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The catalytic asymmetric nitroaldol reaction is a powerful tool for accessing chiral 1,2-difunctionalized
motifs, and numerous catalytic systems have been reported. Despite considerable progress in achieving
high levels of stereocontrol, key challenges persist. In particular, optimal selectivity often requires cryo-
genic conditions, resulting in prolonged reaction times and limited practicality. In this article, a novel
concept for asymmetric nitroaldol additions is introduced through a polyfunctional catalyst. This system
integrates a Lewis acid, Co(i), with an azolium-aryloxide betaine, and exhibits mechanistic features remi-
niscent of class-Il aldolases. The proposed mode of action is supported by comprehensive DFT calcu-
lations, microkinetic simulations, and detailed spectroscopic analyses. By the unique synergistic interplay
of the Lewis acidic metal center, the aryloxide as Brgnsted base and the corresponding aromatic alcohol
serving as both hydrogen bond donor and Brgnsted acid, high stereoselectivity was accomplished even at
slightly elevated temperature for MeNO,. Like in class-ll-aldolases, the aldehyde is activated by
H-bonding to the aromatic alcohol and not by the Lewis acid. The latter serves to stabilize and direct the
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cisely orchestrate all accompanying transformations. As a result of the mild reaction conditions, not
necessitating the use of an external base, the method also proved to be applicable to readily enolizable

rsc.li/frontiers-organic aliphatic aldehydes, such as phenylacetaldehyde.

biologically active compounds, including natural products,
insecticides, fungicides, and antibiotics.®™*> Moreover, highly

Introduction

The catalytic nitroaldol- or Henry-reaction is a well-established
way for forming C,C bonds between nitroalkanes and alde-
hydes or ketones.' The resulting p-nitroalcohols are versatile
intermediates that can undergo a wide range of synthetically
valuable transformations. These include for instance dehy-
drations to form conjugated nitroalkenes,”> reductions to
f-amino alcohols,® denitrations,® oxidation reactions to
a-nitroketones® and Nef reactions to give a-hydroxy carbonyl
derivatives.

Highly enantioenriched p-nitroalcohols have been widely
employed in the synthesis of key intermediates for accessing
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enantioenriched p-amino alcohols, resulting from reduction of
the nitro group, are found in numerous active pharmaceutical
ingredients,"*° underscoring the importance of the nitroal-
dol reaction as a valuable source of chiral building blocks.?

Since the first reports of an asymmetric version of this reac-
tion using chiral lanthanum and heterobimetallic lanthanum/
lithium complexes,* > the development of efficient catalytic
systems and the synthetic applications of nitroaldol products
have attracted substantial attention.®*® Different synthetic
challenges were addressed through the design of various cata-
lyst types. In particular, chiral Lewis acid catalysts based on
copper,””® zinc,*** chromium,** *®cobalt®®”* and rare-
earth metal centers making use of ligands such as amino
acids,®® amino alcohols,®™®® oxazolines,®*™*> diamines,’®*”
Schiff bases®®°°and salen ligands®*'°°"%® were reported.
Additionally, a range of chiral organocatalyst types such as
guanidines, thioureas, cinchona alkaloid derivatives and qua-
ternary ammonium salts have proven effective for enantio-
selective methods.*>**%"%3
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The first reported cobalt-catalyzed asymmetric nitroaldol
reactions were developed by Yamada et al. using salen com-
plexes in combination with an external base.”® Following this,
several other research groups reported highly enantioselective
cobalt-salen catalysts.®”7%7>

These methods typically required extended reaction times
and cryogenic temperatures for satisfactory yields and high
enantioselectivity. Although other cobalt-based catalysts, such
as BOX®*and amino acid complexes,”* have been reported,
their catalytic performance has generally been inferior.

Here, we report a different concept making use of a new
polyfunctional Co(u)-/1,2,3-triazolium-aryloxide catalyst system
combining Lewis acid, Brgnsted base and hydrogen-bonding
activation. Very detailed DFT studies show that the Co(u)
center does not activate the aldehyde, but stabilizes the nitro-
nate, which is formed by deprotonation of the nitroalkane by
the catalyst’'s Co-naphthoxide moiety. The thus formed
naphthol OH group then activates the aldehyde by hydrogen
bonding'®® in close proximity to the Co-nitronate, resulting in
a quasi intramolecular C,C-bond forming transition state. The
naphthol finally delivers the proton to the alcoholate inter-
mediate formed during the 1,2-addition step (Scheme 1,
bottom).

The polyfunctional catalyst thus promotes each individual
step of this reaction, avoiding the need for an external base.
The mode of action is highly reminiscent of class-II aldolases,
which operate in an analogous way: the combination of a
Lewis acid (including Co(u))'” and a Brensted base (typically
glutamate) enable the formation of a metal-stabilized enolate.
Meanwhile a tyrosine’s aromatic alcohol function is typically
responsible for simultaneous activation of the aldehyde sub-
strate by hydrogen bonding and protonation of the alcoholate
generated during the C,C-bond forming step (Scheme 1,
bottom).'%” Using a class-Il-aldolase-mimicking approach, the
title reaction proceeds efficiently without the need for low
temperatures using nitromethane.

Results and discussion
Development of the method

The investigation began with our previously reported Cu(u)/
imidazolium-naphthoxide catalyst C1 (Table 1),"°**** choos-
ing the 1,2-addition of nitromethane to 2-naphthylcarbalde-
hyde (1a) as model reaction. With 5 mol% C1 in THF at 25 °C
for 20 h, nearly racemic product 2a was formed in small quan-
tities (9%, entry 1). Changing to the corresponding Co(u) cata-
lyst C2,'*? the product yield was significantly increased, while
enantioselectivity was still poor (entry 2). Our previously
reported Cu(u) and Ni(u)/1,2,3-triazolium-naphthoxide cata-
lysts C3 (entry 3)"'* and C4'"? (entry 4) performed on a similar
level. The related new Co(u) catalyst C5 also featuring a 1,2,3-
triazolium unit allowed for improved productivity (60% yield,
entry 5), while its diastereomer C6, differing in the configur-
ation of the iminosulfonamide ligand motif, provided slightly
inferior results (entry 6). Note that all yields reported in
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Scheme 1 Top: Pioneering work of the asymmetric nitroaldol addition
by Shibasaki and previous work on Co-catalysis. Bottom: direct aldol
additions by the new polyfunctional Col(i)-/azolium-aryloxide catalyst
and its activation analogy to class-1l-aldolases.

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qo01558h

Open Access Article. Published on 23 December 2025. Downloaded on 1/24/2026 9:48:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic Chemistry Frontiers

Table 1 Development of the enantioselective addition of nitromethane
to the model aldehyde using polyfunctional Lewis acid/azolium-—

aryloxide catalysts
OH
i

X mol%
fo) C1-C6,
|

solvent (¢),
DO R

T,20h

1a
Bu Bu
lN |N Ph
7 N o\M " :l/Ph j’
@
7o\ . ;
Noo N7 Ph N7 Ph
O O SO,CF, SO,CF,
O O
C1(M=Cu) C4 (M = Ni)
C2 (M =Co) C5 (M =Co)
Bu

# C X (mol%)  Solvent (¢/mol L™") T/°C  Yield“/% ee?/%
1 Cl1 5 THF (0 2) 25 09 11
2 c2 5 THF (0.2) 25 41 19
3 C3 5 THF (0 2) 25 15 19
4 c4 5 THF (0.2) 25 22 14
5 C5 5 THF (0.2) 25 60 20
6 C6 5 THF (0.2) 25 49 15
7 C5 5 THF (1 0) 25 80 91
8 C5 5 Toluene (1.0) 25 66 60
9 G5 5 MeCN (1.0) 25 43 69
10 C5 5 DCM (1.0) 25 25 55
11 C5 5 CH;3;NO, (1 0) 25 86 93
12 C5 5 CH;NO, (1.0) 45 80 97
13° ¢5 1 CH;NO, (1.0) 45 74 96
14° ¢c6 1 CH;NO, (1.0) 45 62 69

aDetermlned by HNMR using me51tylene as internal standard.
b Determined by HPLC. ° Reaction time is 5 h.

Table 1 are identical to the observed conversions, and no side
products were thus detected.

C5 was then used for further optimization. It was found
that enantioselectivity is strongly increased with increased
aldehyde concentration as the ee value increased to 91% using
a 1M THF solution. Under otherwise identical conditions, in
solvents such as toluene, acetonitrile and dichloromethane the
reaction efficiency was considerably lower (entries 8-10).
Improvements in terms of yield and enantioselectivity were

This journal is © the Partner Organisations 2025
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possible using neat nitromethane, still 1M in aldehyde (entry
11). Surprisingly, the enantioselectivity further increased to
97% ee at 45 °C (entry 12). Lowering the catalyst loading from
to 5 to 1 mol% and the reaction time from 20 to 5 h only
slightly affected productivity and enantioselectivity (entry 13).
Diastereomeric catalyst C6 was also studied under these
optimized conditions (Table 1, entry 14), but was again found
to be inferior (ee = 69%, yield = 62%). This mismatch situation
also indicates that the axial chirality element is the most
important control factor for the stereochemical outcome, as
the major enantiomer’s absolute configuration stays the same.

Scope

With the optimized conditions, the applicability to other sub-
strates was probed (Table 2). It was found that there is no
obvious trend regarding the electronic and steric properties of
the substituents on aromatic aldehydes. Independently of
ortho-, meta- and para-substitution, high enantioselectivity was
attained (entries 4-13). Similarly, o-donors, n-donors and o-
acceptors were well tolerated. A limitation was found for a
n-acceptor substituent reported in entry 14. In this case the
yield was high, but the ee value was only 70%. Next to
extended n-systems within the aldehyde (entries 1 and 2), also
electron rich 2- and 3-furyl moieties were well accommodated
(entries 15 & 16).

Of particular note is the applicability to aliphatic sterically
hindered aldehydes like pivalic aldehyde (entry 17)>“'"® but
also to enolizable, small linear aldehydes such as butanal
(entry 18),3'73335°1L11% which are to prone to side reactions like
aldol condensations. Even more challenging is phenylacetalde-

Table 2 Application of the title reaction to various substrates

1 mol% CS5,

|0 45°C,20 h OH
I+ cHgno, J o,
R R

# R 1/2 Yield“/% ee’/%
1 2-Naphthyl a 74 96
2 1-Naphthyl b 71 89
3 Ph c 78 86
4 2-Me-CgH, d 84 92
5 3-Me-CgHy e 91 94
6 4-Me-C¢H, f 51 90
7 2-MeO-CgH, g 92 94
8 3-MeO-C¢H, h 80 90
9 4-MeO-CeH, i 64 94
10 4-F-C¢H, j 71 87
11 4-Cl-C¢H, k 69 80
12 4-Br-C.H, 1 87 89
13 4-1-CgH, m 91 95
14 4-NC-C¢H, n 94 70
15 2-Furyl o 79 90
16 3-Furyl p 83 93
17 tBu q 72 81
18 nPr r 87 83
19 PhCH, S 93 94

“Yield of isolated product. ? Determined by HPLC.
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hyde 1s (entry 19),** due to the double activated o-position.
Under the mild conditions provided by the Co(u)-triazolium/
naphthoxide catalyst C5, it also underwent clean nitroaldol
addition without observable side reactions. This underscores
the functional group compatibility of the catalyst system.

In addition, we studied the use of 1-nitropropane in order
to generate two stereocenters (Table 3). Useful to high yields of
isolated 3 were attained using 1 mol% of C5 at —20 °C for
20 h, with moderate preference for the syn-diastereomer
(69:31-81:19) which was formed with good to high enantio-
selectivity (ee 80-94%)."1*17

Mechanistic studies

Control experiments. To determine which moieties in the
polyfunctional catalyst systems are essential for high perform-
ance, a number of control catalyst systems CC1-CC7 was inves-
tigated (Table 4).

In CC1, the naphthoxide base is missing and formally
replaced by a methyl ether unit (entry 1). In that case, no
product was found. By addition of catalytic amounts of Cs,CO;
as external base, activity was regained, but racemic product
was formed. Notably, when only Cs,CO; was used without any
catalyst, considerable background reactivity was found, leading
to 33% conversion under the same conditions. Similarly, cata-
lyst CC2 lacking an azolium side arm,"'®"*° gave racemic
product in the presence of the external base. The organocataly-
tic betaine control system CC7 also formed racemic product in
good yield, however in contrast to all other cases shown here,
there was a significant difference between conversion and
yield. Combining CC2 and CC7 to a binary catalyst system
resulted in improved yield and a clean transformation, but
also here a racemate was obtained.

Like our standard catalyst C5, complex CC3 is a polyfunc-
tional Lewis acid/betaine catalyst. In that case the axially chiral
binaphthyl unit is missing, causing a strong loss of enantio-
selectivity. CC4 contains a binaphthyl unit, but the azolium is
formally replaced by an ether bridge. For activity, the base was
necessary again and the product was racemic.

Table 3 Application of the title reaction to form two stereocenters

o 1 mol% C5, OH
| THF, -20 °C, 20 h Et
U+ om0, ——222
R
NO,
1 3
# R 1/3 Yield“/% syn : anti ee(syn)?/%
1 2-Naphthyl a 74 69:31 93
2 Ph c 69 70:30 80
3 4-Me-CgH, f 81 74:26 86
4 4-MeO-CgH, i 67 75:25 88
5¢ 4-Br-C¢H, 1 84 81:19 94
6° 4-T1-CgH, m 86 80:20 91

“Yield of isolated product. ” Determined by HPLC. °1.0 M THF was
used.
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Table 4 Study of control catalysts CC in the title reaction

5 mol% CC,
| (5 mol% base), OH
H3;CNO, (1M in 1a), N
OO = oc’ - h OO 02
1a 2a

5 f N—N
”LZL ”%7: Et" @ 2 o~
! R | PR
' o N i -
RO N Y
(Co\ e R
U XY
{CC1-CC6 SO,CF; !
""""""""""""" ' cc1
vy
- /
F& VHC Et—N®
N—N o OH ® N
1 N/ ©
Et/N ./ o
®
o {34
88 ah
CC3 CC4 CC5
N// ' Bn '
7 : - '
Et”" @ E N/l\/l N :
' — A e H
6 &2 LB B i
cce ; ccr E
# CC External base  Conversion?/%  Yield/% ee?/%
1 CC1 — <2 <2 —
2 CC1 Cs,CO3 90 90 rac
3 CC2 Cs,CO;3 71 71 rac
4 CC7 — 96 82 rac
5 CcC2+CC7 — 92 92 rac
6 CC3 — 70 67 21
7 CC4 Cs,CO;3 80 80 rac
8 CC5 — 83 83 -7
9 CCé6 — 32 32 19

“Determined by '"H-NMR using mesitylene as internal standard.
b Determined by HPLC.

CC5 and CC6 are both betaine catalysts featuring triazolium
moieties and axial chirality in the aryloxide part, in which the
conformational flexibility is increased compared to C5 by
methylene and methylene ether linkers between the azolium
and the binaphthyl fragments. In addition, in CC5, the triazo-

This journal is © the Partner Organisations 2025
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lium is connected by a C,C-bond to the phenoxyimine ligand.
In both case enantioselectivity was found to be low.

The results of the control experiments are suggesting that a
well-balanced spatial fit between all the key functional groups
of the catalyst, i.e., chiral Lewis acid sphere, azolium and aryl-
oxide and the functional units of the activated substrates is
required for high enantioselectivity.

Kinetic investigation. The empirical rate law was determined
using the variable time normalization analysis (VINA) by
Burés (see SI, chapter 3.1)."'"** This method allowed to eluci-
date the kinetic orders with respect to all components involved
in the model reaction. Kinetic analysis was performed by
monitoring the conversion of 1a by 'H-NMR spectroscopy
using catalyst C5 in THF-dg. The best fit was found with eqn

(1):

0.90 1.08

r = kobs [C5]”% [1a]'*® [MeNO,]"* (1)

The results thus show a first-order dependence on the cata-
lyst concentration, suggesting that a single catalyst molecule is
likely involved in the turnover-determining step(s). A non-
linear effect (NLE)">*'*>study (see SI, chapter 3.3) revealed a
linear relationship between the enantiomeric excess (ee) of
catalyst C5 and that of the product 2a, supporting that higher-
order catalyst aggregates are not involved.

The reaction rate also showed a first-order dependence on
the aldehyde (1a) substrate and a nearly first-order dependence
on nitromethane (NM) (reaction order = 0.85). This rate law is
in good agreement with the energy profile of the calculated
mechanism (see below).

Spectroscopic investigations. UV-Vis studies employing
Beer’s law analysis also support a monomeric catalyst structure
in THF (see SI, chapter 3.4.1).

The properties of paramagnetic catalyst C5 and its pre-
catalyst (featuring the neutral naphthol unit) were investigated
using magnetometry and spectroscopy in both the solid state
and in solution, to gain insights into their electronic structure
and derive implications regarding the catalytic mechanism.

SQUID (superconducting quantum interference device)
magnetometry measurements were conducted on powder
samples of C5 and its precatalyst C5*HPF,. The room tempera-
ture y,,T value for the precatalyst C5*HPFg was 2.3 cm® mol ™
K (Fig. S15), which agrees well with the value expected for a
spin S = 3/2 and gis, = 2.2. Below 70 K, the y,,,T value decreases
and reaches 1.5 cm® mol™" K at the lowest measurement temp-
erature. This decrease is attributed to sizable zero-field split-
ting. The temperature dependence of the y,,T value for C5 is
qualitatively very similar, but the absolute values are reprodu-
cibly lower by 30% (Fig. S16). To assess if this discrepancy is
due to lower g-values, and to further characterize the com-
pounds, X-band electron paramagnetic resonance (EPR)
spectra were recorded on powder samples of the precatalyst
C5*HPF; (Fig. S17) and C5 (Fig. S18) at 4 K. The spectra are
qualitatively very similar and consistent with excitations within
the lowest Kramers doublet, where the combined action of
g-value anisotropy and zero-field splitting leads to a rhombic

This journal is © the Partner Organisations 2025
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shape. The combined fit of EPR and SQUID data gave the spin
Hamiltonian parameters reported in Table 5. The g-tensor
values for C5 and its precatalyst are very similar and the discre-
pancy between the y,,T values of C5 and its precatalyst can
therefore not be due to differences in g-values. Therefore, we
attribute the difference to the presence of a small amount of a
diamagnetic cobalt(m) species formed in the activation
process.

UV-Vis measurements on C5 (2 mM) were carried out to
investigate the dependence of the ligand field splitting of the
Co(u) center on solvents and substrates. The room temperature
UV/Vis spectrum of C5 in non-coordinating DCM displays two
overlapping low-energy bands centered at around at 16 740
and 18000 cm™, respectively, that are assigned to dd-tran-
sitions (Fig. S11). The spectrum in pure nitromethane displays
slightly lower intensities of the above bands, with slightly
changed intensity ratio in favour of the high-energy com-
ponent. Interestingly, the spectrum in pure THF displays an
additional band at the lower energy of 14 188 cm™". Addition
of the aldehyde 1a to the last solution results in insignificant
changes, demonstrating that 1a coordinates less strongly than
THF (and the other ligands). However, addition of 1000 eq. of
nitromethane to a THF solution causes the disappearance of
the lowest-energy absorption band, indicating that nitro-
methane displaces THF in this case. Coordination of nitro-
methane to metal centers is known and the ligand field
strength is similar to that of water.'>®'*”

By means of circular dichroism CD spectroscopy, it is poss-
ible to probe the influence of chirality on electronic transitions
that involve the metal center. CD-spectra (Fig. S12-S14)
recorded in the area of 380 nm (27 000 cm™') at room tempera-
ture reveal negligible intensities for the precatalyst and for the
free binaphthol ligand. In contrast, clear CD intensity was
observed for C5 (0.2 mM in DCM), indicating that the relevant
electronic transition must involve both the metal and the
(chiral) ligand. Therefore, the absorption band is assigned to a
charge transfer transition. Addition of nitromethane leads to a
small, but significant change in intensity, which could point
toward partial dissociation of the naphthoxide moiety from
the metal center. Addition of aldehyde does not lead to a mea-
surable change in intensity of the relevant band, but the situ-
ation is complicated by strong absorption of the substrate at
slightly shorter wavelengths.

DFT calculations. To gain deeper insight into structural pro-
perties of the catalyst C5 and to elucidate the mechanism of
the catalytic reaction, we performed DFT calculations at the

Table 5 Spin Hamiltonian parameters derived from SQUID and EPR for
C5 and its precatalyst

Spin Hamiltonian parameters C5*HPFq C5

I 2.295(2) 2.54(3)
r 2.228(3) 2.22(5)
2 2.098(3) 2.21(2)
D(cm™) 28.0(5) 28.2(6)
E/ID 0.250(8) 0.258(9)
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B3LYP-D3(BJ)/def2-TZVP/COSMO  (nitromethane) level of
theory, using geometries optimized at the PBEh-3c-D3(BJ)/
def2-mSVP level.'?®*% The barrier for the uncatalyzed reaction
as determined by DFT is 239.1 k] mol™" relative to the free
reactants. The high calculated barrier along with the lack of
enantioselectivity rules out a significant amount of uncata-
lyzed background reaction.

As no crystal structure of C5 is available, a model was con-
structed manually based on calculated geometries of a similar
catalytic system.'®®10%113:114 That structure was optimized and
served as starting point for all subsequent calculations. In
accordance with magnetic measurements identifying the
active species as a high-spin Co(i) complex, the reaction
pathway was computed with a spin multiplicity of 4.

To investigate the following proposed reaction mechanisms,
we computed all relevant stationary points along the reaction
pathway, including minima and transition state structures.
Building on previous investigations, we propose two possible
catalytic cycles, illustrated in Schemes 2 and 3.

The first mechanism, here referred to as the standard
mechanism, follows the common pathway for polyfunctional
Lewis acid/azolium-aryloxide betaine catalysts.'®'**'* Here,
the pronucleophile is deprotonated by the naphthoxide base
and the resulting nucleophile stabilized by a metal center, in
our case cobalt(u). In this mechanism, the electrophile is acti-
vated by the resulting azolium naphthol moiety via H-bonding.
Based on the pK, values of nitromethane (pK, = 10.2 at
25 °C)"* and 2-naphthol (pK, = 9.5 at 25 °C)"**'*° in water,
the deprotonation step is expected to be slightly endergonic, a
finding that is also consistent with the DFT calculations pre-
sented in Fig. 1.

In the proposed inverse mechanism, the naphthoxide base
also deprotonates the nitromethane leading to a nitronate
which is further stabilized by coordination to the metal center
and by hydrogen bonding to the naphthol OH generated
during the proton transfer. In that case, the aldehyde also
binds to the metal center, which distinguishes the inverse from
the standard pathway.

In neither mechanism does the catalyst exist in its bare acti-
vated form, but it is generally interacting with a nitromethane
molecule as depicted in I in Scheme 2.

The interaction is further facilitated by the use of nitro-
methane as solvent, but the association is also energetically
favourable, as the binding of nitromethane to the catalyst is
exothermic. It involves a H-bond between the azolium and the
nitro group, which further acidifies the nitromethane, which,
at the same time, is exposing its methyl unit to the basic
naphtholate unit. In the energetically lowest starting structure
I visualized in Fig. 2, the cobalt center adopts a highly dis-
torted tetrahedral coordination geometry, as indicated by the
O-Co-N angle of 124° between the binaphthyl-O, the Co(u)
and the adjacent N atom.

The catalytic cycle of the standard mechanism is depicted in
Scheme 2 and the Gibbs energy along the cycle as obtained by
DFT is shown in Fig. 1. The cycle begins with the deprotona-
tion of nitromethane by the binaphtholate. The resulting nitro-
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Scheme 2 Proposed catalytic cycle for the standard mechanism. Like
in Scheme 1, red circles indicate a Lewis acid, green circles a Bronsted
base, and blue circles a H bond donor participating in the individual
steps.

nate anion is stabilized by a H-bond to the binaphthyl-OH,
which was generated during the proton transfer, yielding inter-
mediate II;. During the deprotonation, the bond between the
Co center and the naphthoxide-O is broken, which is sup-
ported by UV/VIS spectroscopy. After adding nitromethane to
the catalyst, the charge-transfer band associated with the Co-O
bonding diminishes by 20%, indicating a cleavage of this
bond. The barrier for the deprotonation from I to I was
found to be 92.0 k] mol™" with respect to I, see Fig. 1. The
coordination geometry of Co remains largely unchanged
except for replacing the naphthoxide-O by a nitronate-O atom.

In the subsequent step of the catalytic cycle, from II to I,
the aldehyde undergoes a H-bond formation with the
naphthol moiety, thus cleaving the H-bond between naphthol
and nitronate. Instead, both oxygen atoms of the nitronate

This journal is © the Partner Organisations 2025
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Iiib

Scheme 3 Proposed catalytic cycle of the inverse mechanism. Like in
Scheme 1, red circles indicate a Lewis acid, green circles a Bronsted
base, and blue circles a H bond donor participating in the individual
steps.

now function as a bidentate ligand to the Co center, forming
intermediate IIl;. At the same time, the coordination environ-
ment of Co shifts from a distorted tetrahedral geometry to a
very distorted square pyramidal arrangement.

This journal is © the Partner Organisations 2025
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Fig. 1 Free energy profile of the standard mechanism. The catalyst C5/
nitromethane adduct | was chosen as reference state.

Fig. 2 Molecular structure of species | which is the starting geometry
of both proposed reaction mechanisms. Nitromethane forms weak
hydrogen bonds to the active catalyst. Important distances are
highlighted.

The following C-C bond formation step from III to IVy is
stereo-determining as the corresponding transition state has
the highest energy in the catalytic cycle, 102.8 k] mol™" (see
Fig. 1 and Fig. 3, top). The transition state forming the unfa-
vored (S)-enantiomer is visualized in Fig. 3 (bottom) and found
at a significantly higher energy of 115.2 k] mol ™", resulting in
a computed ee of 98%, which is in close agreement with the
experimental value of 97%. The higher energy of the (S)-tran-
sition state may be attributed to a weaker H-bond between the
aldehyde substrate and the naphthol, with a distance of 1.55 A
compared to 1.46 A in the transition state leading to the
favored (R)-enantiomer.

In addition, the hydrogen bonding atoms in the (S)-tran-
sition state deviate more from a linear geometry, showing an
angle of 169.2° versus 173.5° for the (R)-transition state (see
Fig. 3). Simultaneously, upon the C-C bond formation, the
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2150 16050

Fig. 3 Comparison of the transition states leading to the favored (R)
(top) and disfavored (S) (bottom) enantiomers in the C-C bond for-
mation from lllg to Vs in the standard mechanism. Most H atoms are
omitted for clarity. White: H, gray: C, pink: Co, red: O, blue: N, yellow: S,
green: F.

resulting alkoxide is protonated intramolecularly by the
naphthol moiety. In intermediate IV, the cobalt coordination
sphere returns to a distorted tetrahedral geometry, similar to I.
In the second to last step, i.e., from IV to V, the bond between
Co and the naphtholate-O is formed again to yield intermedi-
ate V. Finally, the neutral product is released from the complex
and a new nitromethane molecule binds to the catalyst, for-
mally completing the catalytic cycle. Although no transition
state for the last step was identified, relaxed surface scans
suggest a low barrier, consistent with the predictions from
microkinetic modelling which will be further explained below.
In the inverse mechanism, the first intermediate (I) is identi-
cal to that of the standard mechanism (Scheme 3). The initial
step is the coordination of the aldehyde to the Co center to
form intermediate II;, which is in contrast to the standard
pathway where it binds to the binaphthyl-OH moiety. In II;, an
octahedral coordination is found, as the nitroolefin also coor-
dinates to the metal center. The following step is the deproto-
nation of the coordinating nitromethane, yielding intermedi-
ate Illa; via a transition state with an energy of 110.5 kJ mol™"
(Fig. 4). This is followed by the formation of a H-bond between
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Fig. 4 Free energy profile of the inverse mechanism. | was chosen as
reference state.

the nitronate and the naphthol unit in IIlb; with a relative
energy of 102.2 k] mol™". In structures Illa; and IIIb;, the
cobalt has a square pyramidal coordination environment, as
the bond between the binaphthyl-O and Co becomes
elongated, while the bond to the nitronate is shortened. In
IIIb; and the subsequent intermediate IV;, the key difference
between the two mechanisms becomes evident: in this alterna-
tive option, the aldehyde coordinates to the Co center rather
than forming a H-bond to the naphthol’s OH that is observed
in the standard mechanism. Furthermore, the nitronate is sim-
ultaneously binding to both the Co center and the binaphthyl-
OH in the inverse mechanism.

The C-C bond formation from IIIb; to IV; proceeds through
the turnover determining transition state (TDTS, Fig. 5) with the
highest energy of the catalytic cycle (117.0 k] mol™, see Fig. 4).
Since the turnover determining intermediate is I with a relative
energy of 0 k] mol™", the energetic span is also 117.0 k] mol ™.

In addition to the C-C bond formation, the shift of a
H-bond from stabilizing the nitronate to stabilizing the newly

Fig. 5 Transition state of the C—C bond formation from llib; to IV; for
the inverse mechanism. Most H atoms are omitted for clarity.
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formed alkoxide occurs in the same step, thereby changing the
coordination sphere of Co to a trigonal bipyramidal geometry.

Subsequently, the alkoxide is protonated by the naphthol
while the resulting naphthoxide binds to Co again and the pro-
duct’s OH is released from the metal center to give intermedi-
ate V. Product release and association of nitromethane to the
catalyst closes the catalytic cycle.

To conclude, the rate-limiting barrier of the standard mecha-
nism is calculated to be 14.2 k] mol™ lower than that of the
inverse mechanism. Thus, a preference for the standard pathway
is likely and in good agreement with the microkinetic model-
ling (see below).

Microkinetic modelling. Microkinetic modelling allows
direct comparison of Gibbs free energies obtained from DFT
calculations and experimental kinetic data. The kinetic model
comprises a reaction network, i.e., a set of elementary reactions
(Table 6) and their rate constants. Solving the kinetic equations
results in the concentrations of all species involved over
time."*'*®* The rate constants were optimized to match the
experimental concentration profiles over time for several
different initial conditions. Fig. S19 and S20 in the SI show a
comparison of the experimental aldehyde (1a) and product con-
centration profiles and the simulation results of the microki-

Table 6 All the elementary reactions used to model the catalytic cycle
are listed. The Gibbs free energy barriers are obtained from the microki-
netic model in kJ mol™*

AG* forward AG* backward
Elementary reaction (k] mol™) (k] mol™)
I oI 82.0 61.5
1L, + RCHO < III, 40.8 13.8
g &V 42.2 70.0
V + H;CNO, < I+ product 14.8 33.8
II; — side product 85.2 —
w— MKM
100 =103 OFt
= 92 C— 90
— =82
3 H: :
£ I — N
2 H 2 e & %
< 50 i B g — :
Q H : e
a . 2 : -
'-. —
| s |9 IV v

Fig. 6 The reaction barriers from the microkinetic model (gray, black)
and DFT barriers (blue) for the standard mechanism are compared.
Multiple sets of barriers in the microkinetic model reproduce the experi-
mental concentration profiles equally well. The set of barriers that best
agrees with the DFT barriers is highlighted in black and was used for the
simulation shown in Fig. S19 and S20 (SI).
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netic model. From the optimized rate constants, activation bar-
riers were calculated (Table 6) and compared directly with the
DFT barriers of the standard mechanism, as presented in
Fig. 6. The agreement is satisfactory: DFT predicts the two
highest barriers to be larger than the kinetic model, by 10.0 k]
mol ™" for the deprotonation of nitromethane and 13.0 k] mol™*
for the C-C formation. The difference to the highest barrier in
the inverse mechanism would be 27.2 k] mol™", indicating
once more that the standard mechanism is likely to occur.

The concentration profiles of the aldehyde and product
were measured experimentally under four different conditions.
The initial concentrations (Table 1, entry 13) of the reaction
were varied by increasing either the aldehyde or the catalyst
concentrations. In an additional experiment, the catalyst was
pre-stirred in nitromethane for 5 h hours before the increased
amount of aldehyde was added. The pre-stirring experiment
was designed to investigate the possibility of catalyst decay.
Comparing the concentration profiles with and without pre-
stirring shows that pre-stirring significantly slows down the
reaction, which suggests that the catalyst decays over time.
Consequently, catalyst decay was included as an elementary
step in the reaction network (Table 6). Simulations indicate
that 41% of the catalyst decays after 5 h of pre-stirring. The
decay product has not yet been identified.

However, it should be noted that the model is not unique,
and that alternative parameters and reaction networks can
also fit the experimental data equally well for the standard
mechanism (Fig. 6, gray). Only the sensitive barriers (I to Il
and IIIi to V) can be precisely determined, while others vary
widely without affecting the fit quality. Nevertheless, the
model is in close agreement with the experimental and DFT
data, suggesting that the reaction network is plausible.

Conclusions

The development of polyfunctional catalysts opens new oppor-
tunities for mimicking the efficiency of enzymes in asymmetric
transformations. In this context, we presented a novel
approach to the nitroaldol reaction that relies on a catalyst
system combining cobalt(u) as a Lewis acid with an azolium-
aryloxide betaine. This catalyst displays mechanistic features
reminiscent of class-II aldolases, where several functional
elements cooperate to achieve high stereocontrol.

DFT calculations, microkinetic simulations, and spectro-
scopic studies provided deep insight into how the catalyst
most likely operates. The cobalt(u) center contributes Lewis
acidity (like in class-II-aldolases Zn(u), Co(u) etc.), the aryloxide
moiety functions as a Brensted base (like in class-II-aldolases
usually glutamate), while the corresponding aromatic alcohol
derived from it plays a dual role: as a hydrogen-bond donor
and as a Brensted acid (like in class-II-aldolases usually tyro-
sine). Together, these functions create a chiral highly orche-
strated reaction environment, in which bond activation, stabi-
lization of intermediates and transition states, and stereoche-
mical control are precisely balanced. Remarkably, for nitro-
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methane this cooperative interplay allows the reaction to
proceed with excellent stereoselectivity even at slightly elevated
temperatures.

Beyond its mechanistic mode of action, the practical advan-
tages of this system are noteworthy. Because no external base
is required and the participating functional groups of the cata-
lyst are only weakly acidic and basic, the conditions are very
mild minimizing competing side reactions.'** ¢ As a result,
the scope of the reaction extends to readily enolizable alde-
hydes, including substrates such as phenylacetaldehyde,
which are problematic in classical nitroaldol protocols.

Thus, this polyfunctional catalyst design not only provides
a new route to stereoselective nitroaldol reactions, but also
demonstrates carefully integrated catalytic elements matching
the multifaceted strategies of enzymatic systems.
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