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ABSTRACT: The index described previously (CREF; Carbene Relative Energy of Formation) has been extended to oxygen and sulfur heterocycles. This provides a quantitative overview of factors determining ease of formation of (i) neutral N-heterocyclic carbenes (NHCs) by deprotonation of heterocyclic salts and (ii) anionic NHCs by deprotonation of heterocyclic mesomeric betaines (HMBs). The influence of the nature and ring position of oxygen and sulfur is discussed for a range of known and unknown systems. Attention is directed to unexplored systems of potential interest.    
1. INTRODUCTION
We have previously described a DFT-computed index to quantify the relative ease of formation of neutral and anionic N-heterocyclic carbenes (NHCs) derived from nitrogen heterocycles.1 For convenience, we describe this as the CREF index (Carbene Relative Energy of Formation). To complete this study, we now report calculations of CREF index values for a wide range of NHCs derived from heterocycles containing oxygen and sulfur in addition to nitrogen. This index provides a quantitative overview of the factors affecting ease of formation of NHCs and their σ-donor strength, and directs attention to novel NHCs of potential interest. In accord with the Hammond postulate,2 we also demonstrate that the index correlates with experimentally determined rates of deprotonation/proton exchange of NHC precursors.
Using DFT (B3LYP/6-311++G(d,p)) calculated energy values (E + ZPE) in the gas phase, the CREF index is the difference in energy between the precursor and NHC product. It is a measure of the energy (hartrees) required to break heterolytically a C-H bond, and for similar heterocycles with similar solvation it  is a quantitative index of the relative ease of NHC formation. 
The index is illustrated in Figure 1 by application to the heterocyclic cations 1-3 which upon deprotonation give neutral NHCs. A lower index signifies easier deprotonation. The CREF values shown in structures 1-3 clearly indicate that deprotonation at position 2 is easier than at position 4. The oxazolium ring 2 is more easily deprotonated than the imidazolium ring 1 and this is attributable to the greater electronegativity of oxygen. A similar, but slightly smaller, effect is seen with sulfur (3) and this cannot be attributed to electronegativity. The sulfur effect must arise from d-orbital participation in the σ-bonding framework. Significantly, this is not a localised interaction between adjacent centres since a comparable effect is seen at position 4 which is remote from the sulfur.




Figure 1.  CREF Index values for selected heterocycles
The same trends are seen in the formation of anionic NHCs.  Diarylimidazolium-4-olates, e.g. 4, are selectively deprotonated by strong base (LiHMDS) at position 2 (CREF 0.556, Figure 1).3-5 No evidence of deprotonation at position 5 (CREF 0.600) to form the alternative abnormal NHC (aNHC) has been observed. However, N-phenylsydnone 5 (CREF 0.572) does form an aNHC under similar conditions.6 Easier formation of an aNHC by the sydnone is reflected in the lower CREF value (0.572 vs 0.600) and this can be attributed to the greater electronegativity of oxygen, and the nitrogen at position 2. The N-phenylthiadiazolium-5-thiolate 6 is one of the oldest known mesoionic rings7,8 but, as far as we are aware,9,10 products derived via NHC formation have never been reported. This is interesting because the CREF value at position 2 (0.530) is particularly low. 

2. RESULTS AND DISCUSSION
2.1 Neutral Five-membered NHCs. Tables 1 and 2 show calculated CREF values for NHC structures derived from 1,3-dihetero (Table 1) and 1,2-dihetero (Table 2) precursors. Some previously calculated values for nitrogen-only heterocycles are included for comparison. NHCs with two α-heteroatoms are described as classical NHCs (Table 1(i)); NHCs with only one α-heteroatom are described as nonclassical NHCs (Table 2(i)). Systems that can be represented by sextet structures are described as normal (nNHCs)(Tables 1(i) and 2(i)). Abnormal NHCs (aNHCs)(Table 1(ii)) and remote NHCs (rNHCs) (Table 2(ii)) can only be represented by dipolar resonance forms.11,12 In the latter case (rNHCs) there is no 2π-heteroatom adjacent to the carbene centre.  
The ring systems shown in Tables 1 and 2 have been selected to give a broad overview of the variation of CREF index with type and position of heteroatoms. Inclusion does not imply feasible access to or inherent stability of either reactant or product.

Table 1   Neutral NHCs: Sulfur and Oxygen Analogues of Imidazole-ylidenes
	Entry
	PRECURSOR                             NHC
	E + ZPEa,b
	CREF 

	                                            (i) Classical Normal NHCs (nNHCs)

	
1

	

	
-305.167859
-304.754800

	
0.413c

	
2

	

	
-688.634081
-688.216748

	
0.417

	
3          
	

	
-321.201501
-320.807395
	
0.394c

	
4
	

	
-285.716448
-285.328690

	
0.388

	
5
	

	
-608.708163
-608.312426

	
0.396

	
6
	

	
-800.442510
-800.041587

	
0.401

	
7
	

	
-762.352057
-761.952050
	
0.400

	
8
	

	
-624.736835
-624.359849

	
0.377

	
9
	

	
-911.143501
-910.744944

	
0.399

	
10
	
     
	
-266.254393
-265.903008
	
0.351

	
11
	
     
	
-912.243585
-911.867802
	
0.376

	                                              (ii)          Abnormal NHCs (aNHCs)
	
	

	12
	

	-305.167859
-304.725728
	0.442c

	13
	

	-285.716448
-285.302836
	0.414

	14
	

	-285.716448
-285.294159
	0.422

	15
	

	-608.708163
-608.287788
	0.420

	16
	

	-608.708163
-608.287089
	0.421

	17

	

	-624.736835
-624.333941
	0.403

	
18

	
 
	
-624.723513
-624.323581
	
0.400

	19
	

	-624.723513
-624.327161
	0.396

	20
	
     
	-266.254393
-265.866562
	0.388


aHartrees, bFirst value relates to reactant and the second to product, cTaken from reference 1.   


 Table 2   Neutral NHCs: Sulfur and Oxygen Analogues of Pyrazol-ylidenes
	Entry
	PRECURSOR                             NHC
	E + ZPEa,b
	 CREF 

	                                      (i) Nonclassical Normal NHCs (nNHCs)

	
1
	

	
-305.136545
-304.703725
	
0.433c

	
2
	

	
-285.676102
-285.282184
	
0.394

	3
	

	-285.676102
-285.269021
	0.407

	
4
	

	
-439.319435
-438.920033
	
0.399

	5
	

	-439.308968
-438.967464
	0.342

	
6
	

	
-608.695972
-608.293077
	
0.403

	7
	

	-608.695972
-608.288722
	0.407

	8
	
      
	-912.250286
-911.875628
	0.375

	9
	
      
	-928.280828
-927.920783
	0.360

	(ii) Remote NHCs (rNHCs)
	
	

	
10
	

	
-305.136545
-304.678400
	
0.458c

	
11
	

	
-285.676102
-285.248937
	
0.427

	
12
	

	
-608.695972
-608.263913
	
0.432

	
13
	
     
	
-266.182595
-265.794952
	
0.388

	
14
	
     
	
-912.250286
-911.841856
	
0.408

	
15

	
      
	
-928.280828
-927.883121
	
0.398


aHartrees, bFirst value relates to reactant and the second to product, cTaken from reference 1.   

Inspection of Table 1(i) (entries 4,5 and 8) reveals that replacement of a ring NMe group by O or S results in a lower CREF value and thus greater ease of NHC formation by C-H bond cleavage, but weaker NHC σ-donor strength. Similar effects of O and S are observed for the corresponding aNHCs (Table 1(ii)) and for the pyrazol-ylidene analogues (Table 2). The effect of replacement of NMe by  oxygen (ca 0.025 ±0.005 units) is attributable to oxygen’s greater electronegativity; replacement of both NMe groups by oxygen atoms approximately doubles the effect (ca 0.055 ±0.005 units). However, oxygen has disadvantages since its electronegativity facilitates nucleophilic attack and/or ring opening.13 As a result, little has been reported on the chemistry of 1,3-oxazol-ylidenes,14 although examples of transition metal complexes of 1,3-oxazol-2-ylidenes (Table 1; entry 4)15 and 1,3-oxazol-4-ylidenes (Table 1; entry 13)13 have been reported, and 1,3-oxazol-2-ylidenes (Table 1; entry 4) have been the subject of a theoretical investigation.14 
For isoxazolium cations the proton at position 3 is the most acidic (Table 2; entries 2 and 3) and deprotonation at position 3 leads to rapid ring opening in accord with their use as coupling reagents.16 1,2-Benzisoxazolium salts (Table 2; entry 4) are also readily deprotonated and have also been  used as coupling agents.17 It is interesting to note that the 2,1-benzisoxazolium proton (Table 2; entry 5) is significantly more acidic,  which is consistent with its ease of abstraction by triethylamine.18
A ring sulfur also lowers CREF values (ca 0.02-0.03 units) relative to nitrogen without any adverse electronegativity effect. The chemistry of thiazol-2-ylidenes, for example, is well known,12,19 including the classic work on thiamine by Breslow.20 The larger effects (0.03 units) are seen in the pyrazol-ylidene analogues (Table 2). Two sulfur atoms have approximately double the effect (ca 0.04-0.06 units) (Table 1; entry 11 and Table 2; entry 14) and 1,3-dithiolylium salts (Table 1; entry 11) are easily deprotonated at position 2 (CREF 0.376).21 The effect of sulfur is often attributed to d-orbitals but this does not seem to be a simple 2p-3d interaction between adjacent atoms since  remote sulfurs have similar effects to adjacent sulfurs (Table 1; entries 12, 15, 16 and Table 2; entries 10, 12, 14 ). 
The influence of aza substitution is similar to that observed in the imidazole/pyrazole series.1 A pyridine-type nitrogen reduces CREF values by ca 0.02 units, indicative of a weaker C-H bond. As previously observed, the effect is smaller (ca 0.01 units) if the carbene centre is adjacent to the nitrogen σ lone pair (e.g., Table 1; entry 17 and Table 2; entry 15).1,22  Replacement of NMe by NPh results in a small increase of CREF value (ca 0.005)(Table 1; entries 2 and 6) with the phenyl substituents calculated to be twisted relative to the heterocyclic ring (30-40o).
 In accord with the variation of CREF values described above, there is good correlation between reported pKa values in water at 25 oC 23 and CREF values for the C(2)-protons of the 1,3-dimethylimidazolium, 3-methylthiazolium and 3-methyloxazolium cations (Table 3). Although limited, the linear correlation of these three pKa values with CREF (Table 3) is good (r2 0.986) and suggests that lowering CREF by  0.01 units corresponds to a reduction of pKa by 2.4. This is in accord with the measured aqueous pKa values of a series of bicyclic 1,2,4-triazolium salts which are in the range 16.5-18.5.24 These authors conclude that pKa values for triazolium salts are 5 pKa units lower than for corresponding imidazolium salts, indicating the influence of an extra ring nitrogen atom on acidity. The corresponding difference in CREF values (Table 1; entries 1 and 3) is 0.019 in good agreement with our conclusions based on the data in Table 3.   Since pKa is an equilibrium property, this correlation is in accord with the definition of the CREF index,1 which is a measure of C-H bond strength.
We also find satisfactory agreement with kinetic data, in accord with the Hammond postulate for systems in which the transition state is product-like. Table 3 also compares the CREF values with rate constants (kOH) for deprotonation at C(2) of three azolium cations by OH-/H2O.23 These rate constants are in good agreement with the previously reported values for H-isotope exchange in OD-/D2O of the corresponding 4-methyl cations.25,26

Table 3. pKa Values,23 Deprotonation Rates (kOH),23 and CREF Values for Heterocations
	Property
	

	

	


	pKa
	23.0
	19.5
	16.9

	kOH(M-1s-1)
	1.0 x 102
	3.4 x 105
	3.0 x 107

	CREF
	0.413
	0.396
	0.388







Table 4.      Relative Rates of H-D exchange,27 and CREF indexesa
	


Property
	
Proton
	


	

	



	Relative rate
    [CREF]
	H2
	1.0
[0.396]
	3 x 103
[0.377]
	-
-

	Relative rate
    [CREF]
	H4
	<10-4
[0.420]
	-
-
	4 x 10-3
[0.400]

	Relative rate
   [CREF]
	H5
	̴10-4
[0.421]
	2 x 10-1
[0.403]
	5 x 10-1
[0.396]

	aCREF values for NMe analogues (Table 1)



Table 4 compares the relative rates of H-D exchange for the ring protons in the 3-ethylthiazolium cation and its 4-aza and 2-aza analogues.27 The rates correlate satisfactorily with CREF values. However, some caution should be applied to protons with similar CREF values since other factors including solvent and counterion will influence reaction kinetics. 
Based on the rate constants shown in Tables 3 and 4, a reduction of CREF by ca 0.02 units results in a rate increase in the range 103-104. This is in good agreement with the relative rates of exchange (3 x 104 : 1) of imidazolium C(2)-H (CREF 0.413) and pyrazolium C(3)-H (CREF 0.433) protons (Table 1; entry 1 and Table 2; entry 1).28 This conclusion is also in accord with the observation that the relative rates of proton exchange at position 2 of N-methyloxazolium and N-methylthiazolium rings (Table 1, entries 4 and 5; ΔCREF 0.008) are approximately 40 to 1.29  
Based on published experimental studies of the generation of nNHCs from azolium salts, we conclude that protons with a CREF value ≤ 0.405 can probably be effectively deprotonated by triethylamine for preparative work,30-33 whereas protons with higher CREF values need a stronger base, such as tBuOK or NaH, e.g., Table 1; entry 1.34,35 This must be viewed as an approximate guideline based on published data. 
2.2 Anionic NHCs (Tables 5 and 6) Anionic NHCs are formed by proton removal from heterocyclic mesomeric betaines (HMBs),36,37 and are of current interest as potential metal ligands. Tables 5 and 6 shows CREF values of a representative selection of anionic NHCs. The tables are subdivided according to the three fundamentally different types of HMB:37,38 conjugated (Table 5), cross-conjugated (Table 6A) and semiconjugated (Table 6B). Further subdivision is according to type of NHC (nNHC, aNHC or rNHC).
From inspection of Tables 1 and 5, it is clear that CREF values for anionic NHCs are significantly higher than those for neutral NHCs. This difference is related to the energy cost of separating a proton from the anionic species. Although similar trends between  structural features and CREF values are observed for both neutral and anionic species, direct comparison of their CREF values must be cautious since solvation and counterion association for the two processes are significantly different.
2.2.1 Conjugated Heterocyclic Mesomeric Betaines (Table 5). For conjugated HMBs the classical nNHCs (Table 5, entries 1-18) are significantly more easy to generate than the corresponding nonclassical NHCs (Table 5; entries 19-30). Varying heteroatoms has a similar but smaller effect to that in neutral NHCs (Section 2.1). Thus, aza substitution lowers CREF values  by ca 0.02 ± 0.005 but less if the carbene centre is next to a lone pair. Replacement of NR by S or O lowers CREF values by ca 0.010 ± 0.005 and 0.015 ± 0.005 units, respectively. In Section 1 we attributed the influence of electronegative oxygen and aza substitution in facilitating the formation of an anionic abnormal NHC by N-phenylsydnone (Table 5; entry 27).6 Similarly, the CREF value calculated for a sydnone imine (0.574)(Table 5; entry 28) is consistent with recent reports of the trapping of sydnone imine aNHCs.39
The replacement of NMe by NPh in anionic NHC rings is of some interest. This results in a lower CREF value of ca 0.01 units per NPh (Table 5; entries 2, 11, 20 and 27), which is the opposite to the effect in neutral NHCs (Table 1). Significantly, the NPh groups in anionic NHCs are calculated to be coplanar with the NHC ring, which presumably leads to some conjugative stabilisation. In the corresponding precursor HMBs the rings are twisted.
Since N-phenylsydnone (5) and 3-phenyl-1,3,4-thiazolium-5-thiolate (6) are known compounds of particular interest, we have also calculated CREF values using an ab initio method (MP2/aug-cc-pVDZ). The calculated CREF values (Table 5; entries 11 and 27) closely agree with those calculated by the DFT method, and the geometries of precursor and product were similar for both methods. The actual value of a computed index will always depend on the computational method used (e.g. NICS aromaticity indexes).40 

Table 5 Anionic NHCs: Conjugated HMBs
	Entry
	     PRECURSOR                            NHC
	E + ZPEa,b
	CREF 

	                                               (i) Normal NHCs (nNHCs)
	
	

	
1
	

	
-380.031212
-379.455354
	
0.576c

	
2
	

	
-763.491425
-762.934980
	
0.556

	
3
	

	
-360.613695
-360.046979
	
0.557

	
4
	
    
	
-360.601247
-360.040248
	
0.561

	
5
	

	
-683.591809
-683.023727
	
0.568

	
6
	
     
	
-683.590143
-683.028940
	
0.561

	
7
	

	
-396.086832
-395.525576

	
0.561c

	
8
	

	
-779.547276
-779.006250

	
0.541

	
9
	

	
-376.665893
-376.118299

	
0.548

	
10
	

	
-1022.60133
-1022.06421

	
0.537

	
11
	

	-1214.33015
-1213.80030
-1211.96815
-1211.43956

	0.530

0.529d

	
12
	

	
-420.252178
-419.679517
	
0.573c

	
13
	

	
-723.820170
-723.257556
	
0.563

	
14
	

	
-400.821266
-400.261947
	
0.559

	
15
	

	
-420.262979
-419.639794
	
0.623c

	
16
	
     
	
-381.402610
-380.800705
	
0.602

	
17
	
     
	
-1027.39854
-1026.80372
	
0.595

	
18
	
     
	
-684.530148
-683.955934
	
0.574

	                    (ii) Abnormal and Remote NHCs
	 
	

	
19
	

	
-380.031212
-379.412162
	
0.619c

	
20
	
 
	
-763.491425
-762.891366
	
0.600

	
21
	

	
-360.613695
-360.006784
	
0.607

	
22
	
    
	
-360.601247
-359.988060
	
0.613

	
23
	

	
-683.591809
-682.986888
	
0.605

	
24
	
     
	
-683.590143
-682.986182
	
0.603

	
25
	

	
-396.063795
-395.465502
	
0.598

	
26
	

	
-376.622968
-376.043373
	
0.580

	
27
	

	-568.350935
-567.779345
-566.718290
-566.154630
	0.572

0.564d

	
28
	

	
-509.377363
-508.802881
	
0.574

	
29
	
     
	
-699.622459
-699.042848
	
0.580

	
30
	

	
-684.530148
-683.940191

	
0.590































aHartrees, bFirst value relates to reactant and the second to product, cTaken from reference 1, dcalculated using the ab initio MP2/aug-cc-pVDZ method.    

2.2.2 Cross-Conjugated Heterocyclic Mesomeric Betaines (Table 6A). Examples of the formation of NHCs from representative cross-conjugated HMBs are shown in Table 6A. The effect of replacing NR by O or S is similar to that observed in other systems. There is some interest in the use of this class of NHCs as ligands,41-43 and it is noteworthy that the CREF index values are particularly low for this class of anionic NHC, presumably because the remote anionic region has less influence on proton removal.
2.2.3 Semi--Conjugated Heterocyclic Mesomeric Betaines (Table 6B). The chemistry of semi-conjugated HMBs is a relatively unexplored area of heterocyclic chemistry.37 The best known examples are Type B mesoionic rings,9,10 and Table 6B shows four examples (Table 6; entries 7-10). Sulfur has a significant effect on lowering CREF index values. We are not aware of any deprotonation studies of this class of five-membered ring and ring opening may lead to complex products.
Only one example of a six-membered semi-conjugated HMB is known,44 and the chemistry of this class is unexplored.37 Four examples are shown in Table 6B (Entries 11-14). These results, and those in Table 6A, show that the effect of replacement of NR by S on ionisation is quantitatively the same in six-membered rings as in five-membered rings. 

Table 6 Anionic NHCs: Cross-Conjugated and Semi-Conjugated HMBs
	Entry     PRECURSOR                     NHC
	E + ZPEa,b	   
	CREF

	                                 A           Cross-Conjugated HMBs
	
	

	
	
	
	

	
1
	

	
-493.409989
-492.862803
	
0.547c

	
2
	

	
-473.988335
-473.446186
	
0.542

	
3
	

	
-796.953166
-796.414379
	
0.539

	


4
	

	
-569.564356
-569.028128
	
0.536c

	

5
	

	

-550.118173
-549.602145
	

0.516

	

6
	

	

-873.121162
-872.597448
	

0.524

	B   Semi-Conjugated HMBs

	
	
	
	

	
7
	

	
-379.968398
-379.374961
	
0.593c

	
8
	
    
	
-683.550791
-682.964988
	
0.586

	
9
	
   
	
-683.550791
-682.974953
	
0.576

	
	
	
	

	
10
	
    
	
-987.122231
-986.567183
	
0.555

	
11
	

	

-493.382770
-492.804968
	

0.578c

	


12
	

	

-796.923356
-796.356153
	

0.567

	


13
	

	

-796.923356
-796.365488
	

0.558

	

14
	

	

-1100.462391
-1099.920255
	

0.540


aHartrees, bFirst value relates to reactant and the second to product, cTaken from reference 1.     

3. CONCLUSIONS
Applying the CREF index over a wide range of oxygen, sulfur and nitrogen heterocycles gives a useful quantitative overview of the factors determining the ease of formation of NHCs and their σ-donor strength. These properties, which are primarily properties of the σ-bonding framework, are determined by the relative effects of ring components and substituents on reactant and product. Effectively, ionisation involves transfer of one electron from a proton environment to a carbon/heteroatom σ environment.1  Substitution of more electronegative elements in the ring (O vs NR or N vs CH) lowers the σ bond energies and increases the ease of ionisation. Substitution of ring NR by sulfur also reduces the CREF index and this cannot be attributed to a change in electronegativity. The influence of sulfur can be attributed to the mixing of empty dxy  and dx2-y2 sulfur orbitals with occupied σ-bonding orbitals of suitable symmetry. This results in energy lowering in a manner similar to the mixing of unoccupied antibonding orbitals in anomeric effects. This stabilisation is not a localised effect between adjacent centres since sulfur remote from the carbene centre has a similar quantitative effect and the effect is also independent of ring size. 
Where kinetic data is available, the CREF index also shows good correlation with rate constants for deprotonation and proton exchange. This empirical relationship may be attributed to product-like transition states in accord with the Hammond postulate.
We have demonstrated for a representative selection of heterocycles that the gas-phase ionisation potential expressed as an index gives a useful quantitative method of comparing and rationalising the properties of NHCs and, in accord with the main aims of theoretical studies, can direct attention to new and unexplored systems of potential interest. We also believe that it may be useful as a teaching aid.
4. COMPUTATIONAL DETAILS
Calculations were performed using the Gaussian 09 program,45 and the hybrid B3LYP functional,46,47 accompanied by the 6-311++G(d,p) basis set,48 was used. For comparison selected structures were optimized using the ab initio MP2/aug-cc-pVDZ method. All geometry optimizations were followed by frequency calculations to ensure that the stationary points obtained were true minima on the potential energy surface and to calculate the zero-point vibrational corrections (ZPE) to energy. The ZPE-corrected values were used to calculate the CREF index. As this index is based on the energy it depends on the theoretical method employed. However, the use of relative energy effectively minimises this dependence. 
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