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Abstract

Protocols for the isolation of the commonly employed cyclic (alkyl)(amino) carbene (CAAC) and N-heterocyclic carbene (NHC) are reported.
Furthermore, the synthesis of their mixed CAAC–NHC “Wanzlick” dimer and the synthesis of the related stable organic “olefin” radical are
presented. The main goal of this manuscript is to give a detailed and general protocol for the synthetic chemist of any skill level on how
to prepare free heterocyclic carbenes by deprotonation using filter cannulas. Due to the air-sensitivity of the synthesized compounds, all
experiments are performed under inert atmosphere using either Schlenk technique or a dinitrogen filled glovebox. Controlling Wanzlick’s
equilibrium (i.e., the dimerization of free carbenes), is a crucial requirement for the application of free carbenes in coordination chemistry or
organic synthesis. Thus, we elaborate on the specific electronic and steric requirements favoring the formation of dimers, heterodimers, or
monomers. We will show how proton catalysis allows for the formation of dimers, and how the electronic structure of carbenes and their dimers
affects the reactivity with either moisture or air. The structural identity of the reported compounds is discussed based on their NMR spectra.

Video Link

The video component of this article can be found at https://www.jove.com/video/59389/

Introduction

More than half a century ago, Wanzlick reported arguably the first attempts to synthesize N-heterocyclic carbenes1,2,3. However, instead of
isolating the free carbenes, he succeeded only in characterizing their dimers. This observation prompted him to suggest an equilibrium between
the olefin dimer and the respective free carbenes, which is now commonly referred to as “Wanzlick’s equilibrium” (Figure 1, I.)4,5,6. Later on, it
was argued that the dimerization of free carbenes and of course equally the reverse reaction (i.e., the dissociation of the related olefin dimers),
is catalyzed by protons7,8,9,10,11,12. It took another 30 years until the first “bottleable” carbene, which did not dimerize at room temperature,
was reported by Bertrand13,14. Especially N-heterocyclic carbenes (NHCs; imidazolin-2-ylidenes) became the subject of intensive research
after Arduengo had reported a stable crystalline NHC, 1,3-diadamantyl-imidazolin-2-ylidene15. The surprising stability of this carbene was first
rationalized by a combination of steric effects due to the bulky adamantyl substituents as well as electronic effects associated with the aromatic
N-heterocycle. However, it was shown later in an elegant study by Murphy that even “monomeric” 1,3-dimethyl-imidazolin-2-ylidene16 (i.e.,
the free carbene derived from N,N-dimethylimidazolium salts) with very small methyl substituents is more stable than its dimer17. Lavallo and
Bertrand showed on the contrary, that also the removal of one stabilizing nitrogen atom, as reported by the isolation of a cyclic (alkyl)(amino)
carbene (CAAC), can be balanced by introduction of a bulky 2,6-diisopropylphenyl (Dipp) substituent18.

NHCs and CAACs proved extraordinarily fruitful for the coordination chemistry of the d- and p-block elements, transition metal catalysis, or
organocatalysis (For thematic issues and books on NHCs, see19,20,21,22,23, for reviews on CAACs, see24,25,26,27,28, for the synthesis of CAACs,
see18,29,30,31). The impressive success story of cyclic carbene ligands is mainly due to two reasons32. First, both electronic and steric properties
can be readily tuned to fit the requirements of a specific application. Second, the isolation of stable free carbenes offers a convenient method to
synthesize metal complexes by straightforward combination with a metal precursor. Accordingly, it is important to understand the factors which
control whether a free carbene is stable at or below room temperature or whether it dimerizes to form an olefin. Note that the derived electron
rich olefins usually33 do not form complexes upon treatment with a metal precursor, which is at least in part due to their highly reducing character.

Not only are free carbenes key players in synthetic chemistry nowadays. In fact, their electron rich olefin dimers34,35,36 (e.g., tetraazafulvalenes
in case of NHCs37 or tetrathiafulvalenes TTF38,39,40 in case of 1,3-dithiol-2-ylidenes; Figure 1, II.), have not only found broad application as
reductants41,42,43, but even more so in organic electronics.

TTF is in fact called the “brick-and-mortar” of organic electronics44. This is largely due to the particular electronic properties of electron rich
olefins – notably, many of those show three stable redox states upon oxidation, including the open-shell organic radical (For reviews on carbene
derived organic radicals, see:45,46,47, for recent contributions in the area of carbene stabilized organic radicals, see:48,49,50,51,52,53,54). Accordingly,
TTF allows for the fabrication of conductive/semiconductive material as required for magnetic materials, organic field-effect transistors (OFETs),
organic light emitting diodes (OLEDs) and molecular switches or sensors55,56,57,58,59.
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Herein, we present convenient protocols for the isolation of two stable carbenes with enormous impact in coordination chemistry and
homogeneous catalysis (Figure 2), viz. the cyclic (alkyl)(amino) carbene 1 18, and the dimethylimidazolin-2-ylidene NHC 2 15. We will discuss
why both carbenes are stable at room temperature and do not dimerize. We will then elaborate on proton catalysis related to Wanzlick’s
equilibrium and the formation of the mixed CAAC–NHC heterodimer 360,61,62. The exciting electronic properties of such triaza-alkenes is
connected with the impressive stability of the related organic radical 4 63.

Methodological focus lies on the Schlenk technique using filter cannulas equipped with a glass micro fiber filter for the separation of a
supernatant from a precipitate under inert conditions. A dinitrogen filled glovebox is used for weighing in starting material and the storage of air
sensitive compounds.

Protocol

CAUTION: Carry out all syntheses in a well-ventilated fume hood. Wear appropriate personal protective equipment (PPE) including a lab coat
and safety goggles.

NOTE: The starting materials were synthesized according to the literature: 1-(2,6-diisopropylphenyl)-2,2,4,4-tetramethyl-3,4-dihydro-2H-pyrrol-1-
ium tetrafluoroborate (1prot) (For the synthesis of CAACs, see:18,30,31,64,65) and 1,3-dimethyl-4,5-dihydro-1H-imidazol-3-ium iodide (2prot)65. We
suggest drying these salts at 120 °C in vacuo overnight in order to ensure the absence of water or halogenated solvents. Silver triflate and
potassium hexamethyldisilazide (KHMDS) were obtained by commercial vendor and used as is without further purification. All manipulations
were performed using Schlenk techniques or in a dinitrogen filled glovebox (O2 < 0.1 ppm; H2O < 0.1 ppm). Solvents were dried by a two-
column, solid-state purification system and stored over activated molecular sieves. Tetrahydrofuran, diethylether, hexanes, pentane, benzene
and toluene were deoxygenated by three freeze-pump-thaw cycles. Deuterated benzene was dried over molecular sieves, deoxygenated by
three freeze-pump-thaw cycles and stored over a mirror of potassium, deuterated acetonitrile was distilled from calcium hydride and stored
over molecular sieves. Glassware was oven-dried at 150 °C for at least 12 h prior to use and brought hot directly into the glovebox (cycling the
antechamber at least three times over the course of at least 15 min). Glass micro fiber filters were stored at 150 °C; cannulas were either oven-
dried or thoroughly purged with air prior to use in order to ensure the absence of residual organic solvent (water, respectively).

1. Synthesis of cyclic (alkyl)(amino) carbene (Compound 1)

1. Transfer a hot, oven-dried 100 mL Schlenk flask equipped with a stir bar and a rubber septum into a dinitrogen filled glovebox.
2. Weigh out the iminium salt 1-(2,6-diisopropylphenyl)-2,2,4,4-tetramethyl-3,4-dihydro-2H-pyrrol-1-ium tetrafluoroborate (1prot) (2.00 g, 5.36

mmol, 1.0 eq.) and potassium hexamethyldisilazide (KHMDS) (1.05 g, 5.25 mmol, 0.98 eq.) and combine in the 100 mL Schlenk flask. Cap
the flask with a rubber septum.

3. Transfer the flask to the Schlenk line. Evacuate and refill all connecting hoses with dinitrogen three times in order to remove any traces of
water and air.

4. Connect a second oven-dried 100 mL Schlenk flask capped with a rubber septum to the Schlenk line. Evacuate/refill the connecting hose
three times.

5. Open the solid containing flask to dinitrogen and cool the flask using an isopropanol slush bath (-88 °C) or a dry ice/acetone (-78 °C) cooling
bath.

6. Add 20 mL of diethylether (dry, degassed) over the course of 3 min along the cold flask wall using a syringe. Stir the suspension for 10 min
before allowing the reaction mixture to warm to room temperature.

7. Once the mixture reaches room temperature, discontinue stirring and allow the potassium tetrafluoroborate salt to settle.
8. Prepare a steel cannula equipped with a glass micro fiber filter, which is fitted to one end of the cannula by polytetrafluoroethylene (PTFE)

tape. Wind the PTFE tape around the end of the cannula to obtain an overall diameter of about 0.6 cm (0.25 inch; Figure 3a, b). Then fit the
glass micro fiber filter by winding further PTFE tape around (Figure 3c).

9. Perforate a septum with a small needle (with a smaller diameter than the cannula) and subsequently push the filter cannula through the tiny
hole. Swiftly exchange this septum under a gentle flow of dinitrogen with the septum on the Schlenk flask containing the crude carbene.
Purge the cannula for at least 1 min with dinitrogen.

10. Perforate the second septum capping the second empty Schlenk flask as well with a small needle and introduce the other end of the steel
cannula.

11. Additionally, insert a thin needle through the septum of the empty flask and close the Schlenk valve connecting this flask to the Schlenk line.
Note that overpressure will be released through the extra needle (Figure 4).

12. Lower the filter cannula into the overlying solution to start the filtration of the solution containing the free carbene into the second Schlenk
flask using slight dinitrogen overpressure provided by the line. Eventually, also lower the filter cannula into the suspension with the settled salt
at the bottom of the flask.

13. After quantitative transfer of the carbene, reopen the valve of the second Schlenk flask to the Schlenk line for dinitrogen supply. Remove the
small needle as well as the steel cannula and seal the perforated septum of the Schlenk flask with adhesive tape.
 

Alternatively, replace the perforated septum by a well-greased glass stopper.
14. Remove the solvent in vacuo to obtain the free carbene 1 quantitatively as a colorless to slightly yellow and greasy solid (1.53 g). Quantitative

removal of hexamethyldisilazane
 

[HN(SiMe3)2] requires typically a vacuum around 1 * 10-3 mbar or gentle heating. Transfer 1 to a glovebox for storage.

2. Synthesis of the N-heterocyclic carbene (Compound 2)

1. Transfer a hot, oven-dried 100 mL Schlenk flask, a rubber septum and a stir bar into a dinitrogen filled glovebox.
2. Weigh out the imidazolium salt 1,3-dimethyl-4,5-dihydro-1H-imidazol-3-ium iodide 2prot

 

(2.00 g, 8.93 mmol, 1.0 eq.) and KHMDS (1.75 g, 8.75 mmol, 0.98 eq.). Combine both in the Schlenk flask, add the stir bar and seal the flask
with the rubber septum.
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3. Transfer the Schlenk flask to the Schlenk line and evacuate/refill the connecting hose three times. Additionally, connect a second oven-dried
100 mL Schleck flask equipped with a septum to the Schlenk line. Evacuate/refill with dinitrogen three times.

4. Add 10 mL of diethylether (dry, degassed) via a syringe to the 2prot / KHMDS mixture and stir for 20 min at room temperature.
5. To separate the precipitated salt, use a steel cannula equipped with a glass micro fiber filter to one end and transfer the solution into the

second Schlenk flask as described previously (steps 1.8 – 1.13).
6. Remove the solvent in vacuo to afford the free carbene 2 as a slightly yellow oil in a yield of 390 mg (45%). Transfer 2 to a glovebox for

storage and the next step.

3. Synthesis of the CAAC–NHC salt (Compound 3prot)

1. Transfer a hot, oven-dried 100 mL Schlenk flask equipped with a stir bar and a rubber septum into a dinitrogen filled glovebox.
2. Weigh out the cyclic iminium salt 1prot (1.50 g, 4.02 mmol, 1.0 eq.) and the free carbene 2

 

(409 mg, 4.22 mmol, 1.05 eq.). Combine both in the Schlenk flask and seal the flask with a rubber septum.
3. Transfer the Schlenk flask to a Schlenk line. Evacuate/refill the connecting hoses with dinitrogen three times.
4. Add 20 mL of tetrahydrofuran (dry, degassed) via a syringe according to description in steps 1.5 - 1.6. Swiftly replace the perforated septum

by a well-greased glass stopper. Stir the reaction mixture for at least 12 h at room temperature.
5. Allow the precipitate to settle. Exchange the glass stopper by a rubber septum with a steel cannula equipped with a glass micro fiber filter to

one end to transfer the yellow supernatant solution into the second Schlenk flask as described previously (1.8 – 1.12)
6. Exchange the glass stopper by a rubber septum and wash the residue with tetrahydrofuran: Add dry tetrahydrofuran (20 mL) via a syringe

and stir until you obtain a fine suspension. Remove the supernatant using a filter cannula as described previously (1.8 – 1.12). If the residue
is still yellow/orange repeat the washing step with additional 20 mL tetrahydrofuran. Exchange  the perforated septum along with the filter
cannula by a well-greased glass stopper.

7. Dry the residue in vacuo to afford the protonated heterodimer quantitatively as an off-white powder. Transfer 3prot to a glovebox for storage
and the next step.

4. Synthesis of the mixed Wanzlick CAAC–NHC dimer (Compound 3)

1. Transfer a hot, oven-dried 100 mL Schlenk flask equipped with a stir bar and a rubber septum into a dinitrogen glovebox.
2. Weigh out 3prot (1.5 g, 3.19 mmol, 1.0 eq.) and KHMDS (624 mg, 3.13 mmol, 0.98 eq.). Combine both in the Schlenk flask and cap the flask

with the rubber septum.
3. Connect this Schlenk flask and a second oven-dried empty 100 mL Schlenk flask equipped with a rubber septum to the Schlenk line.

Evacuate/refill the connecting hoses with dinitrogen three times.
4. Add 10 mL of toluene (dry, degassed) via a syringe to the mixture of 3prot and KHMDS. Stir for 12 h at room temperature, then stop stirring

and allow the precipitate to settle.
5. Transfer the supernatant solution, containing the dimer 3, into the second Schlenk flask using a filter cannula as described previously (steps

1.8 – 1.13).
6. Remove the solvent in vacuo.
7. Wash the residue with hexanes to remove residual HN(SiMe3)2: Add 5 mL hexanes (dry, degassed) and stir until you obtain a fine

suspension. Remove the supernatant using a filter cannula as described previously (steps 1.8 – 1.13). Exchange the perforated septum along
with the filter cannula by a well-greased glass stopper.

8. Dry the residue in vacuo to obtain CAAC–NHC heterodimer 3 as a off white powder in a yield of 970 mg (80%). Transfer 3 to a glovebox for
storage.

5. Synthesis of the organic radical CAAC–NHC-2 (compound 4)

1. Transfer a hot, 20 mL Schlenk flask equipped with a stir bar and a rubber septum into a dinitrogen glovebox.
2. Weigh out the silver trifluoromethanesulfonate [Ag(OTf); 134 mg, 0.52 mmol, 1.0 eq.] and compound 3 (200 mg, 0.52 mmol, 1.0 eq.).

Combine both in the 20 mL Schlenk flask and cap with a rubber septum.
3. Connect this Schlenk flask and a second oven-dried empty 20 mL Schlenk flask equipped with a stir bar and a septum to the Schlenk line.

Evacuate/refill the connecting hoses with dinitrogen three times.
4. Add 5 mL of tetrahydrofuran (dry, degassed) via syringe to receive a deep maroon mixture.
5. Filter the solution into the second Schlenk flask using a filter cannula as described previously (steps 1.8 – 1.13).
6. Remove the solvent in vacuo to obtain the stable radical quantitatively as a red powder. Transfer 4 to a glovebox for storage.

Representative Results

Free carbenes react typically readily with water66. Hence, carefully dried glassware and solvents are required67. In the procedure described
above, we used cannulas fitted with a glass micro fiber filter in order to separate air sensitive solutions from a precipitate under inert conditions.
We used this technique for both the extraction of solids (i.e., the desired product is dissolved) as well as the washing of solid compounds (i.e.,
the desired product is an insoluble solid).
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The choice of the solvent requires additional attention relating to the solubility of starting material and the free carbenes. In this protocol, the
cyclic iminium salt 1prot features a tetrafluoroborate anion, which is removed via precipitation as potassium salt upon generation of the free
carbene. Therefore, diethylether, toluene, or benzene are appropriate solvents, whereas more polar solvents such as tetrahydrofuran will
dissolve a considerable amount of the potassium tetrafluoroborate salt (KBF4). The absence of tetrafluoroborate in the product can be verified
by 19F NMR spectroscopy. Note that KHMDS is comparably well soluble in apolar solvents such as benzene and even hexanes, while the cyclic
iminium salts are essentially insoluble even in diethylether. From an applied synthetic point of view, it is thus advisable to conduct the reaction
with a slight excess of iminium salt in relation to KHMDS in order to avoid potential contamination of the product by residual KHMDS.

Carbene 1 is indefinitely stable at room temperature, carbene 2 at -30 °C, both do not dimerize as evidenced by the signals of the carbene
carbon atom in the 13C NMR spectrum at 313.9 ppm18 (Figure 5, top) and 216.9 ppm, respectively (Figure 5, bottom). Note that the low-field
shift indicates exceptional strong π-acidity of the CAAC 163,68,69. Equally note that the absence of a signal around 100 ppm in the spectrum
for 1, which is typically obtained upon hydrolysis by moist air, substantiates the efficient exclusion of air using the filter cannula technique. The
stability of 1 is largely due to the sterically demanding diisopropylphenyl substituent at the nitrogen atom, which prevents dimerization (Figure
6, top). Overall, the combination of electronic structural considerations as well as steric bulk determines the equilibrium for the dimerization
of carbenes. Generally, free carbenes with a small highest occupied molecular orbital/lowest occupied molecular orbital (HOMO/LUMO) gap
dimerize comparable easily based on electronic considerations. This can be understood by considering the dimerization of a carbene as
the interaction of the lone pair (associated with the HOMO and the nucleophilicity of a carbene) with the formally vacant pz orbital (usually
associated with the LUMO and the electrophilicity of the carbene; Figure 6, bottom left). Planar NHCs with an unsaturated backbone feature two
strongly π-donating amino groups (i.e., the LUMO is comparably high in energy and hence associated with low electrophilicity). As a result, the
dimeric olefins become exceedingly electron rich and Wanzlick’s equilibrium is driven towards the free carbene (Figure 6, bottom right)17. The
dimethylimidazolin-2-ylidene is thus stable as a monomer due to electronic considerations. Indeed, deprotonation of N,N-dimethylimidazolium
iodide generates cleanly the free carbene 2 (vide supra, Figure 2, 2). Accordingly, the 13C NMR spectrum confirms the formation of the free
carbene with a signal at 216.9 ppm (Radius and coworkers16 report a signal at 214.6 ppm for an alternative synthetic approach based on
deprotonation by sodium hydride in liquid ammonia) without the presence of olefin dimer (Figure 5). Note, 2 is volatile and will therefore be
removed under prolonged drying in vacuo, which leads to the comparably low yield of 45%. Nevertheless, note the quantitate removal of
HN(SiMe3)2 in vacuo as evidenced by the absence of signals around 0 ppm.

The electrophilic, cationic and cyclic iminium salt (i.e., the protonated CAAC 1prot), reacts readily with the free NHC 2 to form the mixed CAAC–
NHC salt 3prot (Figure 2, Figure 3). The free CAAC 1 is of course much more basic than NHC 2 and is therefore expected to give 3prot as well
in reaction with the corresponding imidazolium salt derived from 2 (i.e., N,N-dimethylimidazolium salt 2prot). Furthermore, note that the CAAC
moiety stabilizes the intermediate 3prot due to the absence of aromaticity as associated with the aromatic imidazolinylidene derivatives. The 1H
NMR spectrum shows a characteristic singlet at 5.02 ppm belonging to the proton at the “carbene” position of the CAAC scaffold (Figure 7, top).
This shift suggests that the related proton can be removed by strong bases.

Indeed, 3prot is deprotonated by KHMDS in toluene under concomitant precipitation of KBF4 (Figure 2, Figure 3). Note again that the salt 3prot is
essentially insoluble in toluene, whereas the deprotonated olefin is well soluble. Accordingly, utilization of a tiny excess of salt 3prot guarantees
quantitative conversion of KHMDS. The purity of the CAAC–NHC dimer 3 is verified by 1H and 13C NMR spectroscopy. The 1H NMR spectrum
of 3 (Figure 7, middle) reveals a significant upfield shift of the NHC methyl groups to 2.53 ppm and 1.39 ppm in relation to the starting material
3prot (4.26 ppm and 3.55 ppm, respectively). This shift is indicative for the elimination of the positive charge on the NHC nitrogen atom and the
formation of the olefin 3.

The 13C NMR spectrum unambiguously proves the formation of an olefinic dimer (Figure 7, bottom) by the absence of the carbene signal. While
stable carbenes typically are not dioxygen sensitive, electron-rich olefins react rapidly with dioxygen to form the urea and amide derivatives,
respectively70. Thus, careful deoxygenation of all solvents is crucial for this step. Furthermore, note that the slight overpressure while performing
the filtration is crucial for the absence of air in the reaction vessel.

The dimers of carbenes are electron rich and hence considerably reducing. Importantly, they can be either one- or two-electron reductants. In
case of triaminoolefins, the cationic radicals are exceptionally stable60. Hence, organic radical 4 is conveniently accessible by oxidation with
silver trifluoromethansulfonate (Figure 2, Figure 4). The immediate color change from yellow to deep maroon upon addition of the oxidant
indicates the formation of a radical compound and 1H NMR spectroscopy confirms the clean formation of a paramagnetic compound due to the
absence of any signals. Note that this radical is oxygen sensitive.

 

Figure 1. Wanzlick’s equilibrium. Equilibrium between free carbene and its dimer (I.) and corresponding continuum from electron rich olefins to
stable carbenes (II.). Dipp: 2,6-diisopropylphenyl. Please click here to view a larger version of this figure.
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Figure 2. Reaction schemes. Stable carbenes 1 and 2 dimerize only under acid catalysis to the mixed Wanzlick dimer 3, which can be reduced
to the corresponding organic radical 4. Please click here to view a larger version of this figure.

 

Figure 3. Preparation of a filter cannula. (a) Cannula, glass micro fiber filter, PTFE tape; (b) cannula with PTFE tape wrapped end and cannula
with fitted joint; (c) attachment of glass micro fiber filter with PTFE tape; (d) filter cannula attached to Schlenk flask.  Please click here to view a
larger version of this figure.
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Figure 4. Filtration setup. Filtration of a solution containing a free carbene into a second Schlenk flask.    Please click here to view a larger
version of this figure.

 

Figure 5. NMR data of free carbenes. 13C NMR spectrum of the free carbenes 1 (67 MHz, top) and 2 (100 MHz, bottom) in benzene-D6. Please
click here to view a larger version of this figure.
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Figure 6. Control of carbene dimerization. Bulky substituents prevent the dimerization of CAACs (top), whereas frontier orbital interactions are
responsible for Wanzlick’s equilibrium in case of insufficient steric bulk (bottom). Please click here to view a larger version of this figure.

 

Figure 7. NMR data of Wanzlick dimer. 1H NMR spectrum of 3prot in acetonitrile-D3 (600 MHz, top); 1H NMR spectrum of 3 in benzene-D6 (600
MHz, middle); 13C NMR spectrum of 3 in benzene-D6 (150 MHz, bottom). Please click here to view a larger version of this figure.
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Figure 8. Electronic properties of carbenes. Increasing stability of the free carbenes due to electronic properties. Please click here to view a
larger version of this figure.

 

Figure 9. Activation energy for dimerization. Carbenes 1 and 2 do not dimerize to give the triaminoolefin 3. Please click here to view a larger
version of this figure.

 

Figure 10. Proton catalysis. Catalytic cycle of acid catalyzed dimerization of stable carbenes 1 and 2. Please click here to view a larger version
of this figure.

Discussion

Herein, we present a general and adaptable protocol for the synthesis of stable carbenes (NHC, CAAC) and their electron rich dimer. All steps
can readily be upscaled to at least a 25 g scale. Crucial for a successful synthesis are the strict exclusions of moisture (air, respectively) for
the synthesis of the carbenes, and of oxygen (air, respectively) for the electron rich olefin. The herein applied filtration cannula technique in
combination with a Schlenk line is a very convenient method to separate solutions from precipitates under inert conditions. The filter cannulas
presented herein were prepared by winding PTFE tape around the end of a steel cannula (vide supra Figure 3a, b). We recommend to have
a machine shop attach a larger joint to the end of the cannula in order to save time and reduce the amount of required PTFE tape (vide supra
Figure 3b, small cannula).

The presented procedure relies on slight dinitrogen overpressure provided by the Schlenk line. This approach prevents the introduction of air into
the reaction vessel very efficiently. Potential drawbacks are (1) slow filtration rates by clogging of the filter and (2) popping off the septum due to
the overpressure. These drawbacks can be addressed by (1) avoiding pushing the filter cannula into the precipitate prior to when really needed
(as described above) or by replacement of the cannula by a second prepared filter cannula, once the filtration rate becomes intolerably slow. The
off popping of the septum (2) can be straight-forwardly addressed by adjusting a very gentle overpressure.

Alternatively, one might consider to suction filtrate the solution into the other vessel through application of a slight under pressure from the
second container; nevertheless, we discourage this latter approach due to a high risk of contamination of the product through undesired
introduction of air. We would like to furthermore point out the advantage of using glass micro fiber filters versus filtration techniques over porous
materials such as diatomaceous earth (Celite), because it arguably avoids potential contamination of the product due to residual moisture in the
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microporous material. Note that using (more expensive) argon instead of dinitrogen as inert gas is more efficient for excluding moisture from
the reaction due to the higher density in comparison to air. Nevertheless, we have never observed the formation of a considerable amount of
byproducts derived from reaction with air, provided the reactions are conducted carefully and on a scale larger than approximately 0.25 mmol.

The stability of the presented carbenes is due to either kinetic protection by bulky substituents (CAAC 1) or thermodynamic stabilization of
the free carbene by electronics (NHC 2). The aromatic NHC 2 with an unsaturated backbone features two strongly π-donating and σ-electron
withdrawing amino groups, resulting in a large HOMO/LUMO gap. Thus, the carbene is energetically favored over the electron-rich dimer. In
CAACs, one π-donating nitrogen atom is substituted by a σ-donating alkyl group which makes them more nucleophilic and more electrophilic
than NHCs (i.e., the HOMO/LUMO gap is smaller and dimerization is electronically much more facile). However, the bulky diisopropylphenyl
substituent provides kinetic stabilization to prevent dimerization.

Evidently, these two carbenes serve as examples for a general trend observed for NHCs with small methyl substituents (Figure 8). CAACs and
diamido-carbenes (DACs) feature stronger π-accepting properties compared to NHCs71,72,73. Accordingly, these carbenes are more electrophilic,
feature a much smaller HOMO/LUMO gap, and dimerize swiftly without steric protection (Figure 8a, b). For example, the 5-membered DAC
dimerizes even with mesityl N-substituents at room temperature and is only stable at low temperatures. A protocol for the preparation of carbonyl
substituted carbenes was reported in JOVE by Hudnall74. The six membered NHC derivative (Figure 8c) dimerizes equally easily, because
it lacks stabilization by aromatization and shows furthermore reduced electron density in the pz orbital due to pyramidalization of the amino
groups. On the contrary, the five-membered imidazolidin-2-ylidene (Figure 8d) shows reduced pyramidalization of the amino groups and
dissociates upon heating to 100 °C6. The planar benzimidazolin-2-ylidene (Figure 8e) is subject to Wanzlick’s equilibrium at room temperature75.
Impressively, the imidazolin-2-ylidenes (Figure 8d), which enjoys both stabilization by aromaticity as well as planarity, is even isolable as a free
carbene at room temperature15,70.

Note that the isolation of highly reactive free carbenes with a small HOMO/LUMO gap such as CAACs require more attention related to the
exclusion of moist air during the synthesis than comparably stable free carbenes like conventional NHCs. Moreover, note that radicals, electron
rich olefins, and accordingly carbenes, which are in equilibrium with their dimers, are usually very oxygen sensitive and require therefore the
rigorous exclusion of air during the filtration.

Addition of 1 to 2 does not result in the formation of the mixed CAAC–NHC dimer 3, not even after prolonged heating to reflux in benzene-
D6 (Figure 9). This is due to the large energy barrier (i.e., activation energy) for the dimerization caused by the repulsion between the two
carbene lone pairs. However, acid catalysis facilitates the conversion of free carbenes into their respective dimers. Protonation of one of the two
carbenes 1 or 2 leads to the formation of the cyclic iminium salt 1prot (imidazolium salt 2prot, respectively). These salts are evidently much more
electrophilic than their neutral carbene congeners. Nucleophilic attack by another carbene now becomes feasible and results in the formation
of the protonated dimer 3prot. Subsequent deprotonation generates the carbene dimer 3 (Figure 10). This process corresponds overall to a
dimerization catalyzed by a proton (i.e., traces of acid)9,10,76.

In conclusion, isolated free carbenes are convenient building blocks for organic and inorganic synthetic applications. We believe that
understanding and controlling Wanzlick’s equilibrium, which is the dimerization of carbenes, is key for understanding the coordination chemistry
of heterocyclic carbenes. Therefore, the heterodimerization of CAACs and NHCs is outlined and put in the context of the proton-catalytic
dimerization of carbenes and dissociation of dimers. Furthermore, we exemplify the extraordinary properties of carbene dimers by isolation of
the organic radical of the triaminoolefin 4. Most importantly, the herein outlined application of filter cannulas is key for the convenient isolation of
moisture sensitive free carbenes and oxygen sensitive carbene dimers or radicals.
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