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N-heterocyclic carbene (NHC) organocatalysis has experienced significant advancements. Two distinct
reaction pathways have been developed, ionic and radical, through Breslow intermediates (Bls) and

Breslow enolates (BI™s), respectively. The ability to selectively generate these intermediates is crucial for
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Accepted 23rd April 2025 optimizing reaction outcomes. In this paper we show that with mesoionic carbenes (MICs) it is possible

) to control the formation of Bls versus Bl's, through the use of weak bases and strong bases,
DOI: 10.1039/d4sc08229) respectively. Of particular interest is the coupling of aldehydes and alkyl halides to yield ketones via an

rsc.li/chemical-science jonic pathway.

reaction mechanism and therefore the nature of the products by
controlling the intermediate involved in the reaction. However,

Introduction

Over the past decades, N-heterocyclic carbene (NHC) organo-
catalysis' has witnessed tremendous advancement primarily
involving the umpolung of aldehydes through the formation of
nucleophilic Breslow intermediates (BIs).> A large number of
organocatalytic reactions have been developed based on the
nucleophilic addition of BIs to C(sp®)-type electrophiles, such as
carbonyl compounds,® conjugated enones,* imines,®> etc. This
approach has also been extended to nucleophilic substitutions
of BIs with some C(sp®)-type electrophiles,® such as benzyl
halides,” allyl halides,® and even unactivated organic halides.®
In addition to the ionic pathway, NHC-catalyzed radical reac-
tions have also recently been developed. These reactions
involve SET between deprotonated Breslow intermediates (BI s,
also called Breslow enolates) with single-electron oxidants, such
as redox-active esters," pyridinium salts,"” oxime esters," and
activated alkyl halides.™ This process leads to the formation of
NHC-derived ketyl radicals and alkyl radicals which then couple
to give ketones (Fig. 1A). In short, ionic pathway involves BIs as
intermediates, while radical pathway involves BI"s as interme-
diates.” This suggested that it could be possible to switch the
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for the catalysts frequently involved in these reactions, ie.
thiazol-2-ylidenes,® it's still difficult to control the formation of
BIs versus BI's. Indeed, with these carbenes, both ionic and
radical pathway"” are feasible with weak bases'” such as amines
or carbonates, which revealed that either BIs or BI" s are formed
under these reaction conditions.

A. NHC-catalyzed ionic and radical coupling reactions
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Fig.1 NHC- and MIC-catalyzed ionic and radical coupling reactions.
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On the other hand, we have recently shown that besides
classical NHCs, another type of persistent carbene, namely
mesoionic carbenes (MICs),'® can be successfully used in orga-
nocatalysis via radical pathway." BI"s derived from MICs, are
more reducing than classical NHCs, and served as super elec-
tron donors (SEDs),* enabling the single-electron reduction of
unactivated aryl and alkyl halides.”®** The radical coupling
reaction of aldehydes and alkyl halides has also been achieved
with MIC catalysts. Importantly, in the case of MICs, and in
contrast to classical NHCs, it is possible to choose to generate
BIs versus BI s. Indeed, the formation of MIC-derived BI s
required a strong base (typically “BuOK), whereas the deproto-
nation of MIC precursors giving BIs is possible with a weak base
(e.g- Cs,CO3).>" Herein, we report that the coupling reaction of
aldehydes and alkyl halides, with Cs,CO; as a base, giving
ketones via the ionic pathway as shown by the stereochemistry
of the reaction (Fig. 1B). The coupling reaction has a broad
functional group tolerance, especially for strong-base sensitive
B-functionalized alkyl halides. Mechanistic investigations reveal
that the reaction involves a tandem benzoin condensation, o-
alkylation, retro-benzoin condensation sequence, where o-
alkylated benzoin serves as key intermediate. We also found
that the retro-benzoin condensation can be inhibited in MeOH,
thus, a-alkylated benzoins can be selectively formed in MeOH.
Comparison of the ionic pathway with a weak base and the
radical pathway with a strong base, demonstrates the ability to
control the formation of BIs versus BI s through the choice of
the base.

Table 1 Optimization of reaction conditions®

View Article Online
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Results and discussion

In our previous work, we showed that the deprotonation of MIC
conjugate acid can be done with Cs,CO;.”* We firstly tested the
coupling reaction of thiophene-2-carbaldehyde 1a and "butyl
iodide 2a in CH3;CN with Cs,COj; as a base. Interestingly, beside
formation of the coupling product 3aa, a-alkylated benzoin
derivative 4aa was formed. Optimizations revealed that the
reaction works well with 4 equivalents of base at 40 °C (Table 1,
entries 2-4). Similar yield was obtained by using a stoichio-
metric amount of aldehyde and alkyl iodide (entry 5). The
reaction also worked well in isopropanol and DMSO, but
showed less efficiency in less polar solvents (entries 6-10). Ester
substituted triazolium B, which was frequently used as catalyst
in our previously reported radical MIC-organocatalysis, gave
a lower yield (60%) (entry 11). A lower yield was also obtained
with 1,2,4-triazolium D, and other NHC precursors were even
less efficient (entries 12-14). Base screening revealed Cs,CO;
was the best choice (see ESIT). Using "butyl bromide instead of
"butyl iodide afforded the ketone in 85% yield in DMSO as
solvent (entry 15). Moreover, the selectivity was reversed in
methanol, and the a-alkylated benzoin derivative 4aa was
formed in 89% yield with a minor amount of 3aa.

With the optimized reaction conditions in hand, the scope of
the reaction was investigated (Table 2). A series of arylaldehydes
were tested, five-membered hetero-aryl aldehydes gave the
desired ketones in 55-86%. For six-membered aryl aldehydes,
the electron-deficient substrates afforded the desired products

Cs,CO;3, cat.

o [O TS} A
s qr NN s + s N
C Solvent, T, 2 h W W
1a 2a 3aa 4aa
R NoN-R s N piep
K PRe L NN Q{N\S cioy
O oowd o 0 c
Entry Cat. Solvent Amount of base T (°C) Yield” of 3aa (%) Yield® of 4aa (%)
1 A CH;CN 2 equiv. 60 14 25
2 A CH;CN 4 equiv. 60 41 33
3 A CH,;CN 4 equiv. 40 85 Trace
4 A CH,;CN 4 equiv. 25 75 15
5¢ A CH;CN 4 equiv. 40 88(86) Trace
6 A 'PrOH 4 equiv. 40 68 10
7¢ A DMSO 4 equiv. 40 79 8
8¢ A Dioxane 4 equiv. 40 22 Trace
9¢ A THF 4 equiv. 40 35 6
10° A MTBE 4 equiv. 40 8 Trace
11°¢ B CH;CN 4 equiv. 40 60 10
12¢ C CH;CN 4 equiv. 40 10 31
13¢ D CH,CN 4 equiv. 40 62 10
14¢ E CH;CN 4 equiv. 40 6 n.d.
157 A DMSO 4 equiv. 60 85(82) Trace
16 A CH,0H 4 equiv. 60 10 89(88)

“ Reactions were performed with 0.20 mmol of 1a, 0.10 mmol of 2a and 20 mol% of protonated NHC in 1.0 mL of solvent for 2 h. ? Yields were
determined by 'H NMR with CH,Br, as internal standard. Isolated yields were given in parentheses. ¢ 0.2 mmol of 2a were employed. ¢ "BuBr

was used for 6 h.
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Table 2 Scope of the coupling reaction of aldehydes and alkyl halides
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4 Reaction conditions: aryl aldehydes 1 (0.2 mmol), alkyl halides 2 (0.2
mmol), Gs,CO; (0.8 mmol), A (0.04 mmol) and CH;CN (1 mL) for 2 h
at 40 °C. Isolated ylelds were given. Alkyl bromide was used in DMSO
at 60 °C for 6 h. ” Solvent was changed to ‘PrOH. ° Reaction time was
changed to 6 h.  Single isomer.>

in moderate yields, while electron-rich substrates were unreac-
tive. This is likely due to the fact that electron-rich aldehydes
reacted with MICs much slowly and thus the competitive
alkylation of MICs led to catalyst decomposition.*

The scope of alkyl halides was then investigated. A number
of primary alkyl halides bearing different functional groups
were employed for this reaction, and the desire ketones were
obtained in moderated to high yields. It should be noted that
the reaction proceeded well with B-functionalized alkyl halides
(products 3af-3ai), which are unstable under strong base
conditions. The reaction was also viable for benzyl iodide,
affording ketone 3aj in 35% yield. The high functional group
tolerance of this reaction encouraged us to investigate the
acylation of sugar moiety. Reaction of 6-iodo-glucose with
thiophene-2-carbaldehyde afforded the 6-acylated glucose in
44% yield. The reaction of secondary alkyl halides also worked
well, and the desired ketones were obtained in 43-76% yields.

To further investigate the mechanism of the process, some
complex secondary alkyl iodides were investigated as shown in
Fig. 2. Reaction of thiophene-2-carbaldehyde 1a with cis-1-iodo-
4-methylcyclohexane 2p gave ketone 3ap with 11:1 trans/cis.
Reaction of 1a with 2q with cis configuration also gave the
product 3aq with mainly ¢rans configuration. Interestingly,
Reaction of 1a with 2r with ¢rans configuration gave a mixture of
trans and cis in 7 : 10 ratio. The partial loss of stereoselectivity is
mainly due to slow epimerization under basic condition.®** For
3-iodo-epiandrosterone, only the (3o isomer 2t gave the ketone
product, while no reaction occurred with (3p) isomer 2s. The
reaction also worked for acyclic alkyl iodide, although the
stereoselectivity was low. In addition, no reaction occurred with
bulky alkyl iodides, such as menthyl iodide.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction of aldehydes with complex secondary alkyl iodides.

The reaction of aldehydes with alkyl iodides in MeOH was
also investigated as shown in Table 3. A number of a-alkylated
benzoin derivatives can be obtained with different aldehydes
and alkyl iodides. Stereo-inversion was observed which revealed
that the reaction occurred via an Sy2 pathway. When 1,n-diha-
lide 2¢ and 2d were used, cyclic ether products 5c¢ and 5d were
obtained in high yields. It should be noted that, under similar
reaction conditions, but with classical NHC D as catalyst, only
ketones were formed and a-alkylated benzoin derivatives 4 and
5 were not detected.

Our previous work involving MIC-catalyzed coupling of
aldehydes and alkyl halides with strong bases supported
a radical pathway. For comparison, radical clock and radical
trapping experiments were conducted to check whether the
reaction proceeded through radical pathway. When (iodo-
methyl)cyclopropane was employed, only 3aad was obtained,
and the ring-open product was not detected (Fig. 3a). The
reaction with Cs,CO; was not affected with radical trapping
reagents such as 1,1-diphenylethylene (DPE), while DPE
inhibited the reaction with ‘BuOK (Fig. 3b). We also performed
competition experiments between primary and secondary alkyl
iodides, and the former reacted much faster than the latter
(Fig. 3c). All of these experiments were different than those of
our previous results'” (radical pathway), and similar as Li's
results® (ionic pathway). Thus, we can conclude that MIC-
catalyzed coupling of aldehydes and alkyl halides proceeded
through radical pathway with a strong base and ionic pathway
with a weak base. To further understand the reaction pathway,
we performed the reaction at lower temperature (30 °C) and
tracked the formation of products (Fig. 3d). In 30 min, most of
the aldehydes were consumed, and o-alkylated benzoin deriv-
ative 4aa was formed as the major product. Then 4aa decreased
with 3aa increasing. This experiment showed that the aldehyde
was first converted to 4aa, which was then converted to 3aa. To
confirm this hypothesis, treatment of benzoin derivative 6 with

Chem. Sci., 2025, 16, 9163-9168 | 9165
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Table 3 Scope of the coupling reaction of aldehydes and alkyl halides
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“ Reaction conditions: aryl aldehydes 1 (0.2 mmol), alkyl halides 2 (0.1
mmol), Cs,CO; (0.4 mmol), A (0 02 mmol) and CH;O0H (1 mL) for 2 h
at 60 °C. Isolated ylelds are given. Alkyl bromide was used. ” 2q was
used. ° 2r was used. ¢ 2t was used.

2a resulted the formation of 4aa. Then, 4aa can be converted to
3aa quantitively in the presence of MIC catalyst via retro-
benzoin condensation in CH3;CN, while the reaction was
pretty slow in MeOH (Fig. 3e), which is in consistence with the
reaction results in MeOH. On the basis of the above results,
a plausible mechanism is proposed (Fig. 3f). First, MIC reacts
with aldehyde giving the Breslow intermediate 7, which then
attacks another molecule of aldehyde via nucleophilic addition
to yield benzoin derivative 6 with releasing of MIC. Alkylation of
6 in basic conditions gives a-alkylated benzoin derivative 4.
MIC-catalyzed retro-benzoin condensation of 4 gives ketone
product and Breslow intermediate 7

To make a detail comparison of MIC-catalyzed coupling
reactions of aldehydes and alkyl iodides with weak and strong
bases, we listed the different experimental results in Fig. 4.
Reaction of aldehydes with (iodomethyl)cyclopropane in the
presence of Cs,CO; gave cyclopropylmethyl ketones, while it
gave mixture along with ring-open products in the presence of
‘BuOK. For B-functionalized alkyl iodides (take 2-(iodomethyl)
tetrahydrofuran as an example), the reactions only proceeded
with Cs,CO; as a base. In the other hand, for alkyl iodides with

9166 | Chem. Sci, 2025, 16, 9163-9168
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Fig. 4 Comparison of MIC catalyzed coupling reactions with Cs,COs
and ‘BuOK.

steric hindrance (take menthyl iodide as an example), the
reaction only worked with ‘BuOK as a base. Radical inhibition
experiments with DPE revealed that the reaction was only
inhibited with ‘BuOK as a base. Competition experiments
between primary and secondary alkyl iodides also gave different
results. These reactions demonstrated that MIC-catalyzed
coupling reactions proceeded via ionic pathway with a weak
base and radical pathway with a strong base. These two distinct
reaction pathways can be further tracked back to different
intermediate involved, i.e. BIs for the former and BI s for the
latter, respectively.

To gain a further understanding of the base-controlled
formation of BIs versus BI's, we conducted density functional
theory (DFT) investigations at the DLPNO-CCSD(T)/cc-pVTZ//
M06-2X/6-31+G** level of theory, employing four different types
of NHC-derived Bis (Fig. 5). Thiazol-2-ylidene-derived BI has

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 NHC-catalyzed coupling reaction of aldehydes and the
calculated pKa of Bls.

a calculated pKa of 29.4, while the MIC-derived BI has a calcu-
lated pKa of 34.8. The difference of pKa revealed that, thiazol-2-
ylidene-derived BIs could be deprotonated by a weak base, while
MIC-derived BI can only be deprotonated by a strong base. We
also calculated the AG for the deprotonation process of MIC-
derived BI using either a weak base (Me;N and DBU as exam-
ples) or strong base (‘BuOK). This process is endergonic for
weak bases (AG = +26.5 and +20.0 kcal mol™") and exergonic
with strong bases (AG = —31.3 keal mol™"). This is in consis-
tence with the experiment results that DBU works for ionic
reaction (H/D exchange reaction)*® and does not work for
radical reactions.” In addition, imidazolylidene and 1,2,4-
triazol-2-ylidene-derived BIs have pKa values of 35.7 and 33.9.
Indeed, imidazolylidenes and 1,2,4-triazol-2-ylidenes were
rarely employed in radical coupling reaction of aldehydes,
probably due to the instability or bulkiness of their BI s.>

Conclusion

NHC-based organocatalysis usually involves dual pathways—
ionic and radical—highlighting the challenges associated with
controlling the formation of BIs and deprotonated Breslow
intermediates (BI s). The ability to selectively generate these
intermediates is crucial for optimizing reaction outcomes. This
work presents a novel approach to control the formation of Bls
versus BI”s through basicity-tuning, enabling the coupling of
aldehydes and alkyl halides to yield ketones via two distinct
reaction pathways. Of particular interest is the coupling of
aldehydes and alkyl halides to yield ketones via an ionic
pathway through the use of weak bases. The reaction shows
broad functional group tolerance and can be used for the
acylation of sugar moieties. Mechanistic investigations reveal
a tandem benzoin condensation, o-alkylation, and retro-
benzoin condensation sequence, where o-alkylated benzoin
serves as a key intermediate. It should be noted that the
mechanism was different with previous reported ionic coupling
reactions of aldehdyes with alkyl halides, in which nucleophilic
substitutions of BIs with electrophiles were proposed. This work
showcases the potential of MIC catalysis in synthetic organic
chemistry, paving the way for the development of new

© 2025 The Author(s). Published by the Royal Society of Chemistry
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methodologies and applications. The ability to selectively form
BIs versus Bl s through basicity tuning represents a significant
advancement in NHC catalysis, opening up new possibilities for
the umpolung of aldehydes and the synthesis of valuable
organic compounds. Further studies on the organocatalysis by
MICs are under current investigation.
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