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/Abstract: Pyrazolones represent an important structural motif in active pharmaceutical ingredients. Their asymmetric
synthesis is thus widely studied. Still, a generally highly enantio- and diastereoselective 1,4-addition to nitroolefins
providing products with adjacent stereocenters is elusive. In this article, a new polyfunctional Cu"-1,2,3-triazolium-
aryloxide catalyst is presented which enables this reaction type with high stereocontrol. DFT studies revealed that the
triazolium stabilizes the transition state by hydrogen bonding between C(5)-H and the nitroolefin and verify a
cooperative mode of activation. Moreover, they show that the catalyst adopts a rigid chiral cage/pore structure by
intramolecular hydrogen bonding, by which stereocontrol is achieved. Control catalyst systems confirm the crucial role
of the triazolium, aryloxide and Cu", requiring a sophisticated structural orchestration for high efficiency. The addition
products were used to form pyrazolidinones by chemoselective C=N reduction. These heterocycles are shown to be
valuable precursors toward p,y’-diaminoamides by chemoselective nitro and N-N bond reductions. Morphological
profiling using the Cell painting assay identified biological activities for the pyrazolidinones and suggest modulation of
DNA synthesis as a potential mode of action. One product showed biological similarity to Camptothecin, a lead structure

for cancer therapy.
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Introduction

Chiral B-aminoamides build a compound class of large
medicinal importance.l'! There are numerous commercial-
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ized drugs of this type for the treatment of various diseases.
Prominent examples include, e.g., Knyostatin (KNI-272) as
HIV protease inhibitor,” Sitagliptin for the treatment of
type II diabetes® and Bestatin as anticancer agent
(Scheme 1).11 Also achiral B-aminoamides such as the local
anesthetic ~ Lidocaine  (Scheme 1) are  medicinally
important.™

Different strategies have been reported for the catalytic
asymmetric synthesis of p-aminoamides.'* The most com-
mon ones rely on Mannich additions, reductive
aminations,”'?  enamine  reductions,®!  aza-Michael
additions® and enzyme catalyzed resolutions."” An access
to chiral enantioenriched pB-aminoamides starting from
pyrazolones is underdeveloped. Recently we reported the
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Scheme 1. Examples for prominent -aminoamide drugs.
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only currently known example using a 4,4-dialkyl substituted
pyrazolone.[']

Pyrazolones in their own right also feature remarkable
biological properties? and are important for medical
use.™ For instance, they act as tumor cell inhibitors !
and are studied in rheumatism therapy as tumor necrosis
factor (TNF) inhibitors."® Important drugs are, e.g.,
Edaravon™!'" to treat both ALS (amyotrophic lateral
sclerosis, a neurodegenerative disease) and acute ischemic
stroke, and Antipyrin as a non-opioid analgesic.!'*!

Due to the significance of pyrazolones in medicine and
many other fields," their synthesis and functionalization
has been extensively studied.!” An obvious option for
asymmetric synthesis is based on the C,H acidity of the 4-
position,['**<l which was employed in various 1,4-additions.”*”!
Nevertheless, so far a single method is known for the
catalytic enantioselective 1,4-addition to nitroolefins, by
which adjacent stereocenters are simultaneously formed at
the pyrazolone and the Michael acceptor (Scheme 2,
top).* Yuan etal. reported that high to excellent
enantioselectivity was attained with Takemoto’s catalyst!*!
for one pyrazolone with a large number of different
nitroolefins.?! For the other three reactive pyrazolones
investigated, the reaction outcomes were strongly dependent
on their substitution patterns. Enantiomeric excesses (ee’s)
varied from 2% to >99 %. The products were formed with
low to moderate diastereoselectivity (diastereomeric ratios
(dr’s) up to 79:21), but mostly with excellent yields. In all
other reported methods, C(4)-unsubstituted pyrazolones
were used, providing aromatic tautomers as products (i.e. no
stereocenter at the pyrazolone is formed).*!

Herein, we report that a new polyfunctional Lewis acid-
1,2,3-triazolium-aryloxide catalyst enables the asymmetric
1,4-addition of C(4)-substituted pyrazolones to nitroolefins
with excellent scope, high enantioselectivity and yields and
usually good to high diastereoselectivity (dr up to 99:1,
Scheme 2, middle).”! We showcase that the products lead to
pyrazolidinones and fB,y’-diaminoamides. For the pyrazolidi-
nones, morphological profiling identified biologically active
derivatives, in particular biosimilarity to the anticancer
agent Camptothecin.”!

Prior to this study we reported Lewis acid-imidazolium-
aryloxides to be very effective cooperative polyfunctional
catalysts in asymmetric 1,4-additions of B-ketoesters?®”! and
[4+2]-cycloaddtions of C,H acidic prodienes.” As density
functional theory (DFT) studies revealed, in these systems
the imidazolium unit stabilizes the transition state by hydro-
gen bonding between the H at C(2) and the electron poor
olefin.*"

Since we found in the present study that this previous
catalyst type showed a moderate performance in the title
reaction, the corresponding 1,2,3-triazolium catalysts were
studied here. From materials science it is known that the H
atoms at C(5) of a 1,2,3-triazolium unit are more efficient H
bond donors, with a strength comparable to secondary
amides.”*"! DFT studies confirm the postulated cooperative
mode of activation.”*! They show that the catalyst forms a
rigid chiral pocket by intramolecular H-bonding between
the naphthol OH (formed after proton transfer from the
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Scheme 2. Comparison of previous work to this work, new catalyst
design and modus operandi plus synthetic applications.

coordinated pronucleophile to the naphthoxide) and one
sulfonamide O atom of the ligand, by which stereocontrol is
enabled (Scheme 2, bottom).

Results and Discussion
Optimization

Catalyst C1 with a 1,2,3-triazolium moiety was studied in the
addition of pyrazolone 1la to 2A as model reaction
(Table 1).

For the model reaction several solvents were initially
screened at 25°C using 5 mol % of C1 (entries 1-4). Chlori-
nated solvents were well suited, whereas Lewis basic
solvents like THF (tetrahydrofuran) and MeCN resulted in
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Table 1: Optimization of the model reaction.

O, Ph
Q Bn C1 (X mol%) Bn = NO,
Ph—N . Ph/\/Noz solvent. 25°C.20h, pp_\/ 5
N"en NNy
1a 2A Bu 3aA

#  Xmol% solvent conc. conv. yield dr® ee
cl (mol/L)® (96)&  (%)¥ (%)
1 5 THF 0.2 90 90 91:9 74
2 5 MeCN 0.2 80 80 83:17 34
35 (CH,Cl), 0.2 96 92 90:10 88
4 s CH,Cl, 02 99 99  93:7 93
5 2 CH,Cl, 0.2 78 78 93:7 9
6 2 CH,Cl, 0.1 60 60  96:4 94
742 CH,Cl, 0.1 90 90 91:9 91
gel 2 CH,Cl, 0.1 94 94 95:5 94

[a] Determined by 'H NMR using an internal standard. [b] Diastereo-
omeric ratio determined by 'H NMR. [c] Enantiomeric excess of the
major diastereomer determined by HPLC. [d] Reaction time 48 h.
[e] 1.1 equiv. of 1a used.

lower enantioselectivity. By '"H NMR we found that the keto
tautomer of the substrate is strongly dominating in dichloro-
methane, in which the product was formed in nearly
quantitative yield with a good dr and high ee (entry 4).
Solvent degassing was important to avoid pyrazolone
dimerization.

By reducing the catalyst loading to 2 mol % a lower yield
was obtained (entry 5). At lower concentrations the product
yield further decreased, whereas the stereoselectivity could
be improved (dr=96:4, ee =94 %, entry 6). In both cases no
side products were detected, but unreacted pyrazolone. To
form the product in high yield the reaction time was
increased to 48h. The optimized conditions gave the
product in 94 % yield with a dr of 95:5 and an ee of 94 %
(entry 8). No side products were found.

Catalyst Synthesis

Catalyst C1 is readily prepared in high yield from the known
axially chiral building block 5 (Scheme 3),! derived from
(R)-BINOL (1,1’-bi-2-naphthol), and the known benzylic
azide 4,° which is obtained from p-tert.-butylphenol (see
Supporting Information). Both fragments were coupled via
a Cu catalyzed azide/ alkyne cycloaddition.’¥ Subsequently,
the methoxy group was demethylated by BBr;.**! The
triazole ring was then N-alkylated by [Et;O]PFy and imine
L1 was formed by condensation with an enantiopure amino-
sulfonamide. Complexation with Cu(acac), was achieved in
the presence of molecular sieves. The activated catalyst was
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Scheme 3. Synthesis of catalyst C1.

obtained by filtration over silica gel in the presence of NEt;.
It was found to be stable for several months when stored at
room temperature under N, atmosphere. The overall yield
was 83 % for the depicted sequence. The ligand structure
was further confirmed by X-ray crystal structure analysis of
a closely related derivative L1-Br carrying a Br atom rather
than the Bu group at the phenol ring (Figure 1).>]

Scope

The model reaction was then performed on a 1.0 mmol scale
under the conditions of Table 1/entry 9. 3bA was produced
in 94 % yield (0.489 g) with an ee of 94% and a dr of 94:6
(Table 2, entry2). Other benzylic residues like 2-
naphthylmethyl were also well tolerated (entry 3) providing
high dr values. Also alkyl residues R' can be used as
exemplified in entries4 and 5 for CH; and CH,CH,OH,

Figure 1. X-ray crystal structure analysis of L1-Br. White: H, gray: C, red:
O, blue: N, yellow: S, green: F, brown: Br. PF;~ and solvent molecules
are not shown for clarity.™
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Table 2: Investigation of the pyrazolone scope.
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Table 3: Investigation of the nitroolefin scope.

C1 (2 mol%)

Q CH,Cly (0.1 M), Q gibh
R_N)‘IW e N0 25 CPTI . R, N0
N= R2 N= g2
1 2A 3A
# R R R 3 yield dr®l ee
(%) (%)

1 Bn Ph  Ph 3aA 94 95:5 94
2 pMeCH, Ph Ph 3bA 99  94:6 94
3 CH,-2-Naph Ph  Ph 3cA 80 96:4 91
4 Me Ph  Ph 3dA 80 89:11 90
5€ (CH,),0H Ph  Ph 3eA 99  84:16 80
6 CH,-CCH Ph  Ph 3fA 90 93:7 95
7 CH,-CH=CH, Ph Ph 3gA 95  86:14 93
8¢ F Ph  Ph 3hA 78 93:7 90
9 Bn Me Ph 3iA 80 77:23 86
10 Bn iPr Ph 3jA 78 82:18 78
11 Bn Ph  PMP 3kA 80 90:10 91
12 Bn Ph  Bn 31A 64 86:14 81
13 Bn Ph  m-Cl-CgH, 3mA 94 94:6 90

[a] Yield of isolated product. [b] Diastereomeric ratio determined by
"H NMR of the crude product. [c] Enantiomeric excess of the major
diastereomer determined by HPLC. [d] 4 mol% catalyst, c=0.2 M.
[e] 5 mol % catalyst, c=0.2 M, reaction time 20 h. [f] 5 mol % catalyst,
¢=0.2 M, reaction time 3 d.

respectively. The hydroxy moiety did not have to be
protected.

In addition, propargyl and allyl residues R' were well
accommodated (entries 6&7). Particularly interesting is
entry 8, in which the pyrazolone carries a F atom at C(4).
Still, the product was formed in good yield with high
diastereo- and enantioselectivity.

Moreover, the impact of the residues R? was examined.
With aliphatic ones the reaction provided good yields and
stereoselectivity was moderate to good (entries 9&10).
Synthetically important is the fact that for the first time N-
substituents R could also be employed that might serve as a
removable protective group, namely para-methoxyphenyl
(PMP, entry 11) and benzyl (entry 12).

The 1,4-addition was also applied to a number of
different nitroolefins 2 (Table 3). Apparently, the electronic
influence of substituent R? is relatively small, as substrates
equipped with o-donors (Me, entries 1&2), c-acceptors (Br,
m-OMe, entries 3, 4, 6&8) and n-donors (0-&p-OR, en-
tries 5, 7&8) all provided similar results. Also, with a n-
acceptor substituent (p-NO,, entry 9), a nearly quantitative
yield was attained, but ee was lower.

R*=2-naphthyl was used as an example for an extended
n-system (entry 10) and 2-furanyl as well as 2-thienyl as
electron rich heterocycles (entries 11&12). Yields were high
in all cases.

In general, diastereomeric ratios were in each case
significantly higher than in literature,”" ranging from 77:23
(Table 2, entry4) to 99:1 (Table 3, entry 13). Ee values
were good to high in all cases, ranging from 74 to 95 %.
Even alkyl substituted nitroolefins worked fine despite their
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3

Q - C1 (X mol%) Opp B No
Ph—N‘)j + RISy NOz CHuCl 25°C,2d Ph_N\)\iF\/ 2
N Ph N Ph
1a 2 3a
# X R 3 yield dr® ee
(%)" (%)"
1 2 p-Me-C¢H, 3aB 99 97:3 91
2 3 m-MeCH, 3aC 93 93:7 92
3 2 p-Br-CsH, 3aD 89 96:4 95
4 3 m-Br-CgH, 3aE 99 90:10 90
5 2 p-MeO-C¢H, 3aF 96 95:5 90
6 4 m-MeO-CgH, 3aG 99 95:5 93
7 4 0-MeO-C¢H, 3aH 80 93:7 85
o ke
8 2 <O:© 3al 73 95:5 85
9 2 p-O;N-GeH, 3a) 98 91:9 74
10 2 2-naphthyl 3ak 78 96:4 92
1 2 2-furanyl 3alL 99 98:2 85
12 2 2-thienyl 3aM 83 96:4 85
13 5 cyclopropyl 3aN >99 99:1 92
14 5 Pr 3a0 70 95:5 87
15 5 '‘Bu 3aP 65 93:7 87

[a] Yield of isolated product. [b] Diastereomeric ratio determined by
"H NMR of the crude product. [c] Enantiomeric excess of the major
diastereomer determined by HPLC.

C—H acidity (entries 13-15). These 28 examples demonstrate
the synthetic value of the title reaction.

To study if the catalyst might be reused, it was isolated
by filtration over silica gel after the catalytic reaction, which
proceeded in quantitative yield. As the naphtholate is
protonated by silica gel, the catalyst sticked on the top of
the filter cake while product was eluted. Then the silica pad
was treated with THF/CH,Cl,/NEt; (66:33:1) to regenerate
the active catalyst, which was recovered in pure form as
confirmed by ESI-MS and UV/Vis. In the second run,
stereoselectivity was again on a high level (Scheme 4).

Mechanistic Studies and Considerations
a) Control Systems

To elucidate which functional groups of the polyfunctional
catalyst are essential for a high catalytic efficiency, a number
of control catalysts was studied (Table 4).

For comparison, entry 1 shows the result of the model
reaction with standard catalyst C1. Formally changing the

o o C1 (5 mol%) Ogn EN NG
Ph_N‘)j + p Xy NOz CHiClp 25°C, 200 Ph—N}‘j*/N 2
N Npy N
1a 2A 3aA

1st run: 99% yield, dr 93:7, ee 94% (major diastereomer)
2nd run: 93% yield, dr 92:8, ee 93% (major diastereomer)

Scheme 4. Reusing catalyst C1.
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Table 4: Experiments with control catalysts.

Research Articles

(0]

Ph
o C1-C10 (5 mol%) OBn = NO
" : )
Ph_N»I + pr\\NO;  CHyCl 25°C,20h Ph"“.)\j’/y
N= N=

Ph Ph

# catalyst yield dr® ee
(%)" (%)"
1 C1 99 93:7 93
2 Cc2 98 90:10 78
3 c <2 69:31 n.d.
4 C4 -+ Na(acac) (2.5 mol%) 84 82:18 -10
5 Cc5 65 87:13 —4
6 ceé 86 90:10 -5
7 Cc7 99 93:7 16
8 C8 -+ Na(acac) (2.5 mol %) 27 81:19 48
9 C9+C10 75 59:41 rac.
10 c10 23 56:44 rac.
1M C10+Cu(OTH), (5 mol %) 3 51:49  nd.

[a] Determined by 'H NMR using mesitylene as internal standard.
[b] Diastereomeric ratio determined by 'H NMR . [c] Enantiomeric
excess of the major diastereomer determined by HPLC. A negative
value indicates that the enantiomer not depicted was formed in
excess.

triazolium unit of C1 to an imidazolium unit in C2 led to a
significant decrease of the enantiomeric excess (entry 2),
although the position of the C(2)—H bond of the imidazo-
lium fragment is equivalent to the C(5)—-H bond of the
triazolium unit. We ascribe this to the stronger H-bond
donor capacity of the triazolium ring.”*”!

Formal O-methylation of C1 to the corresponding meth-
yl ether resulted in a nearly complete loss of reactivity
(entry 3). This confirms the necessity of the basic unit.””

Control catalyst C4 features a neutral triazole unit
(entry 4). To this Cu complex Na(acac) (acac=acetylaceto-
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Angewandte

intemationaldition’y) Chemie

nate) was added to form the naphtholate unit. By this
change enantioselectivity was largely lost, suggesting that a
charged triazolium hydrogen bond donor is beneficial.

In catalyst C5 and C6 the element of axial chirality is
missing (entries 5&6). The formation of nearly racemic
product reveals that the binaphthyl fragment is crucial for
stereocontrol. Calculations suggest that a rigid chiral cage
formation is the reason for that (vide infra).

Entry 7 suggests that the higher flexibility in C7
apparently has a negative influence on the enantioselectiv-
ity. The use of catalyst C8 (plus Na(acac)) lacking an
azolium moiety resulted in a poor yield and low stereo-
selectivity (entry 8).

A binary catalyst system consisting of C9 featuring a
simple methyl residue and betaine C10 (both 5 mol %)
resulted in racemic product with poor diastereoselectivity
(entry 9). The use of just C10 as catalyst also provided
racemic product and activity was poor (entry 10). By
addition of Cu(OTf), as cocatalyst reactivity nearly vanished
(entry 11).

These results demonstrate the necessity of a Lewis acid,
the azolium and aryloxide units, but also that a polyfunc-
tional catalyst system with a sophisticated structural orches-
tration is required for satisfying results in yield, diastereo-
and enantioselectivity. An intramolecular cooperation of
these functional groups is thus likely. Since we found a
linear product ee dependence on the catalyst ee (see
Supporting Information), the claim that only one catalyst
molecule is involved in a catalytic cycle, is supported.*™

b) Structural and Spectroscopic Studies

In agreement with this, it was found by UV/Vis studies
(Beer's plot, see Supporting Information) that the activated
catalyst is a monomeric species. By ESI-HRMS during the
catalytic reaction, a complex of the pyrazolone and catalyst
could be detected with the expected isotopic pattern (m/z
calculated for [C,;Hg,CuF;N;05S +Na]*: 1291.3673, found:
1291.3679, see Supporting Information).

Due to their S='5, spin state and a nuclear spin of =3/
2, Cu" systems are amenable to EPR spectroscopy and give
characteristic signals that yield information on the coordina-
tion geometry. Both the non-activated and activated com-
plex display axial EPR spectra in solution with g, >g, >g,,
indicating a d,,, ground state (see Figure S12). According
to the Peisach-Blumberg maps, the complexes fall into the
[N,0,]X, category.™ g-values of around 2.2 in combination
with A values between 500 MHz (167-10"*cm™) and
570 MHz (190-10*cm™) point to either an elongated
octahedron or an elongated square-bipyramid with little
equatorial distortion (g;/A>130cm).*”) The sulfonamide
may bind via one of its oxygen atoms and serve as an axial
ligand. In order to get further mechanistic insights, we
performed EPR studies on the interaction between the
activated catalyst and the substrates. The addition of
pyrazolone 1b leads to a change in the EPR spectrum
(Figure 2), most noticeable in the higher field region, and
indicates binding of the substrate to the activated catalyst.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 2. X-band EPR spectrum obtained after the addition of pyrazo-
lone substrate to activated catalyst.

This observation is in accordance with the found mass of a
pyrazolone-catalyst complex during the catalytic reaction,
mentioned before.

Similar g-values in the activated catalyst before and after
binding of the substrate points to structural similarities in
both species. Full transformation of the spectrum is achieved
after addition of 50 equiv. of pyrazolone. A similar trend is
observed upon the addition of the catalytic product: changes
in the spectrum become apparent in the presence of
10 equiv. of product (Figure S15).

c¢) Computational Studies

To further investigate structural properties of C1 as well as
to elucidate the mechanism of the catalytic reaction, we
performed DFT calculations on the B3LYP-D3(BJ)/def2-
TZVP/COSMO(DCM) level of theory on PBEh-3¢c-D3(BJ)/
def2-mSVP geometries.*!! Since no crystal structure of C1 is
available, a model was built manually, based on calculated
geometries of the imidazolium system C2 (see Supporting
Information).”” This served as starting point for all further
geometries.

The precatalyst (i.e., prior to activation by NEt;)
possesses two acidic H-atoms: one at the binaphthol moiety
and one at the triazolium unit. We aimed to elucidate which
site is deprotonated in the precatalyst. Three coordination
sites of the Cu" center are occupied by the nitrogen atoms
of the iminosulfonamide backbone and the phenolate-O
atom. A fourth one could either be filled with the aryloxide
O-atom or a corresponding mesoionic carbene (MIC)
carbon atom, resulting in a distorted square planar coordina-
tion of the Cu" center.””’ According to our computational
results, the binaphthol moiety is more acidic than the
triazolium unit, which results in an energetic favor of the
aryloxide complex relatively to the MIC complex by
742 kJmol ™. This finding agrees with the results of EPR
spectroscopic studies of C1 (vide supra), indicating an
[N,O,]X, or [N,0,]X environment for the Cu center. In
principle, the aryloxide O-atom could also coordinate in an
intermolecular fashion forming a bimetallic complex like it
was found by us for a Cu'-imidazolium-phenolate catalyst in
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the solid state.” The dimerization of C1 is endergonic by
7.2 kJmol™! for the singlet and 16.0 kJmol™ for the triplet
complex. Thus, C1 is expected to be a monomeric species,
which matches with the results of the UV/Vis studies (vide
supra). Due to steric hindrance, it is possible to coordinate
only one additional adduct partner (either THF, water, or
NELt;) at the Cu" center in C1. These three adduct partners
are present in the activation process of the catalyst. Because
the adduct formation is only slightly exergonic for all those
binding partners (except for NEt;, for which endergonicity
was found) and the fact that neither THF, nor water or NEt;
should be present in the catalytic reaction mixture in
significant quantities, we expect C1 without any adduct
partner (Figure 3) to be the catalytically active species. The
structural chemistry of the related catalyst C2 is similar (see
Supporting Information).

Based on the described experimental and computational
results, we propose a catalytic cycle, which is shown in
Scheme 5.1

1a initially coordinates to C1 by the keto forms 1a(R)
and 1a(S), since the enol tautomer was calculated to be
30.0 kJmol ™" and the enamine 6.1 kJmol™" higher in energy.
The formation of C1-1a(R) and C1-1a(S) is calculated to be
exergonic by 19.9 kJmol ™" and 14.7 kJmol ™, respectively.

The first step of the reaction cycle is a proton shift to the
aryloxide, i.e., from C1-1a to I. Thereby, the local coordina-
tion environment of the Cu" center does not change
significantly, which agrees with EPR results (vide supra).
The transition state energy for this reaction step with Cl1-
1a(R) was found to be 42.4 kImol™'. Deprotonated 1a acts
as a monodentate ligand in I implicating a significant
conformational freedom. Its relative orientation at the
catalyst is affected though by interaction with the surround-
ing by confinement effects. Our DFT results show a hydro-
gen bond between the binaphthol-OH and a sulfonamide
oxygen evolving in a binding pocket arrangement in I
creating a rigid chiral pore. Hydrogen bonding between the
binaphthol-OH and a sulfonyl oxygen is also found for one
of the energetically most favored conformers of the
precatalyst (see Figure S36).

Figure 3. Most stable conformer of C1. Most hydrogen atoms are
omitted for clarity, the Cu" center and its local coordination environ-
ment are drawn as balls and specific bond lengths are shown in A.
White: H, gray: C, brown: Cu, red: O, blue: N, yellow: S, green: F.
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Scheme 5. Proposed simplified catalytic cycle.

As a next step, 2A coordinates to I, forming I-2A. In all
low-energy conformers we found of I-2A the nitroolefin is
activated by a single hydrogen bond to the triazolium
group’s C(5)—H increasing the beta-C atom’s electrophilic
nature. Besides small geometric changes due to the
triazolium/ imidazolium exchange, this finding supports the
above-mentioned expectation of a stronger nitroolefin
activation by the triazolium moiety in comparison to the
imidazolium,® causing the higher activity and significantly
better stereoselectivity of C1 relative to C2 (see Supporting
Information). Additionally, the described single hydrogen
bond activation modus distinguishes C1 from other liter-
ature-known catalysts, e.g., Takemoto’s catalyst, which are
thought to act by a dual hydrogen bond-activation mode for
nitroolefin electrophiles.*! In combination with the enzyme-
inspired arrangement of the catalyst due to the hydrogen
bond between the binaphthol OH and sulfonamide this
underlines the highly cooperative modus operandi of C1.

According to our initial mechanistic hypothesis, we
expected two hydrogen bonds from the catalyst to the
nitroolefin electrophile as described and discussed in section
9.10 from the Supporting Information. However, sampling
of the conformational space (for the reactant, product, as
well as transition state) revealed that the “closed” arrange-
ment with the binaphthol OH forming a hydrogen bond to
the sulfonamide O-atom and only the triazolium H-atom
activating the electrophile is energetically favored by about
15 kJ/mol. Thus, the less strained arrangement of the
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catalyst in this case seems to overcompensate the energy win
caused by the double hydrogen bond activation of the
nitroolefin.

The C—C bond formation, i.e., the step from I-2A to II,
is stereodetermining. As two stereocenters are formed, in
principle, four different configuration isomers must be
considered. They differ in the nucleophile’s and the nitro-
olefin’s orientation. We focus on the main product and its
enantiomer. In Figure 4 the transition state structures for
the C—C-bond formation step leading to (4R,1'S)- and
(4S,1’R)-product configurations of 3aA are compared.

The (4R,1'S)-transition state is stabilized by an inter-
action of the C(4) benzyl group with the n-system of the
ligand’s phenolate moiety. Due to this orientation the
nucleophilic pyrazalone’s C-atom is attacked by the nitro-
olefin 2A at the Re-side. A AAG® of 9.2 kJmol™ between
the transition states (Figure 5) results in a predicted ee of
95% for the (4R,1'S)-product, which agrees well with the
results in Table 2. After C—C-bond formation, a subsequent
intramolecular protonation of the nitronate intermediate
leads to the product-catalyst-complex C1-3aA (for details of
the protonation step see Supporting Information). Accord-
ing to our DFT results the transition state of this step is the
rate determining transition state within the energetic span
model (see Supporting Information). The dissociation of C1-
3aA closes the catalytic cycle by re-forming C1. C1-3aA is
energetically clearly disfavored compared to the substrate/
catalyst complex Cl-la, by 12.0kJmol™' for the main
product and 6.7 kJmol™! for its enantiomer. That represents
a significantly lower binding affinity of 3aA towards the
catalyst than 1a.

Figure 4. Comparison of the (4R,1'S)- (left) and the (4S,1'R)-transition
states (right) for the C—C bond formation I-2A to Il. Most H atoms are
omitted for clarity, the C atoms involved in the C—C-bond formation are
drawn as balls. Specific bond lengths are shown in A, the bond to be
formed is indicated by yellow dots. White: H, gray: C, brown: Cu, red:
O, blue: N, yellow: S, green: F.
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