
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

ug
us

t 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
0/

29
/2

02
5 

2:
30

:1
6 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal
Quantifying Bres
aEaStCHEM, School of Chemistry, Univers

E-mail: alister.s.goodfellow@gmail.com; cla

st-andrews.ac.uk
bDepartment of Chemistry, Durham Unive

annmarie.odonoghue@durham.ac.uk

Cite this: DOI: 10.1039/d5sc05021a

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 7th July 2025
Accepted 21st August 2025

DOI: 10.1039/d5sc05021a

rsc.li/chemical-science

© 2025 The Author(s). Published b
low intermediate reactivity in
intermolecular Stetter reactions

Zhuan Duan,a Jiayun Zhu, b Pankaj K. Majhi,a Alister S. Goodfellow, *a

AnnMarie C. O'Donoghue, *b Claire M. Young*a and Andrew D. Smith *a

Quantification of the reactivity of the archetypal Breslow intermediate in NHC-mediated transformations

has not been achievable to date and is regarded as a significant challenge due to multiple competitive

pathways and their deconvolution. This manuscript describes the development of a kinetic approach to

this challenge that avoids the influence of the competitive benzoin reaction and allows quantification of

the reactivity of a Breslow intermediate derived from 2-pyridine carboxaldehyde and an in situ generated

N-pentafluorophenyl substituted triazolinylidene NHC with a diverse range of Michael acceptors in the

intermolecular Stetter reaction. Using this approach the pseudo first-order rate constants of >40 Michael

acceptors, primarily derived from (E)-chalcones but also including a nitroolefin and malonic esters, were

measured. Notably, incorporating electron-withdrawing substituents within the C(1)-aryl group of (E)-

chalcones leads to a substantial enhancement in reactivity, with Hammett and Swain–Lupton analysis

used to understand these observations. In addition, an unexpected additive substituent effect associated

with the 4,40-disubstitution of chalcones was observed, with DFT analysis offering insights into this

intriguing phenomenon.
1 Introduction

Among the many synthetic transformations that are promoted
by N-heterocyclic carbenes (NHCs) the archetypal benzoin and
Stetter reactions are historically signicant and synthetically
versatile.1,2 Their demonstration and synthetic understanding
have led to the diversity of NHC-promoted organocatalytic
transformations that are available to the modern synthetic
community. Central to both the benzoin and Stetter reactions is
the catalytically competent “Breslow intermediate” (BI)3 that is
regarded as the cornerstone of modern NHC-mediated catal-
ysis. First characterised in 2012,4 its reactivity is key to a multi-
tude of synthetic transformations. Despite its recognised
importance, a quantitative understanding of the behaviour of
this transiently formed species has yet to be dened and is
regarded as a signicant challenge.

Focusing upon the Stetter reaction, this process was rst
reported in 1973,1a and allows the Umpolung coupling of an
aldehyde with a Michael acceptor. This provides a potentially
useful way to access 1,4-difunctionalised species of the general
form 4 that are widely used as synthetic building blocks for
heterocycle synthesis.5 This process is considered to proceed
through in situ generation of a BI 3 (derived from an NHC and
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an aldehyde 1), followed by addition to a Michael acceptor 2 and
regeneration of the catalyst (Fig. 1a). Thiazolium, imidazolium
and triazolium precursors to NHCs are most generally used, but
metallophosphites6 and bisaminocyclopropenylidenes (BACs)7

have also been used as catalysts to access BI-type intermediates
in Stetter-like reactions. In practice, the Stetter reaction remains
a synthetic challenge due to competitive benzoin formation
while factors that control chemoselectivity are not well under-
stood. A deeper mechanistic understanding of the Stetter reac-
tion could facilitate more selective synthetic methods while
generating signicant insight into quantication of the reac-
tivity of the BI.

Previous mechanistic investigations into the Stetter reaction
have largely focussed on the intramolecular reaction of substrate
5 to give product 6 (Fig. 1b), which is well-used both for the
benchmarking of new reaction conditions, and as a model
mechanistic probe.8 For example, in 2011, reports from Rovis
demonstrated that deprotonation to form the Breslow inter-
mediate is turnover-limiting under two mechanistically
different scenarios.9,10 In the rst,9 in the presence of catechol
and using MeOH as solvent, a primary kinetic isotope effect (kH/
kD = 2.7) was observed using precatalyst 7 implicating the
proton transfer step to the BI as rate-limiting. Further studies
using a chiral NHC derived from 8 in toluene showed that the
reaction process was rst-order in both NHC catalyst and
aldehyde substrate, with kH/kD = 2.6.10 These results were
further corroborated by a kinetic study from our groups for
reactions performed in buffered methanol.11 This study
Chem. Sci.
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Fig. 2 This work: quantifying the reactivity of the Breslow Interme-
diate with a range of Michael acceptors in the intermolecular Stetter
reaction.

Fig. 1 (a) The Stetter reaction; (b) mechanistic insight to the intra-
molecular Stetter reaction; (c) previous mechanistic insight to the
intermolecular Stetter reaction.
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indicated the reaction to be rst-order in NHC catalyst and zero-
order in aldehyde over a broad range of aldehyde concentra-
tions. The reaction rate was also higher for NHC precatalysts 9
with N-aryl substituents bearing electron-withdrawing units
within the triazolium skeleton. This is consistent with depro-
tonation to form the Breslow intermediate being turnover-
limiting in this reaction.

The (enantioselective) intermolecular Stetter reaction has
been widely studied, yet only limited mechanistic studies of this
process have been demonstrated despite the signicant
synthetic utility. In this context, in 2008, Enders12 reported an
asymmetric intermolecular Stetter reaction catalysed by a tri-
azolium salt 12-derived NHC, using a variety of substituted (E)-
chalcones 11 and benzaldehydes 10 as starting materials, giving
the desired products 13 in good yields (49–98%) and enantio-
selectivities (56–78% ee) (Fig. 1c). Kinetic analysis of this reac-
tion process indicated rapid benzoin formation and subsequent
sigmoidal consumption of chalcone and benzoin that corre-
lated to the formation of the Stetter product. This led to the
proposal that the aldehyde is initially converted rapidly to
benzoin by the NHC. Onwards formation of the Stetter product
Chem. Sci.
was postulated following NHC addition to benzoin, with
subsequent fragmentation leading to BI formation. This prop-
erty has been used in a synthetic setting by You, who exploited
the reversibility of the benzoin reaction for the irreversible
addition of benzaldehyde to imines.13

Signicantly, despite widespread interest in the develop-
ment of intermolecular Stetter reactions, the ability to quantify
the reaction of presumed BIs with Michael acceptors remains
a recognised untackled challenge, which is necessary to enable
understanding and prediction of chemoselectivity. Herein we
describe analysis of the reactivity of the BI derived from 2-
pyridine carboxaldehyde 14 and an in situ generated N-
pentauorophenyl substituted triazolinylidene NHC derived
from 16 that reacts with a wide range of Michael acceptors 15 to
give products 17 (Fig. 2). This kinetic model enables quanti-
cation of Michael acceptor reactivity in the intermolecular
Stetter reaction for the rst time. This quantitative study (of BI
reactivity with Michael acceptors) also revealed an additive
substituent effect in chalcones through examining Hammett
and Swain–Lupton linear free energy relationships, with DFT
analysis offering insights into this intriguing phenomenon.

2 Results and discussion
2.1 Identication and validation of a kinetic model to
quantify Breslow intermediate reactivity

An inherent problem in quantifying the reactivity of the BI
intermediate within the intermolecular Stetter reaction is the
difficulty in deconvoluting this process from the competitive
benzoin reaction. In intramolecular Stetter processes, rapid
intramolecular Michael addition of an assumed BI substantially
outcompetes the benzoin reaction. However, in an intermolec-
ular process, the reaction of the BI with the aldehyde starting
material is normally competitive with 1,4-addition of the Stetter
reaction. To mitigate the inuence of the benzoin reaction,
initial studies sought to increase the disparity of reaction rates
between the Stetter and benzoin reactions, minimizing their
interference. Building upon our previous work, heteroaromatic
aldehydes exhibit exceptionally high reactivity with NHCs.
Specically, the equilibrium constant for TI formation increases
with the introduction of 2,6-substitution on the N-aryl substit-
uent of the triazolium salt, while N–C6F5 substitution leads to
rapid benzoin product formation.14 With this concept in mind,
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05021a


Fig. 3 Concentration profile for the reaction between pyridine-2-carboxyaldehyde 14 (0.2 M) and (E)-chalcone 17 (0.04M) catalysed by N–C6F5
triazolium derived catalyst 16 (5.0 m M) in NEt3 : NEt3$HCl (2 : 1, 0.03 M) in CD2Cl2 at 25 °C (A and B). For simplicity and improved visual clarity,
data are shown for measurements at 720 s intervals however data were collected at 360 s intervals and are shown in full in the electronic
supporting information. (C) The mechanism and catalytic cycle for the reaction of pyridine-2-carboxyaldehyde 14 and chalcone 17 catalysed by
N–C6F5 triazolium derived catalyst 16.
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highly reactive aldehydes and NHC catalysts were selected to
expedite the reversible benzoin reaction, with the productive
Stetter reaction postulated to proceed at a reduced rate that
could be controlled using a suitable Michael acceptor. Pyridine-
2-carboxyaldehyde 14 (0.2 M) and N–C6F5 triazolium salt 16 (5
mM) led to an exceptionally fast benzoin reaction15 and were
chosen as the substrate and catalyst for these experiments, with
(E)-chalcone 17 (0.04 M) used as the Michael acceptor (Fig. 3A).
In situ reaction monitoring by 1H NMR spectroscopy allowed
a concentration prole (Fig. 3B) of the reaction to be con-
structed. Consistent with our previous studies, the benzoin
reaction exhibits a remarkably fast reaction rate, with 0.18 M of
pyridine-2-carboxyaldehyde 14 rapidly and reversibly trans-
formed into the corresponding benzoin product (∼0.09 M) 19
within seconds. Slow consumption of all benzoin product to
zero then follows to give Stetter product 18 (∼0.02 M) that
corresponds to the consumption of chalcone 17 (from 0.04 M to
∼0.02 M), and enediol 20 (∼0.08 M). The formation of enediol-
type products from benzoin derivatives is well-documented
under basic conditions,15 while the irreversibility of enediol
and Stetter products were each conrmed experimentally by
control reactions (see SI).16 Onwards and irreversible reaction of
the BI with (E)-chalcone 17 is presumed to be the rate-
determining step for the intermolecular Stetter reaction with
the catalytic cycle illustrated in Fig. 3C.

Under these conditions, the initial concentration of pyridine-
2-carboxyaldehyde 14 is much larger than the initial concen-
tration ([Cat]0) of N–C6F5 triazolium precatalyst 16 ([aldehyde]0
>> [Cat]0). Although present at concentrations below the NMR
© 2025 The Author(s). Published by the Royal Society of Chemistry
detection limit, [BI] can be considered constant at the begin-
ning of the reaction when [Ald]0 >> [NHC] as TI is in fast equi-
librium with benzoin product 19, presumably via BI (see SI for
details). The buffered conditions with NEt3$HCl/NEt3 in excess
facilitates reversible deprotonation (k2) and reprotonation (k−2)
steps between TI and BI. Given the intermolecular Michael
addition of BI to the chalcone is expected to be the rate-
determining step in the Stetter reaction, this allows the rate
equation to be expressed using eqn (1) (where [BI] is the
concentration of BI and [Ch] is the concentration of (E)-chalc-
one 17). As [BI] is constant, it can be incorporated into the
pseudo rst-order rate constant k

0
s; shown in eqn (2). Using an

initial rates method, the concentration of (E)-chalcone 17 ([Ch])
is approximated as the initial concentration ([Ch]0) and eqn (2)
can be rewritten as eqn (3). A value of k

0
s can be calculated using

the measured initial rate (vmax) and the known [Ch]0.

d½St�
dt

¼ ks½BI�½Ch� (1)

ymax ¼ k
0
s½Ch� (2)

k
0
s ¼ ymax

�½Ch�0 (3)

To validate this hypothesis, a series of initial rate experi-
ments were performed at different chalcone concentrations
(from 0.2 to 0.5 M) to determine k

0
s using eqn (3). Four closely

similar pseudo rst-order rate constants k
0
s (7.15, 7.10, 7.13 and

7.20 × 10−5 s−1) were obtained (Fig. 4), conrming that eqn (3)
Chem. Sci.
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Fig. 4 Individual rate constants (ks) and average rate constants ðk0
sÞ for

Stetter reactions of pyridine-2-carboxyaldehyde 14 (0.3 M) with
different initial concentrations of (E)-chalcone 17 (0.2 M, 0.3 M, 0.4 M

and 0.5 M).
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is a suitable description of the reaction and that BI addition to
the chalcone 17 is turnover-limiting at low conversion. An
average value of these rate constants, k

0
s; was then calculated.

Having validated this method, it was next applied to quantify
the reactivity of a series of Michael acceptors reacting with the
BI under these reaction conditions.

2.2 Application of kinetic analysis to quantifying BI
reactivity with a range of Michael acceptors

Further work aimed to quantify the electronic effect of substit-
uent variation within the chalcone motif upon the initial rate of
reaction, alongside assessing the reactivity of alternative classes
of Michael acceptor (MA). First, a range of chalcone derivatives
Fig. 5 Rate constants ðk0
sÞ and LFER analysis for the reaction of chalcon

the addition of N–C6F5 triazolium catalyst 16 to pyridine-2-carboxaldeh
a standard to calculate relative rates (krel).

Chem. Sci.
were prepared that incorporated electron donating and electron
withdrawing substituents at the para-position within each aryl
unit: C(1)–ArX0 and C(3)–ArX (Fig. 5). Authentic samples of each
chalcone and its respective Stetter product were prepared (see SI
for further information).17 Each chalcone was then subjected to
the validated test conditions, and their initial rates were
measured at 3 or 4 different initial concentrations ([MA]0). This
ensures the assumption that [MA] is not changing during the
initial stages of the reaction and can be approximated as ([MA]0)
is maintained across the range of substituents tested. The
average value of pseudo rst-order rate constants, obtained
from experiments conducted at various initial concentrations of
the Michael acceptors ([MA]0), is given as the rate constant, k

0
s;

of their reactions with the BI, allowing quantication of their
reactivity.

2.2.1 Effect of 4-substituent on aryl units (C(1)–ArX0 and
C(3)–ArX) of (E)-chalcones. The pseudo rst-order rate
constants ðk0

sÞ for the reaction of mono-substituted chalcones
with the BI derived from the addition of N–C6F5 triazolium
precatalyst 16 to pyridine-2-carboxaldehyde 14 are summarized
in Fig. 5. A clear trend in the rate constant with variation in
substituent is observed. Notably, an increase in rate constant is
observed for (E)-chalcones bearing electron-withdrawing
substituents in the para-position of either substituent (C(1)–
e 17 and monosubstituted chalcones (21–34) with the BI derived from
yde 14 at 25 °C. Entry 3 chalcone – highlighted in grey-was taken as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ArX0 and C(3)–ArX). Conversely, a decrease in the rate constant
was observed when electron-donating substituents were
present. Using the reactivity of the parent chalcone 17 as
a standard, the relative rates (krel) of each Michael acceptor can
be quantied (for 17 krel = 1.00). Notably, krel values of (E)-
chalcones with electron-withdrawing substituents (Cl, Br, CF3
and CN) are larger than one (Table 1, entries 4–8 and 11–15),
suggesting higher reactivity toward the BI than the parent (E)-
chalcone. For (E)-chalcones with electron-donating substituents
(Me and OMe), relative rates (krel) below unity were obtained
(Table 1, entries 1–2 and 9–10), consistent with the observations
from both Ryu & Yang as well as Pacico. 18,19 Comparing the
relative rates (krel) of (E)-chalcones with a given substituent
upon either the C(3)-aromatic ring (ArX) or the C(1)-aromatic
ring (ArX’) indicates their independent inuence on the rela-
tive rate. For example, comparing 4-CN (krel = 2.21) and 40-CN
substituted chalcones (krel= 9.19) is indicative of the signicant
impact of C(1)Ar0 substitution (Table 1, entries 2 and 9). Similar
trends are observed for other para-substituent chalcones,
including those bearing electron-donating substituents (Me
and OMe). Overall these trends indicate that the C(1)-aromatic
group (ArX0) has a more signicant electronic effect on the
reactivity toward the presumed BI than the C(3)-aromatic group
(ArX).

2.2.2 Linear Free Energy Relationships.20 In this study, the
addition of BI to the chalcone is turnover-limiting allowing
a linear free-energy relationship (LFER) to be established. Two
standard Hammett plots were constructed to evaluate the effect
of para-substitution on the C(1)-ArX0 and C(3)-ArX aromatic
groups. Two positive reaction constants (r0 = 1.43 and r = 0.60,
Fig. 6 Rate constants ðk0
sÞ and modified Hammett plot for the reaction o

of N–C6F5 triazolium catalyst 16 to pyridine-2-carboxaldehyde 14 at 25
unsubstituted chalcones (shown in grey) and disubstituted chalcones (sh

© 2025 The Author(s). Published by the Royal Society of Chemistry
overlaid in Fig. 5a) were obtained. This is consistent with
a build-up of negative charge in the chalcone component during
the turnover-limiting step, aligning with the commonly
accepted ionic Stetter reaction mechanism. Notably the signif-
icantly different magnitudes of the experimental r-values
conrms that para-substitution on the C(1)–ArX0 has a more
signicant electronic effect than C(3)–ArX on the stability of the
transition state associated with the turnover limiting step in the
Stetter reaction. Swain–Lupton analysis (Fig. 5b and c) revealed
that the relative contributions of Field (F) and Resonance (R)
effects do not differ signicantly between C(3)–ArX and C(1)–
ArX0.

2.2.3 An Additive Effect of 4,40-Disubstitution of (E)-Chal-
cones. Building on this observation, the effect of including the
same set of substituents upon both C(1)–ArX0 and C(3)–ArX
within the chalcones was investigated (Fig. 6). Rate constants
ðk0

sÞ for the reaction of 4,40-disubstituted chalcones (49–59) with
BI are summarised in Fig. 6 (ordered with increasing rate
constants). The incorporation of substituents within both C(1)–
ArX0 and C(3)–ArX has an additive effect upon the observed
reaction rate constant, with the proportional contribution
reecting the relative r values obtained in the Hammett studies
of ArX or ArX0. For example, 4,40-dimethyl chalcone 50, exhibits
a larger decrease in rate constant (k

0
s = 3.47 × 10−5 s−1, entry 2)

than 4-methyl or 40-methyl chalcones (4-Me, 22, k
0
s = 5.56 ×

10−5 s−1; 40-Me, 29, k
0
s = 5.17 × 10−5 s−1, Fig. 5, entries 2 and

10). Similarly 4,40-bis(triuoromethyl) chalcone (58, k
0
s = 87.43

× 10−5 s−1, entry 10) demonstrates a signicant increase in rate
constant compared with the mono-substituted chalcones (4-
CF3, 26, k

0
s = 15.00 × 10−5 s−1; 40-CF3, 33, k

0
s = 40.89 × 10−5 s−1,
f disubstituted chalcones (49–59) with the BI derived from the addition
°C. Note: modified Hammett plot includes data for monosubstituted/
own in pink).

Chem. Sci.
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Fig. 5 entries 7 and 14). Similar trends are also observed for 4,40-
dichloro, 4,40-dimethoxy and 4,40-dicyano chalcones (56, 58 and
59) when compared with the corresponding mono-substituted
chalcones. When the C(1)–ArX0 and C(3)–ArX substituents are
electronically distinct, the inuence on rate constant is domi-
nated by C(1)–ArX0. For example, comparing chalcones 51 and
54 bearing 4-OMe and 4-CF3 substituents, the chalcone 54
bearing an electron-withdrawing CF3 group on the 40-position of
C(1)–ArX0 undergoes reaction at a faster rate (Fig. 6 entries 3 and
6). This trend is maintained across all other tested disubstituted
chalcones.

To probe the linear free-energy relationship for 4,40-disub-
stituted chalcones, a method that allowed a single overall
Hammett s-value for disubstituted chalcones was developed.
Using the ratio of reaction constants for the two series of mono-
substituted chalcones (r = 0.60 and r0 = 1.43, Fig. 5a) as a cor-
recting factor (2.40 = r0/r) a new Hammett plot with a modied
x-axis (sx + 2.40sx0) was prepared (Fig. 6B).21 This Hammett plot
incorporates the electronic effect of disubstituted chalcones,
giving a positive reaction constant (r(4,40) = 0.61, R2 = 0.94,
Table 2) again aligning with the build-up of negative charge in
the chalcone component during the turnover-limiting step of
the Stetter reaction. The excellent linear correlation for all
substituents (with no major outliers even when incorporating
mono-substituted chalcones in grey) demonstrates that the aryl
groups are independently inuencing the observed reactivity,
resulting in an additive substituent effect. Given the importance
of nucleophilic addition to Michael acceptors across many
synthetic transformations, the additive substituent effect
observed for chalcones will likely have implications for under-
standing the reactivity of a range of alternative reaction
processes.

To the best of our knowledge, there are few literature
examples of reactions exhibiting this additive effect across
different aromatic substituents although there are more examples
of additive substituent effects within the same aryl ring. As an
example, the uorination of 1,3-diaryl-1,3-dicarbonyl
Fig. 7 Selected literature examples considering additive Hammett
effects.

Chem. Sci.
derivatives 71 to give 72 was explored quantitatively by a range
of electrophilic uorinating agents (Fig. 7A).22 Although Swain–
Lupton evaluation was not performed, the effects of mono- and
di-aryl substitution were kinetically explored via Hammett
analysis, with the r-value for di-substituted derivatives∼2 times
that observed for the mono-substituted analogues. Parallels
may be drawn with acceptor behaviour of chalcones in the
present study; the uorination study explored a similar 1,3-
unsaturated keto substrate but as donor nucleophiles rather
than as acceptors. By contrast, the SN1 solvolysis of mono-and
di-substituted diarylcarbinyl chlorides 73 in methanol,
ethanol and 2-propanol solvents to give 74 did not show addi-
tivity for a broad range of substituents although additive effects
were observed for a small subset of these substituents in
a detailed Hammett analysis (Fig. 7B).23 By contrast with
chalcone and dicarbonyl derivatives 72, the two aryl rings of
diarylcarbinyl substrate 73 are attached to the same carbon thus
preventing full conjugation of both rings simultaneously.

Intrigued by the additive substituent effect, DFT calculations
were performed to better understand these observations.
Calculations were performed at the M06-2XSMD(DCM)/def2-
TZVP//M06-2XSMD(DCM)/def2-SVP level of theory using
Gaussian16 (ref. 24) on the proposed catalytic cycle with the
parent chalcone 17 in Fig. 8. These calculations align well with
the experimental concentration prole in Fig. 8A, with a facile
formation of benzoin 19 as the kinetic product (D‡G =

13.5 kcal mol−1, DrG = −5.1 kcal mol−1) resulting from the
addition of pyridine-2-carboxyaldehyde 14 to the BI (see full
reaction prole in Fig. S86D). This is calculated to be favoured
by DD‡G = 3.1 kcal mol−1 compared to the addition of the
chalcone to the BI (D‡G = 16.6 kcal mol−1). From benzoin 19,
the barrier to the chalcone addition is increased to D‡G =

20.6 kcal mol−1, leading to the thermodynamically favoured
Stetter product (DrG = −12.6 kcal mol−1), which is
7.1 kcal mol−1 more stable than benzoin 19.

To further explore the effect of chalcone substitution, the
barrier heights and driving forces for addition of the BI to the
chalcone across the series of mono- and di-substituted chal-
cones were calculated. Chalcones containing EWGs exhibit
stronger thermodynamic driving forces and generally lower
kinetic barriers for the formation of the corresponding NHC-
chalcone adduct derived from BI addition to the chalcone.
The experimentally observed reaction rates correlate very well to
the enthalpic driving force of the reaction (R2 = 0.93), with
chalcones bearing electron-withdrawing substituents
proceeding through a transition state with elongated C–C bond
lengths in a more reactant-like transition state, consistent with
the Hammond postulate (see Fig. S89). Attempts were then
made to correlate charge distributions across the NHC–chalc-
one adduct derived from BI addition to the chalcone with
Hammett parameters and to probe the experimentally observed
additivity of Hammett parameters in the di-substituted
chalcones.

Using an approach similar to Paton,25 the Hammett param-
eters correlated strongly to the Hirshfeld charge26 on the ipso-
carbon of the mono-substituted chalcones (see Fig. S88). The
charge on the ipso-carbon of either C(1)ArX0 or C(3)ArX is almost
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Computational analysis of Hirshfeld partial charges and
correlation to the experimental log(kX/kH). (A) Structure of adduct
formed from BI addition to chalcone. (B) Orthogonality of the effect of
substitution relative to the parent unsubstituted system. (C) Correla-
tions of the (relative) sum of partial charges to the computed driving
force of the reaction.

Fig. 9 Rate constants ðk0
sÞ for the reaction of other Michael acceptors

(75–79, 85–88) with the BI derived from the addition of N–C6F5 tri-
azolium catalyst 16 to pyridine-2-carboxaldehyde 14 at 25 °C. All rate
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exclusively dependent on only the substituent on that specic
ring. This is shown by the plot of DqipsoC(1)ArX0 vs. DqipsoC(3)ArX
which demonstrates the orthogonality of the two charges,
showing that the two properties are independent and exert
separate effects on the reactivity (Fig. 8B). Considering the
incorporation of OMe substitution for example, the introduc-
tion of this electron-donating group leads to a charge accumu-
lation of −0.017 on each ipso-carbon compared to the
unsubstituted chalcone, regardless of the substitution of the
other ring. The effect of substitution can be combined into
a single feature by considering the charges on the central
© 2025 The Author(s). Published by the Royal Society of Chemistry
portion of the chalcone (O, C(1), C(2) and C(3)). This feature
shows strong correlation to the driving force, whereby positive
charge accumulation (with EWGs) leads to a stronger driving
force and faster rate (Fig. 8B). Substitution at C(1)-ArX0 has
a larger inuence on the charge (and hence the rate) than
substitution of C(3)-ArX. For example, using enone 33 (C(3)ArX
= PhH, C(1)ArX0 = 4-CF3C6H4) leads to a larger accumulation of
positive charge (0.0059) than enone 26 (C(3)ArX = 4-CF3C6H4,
C(1)ArX0 = PhH; 0.0036). The larger accumulation of positive
charge is consistent with the build-up of negative charge being
better stabilised in the reaction (Fig. 8C). This charge analysis is
in excellent agreement with the experimental observations of
the additive nature of Hammett parameters and is consistent
across the mono- and di-substituted chalcones.

2.2.4 Quantication of kinetic reactivity of further Michael
acceptors

2.2.4.1 C(3)-heterocyclic and C(3)-alkyl substituted enones. As
a further extension of this model, it was applied to quantify the
effect of heterocyclic substitution at C(3) via the reactivity C(3)-
2-pyridyl, C(3)-2-furanyl and C(3)-2-thiophenyl enone acceptors
75–77 (Fig. 9). Among these substrates the observed rate
constant ðk0

sÞ of the 2-pyridyl enone 75 is the largest (14.69 ×

10−5 s−1) with krel = 2.05 (to the parent chalcone). The 2-thio-
phenyl enone 76 and 2-furanyl enone 77 show similar rate
constants (3.76 × 10−5 s−1 and 3.94 × 10−5 s−1, respectively),
with krel = 0.52 and 0.55 respectively. The reactivity of C(3)-
triuoromethyl enone 78 and C(3)-methyl enone 79 were also
evaluated, with the rate constant for 78 bearing the electron
constants shown in units ×10 s .

Chem. Sci.

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05021a


Fig. 11 Pictorial representation of selected relative rates (krel) for the
reaction of selected Michael acceptors with the BI derived from the
addition of N–C6F5 triazolium catalyst 16 to pyridine-2-carboxa-
ldehyde 14 at 25 °C.
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withdrawing triuoromethyl substituent larger than that for the
methyl enone 79 (6.18 × 10−5 s−1 and 0.55 × 10−5 s−1 respec-
tively), giving krel= 0.86 and 0.08 respectively. To further explore
if the previously observed electronic effect of C(1)–ArX0

substituents extended to heterocyclic systems, the effect of
variation of the C(1)–ArX0 substituent within a series of C(3)-2-
furanyl enones (77, 80–83) was evaluated. Consistent with
previous observations, the inclusion of p-halogen substitution
within C(1)-ArX0 led to increased rates of reaction with respect to
the parent C(3)-2-furanyl enone 77, while the incorporation of
a p-methyl substituent led to reduced reaction rates. Hammett
analysis of this series indicated a positive r0 value of +1.65
consistent with the expected build-up of negative charge (see SI
for further information).

2.2.4.2 Alternative Michael acceptors. The model was next
applied to another distinct set of Michael acceptors incorpo-
rating a nitroolen, diester, sulfone and enones containing
strong electron withdrawing ester or perhalogenated substitu-
ents (Fig. 10). Dimethyl 2-ethylidenemalonate 93 and (vinyl-
sulfonyl)benzene 94 showed high reactivity with relatively large
rate constants observed (k

0
s = 13.07 × 10−5 s−1 and k

0
s = 11.16 ×

10−5 s−1, respectively). However, (E)-(2-nitrovinyl)cyclohexane
95 exhibited a small rate constant (k

0
s = 0.29 × 10−5 s−1)

implying low reactivity toward the BI. This model is not suitable
for quantication of the reactivity of Michael acceptors (96–99)
that bear strongly electron withdrawing substituents as they
exhibit exceptionally high reactivity toward the BI. Using these
substrates under the standardised conditions led to reactions
that proceed to high conversion exceptionally quickly that did
not allow initial rates to be calculated (see SI). However, the
time taken to reach 50% conversion (t50%) was extracted from
the concentration prole for these Michael acceptors, affording
an approximation of their relative reactivities. This analysis
Fig. 10 Rate constants ðk0
sÞ for the reaction of other Michael accep-

tors (93–99) with the BI derived from the addition of N–C6F5 tri-
azolium catalyst 16 to pyridine-2-carboxaldehyde 14 at 25 °C. All rate
constants shown in units ×10−5 s−1. t50% values shown in seconds.

Chem. Sci.
reveals that methyl (E)-2-oxo-4-phenylbut-3-enoate 96 and
methyl (E)-4-oxo-4-phenylbut-2-enoate 97 show similarly high
reactivity, larger than the Michael acceptors 98 and 99. The
result also gives a potential explanation why only an a-ketoester
derived Stetter product was observed when competing with (E)-
chalcones in Gravel's reported work27 as this is clearly signi-
cantly more reactive.

3 Conclusions

In this study, a kinetic method that allows for the precise
quantication of the reactivity exhibited by a variety of Michael
acceptors when they engage with a Breslow intermediate (BI)
derived from pyridine-2-carboxaldehyde 14 and the NHC
derived from an NC6F5 substituted triazolium precatalyst 16 is
described. Measurement and analysis of pseudo rst-order rate
constants for a set of forty-three Michael acceptors is reported
using this analysis allowing quantication of the reactivity of
a common Breslow intermediate. Key ndings demonstrate that
the introduction of electron-withdrawing groups at the para-
positions of C(1)–ArX0 and C(3)–ArX signicantly augment the
reactivity of chalcones in the Stetter reaction. Notably, C(1)–ArX0

substitution is exceptionally sensitive to electronic modica-
tion, resulting in a substantial enhancement of reactivity as
pictorially represented in Fig. 11. Notably, the reactivity of the
Michael acceptors observed in this process (across chalcones,
alkylidene malonates, vinylsulfones and nitrostyrenes) correlate
well with the established Mayr electrophilicity (E) reactivity
© 2025 The Author(s). Published by the Royal Society of Chemistry
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scale.28 The positive reaction constants (r) obtained provide
evidence for the buildup of negative charge within the chalcone
component during the rate-limiting step of the studied process
in agreement with the widely accepted ionic mechanism of the
Stetter reaction. Furthermore, an additive effect associated with
the 4,40-disubstitution of C(1)–ArX0 and C(3)–ArX within chal-
cones has been reported. We present our preliminary investi-
gations of this effect, which is generally relevant to the
widespread examples of synthetic reactions involving chalcones
as Michael acceptors.
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2016, 8, 2599–2603; M.-Q. Jia, Y. Li, Z.-Q. Rong and
S.-L. You, Org. Biomol. Chem., 2011, 9, 2072–2074.

9 D. A. DiRocco and T. Rovis, J. Am. Chem. Soc., 2011, 133,
10402–10405.

10 J. L. Moore, A. P. Silvestri, J. R. de Alaniz, D. A. DiRocco and
T. Rovis, Org. Lett., 2011, 13, 1742–1745.

11 C. J. Collett, C. M. Young, R. S. Massey, A. C. O'Donoghue
and A. D. Smith, Eur. J. Org Chem., 2021, 3670–3675.

12 D. Enders, J. Han and A. Henseler, Chem. Commun., 2008,
3989–3991.

13 G.-Q. Li, L.-X. Dai and S.-L. You, Chem. Commun., 2007, 852–
854.

14 C. J. Collett, R. S. Massey, O. R. Maguire, A. S. Batsanov,
A. C. O'Donoghue and A. D. Smith, Chem. Sci., 2013, 4,
1514–1522; C. J. Collett, R. S. Massey, J. E. Taylor,
O. R. Maguire, A. C. O'Donoghue and A. D. Smith, Angew.
Chem., Int. Ed., 2015, 127, 6991–6996; C. J. Collett,
C. M. Young, R. S. Massey, A. C. O'Donoghue and
A. D. Smith, Eur. J. Org Chem., 2021, 2021, 3670–3675.

15 Z. Duan, C. M. Young, J. Zhu, A. M. Z. Slawin,
A. C. O'Donoghue and A. D. Smith, Chem. Sci., 2023, 14,
162–170.

16 For details see SI.
17 The total concentration of all NMR visible aldehyde-

containing or derived species is consistently 0.18 - 0.19 M
over the course of the reaction. This is below the expected
total concentration of 0.2 M but can be accounted for by
multiple aldehyde-containing species below the threshold
for NMR detection ie [BI], [TI] and benzoin-bound aldehyde.

18 S. M. Kim, M. Y. Jin, M. J. Kim, Y. Cui, Y. S. Kim, L. Zhang,
C. E. Song, D. H. Ryu and J. W. Yang, Org. Biomol. Chem.,
2011, 9, 2069–2071.

19 O. Bortolini, G. Fantin, M. Fogagnolo, P. P. Giovannini,
A. Massi and S. Pacico, Org. Biomol. Chem., 2011, 9, 8437–
8444.
Chem. Sci.
20 L. P. Hammett, Chem. Rev., 1935, 17, 125–136;
L. P. Hammett, J. Am. Chem. Soc., 1937, 59, 96–103;
C. Hansch, A. Leo and R. W. Ta, Chem. Rev., 1991, 91,
165–195; B. Lindberg, S. Svensson, P. Å. Malmquist,
E. Basilier, U. Gelius and K. Siegbahn, Chem. Phys. Lett.,
1976, 40, 175–179; J. D. Roberts and W. T. Moreland, Jr.,
J. Am. Chem. Soc., 1953, 75, 2167–2173;
F. H. Westheimer, J. Am. Chem. Soc., 1939, 61, 1977–
1980; G. Gonzalez Miera, A. Bermejo Lopez, E. Martinez-
Castro, P. O. Norrby and B. Martin-Matute, Chem.–Eur. J.,
2019, 25, 2631–2636; S. Nagorny, T. Weingartz,
J. C. Namyslo, J. Adams and A. Schmidt, Eur. J. Org
Chem., 2022, 26, e202200996.

21 A Hammett-type plot with x-axis set to (1/2.40)sR + sR’, also
corrects for the relative importance of the aromatic rings.
The values extracted from the resulting plots do not give
quantitative information about the process in either case
but can be used qualitatively to identify trends.

22 N. Rozatian, I. W. Ashworth, G. Sandford and
D. W. G. Hodgson, Chem. Sci., 2018, 9, 8692–8702.

23 S. Nishida, J. Org. Chem., 1967, 32, 2695–2697.
24 Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120,

215–241; F. Weigend and R. Ahlrichs, Phys. Chem. Chem.
Phys., 2005, 7, 3297–3305; F. Weigend, Phys. Chem. Chem.
Phys., 2006, 8, 1057–1065; A. V. Marenich, C. J. Cramer
and D. G. Truhlar, J. Phys. Chem. B, 2009, 113, 6378–6396;
M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V
Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding,
F. Lipparini, F. Egidi, J. Goings, B. Peng, A. Petrone,
T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao,
N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven,
K. Throssell, J. A. Montgomery, Jr., J. E. Peralta,
F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers,
K. N. Kudin, V. N. Staroverov, T. A. Keith, R. Kobayashi,
J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam, M. Klene,
C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox,
Gaussian 16, Revision C.01, Gaussian Inc., Wallingford
CT, 2019.

25 G. Luchini and R. S. Paton, ACS Phys. Chem. Au, 2024, 4, 259–
267.

26 F. Hirshfeld, Theor. Chim. Acta, 1977, 44, 129–138.
27 E. Sánchez-Larios, K. Thai, F. Bilodeau and M. Gravel, Org.

Lett., 2011, 13, 4942–4945.
28 For select reviews see H. Mayr and A. R. Oal, Pure Appl.

Chem., 2005, 77, 1807–1821; H. Mayr, Tetrahedron, 2015,
32, 5095–5111; For direct website access to the reactivity
scales developed by Mayr and Oal seehttps://
www.cup.lmu.de/oc/mayr/reaktionsdatenbank/fe/
showclass/75.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://www.cup.lmu.de/oc/mayr/reaktionsdatenbank/fe/showclass/75
https://www.cup.lmu.de/oc/mayr/reaktionsdatenbank/fe/showclass/75
https://www.cup.lmu.de/oc/mayr/reaktionsdatenbank/fe/showclass/75
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05021a

	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions

	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions
	Quantifying Breslow intermediate reactivity in intermolecular Stetter reactions


