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DFT calculations are employed to compare and contrast six-membered ring carbenes including 1,3-di-
methyltetrahydropyrimidin-2-ylidene (1a), 1-methyl-3-cyclopropyltetrahydropyridine-2-ylidene (2a),
and 1,3-dicyclopropylcyclohexane-2-ylidene (3a) as well as their unsaturated analogues 1b, 2b, 3b, and
2c. The amino groups exert singlet—triplet energy separation (AEs_¢) of 60.9 kcal/mol to 1a while cy-

clopropyls induce a AE;_; of 14.8 kcal/mol to 3a. The simultaneous presence of amino and cyclopropyl in
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2a leads to a AEs_; of 43.3 kcal/mol. Unsaturation slightly increases the AE;_; of 1a and 3a but not that of
2a. Our thermodynamic, kinetic, and reactivity results are compared with those of synthetic five-
membered ring N-heterocyclic carbenes.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The electronic structure of carbenes! is affected by the meso-
meric and/or inductive effects of substituents attached to the di-
valent carbon.? Two kinds of substituents, which were mainly
employed in the synthesis of carbenes are amino and alkyls. Due to
the stabilization of the carbene center by the m-electron donating
and o-electron accepting effects of two adjacent amino groups, the
first stable singlet N-heterocyclic carbene (NHC) was synthesized in
1991.2 Since then, the usage of strong m-donor groups has become
a common strategy for the stabilization of singlet carbenes.* How-
ever, through a literature survey, one can find characterization of
asinglet dialkylcarbene prior to the birth of NHCs. In 1989, Ammann
et al. reported the spectroscopic characterization of dicyclopropyl
carbene generated from the irradiation of dicyclopropyldiazirine in
a matrix of Ny at 6 K.> This singlet carbene is stabilized via the in-
teraction of the occupied Walsh orbitals with the empty carbene p
orbital.>~® However, in comparison with the interaction of amino
lone pair with the carbene center in NHCs, the cyclopropyl group can
logically be considered as a weak m-electron donor group. On the
other hand, the studies of Bertrand et al. on cyclic amino-
alkylcarbenes (CAAC) showed that only one amino group is suffi-
cient for the stabilization of a singlet carbene center.” Also, applying
bulky substituents, such as cyclohexyl group at the o position of the
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carbene center provides compounds with stabilities comparable to
those of common NHCs. Our recent computational study showed
that replacing the cyclopropyl by cyclohexyl in the routine CAACs
engenders singlet state with higher stabilization.!® This creates
a unique combination between two distinct m-electron donor
groups, a strong amino group on one side and a weak cyclopropyl
group on the other, that prompted us to design a study, which covers
diaminocarbenes, aminocyclopropyl carbenes, and dicyclopro-
pylcarbenes. On the other hand, due to the importance of the di-
valent angle in the determining of multiplicity and stability of
carbenes, 12 it is valuable to pay more attention to carbenes with
ring sizes other than typical five-membered ones.!> Hence, the six-
membered 1,3-dimethyltetrahydropyrimidin-2-ylidene (1a) ring,
synthesized by Bertrand et al.,'> is selected as the parent dia-
minocarbene and extended to the corresponding aminocyclopropyl
and dicyclopropylcarbenes (2a, 3a, 1b, 2b, 3b, and 2c¢) (Scheme 1).
The thermodynamic and kinetic stabilities as well as reactivities
of the species will be discussed through appropriate criteria using
DFT calculations. A brief comparison is also made among these re-
sults with those of some stable synthesized NHCs A—E (Scheme 2).

2. Computational methods

Full geometry optimizations are accomplished without any
symmetry constraints using hybrid functional B3LYP'4~16 and the
6-31+G+ basis set, employing the Gaussian 98 code.!” The applied
basis set is comprised of Pople’s well known 6-31G+ basis set'8!?
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and an extra plus due to the importance of diffuse functions.?%?! To

obtain more accurate energetic data, single point calculations are
performed at B3LYP/AUG-cc-pVTZ.?? Vibrational frequencies are
calculated to establish the nature of obtained stationary points as
true minima.?> Also, the NBO?* population analysis on optimized
structures is accomplished at B3LYP/6-311++Gx**.

The nucleophilicity index, N, which was recently introduced by
Domingo et al.? is calculated as N=Enomo(nu)—EHomo(teng), Where
tetracyano ethylene (TCNE) is chosen as the reference. The global
electrophilicity, w,%® is also calculated following the expression, w=
(#%/27), where p is the chemical potential (u=(Enomo+ELumo)/2)
and 7 is the chemical hardness (9=Erumo—Enomo)-

3. Results and discussion

1,3-Dimethyltetrahydropyrimidin-2-ylidene (1a), 1-methyl-3-
cyclopropyltetrahydropyridine-2-ylidene (2a), and 1,3-dicyclo-
propyl cyclohexan-2-ylidene (3a) (Scheme 1) are selected as the
representative carbenes to compare and contrast thermodynamic
and kinetic stabilities as well as reactivities of these species. The
same discussions is also made among their corresponding un-
saturated counterparts (1b, 2b, 3b, and 2c).

3.1. Thermodynamics

3.1.1. Singlet—triplet energy separations through optimized geo-
metries. The first carbene structures studied are diaminocarbenes
1a and 1b. A typical tetrahydropyrimidine shows a chair confor-
mation, N—C bonds of 1.457 A (Ren), N—C—N angle of 111.89° («) and
pyramidalization angle (7, Table 1)?8 of 25.57°. Singlet (s) and triplet
(t) states of 1a, carbenes derived from tetrahydropyrimidine, have
two adjacent amino groups, which are well known for significant
singlet state stabilization through m-donating/c-accepting in-
teractions (Scheme 3).

Like tetrahydropyrimidine, the optimized structure of 1a(t) is
a chair conformation with a plane of symmetry bisecting the

Table 1
The principal geometry parameters of the singlet (s) and triplet (t) carbenes at
B3LYP/6-31+G+ (for abbreviations see Scheme 2)

Structure Symmetry Rens Ree a ye
1a(s) C, 1.351 115.84 0
1a(t) Cy 1.393 120.45 19.83
1b(s)* Cs 1.358 (1.360) 114.61 0 (0)
1b(t)? G 1.378 (1.389) 118.76 8.24 (0)
2a(s) G 1.321, 1.483 115.66 0
2a(t) G 1.383, 1.464 122.27 14.93
2b(s) G 1.334, 1472 115.50 0
2b(t) G 1.378, 1.462 123.07 1.90
2¢(s) G 1332, 1477 114.88 0
2¢(t) G 1362, 1.458 124.05 1.80
3a(s) Cs 1.448 115.59

3a(t) Cs 1.455 126.55

3b(s)° Cs 1.445 (1.446) 115.15

3b(t) G 1.451 (1.452) 127.77

2 Two different nitrogens lead to two different values for Rcy and .
b Two different cyclopropyls lead to two different values for Rec.
¢ Based on Alder’s definition ‘the pyramidalization on nitrogen is measured as

y=360—(f1+062+03): v=0 indicates a planar nitrogen; the larger v, the more pyr-

amidalized nitrogen’.28
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Scheme 3.

structure. However, the Rcy decreases to 1.393 A (Table 1) in-
dicating partial m-bonding (i.e., triplet stabilization through the
amino group!). It should also be noted that our calculated data on
the N—C bond length (Rcny) and N—C—N divalent angle («) of 1a(s)
are consistent with those in the crystal structure of a comparable
carbene structure, 1,3-diisopropyl-3,4,5,6-tetrahydropyrimid-2-
ylidene in a dimeric form of its potassium complex (Ren=1.345 A,
a=116.3°%9),

The divalent angle of 120.45° is consistent with the nature of
a triplet state. Eventually, the pyramidalization angle y of 1a(t)
reduces to 19.83°. As stated by Alder, the smaller v is, the more
effective nitrogen’s lone pair interaction with the carbene (n— p)
is.28 The geometry of 1a(s) significantly deviates from that of tet-
rahydropyrimidine and adopts a half-chair conformation with
a plane of symmetry, which places two amino groups and the
carbene center in the same plane. Due to the decrease of y to 0°, this
geometry is anticipated to permit the highest possible interaction
of the nitrogen lone pair with the empty carbene p orbital. The
shortening of Rey to 1.351 Ais accompanied with this prediction
and shows the high n— p stabilization (Table 1). The stabilization of
the carbene center by substituents can be revealed through its

Table 2

Calculatedthermodynamic data (in kcal/mol) for the studied carbenes under studied
at B3LYP/AUG-cc-pVTZ//B3LYP/6-31+G* and NBO atomic charges on the singlet and
triplet carbenes at B3LYP/6-311++G++//B3LYP/6-31+G~

Structure AEs_¢ AEgim AEF 1Ccarbene 3Ccarbene
1a 60.9 -13.6 — 0.161 0.360
1b 63.3 -16.0 — 0.188 0.336
2a 433 -36.0 27.2 0.068 0.253
2b 43.1 —-439 22.8 0.090 0.289
2c 40.2 -50.5 18.7 0.088 0.320
3a 14.8 -86.5 9.7 0.002 0.194
3b 17.9 -89.3 6.8,94 0.016 0.214
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more negative or less positive partial atomic charge.3° The lower
positive atomic charge on the carbene center of 1a(s) compared to
the corresponding triplet indicates its stabilization by two amino
groups (0.161 vs 0.360) (Table 2).

In summary, we observe both singlet and triplet stabilization
effects of the amino groups in 1a with a more pronounced effect on
the former. A close investigation of molecular orbitals of 1a(s) re-
veals such interactions in HOMO-1 (HOMO and LUMO indicate the
occupied o and empty p orbitals of singlet carbene center, re-
spectively) (Fig. 1).

HOMO-1

HOMO

(1.383 A vs 1.321 A). This phenomenon is along with the shortening
of Ree (1.464 A vs 1.483 A), due to the lower repulsion of ¢ bonding
orbitals of cyclopropyl compared to nitrogen’s lone pair. Appar-
ently, the absence of an electronegative nitrogen atom induces less
positive atomic charges on the carbene centers of 2a—c. Again
unsaturation increases the atomic charge from 0.068 in 2a to about
0.089 in 2b and 2c. This geometrical data results in the AEs_; of
43.3 kcal/mol for 2a, which is not affected by the unsaturation in
2b. The other possible unsaturated 2c shows Rcy and Rec similar to
those of 2b but with a decreased AE;_ of 40.2 kcal/mol.

LUMO

Fig. 1. The molecular orbitals of 1a(s).

Therefore, these effects lead to the singlet—triplet energy sep-
aration (AEs_(=E—Es) of 60.9 kcal/mol for 1a (Table 2). Trans-
forming 1a to an unsaturated species necessitates introducing one
endocyclic and one exocyclic double bond to the structure, result-
ing in planar 1b (Table 1). The two different Rcy values of 1b(s)
appear longer than those of 1a(s). This may convey the smaller
stabilizing effect of amino groups in the former. The increase of the
carbene atomic charge from 0.161 to 0.188 in 1a(s) to 1b(s) shows
that the stabilizing effect of amino groups slightly decreases under
the effect of unsaturation. This change is alongside the increase of
Ren that was already mentioned (Table 1). It is related to the con-
jugation of nitrogen lone pairs with double bonds, which leads to
the slight decrease in n— p interaction.

The second carbene structures studied are aminocyclopropyl
carbenes 2a, 2b, and 2c. The inclusion of a cyclopropyl substituent
leads to the stabilization of singlet carbenes possibly through the
interaction of occupied Walsh orbital with the empty carbene p
orbital (W— p).® Consistent with this idea, the bond length of 2a(s)
is shorter than a typical single C—C bond (1.483 A vs 1.540 A).
Moreover, this interaction is also observable in the HOMO-2 of 2a(s)
(Fig. 2).

HOMO-1

The third carbene structures in this study are dicyclopro-
pylcarbenes 3a and 3b. It seems that the substitution of two
cyclopropyls at the o position to the carbene center increases the
stabilizing effect of W— p interaction on singlet state (see HOMO-2
in Fig. 3) since the Rcc bond length of 1.483 A in 2a(s) is decreased to
1.448 A in 3a(s) (Table 1).

Also, the lower positive atomic charge on the carbene center of 3a
(s) compared to 3a(t) indicates its stabilization by two cyclopropyl
groups (0.002 vs 0.194) (Table 2). However, the overall stabilizing
effect of two cyclopropyl on the singlet state appears in the AEs_¢ of
14.8 kcal/mol. This moderate stabilization effect is near to that of
characterized acyclic dicyclopropyl carbene (with AEs_=15.4 kcal/
mol at the same level based on our calculations). The R¢c lengths do
not considerably change during unsaturation, but an increase is
observed in the calculated AE;_; of 17.9 kcal/mol for 3b.

3.1.2. Stabilizing effects through isodesmic reactions. Different sta-
bilizing factors are discussed in terms of isodesmic reactions, which
are capable of distinguishing between singlet and triplet states. The
effect of two amino groups on singlet (AE;) and triplet (AE;) carbene
centers of 1a is shown in isodesmic reaction 1 (Scheme 4).

HOMO

Fig. 2. The molecular orbitals of 2a(s).

In the study of bond lengths, Rcy in 2a(s) is shorter than 1a(s) by
0.030 A. It seems that the amino group has a higher stabilizing
effect in the former compared to the latter. Consequently, addition
of the second strong m-donor amino group reduces the stabilizing
effect of the first one in 2a(s) through so-called ‘cross-conjugation’.
Inspecting the HOMO-1 orbitals of 2a(s) and 1a(s) indicates more
intense n— p interaction in the former (Fig. 2).

The electronic repulsion between the nitrogen’s lone pair and
carbene 2p solo electron in 2a(t) leads to the lengthening of Rcy

Confirming the discussions made through geometry parame-
ters, this reaction shows the stabilization of both singlet and triplet
states with a much more pronounced effect on the former. On this
basis, 1a(s) and 1a(t) are stabilized by 65.1 kcal/mol and 2.7 kcal/
mol, respectively. This is in contrast to the suggestion of Nemir-
owski and Schreiner that the classical m-donor/c-acceptor sub-
stituents, such as amino group, stabilize the singlet and destabilize
the triplet states of a carbene.>® Nevertheless, the high structural
similarities in two sides of our isodesmic reactions make them
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HOMO

Fig. 3. The molecular orbitals of 3a(s).
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Scheme 4. The energy values are in kcal/mol.

reliable criteria for analyzing the effects of monoheteroatom
substitutions.

Is the stabilization effect of two amino groups equal to the al-
gebraic summation of one? The isodesmic reaction 2 may provide
an answer to this question. The reaction shows that the n—p in-
teraction of one amino group stabilizes 1a(s) by 42.8 kcal/mol,
which is 10.2 kcal/mol more than half of the stabilizing effect of two
amino groups. It seems that the first n— p interaction occupies the
2p orbital of the carbene center to the extent that it does not permit
the maximum n—p interaction of the second amino group. The
other result from this reaction is the slightly higher stabilization of
one amino group on the triplet state (AE=3.0 kcal/mol).

On the other hand, based on the isodesmic reaction 3, two
cyclopropyl groups demonstrate stabilizing energy of 22.8 kcal/mol
in 3a(s), which is significant for two alkyl groups. It seems that the
presence of the second cyclopropyl enhances the stabilizing effect of
the first one as in the case of W— p interaction. This phenomenon is
repeated for 3a(t), which is not affected with one cyclopropyl but is
stabilized by 6.5 kcal/mol with two cyclopropyls. The simultaneous
presence of one amino and one cyclopropyl exerts 47.9 kcal/mol
stabilization to 2b(s) (isodesmic reaction 5). Because the summation
of AE; values of isodesmic reactions 2 and 4 equals 51.4 kcal/mol, it
can be said that the presence of the amino group reduces the sta-
bilizing effect of the cyclopropyl group by about 3.5 kcal/mol.

Based on these isodesmic reactions, we conclude that in the
stabilization of a carbene center of a six-membered ring, two strong
m-donor amino groups weaken each other but two weak m-donor
cyclopropyls fortify each other. On the other hand, the simulta-
neous presence of both amino and cyclopropyl groups leads to
a decrease of the stabilizing effect of cyclopropyl.

3.2. Kinetics

3.2.1. Dimerization. Dimerization has been considered as one of the
fundamental aspects of carbene behavior. In the classic di-
merization mechanism for singlet carbenes, the filled ¢ orbital of
each carbene is anticipated to interact with the empty p orbital on
the other! Recently, Alder et al. have shown that most dia-
minocarbenes dimerize through proton-catalyzed or possibly
metal-ion-catalyzed routes.’> Hence, they have concluded that in
the absence of appropriate catalyst several diaminocarbenes in-
cluding 1a do not dimerize within a reasonable time frame at
ambient temperature in THF. This is in accord with the CGMT model
where doubly bonded dimers are expected to be formed only when
the sum of the AE;_ values of two interacting carbenes (>"AEs_¢) is
smaller than the corresponding double bond energy (expressed
based on AEgin, values).3? The STAE;_ values for diaminocarbenes
1a and 1b are multiple times of the double bond energies (121.8 vs
13.6 and 126.6 vs 16.0 kcal/mol, respectively), which strongly re-
duces the probability of dimerization (Table 2).

In comparison, the double bonds of the dimers of amino-
cyclopropyl carbenes are stronger than those of diaminocarbenes
due to the higher exothermicity of their dimerizations. The strongest
double bond of aminocyclopropyl carbenes belongs to the dimer of
2c¢ (with AEgim=—50.5 kcal/mol) (Table 2). However, the calculated
S"AE_¢ for 2¢ is 80.4 kcal/mol, which appears to be 29.9 kcal/mol
larger than the corresponding double bond energy, which indicates
that this carbene does not dimerize. In contrast, the > AE_values of
3aand 3b (29.6 and 35.8 kcal/mol, respectively) are smaller than the
corresponding double bond energies (about 87.9 kcal/mol), there-
fore these carbenes could theoretically dimerize.
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3.2.2. Kinetic stability through 1,2-C shifts. Cyclopropyl carbene is
one of the few carbenes, which prefer a 1,2-C shift over a 1,2-H
shift.”® Hence, from a kinetic viewpoint, the most probable rear-
rangement affect the stability of the singlet syn cyclopropylcarbenes
is the ring expansion to the corresponding cyclobutenes. The energy
barrier (AE?) of such a rearrangement for cyclopropylcarbene, based
on our calculations, is calculated to be 4.1 kcal/mol, which is lower
than 5.0 kcal/mol reported by Shevline and McKee at HF/6-31G level
of theory.? Interestingly, in the presence of the amino group in 2a
this barrier is increased to the value of 27.2 kcal/mol (Table 2). This is
due to the n—p interaction, which partially occupies the empty
carbene 2p orbital and prevents the attack of C—C ¢ bond. As men-
tioned earlier, unsaturation decreases the n—p interaction and
hence is anticipated to decrease the energy barrier for 1,2-C shift.
However, 2b and 2c still show AE’s of 22.8 and 18.7 kcal/mol, re-
spectively (Table 2).

On the other hand, substitution of the second cyclopropyl in-
creases AE' value from 4.1 kcal/mol for cyclopropylcarbene to
9.7 kcal/mol for 3a due to the concurrent W— p interaction. The
calculated barriers for ring opening of two cyclopropyl groups ap-
pear different in 3b due to the unsaturation. Here, we are again
encountering with an increase of AE* value to 6.8 kcal/mol (for the
cyclopropyl by the exo double bond) and 9.4 kcal/mol (for the
cyclopropyl by the endo double bond).

3.2.3. Reactivity in terms of nucleophilicity, electrophilicity, and
proton affinity. The excellent o-donating property of NHCs makes
them suitable ligands for transition metals in organometallic syn-
thesis.>> The same effect of amino alkylcarbenes® encourages the
investigation of the nucleophilicity and the electrophilicity of these
carbenes (1a, 2a, 3a, 1b, 2b, 3b, and 2c). On the other hand, the
basicity of NHCs and the acidity of the corresponding imidazolium
salts have been studied by several groups.>*~3’ The gas-phase
proton affinity of carbenes (PA, the negative of the enthalpies of
their protonation reactions) is an accepted criterion to discuss the
basicity of carbenes.>® Hence, both the nucleophilicity (N) and the
global electrophilicity (w) indices as well as the PAs for the singlet
ground state divalent species are calculated at B3LYP/6-311++G**//
B3LYP/6-31+G* level to reach a better understanding of their re-
activities (Table 3). To find a practical comparison, the same data for
some synthesized NHCs are also presented.

From saturated diaminocarbenes to dicyclopropylcarbenes
a slight increase in the nucleophilicities is observed with the highest
nucleophilicity for 3a (N=4.41 au). This can be attributed to the lower
electronegativity of the cyclopropyl groups compared to amino
groups. On the other hand, unsaturation decreases the nucleophi-
licity of all carbenes and among them, the highest nucleophilicity
value is observed for dicyclopropyl carbene 3b (4.12 au). While 1aand

Table 3

The nucleophilicity (N) and the global electrophilicity (w) indices and proton affinity
(PA) for the singlet states of all the scrutinized carbenes compared to the synthe-
sized NHCs A—E

Structure  HOMO (au) LUMO (au) AEpomo-rumo N (eV) w(eV) PA

1a —0.19326 —0.01498 1119 4.20 0.83 278.58
1b -0.20114 —0.03294 105.5 3.99 1.11 267.04
2a —0.18635 —0.01434 107.9 4.39 0.80 279.33
2b —0.20141 —0.04571 97.7 3.98 1.33 273.15
2c —0.20218 —0.05515 923 3.96 1.53 273.82
3a —0.18541 —0.05161 84.0 4.41 143 280.06
3b —0.19631 —0.05962 85.8 4.12 1.63 276.28
A —0.21693 —0.00817 131.00 3.56 0.83 267.98
B —0.20902 —0.01098  124.27 3.77 0.83 276.33
C —0.22738 —0.03619 119.97 3.27 1.24 270.59
D —0.23188 —0.02357 130.71 3.15 1.07 256.74
E —0.23474 —0.04272  120.49 3.07 1.36 259.99

2a show similar electrophilicities of about 0.81 au, this increases to
1.43 au for 3a. Due to the increase of electrophilicity through unsa-
turation, 3b is the most electrophilic species (with w=1.63 au). Sub-
sequently, it is found that changing from diamino to dicyclopro
pylcarbenes there is no considerable difference in basicity.
Generally, compared to NHCs A—E, our studied carbenes show
higher nucleophilicities and electrophilicities. This phenomenon
could be related to the smaller divalent angle of the five-membered
rings compared to the six-membered ones (about 10°), which en-
hances the p character of the bonding sp? orbitals but the s char-
acter of the nonbonding o orbital. The calculated PAs for our
carbenes resemble to those of common NHCs A—E (Table 3).

4. Conclusion

AE,_ values of 60.9, 43.3, and 14.8 kcal/mol are calculated for
amino and cyclopropyl substituted six-membered ring carbenes 1a,
2a, and 3a, respectively, at B3LYP/AUG-cc-pVTZ//B3LYP/6-31+G*
levels of theory. Appropriate isodesmic reactions show that the AE;_¢
values are results of the stabilization of both singlet and triplet state
carbenes due to the substituents. Two strong w-donor amino groups
have stabilizing effect of 65.1 kcal/mol on 1a(s) while the effect of one
amino group is 42.8 kcal/mol. On the other hand, two weak t-donor
cyclopropyls stabilize 3a(s) by 22.8 kcal/mol while the effect of one
cyclopropyl is 8.6 kcal/mol. The amino group considerably increases
the energy barrier for 1,2-C shift leading to opening of the cyclo-
propyl. The energy barrier for this shift is 27.2 kcal/mol in 2a and
9.7 kcal/mol in 3a. Based on the CGMT model, it is shown that the
saturated and unsaturated diamino- and aminocyclopropyl carbenes
are unlikely to undergo dimerization. Six-membered ring saturated
14, 2a, and 3a are more nucleophilic than common five-membered
ring NHCs with N values of about 4.33 au. Our carbenes seem to be as
basic as the common NHCs considering their similar PAs.
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