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Abstract. This work presents a detailed mechanistic study of
a quininium-catalyzed aza-Michael reaction, providing
essential information for advancing chiral proton catalysis
(CPC). The use of cinchona derivatives as chiral proton
catalysts demonstrates their potential beyond their
conventional roles as base-promoted and phase-transfer
catalysts. Competitive reaction pathways are explored using
density functional theory (DFT), wavefunction theory, and
microkinetic  simulations.  Theoretical analyses are
complemented with experimental titration and kinetic
techniques to verify the intrinsic details of the reaction.

This study reveals an intricate hydrogen bond network
formed in the rate- and selectivity-determining step,
involving four noncovalently attached components that favor
a stronger substrate---catalyst interaction in the R transition
state. Significantly, this research emphasizes the pivotal role
of carboxylate anions as nucleophile-activating bases
impacting reaction yield and enantioselectivity. Therefore,
this work introduces cinchonium derivatives as new options
for CPC and provides a thorough mechanistic analysis
significant in expanding this underdeveloped -catalytic
domain.
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Introduction

Chiral proton catalysis (CPC) is a field that relies on
substrate activation through ionic hydrogen bonds, a
concept labeled by Johnston and coworkers in 2004
However, to date, it has been scarcely explored in the
literature. This area, which is often included in the
broader category of Bronsted acid catalysis,*
encompasses chiral cationic catalysts that bear
protonated nitrogen atoms serving as hydrogen-bond
donors, preserving the protonation state after
performing the catal?ftic cycles with no need to add any
external reagent.””'” The increased acidity of charged
hydrogen donors provides an advantage in the
activation of electrophiles, as proton acidity is greater
than that of common motifs used in organocatalysis,
such as (thio?ureas, squaramides, and similar NH
donor groups.[''"3!

Despite the great potential of CPC, the scarcity of
available catalyst families enormously hinders the
development of this area (Figure 1A).H14"
Consequently, the number of studies regarding CPC

remains far fewer than those of other areas of
organocatalysis, and only a few reaction types, such as
the aza—Henry,[2°'26] Hetero-Diels—Alder,”” and
iodolactonization reactions,””®! have been considered.
The main reasons behind the lack of progress in this
area are probably related to the high complexity of
CPC reactions, which often involve processes with
four noncovalent units. In this sense, the absence of a
solid mechanistic understanding of CPC delays any
attempt to discover or improve new catalysts.
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Figure 1. (A) Representative examples of families of chiral
proton catalysts. (B) Roles of cinchona derivatives in
catalysis.

To the best of our knowledge, there have only been
a few computational studies attempting to rationalize
the mechanism behind a CPC reaction.”** The
results confirm the high complexity of mechanistic
studies in this type of catalysis, involving competitions
between multiple transition states (TSs) and
conformations, and the formation of extensive
noncovalent interaction networks. Consequently, there
is still an important gap of information regarding
reaction mechanisms that needs to be filled to ensure
optimal development of CPC reactions. For example,
future research focused on CPC could benefit from
experimental kinetic experiments aimed at revealing
the rate- and selectivity-determining steps.

Furthermore, a good correlation between
computational results, microkinetic simulations, and
experimental rates and enantioselectivity is necessary
to ensure that state-of-the-art theoretical methods are
reliable enough to model CPC systems. These
theoretical tools may play a crucial role in revealing
elusive reaction details, such as the influence of
counterions on  enantioselectivity in  CPC.
Understanding the role of commonly ignored
counteranions would uncover new features important
for reaction development.

In this study, N-protonated cinchonium derivatives
are presented as a new family of catalysts for
promoting aza-Michael additions. The use of this
family of compounds as chiral proton -catalysts
showcases their potential beyond thelr commonly
recognized roles as base- promoted and phase-
transfer catalysts (Figure 1B).’) We employ both
computational and experimental techniques to

comprehensively expand our mechanistic
understanding of the studied reaction. This approach
has the potential to offer valuable insights and
facilitate the development of CPC.

Results and Discussion
Synthesis of catalysts and reaction development

Protonated cinchonium catalysts were prepared using
an efficient and straightforward protocol that involves
mixing equimolar amounts of cinchona alkaloids and
Bronsted acids (Scheme 1). The catalysts can be
obtained by evaporating the solvent and the synthetic
method was compatible with different cinchona
derivatives, such as quinine (QN, 1) and cinchonidine
(CD, 2), and acids (a-d). The synthesis of the catalysts
was confirmed through monocrystal X-ray diffraction
analysis using 2b, which revealed the presence of
protonated (é]uinuclidine groups in the cinchona
derivatives.

HA (a-d) 1 eq.
_—

CHyCly, r.t., overnight
quantitative yield

QN (1) R = OMe
CD(2)R=H

a, R'=CO,H,RZ=H

b, R'=CO,H, R? = 1-OH

¢, R"=S0;H, R? = 4-Me

d, R" = CO,H, R? = 3 4-(OMe),

Scheme 1. Synthesis of cinchonium derivatives 1a-d and
2a-c and X-ray structure of compound 2b.

The catalysts were tested in the target aza-Michael
addition of hydrazides 3 to nitrostyrene derivatives 4.
After an extensive screening of reaction conditions, it
was determined that the optimal conditions included
catalyst 1d and hydrazide 3¢, using CH>Cl, as the
solvent at —27 °C (Table S1). Additional tests were
performed using individually 1, benzoic acid, and
sodium benzoate as catalysts for the reactions (Table
S1, entries 27-29). The unsuccessful results obtained
in the latest cases suggest that both parts of the
cinchonium salts are necessary to promote optimal
reactivity and enantioselectivity. Furthermore, the
nuclear magnetic resonance (NMR) spectra of
catalysts 1 and 2 indicate that their quinuclidine groups
remain protonated in solution (Figure S9). As shown
in Scheme 2, the aza-Michael addition was
successfully implemented using different nitroalkenes
4.
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Scheme 2. Scope of the aza-Michael reaction catalyzed by
1d.

In most cases, the final products 5 were obtained
with excellent yields and good enantiomeric excesses
(ee). As a general trend, the data suggests that the yield
and ee increase as the nitroalkene acceptor becomes
more electron-withdrawing (78 to >95% yield in Sca-
cg vs 54 to 77% yield in Sch-cj). The absolute

configuration of adducts 5 was determined to be R
based on previous data.’”!

Computational mechanistic study

We first employed computational techniques to
investigate the reaction mechanism using 1a, 3¢, and
4a. We modeled catalyst 1a since this structure does
not contain the two methoxy groups of 1d while giving
very similar yield and ee (Table S1, entries 23 and 24
vs 30 and 31). Multiple competitive pathways and
activation modes were considered (Figure 2 and Figure
S49), as well as an extensive conformational space!*®
(see the Conformational sampling section of the ESI
for more details).

Due to the differences in energy observed when
varying the level of theory, we opted to include various
DFT and wavefunction theory methods.***" Figure 2
displays the energy deviations of eight combinations
of widely used functionals and basis sets in modern
mechanistic studies (yellow area, methods A to H, and
Figure S50). The eight selected methods influenced
geometry optimization, frequency calculations, and
single-point energy corrections. The optimal method
was selected based on its agreement with three
different experimental measurements. The first two
values were the energies of formation for reaction
steps 1a:--3¢ and (R)-Int-1V, extracted from '"H NMR
titration experiments (Figure S48 and Table S5).
Additionally, the benchmarking included the
measured ee of the process (Table S6).
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Figure 2. Energy profile using Boltzmann weighted AG values (in kcal-mol™) with catalyst 1a, 4-nitrophenylhydrazide (3¢),
trans-B-nitrostyrene (4a), Arl = (6-methoxyquinoline-4-yl); Ar> = 4-NO,-phenyl. Representations of the most stable
conformers found in (R)-TS-I and (R)-TS-III with method A are also included. The most relevant H bonds are included as



dotted black lines and bonds involved in the TSs are shown as thin yellow lines. Distances are included in A. Quasi-harmonic
(QHA) vibrational, 1 M standard state and conformational entropy corrections were computed and applied by the
GoodVibes*® program at —27 °C (246.15 K). The SMD solvation model with dichloromethane was included in all the
calculations. The levels of theory used are (A) ®B97X-D/Def2-QZVPP//@B97X-D/6-31+G(d,p), (B) M06-2X-D3/Def2-

QZVPP//0B97X-D/6-31+G(d,p), (C)

B3LYP-D3(BJ)/Def2-QZVPP//0B97X-D/6-31+G(d,p),

(D) ©B97X-D/6-

311++G(2df;p)//0BI7X-D/6-31+G(d,p), (E) ®B9I7X-D/aug-cc-pVTZ//@B9ITX-D/6-31+G(d,p), (F) DLPNO-CCSD(T)/cc-

pV(DT)Z//oB97X-D/6-31+G(d,p), (G)

MO06-2X-D3/Def2-QZVPP/M06-2X-D3/6-31+G(d,p) and (H)

B3LYP-

D3(BJ)/Def2-QZVPP//B3LYP-D3(BJ)/6-31+G(d,p). The yellow area represents the range of values from the eight methods.

Method A (0B97X-D/Def2-QZVPP//@B97X-D/6-
31+G(d,p), SMD) exhibited superior performance
compared to the three experimental values. This
method showed low errors in Gibbs free energy (G)
with discrepancies of only 1.6 and 0.3 kcal-mol ™ when
compared to the experimental results of 1a---3¢ and
(R)-Int-1V, respectively (Table S5). Furthermore, the
calculated and experimental ee values were found to
be identical (1.0 kcal'‘mol” for both DFT and
experimental values, Table S6).

The reaction proceeds through a relatively complex
mechanism involving four noncovalently attached
components. Reaction pathways containing four
interacting units are rare in organocatalytic
mechanistic studies,[***”! typically only containing
noncovalent catalytic clusters with up to three units of
catalyst and substrate. The mechanism begins with the
exergonic formation of the catalyst---hydrazide
(1a---3¢) and catalyst - -hydrazide- - ‘nitrostyrene
complexes (Int-I, Figure 2). Experimentally, the
reaction does not proceed until all components are
added, and no side products are formed. These
observations suggest that reagents and initial
noncovalent aggregates 1la‘:-3¢ and Int-I can
interconvert before any transformation occurs.

Subsequently, the hydrazide nucleophile attacks
nitrostyrene (TS-I), leading to the creation of the R
stereocenter. Then, a rapid proton transfer occurs
between the intermediate Michael adduct and the
benzoate anion (Int-II to Int-III), followed by the
protonation of the intermediate adduct in TS-III. The
most stable species of the profile, the noncovalent
catalyst:--product complex observed in Int-1V, might
cause catalyst inhibition as product Sca is generated.
This effect has been previousl?/ observed in other
cinchona-catalyzed reactions,*”! suggesting that it
might not be a rare event in catalysis with cinchona
derivatives.

The computational mechanism revealed an
important  interaction  between the  acidic
quinuclidinium group and nitroalkenes 4, which is
likely the main activating interaction of the
electrophiles during the TS-I addition. This interaction
is also present in all the TSs of the reaction.
Additionally, the results suggest that the benzoate
counteranion forms H bonds that aid the nucleophilic
attack of 3¢ during the addition.

Experimental mechanistic study and validation of
computational results

The theoretical results obtained are crucial to
understand the mechanistic characteristics of the
reaction. However, this computational insight requires
experimental validation to ensure the validity of the
proposed mechanism. One of the most important
features to study through experimental Kkinetic
experiments is the position of the rate-limiting step
(RLS), as computational results show two potential
candidates that are relatively close in energy (AG of
14.2 vs 16.0 kcal-mol™ for (R)-TS-I and (R)-TS-III,
respectively). Relying exclusively on these theoretical
results to determine the RLS may be questionable due
to the small energy difference between the two steps
compared to DFT accuracy. For example, agreements
of state-of-the-art DFT calculations with experimental
barrier heights as high as 1.8 kcal-mol™' per TS have
been considered reasonably good even for simpler
Diels-Alders and Sx2 reactions.*” Therefore, the RLS
was determined experimentally instead, using kinetic
isotope effects (KIEs).

Two deuterated nitrostyrene derivatives were
synthesized, which contained the D atom in different
positions (Figure 3A). These deuterated compounds
were designed to show specific KIEs in one of the two
possible RLSs. First, 4a-B-D contains the D atom in
the position receiving the nucleophilic attack in TS-I.
In this step, the deuterated C atom undergoes a
hybridization change from sp® to s[15)3, which is
associated with inverse secondary KIEs.”” In line with
this prevision, the experimental values also showed
secondary KIE effects of 0.91 with this substrate,
suggesting that TS-I is the RLS.

In contrast, the D atom introduced in 4a-a-D targets
the hybridization change of the deuterated C atom
involved in TS-III. The experimental results showed
non-existent KIEs in this case (0.99), supporting the
notion that TS-I is the RLS of the process. The
calculated KIEs using DFT frequency informationl®")
also support that TS-I is the RLS in both substrates.
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Figure 3. Experimentally observed KIEs (A) and orders of
reaction (B).

We also used 4a-a-D to study the reversibility of the
overall process. The absence of D/H exchange in Sca-
o-D over time indicates that the reaction is not
reversible and the ee is determined in the RLS TS-I,
implying kinetic control.

We then measured the orders of reaction (Figure
3B) to ensure proper design of the reaction pathways,
in which only one molecule of each component is
modeled. The order of reaction was measured for 1a
and 4a, showing approximately order of one for each
compound (1.17 and 0.89 for 1a and 4a, respectively)
and matching the computational approaches. The
negative order observed for Sca (—0.72) indicates that
the reaction rate decreases as this product forms. This
result is consistent with the favorable formation of
complex la---(R)-5ca observed in the computational
profile ((R)-Int-IV, —7.9 kcal-mol™', Figure 2) and
titration experiment (Figure S48).

Understanding stereoselectivity and reactivity
After validating the proposed energy profile through

multiple kinetic studies, we directed our attention to
the rate- and selectivity-determining step TS-I to

analyze the key features influencing enantioselectivity.

The structural analysis revealed a complex network of
H bonds, in which the chiral proton activates the
electrophile while the benzoate counteranion activates
the nucleophile (Figures 4A and S51). Based on the
Hammond-Leffler postulate®>**) and the calculated
reaction coordinates, the enhanced stabilization of the
oxyanion in (R)-Int-II contributes to the earlier and
lower activation barrier observed for this enantiomer
(Figure 4B).
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studied with the intrinsic reaction coordinates of the most
stable conformers, (R)-TS-I 24 and (S)-TS-I 1, at the
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The activation of both electrophile and nucleophile
is also important for modulating reactivity. In this
context, the chosen counteranion should not be
regarded as innocuous, as it can impact reaction rates
by interacting with the nucleophile in TS-I1. We further
tested this hypothesis using chloride as the anion (1e)
since this change should trigger a diminished
nucleophile activation caused by the poorer ability of
chloride to form H bonds with hydrazide 3¢ compared
to benzoate. As expected, the calculations showed
changes in the hydrogen bond networks that led to
increased activation barriers (from 1a---3¢ to (R)-TS-
I, 16.0 vs 18.6 kcal-mol™" for benzoate and chloride
counteranions, respectively, Figure 5A), and the
experimental yield dropped accordingly (from >95%
to <10% for benzoate and chloride, respectively).
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We next measured rate constants at different
temperatures and prepared an Eyring plot (Figure S46)
to calculate the activation parameters of the reaction
(Figure 5B).’* The results suggest that the entropic
contribution prevails even at lower temperatures (9.0
vs 11.0 keal'mol ™' at 246.15 K for AH* and AS',
respectively). This observation is not surprising given
that four noncovalently attached units participate in the
calculated RLS.

A final microkinetic simulation® was performed to
validate the calculated energy profile, comparing DFT
and experimental results. This type of analysis is quite
challenging and previous authors have allowed for
deviations of up to 1.5 kcal-mol™" in the energy of
multiple DFT reaction steps.l**” Figure 5C shows that
the experimental and predicted yield profiles over time
match well when applying small changes of 0.5
kcal-mol™" to the relative G values of only three
reactions steps. The good agreement observed in this

55]

analysis further strengthens the theoretical mechanism.

Conclusion

In summary, we conducted a thorough investigation of
a quininium-catalyzed aza-Michael reaction, which
furnishes crucial data for developing reactions in CPC.
The use of cinchona derivatives as chiral proton
catalysts highlights their potential beyond their usual
functions as base-promoted and phase-transfer
catalysts. We used DFT, wavefunction theory, and
microkinetic simulations to model competitive
reaction pathways.

Different theoretical methods were included due to
the high complexity of the mechanism, which involved
four non-covalently interacting units. However, the
close energy gaps between TS-1 and TS-III made the
determination of the RLS uncertain when relying
solely on calculated results. Theoretical studies were
complemented with experimental titration and kinetic
techniques, which revealed that the rate- and
selectivity-determining step was the hydrazide
addition presented in TS-I. The experimental orders of
reaction, with a value of one measured for 1a and 4a,
reinforced the computational reaction profile used.
Additionally, the negative order of reaction displayed
by product Sca is in line with the favorable energy
shown by Int-IV in the computational reaction profile.
Further titration experiments provided additional
support for this proposal.

The computational results suggest that a stronger
substrate---catalyst interaction favors the R
enantiomer in the selectivity-determining step TS-IL.
Computational and experimental tests also
demonstrate how carboxylate counterions are crucial
in understanding reaction yield and enantioselectivity,
as they act as nucleophile-activating bases. Overall,
this research introduces cinchonium derivatives as
new options for CPC, accompanied by a
comprehensive  mechanistic study that could
potentially broaden the scope of this underexplored
area of catalysis.

Experimental Section

Details regarding the experimental procedures can be found
in the supplemental experimental procedures.
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