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Abstract

Effect of substituents on philicity and stability of 1,3-disubstituted imidazol-2-ylidenes and 1,3-diarylimidazol-2-ylidenes
was assessed using the following calculations: adiabatic electron affinity and adiabatic ionization potential, global elec-
trophilicity and differential orbital energy scales for philicity, and AEs_t, AEpyq, AE;s,, and AEy_; for stability, with the
aid of density functional theory and the results were then compared with each other. In the case of 1,3-disubstituted
imidazol-2-ylidene, the carbene with CH; group has the highest nucleophilic character considering all the above scales and
the highest thermodynamic stability. 1,3-Diarylimidazol-2-ylidenes with CH3O0 and NH, groups have high-nucleophilic
properties and high-stability; their AE;y, values are also greater than 377 kJ/mol which means that they may be reasonable
synthetic targets. While, the presence of electron donating groups at 1,3-disubstituted imidazol-2-ylidene results in
AE;,, > 377 kJ/mol. Nucleophilicity of 1,3-diarylimidazol-2-ylidenes is, to some extent, greater than that of 1,3-disub-
stituted imidazol-2-ylidenes.
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LSers. Carbenes, well-known names to chemists, are neutral

divalent species having six electron carbon atoms with two
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substituents attached to the carbene carbon; for example,
(CH30),C: and (Me,N),C: are both nucleophilic in char-
acter [2, 3]. This property may be attributed to 2p—2p =
bonding of “vacant” carbenic p orbital of these carbenes
with electron pairs of the adjacent Me,N and CH30 groups.

One category of carbenes is N-heterocyclic carbenes
(NHCO), the representative stable and bottled species of
which is 1,3-di(adamantyl)imidazol-2-ylidene, first repor-
ted by Arduengo et al. 26 years ago; its stability benefits
from factors such as electronic, aromatic, and spatial,
owing its viability to the mesomeric effects on nitrogen
atoms [4]. Several different parameters have been sug-
gested to measure the stability of NHCs; these include: the
energy gap between singlet and triplet states (AEg_t), the
energy of hydrogenation (AEyyq), the energy of isodesmic
reaction (AEj,), and finally the energy difference between
HOMO and LUMO levels (AEy_1).The first three param-
eters refer to thermodynamic stability and the last one
shows kinetic stability of NHCs. Furthermore, these spe-
cies have received much attention from scientists, pub-
lishing books, and articles [5—15]. Due to their ¢ donating
and m-accepting ability, NHCs can act as excellent ligands
in organometallic compounds. In addition, various appli-
cations have been found for them, such as polymerization
reaction and medicinal uses [16-20]. Su and Chuang pre-
dicted that using NHCs skeleton would stabilize triplet
ground state of vinylidenes [21]. As a result, reactivity, as
well as philicity and stability of these carbenes, are highly
important.

As concerns philicity, there are different approaches for
obtaining philicity; some of them are summarized in Fig. 1
[22, 23]. The philicity of some carbenes in their singlet
ground state was experimentally determined for the first
time by insightful studies of Moss and co-workers in 1980
based on the kinetic model of cyclopropanation reaction of
some alkenes with carbenes [2, 24]. Therefore, empirical
index “mcxy” (carbene selectivity index) was born which
covered electrophilic, nucleophilic, and ambiphilic

Fig. 1 Ways to get philicity at a
glance
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carbenes. Equation (1) correlates this empirical index to
the resonance (o,ﬁ) and inductive (o) substituent constants
of X and Y in carbene CXY:

mexy = —1.10> of +0.53> 6, — 031, (1)

XY XY

For mcxy values lower than 1.5 the corresponding car-
benes are categorized as electrophilic; while nucleophilic
ones have values greater than 2.2 mcxy, and ambiphilic
carbenes have mcyy in between.

Another approach to obtain philicity is based on frontier
molecular orbital (FMO) theory that Moss correlated it
with mcyxy. Therefore, the differential orbital energy of
lowest unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) of carbenes and
alkenes is used in 1,3-dipolar cycloadditions. If the
Aeg = eLUMOpine — EHOMO,jxene 1S smaller than the
Aey = eLUMO,kene — EHOMO,ypenes  the corresponding
carbene is considered to be an electrophile; the inverse
ordering of differential energies makes the carbene to be a
nucleophile. An ambiphilic carbene reacts rapidly with
both electron-rich and electron-poor alkenes. In this
method, with a superficial glance, the philicity of a carbene
can be predicted quantitatively and quickly.

In another method, philicity is correlated to ionization
potential (IP) and electron affinity (EA). Sander and co-
workers have used these parameters and two dimensional
scales for evaluating philicity of singlet carbenes as well as
triplet ones [3]. Adiabatic ionization potential and adiabatic
electron affinity values can be experimentally measured by
negative ion photoelectron spectroscopy (NIPES) [25-27].
These data may then be compared with the calculated ones
to assess the theoretical methods. An advantage of Sander’s
method is that EA and IP can be calculated for any carbene
and does not depend (as does mcxy) on specific set of
alkenes or carbenes.

Another attractive scale is the theoretical global elec-
trophilicity, o, defined recently by Parr et al. [28]:

Theoretical
electrophilicity ()

|

Ways to get philicity

J Empirical Hammett

at a glance o :

k correlation
Theoretical differential

<«——— Mossscales  ____ orbital energy
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w = (@221, (2)

where u is the electronic chemical potential and # is the
chemical hardness. Perez in her paper compared w of
carbenes with their empirical mcxy and found a good
agreement between the theoretical and experimental
philicity of the investigated species [29]. Global elec-
trophilicity index and mcyxy have an inverse order with
respect to each other, i.e., a large amount of w means a
high electrophilicity. Based on Perez considerations,
nucleophilic carbenes have o values lower than 1 eV,
electrophilic ones showing @ values between 1.21 and
2.40 eV (MeCF and phCCN, respectively), while for the
case where w ~ 1 eV the carbenes are characterized as
ambiphilic.

Recently, local electrophilicity (w.) and w of the Group
15 analogues of NHCs have been studied and it was con-
cluded that the “ene” center of these analogues is ambi-
philic [30]. It was also found that ligation properties of
these compounds would be affected dramatically by the
nature of the substituents.

Empirical Hammett correlation is another method for
determining philicity of CXY against a series of ring-
substituted styrenes by drawing logky/ky of the addition
reaction versus ¢ constants [31, 32]. However, a question
arises as whether this method could determine philicity of
carbenes. The answer is affirmative; but how?

If the Hammett p value is negative, positive charge will
develop on alkene carbon. Therefore, electron-releasing
groups lower the energy of the transition state and stabilize
it. As a result CF, will have an electrophilic character. A
positive p value shows that a negative charge develops
during the addition reaction, mitigated by electron with-
drawing phenyl-moiety substituents, leading to the accel-
eration of the reaction; for example,
benzocyclobutenylidene [33] and bicyclo[3.2.1]octa-2,6-
dien-4-ylidene [34] are known to be nucleophilic with p
values + 1.57 and + 0.25, respectively. In the case of
ambiphilic carbenes, one encounters a broken Hammett
plot at ¢ = 0.0. This means that the reaction mechanism
changes during the reaction affected by substituents.

The above discussion on importance of predicting
philicity and stability of carbenes, prompted us to evaluate
substitution effect on these properties for 1,3-disubstituted
imidazol-2-ylidenes (1) and 1,3-diarylimidazol-2-ylidenes
(2) and make a comparison between the obtained param-
eters (Scheme 1).

Scheme 1

X
a: X=NH,
b: X=0OH
X c: X=OCHjy
: d: X=CHj
st N, e: X=H
5 | 1 2>' | >’ f: X=F
N\ N g: X=ClI
X h: X=Br
i X=CHO
1a-1k J: X=CN
X k: X=N02
2a-2k

Results and discussion

As the nature of substituent has a remarkable effect on
philicity and stability, we decided to evaluate these effect
for 1,3-diarylimidazol-2-ylidenes and 1,3-disubstituted
imidazol-2-ylidenes; for philicity the following three
approaches were considered: adiabatic /P and EA scales, o
and differential orbital energy. For stability of NHCs,
AEg 1, AEyyg, AEi, and AEy ; were computed using
DFT method.

1,3-Disubstituted imidazol-2-ylidenes (1)

The electron donating substituents lead to small /P and the
lowest and negative EA values of the titled carbenes
(Table 1). For the substituent CH; (with positive inductive
effect, + I), the corresponding carbene has the most
nucleophilic character with FA = — 0.51 eV and IP =
7.74 eV which may be attributed to its c-electron donat-
ing properties and the positive hyperconjugation of CHj3
(these data agree with those reported by Sander [3]). For
substituents NH,, OCH;, OH (with — I and the positive
resonance effect, + R) and also H, we encounter close
nucleophilicities (EA = — 0.43, IP = 8.09; EA = — 0.46,
IP =8.35; FA=— 047, IP =8.83; and EA = — 0.46,
IP = 8.21 eV, respectively). In the case of halogenated
species when X = Br, we encounter the highest value of EA
(2.37 eV) and low IP (8.51 eV), while EA for X = F, drops
to 1.82 eV showing a decrease in carbene electrophilicity.
The IP increases from 8.51 eV for X = Br to 9.65 eV for
X =F, from which one can guess that the corresponding
carbene of the latter substituent is both less electrophilic
and less nucleophilic with respect to the former. The sub-
stituent NO, (with EA = 1.84 eV and IP = 9.92 eV of the
corresponding carbene), induces the same philicity as for
X =F, which is in accordance with electron withdrawing
character of these substituents. Therefore, as Sander has
stated, calculated EA and IP values make it possible to

@ Springer



1974

A. Shiri et al.

Table 1 DFT parameters,

philicity values of 1,3- Entry X Carbene IP/eV EA/eV uleV n/eV wleV NleV ANpax

disubstituted imidazol-2-ylidene NH, 1a 8.09 — 043 —38 852 172 309 045

1 2 OH 1b 8.83 —047 —418 930 188 265 045
3 OCH; 1c 8.35 — 046 -394 880 177 288 045
4 CH? 1d 774 ~ 051 —361 826 158 36 0.43
5 H® le 8.21 — 046 387 868 173 341 044
6 F 1f 9.65 182 —573 784 420 189 073
7 cl 1g 8.83 220 —552 662 459 251 083
8 Br 1h 8.51 237 —544 614 48 27 0.88
9 CHO i 8.92 064 —478 828 276 247 057
10 CN 1j 9.84 053 —519 932 289 147 055
1 NO, 1k 9.92 184 —588 808 427 163 072

?EA (calculated) = — 0.52 eV; IP (calculated) = 8.15 eV; IP (experimental) = 7.68 eV [3], o = 0.83 eV

[35]
bw = 1.52 eV [36]

identify three classes of carbenes, i.e., (1) strongly nucle-
ophilic carbenes at the bottom right part of the diagram
exhibit a small or negative EA and a low IP (1d). (2) For
X = NO, the carbene has the highest EA and IP, being
extremely electrophilic with no nucleophilicity. (3) Car-
benes such as 1h with a high EA and low [P, it is predicted
to have a small singlettriplet energy gap and hence a
triplet ground state (Fig. 2).

Notably, the order of w for electron donating groups is
as follows CH; <NH; =~ H <OCH3; <OH indicating that
inductive effect is significant (Table 1). Kassaee has
reported o = 0.83 eV for X = CH; by calculating x and
from the following equations [37]:

1~ (Enomo + Erumo) /2, (3)
n ~ ELumo — Enomo- 4)
Nucleophilicity >
Br
cl .
[ ]
2| no, F
>
3! CHO
5 | on R -
¢ 3
0 2
OH ocH, HNE2: cg, |2
) o ° ° §
=
-1
95 85 75
IP/eV

Fig. 2 Calculated IP and EA of NHC 1 at the B3LYP/6-311++G"
basis set
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This value agrees with our value (w = 0.82eV)
obtained from Exopo = — 5.89 eV, Erymo = — 0.22 eV.
On the other hand, halogenated species have almost the
same o values. The NO, substituent leads to high @ value
because of its ¢ and n-withdrawing character. Species with
high o values have high p (around 5.42 eV) and high
ANpax (around 0.71 e).

The philicity of singlet state of these carbenes was
determined with the aid of differential orbital energy.
When Aeg value is always bigger than the Agy value,
substituted carbenes are nucleophilic in character; elec-
trophilic carbenes have the inverse ordering of differential
orbital energies. If Agg for alkenes having electron with-
drawing substitution is bigger than Ag¢y and also when Agg
for electron donating substitution on the alkene is smaller
than Aegy the carbene will be considered as ambiphile.

In this regard, interaction of these singlet carbenes with
several alkenes was studied (Table 2). When X = CHj; the
carbene is suggested to be nucleophile, which is in agree-
ment with the previously mentioned scales. For X = NH,
the carbene is suggested to have nucleophilic character
upon addition reaction with most alkenes; however, toward
(CH3),C=C(CH3), it would be predicted to behave as
electrophilic if it occurred. In the case of NO, substituent,
Aeg is always smaller than Agy, and therefore, so the cor-
responding carbene has electrophilic character. Carbenes
having halogen and CHO substituents act as ambiphilic
toward alkenes.

Stability of carbenes can be assessed by AEg_t, AEpyq,
AE;,, and AEy_;. Singlet—triplet energy gap is of special
importance due to its great influence in the course of car-
bene reactions. A great AEg_t indicates that singlet state is
more stable than triplet state and vice versa. As a result, the
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Table 2 Differential orbital energies for carbene/alkene addition 1,3-disubstituted imidazol-2-ylidene 1
X Alkene and differential orbital energies/eV

Aep Aey Aep Aey Aeg Aey Aep Aey Aep Agy Aeg Aey
NH, 5.72 5.91 5.96 5.94 6.37 5.93 6.25 6.08 7.43 4.48 7.79 4.16
OH 6.01 6.57 6.25 6.60 6.66 6.59 6.54 6.74 7.72 5.14 8.08 4.82
OCH; 5.95 6.34 6.19 6.37 6.60 6.36 6.48 6.51 7.66 491 8.02 4.59
CH; 5.96 5.62 6.20 5.65 6.61 5.64 6.49 5.79 7.67 4.19 8.03 3.87
H 5.83 5.81 6.07 5.84 6.48 5.83 6.36 5.98 7.54 4.38 7.90 4.06
F 5.28 7.33 5.52 7.36 5.93 7.35 5.81 7.50 6.99 5.90 7.35 5.58
Cl 3.90 6.71 4.14 6.74 4.55 6.73 443 6.88 5.61 5.28 5.97 4.96
Br 3.25 6.52 3.49 6.55 3.90 6.54 3.78 6.69 4.96 5.09 5.32 4.77
CHO 3.89 6.93 4.13 6.96 4.54 6.95 442 7.10 5.60 5.50 5.96 5.18
CN 4.17 7.75 4.41 7.78 4.82 7.77 4.70 7.92 5.88 6.32 6.24 6.00
NO, 2.72 7.59 2.96 7.62 3.37 7.61 3.25 7.76 443 6.16 4.79 5.84

Aep = eLUMOcarpene — eEHOMOqikene
A'€N = SLUMOalkene - 8HOl\/IOcarbine

Table 3 Thermodynamic stability factors in kJ/mol and AEy_; in eV
of carbenes 1

Entry X Carbene AEs 1t AEj, AEpyq AEy .
1 NH, la 351.0 451.16 — 9406 6.2

2 OH 1b 3309  431.01 —114.14 6.7

3 OCH; 1c 300.8  402.63 — 142.63 6.4

4 CH; 1d 351.5  460.99 — 8427 5.7

5 H le 348.9  460.07 — 8519 5.7

6 F 1f 284.1 34781 —197.40 6.7

7 Cl 1g 197.1 36853 —176.73 4.7

8 Br 1h 1489  357.65 —187.61 39

9 CHO 1i 250.6  350.87 — 19439 47

10 CN 1j 300.0 373.67 —171.59 6.0

11 NO, 1k 2427 33267 — 21255 44
highest stability is exhibited by 1d (351.5 kJ/mol)
(Table 3).

Heat of hydrogenation can be judged by reaction 1
(Scheme 2). This parameter is negative for all investigated

Scheme 2
R R
N N H
.+ H 8 Reaction 1
[N> , — = [N%H eaction
R R

carbenes; the smaller the magnitude of AEyyq the more
stable the carbene. Accordingly 1d is the most stable and
1Kk is the least stable of investigated carbene.

Another suitable and economic way of assessing the sta-
bility of singlet carbenes is endothermicity of isodesmic
reaction 2 (Scheme 3); the higher AE;, the higher the sta-
bility. Therefore, carbene 1d with AE;,, = 460.99 kJ/mol
has the highest stability. The higher stability of CH; substi-
tuted carbene with respect to those carbenes with NH,, OH,
and OCH3; substituents may be attributed to the + I effect
and the positive hyperconjugation of CHj. As stated by
Nyulaszi, the synthesis of those carbenes with AE;y, larger
than 377 kJ/mol would be feasible [38]. Accordingly, only
those carbenes with electron donating substituents have
AE;, > 377 kJ/mol. Therefore, 1a—1e is included in this
category.

Kinetic stability can be assessed by the energy differ-
ence between HOMO and LUMO orbitals (AEy_;) [39].
The greater difference will result in a more stable carbene;
OH and F substituted carbenes with largest AEy_ . values
(6.7 eV for both) are the most stable ones, and Br substi-
tuted carbene (AEy_1 = 3.9 eV) is the least stable species.

Scheme 3
R R
N N H
[ >: + CH, —>[ >§H + ICH, Reaction 2
N N
R R
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The selected geometrical parameters of singlet and tri-
plet states of these carbenes are summarized in Table S1 of
the Supplementary Material.

1,3-Diarylimidazol-2-ylidenes (2)

First, the EA and IP of studied carbenes vary between
— 0.38 to 2.02 and 6.53-8.42 eV, respectively (Table 4).
Comparing the EA values for halogen substituted species
(F: — 0.01 eV, CI: 0.24 eV, Br: 0.29 eV) shows that for
fluorine the corresponding carbene is much less elec-
trophilic in character. The /P parameters, however, cannot
be taken as a basis of carbene philicity for F, Cl and Br,
since there is no significant difference between their IP
values. CH30 and NH, substituted carbenes with negative,
small and close values of EA (— 0.38 and — 0.20 eV,
respectively) are more efficient in reducing EA than halo-
gens analogues indicating high nucleophilicity of their
corresponding carbenes. The EA and [P values for
X = NO, substituted carbene (2.02 and 8.42 eV, respec-
tively) are the highest, showing that such species are the
most electrophilic of the studied carbenes. The results
obtained from IP values for CH50, NH, and NO, sub-
stituents are consistent with those of EA values. The
compilation of the calculated EA and IP values of these
carbenes can be seen in Fig. 3.

The values of electrophilicity index of nucleophilic 1,3-
diarylimidazol-2-ylidenes (2) range from 1.48 eV for
X = CH;0 group to 1.70 eV for X = OH (Table 4). High
n-electron-releasing and low o-withdrawing effect of
X =CH;0 and X =NH, (0w =149 eV, u=—3.16 eV)
make the corresponding carbenes to be the most nucle-
ophilic of these NHCs (2); electrophilic carbenes, show
higher o values from 3.13 eV for X = CHO to 4.25 eV for
X = NOs,. It should be noted that for X = NO, the carbene
is predicted to be the most electrophilic species, displaying

A. Shiri et al.
Nucleophilicity »
2 NO, @
CHO
o
> CN ®
Q 1
N B
Br 2
cle® =
0 F OH §‘
H® cie © NH, ® e
OCH; M
-1
9 6
IP/eV

Fig. 3 Calculated IP and EA of NHC 2 at the B3LYP/6-3114+4+G""
basis set

the highest p and AN, values (— 5.22 eV and 0.81 e,
respectively). Inspection of w values of halogenated spe-
cies indicates that these carbenes have almost similar
philicity index with AN,,,, values around 0.50 e.

Differential orbital energy predicts that NH, substituted
1,3-diarylimidazol-2-ylidene acts as a nucleophile because
Aey is always smaller than Agg (Table 5). When X = H, F,
Cl, Br, CN, and CHO the corresponding carbenes may
behave as ambiphile. The carbene with NO, as substituent
has electrophilic character toward all indicated alkenes.

Ignoring some deviations, carbenes 2 with m-donating
groups have the great AEs_t and therefore, the high-sta-
bility (Table 6). The NH, substituted carbene 2a with the
highest values of AEj, and AEpy (44539 and
— 99.87 kJ/mol, respectively) is the most stable of all these
species.

In this series, 2b and 2f (AEy_; = 5.3 eV) are the most
kinetically stable carbenes and 2Kk, in all aspects, has both
the lowest thermodynamic and kinetic stability.

Table 4 DFT parameters,

philicity values of 1,3- Entry X Carbene IP/eV EA/eV ueV n/eV wl/eV NleV AN pax

diarylimidazol-2-ylidene 2 1 NH, 2a 6.53 ~020 —316 672 149 400 047
2 OH 2b 7.20 —0.14 — 353 7.34 1.70 3.47 0.48
3 OCHj; 2c 7.00 —0.38 — 3.31 7.38 1.48 3.61 0.45
4 CH; 2d 7.41 —0.24 — 3.58 7.64 1.68 3.44 0.47
5 H* 2e 7.76 - 0.17 —3.79 7.94 1.81 332 0.47
6 F 2f 7.85 — 0.01 —3.92 7.86 1.95 3.09 0.50
7 Cl 2g 7.79 0.24 —4.01 7.56 2.13 3.02 0.53
8 Br 2h 7.73 0.29 —4.01 7.44 2.16 3.01 0.54
9 CHO 2i 8.07 1.30 — 4.68 6.76 324 2.53 0.69
10 CN 2j 8.42 1.14 — 4.77 7.28 3.13 2.72 0.65
11 NO, 2k 8.42 2.02 — 522 6.40 4.25 2.39 0.81

w =1.27 eV [35]
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Table 5 Differential orbital energies for carbene/alkene addition 1,3-diarylimidazol-2-ylidene 2

X Alkene and differential orbital energies/eV

Aep Aey Aep Aey Aep Aey Aep Aey Aep Agy Aeg Aey

NH, 5.69 5.22 593 5.25 6.34 5.24 6.22 5.39 7.40 3.79 7.76 3.47
OH 5.44 5.75 5.68 5.78 6.09 5.77 5.97 5.92 7.15 4.32 7.51 4.00
OCH; 5.54 5.61 5.78 5.64 6.19 5.63 6.07 5.78 7.25 4.18 7.61 3.86
CH; 5.37 5.78 5.61 5.81 6.02 5.80 5.90 5.95 7.08 4.35 7.44 4.03
H 522 5.90 5.46 5.93 5.87 5.92 5.75 6.07 6.93 4.47 7.29 4.15
F 5.09 6.13 5.33 6.16 5.74 6.15 5.62 6.30 6.80 4.70 7.16 4.38
Cl 4.86 6.20 5.10 6.23 5.51 6.22 5.39 6.37 6.57 4.77 6.93 4.45
Br 4.82 6.21 5.06 6.24 5.47 6.23 5.35 6.38 6.53 4.78 6.89 4.46
CHO 3.74 6.50 3.98 6.53 4.39 6.52 4.27 6.67 5.45 5.07 5.81 4.75
CN 3.90 6.69 4.14 6.72 4.55 6.71 443 6.86 5.61 5.26 5.97 4.94
NO, 3.03 6.83 3.27 6.86 3.68 6.85 3.56 7.00 4.74 5.40 5.10 5.08

Table 6 Thermodynamic stability factors in kJ/mol and AEy . in eV
of carbenes 2

Entry X Carbene AEs 1 AE;, AEpyq AEy 1,
1 NH, 2a 309.6  445.39 —99.87 5.0
2 OH 2b 3109 44258 — 10259 53
3 OCH; 2c 3104 44242 —10280 5.2
4 CH; 2d 308.8 43325 —112.01 52
5 H 2e 301.7 429.03 —116.19 52
6 F 2f 305.8 43488 — 11037 53
7 Cl 2¢g 300.8 429.19 —116.06 5.1
8 Br 2h 299.6 42748 —117.78 5.1
9 CHO  2i 279.1 40949 — 13577 43
10 CN 2j 286.2 41329 — 13196 4.7
11 NO, 2k 2740 40597 — 13928 39

The selected geometrical parameters of singlet and tri-
plet states of these carbenes are given in Table S2 of the
Supplementary Material.

Conclusion

If one desires to compare the nucleophilicity and stability
of carbene species 1 and 2, he/she will find that in the case
of NHCs 1, the carbene 1d has the highest nucleophilicity
and thermodynamic stability considering all calculated
scales, which may be attributed to the +I effect and the
positive hyperconjugation of CHj; in addition, 1k has the
highest electrophilicity in these carbenes. As regards

carbenes series 2, 2a (due to its + R) has the highest
nucleophilicity and thermodynamic stability, and 2k has
the highest electrophilicity and the least stability.

As has been stated by Nyulaszi, the synthesis of those
carbenes with AFE;, greater than 377 kJ/mol would be fea-
sible. Accordingly, all investigated aryl substituted carbenes
may be prepared in laboratory. This feasibility may also be
pertained only to those carbenes of series 1 with electron
donating substituents having AFE;,, > 377 kJ/mol. In all
NHCs 2, (with electron donating or electron withdrawing
groups) resonance is established. Nucleophilicities of car-
benes 2, to some extent, are greater than those of carbenes 1,
probably due to the presence of phenyl-moiety.

Theoretical and computational details

Density functional theory was used to fully optimize all
molecules and calculate single point energy of neutral,
anion and cation of carbenes without any symmetry con-
straint at B3LYP level of theory with 6-311+4G** basis
set using Spartan’ 10 program [35]. All the structures of
1,3-disubstituted imidazol-2-ylidene were determined to be
at their minimum by applying real frequency calculations.
Chemical potential u, chemical hardness 7, and the addi-
tional electronic charge AN, were obtained using the
following equations [28]:

u=—(IP+EA)/2, (5)

n=1IP — EA, (6)
__H

A]Vmax - n . (7)
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It should be noted that tetracyanoethylene was chosen as
the reference for calculating nucleophilicity, N =

Enomou) — Enomo(reng) [40].

Acknowledgements The authors gratefully acknowledge the financial
support for this work from the Research Council of Malayer and Bu-
Ali Sina University, Iran.

References

1. Bourissou D, Guerret O, Gabba FP, Bertrand G (2000) Chem Rev
100:39

2. Moss RA (1980) Acc Chem Res 13:58

3. Sander W, Kotting E, Hubert R (2000) J Phys Org Chem 13:561

4. Arduengo AJ, Harlow RL, Kline M (1991) ] Am Chem Soc
113:361

5. Hopkinson MN, Richter C, Schedler M, Glorius F (2014) Nature
510:485

6. Hahn FE, Jahnke MC (2008) Angew Chem Int Ed 47:3122

7. Diez-Gonzalez S, Nolan SP (2007) Coord Chem Rev 251:874

8. Nolan SP (2006) N-Heterocyclic carbene in synthesis. Wiley-
VCH Verlag, Weinheim

9. Nolan SP (2014) Effective tools for organometallic synthesis
N-heterocyclic carbenes. Wiley-VCH Verlag, Weinheim

10. Glorius F (2007) N-Heterocyclic carbenes in transition metal
catalysis. Springer, Berlin

11. Visbal R, Gimeno MC (2014) Chem Soc Rev 43:3551

12. Mercs L, Albrecht M (2010) Chem Soc Rev 39:1903

13. Sen S, Schowner R, Buchmeiser MR (2015) Monatsh Chem
146:1037

14. Meret M, Maj AM, Demonceau A, Delaude L (2015) Monatsh
Chem 146:1099

15. Pore DM, Gaikwad DS, Patil JD (2013) Monatsh Chem 144:1355

16. Oisaki K, Li Q, Furukawa H, Czaja AU, Yaghi OMA (2010) J
Am Chem Soc 132:9262

17. Boydston AJ, Williams KA, Bielawski CW (2005) J Am Chem
Soc 127:12496

@ Springer

18.

19.

20.

21.
22.

23.

24.
25.

26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.
40.

Hindi KM, Panzner MJ, Tessier CA, Cannon CL, Youngs W
(2009) J Chem Rev 109:3859

Dogan 0, Kaloglu N, Demir S, Ozdemir I, Giinal S, Ozdemir |
(2013) Monatsh Chem 144:313

Hickey JL, Ruhayel RA, Barnard PJ, Baker MV, Berners-Price
SJ, Filipovska A (2008) J Am Chem Soc 130:12570

Su M-D, Chuang C-C (2013) Theor Chem Acc 132:1360
Toro-Labbé A (2007) Theoretical aspects of chemical reactivity.
Elsevier, New York

Bertrand G (2003) Carbene chemistry. Marcel Dekker Inc, New
York

Moss RA (1989) Acc Chem Res 22:15

Zittel PF, Ellison GB, Oneil SV, Herbst E, Lineberger WC,
Rrinhardt WP (1976) ] Am Chem Soc 98:3731

Schwartz RL, Davico GE, Ramond TM, Lineberger WC (1999) J
Phys Chem A 103:8213

Gilles MK, Lineberger WC, Ervin KM (1993) J] Am Chem Soc
115:1031

Parr RG, Szentpaly LV, Liu S (1999) ] Am Chem Soc 121:1922
Perez P (2003) J Phys Chem A 107:522

Borpuzari MP, Guha AK, Kar R (2015) Struct Chem 26:859
Hammett LP (1940) Physical organic chemistry. McGraw-Hill,
New York

Hammett LP (1970) Physical organic chemistry, 2nd edn.
McGraw-Hill, New York

Durr H, Nickels H, Pacala LA, Jones M Jr (1980) J Org Chem
45:973

Murahashi SI, Okumura K, Naota T, Nagase S (1982) J Am
Chem Soc 104:2466

Spartan’ 10 Windows version 1.1.0, Wavefunction, Inc., Irvine,
CA

Kelemen Z, Holloczki O, Olah J, Nyulaszi L (2013) RSC Adv
3:7970

Koohi M, Kassaee MZ, Haerizade BN, Ghavami M, Ashenagar S
(2015) J Phys Org Chem 28:514

Nyulaszi L, Veszprémi T, Forré A (2000) Phys Chem Chem Phys
2:3127

Aihara J (1999) J Phys Chem A 103:7487 (and references therein)
Domingo LR, Chamorro E, Pérez P (2008) J Org Chem 73:4615



	Substitution effects on 1,3-disubstituted imidazol-2-ylidenes and 1,3-diarylimidazol-2-ylidenes revisited: a theoretical study at DFT level
	Abstract
	Graphical abstract
	Introduction
	Results and discussion
	1,3-Disubstituted imidazol-2-ylidenes (1)
	1,3-Diarylimidazol-2-ylidenes (2)

	Conclusion
	Theoretical and computational details

	Acknowledgements
	References




