
 

Chapter-3 
Effect of Ylide Substitution on the Stability 

and Electron Donation Ability of NHCs 
 

Abstract: The first part of this chapter deals with the study of the 

effect of ylide substitution on the stability and σ-donating ability of a 

number of cyclic carbenes. The stabilities of all of the carbenes were 

investigated from an evaluation of their singlet–triplet energy gaps 

and stabilization energies. The energy of the σ-symmetric lone-pair 

orbital at the CC atom increases as a result of the introduction of ylide 

centers near to the CC atom. This indicates an enhanced σ-donating 

ability of the ylide-containing carbenes.  

In the second part of this chapter, we made an attempt toward 

increasing the singlet state stability of remote N-heterocyclic 

carbenes. Theoretical investigations predict that the singlet states of 

ylide-substituted remote carbenes are significantly stable and 

comparable to those of experimentally known NHCs. They are also 

found to be strongly σ-donating in nature. NICS and QTAIM based 

bond magnetizability calculations indicate the presence of cyclic 

electron delocalization in majority of the molecules. 
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[3.1] Moving Toward Ylide−Stabilized Carbenes 

[3.1.1] Introduction 

The neutral divalent species carbene can exhibit two spin states that depend on 

the nature of occupancy of the two nonbonding electrons. A singlet state arises if the two 

nonbonding electrons reside within the same orbital with anti-parallel spin, whereas two 

nonbonding electrons residing in two mutually perpendicular orbitals with parallel spin 

give rise to a triplet state. The parent carbene (:CH2) possesses a triplet ground state [1], 

but carbenes with stable singlet states have also been reported. A signature example of a 

carbene with a stable singlet state is the N-heterocyclic carbene (NHC) [2], these have 

been widely used for more than two decades in many organic transformations and 

transition-metal-mediated catalysis [3–8]. The remarkable stability of the singlet state of 

NHCs is traced to the extensive π donation from the lone pairs of the neighboring 

nitrogen atoms (NLP) to the formally vacant p orbital of the carbene center (NLP → CPπ) 

[9]. The stronger the NLP → CPπ interaction is, the higher the stability of the singlet state 

will be. Thus, the presence of a heteroatom next to the carbene center was considered as 

a necessary criterion for obtaining stable singlet carbenes. On this basis, six years after 

the isolation of NHCs, a new class of isolable cyclic carbenes, the thiazolylidenes, was 

prepared with nitrogen and sulfur atoms as the heteroatoms [10]. Similarly, in 2005, a P-

heterocyclic carbene (PHC) was isolated [11]. However, the singlet–triplet separations of 

the thiazolylidenes and the PHC were found to be lower than those of NHCs [12]. This 

difference in the singlet–triplet separations arises from the inferior π-donating ability of 

sulfur and phosphorus relative to that of nitrogen. However, the isolation of a 

cyclopropenylidene derivative by Bertrand and co-workers indicated the possibility of a 

stable cyclic carbene without the presence of a heteroatom directly bonded to the carbene 

center [13]. 

NHCs have been found to have very good σ-donating ability, as well as 

considerable π-accepting ability [14,15]. The enhanced σ-donating ability and steric bulk 

of NHCs allows them to replace phosphines as the ligands in many transition-metal 

catalysts, like the Grubbs second-generation olefin-metathesis catalyst [16,17]. In 2005, 

Bertrand and co-workers isolated a cyclic(alkyl)(amino)carbene (CAAC), which 

possesses better σ basicity and π acidity than the NHCs [18,19]. The PdII and AuI 

complexes of CAAC have shown surprising and novel catalytic behavior [20,21]. The 

more nucleophilic and electrophilic character of CAAC was found to be advantageous in 
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the activation of small molecules like H2, NH3 and P4 [22, 23]. This has opened up a new 

possibility for the design of stable singlet carbenes with better σ-donating ability. 

The electron-donating ability of the carbene ligand has a significant effect on the 

catalytic activity of the corresponding transition-metal complexes. Hence, the design and 

synthesis of carbene frameworks with enhanced electron-donating abilities may help to 

develop novel catalysts for various applications. One way to enhance the σ basicity of 

carbenes is by skeletal substitution or placement of appropriate substituents at the atoms 

adjacent to the carbene center. Another way is to introduce electron-donating phosphorus 

and sulfur ylide centers into the ring framework [24]. The installation of ylide centers 

next to the carbenic carbon atom is expected not only to enhance the σ-donating ability 

but also to stabilize the carbene molecule. The enhanced σ-donating ability results from a 

smaller inductive effect of the ylide groups relative to the amino groups, whereas the 

stabilization comes from effective π donation of the ylide carbanion to the carbene 

center. To the best of our knowledge, apart from the seminal works of Kawashima and 

Fürstner in 2008 [24], there has been no systematic study, either theoretical or 

experimental, toward the exploration of this novel class of ylide-stabilized carbenes. In 

this work, we make an effort towards contributing to the field of phosphorus ylide 

stabilized carbenes (Scheme 3.1.1). It was found previously that the electron-donating 

 

Scheme 3.1.1: Schematic representation of the range of carbenes considered in this study 

(Dipp: 2,6-diisopropylphenyl) [25]. 
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abilities of sulfur ylide stabilized carbenes are lower than those with phosphorus ylide 

substitution [24c], so we did not consider sulfur ylide stabilized carbenes in the present 

study. We have considered both five- and six-membered parent carbenes, as well as their 

skeletally substituted derivatives, to understand the effect of ylide substitution on the 

electron-donating ability and stability. Furthermore, this study also includes hitherto-

unknown ylide-stabilized boron substituted carbenes. 

[3.1.2] Computational Details 

Density functional theory calculations were performed to optimize all of the 

molecules with the hybrid PBE0 exchange-correlation functional [26]. We used the 6-

31+G* basis set for main group elements and the SDD basis set with the Stuttgart–

Dresden relativistic effective core potential for the rhodium atom [27]. To check the 

reliability of the basis set and the functional, the singlet–triplet separation of a 

representative molecule was evaluated by employing four different basis sets and 

functional (Table 3.1.1). 

Table 3.1.1: Comparison of the singlet-triplet gaps (∆ES-T, in kcal mol-1) using different 

basis sets and functionals. 

Molecule Functional/Basis set ∆ES-T 

 

BP86/6-31+G* 40.7 

BP86/6-311+G** 40.4 

BP86/TZVP 40.5 

BP86/aug-cc-pVTZ 39.8 

 

BP86/6-31+G* 40.7 

B3LYP/6-31+G* 42.7 

PBE0/6-31+G* 39.2 

TPSSh/6-31+G* 38.6 

M06/6-31+G* 42.8 

It is evident from Table 3.1.1 that there is no appreciable change in the values of the 

singlet–triplet energy gaps (ΔES−T), which indicates that the basis set and the functional 

used in our study were quite adequate to predict the singlet–triplet gap and other 

properties considered in this study. This level of theory was found to be adequate in 

dealing with similar systems, as reported recently [28,29]. Furthermore, we have 
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calculated the 13C NMR chemical shifts of the experimentally known molecules (1, 14, 

17 and 20) and found that the level of theory used in this work could successfully 

reproduce the observed NMR shifts (Table 3.1.2). Frequency calculations were 

Table 3.1.2: Comparison of the calculated and observed 13C NMR chemical shifts (ppm) 

of experimentally known molecules. 

Molecule 13C Chemical Shifts 

(Calculated) 

13C Chemical Shifts 

(Observed) 

Ref 

1 320.4 304−319 [18] 

14 228.8 244.5−245.1a [30] 

17 298.6 304 [31] 

20 275.7 281.6−282.9 [32] 

aThe larger discrepancy between the calculated and observed chemical shifts for 14 may 

arise from the fact that while the calculations were carried by considering CH3 as the 

substituent at the N atom, the actual molecule contains bulky aromatic xylyl or mesityl as 

the substituents. 

performed at the same level of theory to characterize the nature of the stationary point. 

All structures were found to be minima on the potential energy surface with real 

frequencies. Natural-bonding analyses were performed with the natural-bond-orbital 

(NBO) partitioning scheme [33], as implemented in the Gaussian 03 suite of programs 

[34]. We calculated the nucleophilicity index with reference to tetracyanoethylene 

(TCNE), which was optimized at the same level of theory. 

[3.1.3] Results and Discussion 

[3.1.3.1] Molecular Geometries 

The central rings of 2, 3, 5−7, 9, 10, 12, 13 and 20−22 are found to have a 

perfectly planar structure in the optimized stable singlet state and a slightly distorted 

structure for others (Figure 3.1.1). The important geometrical parameters of 1−22 in the 

singlet state are listed in Table 3.1.3. All of the carbene molecules (except 11) have a 

wider E−CC−E (CC:central carbenic carbon atom; E: C or N) bond angle in the triplet 

state than in the singlet state. Two different CC−E bond lengths are obtained for the 

molecules with an unsymmetrical skeleton. Our calculated CC−E bond lengths and 

E−CC−E bond angles for 1, 14, 17 and 20 are in excellent agreement with the 

experimentally observed values (Table 3.1.3). A comparison of the geometrical 

parameters of 1−3 indicates that there is a significant change in the central E−CC−E bond  
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Figure 3.1.1: Optimized singlet state geometries of all the carbenes (1−22). 

angle as a result of changes in the backbone of the ring framework. There is also a 

marginal change in the CC−E bond lengths. Similar results are obtained for 4−6, 8−10 

and 11−13. Replacement of the two methyl groups attached to the carbon atom in α 

position to the CC atom in 1−3 by the ylide centers in 4−7 changes the CC−E bond 

lengths significantly. The CC−C (r1) bond lengths are found to decrease, whereas there is 

an increase in the CC−N (r2) bond lengths. This indicates an increase in electron 

delocalization between the formally vacant p orbital of the CC atom and the adjacent 

carbon atom (Cα) but a decrease in delocalization from the nitrogen lone pair (NLP) to the 

formally vacant p orbital of the CC atom. This is also evident from the increase in 

occupancy of the NLP in 4−7 (1.682, 1.578, 1.572 and 1.561, respectively) relative to that 

in 1−3 (1.551, 1.540 and 1.542, respectively). The E−CC−E bond angles also change 

appreciably. There is an increase in the CC−E (both r1 and r2) bond lengths and a slight 
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Table 3.1.3: PBE0/6-31+G* calculated CC−E bond lengths (r1/r2 in Å) and E−CC−E 

bond angles (in degrees) in the singlet state geometry of 1−22 (where E = C or N). 

Experimental values are given within parenthesis. 

Molecule r1/r2 E−CC−E Ref. 

1 1.519/1.311 (1.516/1.315) 106.3 (106.5) [18] 

2 1.524/1.325 103.6  

3 1.515/1.326 101.8  

4 1.405/1.359 105.2  

5 1.419/1.375 101.2  

6 1.404/1.387 98.3  

7 1.422/1.355 99.9  

8 1.529/1.362 105.0  

9 1.533/1.380 102.5  

10 1.522/1.380 100.6  

11 1.414/1.415 104.0  

12 1.425/1.425 99.9  

13 1.409/1.433 97.1  

14 1.345/1.345 (1.346) 115.6 (114.6) [30] 

15 1.401/1.350 116.0  

16 1.404/1.404 116.3  

17 1.371/1.371 (1.352/1.404) 110.8 (108.4) [31] 

18 1.429/1.376 112.4  

19 1.439/1.439 111.5  

20 1.360/1.360 (1.366/1.363) 114.9 (114.4) [32] 

21 1.408/1.368 115.4  

22 1.418/1.418 115.7  

decrease in the E−CC−E bond angles upon replacement of the amino groups of 1−3 with 

the ylide centers in 8−10. However, molecules 11−13, in which two ylide groups are 

introduced were found to have smaller E−CC−E bond angles than the parent compounds 

with identical backbones. Comparison of the CC−E bond lengths of 4−6 with those of 

11−13 indicates that there is an increase in the CC−E (both r1 and r2) bond lengths as a 

result of replacement of the amino groups with ylide centers. However, there is a 

decrease in the r1 value and an increase in the r2 value upon replacement of the two 
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methyl groups in 8−10 with the ylide centers in 11−13. In the case of the six-membered 

NHCs with a saturated backbone (14−16), CC−E (both r1 and r2) bond lengths are found 

to increase upon replacement of the amino groups with ylide centers. Similar results are 

also obtained for boron-substituted five- (17−19) and six- (20−22) membered NHCs. 

However, in all three cases, the change in the central E−CC−E bond angle is not 

significant. 

[3.1.3.2] Singlet–Triplet Separation and Thermodynamic Stabilities 

As a first approximation, the stability of these molecules can be judged from their 

respective singlet–triplet energy gaps (ΔES−T) [12]. In general, the stability of the singlet 

state increases with an increase in the value of ΔES−T. The calculated ΔES−T values are 

given in Table 3.1.4. 

Table 3.1.4: PBE0/6-31+G* calculated singlet–triplet separations (ΔES–T, in kcal mol-1) 

and stabilization energies (SE, in kcal mol-1) of 1−22. 

Molecule ΔES–T SE Molecule ΔES–T SE 

1 43.9 79.4 12 59.9 114.3 

2 40.3 72.6 13 64.2 115.8 

3 39.6 69.8 14 58.0 101.9 

4 55.3 103.6 15 50.3 97.7 

5 59.4 114.5 16 50.4 107.3 

6 63.5 114.6 17 43.6 82.3 

7 61.7 113.9 18 35.3 86.9 

8 40.4 84.7 19 31.7 90.4 

9 37.1 77.3 20 42.2 87.7 

10 36.8 74.9 21 39.6 86.4 

11 57.5 105.8 22 40.6 95.8 

It is evident from Table 3.1.4 that all of the molecules have a stable singlet 

ground state. The singlet state of 1 with a saturated backbone is slightly more stable than 

2 with an unsaturated backbone. We did not observe any dramatic change in the stability 

of the singlet states as a result of the introduction of a nitrogen atom into the olefinic 

backbone. For example, the ΔES−T values of 2 and 3 (40.3 and 39.6 kcal mol-1, 

respectively) and those of 9 and 10 (37.1 and 36.8 kcal mol-1, respectively) are 

comparable. There is a significant increase in the ΔES–T values as a result of introduction 
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of the more-electron donating ylide groups (in 4−7) in place of the two methyl groups (in 

1−3). On the other hand, replacement of the amino groups (in 1−3) by ylidic ones (in 

8−10) decreases the ΔES–T values, albeit marginally. A comparison of the ΔES–T values 

of 8−10 with those of 11−13 shows that the introduction of one more ylide group 

dramatically enhances the stability. However, a comparison of 4−6 with 11−13 indicates 

that there is no significant increase in the ΔES–T values as a result of the replacement of 

the amine group with one more ylide group. Among the saturated six-membered NHCs 

(14−16), the parent carbene is found to have a higher ΔES–T value than those compounds 

with phosphorus ylide groups at α position with respect to the carbene carbon atom. 

Similarly, lower singlet–triplet separation is obtained for both five- and six-membered 

boron-substituted NHCs with ylide groups at α position to the CC atom relative to the 

parent compounds. The changes are more appreciable for the five-membered ones. 

The stabilization energies (SE) of 1−22 were evaluated by using equation (3.1.1) 

and these values were further used to obtain a measure of the thermodynamic stabilities 

of all of the molecules. It may be noted that the calculated stabilization energies are the 

same as indirect hydrogenation energies. The calculated values of the stabilization 

energies are listed in Table 3.1.4. 

 

The stabilization energies of carbenes 1−13 follow an almost similar trend to the 

ΔES–T values. However, for molecules 14−22, the stabilization energies do not go in 

parallel with the ΔES–T values. For example, the ΔES–T values of 17−19 are found to 

decrease as a result of the introduction of ylide groups, whereas the stabilization energies 

follow a reverse order. We obtained a reasonable correlation (R2=0.82, with omission of 

the point corresponding to 19, Figure 3.1.2) between the ΔES–T and SE values and both 

of these values predict 13 to be the thermodynamically most stable molecule. The 

singlet–triplet separation and stabilization energies of 4−6 and 11−13 are found to be 

comparable with the theoretically modeled experimentally known carbenes 1 and 7. 

Similar comparisons can be made between the six-membered carbenes 15−16 and the 

boron-substituted carbenes 18−19 and 21−22 with the experimentally known carbenes 

14, 17 and 20, respectively. 
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Figure 3.1.2: Correlation plot between calculated singlet-triplet separations (ΔES–T) and 

stabilization energies (SE) of 1-22. 

[3.1.3.3] Ligand Properties 

Both theoretical and experimental studies suggested that carbenes are very good 

σ donors [14, 15]. The σ-donating ability of carbene depends on the nature and energy of 

the σ-symmetric lone-pair orbital (Eσ) concentrated at the CC atom [35]. The higher the 

energy of this frontier orbital, the higher the donating ability will be. We have performed 

NBO [33] analysis in order to determine the energies of these σ-donating frontier 

orbitals. The calculated Eσ values are listed in Table 3.1.5 and are graphically 

represented in Figure 3.1.3. 

 

Figure 3.1.3: Plot of the energies of the σ-symmetric lone-pair orbitals (Eσ, in eV) 

concentrated at the central carbon atom of 1–22. 
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Table 3.1.5: PBE0/6-31+G* calculated energies (Eσ, in eV) and hybridization (% s-

character) of the σ-symmetric lone-pair orbital concentrated at the carbene carbon atom 

and the respective proton affinity (PA, kcal mol-1) values of 1−22. 

Molecule Eσ Hybridization 

(% s-character) 

PA 

1 –5.5 sp1.20 (45.4) 270.5 

2 –5.8 sp1.09 (47.7) 266.0 

3 –6.2 sp1.09 (47.8) 256.6 

4 –4.8 sp1.48 (40.3) 291.8 

5 –5.0 sp1.29 (43.7) 292.9 

6 –5.2 sp1.26 (44.3) 287.4 

7 –5.3 sp1.30 (43.5) 284.0 

8 –4.5 sp1.70 (36.8) 295.0 

9 –4.6 sp1.44 (41.0) 294.5 

10 –4.9 sp1.44 (41.0) 285.9 

11 –4.1 sp1.98 (33.5) 308.3 

12 –4.0 sp1.68 (37.3) 313.1 

13 –4.2 sp1.65 (37.7) 308.4 

14 –5.4 sp1.23 (44.8) 267.5 

15 –4.3 sp1.79 (35.8) 293.2 

16 –3.9 sp2.60 (27.7) 309.4 

17 –5.3 sp1.03 (49.1) 275.2 

18 –4.4 sp1.49 (40.1) 297.9 

19 –3.5 sp1.81 (35.6) 311.2 

20 –5.1 sp1.11 (47.3) 274.9 

21 –4.3 sp1.63 (37.9) 294.7 

22 –3.8 sp2.25 (30.8) 307.8 

Both Table 3.1.5 and Figure 3.1.3 indicate that there is a marginal decrease 

(except for 12) in the σ-donating ability of carbenes 1−13 as a result of changes in the 

backbone. It is apparent from Figure 3.1.3 that replacement of the two methyl groups 

attached to the α-carbon atom with respect to the CC atom in 1−3 by the more-electron-

releasing ylide groups (in 4−7) dramatically lifts the Eσ values and thereby significantly 

enhances the basicity of 4−7. Similarly, replacement of the amino groups of 1−3 with 

ylide groups (in 8−10) significantly increases the σ-donating abilities. The introduction 
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of two ylide centers near to the CC atom (in 11−13) is found to further increase the σ-

donating ability. A similar increase in electron-donating ability is obtained for six-

membered NHCs with a saturated backbone (14−16) and for both five- (17−19) and six- 

(20−22) membered boron-substituted NHCs. Out of all of the molecules, 19 is found to 

have the highest σ-donating ability. 

In order to get a better understanding of the σ-donating ability of the carbenes 

considered for this study, we have analyzed the hybridization of the σ-symmetric lone-

pair orbital (LPσ) at the CC atom, along with the percentage of s-character (Table 3.1.5). 

The Eσ values increase with a decrease in the s-character of the lone pair at the CC atom. 

Thus, molecules with lower s-character in the LPσ are found to have better σ-donating 

abilities. In fact, we obtained a good correlation (R2 = 0.79) between the energies and the 

percentage of s-character of the σ-symmetric lone-pair orbitals at the CC atom (Figure 

3.1.4). The basicity of these carbene molecules can also be gauged from an evaluation of 

their respective proton affinities [36]. The higher the basicity, the higher the proton 

affinity (PA) will be. Accordingly, we have calculated the proton affinity values for all 

the carbenes molecules which are listed in Table 3.1.5. Interestingly, we obtained a nice 

correlation (R2 = 0.90) between the computed Eσ and PA values (Figure 3.1.5). In 

agreement with their enhanced σ-donating abilities, the PA values of the bis-ylide-

containing carbenes are found to be significantly higher (>300 kcal mol-1) than others. 

 

Figure 3.1.4: Correlation plot between the energies of the σ-symmetric lone-pair orbitals 

concentrated at the carbene center (Eσ, in eV) and percentage of s-character of the lone 

pair of 1−22. 
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Figure 3.1.5: Correlation plot between the energies of the σ-symmetric lone-pair orbitals 

(Eσ, in eV) and proton affinity (PA, kcal mol-1) values of 1−22. 

The carbonyl-stretching frequencies (νCO) of the corresponding metal carbonyl 

complexes can be used as an important tool to measure the σ-donating abilities of the 

carbene ligands [37]. The higher the σ basicity of a carbene ligand, the higher the 

electron density at the metal center will be and, consequently, the higher the extent of 

back donation from the metal center to the CO anti-bonding orbital will be (Scheme 

3.1.2), which will thereby shift the carbonyl-stretching frequencies (νCO) to lower values. 

 

Scheme 3.1.2: Schematic representation of the back-bonding interaction between the 

metal center and the CO antibonding (π*) orbital. 
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values of average carbonyl stretching frequencies (νCO(avg)) for all of the complexes are 

given in Table 3.1.6. The calculated νCO(avg) values are found to vary as a function of the 

relative σ basicity of the carbene ligands. The computed νCO(avg) values of the metal 

complexes containing ylide substituted carbenes are found to be appreciably lower than 
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Table 3.1.6: PBE0/6-31+G* calculated energies of the σ-symmetric lone-pair orbital 

concentrated at the carbene carbon atom (Eσ, in eV) and the average carbonyl stretching 

frequencies (νCO(avg), in cm-1) of L–Rh(CO)2Cl (L: 1−22) complexes. 

Molecule Eσ νCO(avg) Molecule Eσ νCO(avg) 

1 –5.5 2131 12 –4.0 2112 

2 –5.8 2136 13 –4.2 2112 

3 –6.2 2141 14 –5.4 2136 

4 –4.8 2120 15 –4.3 2122 

5 –5.0 2125 16 –3.9 2110 

6 –5.2 2129 17 –5.3 2136 

7 –5.3 2131 18 –4.4 2122 

8 –4.5 2122 19 –3.5 2110 

9 –4.6 2123 20 –5.1 2131 

10 –4.9 2129 21 –4.3 2120 

11 –4.1 2112 22 –3.8 2101 

those of others. This indicates significantly enhanced electron donating abilities of the 

ylide-containing carbenes. Among all of the molecules, 3 is found to have the lowest σ-

donating ability and, consequently, the νCO(avg) value of the respective rhodium complex 

is found to be the highest. Similarly, for molecules like 16, 19 and 22, which are better σ 

donors, the carbonyl-stretching frequencies are significantly lower than those of others. 

We have obtained a nice correlation (R2 = 0.88) between the Eσ and νCO(avg) values 

(Figure 3.1.6). 

 

Figure 3.1.6: Correlation plot between the energies of the σ-symmetric lone pair orbitals 

concentrated at the central carbene carbon atom (Eσ, in eV) and the νCO(avg) values ( in 

cm-1) of the L–Rh(CO)2Cl complexes (L: 1−22). 
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[3.1.3.4] Nucleophilicity index 

The donor strength of all of the carbene molecules was further assessed by 

evaluating their nucleophilicity indices. The nucleophilicity index (N) is calculated by 

using the equation N=EHOMO–EHOMO(TCNE), with tetracyanoethylene (TCNE) considered 

as the reference [38]. The calculated values of the nucleophilicity indices are listed in 

Table 3.1.7. 

Table 3.1.7: PBE0/6-31+G* calculated nucleophilicity indices (N, in eV), bond 

dissociation energies of the Ga-CC bond (BDE, kcal mol-1), degree of pyramidalization at 

the Ga atom (θGa, in degree) and Ga-CC bond lengths (rGa-CC
, in Å) of the GaCl3 adducts 

of 1−22. 

Molecule N BDE θGa rGa-CC 

1 4.1 62.6 31.1 2.024 

2 3.7 64.8 28.5 2.017 

3 3.4 61.3 26.1 2.022 

4 4.8 77.2 38.1 1.995 

5 4.6 83.4 37.5 1.976 

6 4.4 82.2 34.5 1.974 

7 4.3 80.2 35 1.981 

8 5.1 78.8 38.8 1.998 

9 5.0 83.6 35.4 1.979 

10 4.7 80.7 32.8 1.982 

11 5.9 83.7 44.1 1.987 

12 5.6 95.8 44.5 1.957 

13 5.4 95.4 41.4 1.957 

14 4.2 58.4 28.1 2.049 

15 5.3 71.4 36.2 2.017 

16 5.9 75.4 45.3 2.001 

17 4.3 60.7 27.7 2.036 

18 5.2 75.0 35.6 2.012 

19 6.1 80.3 44.7 1.997 

20 4.5 62.5 30.3 2.049 

21 5.3 72.3 37.6 2.019 

22 5.8 75.5 44.4 2.011 
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The nucleophilicity indices of the carbene molecules are found to be in the range 

of 3.4−6.1 eV. These values show a similar trend to the respective Eσ values. The values 

of the nucleophilicity indices support the increase in σ-donating ability of carbenes as a 

result of the introduction of ylide centers into the ring framework. The N values are 

found to be highest for carbenes with two ylide groups adjacent to the CC atom. The 

highest and lowest σ basicities are obtained for 19 and 3 (Table 3.1.5) respectively, 

which is in agreement with their respective N values. Indeed, we have obtained an 

excellent correlation (R2 = 0.98) between the Eσ and N values (Figure 3.1.7). 

 

Figure 3.1.7: Correlation plot between energies of the σ-symmetric lone pair orbitals 

(Eσ, in eV) and nucleophilicity indices (N, in eV) for 1−22. 

Recently, Gandon and co-workers have shown that the nucleophilicity of a 

carbene ligand may be correlated with the degree of gallium pyramidalization (θGa; 

θGa=360°−∑(Cl−Ga−Cl)) in the carbene adducts of GaCl3 [39]. By following this 

approach, we have calculated the GaCl3 adducts of 1−22 and the computed values are 

listed in Table 3.1.7. Interestingly, we obtained a good correlation (R2 = 0.85) between N 

and θGa values (Figure 3.1.8(a)) as well as a nice correlation (R2 = 0.90) between the 

Ga−CC bond dissociation energies and bond lengths (Figure 3.1.8(b)). Furthermore, we 

have also obtained a nice correlation (R2 = 0.92) between the calculated proton affinity 

and the degree of Ga pyramidalization (Figure 3.1.9). 
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(a) 

 

(b) 

Figure 3.1.8: Correlation plots between (a) the pyramidalization angle at the gallium 

atom (θGa, in degrees) and the nucleophilicity indices (N, in eV), and (b) the Ga−CC bond 

dissociation energies (BDE, in kcal mol-1) and the Ga−CC bond lengths (in Å) of the 

GaCl3 adducts of 1−22. 

 

Figure 3.1.9: Correlation plot between the calculated proton affinities (kcal mol-1) and 

pyramidalization angle at gallium atom (θGa) of the GaCl3 adducts of 1−22. 
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[3.1.4] Conclusions 

Density functional theory calculations have been carried out on a number of 

cyclic carbene molecules with or without heteroatoms in the ring framework. All of these 

molecules exhibit a stable singlet ground state. The introduction of ylide centers into the 

ring framework was found to dramatically enhance the σ-donating ability. Furthermore, 

for majority of the molecules, ylide substitution leads to a significant increase in 

stability. The carbonyl-stretching frequencies of the corresponding metal complexes and 

the nucleophilicity index values were found to correlate well with the σ basicity of these 

carbenes. The calculated proton affinity values and the extent of Ga pyramidalization 

were also in excellent agreement with the σ basicity of these carbenes. We hope that our 

study will trigger new experimental studies towards the exploration of novel ylide-

stabilized carbenes. 
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[3.2] Theoretical Strategies Toward Stabilization of Singlet Remote N-Heterocyclic 

Carbenes. 

[3.2.1] Introduction 

Following the discovery of the first stable singlet carbene by Bertrand et al. in 

1988, Arduengo et al. synthesized the first bottleable singlet N-heterocyclic carbene 

(NHC), 1,3-di(1-adamantyl)imidazol-2-ylidene in 1991 [2,40]. Since then a number of 

derivatives of NHCs have been synthesized in their singlet state. The primary stabilizing 

factor of these NHCs is the π donation from the nitrogen lone pairs to the formally 

vacant p orbital of the carbene carbon (CC). The greater the donation from the nitrogen 

lone pairs, the higher the stability of the singlet state of the NHCs will be. In 1,3-di(1-

adamantyl)imidazol-2-ylidene, in addition to this electronic factor, the steric protection 

provided by the two adamantyl groups attached to the nitrogen atoms also contribute to 

their singlet-state stability. However, one year later, the isolation of 1,3,4,5-

tetramethylimidazol-2- ylidene indicated that electronic factors alone may be sufficient 

to stabilize the singlet state of NHCs [9]. NHCs are found to have excellent σ-donation 

as well as considerable π-accepting abilities [14,15]. 

In addition to these NHCs, NHC variants known as remote NHCs (rNHCs) have 

drawn the attention of several researchers due to the excellent catalytic activity of their 

metal complexes [41]. The structural difference with their normal analogs is that here, 

the heteroatom(s) are away from the carbenic center. A number of transition metal 

complexes containing rNHCs as ligands were reported and found to have remarkable 

catalytic activities [42]. Theoretical calculations suggested that rNHCs are better σ-

donors as well as better π-acceptors than their normal NHC counterparts [43]. Indeed, 

Pd(II)−rNHC complexes were found to be more effective catalysts in C-C coupling 

reactions compared to those using Pd(II) −NHC complexes [43a]. We are motivated by 

the fact that despite their better ligand properties, so far no rNHCs have been isolated in 

their free state [44], which may be traced to their low singlet-triplet energetic 

separations. Unlike in normal NHCs, π stabilization is not so effective in rNHCs 

resulting in lower singlet-triplet separations. In rNHCs, the nitrogen atoms are further 

from the carbene center and hence the electronic delocalization from the nitrogen lone 

pairs to the formally vacant p orbital of the carbene carbon (which is responsible for the 

singlet ground state stability) is not as effective as in NHCs. Consequently, the singlet-

triplet separations of rNHCs are lower than those of their normal counterparts. We 
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envisage that any factor (for example installation of π-donor substituents like NMe2 near 

to the carbene center) that can increase the singlet-triplet separations of rNHCs may help 

to stabilize or even allow them to be isolated in the singlet state as free carbenes. In a 

couple of seminal contributions, Kawashima (A, Scheme 3.2.1) [24a] and Fürstner (B, 

Scheme 3.2.1) [24b] showed that installation of phosphorus ylides near to the carbenic 

carbon not only stabilizes the carbene in its singlet state but also significantly enhances 

their σ-donation ability. The stabilization of the singlet state comes from effective π-

donation from the ylidic carbanion to the formally vacant p orbital at the carbene center. 

 

Scheme 3.2.1: Schematic representation of experimentally known aminoylidecarbenes 

[24a−b]. 

Thus, it may be rewarding to consider phosphorus ylides as substituents towards 

stabilization of rNHCs as free singlet carbenes. Herein, we present the results of 

theoretical studies aimed toward stabilization of five- and six-membered remote carbenes 

in their ground singlet states (Scheme 3.2.2). 

 

Scheme 3.2.2: (a) Range of molecules considered for this study and (b) The four 

possible resonance structures for rNHC 1. 
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[3.2.2] Computational Details 

Geometry optimization of all the molecules were carried out using PBE0 

exchange-correlation functional [26] and 6-31+G* basis set for the main group elements 

while the SDD basis set with the Stuttgart–Dresden relativistic effective core potential 

for the rhodium atom [27]. This level of theory was found to be adequate in dealing with 

similar systems as reported recently [28,29]. To reduce the computational cost, we 

simplified the experimentally known phosphorus ylides by substituting the bulky phenyl 

(Ph) groups with methyl (Me) and isopropyl (iPr) groups (see Scheme 3.2.2). Frequency 

calculations were performed at the same level of theory to characterize the nature of the 

stationary point. All structures were found to be minima on the potential energy surface 

with real frequencies. Natural bonding analyses were performed with the natural bond 

orbital (NBO) partitioning scheme [33] as implemented in the Gaussian 03 suite of 

programs [34]. The interatomic magnetizabilities were calculated by the Proaim basin 

integration approach as implemented in the AIMALL suite of programs [45]. The wfx 

files for the computation of magnetizabilities were generated through the fchk files using 

the AIMALL program. The fchk files were obtained from NMR calculations performed 

at the same level of theory. 

[3.2.3] Results and Discussion 

[3.2.3.1] Molecular Geometries 

The optimized singlet state geometries of molecules 1, 3 and 5 comprise a planar 

central carbene ring structure whereas for the molecules having ylide groups as 

substituents at the carbon atom α to the carbene center (2, 4 and 6), optimization leads to 

non-planar structures (Figure 3.2.1). The calculated geometrical parameters for both 

singlet and triplet states are listed in Table 3.2.1. In both the singlet and triplet states, the 

central Cα−CC−Cα' bond angle of the five-membered rNHCs are found to be smaller than 

those of the six-membered ones. Except in 1PMe2 and 2PMe3, for all other rNHCs, the 

central carbene bond angle is found to be larger in the triplet state than the stable singlet 

state. Barring few cases, all the rNHCs have similar C−CC bond lengths for both sides of 

the carbene center. However, in some cases, despite having a symmetrical backbone, the 

C−CC bond lengths are found to be different which may be reasoned to the different 

orientations of the substituents at Cα. For both the singlet and triplet states of 1, the 

central Cα−CC−Cα' bond angle is almost constant for all the molecules indicating  
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  1Me          1NMe2     1NiPr2 

  

    1PMe2       1PiPr2         2PMe3 

   

  2PiPr3            3Me       3NMe2 

   

        3NiPr2       3PMe2       3PiPr2 

         

      4PMe3            4PiPr3    5Me 
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     5NMe2           5NiPr2          5PMe2 

      

      5PiPr2        6PMe3         6PiPr3 

Figure 3.2.1: Optimized singlet-state geometries of all the remote carbenes (1-6). 

negligible effect of substituents. In case of the six-membered ones, 5 and 6 have reduced 

Cα−CC−Cα' bond angle in both singlet and triplet states than that in 3 and 4. A 

comparison between the singlet state geometries of 3Me and 4 indicates that ylide 

substitution slightly increases the central Cα−CC−Cα' bond angle (by 1−2°) but decreases 

the C−CC bond lengths (by 0.02 Å). However, similar comparison between 5Me and 6 

shows that the increase in Cα−CC−Cα' bond angle is more pronounced (by 4°) while the 

decrease in C−CC bond lengths is almost same (by 0.02 Å). In case of 3NMe2 and 

3NiPr2, the C−CC bond lengths for both the singlet and triplet states are found to be same 

although they have wider Cα−CC−Cα' bond angle in the triplet states than the 

corresponding singlet states. 

  



Chapter 3: Effect of Ylide Substitution on the Stability and Electron Donation Ability 
of NHCs 

 

~ 80 ~ 
 

Table 3.2.1: PBE0/6-31+G* calculated values of CC−C bond lengths (in Å) and 

C−CC−C' bond angles (in degree) for both singlet and triplet states of 1−6. 

Molecule R/R' 
r(CC−C) C−CC−C' 

Singlet Triplet Singlet Triplet 

1 CH3 1.399/1.399 1.372/1.372 101.2 113.1 

NMe2 1.398/1.388 1.405/1.362 99.9 111.2 

NiPr2 1.396/1.396 1.376/1.376 101.0 112.8 

PMe2 1.399/1.399 1.405/1.433 101.5 101.5 

PiPr2 1.404/1.404 1.375/1.374 101.7 113.9 

2 PMe3 1.407/1.407 1.398/1.398 100.7 100.5 

PiPr3 1.408/1.408 1.384/1.412 101.8 102.9 

3 CH3 1.423/1.423 1.404/1.404 113.6 124.1 

NMe2 1.408/1.408 1.405/1.405 115.7 124.6 

NiPr2 1.408/1.408 1.406/1.406 117.7 126.4 

PMe2 1.423/1.423 1.404/1.404 113.7 124.6 

PiPr2 1.427/1.422 1.420/1.387 113.9 124.6 

4 PMe3 1.402/1.402 1.372/1.362 114.7 124.2 

PiPr3 1.409/1.400 1.418/1.402 115.8 120.9 

5 CH3 1.415/1.415 1.396/1.396 110.4 121.2 

NMe2 1.403/1.403 1.396/1.396 111.2 120.5 

NiPr2 1.404/1.404 1.395/1.399 112.4 121.8 

PMe2 1.414/1.414 1.394/1.394 110.2 121.1 

PiPr2 1.419/1.409 1.398/1.391 110.9 121.6 

6 PMe3 1.398/1.398 1.379/1.370 114.2 115.9 

PiPr3 1.403/1.396 1.404/1.359 114.9 130.1 

[3.2.3.2] Singlet−Triplet Separation 

The singlet-triplet separations (ΔES-T) of carbene molecules can be used as a 

measure of their stability [12]. In principle, the higher the values of ΔES-T, the higher the 

stability of the carbene molecule will be in its singlet state. The calculated values of ΔES-

T for all the molecules are listed in Table 3.2.2. For the sake of comparison, the ΔES-T 

values of five and six-membered normal NHCs (5NHC and 6NHC) calculated at the 

same level of theory [28a] are also included in Table 3.2.2. 
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Table 3.2.2: PBE0/6-31+G* calculated values of singlet-triplet separations (ΔES-T, in 

kcal mol-1) and natural charges at CC (q(CC)) for molecules 1–6. 

Molecule R/R' ΔES-T q(CC) 

1 CH3 37.5 –0.423 

NMe2 45.5 –0.478 

NiPr2 45.9 –0.456 

PMe2 38.1 –0.400 

PiPr2 36.6 –0.406 

2 PMe3 47.8 –0.305 

PiPr3 46.8 –0.301 

3 CH3 19.6 –0.218 

NMe2 28.3 –0.304 

NiPr2 28.5 –0.319 

PMe2 19.9 –0.204 

PiPr2 15.7 –0.191 

4 PMe3 51.3 –0.296 

PiPr3 46.9 –0.281 

5 CH3 13.2 –0.262 

NMe2 20.2 –0.374 

NiPr2 20.9 –0.397 

PMe2 13.9 –0.263 

PiPr2 13.2 –0.273 

6 PMe3 61.2 –0.363 

PiPr3 46.6 –0.329 

5NHC  81.3  

6NHC  58.0  

It is evident from Table 3.2.2 that while the ΔES-T value for the normal five-

membered NHC (5NHC) is 81.3 kcalmol-1, it is only 37.5 kcalmol-1 for the structurally 

similar remote counterpart. This can be attributed to reduced π-stabilization in 1Me 

compared with 5NHC. However, introduction of π-electron donating substituents (NMe2 

and NiPr2) at Cα was found to increase the singlet-triplet separation of both five- (1) and 

six-membered (3 and 5) rNHCs (Table 3.2.2). This indicates an increase in the stability 

of the singlet ground state. However, there is no significant change in the ΔES-T values as 

a result of introduction of PMe2 and PiPr2 groups. This can be attributed to the inability 
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of phosphorus to share its lone pair with the formally vacant pπ orbital of CC which in 

turn can be traced to the higher inversion barrier of phosphorus compared to nitrogen. In 

fact, NBO analysis shows a significant increase in natural charge at CC for rNHCs having 

NMe2 and NiPr2 substituents compared to those with PMe2 and PiPr2 as substituents at Cα 

(Table 3.2.2). In addition, in the case of the six-membered rNHCs, the CC−Cα bond 

lengths for rNHCs with NMe2 and NiPr2 as substituents are shorter than the parent 

rNHCs with methyl substituents while no appreciable changes are obtained for PMe2- 

and PiPr2-substituted derivatives (Table 3.2.1). NBO-based second order perturbation 

analysis indicated a stabilizing interaction resulting from delocalization of the nitrogen 

lone pair (NLP) from NMe2 or NiPr2 to the Cα−Cβ (with respect to CC) antibonding 

orbital, which results in an elongation of the Cα−Cβ bonds in 3 and 5 (for R = 

NMe2/N
iPr2). We observed a dramatic increase in singlet-triplet gap as a result of 

installation of electron-donating ylidic groups at Cα (2, 4 and 6) with the effect being 

more prominent for the six-membered rNHCs than the five-membered ones (Table 

3.2.2). Among all the rNHCs, 6PMe3 is found to have the highest stability (ΔES-T = 61.2 

kcal mol-1). Interestingly, this ΔES-T value is also higher than that of the six-membered 

normal NHC with a saturated backbone (6NHC, Table 3.2.2). Such a stabilization of the 

singlet state results from effective π-donation of the ylidic carbanion to the carbene 

center [24]. Accordingly, we observed shorter CC−Cα bond lengths for the ylide-

stabilized carbenes than those for others (Table 3.2.1). Interestingly, the calculated 

singlet-triplet gap of ylide stabilized rNHCs falls within the range (45.0−85.0 kcal mol-1) 

of known carbenes [46], and to the best of our knowledge, no rNHCs are currently 

known with such large computed singlet-triplet gaps. Thus, rNHCs 2, 4 and 6 could be 

promising candidates for possible experimental realization as free remote carbenes. In 

order to check the reliability of the computed singlet-triplet gaps, we have re-optimized 

6PMe3 at different levels of theory using a larger basis set as a representative case [47] 

and obtained comparable values (Table 3.2.3). The singlet-triplet gap of 6PMe3 increases 

to 69.1 kcal mol-1 at the M06-2X/6-311++G* level of theory and further increases to 

72.4 kcal mol-1 on being computed using the dispersion corrected wB97XD functional. 

NBO analysis indicates delocalization of electronic charge from the carbanion of the 

ylidic system to the CC−Cα/CC−Cα' antibonding orbital. An MO analysis of 6PMe3 shows 

that despite its non-planarity (the N atom trans to CC is projected out of the plane formed 

by the other five ring atoms, Figure 3.2.1), there exists a ring current generated by cyclic  
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Table 3.2.3: Calculated values of singlet-triplet gaps (∆ES-T, in kcal mol-1) of 6PMe3 

using different basis sets and functionals. 

Level of Theory ∆ES-T 

PBE0/6-31+G* 61.2 

B3LYP/6-311++G* 57.8 

M06/6-311++G* 52.7 

M06-2X/6-311++G* 69.1 

wB97XD/6-311++G* 72.4 

delocalization of electrons involving the lone pairs on the two β-nitrogen atoms (with 

respect to CC), occupied pπ orbitals of the ylidic carbanions and the formally vacant p-

orbital of the carbenic carbon atom (Figure 3.2.2(a)). The delocalized bonding pattern 

present in 6PMe3 can also be visualized by plotting the laplacian of the calculated 

electronic charge density in the plane of the ring (Figure 3.2.2(b)) where the areas of 

local charge concentration are distributed over the atomic basins of the five in-plane (3C 

and 2N) ring atoms. Similar electronic delocalization is also observed in 6PiPr3 (Figure 

3.2.3) although it has a comparatively lower ΔES-T value (46.6 kcal mol-1) than 6PMe3. 

This significant difference in the ΔES-T values can be attributed to the greater extent of  

   

   (a)      (b) 

Figure 3.2.2: (a) Contour plots of molecular orbitals showing cyclic delocalization of 

electrons within the five atom ring of 6PMe3 and (b) Contour line diagram of the 

Laplacian of electron density in the ring plane of 6PMe3. Solid blue lines indicate 

regions of charge depletion [2ρ(r)>0] and dashed maroon lines indicate regions of 

charge concentration [2ρ(r)<0]. Green and red spheres denote bond critical points (bcp) 

and ring critical points (rcp), respectively. 
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   (a)      (b) 

Figure 3.2.3: (a) Contour plots of molecular orbitals showing cyclic delocalization of 

electrons within the five atom ring of 6PiPr3 and (b) Contour line diagram of the 

Laplacian of electron density in the ring plane of 6PiPr3. Solid blue lines indicate regions 

of charge depletion [2ρ(r)>0] and dashed maroon lines indicate regions of charge 

concentration [2ρ(r)<0]. Green and red spheres denote bond critical points (bcp) and 

ring critical points (rcp), respectively. 

stabilization of the triplet state in 6PiPr3 compared with that in 6PMe3. While the central 

Cα−CC−Cα' bond angle differs marginally between the singlet and triplet state in 6PMe3, 

the same increases dramatically in the triplet state for 6PiPr3 (Table 3.2.1). Also, the 

CC−Cα' bond is shorter in the triplet state of 6PiPr3 than that in 6PMe3. This indicates 

that the triplet state is stabilized to a greater extent in 6PiPr3 compared with that in 

6PMe3, which results in lowering of the singlet-triplet gap. 

[3.2.3.3] Aromaticity–NICS and QTAIM Analysis 

To judge the extent of ring current present in all the molecules, we performed 

Nucleus Independent Chemical Shift (NICS) [48] calculations by placing a ghost atom 

(Bq) at the geometric centre as well as 1 Å above the plane of the central ring, leading to 

values denoted as NICS(0) and NICS(1) respectively. NICS is defined as the negative of 

the absolute magnetic shielding computed at the geometrical center point of the ring. 

Aromatic rings are characterized by negative NICS values (diatropic) and antiaromatic 

compounds by positive NICS values (paratropic). The calculated NICS values for all the 

molecules are given in Table 3.2.4. 

The calculated NICS values of 1, 3 and 5 with six π electrons are very close to 

those of benzene [NICS(0) = −8.2 and NICS(1) = −10.2] thereby supporting the aromatic 

nature of these molecules. Even though carbenes 2 are formally antiaromatic with 8π  
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Table 3.2.4: PBE0/6-31+G* calculated NICS(0) and NICS(1) values of molecules 1−6. 

Molecule R/R' NICS(0) NICS(1) 

1 CH3 −11.0 −9.9 

NMe2 −9.7 −8.2 

NiPr2 −12.3 −10.1 

PMe2 −11.9 −11.4 

PiPr2 −11.6 −11.1 

2 PMe3 −5.1 −4.2 

PiPr3 −5.3 −3.9 

3 CH3 −7.2 −10.4 

NMe2 −7.9 −9.1 

NiPr2 −6.5 −8.0 

PMe2 −5.3 −8.1 

PiPr2 −5.5 −9.8 

4 PMe3 −1.3 −2.6 

PiPr3 −1.6 −3.3 

5 CH3 −5.8 −11.2 

NMe2 −4.4 −8.2 

NiPr2 −3.5 −7.3 

PMe2 −3.2 −9.2 

PiPr2 −3.3 −9.6 

6 PMe3 −2.4 −6.4 

PiPr3 −2.2 −5.1 

electrons, their computed NICS values are significantly negative indicating the presence 

of a considerable amount of ring current within the five-membered ring. Such a decrease 

in antiaromaticity can be explained by the involvement of the formally vacant carbene pπ 

orbital in cyclic delocalization within the ring. Indeed, we obtained an MO showing 

delocalization of electrons in 2 (Figure 3.2.4) involving the carbene pπ orbital, two ylidic 

carbanions and the lone pairs on two nitrogen atoms (through its backside lobe). 

However, even though carbenes 4 are formally six π electron systems (4π and 2π 

electrons from the two ylidic carbanions and NLP respectively), they possess significantly 

less negative NICS values (compared with other 6π systems, i.e., 1, 3 and 5) implying 

their homoaromatic [49] nature. This is because not all the π electrons can participate in 

cyclic delocalization because of the presence of two saturated CH2 groups within the  
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(a)      (b) 

Figure 3.2.4: Contour plots showing cyclic delocalization of electrons involving all the 

five ring atoms of 2PMe3, (a) top view and (b) side view (PMe3 groups are omitted for 

clarity). 

ring. Moreover, the nitrogen lone pair is unable to take part in conjugation as the 

nitrogen atom is projected out of the plane of the ring. Similar is the case with carbenes 

6, which despite formally possessing 10 π electrons, are slightly less aromatic than 1, 3 

and 5. Such reduced aromaticity of 6 may be traced to the inability of all the π electrons 

to take part in cyclic delocalization because of the nonplanar nature of the ring (the 

nitrogen atom γ to the carbene carbon is projected out of the plane, Figure 3.2.1). The 

remaining five atoms having eight π electrons should exhibit antiaromaticity. However, 

as in all other cases, the involvement of the formally vacant p orbital at CC facilitates 

delocalization within the ring thereby making it moderately aromatic (their NICS(1) 

values are more than half of that for benzene). 

QTAIM-based evaluation of inter-atomic magnetizability or bond magnetizability 

can be used as a direct measure of the current flux between two adjacent atomic basins 

and hence to predict the extent of aromatic delocalization within a ring system [50]. 

Accordingly, we have calculated isotropic as well as out-of-plane interatomic 

magnetizability values for some representative molecules (Table 3.2.5). For a 

comparison purpose, these values were also evaluated for benzene (an ideal aromatic system) 

at the same level of theory. Both the isotropic and out-of-plane bond magnetizabilities are found 

to be highly negative for benzene compared with others which is in accordance with its aromatic 

nature. Interestingly, the computed interatomic magnetizabilities (notably the out-of-plane 

magnetizabilities) for rNHCs 1Me, 3Me and 5Me are found to be significantly negative and 

close to that of benzene. Thus, it can be concluded that the aromatic delocalization present in 

these rNHCs is evidenced from both the calculated NICS and bond magnetizability values. 
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Table 3.2.5: Average isotropic [χ(C/Ω)] and out-of-plane [χ
ZZ

(C/Ω)] interatomic 

magnetizability values in cgs-ppm units (where Ω = C/N).a 

Molecule χ(C/Ω) χZZ(C/Ω) 

Benzene −2.22 −4.93 

1Me −1.68 −3.64 

2PMe3 −1.41 −1.12 

3Me −1.74 −4.25 

4PMe3 −1.03 −1.65 

5Me −1.56 −3.87 

6PMe3 −1.20 −1.72 

aThe out-of-plane N atoms (in 4PMe3 and 6PMe3) were not considered when evaluating these 

magnetizability parameters. 

However, for the other representative systems (i.e., 2PMe3, 4PMe3 and 6PMe3) bond 

magnetizabilities are found to be less negative, indicating less cyclic electronic delocalization 

within the ring. 

[3.2.3.4] Hydrogenation and Dimerization Energies 

The thermodynamic stabilities of all the molecules were further assessed by 

evaluating their hydrogenation energies (Ehydro) using equation (3.2.1). The calculated 

hydrogenation energies are listed in Table 3.2.6 and graphically represented in Figure 

3.2.4. For the sake of comparison, the Ehydro values of five and six-membered normal 

NHCs (5NHC and 6NHC) calculated at the same level of theory [28a] are also included 

in Table 3.2.6. 

 

The less negative the values of hydrogenation energies, the higher the stability of the 

parent system will be. It is clear from both Table 3.2.6 and Figure 3.2.5 that the 

hydrogenation energies of molecules 1, 3 and 5 show similar trends like the singlet-

triplet separations. Installation of NMe2 and NiPr2 at Cα significantly increases the 

hydrogenation energies, whereas PMe2 and PiPr2 have negligible effects in increasing the 

hydrogenation energy for reasons explained earlier. Further, in the case of five-

membered rNHCs, the hydrogenation energies are more negative for those having ylide 

substituents (2) compared with the parent species (i.e., 1Me), whereas the singlet-triplet  
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Table 3.2.6: PBE0/6-31+G* calculated values of hydrogenation energies (Ehydro, in kcal 

mol-1) for molecules 1−6. 

Molecule R/R' Ehydro Molecule R/R' Ehydro 

1 CH3 2.7 4 PMe3 −24.3 

NMe2 14.0  PiPr3 −20.0 

NiPr2 7.1 5 CH3 −63.2 

PMe2 −2.5  NMe2 −50.0 

PiPr2 −2.9  NiPr2 −49.7 

2 PMe3 −27.1  PMe2 −63.2 

PiPr3 −20.2  PiPr2 −63.5 

3 CH3 −55.5 6 PMe3 −19.8 

NMe2 −44.2  PiPr3 −12.8 

NiPr2 −42.0 5NHC  −17.4 

PMe2 −55.5 6NHC  −26.4 

PiPr2 −56.1    

 

Figure 3.2.5: Graphical representation of singlet-triplet separations (∆ES-T, kcal mol-1) 

and hydrogenation energies (Ehydro, kcal mol-1) of rNHCs 1−6. 

gaps indicate a higher stability for the same molecules. However, for the six-membered 

species, the hydrogenation energies show parallel behavior with that of the ∆ES-T values. 

Interestingly, the calculated hydrogenation energies of the ylide substituted rNHCs (2, 4 

and 6) are found to be comparable to those of the experimentally known NHCs (5NHC 

and 6NHC, Table 3.2.6). 
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The stability of a carbene can also be probed by checking its susceptibility to 

undergo dimerization. While carbenes with larger values of ∆ES-T do not undergo 

dimerization, non-stabilized ones tend to undergo the same [46,51]. We have calculated 

the dimerization reaction energies (∆Edimer) and dimerization Gibbs free energies 

(∆Gdimer) of some representative molecules (Table 3.2.7) and found that steric bulk plays 

an important role in stabilizing the singlet ground state. The dimerization is found to be 

disfavored (as ∆Gdimer becomes less negative) with an increase in the steric bulk of the 

substituents at position α to the carbene center. In agreement with earlier studies [50], 

carbenes with larger singlet-triplet separations are found to have less negative value of 

∆Gdimer implying their likely existence as monomeric species (Table 3.2.2 and Table 

3.2.7). Thus, we envisage that it may be possible to stabilize singlet rNHCs in their 

monomeric form by employing proper steric bulk near the carbene carbon atom. 

Table 3.2.7: PBE0/6-31+G* calculated dimerization reaction energies (∆Edimer, in kcal 

mol-1) and dimerization Gibbs free energies (∆Gdimer, kcal mol-1) of some representative 

molecules. 

Molecule ∆Edimer ∆Gdimer 

1Me −37.2 −23.9 

1NMe2 −13.8 0.9 

1NiPr2 25.5 44.5 

2PMe3 −32.1, −34.5a −12.6 

2PiPr3 36.8b − 

3Me −69.0 −54.5 

3NMe2 −44.4 −27.6 

3NiPr2 −8.3 13.8 

a
This value is without zero-point energy corrections. 

b
This value is without zero-point energy corrections. The frequency calculation of the dimer of 

2PiPr3 with more than 1200 basis functions is beyond our computational resources and hence, 

we could not provide zero-point energy corrected value for this molecule. 

[3.2.3.5] Ligand Properties 

Both theoretical and experimental studies have reported the superior σ-donation 

ability of rNHCs compared to the classical ones [43]. We have determined the energies 

of the σ-symmetric lone pair orbital concentrated at CC to predict the σ-basicity of all the 

rNHCs and the values are listed in Table 3.2.8. Inspection of the frontier molecular  
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Table 3.2.8: PBE0/6-31+G* calculated energies of the σ-symmetric lone pair orbital (Eσ, 

in eV) concentrated at the carbene carbon of molecules 1−6.a 

Molecule R/R' Eσ Molecule R/R' Eσ 

1 CH3 −4.6 4 PMe3 −4.0 

NMe2 −4.9  PiPr3 −3.9 

NiPr2 −4.8 5 CH3 −5.4 

PMe2 −5.0  NMe2 −5.0 

PiPr2 −4.9  NiPr2 −4.8 

2 PMe3 −4.7  PMe2 −5.5 

PiPr3 −4.6  PiPr2 −5.5 

3 CH3 −4.5 6 PMe3 −4.1 

NMe2 −4.5  PiPr3 −4.0 

NiPr2 −4.3 5NHC  −6.1 

PMe2 −4.8 6NHC  −5.4 

PiPr2 −4.7    

aValues for five and six-membered normal NHCs calculated at the same level of theory 

are adopted from reference [28a]. 

orbitals show that except for the ylide-substituted ones (2, 4 and 6), for all other rNHCs, 

the σ-symmetric lone pair orbital is represented by the HOMO whereas HOMO-1 

represents the same for the former ones. The Eσ value of 1Me is significantly higher than 

that of its normal counterpart 5NHC. This is in accordance with better σ-donation ability 

of rNHCs compared to normal NHCs [43]. The σ-donor abilities of the five-membered 

rNHCs (1 and 2) are comparable. For the six-membered ones, the ylide substituted 

molecules (4 and 6) are significantly more electron donating (as evident from much less 

negative Eσ values) than others. A comparison of the Eσ value of 6NHC with that of 3−6 

indicates that except for 5, all other six-membered rNHCs have significantly enhanced σ-

donation ability than 6NHC. 

To get a quantitative measure of ylide substitution on the electron donation 

ability of the rNHCs under consideration, we have optimized square planar [Rh(CO)2Cl] 

complexes of 1Me, 2PMe3, 3Me, 4PMe3, 5Me and 6PMe3 with the two carbonyl groups 

in cis positions as representative case. We obtained two νCO values, which appear at an 

average difference of ~80 cm-1 for all these metal complexes. The lower νCO value 

corresponds to the asymmetric mode whereas the higher νCO value corresponds to the 
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symmetric stretching mode of the two carbonyl groups with respect to each other. 

Therefore, we have calculated the average carbonyl stretching frequencies [νCO(avg), in 

cm-1] to get a measure of the relative electron donation abilities of the aforementioned 

rNHCs. The computed values for both symmetric and asymmetric as well as the average 

CO stretching frequencies are given in Table 3.2.9. For the six-membered carbenes, in 

agreement with their relative σ-donation abilities, the νCO(avg) values of the ylide-

containing rNHCs (4PMe3 and 6PMe3) are significantly lower than that for the parent 

ones (3Me and 5Me) implying greater electron donation abilities of the ylide substituted 

rNHCs. However, even though the Eσ values are comparable, the νCO(avg) value for 

2PMe3 is found to be lower than that for 1Me. 

Table 3.2.9: PBE0/6-31+G* calculated energies of the -symmetric lone pair orbital (E, 

in eV) concentrated at the carbene carbon, carbonyl stretching frequencies (νCO in cm-1) 

for both symmetrical and unsymmetrical stretching mode and average carbonyl 

stretching frequencies (CO(avg), in cm-1) of some representative L-Rh(CO)2Cl (L = 1Me, 

2PMe3, 3Me, 4PMe3, 5Me, 6PMe3) complexes. 

Molecule Eσ νCO CO(avg) 

 Unsymmetrical Symmetrical 

1Me –4.6 2079.9 2159.7 2119.8 

2PMe3 –4.7 2075.5 2152.7 2114.1 

3Me –4.5 2085.2 2164.1 2124.6 

4PMe3 –4.0 2081.1 2149.6 2115.3 

5Me –5.4 2096.4 2173.6 2135.0 

6PMe3 –4.1 2059.4 2151.4 2105.4 

We have also calculated the values of nucleophilicity indices (N) of all the 

rNHCs with the help of equation N=EHOMO−EHOMO(TCNE), considering tetracyanoethylene 

as the reference [38] and the values are given in Table 3.2.10. The computed values of N 

for all the molecules (except 2PMe3 and 2PiPr3) are in accordance with their respective 

Eσ values. The higher basicity of rNHC 1Me than its normal counterpart 5NHC is also 

evident from the calculated nucleophilicity index value. The N values of the ylide-

containing molecules (2PMe3 and 2PiPr3) are significantly higher than the others, 

whereas their Eσ values are same as the parent species. The origin of such discrepancy 

lies in the fact that Eσ represents the energy of the σ-symmetric lone pair orbital (which 
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may or may not be HOMO) whereas the nucleophilicity indices are calculated using the 

energies of HOMO. We obtained an excellent correlation (R2 = 0.96, omitting the points 

corresponding to 2, Figure 3.2.6) between the Eσ and N values. 

Table 3.2.10: PBE0/6-31+G* calculated nucleophilicity index values of molecules 1−6.a 

Molecule R/R' N Molecule R/R' N 

1 CH3 5.0 4 PMe3 5.8 

NMe2 4.7  PiPr3 5.9 

NiPr2 4.8 5 CH3 4.3 

PMe2 4.6  NMe2 4.6 

PiPr2 4.7  NiPr2 4.8 

2 PMe3 6.1  PMe2 4.1 

PiPr3 6.1  PiPr2 4.1 

3 CH3 5.1 6 PMe3 5.8 

NMe2 5.1  PiPr3 6.1 

NiPr2 5.3 5NHC  3.6 

PMe2 4.8 6NHC  4.2 

PiPr2 4.9    

aValues for five and six-membered normal NHCs calculated at the same level of theory 

are adopted from reference [28a]. 

 

Figure 3.2.6: Correlation plot between energies of the -symmetric lone pair orbitals 

(E, in eV) concentrated at the carbene carbon and nucleophilicity index (N) values for 

rNHCs 1 and 3−6. 
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[3.2.4] Conclusions 

An effort was made to stabilize remote N-heterocyclic carbenes (rNHCs) in their 

singlet state with the help of density functional theory calculations. The computed 

singlet-triplet gaps (ΔES-T) and hydrogenation energies (Ehydro) provide encouraging 

leads toward the possibility of realization of a metal-free remote carbene. In particular, 

the ylide-substituted examples are found to have large singlet-triplet gaps which fall 

within the range of experimentally known carbenes thereby making them suitable 

candidates for possible experimental realization. The presence and extent of cyclic 

electron delocalization in these ring systems were evaluated with the help of NICS and 

QTAIM calculations. 
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