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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
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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
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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
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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
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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].
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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
as Lewis acid and catalyst 266.
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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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