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ABSTRACT: Several possible reaction pathways are analyzed
for the recently studied experimental reaction of diaminocar-
benes with aroylimines, where the carbene acted as an oxygen-
abstracting agent. A number of structures corresponding to
local minima and transition states are located by geometry
optimization. In contrast to the more recent interpretation of
the mechanism of this process, the reaction does not proceed
via the direct formation of the corresponding carbonyl ylide
resulted from the electrophilic addition of diaminocarbene to
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the carbonyl oxygen atom. Two other, more favorable pathways were predicted instead: the nucleophilic attack of the carbene
lone pair on the imino nitrogen (pathway “a”) or on the carbon atom in the C=N moiety of aroylimine (pathway “b”), in
agreement with predictions of the frontier molecular orbital (FMO) theory. Both intermediate adducts undergo a subsequent
decomposition onto nitrile ylide and urea. Which of the two pathways becomes preferential depends on the nature of the
substituents: pathway “a” is more favored for the experimentally studied species, whereas pathway “b” is thermodynamically

preferable for the small-sized model structures.

B INTRODUCTION

Unique chemical properties of carbenes have provided their
wide application in synthetic organic chemistry as reagents and
versatile ligands for preparing efficient metal complex
catalysts.'™® In recent years, nucleophilic N-heterocyclic
carbenes (NHCs) have also been widely used as catalysts of
different chemical reactions,” > in particular, for syntheses
using carbonyl compounds as starting materials.**">® The
energy profiles of the benzoin condensation for the reactions
catalyzed by imidazol-2-ylidene, triazol-S-ylidene, and thiazol-2-
ylidene have been investigated theoretically by Nyulaszi et al.*”
It is also known that the reaction of carbonyl compounds with
electrophilic carbenes leads to an intermediate formation of
carbonyl ylides,>®*” which are very reactive species and quickly
undergo further transformations, for example, participate in 1,3-
dipolar addition.** The electronic structure of carbonyl ylides
and their reactivity have been investigated theoretically.*' Even
less is known about the reactions of carbonyl compounds with
nucleophilic carbenes, which demonstrate quite different
reactivity.*~>* For example, in the reaction with fumaric acid
dimethyl ester, 1,34-triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-
ylidene joined to the carbon atom in a-position to the carbonyl
moiety forming the carbon—carbon double bond.**** The
same carbene reacted with acetylendicarbonic acid dimethyl
ester at the a-position yielding an adduct in a 1:2 ratio.* The
imidazol-2-ylidene in the reaction with halides of carboxylic
acids nucleophilically substituted halogens,45 whereas in
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reactions with S-bromo- or $5,5-dibromo-derivatives of 2,2-
dimethyl-[1,3]dioxane-4,6-dione it behaved as a proton- or
brom-abstracting agent.** In 2007 Polyakov and Shevchenko
reported on the insertion of Alder’s bis(diisopropylamino)-
carbene into the O—(CO) bond of phthalic anhydride,*’ and
Jeong et al. introduced 1,3-bis(2,4,6-trimethylphenyl)-4,5-
dihydroimidazol-2-ylidene in a similar reaction with fj-
propionic lactone.”> Finally, several examples are known
regarding forming stable products from the direct nucleophilic
addition of carbenes to carbons of the ketone carbonyl
groups.so’54

Recently, some of us have reported on a quite unusual type
of carbene reactivity.”>*° In the reaction with aroylimines 2a,b,
diaminocarbene 1la acts as the oxygen-abstracting agent
(Scheme 1, top). Presumably, the nitrile ylide 4a is formed
intermediately and then it reacts with the second mole of
diaminocarbene (Scheme 1, bottom) yielding product Sa, or
undergoes some side chemical transformations. The mecha-
nism proposed for the formation of 4a has included a formation
of carbonyl ylide,*>*” but electrophilic reactivity is still hitherto
unknown for Alder’s diaminocarbenes. A thorough theoretical
study might provide a proper understanding of the reaction
pathway and a prospective expansion of the synthetic usage of
the nucleophilic carbenes.
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Scheme 1. Reaction of Diaminocarbene la with Aroylimines 2a,b
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The main aim of the current work is to elucidate the
mechanism of the reaction of diaminocarbenes with aroylimines
by studying its potential energy surface (PES). As the reaction
was carried out experimentally in less polar benzene, the gas-
phase approximation used for quantum chemical calculations is
quite acceptable.

B CALCULATION DETAILS

All the structures corresponding to the energy local minima were fully
optimized without symmetry constraints using the GAUSSIAN-09
program set®® at the M06-2X/6-311++G** approximation level.**~¢'
Vibration frequencies were calculated analytically. No imaginary
vibrations for the local minima were found, yet one imaginary
vibration for the transition state structures was. The relaxed potential
energy surface scans along the reaction coordinates were carried out
using the BP86 DFT functional®®® in combination with the smaller 6-
31G* basis sets.** " The loose geometry convergence criterion and
middle integration grid were used for higher performance. All the
transition state (TS) structures were then located at the BP86/6-311+
+G** approximation level using the structures, corresponding to
energy maxima at the reaction coordinate, as starting geometries. First,
the force constants were calculated for these structures at the BP86/6-
31G* level of theory, and then the optimization routine was continued
using the larger 6-311++G** standard basis set and the option
Opt=(ReadFC,TS). The tight optimization convergence criteria and
fine grid (Int=UltraFine) were used for the final stage of calculations.
The transition state structures were then reoptimized at the M06-2X/
6-311++G** level of theory.

The NBO®~"° program implemented into the GAUSSIAN-09 set
of program was used for calculations of atomic charges. The Jmol”*
program was used for the graphical presentation of the optimized
structures. Molecular orbitals were derived using the gOpenMol”
program from the density matrix generated at the HF/6-31G* level of
theory using the equilibrium structures optimized at the M06-2X/6-
311++G** approximation level.

B RESULTS AND DISCUSSION

The reaction pathways can often be g)redicted using the frontier
molecular orbital (FMO) theory.”> The highest occupied
molecular orbital (HOMO) of the model bis(dimethylamino)-
carbene 1c (Figure 1) is mainly the carbenic lone pair (E"OM©
= —8.11 eV), and the lowest unoccupied molecular orbital
(LUMO) is the p-orbital at C*®, the methylidene carbon atom
(E""™© = 595 eV), which agrees well with the previous
theoretical study.74 In turn, the antibonding LUMO of the
model aroylimine 2c, localized mainly at the N=C moiety, is
significantly lower in energy (2.08 eV) than the LUMO in lc
and, hence, can efficiently interact with the HOMO of carbene.
The HOMO of aroylimine 2¢ mainly includes the oxygen and
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Figure 1. gOpenMol plot of the frontier molecular orbitals (RHF/6-
31G*//M06-2X/6-311++G**) for 1c and 2c with corresponding
orbital energies.

nitrogen lone pairs. It lies deeply in energy (E"OM° = —12.14
eV) and will interact less effectively with the high-lying LUMO
of 1lc. Thus, the qualitative FMO analysis predicts the
nucleophilic behavior for diaminocarbene 1c in the reaction
of interest, whereas the alternative electrophilic attack seems to
be less probable. Nevertheless, a comprehensive analysis of the
potential energy surface (PES) for these different reaction
pathways is necessary to properly understand the reaction
mechanism.

For reasons of clarity, let us begin with the analysis from the
reaction pathways, which refer to the behavior of the carbonyl
compounds in related reactions and do not match the
conclusions based on the FMO approach. The first reaction
pathway is the nucleophilic attack of bis(diisopropylamino)-
carbene 1la on the electron-poor carbonyl carbon in 2a
(Scheme 2, top), resulting in adduct 6a. This interaction
would be similar to the first stage of the carbene-catalyzed
benzoin condensation.’” However, geometry optimization
starting from adduct 6a results in oxirane structure 7a (Figure
2). Similar reactivity was predicted recently for the aroylimines
in the reaction with phosphorus(III) nucleophiles.”® However,
7a is even less stable than the separate starting molecules, la
and 2a (AG = +18.4 kcal/mol). In turn, 6a can only be located
as the transition state (TS) structure with high activation
energy (AG = +49.0 kcal/mol). The next TS structure 8a is
related to the C—C bond dissociation in the oxirane ring in 7a.
It proceeds via an intermediate formation of the corresponding
carbonyl ylide 10a (Figure 2), which is the local minimum in
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Scheme 2. Two Less Probable Mechanisms of the Reaction of 1 with 2
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Figure 2. Jmol plots of the optimized structures 7a (left) and 10a (right). Color code here and in the following Figures: C in gray, H in white, N in
blue, O in red, and F in green.

Scheme 3. Nucleophilic Addition of Carbenes 1 to Aroylimines 2 at Imino-nitrogen
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energy (AG = —7.8 kcal/mol). The calculated activation energy favorable conformations of 1a and 2a, whereas 7a’ (AG = —1.0
values for 8a relative to starting compounds la and 2a (AG = kcal/mol relative to 7a) and 7a” (AG = —7.2 kcal/mol) are the
+24.7 keal/mol) are approximately 6 kcal/mol higher than the conformational isomers of 7a. They can be formed via rotation

energy values predicted for 7a. As our calculations indicate,
during the next stage carbonyl ylide 10a (Figure 2) easily
decomposes into 3a and nitrile ylide 4a via TS 16a (vide infra,
Figure SI in the Supporting Information) with a low activation
energy (AG = +4.5 kcal/mol relative to 10a).

It is worthy to note that other conformations of 7a and 10a

of i-Pr group(s) in adduct 7a or in the source carbene 1la,
before the reaction. Similarly, 10a’ is significantly more stable
than 10a (by 6.1 kcal/mol) and can be formed as the last
intermediate preceding the final stage of decomposition into 3a
and 4a, whereas 10a” is slightly less favored than 10a’ (by 1.6

have also been located by geometry optimization (see the kcal/mol). However, such isomerization represents a side
Supporting Information, structures 7a’, 10a’ and 7a”, 10a”). process and it should be considered independently from the
However, 7a arises directly from the reaction between the most formations of the adducts studied here.
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Figure 3. Jmol plots of the optimized model structures 12c (left) and 13c (right).

Scheme 4. Detailed Description of Transformation of 12¢ to 3¢ and 4c
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An alternative reaction pathway (Scheme 2, bottom) is based
on the previously suggested electrophilic behavior of
diaminocarbene:>>” the lone pair on the carbonyl oxygen in
2a nucleophilically attacks the vacant p-orbital of carbene 1a
forming 10a. However, the high activation energy predicted for
the corresponding TS 9a (AG = +37.9 kcal/mol) is in
contradiction with the previously studied reactions, sponta-
neously ];roceeding in the experiment at room temper-
ature. >3

Therefore, two other, FMO-controlled reaction pathways
should be considered instead. As already noticed above, in the
model aroylimine 2¢, the atomic orbitals of the carbon and
nitrogen atoms in the C=N moiety contribute most strongly
into the LUMO. Hence, both of these atoms can serve as
electrophilic attractors in the reaction with diaminocarbenes.
The nucleophilic attack on the imino-nitrogen in 2a provides
substituted guanidine 12a as the first intermediate, which was
located as the true local minimum in energy. The following
transformations of 12a result in the direct formation of urea 3a
and nitrile ylide 4a (Scheme 3). In the experiment,
intermediately formed 4a reacts with the second mole of la
yielding Sa (Scheme 1). Our calculations predict that the latter
stage is strongly exergonic (AG —43.0 kcal/mol) and
probably can serve as the energy source for the previous, less
favored processes. To make the reaction pathway more
transparent and to avoid the conformational ambiguity
mentioned above, we have studied it for the simpler model
species. The relaxed potential energy surface scans along the
reaction coordinate by using the parent diaminocarbene
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H,N—C(:)-NH, resulted in a spontaneous NH proton
migration; therefore, bis(dimethylamino)carbene 1c and
methyl substituted amide 2c were used instead. The
corresponding adduct of the reaction of lc with 2¢ (12,
Figure 3) has been located by geometry optimization as the
deeply lying true local minimum at the reaction pathway (AG =
—31.7 kcal/mol). The reaction proceeds via TS 1lc with a
rather low activation Gibbs free energy (Figure S2, AG = +10.5
kcal/mol).

In compound 12¢, C***~NMe, bonds in the carbenic moiety
(1.334 and 1.335 A) are significantly shorter than the
C*_N(CO) bond (1.382 A), which excludes a substantial
contribution from Lewis structure 12-A. The dominating Lewis
structure 12-B would mean donation of the imino-nitrogen o-
lone pair into the formally vacant p-orbital of the carbene
carbon atom and provide the pyramidal configuration for the
latter, which is not observed in our case: in the corresponding
equilibrium structure the carbon atom is almost ideally planar
(Z£NC™®N = 359.9°). Noteworthy, the C(CF;), moiety
bonded to the electronegative nitrogen atom is still negatively
charged (—0.57e, calculated using the NBO method),
supporting the Lewis structure 12-C. Additionally, the
(F4C),C=N bond is significantly elongated (1.423 A), and
the planes involving the N—C(=0) and C(CF;), moieties are
mutually almost orthogonal. Therefore, 12-C is probably the
most correct representation of the charge distribution in 12.

The final stage of the reaction, the C—N/C=O-rearrange-
ment of the model adduct 12¢ consists of three computation-
ally separable steps (Scheme 4, Figure S3 in the Supporting
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Figure 4. Jmol plots of the optimized structures 18c (left) and 20c (right).

Scheme 5. Nucleophilic Addition of Carbenes 1 to Acylimines 2 at the C=N Carbon
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Figure 5. Two possible reaction pathways presented in Scheme 3 (in blue) and Scheme $ (in black) for interactions 1c+2c (a) and la+2a (b). AG
values are given in kcal/mol. Structures 10a,c, 13c—15¢, and 16a,c are omitted for clarity.

Information). The first one leads to the formation of four-
membered cyclic structure 14c¢, corresponding to the shallow
minimum in energy (AG = +31.2 kcal/mol relative to 12c) via
TS structure 13c (Figure 3). The latter possesses the highest
energy at the reaction pathway (AG = +34.2 kcal/mol), but the
corresponding AG value is only slightly above the sum of the
Gibbs free energies of starting 1c and 2c species (AG = +2.5
kcal/mol, which is within the calculation errors). The next TS
15c corresponds to the four-membered heterocycle splitting
resulting in the formation of carbonyl ylide 10c. Though 10c is
still more favored relative to the starting reactants, 1c and 2c
(AG = —11.3 kcal/mol), the rearrangement 12c¢ — 10c is
overall unfavorable (AG +20.5 kcal/mol). For the
dissociation of 10c into 3c and 4c low activation energy is
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necessary (+3.1 kcal/mol, TS 16c), and though the formation
of the reaction products is exorgonic, compared to 1c and 2¢
(AG = —22.3 kcal/mol), but it is still unfavorable in relation to
12¢ (AG = +9.4 kcal/mol). Thus, the formation of 4c as the
product can be driven by its subsequent favorable trans-
formations (for instance by the addition of the second molecule
of diaminocarbene), or 12c will remain the final product of the
reaction.

The computational study of the nucleophilic attack on the
carbon atom of the C=N moiety yields cyclic derivative 18¢c
(Figure 4) as the local minimum in energy (Scheme S). Our
calculations predict for 18c the lowest energy at the reaction
pathway (AG = —32.5 kcal/mol). The process passes through
the TS 17c with a very low activation energy (AG = +4.1 kcal/

DOI: 10.1021/j0502155j
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Figure 7. Jmol plots of the optimized structures 17a (left) and 20a (right).

mol relatively to the separate lc and 2c molecules).
Noteworthy, the C**—C (1.608 A) and C*®-0O (1.459 A)
bonds in the optimized structure 18¢ are elongated; in contrast,
the (O)C=N bond is very short (1.272 A). Therefore, the
C® atom is weakly bonded, and the structure can be classified
as the donor—acceptor adduct of 1c¢ with 2¢, where the carbene
lone pair interacts, as expected, with the carbon atom of the
C=N group and the oxygen lone pair provides back-donation
into the formally vacant p-orbital of C®®. The calculated
valence angle 20C=PC (95.6°) is close to 90°, the initial angle
between the carbene lone pair and p-orbital at the carbene
carbon.

The isomeric three-membered adduct 21c is significantly less
stable than both 18c and the corresponding adduct 12c (the
same is true also for the sterically bulky structure 21a; see the
Supporting Information). Additionally, the formation of 21c
cannot directly result from the HOMO(1c) — LUMO(2c)
interaction discussed above, but only from the rearrangement
of 12¢ or 19c. While structure 19¢ has been located as the local
minimum in energy, it is not the direct product of the C-attack
of aroylimine by diaminocarbene. In addition, it is less stable
thermodynamically than the separated molecules 1c and 2c
(AG = +2.5 kcal/mol).

The total energies of the local minima 12¢ and 18c resulting
from the two mentioned reaction pathways (C- and N-attacks)
differ only slightly (Figure Sa). However, the activation energy
corresponding to the TS structure 17c at the reaction pathway
toward 18c (AG = +4.1 kcal/mol) is noticeably lower than the
energy for TS 11c preceding the adduct 12¢ (AG = +10.5 keal/
mol). This allows us to assert that the formation of the five-
membered cycle 18c should be kinetically preferred compared
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to the isomeric structure 12c¢. Finally, 18c decomposes into 3¢
and 4c via TS structure 20c (Figure 4) and intermediate 10c.
The activation energy values predicted for 20c is also lower
than that in the case of 13c (Figure Sa).

For the experimentally investigated reaction between 1a and
2a, the increasing activation energies and lower thermodynamic
stability of the adducts are expected due to the larger negative
entropy contribution into the AG magnitudes. As was already
mentioned above, 12a (Figure 6) corresponds to the shallow
local minimum in energy at the PES (—8.4 kcal/mol, Figure
Sb), which can be significantly stabilized by the rotation of the
isopropyl groups (vide supra; see also the Supporting
Information, structures 12a’ and 12a”). The formation of
12a proceeds via TS 11a (Figure S2) with an activation barrier
of +21.6 kcal/mol.

In spite of the fact that the carbonyl ylide 10a can be located
as the local minimum in energy, the transformation of the N-
adduct 12a, related to the experiment, omits this stage. In the
four-membered cyclic TS 13a (Figure 6, AG = +31.3 kcal/mol
relative to 12a), corresponding to the concerted rearrange-
ment—elimination of urea 3a, the C®*—0O distance is still
elongated; hence, it is more similar to 13c than to 15c.

In contrast, the formation of the five-membered cyclic
structure 18a (Figure 7, AG = —8.5 kcal/mol compared to the
starting materials) proceeds through TS structure 17a with
significantly higher activation energy (AG = +32.4 kcal/mol)
than that for 17c. It is also more than the activation energy
necessary for the alternative pathway (formation of the N-
adduct 12a). 18a rearranges via TS 20a (AG = +29.4 kcal/mol
relative to 18a, Figure 7) to carbonyl ylide 10a, which
dissociates into 3a and 4a via TS structure 16a (AG = +4.5

DOI: 10.1021/j0502155j
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kcal/mol relative to 10a). Thus, the reaction pathway via the
cyclic adduct 18a seems to be less probable than the pathway
11a — 12a — 13a — 3a+4a, discussed above.

This trend does not change for the interaction of la with
mesityl derivative 2b that can proceed via transition state
structures 11b and 17b (AG = +28.0 kcal/mol and +36.9 kcal/
mol, respectively). This significant difference in the activation
energies allows us to suggest that the kinetically controlled
reaction via N-adduct 12b must be preferred. However, the
formation of such an adduct is already less thermodynamically
favored, as compared with the starting materials (AG =+0.9
kcal/mol). Probably, this is the reason why in this case products
of side reactions were the only isolated species in the
experiment.s's’56

B CONCLUSIONS

Several probable pathways for the recently investigated reaction
of aroylimines with diaminocarbenes have been studied using
the DFT (M06-2X/6-311++G**) approach. The previously
suggested opinion that the diaminocarbene can react electro-
philically through the direct formation of the corresponding
carbonyl ylide has not been confirmed: while the O-adducts are
local minima in energy at the PESs, the direct oxygen transfer
from aroylimine to diaminocarbene requires high activation
energy. Two alternative and more preferable pathways have
been proposed, which conform well to the FMO theory: (a)
the primary attack of the methylidene carbon at the imino
nitrogen atom with the subsequent rearrangement into urea 3
and nitrile ylide 4 and (b) the formation of the five-membered
cyclic intermediate, which then decomposes via carbonyl ylide
10 to 3 and 4. The formed nitrile ylide 4a reacts exergonically
with the second mole of diaminocarbene yielding correspond-
ing alkene Sa as the main reaction product. The pathway “a”
seems to be preferred for the reaction of bis(di-isopropyl-
amino)carbene (la) with Ph(CO)—N=C(CF;), (2a) and
Mes(CO)—N=C(CF;), (2b). Less sterically crowded bis-
(dimethylamino)carbene (1c) and model aroylimine Me-
(CO)-N=C(CF;), (2c) will preferably react via pathway
“b”. In these reactions dialkylaminocarbenes behave as
nucleophilic (pathway “a”) or ambiphilic reagents (pathway

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information includes Jmol plots of structures
11a, 16a, and 16c (Figures S1,S3), a diagram of the
transformation of 12c, a complete set of calculated energy
values (Table S1), additional information about the isomerism
in some calculated structures (Figure S4), and Cartesian
coordinates for all optimized structures. This material is
available free of charge via the Internet at http://pubs.acs.org.
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