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ABSTRACT: The oxidation of the Breslow intermediate resulting from the
addition of an N-heterocyclic carbene (NHC) to benzaldehyde triggers a fast
deprotonation, followed by a second electron transfer, directly affording the
corresponding acylium at E > −0.8 V (versus Fc/Fc+). Similarly, the
oxidation of the cinnamaldehyde analogue occurs at an even higher potential
and is not a reversible electrochemical process. As a whole, and contrary to
previous beliefs, it is demonstrated that Breslow intermediates, which are the
key intermediates in NHC-catalyzed transformations of aldehydes, cannot
undergo a single electron transfer (SET) with mild oxidants (E < −1.0 V).
Moreover, the corresponding enol radical cations are ruled out as relevant intermediates. It is proposed that oxidative NHC-
catalyzed radical transformations of enals proceed either through SET from the corresponding electron-rich enolate or through
coupled electron−proton transfer from the enol, in any case generating neutral capto-dative radicals. Relevant electrochemical
surrogates of these paramagnetic species have been isolated.

■ INTRODUCTION

The role of thiazolin-2-ylidenes A in the active site of thiamine-
dependent decarboxylase enzymes,1 as well as their ability to
catalyze benzoin condensation and Stetter-type reactions, have
been recognized since the mid-20th century.2 In 1958, the
formation of the so-called Breslow intermediates IH was
proposed to account for the umpolung transformation of
aldehydes into nucleophilic species (Scheme 1).1,3 Since these
pioneering works, the use of stable N-heterocyclic carbenes
(NHCs)4−6 as organocatalysts, especially 1,2,4-triazol-3-
ylidenes B, has grown exponentially.6

The scope of this rich chemistry has been even further
broadened through the use of oxidative conditions. An
alternative biomimetic approach was inspired by thiamine-
based oxidoreductases, in which the Breslow intermediate can
undergo a two-electron oxidation and proton transfer to afford
acyliums I+. Because the latter are activated electrophiles, the
overall process allows for a variety of oxidative substitutions of
aldehydes and related substrates.6,7 Concomitantly, one-
electron oxidations have also been proposed. For instance,
NHC-catalyzed reductive coupling reactions,8,9 in which
aldehydes are used as stoichiometric reductants, as well as
enantioselective oxidative NHC-catalyzed transformations of
enals into β-hydroxyesters,10 cyclopentanones,11 and spirocy-
clic-γ-lactones,12 are believed to proceed through radical
pathways. In all cases, the proposed catalytic cycles proceed
through a single electron transfer (SET) from the Breslow
intermediates IH (or IIH in the case of enals) to a mild one-
electron oxidant; the resulting radical cations IH•+ (or IIH•+)

are regarded as key intermediates, although they have never
been spectroscopically observed (Scheme 2).
The hypothesized persistency of radical cations IH•+ and

IIH•+ conflicts with mechanistic and electrochemical inves-
tigations of standard enols13 and phenols.14 Indeed, upon one-
electron oxidation, these substrates usually give rise to highly
acidic radical cations, which are elusive intermediates and
undergo fast deprotonation prior to any further trans-
formation.13d Thus, although EPR experiments provided
evidence for the formation of radicals during NHC-promoted
benzoin condensations, only neutral (amino)(carboxy) C-
centered radicals related to I• (Scheme 3) could be
unambiguously identified.15,20 Note that even the well-
accepted Breslow intermediates had eluded observation16,17

until 2012, when Berkessel et al. finally reported the isolation
and X-ray structure of the less reactive (amino)enols 1aH and
2aH.18

Herein, capitalizing on our previous works on NHC-based
capto-dative radicals,19 we attempt to assess the structure of
key radical intermediates in the oxidative NHC-catalyzed
reactions. We rule out the possibility of direct SET from IH
and IIH to mild oxidants and show that the formation of a
significant amount of IH•+ and IIH•+ is unlikely. We also
propose isolable models as redox surrogates for the more
relevant neutral radicals II•.

Received: November 7, 2018
Published: December 18, 2018

Article

pubs.acs.org/JACSCite This: J. Am. Chem. Soc. 2019, 141, 1109−1117

© 2018 American Chemical Society 1109 DOI: 10.1021/jacs.8b11824
J. Am. Chem. Soc. 2019, 141, 1109−1117

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 S

A
N

 D
IE

G
O

 o
n 

Ja
nu

ar
y 

16
, 2

01
9 

at
 1

6:
51

:0
6 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.8b11824
http://dx.doi.org/10.1021/jacs.8b11824


■ RESULTS AND DISCUSSION
Our study was prompted by a report from the Rehbein group
stating that 1aH coexists with a paramagnetic compound,20

which they hypothesized to be 1aH•+, based solely on the EPR
signal. We prepared the same (amino)enol 1aH and observed
the same EPR signal; however, we quickly recognized the
hyperfine signature of radical 1a•, a compound that we had
previously synthesized by reduction of the corresponding
acylium 1a+ (Scheme 4, Figure 1).19d

We performed DFT calculations at the uB3LYP/TZVP level
of theory,21−23 which showed that 1a• and 1aH•+ should have
very different EPR signals (Figure 1). Radical 1a• is a typical
(amino)(carboxy)radical with 40% Mulliken spin density on
the C3 carbon atom with the remaining density spread over
the p-system (O1, 30%; C2, 10%; C3, 40%; N atoms, 15%).
The predicted isotropic EPR hyperfine coupling constants for
1a• fit well with the experimental values.19d,24 In marked
contrast, for 1aH•+, significant spin density is located on the
carbon C2 linked to the hydroxyl group (O1, 10%; C2, 51%,
C3, 7%, N atoms, 16%).
The identity of the paramagnetic impurity was further

confirmed by detection of the characteristic absorption for 1a•

at 540 nm by UV−vis spectroscopy. Freshly prepared solutions
of 1aH are light yellow, indicating the low concentration of the
paramagnetic impurity. However, upon brief exposure to air,
the increasing concentration of 1a• could be visualized as the
solution turned deep violet. Accordingly, cyclovoltammograms
of 1aH solutions feature the reversible peak of the [1a•/1a+]
couple at E1/2 = −1.2 V vs Fc/Fc+ (Figure 2a). Importantly,
they also show a more intense wave at Epa = −0.8 V, which we
attribute to the oxidation of 1aH. No reversibility could be
evidenced for this electrochemical wave, even at high sweep
rates (up to 10 V s−1). In the second cycle of the voltammetry

Scheme 1. Breslow Intermediates IH Are Formed by
Reacting an NHC with an Aldehydea

aThey are involved in the benzoin condensation (in blue) and
oxidative nucleophilic substitution of aldehydes (in red).

Scheme 2. Postulated Single Electron Transfer (SET) from
Breslow Intermediates of Types IH and IIHa

aThe corresponding radical intermediates IH•+ and IIH•+ have been
regarded as key intermediates in NHC-catalyzed radical reactions.

Scheme 3. Neutral (Amino)(carboxy) C-Centered Radical
I•, and Enols 1aH and 2aH That Are Isolable Surrogates for
IH and IIH, Respectivelya

aDipp = 2,6-iPr2[C6H3].

Scheme 4. Synthesis of 1aH from NHC 3 with 1a• as the
Paramagnetic Impurity, the Latter Being Quantitatively
Prepared by Reduction of 1a+

Figure 1. (a) Experimental X-band EPR spectra of a freshly prepared
solution of 1aH in tetrahydrofuran at room temperature; (b)
experimental X-band EPR spectra of a solution of 1a• in dichloro-
methane at room temperature (prepared by reduction of 1a+); (c)
simulated band shapes with the following hyperfine coupling
constants: a(15N) = 6.6 and 5.4 MHz, a(1H) = 10.66 (2 nuclei),
8.30 (2 nuclei), 1.49, 2.08, and 3.21 MHz; (d) representation of the
singly occupied molecular orbital (SOMO) of 1a•; and (e)
representation of the SOMO of 1aH•+.
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experiment, this wave decreases in favor of the [1a•/1a+] peak,
suggesting that the SET from 1aH triggers a very fast proton
transfer and a second SET to yield 1a+. To confirm this
hypothesis, we performed a quantitative electrochemical
oxidation of this solution at E = −0.1 V (Figure 2b). Cyclic
voltammetry of the resulting solution was consistent with the
disappearance of 1aH and the formation of 1a+. Rotating disk
electrode (RDE) experiments confirmed the convergent
oxidations of both 1a• and 1aH into 1a+, including a
significant increase of the Levich limit current for the [1a•/
1a+] couple upon electrolysis.
Next, we turned our attention to enol 2aH. First, we

synthesized the corresponding acylium salt 2a+ from NHC 325

and cinnamoyl chloride (Scheme 5). The cyclic voltammogram
of 2a+ showed two successive reductions at E1/2 = −0.84 and
−1.7 V, which we attributed to the formation of 2a• and 2a−,
respectively (see Figure 3a). This hypothesis was confirmed by
the generation of radical 2a• by electrochemical reduction of
2a+ at E = −1.2 V. The stoichiometry (one coulomb per mole
of reagent), as well as the cyclic voltammogram (similar to that
of the starting material), are consistent with a one-electron
process with no further chemical transformations. The
isotropic EPR spectrum (See Figure 5) of the resulting
solution gave definitive evidence for the formation of 2a•.

Having characterized 2a•, we performed a cyclic voltamme-
try study of 2aH, the corresponding surrogate for Breslow
intermediates IIH. Similarly to 1aH, we observed an
irreversible oxidation wave at Epa = −0.5 V (Figure 3b). By
analogy, we considered that 2aH undergoes an overall two-
electron oxidation/deprotonation process to afford acylium
2a+. However, the oxidation of 2aH does not result in the
appearance of a current wave for the rereduction of 2a+ into
2a• at E1/2 = −0.84 V. Interestingly, when initiating the cyclic
voltammetry by a reduction of 2aH (up to −2.5 V, Figure 3c),
an irreversible reduction wave is observed at Epc = −1.9 V. This
can be interpreted as the formation of enolate 2a−, as
confirmed by the appearance of the expected one-electron
reoxidation waves for the formation of 2a• and 2a+ at Epa=
−1.7 and −0.8 V, respectively. In this case, again, no
rereduction wave of 2a+ into 2a• could be seen, thereby
indicating that the oxidation of 2a• is followed by a fast
chemical transformation. These data demonstrate that the
electrophilic acylium 2a+ is short-lived in the presence of an
excess of the nucleophilic enol 2aH. Accordingly, neither the
quantitative electrochemical oxidations of 2aH at −0.5 V, nor
those at −0.2 V, afford 2a+, but rather yield unidentified
products. Importantly, all solutions resulting from the
electrochemical oxidation of 2aH were EPR silent, suggesting

Figure 2. Cyclic voltammograms of a solution of 1aH with the
impurity 1a• in CH3CN + (nBu)4NPF6 0.1 mol L−1 (carbon
electrode, Φ = 3 mm; scan rate: 100 mV s−1; E vs Fc/Fc+) before (a)
and after (b) quantitative electrolysis at −0.1 V and the corresponding
rotating disk electrode voltammetry studies (RDE; 600 rpm; scan
rate: 5 mV s−1).

Scheme 5. Synthesis of 2a+, and Relationship between Its
Different Redox Forms

Figure 3. (a) Cyclic voltammograms of a solution of 2a+. (b) Cyclic
voltammograms of a solution of 2aH (oxidation first). (c) Cyclic
voltammograms of a solution of 2aH (reduction first) [tetrahydrofur-
an + (nBu)4NPF6 0.1 mol L−1; carbon electrode, Φ = 3 mm; scan
rate: 100 mV s−1; E vs Fc/Fc+].
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an ionic process for the transformation of the transiently
formed acylium 2a+.
As a whole, our data invalidate the previously proposed SET

from Breslow intermediates to very mild oxidants: nitro-
styrenes (Ep

red < −1.0 V versus Fc/Fc+),8a,26 paranitrobenzyl
bromide (Ep

red ≈ −1.2 V),8b pyridine oxides (Ep
red < −0.9

V),10a,11 nitrobenzenes (Ep
red < −0.9 V),12 as well as

nitrobenzenesulfonic carbamate (Ep
red ≈ −1.2 V).10b Enols

1aH and 2aH (E1/2 = −0.8 and −0.5 V, respectively) are not
strong enough reductants for these substrates. Additionally,
these surrogates are rather electron-rich, due to their
imidazolidine scaffold. As the catalytically relevant Breslow
intermediates of type IH or IIH are more electron-poor, their
oxidation should require even higher potentials. This
reasonable assumption is supported by the reported electro-
chemical properties of compounds 4−6 (see Figure 4).3b,16c In

these models for Breslow intermediates, the reactive OH
moiety is replaced by a methoxy or an amino group. They all
undergo oxidation above −0.5 V.27 Note that we reported a
similar trend for radical derivatives 1a−d• (Figure 4), whose
oxidation potentials (Eox

1/2 for 1b
• < 1a• < 1d• < 1c•) parallel

the electron-withdrawing capabilities of the corresponding
NHC component (1b• < 1a• < 1d• < 1c•).28

Not only is SET irrelevant at low potentials, but the
subsequent loss of an electron would not lead to a significant
concentration of radicals. Indeed, the one-electron oxidation of
these enols triggers a fast deprotonation, and, at the potential
that is required for the oxidation of 1a•H and 2a•H, the
resulting radicals 1a• and 2a• are readily oxidized into acyliums
1a+ and 2a+, respectively. A concerted proton−electron
transfer from Breslow intermediates, which would act as
formal H• donors, could account for the formation of radicals
in oxidative NHC catalysis. Alternatively, when reactions occur
in very basic media, the enolate forms I− and II− could act as
strong one-electron reductants. In any case, for NHC-catalyzed
radical transformations of enals, the relevant intermediate is
not IIH•+, as previously believed, but is the neutral
(amino)(carboxy) C-radicals II•.
Radical 2a• decayed within hours, even under strictly inert

conditions. Looking for an isolable version, we extended the

series and synthesized acyliums 2b−f+, from the reaction of
cinnamoyl and 3,3-diphenylacryloyl chlorides with imidazoli-
dinylidene 3, imidazolylidene 7,25 and cyclic (alkyl)(amino)-
carbene 829 (Scheme 6).

The cyclic voltammograms of these acyliums feature two
reduction peaks, which are attributed to the formation of the
radical and enolate species, respectively (Table 1). While the

first process is electrochemically reversible, the second
reduction is coupled to a chemical transformation (i.e., the
formation of the corresponding enols).19d We then carried out
the electrochemical syntheses. In all cases, the stoichiometry
(one coulomb per mole of reagent) was consistent with a one-
electron process, and cyclic voltammograms were similar for
the final and the starting solutions. As expected, room-
temperature EPR spectra of the corresponding solutions
featured strong signals at g ≈ 2.0. Hyperfine coupling constants
could be extracted by mathematical fitting,24 apart for the
unresolved broad band of 2b• (Figure 5).
As observed with 2a•, radicals 2b−d• decayed within hours

and could not be isolated. In contrast, electrochemically
prepared CAAC-based radicals 2e• and 2f• are persistent for

Figure 4. Reversible one-electron oxidation potential (versus Fc/Fc+)
of surrogates for Breslow intermediates and of various NHC-based
(amino)(carboxy) C-radicals.

Scheme 6. Synthesis of Azoliums 2a−f+,and One-Electron
Reduction into Corresponding Radicals 2a−f•

Table 1. Redox Potentials and Mulliken Spin Densities of
Radicals 2a−f•

X• 2a• 2b• 2c• 2d• 2e• 2f•

E1/2 (V)
a

X•/X+ −0.84 −0.90 −0.92 −0.97 −0.47 −0.53
X−/X• −1.8b −1.7b −1.93 −1.93 −1.5b −1.5b

% Spin Densityc

on Nd 14.2 13.0 19.7 17.6 19.6 19.1
on C1 31.1 33.3 20.0 21.2 40.0 41.1
on C2 11.9 11.2 12.5 12.7 7.2 5.9
on O1 29.0 29.0 26.3 27.1 26.1 27.2
on C3 −11.9 −11.8 −11.8 −12.2 −7.6 −6.0
on C4 20.6 19.9 24.2 24.2 12.8 10.8

aE vs Fc/Fc+. bEpc for an irreversible electrochemical process.
cMulliken spin densities. dSum of spin density on all nitrogen atoms.
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several days in solution under air- and moisture-free
conditions. Thus, we carried out their chemical synthesis by
reacting the corresponding acyliums 2e+ and 2f+ with 0.5 equiv
of Zinc(0) powder. After workup, 2e• and 2f• were isolated in
47% and 57% yield, respectively. Single crystals of 2f+ and 2f•

for X-ray analysis were also obtained (Figure 6).30 As

previously observed for related (amino)(benzoxy)radicals,19

the carbene unit of acylium 2f+ is nearly orthogonal to the
carbonyl moiety, whereas the corresponding radical 2f• has a
fully conjugated π-system, with coplanar N1, C1, O1, C2, C3,
and C4 atoms. The extended conjugation also results in a
significantly shorter C1−C2 bond (2f+, 152.2 pm; 2f•, 141.5
pm). However, the enone moiety in 2f• remains almost
unchanged as compared to 2f+. Indeed, both compounds
feature long single C2−C3 bonds (146.4 and 145.3 pm) and

short C3−C4 double bonds (135.4 and 135.8 pm), suggesting
that 2f• has negligible spin density on those atoms.
We performed DFT calculations to gain more insight into

the electronic structure of these radicals. We chose the
uB3LYP/TZVP level of theory, which already proved to be
suitable for (amino)(carboxy) C-radicals.19 Importantly, the
optimized structure of 2f•, as well as the predicted isotropic
Fermi constants for radicals 2a• and 2c−e•, fit well with the
experimental values (see the Supporting Information). As
expected, the Mulliken spin density was reminiscent of push−
pull C-centered (amino)(carboxy)radicals with a large portion
of the spin densities on C1 and O1. As suggested by the
experimental structural data, only 11% spin density is on the
C4 carbon atom of 2f•. This radical is essentially described by
the resonance forms 2fI

• and 2fII
•, with a smaller contribution

from the zwitterionic form 2fIII
• (see Figure 7). In contrast,

radicals 2a−d• feature up to 25% of the spin density at the C4
carbon atom. Thus, it is likely that their decay results from
radical reactivity at this position. Conversely, lower spin
densities at this position must contribute to the longer lifetime

Figure 5. Experimental X-band EPR spectra of 2a−f• in solution at room temperature. The hyperfine structure of the spectrum of 2b• could not be
resolved. In the other cases, the simulated band shapes are represented for the following set of parameters (lw, Lorentzian line-broadening; a,
hyperfine coupling constants): 2a•, lw = 0.085, a(14N) = 2.5 and 4.4 MHz, a(1H) = 12.3, 5.1, 8.4 (2 nuclei), 10.3 (2 nuclei), and 3.3 MHz (2
nuclei); 2c•, lw = 0.042, a(14N) = 6 MHz (2 nuclei), a(1H) = 11.8, 4.1, 4.3, 3.0 (2 nuclei), 2.1 (2 nuclei), and 1.5 MHz (2 nuclei); 2d•, lw = 0.15,
a(14N) = 5.4 MHz (2 nuclei); 2e•, lw = 0.2, a(14N) = 14.9 MHz, a(1H) = 6.8 and 3.1 MHz; 2f•, lw = 0.25, a(14N) = 14.9 MHz, and a(1H) = 7.1
MHz.

Figure 6. Left, solid-state structure of 2f+ with thermal ellipsoids
drawn at 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths [pm], angles [deg], and torsions [deg]:
N1−C1, 128.6(4); C1−C2, 152.2(4); C2−O1, 121.3(4); C2−C3,
145.3(5); C3−C4, 135.8(4); N1−C1−C2, 122.5(3); C1−C2−C3,
115.0(3); C2−C3−C4, 124.8(3); N1−C1−C2−O1, 77.9(4); C1−
C2−C3−C4, 174.4(3); right, solid-state structure of 2f• with thermal
ellipsoids drawn at 50% probability level. Selected bond lengths [pm],
angles [deg], and torsions [deg]: N1−C1, 136.9(1); C1−C2,
141.5(2); C2−O1, 130.0(1); C2−C3, 146.4(2); C3−C4, 135.4(2);
N1−C1−C2, 122.1(1); C1−C2−C3, 120.2(1); C2−C3−C4,
127.5(1); N1−C1−C2−O1, −8.2(2); C1−C2−C3−C4, 180.0(1).

Figure 7. Left, representation of computed spin density of 2f•; right,
relevant resonance forms.
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of CAAC-based radicals 2e• and 2f•. Of note, the spin density
at C4 is insensitive to substitution (H or Ph substituents),
whereas it increases (10−12% for 2e• and 2f•; 20% for 2a• and
2b•; 24% for 2c• and 2d•) when decreasing the π-accepting
capability of the carbene unit (8 ≪ 3 < 7).28 As a consequence
of increased spin delocalization on the C3−C4 moiety, the
C2−C3 bonds contract (calculated values for 2e• and 2f•,
147.5 pm > 2a•, 146.0 pm and 2b•, 145.6 pm > 2c•, 145.5 pm
and 2d•, 145.0 pm). Concomitantly, the C3−C4 bonds
elongate (in the cinnamoyl series, calculated values for 2e•,
134.5 pm < 2a•, 135.2 pm and < 2c•, 135.5 pm; in the
diphenylacryloyl series, calculated values for 2f•, 135.5 pm <
2b•, 136.3 pm < 2d•, 136.8 pm).

■ CONCLUSION
To account for the fate of several NHC-catalyzed trans-
formations in the presence of mild oxidants, it had been
assumed that Breslow intermediates could undergo a single
electron transfer below −1.0 V versus Fc/Fc+. The electro-
chemical study of electron-rich enols 1aH and 2aH definitively
rules out this hypothesis. The understanding of these reactions
has to now be re-established in light of this novel paradigm.
We showed that the one-electron oxidation of the enols

triggers a fast deprotonation, and it occurs at potentials that
promote subsequent oxidation leading to the corresponding
acyliums I+ and II+. Therefore, it is likely that the relevant
radical intermediates are radicals I• and II•, and not the
previously postulated radical cations IH•+ and IIH•+. Their
formation at low potential may either result from a SET from
the corresponding enolates or from a direct H• transfer.
However, although radicals have been observed in the course
of NHC-catalyzed reactions, there is no definitive evidence
that they are genuine intermediates in NHC-catalysis. The set
of persistent radicals 2a−f• could be useful to probe
mechanistic hypotheses and explore new reactivities. In
particular, CAAC-based radicals not only provide isolable
surrogates, but they are excellent redox models because their
oxidation potentials are close to the catalytically relevant
thiazoylidene-based counterparts.
The impact of this work goes beyond molecular chemistry,

as biologic systems raise similar issues. Indeed, highly
persistent radical intermediates have been evidenced in
mixtures of thiamine-based enzymes and their substrates.31

Here again, the development of small molecular models is
critical for addressing further, not only the genuine nature of
the paramagnetic compounds, but also their possible role in
biological catalytic cycles, in off-path processes, or in metabolic
dysfunctions.

■ EXPERIMENTAL SECTION
General Considerations. All manipulations were performed

under an inert atmosphere of dry argon, using standard Schlenk
techniques. Dry and oxygen-free solvents were employed. Stable
carbenes were prepared as previously reported.25,29 1H, 13C, and 19F
NMR spectra were recorded on Bruker Advance 300, Varian VX 500,
and Jeol ECA 500 spectrometers. Chemical shifts are given relative to
SiMe4 and referenced to the residual solvent signal. Melting points
were measured with a Büchi Melting Point B-545 apparatus.
Electrochemical experiments were carried out with a Biologic SP-
300 potentiostat. An Ag/0.01 M AgNO3 reference electrode in
CH3CN + 0.1 M [nBu4N]PF6 was used. Cyclic voltammetry
experiments were performed in CH3CN + 0.1 M [nBu4N]PF6, a
vitreous carbon disk (3 mm in diameter) as working electrode and a
platinum wire as auxiliary electrode. Ferrocene was used as standard,

and all reduction potentials are reported with respect to the E1/2 of the
Fc/Fc+ redox couple. Electrochemical reductions were performed
using reticulated vitreous carbon electrode. EPR spectra were
obtained using an X-band Bruker EMX Plus spectrometer and fitted
with the EasySpin simulation package.24

General Procedure for the Synthesis of Acylium Salts 2a−f+.
In a typical procedure, a solution of the carbene (about 1.0 mmol) in
diethyl ether (15 mL) was added dropwise to a solution of the acyl
chloride (1 equiv) in diethyl ether (10 mL) at 0 °C. The mixture was
allowed to warm at room temperature and stirred for an additional
hour. After filtration of the supernatant, the precipitate was washed
with diethyl ether (3 × 15 mL) and dried in vacuo.

Chloride Salt of 2a+. The general procedure was followed with
carbene 3 (462 mg, 1.2 mmol) and cinnamoyl chloride (195 mg, 1.2
mmol). White solid. Recrystallization by layering diethyl ether on a
concentrated solution in dichloromethane. Yield: 395 mg (64%). mp:
154 °C (dec.). MS (m/z): [M+] calcd for C36H45N2O, 521.3526;
found, 521.3529. 1H NMR (CDCl3, 300 MHz): δ = 8.12 (d, J = 16.2
Hz, 1H), 7.61 (d, J = 7.5 Hz, 2H), 7.36 (m, 5H), d, J = 7.8 Hz, 2H),
6.36 (d, J = 16.2 Hz, 1H), 4.94 (s, 4H), 3.38 (sept, J = 6.6 Hz, 4H),
1.33 (d, J = 6.6 Hz, 12H), 1.19 (d, J = 6.6 Hz, 12H). 13C NMR
(CDCl3, 75 MHz): δ = 178.4, 162.1, 153.1 (CH), 146.8, 133.4 (CH),
132.6, 131.6 (CH), 130.1 (CH), 129.3 (CH), 128.9, 125.3 (CH),
120.0 (CH), 55.3 (CH2), 29.2 (CH), 26.5 (CH3), 23.4 (CH3).

Chloride Salt of 2b+. The general procedure was followed with
carbene 3 (357 mg, 0.9 mmol) and 3,3-diphenylacryloyl chloride (220
mg, 0.9 mmol). Yellow solid. Yield: 412 mg (91%). mp: 204 °C
(dec.). MS (m/z): [M+] calcd for C42H49N2O, 597.3839; found,
597.3838. 1H NMR (CDCl3, 300 MHz, major conformer): δ = 7.52
(t, J = 7 Hz, 2H), 7.3 (m, 8H), 7.01 (t, J = 8 Hz, 2H), 6.94 (d, J = 7.5
Hz, 2H), 6.24 (s, 2H), 6.22 (s, 1H), 4.96 (s, 4H), 3.13 (sept, J = 7 Hz,
4H), 1.39 (d, J = 7 Hz, 12H), 1.22 (d, J = 7 Hz, 12H). 13C NMR
(CDCl3, 75 MHz, major conformer): δ = 175.7, 166.4, 162.3, 146.8,
139.0, 136.7, 132.3 (CH), 131.8 (CH), 129.9 (CH), 129.2 (CH),
128.8 (CH), 128.7 (CH), 128.2 (CH), 125.4 (CH), 124.9 (CH),
117.1 (CH), 55.5 (CH2), 29.5 (CH), 26.4 (CH3), 23.3 (CH3).

Chloride Salt of 2c+. The general procedure was followed with
carbene 7 (469 mg, 1.2 mmol) and cinnamoyl chloride (201 mg, 1.2
mmol). Yellow solid. Yield: 470 mg (70%). mp: 160 °C (dec.). MS
(m/z): [M+] calcd for C36H43N2O, 519.3370; found, 519.3370.

1H
NMR (CDCl3, 300 MHz): δ = 8.89 (s, 2H), 7.64 (d, J = 15 Hz, 1H),
7.63 (s, 2H), 7.4 (m, 5H), 7.3 (m, 3H), 7.01 (d, J = 7.5 Hz, 2H), 6.17
(d, J = 15 Hz, 1H), 2.37 (sept, J = 7 Hz, 4H), 1.29 (d, J = 7 Hz, 12H),
1.14 (d, J = 7 Hz, 12H). 13C NMR (CDCl3, 75 MHz): δ = 173.2,
150.6 (CH), 144.4, 139.1, 133.2 (CH), 132.7, 132.4 (CH), 130.9,
130.2 (CH), 129.4 (CH), 129.2 (CH), 125.2 (CH), 119.1 (CH),
29.4 (CH), 24.8 (CH3), 23.2 (CH3).

Chloride Salt of 2d+. The general procedure was followed with
carbene 7 (325 mg, 0.8 mmol) and 3,3-diphenylacryloyl chloride (203
mg, 0.8 mmol). Yellow solid. Yield: 340 mg (64%). mp: 213 °C. MS
(m/z): [M+] calcd for C42H47N2O, 595.3683; found, 595.3682.

1H
NMR (CDCl3, 300 MHz): δ = 8.80 (s, 2H), 7.67 (t, J = 8 Hz, 2H),
7.42 (d, J = 8 Hz, 4H), 7.3 (m, 6H), 6.7 (m, 4H), 6.23 (s, 1H), 2.43
(sept, J = 7 Hz, 4H), 1.33 (d, J = 7 Hz, 12H), 1.19 (d, J = 7 Hz, 12H).
13C NMR (CDCl3, 75 MHz): δ = 172.1, 165.7, 144.8, 141.1, 139.6,
136.6, 132.3 (CH), 131.9 (CH), 130.5, 129.9 (CH), 129.1 (CH),
129.0 (CH), 128.6 (CH), 128.1 (CH), 125.1 (CH), 118.3 (CH),
29.5 (CH), 25.3 (CH3), 23.0 (CH3).

Chloride Salt of 2e+. The general procedure was followed with
carbene 8 (404 mg, 1.3 mmol) and cinnamoyl chloride (202 mg, 1.2
mmol). White solid. Recrystallization by layering diethyl ether on a
concentrated solution in dichloromethane. Yield: 430 mg (74%). mp:
139 °C (dec.). MS (m/z): [M+] calcd for C31H42NO, 444.3261;
found, 444.3263. 1H NMR (CDCl3, 300 MHz): δ = 7.9 (m, 3H), 7.85
(d, J = 11 Hz, 1H), 7.4 (m, 4H), 7.28 (s, 1H), 7.27 (d, J = 11 Hz,
1H), 3.14 (sept, J = 6 Hz, 2H), 2.69 (s, 2H), 2.34 (m, 4H), 1.69 (s,
6H), 1.35 (d, J = 6 Hz, 6H), 1.19 (d, J = 6 Hz, 6H), 1.08 (t, J = 7.5
Hz, 6H). 13C NMR (CDCl3, 75 MHz): δ = 195.6, 184.1, 149.9 (CH),
145.6, 133.1 (CH), 132.7, 131.8 (CH), 131.0 (CH), 129.3 (CH),
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127.5, 126.3 (CH), 120.6 (CH), 84.6 (C), 58.9 (C), 43.2 (CH2), 29.7
(CH2), 29.4 (CH), 29.1 (CH), 26.3 (CH3), 24.7 (CH3), 8.1 (CH3).
Chloride Salt of 2f+. The general procedure was followed with

carbene 8 (270 mg, 0.8 mmol) and 3,3-diphenylacryloyl chloride (195
mg, 0.8 mmol). Yellow solid. Recrystallization by layering diethyl
ether on a concentrated solution in dichloromethane. Yield: 430 mg
(65%). mp: 165 °C. MS (m/z): [M+] calcd for C37H46NO, 520.3574;
found, 520.3577. 1H NMR (CDCl3, 300 MHz): δ = 7.60 (t, J = 7 Hz,
1H), 7.4 (m, 8H), 7.17 (t, J = 7 Hz, 2H), 7.10 (s, 1H), 6.45 (d, J = 7
Hz, 2H), 2.96 (sept, J = 6 Hz, 2H), 2.75 (s, 2H), 2.40 (sept, J = 7 Hz,
2H), 2.08 (sept, J = 7 Hz, 2H), 1.72 (s, 6H), 1.31 (d, J = 6 Hz, 6H),
1.12 (t, J = 7 Hz, 6H), 0.99 (d, J = 6 Hz, 6H). 13C NMR (CDCl3, 75
MHz): δ = 194.5, 182.6, 166.3, 146.2, 138.4, 137.6, 132.6 (CH),
132.1 (CH), 130.2 (CH), 129.6 (CH), 129.1 (CH), 128.9 (CH),
128.4 (CH), 128.2, 126.7 (CH), 118.1 (CH), 84.9, 59.0, 43.0 (CH2),
29.7 (CH2), 29.6 (CH), 29.5 (CH), 26.0 (CH3), 25.5 (CH3), 9.3
(CH3).
Synthesis of Radicals 2e• and 2f•. THF (25 mL) was added

once to a Schlenk tube containing the acylium (1 equiv) and activated
zinc powder (0.6 equiv) at room temperature. The mixture was
allowed to stir for additional 2 h. The solvent was evaporated, and the
product was extracted with diethyl ether (3 × 10 mL). Volatiles were
removed in vacuo, affording dark green powders. 2e• was synthesized
according to this general procedure, from 267 mg (0.55 mmol) of
chloride salts of 2e+. Yield: 115 mg (47%). mp: 64−66 °C. 2f• was
synthesized according to this general procedure from 500 mg (0.90
mmol) of chloride salts of 2f+. Yield: 267 mg (57%). mp: 54−66 °C.
Suitable monocrystals for X-ray analysis were grown by cooling a
concentrated pentane solution at −40 °C.
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