offer attractive perspectives for the
development of metal-free artificial enzyme moieties [56], the so-called “synzymes”
[57-61], which represent an alternative to traditional metal(-ion)-containing cata-
lysts that are often toxic and sensitive to moisture and air [62]. Synzymes designed
on the basis of Pauling’s [63, 64] and related paradigms [26, 65] have the goal of
imitating the complete enzyme architecture with its structurally complex protein
backbone and active site(s). This design strategy leads to reaction mechanisms that
follow general acid catalysis [44, 66-68] and Michaelis—-Menten kinetics [69, 70]
comparable to natural enzymes. The structural design of small-molecule catalysts
such as (non)-covalent organocatalysts, however, builds on the idea that only the
active site of an enzyme will be mimicked, resulting in small organic molecules with
a minimum of complexity [28, 71] such as explicit double hydrogen-bonding and
anion-binding catalysts. Scheme 1.2 depicts the reduction of nitro-olefins utilizing
either enzyme catalysis (5) or organocatalysis (6). Enzymes from baker’s yeast or
the Old Yellow Enzyme (OYE) [72], which was termed a nitroalkene reductase,
efficiently catalyze the NADPH-linked olefin reduction through activation of the
nitroalkene by hydrogen bonding to His-191 and Asn-194. The hydride transfer
to the fB-position occurs from reduced flavin generated with NADPH, followed by
proton transfer from the Tyr-196 hydroxyl to the a-position [73-75]. Zhang and
Schreiner adapted this complex enzymatic arrangement to a simple organocatalytic
system and utilized a thiourea moiety for nitro-olefin activation through hydrogen
bonding and a Hantzsch ester as an NADPH analog.

The long success story of anion-binding chemistry using hydrogen bonding
apparently started in 1940 when Bartlett and Dauben observed an increased acid

Asn-194

Scheme 1.2 Proposed models for the reduction of nitroalkenes utilizing enzyme catalysis
(5) and the adapted thiourea-catalyzed biomimetic reduction (6).
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Scheme 1.3 (a) First examples of anion binding through hydrogen bonding and
(b) isomerization of the first cage compound diazabicyclo[9.9.9]nonacosane dihydrochloride
and the corresponding cage structure (12).

strength of hydrogen chloride in dioxane by the addition of alcohols [76]. They
interpreted this by a hydrogen bond of the hydroxy function of the alcohols to the
chlorine of hydrogen chloride (7) as depicted in Scheme 1.3 and found a correlation
between the ability to form a hydrogen bond and the acid strength of phenol deriva-
tives, except for ortho-substituted phenols that preferentially form intramolecular
hydrogen bonds. In 1948, Swain investigated the kinetics of the Sy 1 reaction of trityl
chloride and alcohols in benzene with an excess of pyridine [77]. When methanol
was used as the nucleophile, he found first-order kinetics for trityl chloride and
second-order kinetics for methanol; the same result was obtained using phenol as
the nucleophile, but the reaction was slower. When Swain used a 1 : 1 mixture of
methanol and phenol as nucleophiles, the methyl ether formed seven times faster
than the sum of the individual reaction rates, with first order in relation to trityl
chloride, methanol, and phenol (8). Furthermore, only the methyl ether formed.
He postulated a mechanism where one hydroxy group binds to the chloride via
hydrogen bonding, thereby weakening the carbon-chlorine bond. Simultaneously,
the second alcohol solvates the incipient carbocation. The reason why only methyl
ether forms is the higher Bronsted acidity of phenol, causing a stronger hydrogen
bond to chloride. These two examples derive from a strong intermolecular hydrogen
bond to the in situ formed halide, even though the term “anion-binding” was not
used. In 1958, Lund introduced the term “hydrogen-bonding to an anion” when
he investigated the effect of quaternary ammonia halides on the O-H stretching
frequency of various alcohols such as ethanol, phenol, and 2,2,2-trichloroethanol
(9) [78]. He observed that Brensted acidity and the strength of anion binding
did not correlate and proposed to use Lewis acidity instead. Bufalini and Stern
confirmed Lund’s work and described the “hydrogen bond formation to an anion”
as a solvation process [79]. In addition, they calculated the “solvation enthalpy”
for the nBu,Br-MeOH system as AH = —6.7 kcalmol™! in good agreement with
the accepted value of ~5kcal mol™' for the formation of the hydrogen bond in the
water dimer [80, 81]. The determined entropy change of AS = —14.0 cal K~! mol™!
matches the reported value of AS = —13.6calK™! mol~! closely [81]. In 1963,
Schleyer and Allerhand investigated covalent and ionic halides as proton acceptors
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in hydrogen-bonding complexes via IR spectroscopy [82]. They used butyl halides
and HgCl, as covalent halides and observed small shifts of the O-H stretching
frequencies of methanol and phenol as covalent halides are weak proton acceptors.
However, quaternary ammonium halides are much better proton acceptors and
lead to a larger hydrogen-bonding frequency shift. In addition, they observed that
the magnitudes of these shifts significantly depend on extent on the halide anion,
in the order CI~ > F~ > Br~ > I~; when ionic halides were used, for covalent halides,
the order was F~ <Cl~ <Br~ <17, but in total much smaller. The variation of
the cations made little difference for bromine and iodide but had a much bigger
influence for chlorine. This effect was not investigated for fluoride because the
synthesis of quaternary fluorides was laborious and only a few derivatives were
described in the literature at that time. In 1968, Simmons and Park described a
series of bridged macrobicyclic diamines 10 [83-85]. First, they investigated the
in—out-isomerization of the bis-hydrochlorides and found that alkyl chains with
even numbers of carbon atoms favor the in-in- and those with odd numbers the
out-out-conformation. By treating diazabicyclo[9.9.9]nonacosane with HCI, the
authors obtained crystals, which revealed the presence of only the katapinate (12)
in the 'H NMR (Scheme 1.3). A similar behavior was observed with HBr, which
was less favorable than HCI; however, with iodide, no encapsulation in the cavity
was observed. Simmons and Park also treated diazabicyclo[10.10.10]triacontane
with NaCl in 50% aqueous trifluoroacetate and observed a high field shift of the
a-CH,, protons in the 'H NMR, which indicated the formation of the in*-Cl~-in*
conformer. Similar results were obtained using bromide and iodide salts. The
authors concluded that the size of the cavity is an important factor in halide
“katapinosis.” A few years later, Marsh and coworkers confirmed the structure of
the host-guest complex by X-ray single-crystal analysis [86].

The work of Simmons and Park arguably marks the beginning of the supramolec-
ular chemistry of artificial organic host molecules with anions as guest molecules
[87-90]. In the following years, the field of supramolecular anion recognition was
applied to anion sensing [89, 91-94], extraction [95-97], anion transport [98-105],
and self-assembling of molecular capsules [106-109]. Nevertheless, despite the large
number of publications in the field of supramolecular chemistry, the selectivity of the
host molecules for a given anion species was limited to a few examples. In the last
years, especially “fluoride-only” receptors appeared, often containing boron because
of its high affinity to fluoride [87, 110-112]. “Halide-only” hosts were also devel-
oped [113], but the differentiation between chloride and bromide is still a challenge
[114]. The development of anion-binding (recognition) organocatalysts and their
application in synthetic organic chemistry emerged from supramolecular chemistry
and goes hand in hand with the introduction and improvement of explicit dou-
ble hydrogen-bonding catalysts [1, 2]. Both catalysis types emerged at about the
same time, and the mode of action is also similar: The catalyst coordinates and acti-
vates either a neutral substrate (hydrogen-bonding catalysis) or an anion substrate
(anion-binding catalysis). This indicates that many hydrogen-bonding catalysts can
also be used as anion-binding catalysts and vice versa, and so the anion-binding cat-
alyst story cannot be told without the story of the double hydrogen-bonding catalyst
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(Scheme 1.4). Hydrogen-bonding interactions have been known since the funda-
mental works of Errera and Mollet in 1936 [118], and, in particular, Wolf, Prahm,
and Harms in 1937 [119]. Errera and Mollet measured the IR spectra of ethanol solu-
tions in carbon tetrachloride (0.1 M) at different temperatures and observed a band
at 3640 cm~! (56% absorption) and a large band at 3350 cm~! (94% absorption) at 0 °C
[118]. At 70 °C, the authors observed the band at 3640 cm~! with increased absorp-
tion (64%), whereas the band at 3350 cm™! decreased to a low percentage. Errera and
Mollet described the band at 3640 cm™! as the O-H stretching vibration of “isolated
alcohol molecules,” and in contrast, the band at 3350 cm™! “to intermolecular actions,
for example, the hydrogen atom of one molecule vibrating with the oxygen atom belong-
ing to another one (hydrogen-bond, as interpreted by Sidgwick) [120].” Wolf, Prahm,
and Harms examined the mixing heat, density, dissociation, and solvation energy
of various solvent mixtures of aliphatic alcohols (methanol, ethanol, and propanol),
acetone, carbon tetrachloride, and hydrocarbons such as n-hexane and benzene. The
authors described interactions between a ligand and a substrate and introduced the
term supra- or supermolecule (“Ubermolekiil”) [119].

Hine and coworkers investigated the double hydrogen bonding of 1,8-
biphenylenediol 13 with hexamethylphosphoramide, 1,2,6-trimethyl-4-pyridone,
and 2,6-dimethyl-y-pyrone using cocrystals for X-ray crystal structure analysis
(Scheme 1.4) [115]. They reported two simultaneous and identical strong hydrogen
bonds of the almost coplanar adduct of 1,8-biphenylenediol 13 to the Lewis bases
and reported the shortest intermolecular hydrogen bonds (2.548 A) detected in an
X-ray crystal structure analysis at that time. In 1985, the same group reported the
aminolysis of phenyl glycidyl ether 24 with diethyl amine in butanone at 30°C
using phenol-based catalysts (Table 1.1) [116, 117]. In the absence of catalyst,
they observed a small autocatalytic effect by the product and proposed that amino
alcohol 25 catalyzed the reaction via hydrogen bonding to the epoxide oxygen.
A Bronsted plot suggested a strong linear correlation between the catalysts pK,
values and the reaction rate, with two exceptions: first, catechol 30 catalyzed the
reaction somewhat faster than expected from the Bronsted plot because hydrogen
bonding can occur via two hydroxyl groups. This effect could easily be corrected by
specifying the reaction rate per hydroxyl group of the catalyst. The second exception
was 1,8-biphenylenediol, which was as efficient as would be expected for a phenol
that was about 600 times as acidic, and catalyzed the reaction with a TOF of 0.1 h~1.
Catechol, whose hydroxyl groups did not form simultaneous double hydrogen
activation to one substrate molecule, was less active, which indicates that both
hydroxyl groups of 13 are involved in the epoxide activation. Further investigation
of the ionization constants (pK, values) using electron-rich and electron-poor
1,8-biphenylenediol derivatives indicated that the acidity of the hydroxyl functions
correlates with the ability to double hydrogen bond formation. The most acidic
4,5-dinitro-1,8-biphenylenediol 14 (Scheme 1.4) was found to be the strongest
double hydrogen bond donor [121-124].

In 1990, Kelly’s group synthesized 3,6-dipropyl-4,5-dinitro-1,8-biphenylenediol
15, which is more soluble in CD,Cl,, for the Diels-Alder reactions between various
a,p-unsaturated aldehydes as well as ketones with cyclopentadiene at 55°C and
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8| 1 From Anion Recognition to Organocatalytic Chemical Reactions

Table 1.1 Aminolysis of phenyl glycidyl ether 24 catalyzed by phenol-based derivatives.
The reaction rates k. are given relative to the uncatalyzed reaction.

o] OH

catalyst
o i e e
24 (1.5 equiv) 25
TOF 01 h-!
10°k /L2 mol~?s™t 6.0 7.7 153 17.0 119 11.5 7.3 75
pK, 9.99 9.14 7.97 7.15 9.36 8.64 9.15 8.01
’H ’
o - J*RZ ‘i
" CD,Cly, 55 c
(10.0equiv) R TOF=13h"
E E E Me E E Me E Ph
A /A A A
Me H H Me ‘OMe
33 34 35 38

40 mol% 15: 10 min/90% 40 mol% 15: 30 min/76% 50 mol% 15: 45 h/95% 50 mol% 15 73 h/74% 40 mol% 15 25 h/83% 50 mol% 15: 144 h/13%
No catalyst: 10 min/3%  No catalyst: 30 min/10%  No catalyst: 45 h/21%  No catalyst: 73 h/13%  No catalyst: 25 h/10%  No catalyst: 144 h/13%

Scheme 1.5 Typical products of the 15-catalyzded Diels—-Alder reaction of
cyclopentadiene and o,p-unsaturated carbonyls.

40-50mol% loading of 15 achieving a TOF of 13h~! (Scheme 1.5) [125]. They
did not observe significant rate acceleration in the case of ester dienophiles,
e.g., product 39, which they explained by inhibition of complex formation as a
consequence of repulsive interactions. The double hydrogen bond activation of
dienophiles resulting in a substrate-catalyst complex as depicted in Scheme 1.4
was interpreted as the reason for the observed up to 30-fold rate enhancements.
Monte Carlo simulations confirmed the catalyst-substrate association motif and
the accelerating solvent effect of water compared to aprotic solvents in Diels-Alder
reactions [126, 127] and Claisen rearrangements [128], for which Jorgensen and
coworkers computed a 100-fold rate enhancement. They explained these results not
by cooperative hydrogen-bonding effects but rather with an aqueous solvent effect
described through clamp-like hydrogen-bonding interactions (16) of two water
molecules to the carbonyl group leading to transition state stabilization [128].
From 1988 to 1991, Etter et al. investigated the cocrystallization of imides and
N,N’-diphenyl ureas with Lewis bases such as triphenylphosphine oxide [129],
ethers, nitro aryl species, ketones, and sulfoxides by X-ray structural analysis
[130, 131]. The N-H urea protons act as partial proton donors (Lewis acid) with
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the carbonyl oxygen as the proton acceptor (Lewis base), leading to intermolec-
ular hydrogen-bonding interactions as observed in N,N’-bisphenylurea [132].
N,N'-bis(3-nitrophenyl) -urea 17 co-crystallizes with cyclohexanone in a 1 : 1 ratio
through hydrogen bonding of the N-H protons and the carbonyl oxygen. Etter and
coworkers found many receptors that are better hydrogen bond acceptors than
the urea oxygen of 17 and termed this derivative an “only intermolecular proton
donor” [130]. Urea derivatives with electron-withdrawing substituents in ortho-
or para-positions or meta-alkyl substituents did not form cocrystals. In addition
to 17, N,N’-bis[(3-trifluoromethyl)phenyl]urea 18 cocrystallizes with carbonyl
compounds, which was explained by the nearly planar urea conformation and
short distances between the weakly acidic ortho protons and the carbonyl oxygen
of 2.23-2.29 A [130] that is below the limit for hydrogen-bonding interactions of
about 2.4 A [133, 134]. This distance is 2.49-2.66 A in N,N’-bisphenylurea [132],
therefore not leading to hydrogen-bonding interactions. Wilcox et al. examined
the hydrogen-bonding recognition of sulfonates, phosphates, carboxylates, and
zwitterionic 4-tributylammonium-1-butanesulfonate with N-allyl- [135] and
N-octyl-N’-phenyl(thio)ureas 19 [136]. The host-guest complexes were inves-
tigated by 'H NMR titration experiments via quantification of the downfield
shifts of the N-H protons upon complexation. In addition, these studies con-
firmed the stronger double hydrogen bonding with anions, in particular, when
electron-deficient substituents in meta- or para-position in the ureas were used,
and that acidity can be considered a useful parameter of hydrogen-bonding
strength [137]. In 1993, Hamilton’s group examined the anion recognition of
N,N"-[1,4-phenylenebis(methylene)|bis[ N’-butylJurea 20 and the thiourea analog
21 to glutarate. They found a 15-fold increase in the binding constants for the
thiourea derivative compared with the corresponding urea in accord with Wilcox’
results that thiourea binding is stronger than that of the corresponding urea
derivatives [138]. In 1994, Curran and Kuo used 20-100 mol% of urea catalyst 22
as the first double hydrogen bonding urea organocatalyst (or additive in the case
of equimolar amounts) for the allylation of a-sulfinyl radicals generated from 39
with allyltributylstannane (Scheme 1.6) [140]. Instead of the well-established NO,
groups, electron-withdrawing CF; substituents were incorporated in meta position
in combination with lipophilic ester substituents to improve the solubility in
common organic solvents. In the presence of the catalyst, Curran and Kuo observed
small rate accelerations (TOF = 0.1 h~!) and increased cis/trans selectivity.

CF; CF3
joS Vel
R N N R
H H
R =CO,CgH
0o 2bgMi7 Ph (.)9
22 ®
M ol 25-100 mol% PRV
H N'S wSePh 4+ _SnBug (25-100 mol%) R7NTYN=
cat. AIBN, sunlamp, g
) benzene, 24 h, 55 °C 40
o 3 (1.25 equiv) TOF = 0.4 h-1 trans/cis: 71 :1-14.1:1

Scheme 1.6 Allylation of a-sulfinyl radicals catalyzed with 22.
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Scheme 1.7 Claisen rearrangement catalyzed by urea 22 and thiourea 23.

The same group utilized urea 22 in the Claisen rearrangement of 1-methoxy-3-
vinyloxy-propene 41, where they observed with 10-50 mol% catalyst loading a rate
acceleration enhancement by 1.7- to 5.0-fold; using 100 mol% gave 22-fold accelera-
tion (Scheme 1.7) [139]. The authors probed the double hydrogen-bonding motif by
using the N,N’-dimethyl derivative 43 (k,,; = 1.0), and a corresponding benzanilide
44 (k.. = 1.6). These findings confirmed the work of Hine [115-117, 122] and Kelly
[125] with 13 and 15 for epoxide and carbonyl activation, respectively, namely, that
the double hydrogen-bonding motif is important for catalytic activity. Furthermore,
Curran and Kuo examined thiourea analog 23 in the same reaction, and although
slow decomposition was observed under the same reaction conditions, some rate
acceleration was detected (at <10% decomposition: k., = 3-4) [139].

1.1.1 Evolution of Thiourea-Based Catalysts

Schreiner’s group intensified the research on thiourea derivatives as organocatalysts
starting in early 1997 (when this work was first presented, oddly at a conference
geared toward organometallic chemistry (“OMCOS”) in Géttingen where one of the
authors was a local co-organizer) [141]. The idea was to bring hydrogen-bonding
catalysis to the forefront of organic synthesis where it would be practical in the
sense of ease of preparation of the catalysts, catalyst efficacy that was clearly rather
limited at that time when one considers the high loadings (20-100 mol%), and the
poor rate accelerations (k. <5) and generality. One early consideration was that

electron-deficient thiourea catalysts would be more practical than their urea analogs
because of the following [142]:

(1) Thiourea derivatives are typically much more soluble in various organic solvents
because of the lower tendency of the sulfur atom to serve as a hydrogen bond
acceptor.

(2) Thiourea derivatives are easier to prepare (for instance, liquid thiophosgene is
much easier to handle than gaseous phosgene).

(3) The acidity of thiourea (pK, = 21.0) is about six orders of magnitude higher
than that of urea (pK, = 26.9) [138, 143], which should lead to stronger
hydrogen-bonding and anion-binding interactions.
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The strong hydrogen-bonding ability of thiourea derivatives became apparent in
various areas such as supramolecular chemistry [144, 145], molecular anion recog-
nition [146-148], crystal engineering [149, 150], herbicides [151, 152], and inclusion
compounds [153-155]. Schreiner’s group introduced the 3-(trifluoromethyl)phenyl
(e.g., in 45) and 3,5-bis(trifluoromethyl)phenyl (e.g., in 46) motifs for thiourea cata-
lysts with the idea that the ester function in Curran’s 23 would obstruct the catalytic
process by engaging in hydrogen-bonding interactions as well (Scheme 1.6) [156].
Early DFT computations (B3LYP/6-311+G(d,p)) suggested that 45 activates ketones
through explicit double hydrogen-bonding interactions, which is conceptually simi-
lar to Jorgensen’s realization of two water molecules acting as activators in aqueous
Claisen rearrangements (Scheme 1.4) [156, 157]. Binding studies of catalyst 45 with
the bidentate dienophiles N-acyloxazolidinone 52 revealed that 45 acts as a bidentate
Lewis acid through explicit double hydrogen bonding (Scheme 1.8) [158].

This was confirmed experimentally by low-temperature IR measurements and
comparison of the observed shifts of the carbonyl groups with computations on a
reduced model system - assuming that 45 adopts a syn-conformation (trans/trans
rotamer) as suggested by the crystal structure data of urea 17 [130, 134], other
bisaryl-ureas [132, 159], and in particular structurally related thiourea 46 [1, 160].
Utilizing temperature-dependent 'H NMR studies, it was found that 46 exhibits
a large dimerization entropy (AS = —35.6calK™! mol™!), which leads to free
available catalyst at room temperature and consequently favored complexation with
1,3-diketone substrates (AS = —9.6cal K™! mol™!). The high diastereoselectivity
of the Diels-Alder reaction between cyclopentadiene and N-acyloxazolidinone 52

558 R, s

o
L]
o*NJ\%\ Ph—</
iPr
(@5):R=H (47):R=Bn 46
(46): R =CF3 (48): R = Polystyrene
1997/2000/2002, Schreiner 1998/2002, Jacobsen 2003/2012, Schreiner
electron-deficient N, N'-bisaryl Schiff base thiourea catalyst (2 mol%) guidelines for (thio)urea catalyst
thioureas (1 mol% and 25 mol%) first enantioselective thioureas structure design, binding studies,
Diels-Alder reactions Strecker reaction N-H and ortho C—H act as hydrogen bond donors
CFy
O O
ERaan pudy
H H H ©NMe, PR N N
H = H H
o

SR

o\\Néo ' o N O
Lo

% EtO/L\/kO Et

(49) 51
2003/2005, Takemoto 2008 Rawal 2017, Rawal
first bifunctional thiourea catalyst first squaramide catalyst first thiosquaramide catalyst
asym. nitro-Michael addition (10 mol%) asym. nitro-Michael addition (0.5 mol%) asym. nitro-Michael addition (0.05 mol%)

Scheme 1.8 Milestones in hydrogen-bonding thiourea catalysis of neutral and anionic
Lewis basic sites with (thio)urea derivatives.
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Scheme 1.9 Diastereoselective cycloaddition of N-acyloxazolidinone 52 and
cyclopentadiene in the presence of 45 and 46.

using 25 mol% of 45 supported the spectroscopic experiments and computational
data [158]. More acidic 46 [143] eventually became a highly active privileged
organocatalyst that activates neutral or anionic substrates through explicit double
hydrogen bonding (Scheme 1.9) [142]. The 3,5-bis(trifluoromethyl)phenyl group
became a very highly appreciated “privileged” anchor group in a large variety of
organocatalysts not limited to hydrogen-bonding catalysis [158, 161-170] but also
including, inter alia, proline [171, 172] and Brensted acid catalysis [7, 173].

In pursuit of a tridentate chiral metal ligand in enantioselective Strecker reactions
of N-allyl protected aldimines 54, in 1998, Jacobsen’s group identified in the course of
high-throughput screening (HTS) of more than 130 tridentate Schiff bases thiourea
catalysts ! 47 and 48, which were the first enantioselective thiourea organocatalysts
(Scheme 1.10) [174]. Strecker products 55 were obtained as trifluoroacetyl-protected
species (65-92%, 70-91% ee). Catalyst evolution and additional catalysts for asym-
metric Strecker reactions are discussed in Section 1.2.2 including a detailed discus-
sion of the substrate activation.

\_LS
Pho N _JLQ
~ W
'S8

Ny
7 ho
TOF=19h o
Z 6 examples
N 2mol% 47 tB p
| +  HCN ° . OMe FSCJ\N/\/ 65-92%
1. toluene, ~78 °C, 24 h J 70-91% ee
_ 2. TFAA R”CN
54 (2.0 equiv) 55

Scheme 1.10 Asymmetric Strecker reaction of aromatic and aliphatic N-allyl-protected
aldimines catalyzed with 47.

Structure-reactivity relationships of hydrogen-bonding catalysts in Diels—Alder
reactions of cyclopentadiene and various dienophiles such as methyl vinyl ketones
and (aza)chalcones, utilizing symmetrically N,N’-disubstituted thioureas with
1mol% catalyst loading, were examined as early as 2003 [157]. The reaction
rates determined by 'H NMR qualitatively confirmed the conceptual ideas of
Hine et al. for the aminolysis of epoxides (Table 1.1) [117], namely, that rigid

1 Jacobsen introduced the term “Schiff base catalyst” to demonstrate that the structure of this
novel catalyst class originates from Schiff base ligands - originally developed for metal-based
catalysis — and incorporates a Schiff base moiety. Notably, this term does not indicate that these
catalysts operate as bases, but their high catalytic efficiencies result from the thiourea moiety as
shown in Section 1.2.2. In the following, the scientifically established term “Schiff base (thio)urea”
is used to describe this class of organocatalysts.
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electron-withdrawing aromatic substituents lead to higher catalytic activity, as 45
(k. =2-6; TOF = 52h7!) and 46 (k,,; = 5-8; TOF = 72 h~!) were the most efficient
catalysts, while dialkyl or electron-rich aromatic substituents are poorly activating
(e.g., NN'-diphenylthiourea 56: k., = 1-2). Furthermore, product inhibition
turned out to be very low because catalyst activity was still present even after 80%
conversion. This emphasizes the entropy term in the formation of catalyst-substrate
complexes and the weak enthalpic binding between the thiourea catalyst and the
carbonyl group (~7kcal mol™! at rt in DCM) [158]. In addition, more conforma-
tionally flexible catalysts (e.g., 56 with a DFT (B3LYP/6-31G(d)) computed C,,,,-N
rotational barrier of only AE,, =1.5kcalmol™!) perform poorly compared to
conformationally more restricted derivative 46 (AE,, = 3.4 kcal mol~!) [157]. More-
over, electron-deficient substituents in meta- or para-position polarize the aromatic
ortho-hydrogens, leading to intramolecular hydrogen-bonding interactions to the
Lewis basic thiocarbonyl sulfur that hinders the rotation of the thiourea moiety and
favors complexation entropically (Scheme 1.8). Substituents in ortho position, in
contrast, lead to repulsive interactions with the thiocarbonyl group and the syn-syn
conformation is entropically disfavored [130, 157]. Therefore, catalysts with sub-
stituents in meta- or para-position are more active than derivatives containing sub-
stituents in the ortho position. Schreiner’s group highlighted the concept of thiourea
organocatalysis at the very beginning of this research field and provided rough
guidelines for (thio)urea catalyst design, which are still valid today and can readily
be identified in every (thio)urea organocatalyst developed in the past 20 years [1]:

(1) The relative stabilization of the transition state must be larger than the stabiliza-
tion of the starting material(s) and product(s);

(2) Bi- or multidentate catalyst-substrate complexes are favorable;

(3) There should be a balance between rigidity and flexibility in the catalyst struc-
ture to avoid entropy loss on the one hand and to retain adaptability to the
substrate structure on the other hand;

(4) To prevent self-association, the catalyst should not incorporate strong hydrogen
bond acceptors such as ester groups - the non-coordinating acidifying CF, group
as in the 3,5-bis(trifluoromethyl)phenyl moiety of 46 appears to be ideal;

(5) To avoid product inhibition, the enthalpic binding interactions should be weak
to allow low catalyst loadings;

(6) The catalyst should be water compatible or even catalytically active in water.

In 2003, Takemoto’s group introduced the first bifunctional thiourea 49 for use
in Michael addition reactions [161]. They postulated the simultaneous activation
of the nitro olefins 57 by the N-H thiourea protons and malonates 58 by the amine
(cf. Scheme 1.8), thereby obtaining a-chiral malonate derivatives 59 depicted in
Scheme 1.11 (TOF = 0.7h71) [175]. The authors performed kinetic studies on
the Michael reaction and observed first-order kinetics for both reactants and the
catalyst. Catalyst evolution and additional catalyst derivatives for asymmetric
Michael reactions are discussed in Section 1.2.3, including a detailed discussion of
the mode of substrate activation.
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Scheme 1.11 Product range of the asymmetric Michael addition of dialkyl malonates to
trans-B-nitrostyrenes catalyzed with 49.

In 2006, Kotke and Schreiner applied the principle of anion-binding catalysis
to high-yielding acid-free acetalizations [176]. They utilized various aromatic,
aliphatic, unsaturated, and acid-labile aldehydes as well as ketones, which could
be cleanly acetalized in the presence of 4.0-4.3 equivalents of methanol, ethanol,
1-propanol, 2-propanol, and 1,2-ethandiol as the alcohol components and as a
solvent. The acetals were obtained in yields of 61-95% at low catalyst loading of only
0.01-1.0mol% 46 — at that time the lowest catalyst loading in an organocatalytic
reaction — at room temperature (Scheme 1.12). A limitation of the protocol, however,
was the acetalization of electron-rich carbonyl compounds such as p-tolylaldehyde,
cyclohexanone, and acetophenone 64 with long reaction times (92-250h) and
lower conversions (71-74%). In contrast, aldehydes were acetalized at much shorter
reaction times (9-14h) and in high yields (89-95%). Kotke and Schreiner proved
the synthetic utility of this protocol when they isolated 67% of pure product from
the acetalization of acid-labile TBS-protected m-hydroxybenzaldehyde 68 that was
reported to react rather sluggishly under Bronsted [177] or Lewis acid catalysis [178].
Kotke and Schreiner found for the diethyl acetalization of p-chlorobenzaldehyde
65 and n-octanal TOFs of 632h~! or rather turn over number (TON) = 9800, and
577h~! (TON = 9700), respectively. These values are approximately ten times
higher than those of previously reported thiourea-catalyzed reactions and were

CFs CF4
6 (0. 01 1.0 mol %) s
j)\ . 2 R°OH TOF =632 h" R _JO\R 14 examples
RORZ (4.04. 3 equiv) CH(OR3); (2.0 equiv), rt Rz 0R3 67-95%
60 THF (0.25 mL) for dioxolanes
OEt M\ o
o_0 TBSO. 3
OFt ©)<Me o
63 64 68
1 mol% 1 mol%
1mol% 1mol% 98% conv./95% yield/13.0 h R=M F;’ P 1mol% 1 mol%
98% conv./ 74% conv./ 97% conv./13.8 h (0.1 mol%) =Me, i, 98% conv./ 67% yield/93 h

94%yield10h  65%vyield92h  98%conv./15.5h (0.01 mol%) 2870 CONV/11-135h  gge vielq/13.2 h

Scheme 1.12 Representative examples of the first anion-binding catalysis reaction
described in the literature. Products was obtained under mild and acid-free conditions
catalyzed by 46.
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significant, as the uncatalyzed reactions generally even after one week furnished
<1% product. In addition, the authors found, on the one hand, no influence of the
utilized alcohol but to the carbonyl component on the other hand. A competition
experiment between benzaldehyde and acetophenone — using ethanol as well as
triethyl orthoformate - resulted in a product mixture of 6.1 : 1 favoring the diethyl
benzaldehyde acetal. This chemoselectivity is in line with the different reactivity of
aldehydes and ketones under nucleophilic attack [176].

The initial working hypothesis was that the catalyst undergoes double hydrogen
bonding to the carbonyl moiety - comparable to dienophile activation depicted in
Scheme 1.8 — to increase the electrophilicity of the carbonyl carbon and, at the
same time, to stabilize the increased negative charge on the carbonyl oxygen during
the nucleophilic attack. However, utilizing thiols instead of alcohols in the pres-
ence of ethyl orthoester only provided the diethyl acetal, although thiols are much
better nucleophiles [179]. Therefore, Kotke and Schreiner proposed a mechanism
that starts with thiourea-assisted orthoester heterolysis, with 46 stabilizing multiple
oxyanion intermediates. The stabilized alcoholate anion 69 rapidly undergoes nucle-
ophilic attack onto the carbonyl compound and 46 binds the incipient hemiketal
anion 70. Subsequent nucleophilic addition provides the “double acetal 71,” which
dissociates to alkyl formate 72, the oxocarbenium ion 73, and another 46-stabilized
alcoholate 69 that in turn attacks 73, leading to the acetal product and releases the
catalyst for subsequent turnover (Scheme 1.13). This mechanism is in in line with
the well-established enzymatic mechanisms in which hydrogen-bonding interac-
tions stabilize alkoxide intermediates [180].
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Scheme 1.13 Proposed acetalization mechanism catalyzed with 46 starting with
thiourea-assisted heterolysis of an orthoester and subsequently multiple oxyanion
stabilization through 46-mediated anion binding.
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Scheme 1.14 Representative products of the THP and MOP protection of hydroxyl
functionalities catalyzed with 46.

In 2007, Kotke and Schreiner introduced the organocatalytic tetrahydropyran
(THP) and 2-methoxypropene (MOP) protection of alcohols, phenols, and other
hydroxyl containing substrates (Scheme 1.14) [182]. The tetrahydropyranylation
catalyzed with 46 using 3,4-dihydro-2H-pyran 75 (DHP) as reactant and solvent was
applicable to a broad spectrum of alcohols and furnished the corresponding tetrahy-
dropyranyl ethers 77 under mild conditions and in yields of 59-98% at very low
catalyst loading of only 0.001-1.0 mol% 46. The THP protection of benzyl alcohol 80
at very low catalyst loadings down to 0.001 mol% emphasized the catalytic power of
46 and revealed a TON close to 100 000 and TOF of approximately 2000 h—!. Phenol
derivatives were also readily converted into the corresponding acetals at 50 °C. As
shown for 81, THP protection could be achieved with 0.001 mol% catalyst loading,
resulting in 97% isolated product after 17 h. This indicates a TOF of approximately
5700 h~!, which still marks the most efficient organocatalytic reaction utilizing
hydrogen bonding to date. Scale-up experiments (50 mmol scale), e.g., in the case of
phenol, also demonstrated that catalyst loadings of only 0.01-0.1 mol% are sufficient
and feasible for preparative THP protection. Tertiary alcohols, which are generally
difficult to protect as THP ethers due to steric hindrance and elimination as a com-
mon side reaction, could also be THP protected under these conditions. Remarkable
is the tolerance of even most sterically hindered substrates diamantan-1-ol affording
ether 82. Because of the acid-free conditions, the protocol also tolerated acid-labile
hydroxyl-functionalized substrates such as aldol reaction products (83; TOF = 2000
h~1), B-hydroxy esters, epoxides, acetonides, cyanohydrins, oximes, and highly
acid-sensitive TBS-protected alcohols without detectable side reactions in yields of
59-98%. Kotke and Schreiner applied their protocol to the alternative enol ether
2-methoxypropene 76 and prepared the corresponding MOP-ethers 78 in yields rang-
ing from 92% to 97% at room temperature; it was noted that MOP is so reactive that
the uncatalyzed reaction also proceeded albeit at lower rates (Scheme 1.14) [182].

A reasonable mechanistic entry into this reaction may start with the complexa-
tion of catalyst 46 with the alcohol substrate [182]. This double hydrogen-bonding-
mediated coordination increases the alcohols’ acidity as well as polarizability and
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Hydrogen-bonding
mediated
tetrahydropyranylation

84 H\Q——-H 75 H R

Scheme 1.15 Proposed mechanism for the 46-mediated tetrahydropyranylation of
alcohols.

hence its ability to form a subsequent ternary complex 84 with enol ether 75. The
catalyst remains attached during the polar addition through a highly polarized tran-
sition structure 85 and is finally released from the product complex 86 to initiate a
new catalytic cycle (Scheme 1.15).

This mechanistic proposal indicates the departure from the often-implied
concept of carbonyl or related functionalities such as nitroolefins activation
through hydrogen bonding with (thio)urea derivatives and other hydrogen-bonding
organocatalysts [3, 183]. Hence, this mechanistic alternative suggested either the
hydrogen-bond-assisted generation of the free nucleophile (e.g., RO~ and CN~) and
subsequent anion binding or the stabilization of the active form of the nucleophile
through hydrogen-bonding and polar interactions to the respective precursor (e.g.,
ROH, HC(OR), [176], HCN, and TMSCN [184]). Kotke and Schreiner elucidated
this mechanistic proposal utilizing DFT (B3LYP/6-31G(d,p)) and coupled cluster
computations (CCSD(T)/cc-pVDZ,), which demonstrated that the catalyst preferen-
tially stabilized the developing oxyanion hole in the transition state through double
hydrogen-bonding without the formation of a charged alkoxide nucleophile. This
conclusion was based on a comparative computational analysis of the uncatalyzed
versus catalyzed model reaction of methanol with 75. The stabilizing effect of 46 on
the key transition structure was estimated to be 23 kcal mol~!, resulting in a mini-
mized barrier of only 17.7 kcal mol~! (uncatalyzed: 45.2 kcal mol~!): These values
are in line with the experimentally found efficacy of 46 already at room temperature
in contrast to the uncatalyzed THP protection, which showed no product formation
under otherwise identical conditions. Additionally, the transition structure revealed
that 46 helps pre-organizing the reactants and the overall geometric changes
in going from the complexes to the transition structures; 46 is placed sideways
and points away from the “R group” of the substrate making steric hindrance
not a critical factor, as found experimentally [182]. Papai, Varga, and cowork-
ers reinvestigated the mechanism of the THP protection mechanisms utilizing
DFT studies (wB97X-D/6-311G(d,p)) and isotope labeling experiments [185]. In
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Scheme 1.16 (a) The two investigated possible mechanisms of the THP protection of
alcohols and (b) isotope labeling experiment utilizing CD,OD.

addition to the mechanism proposed by Schreiner and Kotke, the authors also
examined an alternative reaction pathway with 46 acting as a Brensted acid
and protonating 75 (Scheme 1.16a). The computed transition structure for the
Bronsted acid pathway was AAG = 6.5 kcal mol~! lower in energy compared to the
hydrogen-bonding mechanism. In isotope labeling experiments, utilizing CD,0D
and conformationally rigid DHP derivative 4-(tert-butyl)-3,4-dihydro-2H-pyran, a
mixture of the syn- and anti-product was obtained in a 65 : 35 ratio, respectively, that
supported a two-step mechanism via Brensted acid mechanism (Scheme 1.16b).
An additional hint for a Brensted acid mechanism was obtained by utilizing
2-thiouracil that could not engage in double hydrogen bonding to the alcohol,
however furnished THP-protected phenol 81 in similar yield (92% conversion,
12h, 0.2 mol% catalyst loading) compared to 46 (100% conversion, 12h, 1.0 mol%
catalyst loading). In 2019, McGarrigle and coworkers utilized 2-thiouracil in
the stereoselective glycosylation of galactals and proposed a mechanism where
thiourea or 2-thiouracil engaged via general acid/base catalysis - similar to the
mechanisms proposed by Papai, Varga, and coworkers - but excluded a “simple”
acid-catalyzed mechanism [186]. Utilizing acids with similar pK, values such
as Meldrum’s acid, Et;N-HCI, or 4-nitrobenzoic acid does not lead to product
formation [185-187].

In 2011, Schreiner and coworkers developed a cooperative catalyst system for the
enantioselective cyanosilylation of aldehydes 87 (Scheme 1.17) [170]. They utilized
thiourea 89 as the catalyst, benzoic acid as the cocatalyst, and TMSCN as the cyanide
source and obtained acetyl-protected chiral cyanohydrins 88 in yields of 57-90%
and ee-values of 8-88% utilizing 10 mol% 89 and cocatalyst each (TOF = 0.6h~1).
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Scheme 1.17 Enantioselective cyanosilylation of aldehydes catalyzed utilizing the in situ
formed cooperative catalyst (90).
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The authors utilized a combination of NMR and ESI-MS techniques for mechanistic
studies that reveal the presence of a hydrogen-bonded complex of 89 and benzoic
acid that was also supported by DFT computations (M06/6-31G(d,p)). The com-
plex (90) formed a well-defined chiral hydrogen-bonding environment, where one
N-H proton coordinated the benzoic acid, whereas the second N-H proton formed
hydrogen bonding to the aldehyde. Furthermore, the strong fixation of the aromatic
aldehyde occurred via T-shaped n—= stacking interactions of the acidified ortho pro-
tons of the 3,5-bis(trifluoromethyl)phenyl moiety with the phenyl ring, which was
supported by downfield shift of the ortho-protons in NMR experiments. This inter-
play of hydrogen bonding and n—= stacking interactions supported the formation of
achiral ternary complex preferring the observed stereoinduction of cyanide addition
and emphasized the importance of the catalysts ortho-protons for substrate activa-
tion [170].

In 2012, Schreiner’s group measured the pK, values of various (thio)urea deriva-
tives in dimethyl sulfoxide (DMSO) to examine the influence of CF; groups on the
N-H protons’ acidity (Scheme 1.18) [143]. The reason for choosing DMSO and not
water as the solvent was that most organic reactions are carried out in organic sol-
vents; the aqueous pK, values are not useful because the differences to non-aqueous
pK, values are large and not even qualitatively meaningful [188]. The authors found
that the pK, values correlate well with the overall number of CF; groups attached
to the aromatic rings; each CF, group decreases the pK, by approximately 1.2 pK,
units (cf. 49 vs. 97), and the combined effect of the four CF; groups in thiourea 46
resulted in a pK,, value of 8.5, which allows its deprotonation by organic amine bases
such as N,N-diisopropylethylamine (DIPEA) [189]. Additionally, the pK, values of
thioureas were approximately 5 pK, units lower compared to the corresponding urea
derivatives (94 vs. 46).

The influence of the electron-withdrawing substituents on the ortho-protons and
their engagement in substrate binding was investigated more closely by Schreiner’s
group in 2012, utilizing a combination of low-temperature IR spectroscopy, 2D NMR
techniques, MS investigations, and DFT computations (M06/6-31+G(d,p)) [190].
The authors found strong evidence of 46 binding to 8-valerolactone both through the
N-H protons and the ortho-proton. The IR spectra of a 1 : 1 mixture revealed a small
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Scheme 1.18 Substituent effects on a selection of (thio)urea derivative pK, values in
DMSO. The pK, value of 94 was estimated because of solubility issues. The pK, value of 98
is an apparent value, a result of the similar acidity of the thiourea moiety and the phenolic
OH.

19



20

1 From Anion Recognition to Organocatalytic Chemical Reactions

Ve band of free lactone and a large red-shifted band (Av = 32cm™!), indicating
a hydrogen-bonding complex. In addition, F-'H HOESY experiments showed a
cross-peak between the fluorine of the CF; group and the d-methylene protons
of the lactone, and the binary complex could also be identified by ESI-MS. [143].
As a further development of the thiourea catalysts, Rawal and coworkers intro-
duced chiral cinchona-based squaramide derivatives as alternative (thio)carbonyl
organocatalysts in 2008 (Scheme 1.19) [191]. Utilizing squaramide 50, the authors
performed the Michael addition of f-nitrostyrenes 99 and 2,4-pentanediones
100 - similar to the substrates used by Takemoto et al. in 2003 [161] — and obtained
the products 101 in yields ranging from 65% to 98% and ee-values of 88-98%. Low
catalyst loading of 0.5 mol% resulted in TOF = 24h~!, a 30 times higher value as
compared to Takemoto’s approach (TOF = 0.7 h~}; cf. Scheme 1.11).

—
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R2 CH,Cl, t NO, |B88-98%ee
99 (2.0 equiv) 101

100

Scheme 1.19 Nitro Michael addition of 2,4-pentadienones to trans-fB-nitroolefins
catalyzed with squaramide 50.

Four reasons for the higher catalytic activity of squaramides as compared to
thioureas for this particular reaction were provided (Scheme 1.20) [192-194]:

(1) The nitrogen lone pairs are delocalized in both derivatives, restricting C-N bond
rotation. The delocalization in squaramides takes place through the aromatic
cyclobutenedione moiety; hence, the N-H acidity of squaramides is higher as
compared to that of thioureas [143, 195].

(2) The squaramide scaffold is more rigid, which leads to reduced conformational
flexibility [196].

(3) The squaramide moiety forms stronger hydrogen bonds due to the geometric
structure of the cyclobutenedione ring that results in a larger distance and

213 A —

Scheme 1.20 Comparison of thiourea and squaramide skeletons regarding the
zwitterionic species, the N-H-proton distance, and the orientation of the N-H-protons in
thioureas (parallel) and squaramides (convergent).
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convergent orientation of the N-H-protons with a larger H---X---H angle
(X = Lewis base) [191, 192].

(4) Squaramides exhibit dual functionality because the carbonyl oxygens may act as
Lewis bases [197-199].

Subsequently, squaramides were used in various organocatalyzed transforma-
tions, driving on concepts of double hydrogen bonding of neutral and anion-binding
Lewis basic sites [192, 193, 200]. Almost ten years later, Rawal’s group synthesized
chiral thiosquaramide 51 and examined this derivate in Michael addition reactions
of B-nitrostyrene derivatives 102 and barbiturates 103 (Scheme 1.21) [201]. Catalyst
51 provided Michael adducts 104 in ranges of 88-99% and ee-values of 72-98% at a
catalyst loading of only 0.05 mol%. Similar to ureas and thioureas, thiosquaramides
are more acidic than squaramides [202-204], which can be easily identified using
TOF values: Compared to squaramide 50, the TOF value of 51 (3960 h~1) is about
160 times higher and is in the order of the TOF value of 46 in the THP protection of
alcohols (cf. Scheme 1.14) [182].
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0 0.05 mol% 51 2 2
R2 J\ R \NJ\N'R 16 examples
RI7XNO2 4 E\/’L tol rt %ﬁ 88-99%

oluene, O [0} 72-98% ee

O 0]

(1.1 equiv) R! NO:
102 103 104

Scheme 1.21 Asymmetric Michael addition of barbituric acids to trans-p-nitroolefins
catalyzed with 51.

In 2017, Pittelkow’s group introduced croconamides, the higher analogs of
squaramides, as a new dual hydrogen-bonding motif for anion recognition and
organocatalysis [205]. The authors tested the ability of croconamides in anion
binding utilizing derivative 215 as a catalyst in the THP protection of phenol
derivatives and measured rate constants for a series of substrates (Scheme 1.22).

At the same time Ho, Jolliffe, and coworkers employed quantum mechan-
ical computations (G3(MP2)) to predict the pK, values of several (thio)ureas,
(thio)deltamides, (thio)squaramides, and croconamides [206]. Because many pK,
values of these hydrogen-bonding donors are known from the literature [195], the
authors compared the computed values with the experimental data and observed
differences of approximately 1.5pK, units. The croconamides were identified as
the most acidic oxo-species; however, thiosquaramides were slightly more acidic
(~2pK, units), but no investigations of thiocroconamides — which have not yet
been reported — were made. Additionally, Jolliffe’s group introduced deltamides
as anion receptors [206]. The authors investigated the chloride-binding affinities
and observed an unusual trend for the croconamide series: the binding affinities
for N,N’-bisalkylcroconamides were higher than for N,N’-bisaryl derivatives. These
results were explained by the high acidity of aryl-substituted derivatives that exist as
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Scheme 1.22 THP protection of a series of phenols catalyzed with 215.

partially deprotonated at neutral pH, thereby reducing their ability to bind anions.
Because deltamides are less acidic than squaramides, but more acidic than ureas,
N,N'-bisaryl derivatives resulted in higher affinities than N,N’-bisalkyl derivatives,
and attachment of phenyl groups decreased the pK, value and increased the anion
affinity. Moreover, deltamides displayed lower chloride affinities than ureas and
squaramides, whereas the affinities of all three species to the coplanar acetate anion
are similar. In contrast to ureas and squaramides, where the anion-binding affinity
correlates with anion basicity, deltamides also revealed higher affinities for tetra-
hedral H,PO,~ than for coplanar carboxylates. The authors explained these results
by the different structures of deltamides, where the DFT-computed distance of the
N-H protons is approximately 3.5A and is therefore significantly larger than in
ureas (2.13 A) and squaramides (2.72 A, Scheme 1.20). These results emphasize the
strong correlation between the N-H geometry and the anion-binding affinity [206].

1.1.2 Evolution of Triazole-Based Catalysts

Non-covalent interactions involving C-H hydrogen bond donors have been known
since the fundamental work by Kumler in 1935 [207], which took place at the
same time when Pauling described “traditional” N-H and O-H hydrogen bond
donors [181]. However, C-H hydrogen bonding was mentioned only occasionally
in the following 30years until Sutor utilized X-ray single-crystal analysis of
1,3,7,9-tetramethyluric acid 108 and described an intramolecular C-H- - -O hydro-
gen bond (Scheme 1.23) [209-211]. Sutor argued that the distance of 3.00 A between
the methyl group (C,;) and the oxygen atom (O,,) was much shorter than the sum
of the van der Waals radii of a methyl group and an oxygen atom (3.40 A) [211].
In 1982, Taylor and Kennard investigated the crystal structures of 113 organic
compounds (many of them are amino acid and nucleoside derivatives) with respect
to C-H- - -O hydrogen bonding and found strong evidence for this kind of NCI [133].
In 2008, a number of seminal studies on anion binding via C-H bonds emerged
[208, 212-218]. In parallel, the 1,2,3-triazole unit was introduced in macrocyclic
receptors, e.g., in the triazolophane 109 (Scheme 1.23) [208]. The C-H-mediated
hydrogen-bonding motif was comprehensively reviewed [219-225], as where the
triazoles utilized in anion recognition processes [226, 227].

Manchefio’s group employed 1,2,3-triazol-based catalysts as alternative
hydrogen-bonding donors in anion-binding catalysis [228] and carried out halide



1.1 Introduction and Background

\ 12( 1 — - H . —
N N OH N :@/
o= | Y H--Cl--H
N H |1| H
/ — —
N, N
NN N\
108 109

Scheme 1.23 C—H Hydrogen bonding in 108 and triazolophane-bound chloride anion in
109.

anion-binding affinity and activity studies of a series of bis-triazole derivatives
(Scheme 1.24) [229]. The authors synthesized a series of derivatives 110-120 with
variation of the triazole substituent and the bridged phenyl moiety. Manchefio et al.
performed chloride-binding studies and measured the highest chloride affinity for
114 that was substituted by the well-established 3,5-bis(trifluoromethyl)-phenyl
moiety [190] as a triazole substituent and the 2-(methoxy-propan-2-yl)acetylene
group as the substituent in para position for the phenyl unit [229, 230]. The impor-
tance of the ortho-protons of the 3,5-bis(trifluoromethyl)-phenyl moiety was also
supported by the finding that the corresponding pentafluorophenyl derivative 113
bound chloride much less effectively than 114. Furthermore, the authors observed
a high preference for chloride binding (kpyr = 1417 M™!) as compared to bromide
(krgr = 438 M) and iodide (kryr = 319 M™!). This was explained with the limited
space inside the spherical binding pocket, which was further supported by the low
binding affinity for the small, but linear cyanide ion (kpyp = 394 M™1).

Thereafter, Manchefio’s group utilized bis-triazole 114 for alkylation of pri-
mary and secondary amines as well as thiophenol 127 and phenol 128 with
4-dimethylamino-N-triphenylmethyl-pyridinium chloride 121 (12-85%; 10 mol%
catalyst loading; TOF = 0.12h™!) by binding of the counteranion and therefore
activation of the electrophile (Scheme 1.25) [229, 230]. The high chloride affinity of
the catalyst and the anion-binding mechanism were confirmed by anion selectivity
studies utilizing each 10 mol% 114 and thiourea 46 in the presence of 20 mol%
tetrabutylammonium bromide. The conversion dropped from 79% to 51% and from
82% to 37% for 114 and 46, respectively (48 h).

In 2014, Manchefio and coworkers introduced the first helical triazole-based
anion-binding catalyst with four triazole subunits and chiral 1,2-diaminocyclohex-
ane backbone in a Reissert-type reaction of indole derivatives with silyl ketene
acetals as nucleophiles [231-236] and in the dearomatization of pyrylium deriva-
tives [237]. The evolution of the helical design and catalyst application are discussed
in Section 1.2.3. The concept of triazole-based anion catalysis was applied to switch-
able catalysts as well [238]. In 2020, Dorel and Feringa reported a switchable
stilbene-based catalyst with helical chirality that incorporates four triazole units
[239]. This first-generation molecular motor-based [240] catalyst was utilized in
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Scheme 1.25 Bistriazole 114-catalyzed alkylation utilizing DMAP-derived alkylation
reagent 121.

the stereodivergent addition of silyl ketene acetals to oxocarbenium ions through
chloride abstraction and binding with 10 mol% catalyst loading. The chirality of the
catalyst was switched through light- and heat-driven rotation around the stilbene
moiety, resulting in reversal of the enantiomeric ratio of the products. While Dorel
and Feringa obtained a racemic mixture in the presence of the trans state, the
(M,M)-cis and (P,P)-cis states gave up to 80 : 20 e.r. and 9 : 91 e.r., respectively, of the
opposite enantiomers, which means an Aee of 142%. Although the enantioselec-
tivities were lower than those reported for non-switchable thiourea organocatalyst
223 (Section 1.2.3, Scheme 1.54, 92% ee; 0.1 mol% catalyst loading) [242], this work
provided an exciting proof of concept [239].
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1.1.3 Progress on Halogen-Binding-Based Catalysts

A novel kind of anion-binding catalysis utilizes halogen bonding instead of
hydrogen bonding. The basic interaction dates back about 200 years when Colin
reported an ammonia-iodine complex during his investigations of nitrogen iodine
compounds such as NI, in 1814, only about two years after iodine was accidentally
discovered and isolated [243, 244]. Because Colin did not reported a formula of the
complex, Bineau investigated the formation of this complex further and reported
a composition of the complex of three ammonia and one iodine molecule in 1844
[245]. About 20years later, Guthrie reported this complex (129) as a 1 : 1 mixture
during his study of the reaction with mercury, where he observed only nitrogen
and mercury(I)-iodide in a 1 : 2 ratio [246], and it was not until 1950 that Mulliken
described the compound as a charge transfer complex (Scheme 1.26) [247, 248].
Notwithstanding this realization, Benesi and Hildebrand examined the interaction
between iodide and benzene and its alkyl-substituted derivatives in 1949. They
reported a 1 : 1 complex of benzene and iodine (130) that formed in non-polar sol-
vents such as carbon tetrachloride or n-heptane and determined the thermodynamic
data of the complex [249]. Beginning in the 1950s, Hassel and coworkers published
a series of X-ray structure analyses of halogen-bonding adducts, describing a linear
orientation of the heteroatoms, e.g., in the adduct between dioxane and bromine
(131) [250-254]. In the following years, the interest in this kind of non-covalent
interactions considerably waned until Paolo and Sandorfy described complexes
between fluorinated iodoalkanes and amines (such as 132) [255]. In the 1970s and
1980s, Dumas introduced the term “halogen-bonding” during his research on the
interactions between aliphatic halides and organic bases [256, 257].

ROF e
H H
= / \
I—t---nH |—|---@ 0  O-Br-Br Fi_S,,__,_,l,/\
H X ~— F
Fo)
(129) (130) (131) (132)

Scheme 1.26 Some adducts of milestones in halogen-bonding adducts.

The concept of “halogen-bonding interactions” based on the c-hole, which is
well known for atoms of group 14 (tetrels), 15 (pnictogens), 16 (chalcogens), and 17
(halogens) elements when covalently bonded to electron-withdrawing substituents
[258]. The electronic density of these atoms is not equally distributed but rather
anisotropic. The o-hole describes the region of positive molecular electrostatic
potential (MEP) and is placed collinearly on the opposite side relative to the
substituent. Because of o-holes, in principle, “negatively charged” anions act as
if they were “positively charged” [259, 260]. In the last few years, the concept
of halogen bonding and o-hole interactions has been comprehensively reviewed
[243, 258, 259, 261-271]. In 2011, Huber’s group reported the first anion-binding
additive utilizing double halogen bond donor species in a Ritter-type solvolysis of
benzhydryl bromide 133 in acetonitrile (Scheme 1.27) [272]. The authors synthe-
sized a series of bis-imidazolium derivatives and observed that only the double

25



26 | 1 From Anion Recognition to Organocatalytic Chemical Reactions

2y

At L

Br 100 mol% i A le @/’E ’\@,\?
\

x! X2 N

Activating reagent HN™ ~CD3 / Xt x?
O O CD4CN, 1t, 96 h 135: X' =X2=1; Y = TfO: 85%
136: X' =X2=1; Y = BF,~: 97%

O O L e 4 140: X' = X2 = I; Y = TO": 80%

133 134 137: X' = X2 = Br; Y = TfO": 54% 101X X2 Y = THO- 129

138: X' =X2=H; Y = TfO": 7% A EA TR IR e

139: X' = H; X2 = |; Y = TO™: 49% (200 mol%)
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halogen bond donors 135, 136, and 140 - attached with two iodine substituents
in 2-position of the imidazole moiety — accelerated the reaction well (>80% yield;
100mol% loading), whereby the para-substituted derivative showed a slightly
higher activity (135 = 85%; 136 = 80%). The corresponding bromine derivative
137 gave only 54% yield, which indicated the importance of the halogen species.
Hydrogen-bonding donors 138 and 141 did not provide significant conversion, and
single halogen-bonding donor 139 only gave 49% conversion utilizing 200 mol% of
the additive. Additionally, Huber and coworkers observed a slight influence of the
counterion (135 = TfO™ = 85%; 136 = BF,~ = 97%). These results indicated the
role that halogen-bonding plays in abstracting and binding the bromide, as also
confirmed by isothermal calorimetric titrations [273].

In 2013, Huber’s group synthesized a series of neutral halogen-bonding donors
based on bridged 2,6-diiodo-3,4,5-trifluorophenyl moieties such as the tridentate
variant 146 and utilized them as catalysts for substitution reactions between
1-chloroisochroman 142 with various silyl ketene acetals (10 mol% catalyst loading;
TOF = 0.767!) [274]. The tridentate catalyst 146 (91%) was much more active
than the fluorinated derivative 147 (<5%) or the bidentate derivatives 144 (37%;
TOF = 0.317!) and 145 (14%; TOF = 0.1271), and also the well-established thiourea
catalyst 46 resulted in significant lower product formation (12% at —78°C; 28%
at —40°C). Because 144 should provide a better basis for possible future catalyst
development, the authors tested the activity at —40°C and obtained 52% of the
product (Scheme 1.28). To prove the anion-binding mode in this reaction, the
authors ran a reaction with 10 mol% 146 in the presence of 20 mol% TBACI and
observed no conversion. This was the first anion-binding catalysis utilizing a
neutral halogen-bonding donor catalyst and indicated that the number of iodine
substituents is relevant for catalyst activity [274].

1.1.4 Miscellaneous Anion-Binding Catalysts

One of the most recent motifs for anion-binding catalysis is anion-n bind-
ing. Anion-n interactions are defined as favorable NCIs between anions and
arenes’ m-acidic faces [275-277] and were first proposed in 2002 based on
gas-phase computations [278-280]. In 2013, again Matile’s group described a
series of z-acidic naphthalenediimides for anion-z-binding Kemp-type elimi-
nation [281]. A general base deprotonates 5-nitro-1,2-benzisoxazole 148 in the
key step yielding ortho-hydroxybenzonitrile 149 as the product (Scheme 1.29).
Utilizing tetrabutyl-ammonium hydroxide (TBAOH) as a base, up to 7606-fold rate
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Scheme 1.28 Screening of neutral halogen-bonding derivatives in anion-binding catalysis
through chlorine abstraction.

enhancements were observed, corresponding to a transition state stabilization by
the naphthalenediimides derivatives of approximately 30kJmol~!. Additionally,
the authors investigated perylenediimides as a less n-acidic catalyst because of the
expanded z-system to examine the n—n interactions in the reaction. The initial rates
at high dilution utilizing perylenediimides were significantly lower and indicated
the nearly irrelevant contributions of n-r interactions to anion-r catalysis.

Computational investigations using DFT methods (IEFPCM/M06-2X/def2-TZVP/-
/TIEFPCM/B97-D/6-311G(d,p)) as well as the independence of ground-state stabi-
lization on increasing n-acidity supported this finding [282]. However, in 2014, a
theoretical investigation by Lu and Wheeler (CM-M062X/def2-TZVP//PCM-B97-
D/6-311g(d,p)) investigated the role of the anion-= interactions utilizing a smaller
model system by omitting the linker to the carboxylic acid (151; Scheme 1.29c) [283].
The authors concluded that naphthalenediimides stabilizes the substrate complex
150-148 by anion-= binding at least as well as the transition structure, which even
leads to a slightly increased activation barrier (AAG = 0.3 kcal mol™!) and that addi-
tional dispersion interactions such as n—x stacking stabilize 150-148 and furnish the
high rate acceleration. In the following years, recent examples of anion-n-binding
catalysis [284] and the application of non-covalent n—n-interactions for catalyst
design were discussed [285].

In 2014, Berkessel et al. presented a pyridinium-based catalyst 153-BPh, for
the alkylation of 1-chloroisochroman (48-92% yield) for which an X-ray structure
analysis revealed an anion—x interaction, and an NMR titration indicated a 1 : 1
complex with a binding energy of AG = 13kJmol~! [286]. Using low catalyst
loadings of 2-10mol% resulted in TOF = 3.7h~!. The authors described that a
non-coordinating anion is important for catalytic activity; otherwise, no anion
abstraction was observed. Berkessel’s group proposed a mechanism starting with
the abstraction of chloride and formation of an ion pair 160. Without the addition
of silyl ketene acetal, this ion pair was observed after 24 h as crystalline species
suitable for X-ray analysis, confirming the anion-binding mode of the reaction.
By the addition of silyl ketene acetal, C-C bond formation occurred, and after
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desilylation of intermediate 161, the product and free catalyst were obtained
(Scheme 1.30) [286].

For the sake of completeness, we must also mention that 1,1’-binaphthyl-based
silanediol [287-289] and thiophosphoramide-based catalysts [290] have been
utilized for anion-binding catalysis via hydrogen bonding. In 2013, the group of
Mattson introduced silanediol 165 for anion-binding-mediated enantioselective
acyl Mannich reactions of isoquinolines (Scheme 1.31). The authors proposed an
anion abstraction mechanism and nucleophilic attack of silyl ketene acetals to the
chiral ion pair and supported this suggestion by crystal structure analysis of the ion
pair between 165 and isoquinoline hydrochloride, where 165 binds the chloride and
forms a supramolecular complex [287]. Two years later, the same group synthesized
derivative 166 that carries four phenyl substituents and showed higher activity
(60% ee vs. 28% ee). Furthermore, Mattson’s group suggested that NCIs such as
n—-n and n—cation interactions contribute to the stabilization of the transition state,
which explained the higher stereoinduction of 166 compared to 165 [288].

In 2013, based on the work of Schreiner and coworkers from 2008, where the
authors introduced the concept of cooperative catalysis of a Bronsted acid (mandelic
acid) and thiourea 46 for Bronsted acid enhancement [291], Nagorny and cowork-
ers utilized a similar catalytic system in [4+2] cycloadditions under mild reaction
conditions [290] as compared to previous methods based on the use of highly ionic
media, such as lithium perchlorate [292]. In catalyst screening utilizing cyclopenta-
diene and acrolein acetal 167 as a test reaction, thiophosphoramide 170 was found
to be superior to the related thiourea 46 and squaramide 169 in terms of activity
(Scheme 1.32). The authors utilized para-toluenesulfonic acid that supposedly forms
a tetrahedral anion, which explains the high activity of 170 with its ability to form
three strong hydrogen bonds to the anion, thus leading to a more stable complex
than using 46 or 169. This effect was support by NMR titration experiments and
by the lower activation of HCI that was also activated by the thiourea derivative.
With the optimized conditions in hand (6 mol% 170 + 3 mol% p-TSA), the authors
obtained Diels-Alder products in yields ranging from 57% to 92% (Scheme 1.32).
The anion-binding mode in this reaction differs from previously reported reactions
in this chapter, where either the nucleophile or the electrophile is activated through
anion binding [290].

The sheer number of reactions mirror that anion-binding catalysis, especially
utilizing hydrogen-bonding catalysts such as (thio)urea derivatives, is an essential
concept in organocatalysis. Moreover, the long known topic organocatalysis that
had begun in 1832 with the report by Liebig and Wohler about the well-known
cyanide-catalyzed benzoin addition [293] has been very extensively reviewed over
the past two decades. We emphasize this because the term “organocatalysis” is a
translation of the old and neglected concept “organic catalysts” (“die organischen
Katalysatoren”), coined by Langenbeck, who recognized the importance of “organic
catalysts” and their relationship with the enzymes, with the first authoritative
review on this topic as early as 1927 [294-301]. In section 1.2, we present the differ-
ent modes of substrate activation in anion-binding catalysis. Selected examples from
the literature will be used to demonstrate catalyst design concepts; experimental
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details such as structure optimization studies, screening conditions, reaction
conditions, and the typical substrate and product spectrum of the representative
procedure; and some selected mechanistic studies.

1.2 Concepts in Anion-Binding Catalysis

1.2.1 Introduction

Controlling the stereochemistry of a chemical reaction through charged reagents
or catalysts is the goal in asymmetric organic synthesis [302, 303] as every chemical
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reaction takes place with changes in polarization or charge [304-306]. Asymmet-
ric induction using chiral catalysts is beneficial from economic and ecological
viewpoints because the catalyst is utilized in a sub-stoichiometric amount (even
though this is not a requirement for catalysis) [307, 308] and is reusable. Nature
also catalyzes reactions this way when using enzymes [309]. Catalysts can be
distinguished into metal-based or metal-free catalysts (“organocatalysts”). Further,
the organocatalysis field can be divided into two main directions: (i) covalent
organocatalysis, where the catalyst interacts with the substrate(s) because of
covalent bonding, and (ii) non-covalent organocatalysis, where the catalyst inter-
acts through NCIs such as anion-binding, hydrogen-bonding, halogen-bonding,
chalcogenide-bonding, and/or dispersion interactions [310]. As anion-binding
catalysis is part of non-covalent organocatalysis, this section will not review the
field of covalent organocatalysis as it has been comprehensively reviewed elsewhere
[311-319]. The two main parts in non-covalent organocatalysis are on the one
hand hydrogen-bonding catalysis [6, 157], where the catalyst activates a neutral
electrophile, and on the other hand ion pair catalysis, which is characterized by
charged catalyst-substrate species. Furthermore, ion pair catalysis is classified
into ion-binding catalysis and counterion-directed catalysis and is additionally
sub-classified into anionic type and cationic type (Scheme 1.33) [9].

In 1926, Bjerrum introduced the physical principle of ion pairing, in which
ion-pairing catalysis rests on and which derives directly from Coulomb’s law
[320, 321]. Based on his work, Anslyn and Dougherty defined that an ion pair is
present when the electrostatic attraction is greater than the thermal energy k;T
(kg = Boltzmann constant; T = absolute temperature in K) that would be required
for separation [322] because of Brownian motion [323]. The distance A; (Bjerrum
length) defines the gap between two oppositely charged ions (g, and g,), where
the electrostatic interaction is inversely related to the dielectric constant of the
medium (g,), the vacuum permittivity (¢,), and the thermal energy k;T. Utilizing
Eq. (1.1), the distance where electrostatic interactions matter in catalysis can easily
be calculated [321]. Therefore, solvation effects are important in ion pair catalysis.
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Scheme 1.33 General activation modes of hydrogen-bonding catalysis (left) and ion pair
catalysis (right) with counterion-directed catalysis above and counterion-binding catalysis
below. Source: Brak and Jacobsen [9].
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Ton pairs are divided into three types that describe the association of the ions and
the solvent molecules with one another [324, 325]. A contact ion pair exists if both
anion and cation share one solvation shell without solvent molecules between them.
If solvent molecules are present between the ions, there are two different terms: (i)
solvent shared, if they share the same solvent shell but are separated through sol-
vent molecules, and (ii) solvent separated, if each of the ions has its own solvent
shell (Scheme 1.34). Consequently, in ion pair catalysis, the solvent has a significant
influence on what type of ion pair exists. Generally, non-polar solvents favor contact
ion pairs [326, 327], and therefore, in many (enantio)selective reactions, where the
selectivity is directed largely by the catalyst, non-polar solvents are usually used.

The synthetic chemist’s goal is utilizing small molecules as catalysts compared
to nature’s catalytic systems, e.g., enzymes [1]. Several intermolecular interactions
between the catalyst and the substrate control the selectivity of a reaction, and highly
directed catalyst-substrate interactions are required to provide transition-state sta-
bilization. Generally, a distinction is made between four types of interactions as
depicted in Scheme 1.35 [9]. Covalent catalysis such as iminium-based catalysis
[328, 329] or metal-based Lewis acid catalysis [330, 331] has successfully been uti-
lized for carbonyl activation in enantioselective addition reactions, and both rely on
strong and directional interactions. Organic-based Lewis acid catalysis and Brensted
acid catalysis are based on weaker and less-directional interactions between the sub-
strate and the catalyst [1, 11]. While these three types of catalytic systems obviously
work well in enantioselective catalysis, ion-paring catalysis is the best strategy for
enantioselective transformations when charged intermediates are present. Because
ion pairing interactions are inherently less directional, the design of (an)ion-binding
catalyst for (enantio)selective reactions combined with low catalyst loadings is a real

RS R ML, HB" R X'
g 7 o
R1 R2 R1J\R2 R1J\R2 R~ X+*
Iminium Lewis acid Bronsted acid lon pair
[ —

Inherent directionality of interaction

Scheme 1.35 Trend of directionality in common asymmetric catalyst-substrate
interactions (L, = chiral ligand; B*H = chiral Brensted acid, X* = chiral counterion) [9].
Source: Based on Brak and Jacobsen [9].
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challenge [9, 10]. However, in the past years, a large number of small molecules were
described that operate through the general mechanism depicted in Scheme 1.33.

Note that the concepts of anion-binding catalysis and counterion-directed
catalysis are quite different: in anion-binding catalysis, the catalyst binds the anion
resulting in a supramolecular complex. In counterion-directed catalysis, such as
the well-known asymmetric counterion-directed catalysis (ACDC) [12], the catalyst
is an ion pair, e.g., 174. In ACDC, the chiral counteranion of the catalyst induces
stereochemistry, e.g., in the reduction of a,p-unsaturated aldehyde 175 depicted in
Scheme 1.36 [332]. First, the formation of a chiral iminium-phosphoric acid ion
pair occurs, followed by reduction with Hantzsch ester and formation of 176. In
contrast, the neutral (or positively charged) catalyst conveys the stereoinduction in
asymmetric anion-binding catalysis, which is depicted for the Strecker reaction of
aldimine 172. Catalyst 171 binds the cyanide anion in a supramolecular complex.
Moreover, catalyst and cyanide ion bind the aldimine via hydrogen-bonding
interactions, and product 173 forms after nucleophilic attack (Scheme 1.36) [184].

One important characteristic of anion-binding catalysis is that the anion-binding
motif of the catalyst only participates in the anion recognition process and does
not engage in protonation or deprotonation, which distinguishes anion-binding
catalysis from, e.g., guanidinium catalysis. Scheme 1.37 depicts an example of a
guanidine-catalyzed asymmetric Strecker reaction utilizing C,-symmetric 177 that
emphasizes these differences [333]. Corey and Grogan postulated a mechanism
that starts with the catalyst’s coordination (177-HCN) and deprotonation of HCN,
while coordination of imine 178 gives complex (179). After nucleophilic attack of
the cyanide, the catalyst reprotonates the imine to furnish product 180, however,
not with the HCN proton but rather with the catalyst’s proton. The mechanism was
supported by computational studies using DFT methods (B3LYP/6-31G(d)) by Han
and coworkers [334].

Most asymmetric anion-binding catalysts bear additional structural elements
for substrate activation, e.g., dispersion interaction donors/acceptors [335, 336] or
additional hydrogen bond donors/acceptors, and not only the “anion recognition
motif.” In the following sections, the catalyst applications are categorized by their
mode of activation, and the evolution of the catalysts regarding conversion and
stereoinduction will be discussed with some representative examples. The main
activation modes in anion-binding catalysis can be separated into five mechanisms
(Scheme 1.38):

(1) Addition reaction catalyzed via anion binding [176, 184]: The electrophile E is
activated via a Lewis acid - formally the “leaving group” M of the nucleophile
Nu~ - and the catalyst binds the nucleophile. Additionally, NCIs such as, e.g.,
a m-cation [337], and hydrogen-bonding [184] interactions take place between
the catalyst and the electrophile. The nucleophilic attack occurs directly in the
supramolecular complex (Scheme 1.38a).

(2) Catalysis of Sy 1-type reactions via anion abstraction and delivery of a cationic
species [242, 338]: The catalyst binds to the leaving group (X~) and intermolec-
ular nucleophilic attack occurs (Scheme 1.38b). A similar activation mode takes
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Scheme 1.36 Comparison of the anion-binding mode and the counterion-directed
mechanism in asymmetric catalysis. The catalysts are shown in blue and the atoms of the
HCN molecule in red for visualization of the anion-binding mode.
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Scheme 1.37 Asymmetric Strecker reaction catalyzed by C,-symmetric guanidine 177.

3)

C))

5)

place in the cationic cyclization of iminium [339] or allyl cations [340] via anion
abstraction.

Cooperative catalysis with an achiral nucleophilic cocatalyst [341]: The cocata-
lyst activates the electrophile E and the anion-binding catalyst recognizes the
leaving group X~. Two mechanisms are described: either the direct nucleophilic
attack that furnishes the product and the catalyst [342] or an anion exchange
from X~ to Nu~ with subsequent nucleophilic attack on the electrophile
(Scheme 1.38c) [337, 343].

Lewis acid enhancement catalysis by recognition of a Lewis base [344, 345]: An
initial Lewis acid LB-LA,; - typically trialkylsilyl triflates - dissociates and
the anion-binding catalyst binds the Lewis basic part “LB” (triflate) as well
as the Lewis acidic part “LA,” (trialkylsilyl), leading to an enhanced Lewis
acid. The catalyst binds the electrophile, which also possesses a Lewis acidic
part “LA,” - similar to “LA;” - by NCIs. After the nucleophilic attack, the
product and the enhanced Lewis acid catalyst — containing Lewis acidic part
“LA,” - form (Scheme 1.38d).

Phase transfer catalysis via anion delivery: The catalyst binds an anion X~ that
derives from a soluble and an insoluble salt (in organic solvents) such as cesium
fluoride [346, 347] or potassium fluoride [ 348] and forms a soluble ion pair. Addi-
tionally, the catalyst binds the electrophile through NCIs and the nucleophilic
attack occurs directly in the supramolecular complex (Scheme 1.38e).

1.2.2 Anion-Binding Catalysis in Addition Reactions

In 1998, Sigman and Jacobsen utilized a library of polystyrene-bound Schiff bases
and high-throughput screening (HTS) in the asymmetric Strecker reaction of N-allyl
benzaldimine with TBSCN as the cyanide source and described the first asymmet-

ric

thiourea organocatalyst (Scheme 1.10) [174]. The basic goal of this research

work was to find a new tridentate ligand for a chiral organometallic catalytic
system; therefore, the authors used solid-phase synthesis and systematic structure
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optimization variations leading to high diversity of potential catalysts. The core
structure of the tridentate ligand was based on a chiral amino alcohol and a salicy-
laldehyde derivative, which coordinates a metal ion. In order to implement the idea
of solid-phase synthesis, the amino alcohol was replaced with chiral 1,2-diamines
((R,R)-1,2-diaminocyclohexane or (R,R)-1,2-diphenyl-ethylendiamine), which
could be attached via a linker to a solid support. In addition, a second chiral
element, an amino acid, was incorporated and linked via caproic acid (linker 1) to
the polystyrene support and via a (thio)urea or a guanidine group (linker 2) to the
chiral diamine (Scheme 1.39) [174].

Chiral diamine

(replaces amino alcohol)
Polystyrene

support
l R!' R?

O: :N | e— ( )—| Linker 1 |—|Amino acid |—| Linker 2 I—N\ /N_
::3::§>
> R3

oo M
M\‘o 7\ T T T No) /
—'R3 Caproic acid Guanidine

(thio)urea  Tridentate
complexation
of metal ion

Scheme 1.39 Initial work stream for HTS optimization to identify chiral metal ligand for
enantioselective metal-based Strecker reaction.

Sigman and Jacobsen performed iterative HTS optimization of the Strecker
reaction enantioselectivity with three libraries consisting of 12 (library 1), 48
(library 2), and 132 (library 3) polymer-bound catalyst candidates. Library 1
(variation of the metal ion) led to the highest enantioselectivity when the pure,
metal-free organocatalytic system (19% ee) was utilized rather than in the presence
of a metal ion (11 complexes tested, highest enantioselectivity: Ru = 13% ee). In
Library 2, the general influence of both linkers, the relative stereochemistry of the
amino acid compared to the diamine, the amino acid unit, and the substitution
pattern of the salicylaldehyde derivative were investigated. The authors found
that linker 1 (caproic acid) leads to an unspecified background side reaction and
was therefore removed, leading to the amino acid unit coupled directly to the
polystyrene support. Furthermore, Sigman and Jacobsen observed the highest
ee-values with the 3-tert-butyl-substituted salicylaldehyde and leucine as amino
acid. The relative stereochemistry of the catalyst was important for enantioselec-
tivity; with (R,R)-diamine derivatives and r-leucine (32% ee), the enantioselectivity
was much higher than with p-leucine (5% ee). Linker 2 was also found to be crucial
for enantioselectivity, and thiourea derivatives (55% ee) turned out to be superior
to either urea-based systems (45% ee) or guanidine derivatives (21% ee). The focus
of library 3 was on different non-polar amino acids, 1,2-diamino derivatives, and
the substitution pattern of the salicylaldehyde unit. Sigman and Jacobsen found
bulky r-tert-leucine and 3-tert-butyl-5-methoxysalicylaldehyde to provide the best
results. Moreover, (R,R)-1,2-diaminocyclohexane was found to be slightly superior
to (R,R)-1,2-diphenyl-ethylendiamine, and finally, Schiff base thiourea 48 was
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determined as the most efficient catalyst in terms of enantioselectivity [174].
The corresponding Schiff base thiourea 47 incorporating the important units of
the polystyrene-bound derivative 48 was synthesized independently in solution
and tested in the asymmetric Strecker reaction of aromatic as well as aliphatic
N-allyl-imine derivatives. Utilizing 2mol% of catalyst 47 and HCN as a cyanide
source, trifluoroacetylated Strecker adducts were formed in the range from 65%
to 92% yield and ee-values of 70-91% (cf. Scheme 1.10) [174]. Based on the core
structure of catalyst 47, Jacobsen and coworkers constructed a new optimization
library of 70 polymer-bound Schiff bases incorporating seven amino acids with large
a-substituents and ten new salicylaldehyde derivatives in 2000 [349]. After evaluat-
ing each library member in HCN [350] by adding to the N-allyl imine of pivaldehyde
at 23°C, polymer-bound 5-pivaloyl-substituded derivative 181 was found as the
most efficient catalyst. Furthermore, Jacobsen’s group synthesized the urea deriva-
tive 182 because of the higher solubility and easier preparation and observed
comparable catalyst efficiency and utilized 182 in the asymmetric Strecker reaction
of various aliphatic as well as aromatic aldimines and ketoimines (Scheme 1.40).

~L g \L o
/H : JJ\ v \/
O N j]fN

N

Scheme 1.40 More active Schiff base catalyst 181 found by HTS and the polymer-free
urea derivative 182.

In 2002, Vachal and Jacobsen utilized NMR spectroscopy, kinetic structure—-activity
relationships, and DFT studies (at the uncorrected B3LYP/6-31G(d,p) level of theory
on a much simplified system to model the catalyst-imine and catalyst—product
complexes in the gas phase) to elucidate the activation mode of Schiff base 182
[351]. Based on NOESY and ROESY NMR, the authors found that 182 exists in a
well-defined secondary structure with the urea moiety in a syn-syn conformation.
The kinetics of the hydrocyanation followed Michaelis-Menten kinetics, with
first-order dependence on 182 and HCN, and saturation kinetics with respect to the
imine substrate. Through alkylation of the urea nitrogens, or replacement of the
urea moiety by a carbamate unit, the authors found that both urea N-H protons
bind the imine substrate, similar to proposals by Wittkopp and Schreiner [158,
352]. Based on multiple NOE interactions between 182 and a series of Z-imines,
such as 3,4-dihydroisoquinoline, Vachal and Jacobsen determined the orientation
between the substrate and the catalyst. Cross-peaks of the catalyst in the free and
bound state were essentially invariant and indicated that no significant change in
conformation results from binding the substrate. The authors describe a clamp-like
hydrogen-bonding interaction of both urea N-H to the imine-nitrogen, with
the substrate being twisted. Furthermore, titration of the catalyst with Z-imines
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results in up-field shifts of the two urea protons to similar degrees, supporting this
proposal. The gas-phase DFT studies underscored the results of the NMR mea-
surements, even though the computed structure of the catalyst-product complex
only provided one hydrogen bond as the most energetically favorable complex.
The bridging interaction in the catalyst-substrate complex was found stronger
(8.5 kcal mol~! for urea; 10.0 kcal mol~! for thiourea) than the single hydrogen bond
event (5.0 and 6.3kcal mol!, respectively). Based on these results, the authors
describe the reversible formation of an imine-catalyst complex with 182 binding
the imine through hydrogen bonding (cf. Scheme 1.8), with approximately 80%
formation of the complex found in NMR experiments. Furthermore, the model of
the catalyst—substrate complex provided information about the observed scope and
stereoselectivity of the Schiff base (thio)urea-catalyzed Strecker reaction:

(1) The large group on the imine carbon is directed away from the catalyst and into
the solvent. This explains why the Schiff base catalyst promoted hydrocyana-
tions with high ee-values, regardless of the steric and electronic properties of the
substrate.

(2) The small group (H for aldimines and Me for methylketoimines) is directed
toward the catalyst, which indicates that ketoimines bearing larger substituents
are poor substrates for the reaction, presumably because they could not adopt
the optimal geometry.

(3) The N-substituent is also directed away from the catalyst. However, its size is
restricted as a result of the requirement to access the Z-isomer of the imine.

(4) On the basis of the observed trend of stereoinduction, addition of HCN takes
place over the diaminocyclohexane portion of the catalyst and away from the
amino acid/amide portion.

Following the work of Kotke and Schreiner in anion-binding catalysis in 2006 (cf.
Schemes 1.12 and 1.13 [176]), Zuend and Jacobsen re-examined the cyanide addi-
tion to imines utilizing computations, Hammett analyses, catalyst structure/activity
relationships, and isotope labeling studies and concluded that non-covalent
interactions are crucial for stereoinduction [184]. The authors utilized modified
(thio)urea derivatives of catalyst 182 and instead of the diaminocyclohexane moiety
various phenyl substituents were incorporated, especially the well-established
3,5-bis(trifluoromethyl)phenyl group [190]. Similar to the work of Vachal and
Jacobsen in 2002, Zuend and Jacobsen observed first-order kinetics for imine
and HCN; however, the value of 0.8 for the catalyst is different from the previous
work utilizing 182 (vide supra). Utilizing “same excess” experiments, the authors
excluded deactivation of the catalyst and that product inhibition was negligible.
After the authors excluded the competitive uncatalyzed background reaction due
to the high ee-values and the slow initial rate of approximately 5% compared to the
catalyzed reaction, they proposed a small degree of catalyst dimerization that was
also observed in previous work [353, 354]. A Hammett analysis for distinguishing
the two possible reaction pathways that could be started by protonation of the
imine (Scheme 1.41a) or by addition of cyanide to the imine (Scheme 1.41b)
provided strong evidence for the former because negative p-values were obtained
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Scheme 1.41 Two possible mechanistic pathways of (thio)urea-catalyzed Strecker reaction
via (a) an iminium ion or (b) an a-aminonitrile anion and (c) computed activation energies
for both reaction pathways.

(Peniourea = —2-75 Purea = —2.5). Additionally, utilizing uncorrected DFT gas-phase
computations (B3LYP/6-31G(d)) on a reduced model system (cf. Scheme 1.41c)
at 0K, the authors found that the activation barrier for the iminium activation
pathway was approximately 23 kcal mol~! higher in energy than the anion-binding
pathway and that the activation energy using urea catalyst is about 5.6 kcal mol™*
higher than that of the thiourea catalyst [184].

Based on these result, Zuend and Jacobsen investigated a mechanism based on the
thiourea binding the cyanide and forming an ion pair complex with the iminium ion
utilizing isotope labeling experiments [184]. The authors utilized DCN and obtained
the N-deuterated Strecker product, which indicated that the N-H protons of the
(thio)urea moiety do not acts as Brensted acids as would be required in pathway
B (Scheme 1.41c). Based on the computations noted above, the authors proposed
a reaction pathway that includes proton transfer of HCN (or HNC) to the imine,
and generation of a thiourea-bound cyanide-iminium ion pair (Scheme 1.41c). The
experimental energy differences (AG) between the HCN and HNC protonation
pathways were too low to be distinguished. Nevertheless, the outcome is the same,
as the HNC protonation pathway convert into the HCN protonation pathway
because of rearrangement of the cyanide ion during the reaction. This proposed
mechanism was supported by the strong correlation between the experimental
and the computed enantioselectivities for eight different thiourea catalysts. To
elucidate the stereoinduction, correlation plots were constructed for different bond
lengths vs. enantioselectivity. No trend was observed when plotting the sum of the
computed thiourea-cyanide bond lengths (d; + d,) vs. enantioselectivity, implying
that the enantioselectivity cannot result from the stabilization of the cyanide. In
contrast, a positive correlation was observed between the enantioselectivities and
the computed imine N-H hydrogen bond distances to the cyanide anion and amide
carbonyl (d; +d,) (Scheme 1.41c). Therefore, the enantioselectivity can be ascribed
to the stabilization of the iminium cation in the diastereomeric transition states
of the ion pair rearrangement [184]. All in all, the authors showed that secondary
design elements for the formation of NCIs are crucial for stereoinduction. Simul-
taneously, Jacobsen’s group utilized thiourea 183 (2mol%) in Strecker reactions of
various imines and obtained the products 185 in yields ranging from 96% to 99% and
ee-values of 73% to 99% [355]. Compared to the previously utilized Schiff base 182,
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the catalyst loading was slightly higher, but the yields and ee-values significantly
increased. The authors developed two different methods for the in situ generation
of HCN utilizing KCN+AcOH or TMSCN +MeOH. The KCN/AcOH method
gave the products with slightly decreased enantioselectivities at higher reaction
temperatures, concentrations, and reaction rates (Scheme 1.42). Additionally,
solid KCN is more practical than liquid TMSCN, and starting with the imine of
pivaldehyde, Jacobsen’s group obtained (R)-Boc-tert-leucine in 62-65% yield of
crystalline product and 98-99% ee over four steps [355].

CF,
Y1 0
H B
Ph. _N_ A
Y NJ\N CFg
ph o 1 H
183
Ph Method A: 0.5 mol% 183, 2.0 equiv. KCN, AcOH, H,0, Ph
toluene, 0 °C, 4-8 h )\ 23 examples
N">Ph HN” Ph 96-99%
S Method B: 2 mol% 183, 2.0 equiv. TMSCN, 2.0 equiv. MeOH, L 79-99% ee
R™ H toluene, —30 °C, 20 h R™ "CN
184 185

Scheme 1.42 The improved Strecker reaction of various aldimines with thiourea 183 with
two different HCN sources.

In addition to the Strecker reaction, the Michael addition is a common and
often used reaction in organic synthesis [356-358]. In 2003, Takemoto and
coworkers introduced bifunctional catalyst 49 for the use in this kind of addi-
tion reaction (cf. Scheme 1.11) [161]. Takemoto’s group synthesized a series of
diaminocyclohexane-based thioureas (e.g., 49 and 189-192) and screened them
in the model Michael addition of diethyl malonate 186 to trans-f-nitrostyrene
187 at room temperature (Scheme 1.43). The authors identified tertiary amine-
functionalized 49 as the most efficient catalyst in terms of catalytic activity (86%
yield; 24 h) and enantioinduction (83% ee). Utilizing the chiral amine 189 that lacks
the thiourea moiety, Takemoto’s group obtained 188 in only 14% yield (24 h) and
35% ee. With achiral 190 lacking the tertiary amine group (requiring addition of
10 mol% triethylamine), the authors provided 188 in only 57% yield after 24 h. Using
bulkier tertiary amine 191 and longer reaction time (48 h), the yield decreased (76%;
48 h) and the ee-value was slightly lower (87%). Comparing 49 and 192, which lacks
the two CF, groups, the advantage of the 3,5-bis(trifluoromethyl)phenyl motif was
well recognized [157, 158, 190], as 192 provided the Michael adduct in only 58%
yield and 80% ee within 48 h (Scheme 1.43) [161].

In 2005, Takemoto’s group investigated the mechanism of the 49-catalyzed
Michael addition utilizing NMR kinetic studies and NMR titrations and postu-
lated a reaction mechanism that starts with the deprotonation of the C-H-acidic
1,3-dicarbonyl compound by the tertiary amine and formation of complex (193),
in which the six-membered enol of 187 is stabilized through interactions with the
protonated tertiary amine group of 54 [175]. Subsequently, thiourea’s N-H protons
coordinate with the Michael acceptor through hydrogen-bonding interactions
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Scheme 1.43 (Catalyst screening using chiral 1,2-diaminocyclohexane 413 and various
thiourea derivatives in asymmetric Michael addition of diethyl malonate to
trans-p-nitrostyrene.

resulting in the organized ternary complex (194) and a relative orientation that
allows nucleophilic attack in an (R)-favored mode leading to complex (195).
After final protonation, the catalyst-product complex dissociates and furnishes
free catalyst and 188 (Scheme 1.44). Based on this proposed mechanism, Liu
and coworkers performed DFT computations (B3LYP/6-31G(d)), utilizing diethyl
malonate and simplified nitroethene as well as the corresponding urea of 49

Q 9 CFq
EtO OEt s
NO, I o o
FsC E E ﬁ Eto)J\w)#OEt
188 29 NMe,
CFs CFs
1 Q i
SR =) 0T~
H H ®
; NM
195 00.® 00 e NMe2 493
EtO.C |N)

i H

@f%’éeﬁ 186
e

NG
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Scheme 1.44 Postulated mechanism of the enantioselective Michael addition between
trans-p-nitrostyrene 186 and diethyl malonate 187 promoted by bifunctional 49.
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unfortunately lacking the 3,5-bis(trifluoromethyl)phenyl substituent, and proposed
that the C-C bond formation step from 194 to 195 is enantiodetermining, while the
reprotonation from catalyst’s amine to the a-carbon in complex 195 was identified
as the rate-determining step [359].

In the following years, thiourea 49 and its derivatives were well established in
organic synthesis and were utilized in many asymmetric reactions [4, 360-363]. The
synergetic activation of nucleophile and electrophile, leading to high conversion
and enantioselectivity, was generally accepted. In 2006, Sods, Papai, and coworkers
reinvestigated the mechanism of the 49-catalyzed Michael addition utilizing
DFT methods (B3LYP/6-311++G(d,p)//B3LYP/6-31G(d)), with M-nitrostyrene
as Michael acceptor and 2,4-pentadienone as Michael donor [364]. The authors
investigated in addition to Takemoto’s mechanism (hydrogen-bonding activation;
pathway A) an alternative mechanism via anion binding of the enolate (pathway B).
Both mechanisms afford the (R)-configured product; nevertheless, the transition
structure for pathway B is preferred by AAG =2.7kcalmol~! compared to path-
way A because of the higher number of NCIs. This theoretical study reveals the
alternative mechanism of the 49-catalyzed Michael addition and provides strong
evidence for the anion-binding mode. In 2019, Hirschi, Vetticatt, and coworkers
utilized a combination of experimental 13C kinetic isotope effects (KIEs) and DFT
computations (B3LYP/6-31+G(d,p)/PCM (toluene)) for mechanistic investigations
on the 49-catalyzed Michael addition of diethyl malonate to p-nitrostyrene [365].
The authors found the lowest lying transition structure 196, which is very similar
to that described in previous work [366]. Moreover, the lowest lying transition
structure 197 of the opposite enantiomer was AAG = 2.4kcalmol™! higher in
energy because of the lack of the stabilizing hydrogen bond between the ortho
C-H and the carbonyl oxygen. Furthermore, a similar transition structure 198 to
that postulated by Takemoto’s group (hydrogen bond activation of the nitroolefin)
[175], but incorporating an additional hydrogen bond between ortho C-H and the
carbonyl oxygen, was computed and found to be AAG = 4.7 kcalmol~! higher in
energy (Scheme 1.45). The authors also computed the transition structures for the
deprotonation of the diethyl malonate and the reprotonation of the nitronate, and
the corresponding KIEs for the key carbon atoms of the reactants for all computed
transition structures. The authors found that the C-C bond forming step is the
rate-determining as well as the enantiodetermining step of this reaction, which
was inconsistent to the proposed mechanism by Liu and coworkers [359], who
postulated the reprotonation of the nitronate as the rate-determining step. The
work by Hirschi, Vetticatt, and coworkers confirmed the anion-binding mode of the
49-catalyzed Michael addition.

1.2.3 Anion-Binding Catalysis in Substitution Reactions

(Thio)ureas are well known as potent halide-binding hosts in supramolecular
chemistry, and the corresponding supramolecular complexes could be easily
investigated via 'H NMR and IR spectroscopy [82, 367]. Therefore, over the years,
many halide-binding approaches utilizing (thio)ureas were developed, in particular,
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Scheme 1.45 (a) Three computed transition structures for the Michael addition of diethyl
malonate and p-nitrostyrene with AG values related to 196 and (b) experimental KIE and
computed (italics) KIE for C-C bond forming step as the rate-determining step.

for halide abstraction and substitution reactions [2, 9, 10]. In 2002, Wenzel and
Jacobsen used a Schiff base catalyst in asymmetric Mannich reactions for the
synthesis of p-aryl-p-amino acids and proposed an activation of the utilized N-Boc
aldimines through hydrogen bonding [368], similar to the proposed activation mode
in Strecker reactions by Vachal and Jacobsen (vide supra) [351]. In 2004, based on
the work of Wenzel and Jacobsen, Taylor and Jacobsen presented the cyclization of
indole derivatives 200 because of an asymmetric acetyl Pictet-Spengler reaction and
suggested a similar activation mode [338]. The authors screened various thiourea
derivatives, such as Schiff base 182 (cf. Scheme 1.40). Utilizing acetic anhydride,
Taylor and Jacobsen did not observe product formation, even at high temperatures
(Pictet-Spengler conditions). Switching to acetyl chloride as the acetylation reagent,
the authors obtained the product in 65% and 59% ee catalyzed with 10 mol% 182.
After structure optimization of the catalyst, 199 was described as the most active
one, bearing 2-methyl-5-phenylpyrrole moiety instead of the salicylaldehyde unit
in 182 (70% yield; 93% ee). The authors described activation of the acyl-iminium
ion by the thiourea’s N-H protons and obtained Pictet-Spengler products 201 in
yields ranging from 65% to 81% and ee-values of 86-95%, utilizing 5 or 10 mol%
catalyst loading, whereby the imine substrate was generated in situ by condensation
of the tryptamine derivatives with the corresponding aldehyde (Scheme 1.46).
Furthermore, the products could be easily converted to tetrahydro-p-carbolines that
are core structure elements in natural compounds [369, 370].

% - 5 1,0
LW]AN 199\@@ ,/2

i B 1. R2CHO (1.05 equiv), 3 A MS or NaySO, FU—iIQN 7 gg‘fg’f,fs
XN N 2. AcClI (1.0 equiv), 2,6-lutidine (1.0 equiv) XN N R2 85-95% ee

H Et,0, —78 °C — T °C H

200 201

Scheme 1.46 Asymmetric acetyl Pictet-Spengler reaction catalyzed with 5 or 10 mol%
199.
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Scheme 1.47 Enantioselective acyl-Mannich reactions utilizing various substituted
isoquinolines catalyzed with 199.

In 2005, the same group utilized 199 in asymmetric acyl-Mannich reactions of
isoquinolines 202 and obtained substituted dihydroisoquinolines 203 in yields rang-
ing from 67% to 86% and ee-values of 60-92%, utilizing 10 mol% catalyst loading
(Scheme 1.47) [371]. Additionally, Jacobsen’s group observed in the acyl-Mannich
as well as in the acyl Pictet-Spengler reactions a pronounced solvent effect, with
diethyl ether providing the highest ee-values. The authors pointed out that the nature
of the acyl-imine adduct is important in the reaction and deemed TrocCl the best
acylation reagent, with fert-butyldimethylsilyl ketene acetal being the most reactive
nucleophile. Bose, Spiegelman, and Manhas observed in the acylation of benzylim-
ine with various acyl chlorides the formation of a covalent chloroamide in non-polar
solvents, such as carbon tetrachloride [372]. Based on this work, and because of the
strong leaving group effect of the acylation reagent and the high enantioinduction in
non-polar solvents, such as diethyl ether, Jacobsen’s group postulated the presence
of the chloroamide structure, rather than the N-acylium chloride structure of the
acyl-imine adduct [371].

In 2007, Jacobsen’s group presented the enantioselective Pictet-Spengler-type
cyclization of p-indolyl ethyl hydroxy lactams 205 utilizing TMSCI as a dehydrating
agent to form in situ and irreversibly the corresponding chloride derivatives
[373]. The hydroxy lactam substrates were synthesized either by imide reduction
utilizing NaBH, or by imide alkylation with organolithium reagents. The authors
obtained the cyclization products 206 in yields ranging from 51% to 94% and
ee-values of 81-99%, utilizing pyrrole-based catalyst 204 (Scheme 1.48), which is the
N-methylpentyl amide derivative of 199 (cf. Scheme 1.46) [373].

Jacobsen’s group also investigated the mechanism using substituent-, counterion-,
solvent-, and kinetic isotope effects and variable temperature 'H NMR studies and

| N
/\/\/N\H/\NJ'L Q

R! 0

o 15 examples
R2 { N \ 204 (10 mol/) 51_94%
N HO A "n_1 5 TMSCI, TBME, T °C, 24-72 h 81-99% ee
R3 H R v
205

Scheme 1.48 Asymmetric Pictet-Spengler-type cyclization of hydroxy lactams via in situ
generation of iminium ions catalyzed with 204.
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Scheme 1.49 Proposed mechanism for the enantioselective Pictet-Spengler-type
cyclization of B-indolyl ethyl hydroxy lactams 205 with thiourea 204.

suggested that the reaction starts with the TMSCl-induced formation of a
chlorolactam, comparable to the chloroamides in the acyl Mannich reaction
(cf. Scheme 1.47). Subsequently, the product forms through either an Sy2-type
mechanism or a stepwise Sy1 route involving coordination of the chloride to the
thiourea. Multiple observations indicate the stepwise mechanism (Scheme 1.49):

(1) The reaction rate was much higher with substituents stabilizing positive charge
in the a-position.

(2) There is a strong enantioselectivity dependence on the counteranion (Cl, 97% ee;
Br, 68% ee; 1 <5% ee), supporting the stepwise mechanisms via anion binding.

(3) No KIE was observed in reactions utilizing indole with deuterated C,, ruling out
the possibility of a rate-limiting deprotonation/rearomatization step.

(4) NMR experiments of mixtures of the catalyst with tetrabutylammonium chlo-
ride (TBAC) resulted in a downfield shift of 0.56 ppm of thiourea N-H protons,
while bromide as well as iodide counterions appear at lower downfield shifts.
These results indicate the anion-binding mode [373].

This reaction is the second reported example for anion-binding catalysis utilizing
hydrogen-bonding organocatalysts, after Kotke’s and Schreiner’s fundamental
work (cf. Schemes 1.12 and 1.13) [176]. Nevertheless, this is the first mechanistic
proposal that suggests that a hydrogen-bonding organocatalyst binds an anion in an
enantioselective reaction [373], whereby it is generally excepted that also the acetyl
Pictet-Spengler (Scheme 1.46) as well as the acyl-Mannich reactions (Scheme 1.47)
are catalyzed by anion-binding interactions [9, 10]. A similar chloride-binding
concept was applied in many other anion-binding catalyzed reactions [2, 9, 10],
e.g., Jacobsen and coworkers utilized a similar activation mode in the biomimetic
cyclization of hydroxy lactams [339], which is based on the polycyclization of
N-acyliminium ions of Dijkink and Speckamp of the 1970s [374, 375]. The idea was
to convert the hydroxy lactams in situ into the corresponding chlorolactams and
to use a bifunctional catalyst that activates the chlorolactams by anion abstraction
while stabilizing the cationic intermediates 211 [339]. The authors utilized HCI
for the in situ formation of the chlorolactams and 4 A molecular sieve for water
removal. Using 209 as a model substrate and starting from thiourea 212 (10%, 9% ee),
the authors performed catalyst optimization and introduced a conformationally
rigid pyrrolidine substituent with an additional stereogenic center (Scheme 1.50).

Catalyst 213 afforded product 210 in a slightly higher yield and increased enan-
tioinduction (12%, 25% ee). Changing the phenyl-substituent to 1- and 2-naphthyl
substituents, increased catalyst reactivity and stereoselectivity were observed
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Scheme 1.50 Catalyst optimization for hydroxy lactam polycyclization and stabilization of
the cationic intermediate 211. For catalysts 215—217, different activation enthalpies are
given.

(46%, 60% ee; 33%, 61% ee, respectively). The 9-phenanthryl-substituted derivative
216 furnished 210 with a slightly decreased yield (52%) but increased enantiose-
lectivity (87% ee). In the last optimization step, Jacobsen’s group introduced the
4-pyrenyl substituent and obtained 210 with a good yield (78%) and a high ee-value
(95% ee). Notably, the authors observed with all catalysts depicted in Scheme 1.50
the formation of one single diastereomer of 210, whereas performing the reaction
without thiourea catalyst only monocyclic products were obtained [339].

With the optimized catalyst in hand, Jacobsen’s group synthesized tetracyclic
products 219 in yields ranging from 51% to 77% and ee-values of 89-94% and a
typical TOF value of 0.07 h~! (Scheme 1.51) [339]. The fact that the enantioinduc-
tion depends strongly on catalyst size, the authors noted that stabilizing cation-n
interactions might play a key role in the intermediate as well as transition structure

CFs
54 §o!
\n/\N CF

%% 215 (15 mol%)

3

TOF = 0.07 h!
8 examples
| 70-96%
oN 25 mol% HCI 74-97% ee
UOH 4 AMS, TBME
-30°C

Scheme 1.51 Polycyclization of hydroxy lactams via in situ generation of the cationic
intermediate catalyzed with 217.
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stabilization. Because catalysts 215-217 displayed a linear correlation between
In(e.r.) and reciprocal temperature over a 70 °C range, an Eyring analysis of the
enantioselectivity revealed that the enantioselectivity was enthalpically controlled.
Furthermore, the differential enthalpy increased obviously as the catalyst arene
increased in size and was only attenuated slightly by increased differential entropy
terms. These data support the importance of cation—-x stabilization as the essential
component in the mechanism [339].

Another example utilizing the in situ generation of an electrophile through
chloride abstraction is the enantioselective addition to oxocarbenium ions gener-
ated from 1-chloroisochromans 220 [242]. Reisman, Doyle, and Jacobsen utilized
10mol% of thiourea 223 and various silyl ketene acetals 221 as nucleophiles
and obtained 222 in yields ranging from 70% to 96%, ee-values of 74-95%, and
TOF = 1.45h7! (Scheme 1.52). The corresponding 1-chloroisochromans were
prepared in a one-pot, two-stage procedure from the corresponding methyl
acetals [242].

=) ) R!
X OSiR;3 1. BCl3, CH,Cl,, 0 °C to rt X
| + R 18 examples
= O OMe TBME, -78 °C = ] 70-96%
R2 CF3 74-97% ee

3

2
OMe y , S /@\ F{R2 COMe
218 219 L 220
N
2. \g/\m N CF

221 (10 mol%)
TOF=1.45h"

Scheme 1.52 Addition from various silyl ketene acetals to in situ generated oxocarbenium
ions catalyzed with 223.

In 2016, Jacobsen’s group investigated the activation mode of the 223-catalyzed
chloride abstraction reaction [241, 376-378]. In “same-excess” experiments in the
alkylation of 1-chloroisochroman, the authors did not observe catalyst deactivation
through decomposition pathways or by product inhibition [376]. Additionally, the
catalyst’s reaction rate at high loading (>5 mol%) was found to be first order, while
non-linear behavior was observed at low catalyst loading, and a positive non-linear
relationship between product ee and catalyst ee was identified. The authors observed
three head-to-tail catalyst dimers in 2D NOESY NMR studies, where each thiourea
moiety forms hydrogen bonds to the amide oxygen, and that this agglomeration
leads to an “off-cycle aggregation” event [376]. Furthermore, the authors obtained
single crystals of dimeric catalyst complexes of [(Z-223),-Cl],~ by addition of tetram-
ethylammonium chloride. The X-ray single-crystal analysis shows the formation of
a 4H-anion-binding mode with the four N-H protons of the thiourea moiety, and
the authors suggested a cooperative and structurally similar chloride abstraction
through two catalyst molecules via 4H-anion binding (Scheme 1.53) [376].

Jacobsen’s group described pairwise catalyst combinations leading to four
transition structures (ZZ-TS, EE-TS, ZE-TS, and EZ-TS) that apparently all
make contributions to the overall reaction rate and enantioselectivity [241]. To
suppress the (Z)-(E)-amide isomerization, the authors performed computational
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Scheme 1.53 Structures of the bis-thiourea coordinated chloride found in X-ray
single-crystal analysis and the cooperative activation via the 4H-anion-binding mode.

analyses at the B3LYP/6-31G+(d,p)//B3LYP/6-31G(d) level (at 0K, not taking
zero-point vibrational energy corrections or dispersion interactions into account)
of the relative energies of thiourea rotamers bearing a variety of substituents
on the pyrrolidine moiety and identified the 2-aryl-2-methylpyrrolidine-derived
thiourea 224 as a promising candidate. Jacobsen et al. identified in 'H, 13C,
and 2D NOESY NMR experiments only the (Z)-amide rotamer and showed the
improved activity compared to 224 with 223 in the oxocarbenium alkylation, where
both yield and enantioselectivity increased (Scheme 1.54) [241]. Based on these
results - the 4H-anion-binding mode and the benefit of the conformationally rigid
2-aryl-2-methyl-pyrrolidine moiety — Jacobsen’s group synthesized bis-thiourea 225
that showed strict first-order behavior, high rate acceleration compared to 223, and
also a linear relationship between product ee and catalyst ee [378]. These results
provided strong clues for a monocatalyst activation process of 225, and much higher
activity was shown in the formation of 226, utilizing 0.1 mol% 225 (at 100 times
lower catalyst loading, cf. Scheme 1.52), eight times shorter reaction time, and five
times higher concentration (Scheme 1.54) [378].

In 2017, Jacobsen’s group published the stereospecific B-glycosylation of various
sugars catalyzed with thiourea derivatives [379]. The idea was to mimic the
glycosyltransferase-catalyzed glycosylation [380]. As depicted in Scheme 1.55,
the cis-1,2-O-glycosylation of a-mannosyl chloride 229 was utilized as a model
reaction because the $-glycosidic linkage is strongly disfavored both sterically and
electronically [381].

The glycosylation utilizing benzyl alcohol in the absence of any catalyst furnished
the a-product predominantly (84 : 16 «:f}) with very low yield (0.1%), whereas with
5mol% 223 slightly higher reactivity, but no selectivity was observed (1%, 52 : 48 a:p).
Nevertheless, this result showed that the thiourea catalyst could invert the selec-
tivity, and bis-thiourea 231 leads to a very moderate yield and p-selectivity (15%,
20 : 80 o:f3). To improve both the reactivity and selectivity, Jacobsen’s group synthe-
sized macrocyclic derivate 232 that forms 230 in good yield and p-selectivity (68%,
12:82 a:p). The introduction of a 2,3-dihydroindole instead of the pyrrolidine moiety
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Scheme 1.54 Comparison of the enantioselective oxocarbenium alkylations utilizing
thiourea 223, conformational rigid 224, and improved bis-thiourea 225.

resulted in catalyst 233 that furnished the product in high yield as well as high
B-selectivity (88%, 8 : 92 a:p) [379].

With the optimized catalysts in hand, the authors synthesized various disac-
charides utilizing a-glycosyl chlorides 234 and obtained 235-240 in yields ranging
from 64% to 88% and as predominantly p-linked products (Scheme 1.56) [379]. The
thiourea activation of the leaving group (chloride) promotes both the Sy1 and Sy2
pathways, but nucleophile activation would exclusively support the Sy2 pathway.
Overall, Jacobsen’s group suggested an Sy2 mechanism based on the following
observations:

(1) The products were obtained with a high degree of inversion.

(2) The reaction was insensitive to relative catalyst-substrate as well as
nucleophile-electrophile stereochemical relationships.

(3) No limitations concerning the substrate scope could be observed.

The authors assumed an activation of the nucleophile by the catalyst’s amide
oxygen that acts as a Lewis base and found in DFT studies (M06-2X/6-31G(d)
with PCM:benzene solvent inclusion, no temperature given) on the concerted
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glycosylation of glucosyl chloride by methanol a loose and asynchronous transition
structure with hydrogen-bonding interactions between the methanol O-H and the
amide oxygen that supported the Sy2 mechanism by both leaving group as well as
nucleophile activation [379].

In 2014, on expanding from achiral triazole-based anion-binding catalyst 114
(Scheme 1.25) [229, 230], Manchefio’s group introduced helical chiral derivatives
with a chiral 1,2-diaminocyclohexane backbone [231]. The idea was to synthesize
a flexible catalyst structure that in the “non-active mode” will be present in an
equilibrium between linear and helical conformations, and that in the complexation
mode to a chloride anion, the helical system is the dominant species. The authors
synthesized a series of helical triazole-based anion-binding catalysts 243-247 and
tested them in the Reissert-type reaction of quinolone 241 utilizing silyl ketene
acetals as nucleophiles. Using bis-triazole-based catalyst 243 that cannot adopt
helical chirality upon chloride binding, the observed enantioinduction was low
(18% ee). Going on to tetra-triazole-based catalysts such as 243-247, Manchefio’s
group obtained product 242 with increased ee-values (62-92% ee) and observed
that the substitution pattern of the central phenyl ring was important with the
2-(methoxy-propan-2-yl)acetylene substituent as the most active one. The difference
between catalysts 246 and 247, where the connection of the phenyl groups by the
triazole units was slightly changed, was marginal (90% ee and 92% ee, respectively)
[231]. To validate the anion-binding mode of 247, the authors performed NMR
titration experiments with Troc-quinolinium chloride and observed that the eight
hydrogens, which are highlighted in Scheme 1.57, form hydrogen bonds to the
chloride [231]. Additionally, circular dichroism (CD) titration of 247 with TBAC
showed conformational changes in the folding behavior of the flexible oligomer.
Increased absorption bands as 250 and 265-280nm in the positive as well as
negative regions of the UV spectrum indicated catalysts’ chloride binding and the
formation of the helical chiral form. Furthermore, the authors synthesized a series
of Reissert-type products utilizing 5mol% of 247 and obtained products in yields
ranging from 54% to 96% and ee-values of 44-96% [231].

1.2.4 Anion Binding in Cooperative Catalysis

Besides the high ability to coordinate with chloride (cf. Section 1.2.3), (thio)ureas are
well-known receptors for Y-shaped anions, such as carboxylates [135, 138, 382, 383].
The topology of these coplanar anions allows a bidentate hydrogen-bonding mode
with an N-H---O angle of approximately 170-175° that leads to anion stabi-
lization [384, 385]. Dual thiourea/carboxylic acid catalyst systems have been
utilized in many anion-binding mode-catalyzed reactions, e.g., the alcoholysis
of styrene oxides [291], protio Pictet-Spengler reactions [169, 386, 387], [5+2]
cycloadditions [388], and, in particular, kinetic resolution of primary amines
[342, 343, 389-393], a topic that was reviewed by Seidel in 2014 [341]. The general
concept of dual-catalyst kinetic resolution is based on the in situ formation of a
chiral acylating reagent and consists of three components: a pyridinium species
(most reactions use 4-dimethylaminopyridine (DMAP) [393] or its derivatives, e.g.,
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Scheme 1.57 Optimization of helical chiral catalyst structure in Reissert-type reactions.
Hydrogens coordinating the chloride are highlighted.
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Scheme 1.58 Anion-binding concept for formation of chiral supramolecular ion pairs that
serve as chiral acyl transfer species.

4-(pyrrolidino)pyridine (PPY) [390]), an achiral acylating reagent, and a chiral
anion-binding/hydrogen-bonding catalyst. Mixtures of DMAP 248 and acylating
reagents 249 exist in equilibrium with the corresponding achiral acylpyridinium
salt 250 [394]. Chiral catalyst 251 binds the anion, leading to supramolecular
chiral ion pair formation that affects the equilibrium between DMAP and its
acylpyridinium salt because the supramolecular ion 252 is generally more soluble
in organic solvents. Consequently, the substrates should rather react with the chiral
supramolecular ion pair than with the acylpyridinium salt (Scheme 1.58).

Because the nature of the chiral supramolecular ion complex was at that time
unknown, Seidel, Schreiner, and coworkers investigated the mechanism of the
dual-catalysis anion-binding approach in the kinetic resolution of amines utilizing
both experimental and computational approaches [393]. Based on the original
study by Seidel’s group in 2009 [342], Seidel, Schreiner, and coworkers utilized
1-phenylethylamine rac-253 as a model substrate, DMAP as pyridinium species,
and tested a series of chiral catalysts. Starting catalyst evolution with the “original”
bis-thiourea 256 (s-factor = 8.5), amide-thiourea catalyst 257 (s-factor = 13.0),
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Scheme 1.59 Catalyst evolution for kinetic resolution of 1-phenylethanamine utilizing
various catalysts with DMAP as cocatalyst.

which was also utilized in kinetic resolution of primary amines [341], was found
to be the most selective catalyst. In the catalyst evolution study, Seidel, Schreiner,
and coworkers found that the thiourea as well as the amide moieties are crucial for
high selectivity because the corresponding thioamide-thiourea 258 (s-factor = 3.5)
and diamide 259 (s-factor = 1.0) were much less selective (Scheme 1.59) [393].
Using various acylating reagents, the authors obtained the highest selectivities with
benzoic anhydride but could not identify a trend regarding the electronic nature
utilizing substituted benzoic anhydride derivatives ((4-CF;-PhCO), O s-factor =7.5;
(4-Me-PhCO),0 s-factor = 12.8; (4-MeO-PhCO),0 s-factor = 4.8) [393]. Because
the catalyst-substrate ion pairing is obviously crucial for the selectivity, toluene
(s-factor = 13.0) was found as the solvent that furnished the highest s-value, as
it favors (contact) ion pairs, whereas more polar solvents, such as ethyl acetate
(s-factor = 1.5), resulted in solvent-shared or solvent-separated ion pairs (cf. Section
1.2.1) [326, 327].

Because deprotonation of the thiourea moiety would lead to an alternative ion
pair, the authors performed deprotonation studies and identified hydrogen-bonding
interactions between the catalyst’s N-Hs and various amines, such as DMAP,
Hiinig’s base, and 1-phenylethylamine in 'H NMR experiments, but could not
observe a deprotonated catalyst species, which should be easily identifiable by
shifts in the 3C NMR spectrum [143, 189]. These findings confirm the structure
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of supramolecular ion pair 252. Only when the stronger base BEMP was utilized,
the deprotonated catalyst could be identified in the 'H and '*C NMR spectra.
Using DFT-based computations (AH,, D,, and AG values at M06/6-31G(d,p)
including PCM solvent corrections for toluene at various temperatures), Sei-
del, Schreiner, and coworkers obtained for the ion pair of DMAP and benzoic
anhydride substantial and negative dissociation energy (D, = —6.8kcalmol™';
D,gq = —22.2kcal mol~!), which is consistent with the absence of NOE signals in
NMR experiments; however, this could also be due to long proton-proton distances
and fast exchange. Nevertheless, DOSY NMR spectroscopy equally did not reveal
evidence of ion pair formation. Utilizing bis-thiourea 256, the authors obtained a
positive dissociation energy for ternary complex 252 (Scheme 1.58) in the gas-phase
(D95 = +10.4kcal mol~') as well as in solution (toluene, D;y5 = +3.6 kcal mol™1),
with 256 displaying (Z,Z)-oriented N-H protons. Additionally, Seidel, Schreiner,
and coworkers identified that the benzoyl group is fixed in the ternary complex
through n-n stacking with one of the thiourea aryl rings. Adding the (R)-configured
amine, the lowest lying quaternary complex was found to coordinate the benzoate
through double hydrogen bonding by one thiourea moiety, whereas the second
thiourea unit coordinates the first thiourea moiety also through hydrogen bonding.
Simultaneously, benzoate binds to the ortho and meta protons of the pyridinium
cation. In this quaternary complex, the authors found threefold n-= stacking of one
thiourea aryl, DMAP’s pyridine, and the 1-phenylethylamine ring. Accordingly,
quaternary complex formation was observed at —78 °C (D45 = +19.0kcal mol™;
D,gs = +3.1kcalmol™), whereas with the (S)-configured amine, the quaternary
complex was less favorable (D,os = +0.7 kcalmol™). Utilizing amide-thiourea
catalyst 257, the authors also found a (Z,Z)-oriented thiourea unit that binds
the benzoate through double hydrogen bonding. Additionally, the acidified
ortho-proton of the 3,5-bis(trifluoromethyl)phenyl moiety forms a hydrogen bond
to one of the benzoate oxygens [190], and, similar to 256, the amide binds via an
N-H- - -S interaction to the thiourea. Benzoate forms hydrogen-bonds to DMAP’s
ortho proton, which itself is fixed by the two aryl groups of the catalyst, leading
to a well-defined binding pocket. The dissociation energy is negative at 298 °C
(—0.5kcal mol~!) but positive at —78°C (+12.6kcal mol~!; +5.2kcalmol~! in
toluene). These mechanistic studies using a combination of experimental as well
as computational studies emphasize the high relevance of NCIs in anion-binding
catalysis for the formation of a well-defined binding pocket that can furnish
reactions with high stereoinduction [393].

1.2.5 Anion-Binding in Lewis Acid Enhancement Catalysis

In 2011, Schreiner’s group utilized silicon-thiourea Lewis acid 260 in the
House-Meinwald rearrangement of tri-substituted epoxides 261 and obtained
the corresponding quaternary aldehydes 262 in yields of 43-88% (Scheme 1.60)
[189]. Catalyst 260 forms by deprotonation of 46 and addition of SiCl, as evi-
dent from IR, NMR, and MS experiments. In blind experiments utilizing either
46 or SiCl,, the authors did not observe product formation, which confirmed
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Scheme 1.60 (a) Synthesis of silicon-thiourea Lewis acid through deprotonation of 56 and
(b) House—Meinwald rearrangement utilizing tri-substituted epoxides.

the increased Lewis acidity of 260. When utilizing enantioenriched epoxides,
synthesized by Shi epoxidation [395], the authors observed increased enantiopurity
for the starting material as well as the product. They performed a negative control
experiment spiking the reaction mixture with enantioenriched product. However, a
corresponding autocatalytic process could be excluded as no chirality enhancement
for the product was observed.

Schreiner and coworkers proposed that an epoxide coordinates the silicon first
and forms the active catalyst species. Binding by another epoxide would conse-
quently lead to diastereomeric transition structures and to diastereomeric matched
and mismatched combinations. Therefore, the reaction was described as “similar to
a kinetic resolution of non-racemic starting materials” [396]. This reaction utilized a
thiourea-based complex that increased the silicon’s Lewis acidity by covalent bond
formation and not through anion binding. Nevertheless, this was a proof-of-concept
study for Lewis acid enhancement utilizing (thio)ureas.

In 2017, Jacobsen’s group took up this concept in the activation of triflates
for the generation of oxocarbenium ions [344]. Using 263 as a model substrate
in Mukaiyama aldol reactions, the authors screened various (thio)ureas and
squaramides and observed that only squaramides catalyzed the aldol reaction,
which was explained by squaramides’ dual functionality [197-199]. Jacobsen’s
group employed squaramides with various dispersion energy donors and found
1-pyrenyl-substituted derivate 266 as the most active one (100% conversion, 88% ee,
Scheme 1.61); it displays a structure similar to that of thiourea 217 (cf. Scheme 1.50).
The importance of catalysts hydrogen-bonding donor motif was validated through
the N,N’-dimethylated analog of 266 that promoted the aldol reaction only little and
nearly without selectivity (43% conversion, 2% ee) [344].

Subsequently, Jacobsen’s group utilized the 266-silyl-triflate system in [4+3]
cycloadditions of oxyallyl cations and furan derivatives 268 and obtained bicyclic
269 in yields of 55-98% and 66-96% ee as single diastereomers (Scheme 1.62)
[344]. The authors performed kinetic analysis and found zero-order kinetics for
furan derivatives 268, first-order kinetics for the oxyallyl cation precursor 267 as
well as squaramide catalyst 266, and saturation kinetics for trialkyl silyl triflate
(TESOTTY). The kinetic data are consistent with a pre-equilibrium between 266 and
TESOT{, and rate-limiting oxyallyl cation formation. To prove the formation of a
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Scheme 1.61 Representative example of enantioselective aldol reaction utilizing TBSOTf
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Scheme 1.62 Enantioselective [4+3] cycloaddition catalyzed with 266 and TESOTf.

pre-equilibrium, the authors preformed 'H NMR experiments with NBu,OTf and
TESOTf and observed stable complexes with both triflate species. However, TESOTf
was found to bind 4000 times as strongly as NBu,OTf and forms simultaneous
hydrogen bonds to the squaramides’ N-Hs. While monitoring TESOTf addition to
the squaramide catalyst utilizing IR spectroscopy, Jacobsen’s group observed the
disappearance of the absorbance attributed to the squaramide carbonyl groups. The
authors proposed that complexation of 266 and trialkyl silyl triflates (R;SiOTf) is
more Lewis acid than (R,SiOTf) alone because of the stabilization of the triflate
anion through hydrogen-bonding interactions [344].

The authors suggested a catalytic cycle that starts with the resting state formation
of the catalytically active enhanced Lewis acid 270 [344]. After the rate-determining
ionization and generation of the oxyallyl cation, ion pair 271 forms. In a step-
wise and enantiodetermining cycloaddition, the desired product forms and free
enhanced Lewis acid 270 ensues (Scheme 1.63). Furthermore, the authors per-
formed DFT studies (at the uncorrected M06-2X/6-31+G(d,p)//B3LYP/6-31G(d)
level of theory) and identified transition structures leading to the formation of the
major and minor products. Jacobsen’s group described that the furan position near
the catalyst’s aromatic substituent leads to a stabilization of the major enantiomer
trough NCIs, whereas the transition structure for the minor enantiomer lacks this
stabilization [344].

1.2.6 Anion-Binding in Phase Transfer Catalysis

Fluorine incorporation in organic molecules leads to modified properties, such
as lowering the pK, of the neighboring groups and changing molecules’ dipole
moments. In particular, sp> C-F bonds have a large influence on metabolic
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Scheme 1.63 Pre-equilibrium leading to the formation of the enhanced Lewis acid 268
and the proposed catalytic cycle for the enantioselective [4+3] cycloaddition.

stability, lipophilicity, and bioavailability — characteristics that are highly important
in pharmaceutical science [397-402]. Gouverneur’s group utilized urea-based
phase transfer catalysts (PTC) [403-405] for the asymmetric nucleophilic fluorine
incorporation [346-348] and utilized the well-known potent ability of ureas’
fluoride recognition [384, 406-408]. Generally, fluorination is dominated by
methods utilizing electrophilic fluorine species [409, 410] such as selectfluor [411].
Additionally, asymmetric PTC using organic electrophilic fluorine species are
known [412, 413], whereas the anion-binding-mediated fluorination approach
of Gouverneur’s group based on cheap alkali-metal fluorides, such as cesium
fluoride [346, 347] or potassium fluoride [348], mimic the nucleophilic enzymatic
fluorination of S-adenosyl-L-methionine [414-416]. In 2016, Gouverneur and
coworkers obtained single crystals by refluxing N,N’-bis(4-chloro)phenylurea and
tetrabutylammonium fluoride (TBAF) in n-hexane. An X-ray crystal structure
analysis of this complex revealed two different complexes with both urea moieties
forming hydrogen bonds to the fluoride. The main difference of the two complexes
is the twisted geometries as expressed through the interplanar angles of 40.6° and
76.3°. Gouverneur and coworkers synthesized tridentate and tetradentate catalysts
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Scheme 1.64 Generation of p-fluoroamines obtained by asymmetric PTC fluorination with
bis-urea 274.

with two urea units, the privileged 3,5-bis(trifluoromethyl)phenyl motif [190], and
1,1’-binaphthalene-2,2’-diamine (BINAM) as the chiral backbone. The authors
observed higher enantioinduction using tridentate derivatives as monoalkyl incor-
poration into one urea resulted in a preferred anti-syn conformation and formation
of a well-defined binding pocket [346]. In 2019 [347], the same group utilized
anion-binding-mediated PTC for the enantioselective synthesis of B-fluoroamines
273 that are a highly relevant substance class in medicinal chemistry [417-420]. The
idea was the in situ formation of a prochiral aziridinium species 276 (Scheme 1.65)
that subsequently underwent ring opening by the fluoride. The authors optimized
the catalyst and identified 274 as the most active catalyst incorporating additional
3,5-bis(trifluoromethyl)phenyl substituents (cf. Scheme 1.64). Utilizing 5-10 mol%
of bis-urea 274, pB-fluoroamines were obtained in yields of 63-92% and 49-92%
ee [348].

The authors utilized molecular dynamics (MD) simulations and DFT computa-
tions (AG values at ®B97X-D3/(ma)-def2-TZVPP/COSMO(CHCl,)//M06-2X/def2-
SVP(TZVPPD)/CPCM(CHCI,)) to gain insights into the reaction mechanism [348].
The MD simulations reveal a preferred anti-syn conformation of the catalysts.
Utilizing DFT computations, 15 optimized transition structures for ring-opening
of bisaryl-based aziridinium species were found, with the lowest lying transition
structure leading to the major product being favored by 1.6 kcal mol~!. The most
favorable transition structure for both major and minor enantiomer reveals that
the aziridinium ion N-substituents are pointing away from the catalytic pocket
into the solvent, thereby helping to rationalize the indifference to this substituent
(Scheme 1.64). Furthermore, Gouverneur and coworkers found cation-r interac-
tions between the naphthyl ring and the aziridinium Ca-H protons. The authors
described stronger cation—x interactions for transition structure leading to the major
enantiomer since the distance compared with the transition structure for the minor
enantiomer was shorter (2.26 A vs. 2.41 A, respectively). Additionally, unfavorable
geometric distortions due to steric crowding contribute with about 1.0 kcal mol=.
The authors proposed a mechanism that starts with the formation of the soluble and
chiral fluoride from inorganic and insoluble potassium fluoride. Additionally, Gou-
verneur and coworkers suggested an equilibrium of the racemic p-chloroamines 272
and the reactive aziridinium chloride ion pair 276. Ion pairs 275 and 276 underwent
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Scheme 1.65 Proposed mechanism of the asymmetric hydrogen-bonding PTC to furnish
enantioenriched p-fluoroamines, utilizing KF, racemic p-chloroamines, and bis-urea 274.

an ion-change process leading to the formation of insoluble potassium chloride
and supramolecular anion pair 277. Nucleophilic addition to the aziridinium ion
furnishes the desired product 273 and free catalyst 274 (Scheme 1.65) [348].

1.3 Summary and Outlook

This chapter reviews the long evolution in anion-binding chemistry starting with
the first observations in the 1940s and 1950s and ending today with highly efficient
organocatalysts that activate and direct reactions through anion binding. Starting
with unselective (thio)ureas that show low TOF values (<1 h™!), in the last years,
organic chemist designed highly active anion-binding organocatalysts for asymmet-
ric induction with TOF values up to 4000 h~!, thereby underlining the success story
of anion-binding catalysts — after initial ignorance and skepticism in the early years.
After the foundational work in the late 1990s and early 2000s, the growing interest in
this research field has been exponential, as demonstrated by the milestone achieve-
ments and guidelines for (thio)urea catalyst design summarized and presented here.
The evident success of these design principles for anion-binding catalysts also trig-
gered the development of novel catalyst classes over the past few years, such as those
binding through C-H hydrogen bonds and c-holes and incorporating anion-binding
motifs into switchable catalysts. One crucial design element in asymmetric
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anion-binding catalysis is NCIs, including hydrogen-bonding, n-n as well as
cation—x stacking, and dipole interactions. What is missing is the appreciation of
London dispersion interactions (via dispersion energy donors, DEDs) as a design ele-
ment. The inclusion of these interactions will finally complete all supposedly “weak”
interactions that are at the heart of transition-state stabilization in a catalytic event.

The preferred use of non-polar solvents supports contact ion pair formation in
intermediates and transition structures. In previous reviews, the authors divided
organocatalysts in bound anion species, such as halide, enolate, and so on. In this
chapter, we presented the five general activation modes in anion-binding catalysis
utilizing selected representative examples, describing catalyst design principles, and
presenting mechanistic proposals that go along with them:

(1) Recognition of the nucleophile in addition reactions and NCIs between the cat-
alyst and the electrophile.

(2) Abstraction of the leaving group in Sy1-type reactions and formation of a chiral
contact ion pair.

(3) Cooperative catalysis with an additional Brensted acid forming a well-defined
binding pocket to interact with the substrate.

(4) Lewis acid enhancement through activation by a Lewis base.

(5) Nucleophile delivery in phase transfer catalysis by nucleophile-binding and sub-
sequent transfer into the organic medium.

Some important conceptual and practical points to be considered in future
anion-binding-catalyzed reactions (and not only these) may include the following:

(1) To make catalyst reactivities and stereoselectivities more comparable, TOF
values should be used and uncatalyzed reference reactions should always be
reported.

(2) Typically, reactions are performed on a very small scale (0.1-0.2 mmol). To show
the practicability of a new reaction, scale-up experiments (5-10 mmol) should be
carried out to leave the “proof-of-concept” phase toward the challenging phase
in which research should focus on broader, even large-scale applications.

(3) The product yields should be given and not just conversion of the starting
materials because any side reaction also consumes the starting material.
Furthermore - as we all know all too well - the work-up process is crucial for
the isolation of a pure product. Only the yield determined for a sizeable amount
of pure product matters when, for instance, it is to be used for (bio)medical
applications.

(4) Novel applicationsin anion-binding catalysis should be investigated using exper-
imental and theoretical studies to elucidate catalyst activation modes and prin-
ciple mechanistic hypotheses.
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