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Quantifying N-heterocyclic Carbenes as 

Umpolung Catalysts in the Benzoin Reaction: 

Balance between Nucleophilicity and 

Electrophilicity 

Maria Schumachera and Bernd Goldfussa 

Different types of N-heterocyclic carbenes, i.e. normal, reduced heteroatom stabilized, remote 

and abnormal carbenes, are computationally studied (THF-CPCM-B3LYP/6-311+G(d,p)// 

B3LYP/6-31G(d)) in the benzoin reaction to assess their characteristics as umpolung catalysts. 

Two general trends are apparent with an increasing number of nitrogen atoms in the 

heterocycles: a) the tendency for the initial addition of the carbenes to the aldehyde decreases, 

due to decreased nucleophilicity; b) during the umpolung step, the developing negative charge 

in the Breslow intermediates becomes better stabilized by conjugation with the adjacent, more 

electrophilic carbene carbon atoms. Relative to the starting reactants, the free energies for the 

intermediates and the transition structures decrease with more remote positions of the nitrogen 

atoms to the carbene carbon atoms. Among the normal N-heterocyclic carbenes oxazole-2-

ylidene shows the lowest activation barrier for the rate determining umpolung step (Ea = 25.2 

kcal mol-1) in the benzoin reaction. The comparison of all computed carbenes points to remote 

and abnormal pyridyl-3-ylidene as catalyst with the lowest activation energy (Ea = 24.0 kcal 

mol-1). This abnormal carbene exhibits the best balance between nucleophilic and electrophilic 

characteristics in the benzoin reaction. 
 

 

Introduction 

N-heterocyclic carbenes (NHCs) are widely employed as 

ligands and catalysts.1 An especially prominent application 

field of such carbenes is umpolung catalysis,2 used e.g. for C-C 

couplings, such as the benzoin reaction.3,4 The ancestor 

cyanide-catalysed coupling of benzaldehyde to afford benzoin 

was discovered by Wöhler and Liebig as early as 1832.5 In this 

remarkable reaction, a C-C-bond between two inherently 

electrophilic carbon atoms of the carbonyl groups is formed via 

umpolung of a formyl function.6 Lapworth first proposed a 

stabilized α-hydroxyl carbanion7 as key intermediate of this 

reaction. In 1943 Ukai et al. found that thiazolium salts catalyse 

the benzoin reaction as well.8 The commonly accepted 

mechanism has been proposed by Breslow,9 based on studies of 

model systems of biochemical reactions catalyzed by thiamine 

(vitamin B1, Scheme 1). Deprotonation of the thiazolium salt 

(I) forms the catalytically active carbene (II), which adds to an 

aldehyde to give an oxyanion (III). A proton transfer leads to 

the Breslow intermediate (IV)10, which adds to a second 

equivalent of aldehyde (V). After a further proton transfer, the 

benzoin product (VI) is eliminated and the carbene catalyst (II) 

can re-enter another cycle. Experimentally studies of the 

kinetics of the benzoin reaction by Leeper et al. showed that the 

addition of the catalyst to a benzaldehyde molecule, the 

deprotonation and the addition to a second aldehyde molecule 

and the following elimination of the catalyst are partially rate-

determining.11 With the introduction of carbenes to the benzoin 

reaction, the scope of the reaction could be extended to 

enantioselective acyloin type couplings12 with an even broader 

range of substrates3, particularly the Stetter reaction.4 Since 

then, carbenes have been the dominant catalysts in 

enantioselective umpolung reactions, supplemented by lithio 

phosphonates as alternative umpolung catalysts for 

enantioselective acyloin couplings with acylsilanes.13 

Computational assessments of thermodynamic and kinetic 

characteristics for umpolung steps of aldehyde and acylsilane 

substrates show that the nucleophilic carbene is by far the 

strongest umpolung catalyst for the formation of the Breslow 

intermediate.14 Nucleophilic N-heterocyclic carbenes (NHCs) 

can be differentiated in normal heterocyclic carbenes A, 

reduced heteroatom stabilized carbenes B15, remote carbenes C 

and abnormal carbenes D16 (Scheme 2). From the normal 

heterocyclic carbenes A, where the carbene carbon atom is 
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bonded to two heteroatoms, the number of adjacent 

heteroatoms decreases to one in reduced heteroatom stabilized 

carbenes B and to remote carbenes C, which do not have any 

heteroatom adjacent to the carbene carbon atom. 
 

 
Scheme 1 Catalytic cycle of the benzoin reaction proposed by Breslow, based on 

studies of biochemical reactions catalyzed by thiamine. 

 
Scheme 2 Types of N-heterocyclic carbenes (NHC): normal A, reduced nitrogen 

atom stabilized B (CAAC), remote C, abnormal D. 

 

The adjacent heteroatoms significantly stabilize the singlet 

ground state, due to their σ-accepting and π-donating 

characteristics.17 A direct consequence of the remote 

heteroatom position is the weaker stabilization of the free 

carbene caused by the lower electronegativity of the carbon 

atom compared to the nitrogen atom and the resulting lower 

electron withdrawing effect. Furthermore no π-donation into the 

empty pz-orbital of the carbene carbon atom occurs.17g This 

leads to more nucleophilic, but also to more electrophilic 

carbenes. While often requiring the metal carbene complexes,18 

these carbenes are strong donating ligands. Abnormal carbenes 

D (Scheme 2) are compounds that cannot be described by a 

canonical structure without charges.19 The immense number of 

known NHCs includes a catalyst for every given problem. Both 

electronic and steric factors play a role in the stabilization of 

carbenes.20 A comparative assessment of the electronic factor, 

reflected in the skeletal structures of NHCs, is conducive for 

the catalyst design. To identify the most efficient type of 

carbene as umpolung catalyst for the C-C-coupling reactions, 

we investigated carbenes of type A-D (Scheme 2) in the 

elementary reaction steps of a model benzoin reaction (Scheme 

3), which is archetypical for these umpolung reactions. 
 

 
Scheme 3 Model benzoin reaction for computational comparative analyses of 

different carbenes (1-19) (THF solvent, CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-

31G(d), results see Tables 1-5). 

 

Results and Discussion 

A suitable catalyst for the umpolung of aldehydes in the 

benzoin reaction needs nucleophilic reactivity21 for the addition 

to benzaldehyde (IM-1 via TS-1, Scheme 3) as well as 

electrophilic properties to stabilize the adjacent negative charge 

in the umpoled aldehyde (IM-2 via TS-2, Scheme 3). 

Competitive pathways for the proton transfer of the umpolung 

(TS-2, Scheme 3) are the 1,2-H-shift14 (a, Scheme 4), an 

intermolecular proton transfer between two carbene/aldehyde 

coupled intermediates22 (b, Scheme 4) and the proton transfer 

assisted by a corresponding acid (c, Scheme 4).22b,23 We regard 

the latter mechanism for the umpolung as most feasible due to 

the work of Xue et al.22b Here t-BuOH is present in the reaction 

due to the deprotonation of the salt precatalyst with t-BuOK. 

Normal NHCs of type A in catalytic acyloin reactions are 

typically derived from imidazolium or triazolium salts.3,4 Thus 

we started our investigations based on imidazole-2-ylidene 1 

(Scheme 5).  

Different heteroatoms 

To investigate the influence of different heteroatoms, carbenes 

1-4 of type A (imidazole-2- 1, phosphazole-2- 2, oxazole-2- 3 

and thiazole-2-ylidene 4, Scheme 2 and 5) were chosen. The 

results of the calculation are depicted in Figure 1 and Table 1. 
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Scheme 4 Competitive mechanism for the proton transfer of the umpolung step: 

a 1,2-H-shift, b intermolecular proton transfer between two carbene/aldehyde 

coupled intermediates, c assisted by a corresponding acid. 

 
Scheme 5 Carbenes of the types A-D (cf. Scheme 2) studied in the benzoin 

reaction. 

The addition of the carbene to benzaldehyde (TS-1, Scheme 3) 

is favored for phosphazole-2-ylidene 2 (∆GTS-1 = 19.3 kcal  

mol-1) directly followed by imidazole-2-ylidene 1 (∆GTS-1 = 

20.3 kcal mol-1). The relative free energy is slightly higher for 

oxazole-2- 3 and thiazole-2-ylidene 4 (both ∆GTS-1 = 21.5 kcal 

mol-1). Imidazole-2-ylidene 1 bears two nitrogen atoms with a 

planar environment which features a σ-electron withdrawing 

and a π-donating effect. Phosphazole-2-ylidene 2 features a 

nitrogen atom with planar environment and a phosphorus atom 

with pyramidal environment which indicates, that only nitrogen 

is a π-donor.16 As phosphorus is more electropositive than 

nitrogen, the donor property of the phosphazole-2-ylidene 2 is 

superior to imidazole-2-ylidene 1. 
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Figure 1 Umpolung of benzaldehyde catalysed by carbenes of Type A (Scheme 2) 

containing different heteroatoms 1-4. (THF solvent, CPCM-B3LYP/6-

311G+(d,p)//B3LYP/6-31G(d), relative free energies referring to isolated 

reactants). The lowest overall energy difference ΔEoverall is observed for 

imidazole-2-ylidene 1. 

Table 1 Relative free energies (kcal mol
-1

) for the benzoin reaction catalysed by 

carbenes of Type A (Scheme 2) containing different heteroatoms 1-4 according 

to Scheme 5.
a

 

ΔG
b
. E TS-1 IM-1 TS-2 IM-2 TS-3 IM-3 TS-4 P . 

1 0 20.3 8.1 39.8 19.5 33.3 30.3 38.5 11.8 

2 0 19.3 7.6 28.4  -8.7 30.0 29.4 36.1 11.8 

3 0 21.5 15.4 40.6   9.5 33.6 28.2 35.7 11.8 

4 0 21.5 14.7 37.7   7.6 38.4 33.1 41.6 11.8 

a THF solvent, CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-31G(d) with ZPE correction, scaled 

by 0.9806, energies in kcal mol
-1

; b T = 298.15 K, P = 1.01325
.
10

5
 Pa. 

Nyulászi et al. showed that heteroatoms have a decreasing 

stabilization effect on carbenes in the order N > O > S as well 

as decreased delocalisation of π-electrons in the order N > S > 

O.24 Sulfur is also more electropositive than oxygen, hence 

thiazole-2-ylidene 4 is a stronger donor. The adduct of 

phosphazole-2-ylidene 2 and benzaldehyde (IM-1, Scheme 3) 

is most favored (∆GIM-1 = 7.6 kcal mol-1) directly followed by 

imidazole-2-ylidene 1 (∆GIM-1 = 8.1 kcal mol-1) and about 6 

kcal mol-1 more favored compared to the other carbenes (∆GIM-

1 (4) = 14.7 kcal mol-1, ∆GIM-1 (3) = 15.4 kcal mol-1). 

Phosphazole-2-ylidene 2 has the lowest relative free energy for 

the transition state of the umpolung (TS-2, Scheme 3, ∆GTS-2 = 

28.4 kcal mol-1), which is 9.3 kcal mol-1 lower than the relative 

free energy with thiazole-2-ylidene 4 (∆GTS-2 = 37.7 kcal mol-1) 

followed by imidazole-2- 1 and oxazole-2-ylidene 3 (∆GTS-2 (1) 

= 39.8 kcal mol-1, ∆GTS-2 (3) = 40.6 kcal mol-1). The low 

relative free energy for the umpolung (∆GTS-2) with 

phosphazole-2-ylidene 2 leads to an exergonic Breslow 

intermediate IM-2 (Scheme 3, ∆GIM-2 = -8.7 kcal  

mol-1). The phosphorus atom does hardly transfer π-electron 

density to the carbene carbon atom16, due to its high s-lone pair 

character25 which is apparent from its pyramidal environment 

(angle sum = 291.8°, Figure 2). Hence the negative charge of 

the d1-species can be better stabilized by conjugation, which is 

reflected in the shorter C-C bond (1.361 Å, Figure 2). Similar, 

sulphur and oxygen in the heterocyclic ring cause a higher 

electrophilicity of the carbene carbon atom. 
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Figure 2 Breslow intermediates IM-2 of benzaldehyde with imidazole-2- 1, 

phosphazole-2- 2, oxazole-2- 3 and thiazole-2-ylidene 4. 

Hence the Breslow intermediate is more stabilized due to the 

strong conjugation with the carbene carbon atom (C-C bond: 3: 

1.363 Å, 4: 1.361 Å, Figure 2) compared to imidazole-2-

ylidene 1 (C-C-bond: 1.382 Å, Figure 2; ∆GIM-2 (4) = 7.6 kcal 

mol-1, ∆GIM-2 (3) = 9.5 kcal mol-1, ∆GIM-2 (1) = 19.5 kcal mol-1). 

The more stabilized the Breslow intermediate IM-2 (Scheme 

3), the higher the activation energy for the addition of the 

Breslow intermediate to benzaldehyde (TS-3, Scheme 3). 

Nevertheless the addition is most favored for phosphazole-2-

ylidene 2 (∆GTS-3 = 30.0 kcal mol-1) and for imidazole-2- 1 and 

oxazole-2-ylidene 3 (∆GTS-3 (1) = 33.3 kcal mol-1, ∆GTS-3 (3) = 

33.6 kcal mol-1). Only thiazole-2-ylidene 4 has a higher relative 

free transition state energy (∆GTS-3 = 38.4 kcal mol-1). The 

following intermediate IM-3 (Scheme 3) is most favored for 

oxazole-2- 3 and phosphazole-2-ylidene 2 (∆GIM-3 (3) = 28.2 

kcal mol-1, ∆GIM-3 (2) = 29.4 kcal mol-1), followed by 

imidazole-2- 1 and thiazole-2-ylidene 4 (∆GIM-3 (1) = 30.3 kcal 

mol-1, ∆GIM-3 (4) = 33.1 kcal mol-1). The recovery of the 

catalyst and product formation (TS-4, Scheme 3) is most 

favored for oxazole-2- 3 and phosphazole-2-ylidene 2 (∆GTS-4 

(3) = 35.7 kcal mol-1, ∆G TS-4 (2) = 36.1 kcal  

mol-1). The recovery of imidazole-2-ylidene 1 has a slightly 

higher free energy (∆G TS-4 = 38.5 kcal mol-1) and is followed 

by thiazole-2-ylidene 4 (∆G TS-4 = 41.6 kcal mol-1). The lowest 

activation energy for the rate-determining step the is found for 

oxazole-2-ylidene 3 (Ea = 25.2 kcal mol-1, IM-1 → TS-2) 

followed by thiazole-2- 4 (Ea = 30.8 kcal mol-1, IM-2 → TS-3) 

and imidazole-2-ylidene 1 (Ea = 31.7 kcal mol-1, IM-1 → TS-

2). The low relative free energy of the Breslow intermediate 

IM-2 with phosphazole-2-ylidene 2 leads to a high activation 

energy Ea = 38.7 kcal mol-1 (IM-2 → TS-3). 

Different numbers of nitrogen atoms 

The influence of delocalisation of π-electrons and the number 

of nitrogen atoms in the five membered ring was then 

investigated with imidazole-2- 1, imidazoline-2- 5, 1,2,4-

triazole-5- 6 and tetrazole-5-ylidene 7 (Type A, Scheme 2 and 

5). The results of the calculation are depicted in Figure 3 and 

Table 2. The addition of the carbene to benzaldehyde (TS-1, 

Scheme 3) is most favored for imidazole-2-ylidene 1 (∆GTS-1 = 

20.3 kcal mol-1). The addition of tetrazole-5-ylidene 7 is 

significantly higher (∆GTS-1 = 25.8 kcal mol-1). 
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Figure 3 . Umpolung of benzaldehyde catalysed by carbenes of type A (Scheme 

2) with a different number of nitrogen atoms 1, 5-7. (THF solvent, CPCM-

B3LYP/6-311G+(d,p)//B3LYP/6-31G(d), relative free energies referring to isolated 

reactants). The lowest overall energy difference ΔEoverall is observed for 

imidazole-2-ylidene 1. 

Table 2 Relative free energies (kcal mol
-1

) for the benzoin reaction catalysed by 

carbenes of Type A (Scheme 2) with a different number of nitrogen atoms 1, 5-7 

according to Scheme 5.
a

 

ΔG
b
. E TS-1 IM-1 TS-2 IM-2 TS-3 IM-3 TS-4 P . 

1 0 20.3   8.1 39.8 19.5 33.3 30.3 38.5 11.8 

5 0 22.7 15.3 42.8 13.2 36.1 31.6 39.0 11.8 

6 0 22.2 14.3 44.2 18.9 40.9 33.3 39.2 11.8 

7 0 25.8 21.6 50.0 20.2 41.2 37.2 42.9 11.8 

a THF solvent, CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-31G(d) with ZPE correction, scaled 

by 0.9806, energies in kcal mol
-1

; b T = 298.15 K, P = 1.01325
.
10

5
 Pa. 
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The presence of an unsaturated five membered ring causes 

increased pz-population at the carbene carbon atom.17 More 

nitrogen atoms increase the group electronegativity of this 

system which leads to an increasing polarisation of the bond to 

the carbene carbon atom. This results in a higher p character of 

this bond and therefore in a higher s character of the lone pair 

orbital, which is thus stabilized and less donating.17g The 

following intermediate IM-1 (Scheme 3) is most stabilized by 

imidzole-2-ylidene 1 (∆GIM-1 = 8.1 kcal mol-1). The least 

stabilized intermediate is built with tetrazole-5-ylidene 7 (∆GIM-

1 = 21.6 kcal mol-1). The transition state of the umpolung (TS-2, 

Scheme 3) is most favored for imidazole-2-ylidene 1 (∆GTS-2 = 

39.8 kcal mol-1), directly followed by imidazoline-2- 5 and 

triazole-5-ylidene 6 (∆G TS-2 (5) = 42.8 kcal mol-1, ∆G TS-2 (6) = 

44.2 kcal mol-1). The relative free energy for the umpolung is 

significantly higher with tetrazole-5-ylidene 7 (∆GTS-2 = 50.0 

kcal mol-1). The Breslow intermediate IM-2 (Scheme 3) is most 

favored for imidazoline-2-ylidene 5 (∆GIM-2 = 13.2 kcal mol-1), 

which results in the shortest C-C bond (1.370 Å, Figure 4). The 

Breslow intermediates are considerably higher in energy with 

trizaole-2- 6, imidazole-2- 1 and tetrazole-5-ylidene 7 (∆GIM-2 

(6) = 18.9 kcal mol-1, ∆GIM-2 (1) = 19.5 kcal mol-1, ∆GIM-2 (7) = 

20.2 kcal mol-1), accompanied with longer C-C bonds (Figure 

4). The delocalization of π-electrons is decreased in the 

Breslow intermediates with these carbenes. Both nitrogen 

atoms are located next to the carbene carbon atom. N-lonepair-

donation reduces the electrophilicity of the carbene carbon 

atom. The pyramidality of the nitrogen atoms, given as angle 

sum, provides a measure for lone pair-conjugation. The higher 

the angle sum is, the more planar is the nitrogen atom.22a The 

resulting conjugation occurs via pz orbital and is so much 

stronger. The lower the angle sum is, the weaker is the 

conjugation coming from the sp3 orbital. The higher the 

electrophilicity of the carbene carbon atom in the umpoled 

substrate adduct is, the stronger is its stabilization by 

conjugation. The nitrogen atoms of triazole-2- 6, imidazole-2- 1 

and tetrazole-5-ylidene 7 are no longer planar (Figure 4) in 

comparison to the other steps in the catalytic cycle. 

Imidazoline-2-ylidene 5 has a pyramidal geometry of its 

nitrogen atoms (Figure 4). The more nitrogen atoms are located 

in the heterocycle the more electron density from the π orbitals 

is located at the nitrogen atoms and not at the pz orbital of the 

carbene carbon atom, resulting in a higher electrophilicity of 

the carbene carbon atom.17g Therefore, the negative charge in 

the Breslow intermediate is stronger stabilized with tetrazole-5-

ylidene 7. The addition of the Breslow intermediate to the 

second benzaldehyde molecule (TS-3, Scheme 3) is most 

favored for imidazole-2-ylidene 1 (∆GTS-3 = 33.3 kcal mol-1). 

The negative charge is less stabilized and the attack to the 

second benzaldehyde molecule is favored. The following 

intermediate IM-3 (Scheme 3) is also most favored for 

imidazole-2-ylidene 7 (∆GIM-3 = 30.3 kcal mol-1). The relative 

free energy for the recovery of the catalyst and the product 

formation (TS-4, Scheme 3) is nearly the same for imidazole-2- 

1, imidazoline-2- 5 and 1,2,4-triazole-5-ylidene 6 (∆GTS-4 (1) = 

38.5 kcal mol-1, ∆G TS-4 (5) = 39.0 kcal mol-1, ∆G TS-4 (6) = 39.2 

kcal mol-1). For all catalysts the umpolung is the rate-

determining step. The lowest activation energy is observed for 

the saturated imidazoline-2-ylidene 5 with Ea = 27.5 kcal mol-1. 

Followed by tetrazole-5- 7 (Ea = 28.4 kcal mol-1), 1,2,4-

triazole-5- 6 (Ea = 29.9 kcal mol-1) and imidazole-2-ylidene 1 

(Ea = 31.7 kcal mol-1) the activation energy becomes lower the 

less nitrogen atoms are in the ring. 

 

 
Figure 4 Breslow intermediates IM-2 of benzaldehyde with imidazoline-2- 5, 

1,2,4-triazole-5- 6 and tetrazole-5-ylidene 4 (imidazole-2-ylidene 1 is depicted in 

Figure 2). 

Position of phenyl rings 

The influence of the position of phenyl rings was further 

investigated with imidazole-2- 1, perhydrobenzimidazole-2- 8, 

4,5-diphenyl-imidazole-2- 9, benzimidazole-2- 10 and 1,3-di-

phenyl-imidazole-2-ylidene 11 (Type A, Scheme 2 and 5). The 

results of the calculation are depicted in Figure 5 and Table 3. 

The addition of the catalyst to benzaldehyde (TS-1, Scheme 3) 

has a relative free energy slightly above 20 kcal mol-1 for 

imidazole-2- 1, perhydrobenzimidazole-2- 8, 4,5-diphenyl-

imidazole-2- 9 and benzimidazole-2-ylidene 10. The relative 

free energy is significantly higher for 1,3-diphenyl-imidazole-

2-ylidene 11 (∆GTS-1 = 26.4 kcal mol-1). The adduct IM-1 

(Scheme 3) is most stable for imidazole-2-ylidene 1 (∆GIM-1 = 

8.1 kcal mol-1). 
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Figure 5 Umpolung of benzaldehyde catalysed by imidazole and imidazoline 

derivative carbenes 1, 8-11. (type A, Scheme 2; THF solvent, CPCM-B3LYP/6-

311G+(d,p)//B3LYP/6-31G(d), relative free energies referring to isolated 

reactants). The lowest overall energy difference ΔEoverall is observed for 

imidazole-2-ylidene 1. 

Table 3 Relative free energies (kcal mol
-1

) for the benzoin reaction catalysed by 

imidazole and imidazoline derivative carbenes 1, 8-11 (type A, Scheme 2) 

according to Scheme 5.
a

 

ΔG
b
 E TS-1 IM-1 TS-2 IM-2 TS-3 IM-3 TS-4 P . 

1 0 20.3 8.1 39.8 19.5 33.3 30.3 38.5 11.8 

8 0 20.5 10.7 37.7 14.0 31.1 28.5 39.9 11.8 

9 0 21.4 10.8 41.2 19.2 34.6 32.3 40.0 11.8 

10 0 21.3 14.3 43.7 13.6 37.2 36.5 43.2 11.8 

11 0 26.4 16.8 46.0 20.5 44.0 35.8 41.8 11.8 

a THF solvent, CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-31G(d) with ZPE correction, scaled 

by 0.9806, energies in kcal mol
-1

; b T = 298.15 K, P = 1.01325
.
10

5
 Pa. 

The umpolung of benzaldehyde (TS-2, Scheme 3) is most 

stabilized in the order of 2-perhydro-benzimidazole-2- 8, 

imidazole-2- 1, 4,5-diphenyl-imidazole-2- 9, benzimidazole-2- 

10 and 1,3-diphenyl-imidazole-2-ylidene 11. The Breslow 

intermediate (IM-2, Scheme 3, Figure 6) is most favored for 

benzimidazole-2- 10 and perhydrobenzimidazole-2- ylidene 8 

(∆GIM-2 (10) = 13.6 kcal mol-1, ∆GIM-2 (8) = 14.0 kcal mol-1). 

The addition of the Breslow intermediate to the second 

benzaldehyde (TS-3, Scheme 3) takes place in the same order 

as before. The resulting intermediate (IM-3, Scheme 3) is most 

stabilized with perhydrobenzimidazole-2-ylidene 8 (∆GIM-3 = 

28.5 kcal mol-1). For the recovery of the catalyst and the 

product formation (TS-4, Scheme 3) the energy intervals are 

very small in the order of imidazole-2- 1, 

perhydrobenzimidazole-2- 8, 4,5-diphenyl-imidazole-2- 9, 1,3-

diphenyl-imidazole-2- 11 and benzimidazole-2-ylidene 10. For 

all catalysts the umpolung is the rate-determining step. The 

lowest activation energy is observed for the saturated 

perhydrobenzimidazole-2- 8 (Ea = 27.0 kcal mol-1) followed by 

1,3-diphenyl-imidazole-2-ylidene 11 (Ea = 29.2 kcal mol-1), 

benzimidazole-2- 10 (Ea = 29.4 kcal mol-1),  4,5-diphenyl-

imidazole-2- 9 (Ea = 30.4 kcal mol-1) and imidazole-2-ylidene 1 

(Ea = 31.7 kcal mol-1).  

 

 
 
Figure 6 Breslow intermediates IM-2 of benzaldehyde with 

perhydrobenzimidazole-2- 8, 4,5-diphenyl-imidazole-2- 9, benzimidazole-2- 10 

and 1,3-diphenyl-imidazole-2-ylidene 4 (imidazole-2-ylidene 1 is depicted in 

Figure 2). 
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Reduced heteroatom stabilized and abnormal carbenes 

Different reduced heteroatom stabilized and abnormal five-

membered ring carbenes (cyclic (alkyl)(amino)carbenes, 

CAACs15, Type B and D, Scheme 2 and 5), represented by 

pyrazoline-3- 12, imidazole-5- 13, pyrrolidine-2- 14 and 1,2,3-

triazole-5-ylidene 15 were computed. The results of the 

calculation are depicted in Figure 7 and Table 4. Remarkably 

the relative free energies for the intermediates and the transition 

structures decrease in comparison to the normal carbenes. 
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Figure 7 Umpolung of benzaldehyde catalysed by different reduced heteroatom 

stabilized (B) and abnormal (C, Scheme 2) five ring carbenes 12-15. (THF solvent, 

CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-31G(d), relative free energies referring to 

isolated reactants). The lowest overall energy difference ΔEoverall is observed for 

pyrazoline-3- 12 and imidazole-5-ylidene 13. 

Table 4 Relative free energies (kcal mol
-1

) for the benzoin reaction catalysed by 

different reduced heteroatom stabilized (B) and abnormal (C, Scheme 2) five ring 

carbenes 12-15 according to Scheme 5.
a

 

ΔG
b
 E TS-1 IM-1 TS-2 IM-2 TS-3 IM-3 TS-4 P . 

12 0 16.5   3.4 31.9   4.2 23.7 20.4 33.3 11.8 

13 0 19.3   3.2 31.3 16.6 23.7 16.1 33.3 11.8 

14 0 18.8   8.9 32.1  -2.1 37.0 31.3 37.5 11.8 

15 0 16.0   7.8 37.9 17.3 27.6 24.8 34.3 11.8 

a THF solvent, CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-31G(d) with ZPE correction, scaled 

by 0.9806, energies in kcal mol
-1

; b T = 298.15 K, P = 1.01325
.
10

5
 Pa. 

The addition of the carbene to benzaldehyde (TS-1, Scheme 3) 

is below 20 kcal mol-1 for all catalysts with pyrazoline-3- 12 

and 1,2,3-triazole-5-ylidene 15 slightly favored (∆GTS-1 (12) = 

16.5 kcal mol-1, ∆GTS-1 (15) = 16.0 kcal mol-1). The relative free 

energy for the adduct IM-1 (Scheme 3) is only around 3 kcal 

mol-1 for pyrazoline-3- 12 and imidazole-5-ylidene 13. As 

mentioned before the less nitrogen atoms are introduced the 

less the group electronegativity of this system increases which 

is thus destabilized and more donating. Also the umpolung step 

TS-2 (Scheme 3) for these carbenes is more favored than for 

the normal carbenes. The relative free energy for the umpolung 

with pyrazoline-3- 12, imidazole-5- 13 and pyrrolidine-2-

ylidene 14 amount to 32 kcal mol-1. Only 1,2,3-triazole-5-

ylidene 15 has a higher relative free energy for the umpolung 

(∆GTS-2 = 37.9 kcal mol-1). The only exergonic Breslow 

intermediate IM-2 (Scheme 3) is formed with pyrrolidine-2-

ylidene 14 (∆GIM-2 = -2.1 kcal mol-1), which can be explained 

by the absence of delocalization of π-electrons and can be seen 

in the strong stabilization by conjugation of the negative charge 

with a very short C-C bond (1.358 Å, Figure 8). Also 

pyrazoline-3-ylidene 12 is endergonic, the relative free energy 

is only slightly increased (∆GIM-2 = 4.2 kcal mol-1, C-C bond: 

1.367 Å, Figure 8). Again the more nitrogen atoms are in the 

heterocycle, the more electron density from the π orbitals is 

located at the nitrogen atoms and not at the pz orbital of the 

carbene carbon atom. Thus the negative charge in the Breslow 

intermediate can be better stabilized. Pyrazoline-2-ylidene 12 

has a lower electron density in the pz orbital of the carbene 

carbon atom than imidazole-5- 13 and 1,2,3-triazole-5-ylidene 

15.17g  

 

 
Figure 8 Breslow intermediates IM-2 of benzaldehyde with pyrazoline-3- 12, 

imidazole-5- 13, pyrrolidine-2- 14 and 1,2,3-triazole-5-ylidene 15. 
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The relative free energy of IM-2 for imidazole-5- 13 and 1,2,3-

triazole-5- ylidene 15 is about 12 kcal mol-1 higher (∆GIM-2 (13) 

= 16.6 kcal mol-1, ∆GIM-2 (15) = 17.3 kcal mol-1). The addition 

of the Breslow intermediate to benzaldehyde (TS-3, Scheme 3) 

is most favored for pyrazoline-3- 12 and imidazole-5-ylidene 

13 (both ∆GTS-3 = 23.7 kcal mol-1). The lower the relative free 

energy of the Breslow intermediate is, the higher is the 

activation energy for the addition to the second benzaldehyde. 

The following intermediate IM-3 (Scheme 3) is formed most 

favored for imidazole-5-ylidene 13 (∆GIM-3 = 16.1 kcal mol-1). 

The recovery of the catalyst and product formation (TS-4, 

Scheme 3) is most favored for pyrazoline-3- 12 and imidazole-

5-ylidene 13 (both ∆GTS-4 = 33.3 kcal mol-1). The lowest 

activation energy is observed for imidazole-5-ylidene 13 (Ea = 

28.1 kcal mol-1, IM1 → TS2) followed by  pyrazoline-3- 12 (Ea 

= 28.5 kcal mol-1, IM1 → TS2), 1,2,3-triazole-5- 15 (Ea = 30.1 

kcal mol-1, IM1 → TS2) and pyrrolidine-2-ylidene 14 (Ea = 

39.1 kcal mol-1, IM2 → TS3). 

Distance of the heteroatom 

Finally the influence of the distance of the heteroatom to the 

carbene carbon atom was computed with different pyridyl 

derivatives, pyridyl-4- 16, pyridyl-3- 17, pyridyl-2- 18 and 

isoquinoline-6-ylidene 19 (Type B, C and D, Scheme 2 and 5). 

The results of the calculation are depicted in Figure 9 and Table 

5.  
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Figure 9 Umpolung of benzaldehyde catalysed by different reduced heteroatom 

stabilized (B), remote (C) and abnormal (D, Scheme 2) pyridyl ylidenes 16-19. 

(THF solvent, CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-31G(d), relative free energies 

referring to isolated reactants). The lowest overall energy difference ΔEoverall is 

observed for pyridyl-3-ylidene 17. 

Table 5 Relative free energies (kcal mol
-1

) for the benzoin reaction catalysed by 

different reduced heteroatom stabilized (B), remote (C) and abnormal (D, 

Scheme 2) pyridyl ylidenes 16-19 according to Scheme 5.
a

 

ΔG
b
. E TS-1 IM-1 TS-2 IM-2 TS-3 IM-3 TS-4 P . 

16 0 
c 

 -9.2 10.8 -16.9 11.1   5.7 26.5 11.8 

17 0 
c
  -5.2 18.8  -1.2 17.0 10.4 26.7 11.8 

18 0 17.3   2.7 30.8   3.0 28.8 19.9 32.9 11.8 

19 0 12.5 -14.3 8.8 -18.6   6.9   1.2 26.6 11.8 

a THF solvent, CPCM-B3LYP/6-311G+(d,p)//B3LYP/6-31G(d) with ZPE correction, scaled 

by 0.9806, energies in kcal mol
-1

; b T = 298.15 K, P = 1.01325
.
10

5
 Pa; c barriereless. 

 
Figure 10 Breslow intermediates IM-2 of benzaldehyde with pyridyl-4- 16, 

pyridyl-3- 17, pyridyl-2- 18 and isoquinoline-6-ylidene 19. 

The replacement of the second electronegative nitrogen atom 

with a σ-donor carbon atom leads to even more electron-rich 

carbenes. The greater the distance between the nitrogen atom 

and the carbene carbon atom the lower is the relative free 

energy for the intermediates and the transition structures. The 

addition of pyridyl-4- 16 and pyridyl-3-ylidene 17 to 

benzaldehyde (TS-1, Scheme 3) is barriereless. The relative 

free energies for isoquinoline-6- 19 and pyridyl-2-ylidene 18 

are 12.5 and 17.3 kcal mol-1 respectively. The most favored and 

exergonic adduct IM-1 (Scheme 3) is built with isoquinoline-6-

ylidene 19 (∆GIM-1 = -14.3 kcal mol-1). Also for the other 

remote carbenes IM-1 is exergonic. The relative free energy 

rises the closer the nitrogen atom is to the carbene carbon atom. 

The umpolung TS-2 (Scheme 3) is most favored for 

isoquinoline-6-ylidene 19, the relative free energy is even 

below 10 kcal mol-1 (∆GTS-2 = 8.8 kcal mol1) directly followed 

by pyridyl-4-ylidene 16 (∆GTS-2 = 10.8 kcal mol-1). The relative 
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free energy for the umpolung with pyridyl-3-ylidene 17 is still 

below 20 kcal mol-1. The introduction of a nitrogen atom 

adjacent to the carbene carbon atom in pyridyl-2-ylidene 18 

results in a relative free energy above 30 kcal mol-1. The 

Breslow intermediate IM-2 (Scheme 3) is strongly exergonic 

for isoquinoline-6- 19 and pyridyl-4-ylidene 16 (∆GIM-2 (19) = -

18.6 kcal mol-1, ∆GIM-2 (16) = -16.9 kcal mol-1). The Breslow 

intermediate with pyridyl-3-ylidene 17 is barely exergonic 

(∆GIM-2 = -1.3 kcal mol-1) followed by pyridyl-2-ylidene 18 

(∆GIM-2 = 3.0 kcal mol-1). The π-population at the carbene 

carbon atom increases in the order 16 < 18 << 17.17f Pyridyl-3-

ylidene 17 has the highest π-population due to its abnormal 

character. Therefore its stabilization of the Breslow 

intermediate is poor (C-C bond: 1.385 Å, Figure 10). The same 

tendency is apparent for the addition to the second 

benzaldehyde. Isoquinoline-6-ylidene 19 is also favored for this 

transition state (∆GTS-3 = 6.9 kcal mol-1). Regarding the 

activation energy for this transition state the addition is most 

favored for the less stabilized Breslow intermediate with 

pyridyl-3-ylidene 17. The same property is reflected for IM-3. 

The recovery of the catalyst and the product formation (TS-4, 

Scheme 3) is similarly favored for pyridyl-4- 16, isoquinoline-

6- 19 and pyridyl-3-ylidene 17 around 26 kcal mol-1. The 

lowest activation energy is observed for pyridyl-3-ylidene 17 

(∆Ea = 24.0 kcal mol-1, IM1 → TS2) followed by isoquinoline-

6- 19 (∆Ea = 25.5 kcal mol-1, IM2 → TS3), pyridyl-4- 16 (∆Ea 

= 28.0 kcal mol-1, IM2 → TS3) and pyridyl-2-ylidene 18 (∆Ea 

= 28.1 kcal mol-1, IM1 → TS2). 

Conclusions 

To fulfil the requirements for a suitable umpolung catalyst in 

the benzoin reaction, the carbene has to feature both, 

nucleophilic reactivity for the addition to the aldehyde as well 

as electrophilic properties to stabilise a developing negative 

charge for the umpolung step which yields in the Breslow 

intermediate. 

Among the studied normal N-heterocyclic carbenes oxazole-2-

ylidene 3 exhibits the lowest activation energy for the rate-

determining step Ea (3) = 25.2 kcal mol-1 (IM-1 → TS-2, 

Figure 1, Table 1), which coins it as the best normal NHC-

catalyst, among the analyzed carbenes. For the phosphazole-2- 

ylidene 2, the umpolung step is exergonic, as with less 

delocalisation of adjacent π-electrons the negative charge is 

better stabilized. Hence the activation energy is increased (Ea 

(2) = 38.7 kcal mol-1, IM-2 → TS-3, Figure 1, Table 1). With 

increasing number of nitrogen atoms in the heterocycle, the 

nucleophilicity of the carbene decreases and lowers the 

tendency for addition to the aldehyde. However, during the 

umpolung step, the developing negative charge in the Breslow 

intermediates becomes better stabilized by conjugation with the 

adjacent, more electrophilic carbene carbon atom. Not only are 

the numbers of nitrogen atoms in the heterocycle crucial, but 

also the position of the nitrogen atoms. Relative to the starting 

materials, the relative free energies for both the intermediates 

and the transition structures are decreased for reduced 

heteroatom stabilized NHCs. This type of NHCs is both more 

nucleophilic and electrophilic. The nucleophicity of the carbene 

carbon atom is increased due to lower electronegativity and 

hence less inductive electron withdrawal from the adjacent 

carbon atom. Its electrophilicity is also increased due to the 

lack of π-donation.17e,f For the same reasons, the free energies, 

relative to the starting compounds, of remote NHCs are even 

more decreased with more remote positions of the nitrogen 

atoms relative to the carbene carbon atom. The comparison of 

all computed carbenes points to remote and abnormal pyridyl-

3-ylidene 17 as catalyst with the lowest activation energy Ea 

(17) = 24.0 kcal mol-1 (IM-1 → TS-2, Figure 9, Table 5). With 

this remote and abnormal NHC, the developing negative charge 

in the Breslow intermediates becomes less stabilized by 

conjugation, because abnormal NHCs have a higher pz-

population at the carbene carbon atom.17g Furthermore an 

increasing exergonic character of the Breslow intermediate 

results in a higher activation energy Ea for the addition to the 

second aldehyde molecule so this step becomes rate-

determining. Hence, the remote and abnormal pyridyl-3-ylidene 

17 exhibits the best balance between nucleophilicity and 

electrophilicity, among the assed carbene catalysts in the 

benzoin coupling reaction.  

Computational details 

In this work the geometry optimizations of minima and 

transition structures (Berny algorithm) and frequency 

calculations were performed using GAUSSIAN0926 at the 

B3LYP/6-31G(d)27,28 level of theory. Frequency calculations 

have been performed to characterise the nature of the stationary 

points. Ground states are characterised by real frequencies 

while transition states are characterised by one negative 

frequency. The frequency calculations provided the thermal 

correction for free energies at a temperature of 298.15 K and a 

pressure of 1.01325.105 Pa. The thermochemical analyses were 

scaled by 0.9806.29 Higher level single point calculations in 

THF (ε = 7.58) were performed (CPCM-B3LYP/6-

311+G(d,p)).30 Energies from these single point calculations 

were combined with the thermodynamic corrections at the 

lower level of theory to obtain the relative free energy ∆G.  
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Different types of N-heterocyclic carbenes, i.e. normal, 

reduced heteroatom stabilized, remote and abnormal 

carbenes, are computationally assessed  

(THF-CPCM-B3LYP/6-311+G(d,p)//B3LYP/6-31G(d)) in the 

benzoin reaction to study their characteristics as umpolung 

catalysts. 
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