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A: Proposed Benzoin Reaction Mechanism

Mechanistic studies of the triazolium ion-catalyzed intramolecu- e
lar Stetter reaction using initial rates analysis in NEt;/NEt;-HCI N_NN BF4
buffered methanol showed the reaction to be first-order in o spAr 1
catalyst and zero-order in aldehyde over a broad range of & ﬂ @
aldehyde concentrations. The observed reaction rate is higher R O_N j’\
for catalysts bearing N-aryl substituents with electron-with- R N N R”_"H

. . 7 oA 3 @
drawing groups. A concurrent, NHC-independent substrate / - \H
isomerization was also observed and found to demonstrate a OzN 2 Rate-limiting o
first-order dependence on aldehyde concentration. The re- N ,f\l-.Ar@ at fow [3] =N BF,
ported data are consistent with deprotonation to form the Ho | © OHBF4 N N~
Breslow intermediate being turnover-limiting in this process. R Rate-limiting 2

R at high(3] _R"),"OH
6 \ O:N / 4
N__N

Introduction \c\ | L e

First reported in 1973, the Stetter reaction is considered R7H R”“OH
closely related mechanistically to the more commonly em- 5
ployed benzoin reaction." For both of these processes, the ab initio and experimental evidence

of Breslow intermediate

reaction is widely accepted to proceed via umpolung activation
of an aldehyde 3 using catalysts such as nucleophilic hetero-
cyclic carbenes (NHCs). For example, triazolium salts such as 1
can be deprotonated in situ to give the corresponding reactive
NHC 2. Addition of the NHC to the aldehyde 3 leads initially to
an isolable tetrahedral species 4 before the formation of an
enaminol 5 that acts as an acyl anion equivalent that is
commonly known as the Breslow intermediate (Figure 1A).”?
While this key intermediate reacts with another equivalent of
aldehyde 3 in the benzoin reaction, in the Stetter reaction
nucleophilic addition to a Michael acceptor 8 occurs, followed
by protonation and catalyst release (Figure 1B). Building upon
this mechanistic model, the Stetter reaction has found wide-
spread synthetic use, including the development of effective
enantio- and diastereoselective transformations.”

[a] Dr. C. J. Collett, Dr. C. M. Young, Prof. Dr. A. D. Smith
EaStCHEM, School of Chemistry, University of St. Andrews,
North Haugh, St. Andrews KY16 95T, UK Figure 1. Proposed mechanistic pathway for A: the benzoin reaction and B:

E-mail: ads10@st-andrews.ac.uk the Stetter reaction, via a common Breslow intermediate 5.
https://ads-group.squarespace.com/

[b] Dr. R.S. Massey, Prof. Dr. A. C. O'Donoghue
Department of Chemistry, Durham University,
South Road, Durham DH1 3LE, UK

E-mail: annmarie.odonoghue@durham.ac.uk Due to their mechanistic similarity, it is often considered
Supporting information for this article is available on the WWW under ~ that insight into the mechanism of the Stetter reaction can be
https://doi.org/10.1002/ejoc.202100384 intimated from studies of the benzoin reaction. The validity of
[EZ Part of the “Organocatalysis” Special Collection. this general mechanism for the benzoin reaction has been

N © 2021 The Authors. European Journal of Organic Chemistry published by substantiated by computational predictions;[4] identification and
Wiley-VCH GmbH. This is an open access article under the terms of the L. . . 5] . .
Creative Commons Attribution License, which permits use, distribution and characterization of intermediates;™ the use of intermediates or
reproduction in any medium, provided the original work is properly cited. their analogues in control reactions,” and further validated

Eur. J. Org. Chem. 2021, 1-7 Wiley Online Library 1 © 2021 The Authors. European Journal of Organic Chemistry
published by Wiley-VCH GmbH

These are not the final page numbers! 27


http://orcid.org/0000-0002-2104-7313
https://ads-group.squarespace.com/
https://doi.org/10.1002/ejoc.202100384
https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0690.Organocatalysis
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejoc.202100384&domain=pdf&date_stamp=2021-05-31

Chemistry
Europe

European Chemical
Societies Publishing

Communications

EurJOC . .
doi.org/10.1002/ejoc.202100384

European Journal of Organic Chemistry

through dynamic covalent binding using boronic esters.”
Despite this combined knowledge, a variety of detailed kinetic
analyses of the benzoin reaction of benzaldehyde have given
different and often ambiguous results. As an example, specific
mechanistic investigations by Leeper into the thiazolium ion-
catalyzed benzoin reaction of benzaldehyde in buffered MeOH
(NEt;:NEt;-HCl 2:1) employed an initial rate method and
demonstrated a close to first-order dependence on
[benzaldehydel® In contrast, an initial rates analysis of the
triazolium ion-catalyzed benzoin reaction of benzaldehyde in a
buffered MeOH solution (NEt;:NEt;-HClI 2:1) by our groups
indicated that reaction order was dependent upon
concentration.”

At low concentration (< ~0.5 m) in aldehyde, a first-order
aldehyde dependence was observed, but at increased concen-
tration (> ~0.5 M) a change to zero-order dependence was
observed. At higher benzaldehyde concentrations, the rate is
limited by deprotonation to form the Breslow intermediate, but
at reduced benzaldehyde concentrations, catalyst addition to
form the initial adduct and product-forming steps are consid-
ered rate-limiting. The observed variation of reaction mecha-
nism depending on choice of catalyst, or even with change in
substrate concentration, highlights the mechanistic complexity
of these reactions.

To fully develop the NHC-catalyzed Stetter reaction as a
synthetic process, specific studies regarding its reaction mecha-
nism are needed. The Stetter transformation employing com-
pound 11 as starting material is among the most commonly
used benchmarks for reactivity and selectivity when reporting
new NHC catalysts, particularly for (chiral) triazolium ion-
catalyzed processes (Figure 1A)." Importantly, this substrate
has also been used for mechanistic investigations of the Stetter
reaction. For example, in 2011, reports from the Rovis group
demonstrated that deprotonation to form the Breslow inter-
mediate is turnover-limiting under two mechanistically different
scenarios.""'? In the first"" in the presence of catechol as an
additive and in MeOH as solvent, a primary kinetic isotope
effect (ky/kp=2.7) was observed (Figure 2A). Further studies
using chiral NHC 14 in toluene showed that the reaction
process was first-order in both NHC catalyst and aldehyde
substrate, with k,/k,=2.6."? Building upon these results and
previous reports from our groups,”*' in this manuscript kinetic
studies upon the intramolecular Stetter reaction using substrate
11 are reported. The buffered conditions (MeOH, NEt;:NEt;-HCI
2:1) initially reported by Leeper for investigation of the
thiazolium-catalyzed benzoin reaction® and since used in
many analyses of NHC-catalyzed umpolung processes, were
chosen for kinetic analysis to enable direct comparison with
reported benzoin reaction (Figure 2B).
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A: Stetter reaction mechanistic investigations
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Figure 2. A: Previous mechanistic studies of the NHC-catalyzed Stetter
reaction. B: This work: initial rates analysis in buffered MeOH solution
(NEt,:NEt,-HCl 2:1)

Results and Discussion

Model studies and identification of a NHC-independent
isomerization process

Initially, reaction orders were sought. As described by Leeper,®
potential issues associated with changes in reaction order as
substrate concentration changes, combined with catalyst degra-
dation and failure of the assumption of irreversibility at all
stages of the reaction, may hamper elucidation of reaction
orders in NHC-catalyzed reactions. As a result, an initial rate
method at low (< 10%) product formation was employed. To
reliably assess the reaction progress at low concentrations of
product, timepoint analysis was performed using high-perform-
ance liquid chromatography (HPLC).

In an initial experiment, aldehyde 11 and triazolium salt 15
were dissolved in methanol at 35°C under argon and a buffer
solution of NEt; and NEt;-HCl (2:1 in methanol) was added,
initiating the reaction (Figure 3A). Aliquots were removed from
the reaction every hour and, after quenching, analyzed by HPLC
(Figure 1B). Starting material 11 and a 50:50 mixture of both
enantiomers of racemic Stetter product 12 were identified by
HPLC analysis on a chiral stationary phase.'” Interestingly, two
by-products were also observed that were identified upon
isolation as (2)-16 and (E)-17, the products of isomerization of
11, in an 80:20 ratio. Similar isomerizations have been reported
in the literature, both in NHC-catalysis,"® and in the absence of
NHCs.'” Further control studies were performed to determine if

© 2021 The Authors. European Journal of Organic Chemistry published
by Wiley-VCH GmbH
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Figure 3. A: Observed isomerization side-reaction under the triazolium 15-
catalyzed Stetter reaction conditions. B: Kinetic analysis of isomerization in
buffered methanol (NEt;:NEt;-HCl (2:1, 160 mm total)) at 35°C under argon:
i) 11 (0.64 m), 15 (40 mm (teal) or 0 mm (purple)); i) 11 (0.08-0.64 m), 15

(40 mm).

this isomerization was NHC-catalyzed and therefore potentially
interfering with the Stetter reaction. Simply stirring aldehyde 11
in buffered MeOH solution (NEt;:NEt;-HCl 2:1) for 72 hours led
to the formation of (2)-16 and (E)-17 in an identical 80:20 ratio,
and isolation in 32% yield, suggesting this process occurs
independently of the NHC. Performing the reaction both with
and without triazolium 15, and monitoring the rate of formation
of the isomerization products, led to essentially identical
reaction profiles (Figure 3B).™ The initial rate for the isomer-
ization process showed a first-order dependence on aldehyde
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concentration with a first-order rate constant, ki,,=2.14X%
107°s™" (Figure 3B). Exposing 16 to the reaction conditions
(with NHC precursor 15 and buffer) resulted in no further
reaction after 12 hours, suggesting that on this timescale this
isomerization reaction is irreversible and that the product does
not significantly interfere with the NHC-promoted Stetter trans-
formation. Over the range of aldehyde concentrations tested
(0.08 m to 0.64 M) the isomerization process is therefore an
independent parallel reaction, allowing simultaneous monitor-
ing of the NHC-catalyzed Stetter reaction.

Initial rate studies of the NHC-catalyzed Stetter reaction

The NHC-catalyzed Stetter reaction was then investigated,
and reaction orders with respect to NHC 15 and aldehyde 11
were identified. Initial rate analyses of the reaction were
performed at aldehyde 11 concentrations of 0.08 m, 0.16 m,
0.32m and 0.64 m, and triazolium 15 concentrations of
0.01 m, 0.02m and 0.04 m. Despite the wide range of
aldehyde concentrations probed, the reaction rate was
independent of aldehyde concentration (zero-order in alde-
hyde) across all those tested (Figure 4). A plot of initial rates
against initial triazolium salt concentration (0.01 m, 0.02 m
and 0.04 m) shows a clear first-order dependence on catalyst
concentration™ with an estimated first-order rate constant
of ko, =2.21x 107 s (Figure 4).

The zero-order dependence on aldehyde concentration is
distinct from the first-order dependence observed in toluene
carried out by Rovis, indicating the kinetic importance of the
different solvents and reaction conditions employed in these
investigations. Applying the steady-state approximation to
the concentration of the Breslow intermediate,!"™ the absence
of the aldehyde from the rate equation can be rationalized
assuming that the initial equilibrium (Figure 5A) between
aldehyde 11 and triazolium 1 significantly favors 3-(hydrox-
ybenzyl)azolium salt 19. In previous work from our groups
using N-aryl triazolium salt precatalysts, we have shown that
NHC addition to a range of substituted benzaldehydes to
give isolable tetrahedral hydroxy adducts (c.f. 4, Figure 1) is
rapid and reversible, and favors adduct formation (e.g. for
Ar=Ph, K., =27 in CH,Cl,, Figure 5A)." Significantly, ortho-
alkoxy substitution on the benzaldehyde (as present in 11)
resulted in a significant increase in the rate and equilibrium
constants for adduct formation. As aldehyde concentration is
significantly higher than triazolium precatalyst concentration
in the present study ([11]>[15]), this equilibrium is expected
to substantially favor the tetrahedral hydroxy adduct. In
addition, the observed zero-order dependence on [11] in the
context of the current catalytic conditions is consistent with
adduct-formation from triazolium 1 not being turnover-
limiting (Figure 5B). Experiments at lower initial aldehyde
concentrations (to test whether aldehyde dependence could
be observed) did not give reliable data due to difficulty in
measuring small concentration changes accurately under the
initial rates regime (<10% product formation). It was
proposed that kg (deprotonation to form the Breslow

© 2021 The Authors. European Journal of Organic Chemistry published
by Wiley-VCH GmbH
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Figure 4. Initial rates analysis of 15-catalyzed Stetter reaction in buffered
methanol (NEt;:NEt;-HCI (2:1 0.16 m total)) at 35 °C under argon: i) initial
rates at [11]=0.08 m, 0.16 M, 0.32 M and 0.64 m; and [15]=0.04 m
(green),0.02 m (purple) and 0.01 m (teal); ii) v, for each [15], taken from the
respective y-intercept in i).

intermediate 19) and ki, (intramolecular Michael addition of
the acyl anion equivalent to give 20) could be differentiated
based on the electronic requirements of each step (Fig-
ure 5B)."

Both steps, if turnover limiting, would be expected to result
in a zero-order dependence on aldehyde concentration.
Previous reports have shown that deprotonation to form the
Breslow intermediate is affected by through-bond electronic
effects, with an increase in the rate of C(a)-H/D exchange of
methylated adducts observed for compounds containing elec-
tron-withdrawing N-aryl substituents (Figure 5A)."¥ If deproto-
nation is turnover-limiting in this reaction, a similar trend in
overall reaction rate would be predicted. Conversely, the
Michael addition would be expected to be accelerated by
electron-donating N-aryl substituents due to an increase in the
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A: Previous reports

Kexp for adduct formation —N
o NEts N__N<
» Ar
! _N BE,CHCL 25°C 1 [ ® Ar Kexp
i b ol Mes 140
@ Al Ph 27
(0] | 1 ® Kexp
1 077 4FCeH. 28
CO,Et 18
CO,Et

electron-donating substituents on N-Ar increases equilibrium constant

Representative kinetic acidity of OMe adducts

S) S)
O=N Br, KOD.KCl O=N BFs A ke
Np&-ar MeODD:0, 25°C NZOAT  Mes 261x 10
—_— i
~ e Ph  9.60x107°
ex
OMe OMe  c¢Fys 2.03x 107
18 d-18
0Bn OBn

electron-withdrawing substituents on N-Ar increases kinetic acidity

B: Proposed effect of N-Ar —N (é)F
: N g\Af
N S rapid H
N Nw 4 equlibrium OH
O/\”\ 2 TAr —_
" CO,Et 1 not turnover-limiting 12 |
accelerated by || i, CO,Et
EWGs on N-Ar
N © N
=\ BF \
O  CO,Et N__N-,* accelerated by N‘Ar
® AT EDGs on N-Ar
Ho |ntra
CO,Et ko
(0]
(0]
2 20 COzEt
C: Variation of N-Ar N S
\ BF,
N N~ar
o) ® &
| 15, 21, 22
d (0.01-0.08 m) COLEt
P NEt;:NEts-HCI
O/E/\CC’zEf (2:1, 0.16 M total) o
(0.08-0.64 ) MeOH, 35 °C
0.030 -
0.025 -
= pF21
0.020 - v Ph15 p
* Mes22
=
a 00151
0.010 -
0.005 - v
0.000 - . i
0 10000 20000 30000

increasing reaction rate

BF4 & @ BFy 54 \©\

4.64 x 105 s™

o
N__N

e Yo
BF4 29

Kobs 8.58 x 106 71 221x 1055

Figure 5. A: Reported effects of N-aryl substituents on NHC-mediated
processes. B: Predicted effects of N-aryl substituents on the NHC-catalyzed
Stetter reaction. C: Initial rate data for Stetter reactions with [11],=0.32 M in
buffered methanol (NEt; and NEt;-HCl (2:1, 0.16 m total)) at 35°C under
argon catalyzed by: 21 (green), 15 (purple) and 22 (teal) at 0.02 m catalyst
loading.
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nucleophilicity of the acyl anion equivalent (Figure 5B). Com-
parable reactions with catalysts 21 and 22 were therefore
performed and their first-order rate constants compared with
that for 15 (Figure 5C).*” The rates of product formation for the
reactions catalyzed by 15, 21 and 22 indicate enhanced rates
when the NHC N-Ar substituent incorporates an electron-
withdrawing group (EWG): 21 (N-(p-F-Ph))>15 (N-Ph) >22 (N-
Mes) (Figure 5C)." Significantly, the reaction catalyzed by N-
Mes 22 required a higher catalyst concentration (20-80 mm)
than either N-(p-F-Ph) 21 or N-Ph 15 (10-40 mm) due to the
slow rate of Stetter product formation compared with isomer-
ization in this case. This trend, along with the reaction orders
and observed rate constant, is consistent with deprotonation to
form the Breslow intermediate (k,) being turnover-limiting
rather than the Michael addition step.

The first-order rate constant measured herein, k,,,=2.21X
107 s7', based on the observed Stetter initial rate dependence
on triazolium 15 concentration at 35°C, can be compared to
the analogous value for the benzoin reaction of benzaldehyde
3 (R=Ph) using the same catalyst 15, buffer and solvent (albeit
at the higher reaction temperature of 50°C). In the case of the
benzoin reaction, a clear change in dependence of initial rate
on benzaldehyde concentration from first- to zero-order was
observed at higher aldehyde concentrations according to
Equation 1. At high [PhCHO], when k,[PhCHO]> kg, values for
Vimax @PpProach kg (4] (c.f. kg [18] in Figure 5B).

. k,v

v mac PNCHO] K kg [4][PhCHO]

K_g+k,[PRCHO]  k_g+k,[PhCHO]

M

As the nucleophilic addition of the acyl anion equivalent to
benzaldehyde is intermolecular in the benzoin process, only a
turnover-limiting Breslow intermediate-forming step could
explain the zero-order dependence on aldehyde in this case.
This was again supported by the rate dependence of different
triazoliums with higher v, plateau values observed for
electron-withdrawing N-aryl substituents. The dependence of
Vmax ON triazolium concentration for the benzoin reaction
catalyzed by 15 vyielded k,,,=7.48x107>s™', which is ~3-fold
higher than for the Stetter reaction with ortho-alkoxy aldehyde
11. Although some of this difference can be attributed to the
different temperatures used, the remainder is also consistent
with a decrease in k., for a more electron-donating ortho-
alkoxy substituent and turnover-limiting Breslow intermediate
formation.

Conclusion

In conclusion, an initial rates analysis of the NHC-catalyzed
intramolecular Stetter reaction in NEt;/NEt;-HCl buffered
methanol has been investigated. A concurrent, NHC-inde-
pendent isomerization of 11 was observed and found to have
a first-order dependence on aldehyde concentration. Mecha-
nistic analysis of the Stetter process showed the reaction to
be first-order in catalyst and zero-order in aldehyde over a
broad range of aldehyde concentrations. Consistent with
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5

previous reports, the reaction rate was higher for catalysts
with electron-withdrawing N-aryl substituents within the
triazolium skeleton. The data reported are consistent with
deprotonation to form the Breslow intermediate being
turnover-limiting in this reaction."
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Mechanistic studies of the triazolium
ion-catalyzed intramolecular Stetter
reaction using initial rates analysis in
NEt;/NEt; - HCl buffered methanol
showed the reaction to be first order

in catalyst and zero order in aldehyde.
The reported data are consistent with
deprotonation to form the Breslow in-
termediate being turnover-limiting in
this process.

Dr. C. J. Collett, Dr. C. M. Young,
Dr. R. S. Massey, Prof. Dr. A. C.
O’Donoghue®, Prof. Dr. A. D. Smith*

1-7

Kinetic and Structure-Activity
Studies of the Triazolium lon-
Catalyzed Intramolecular Stetter
Reaction

i@ D



