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Abstract

In this paper, we report the geometries and properties of 48 molecular species located on

the MP2/6-311++G(d, p) PES of the fluorocarbene-(methanol)3 system. The structures were

found by a combination of a stochastic search method, using a modified Metropolis acceptance

test, and some hand constructed very symmetrical structures. We use several theoretical

descriptors to categorize these species, focusing our attention in the interaction between the

carbene carbon and the methanol oxygen, Cc· · ·O, because this is the key interaction in the

formation of O-ylides, ether products, and O-ylidic solvation complexes. These descriptors

include natural charges and natural bond orbitals (NBO), Cc· · ·O bond orders, Cc· · ·O distances,

energetic stabilities, and properties at bond critical points. Accordingly, the isomers were

divided into four groups: ethers, fluorocarbene–methanol O-ylides, O-ylidic carbene-solvent

complexes and hydrogen bonded carbene–solvent complexes. We found that the possibility of

forming H-bonds among solvent molecules and between the carbene carbon and the hydrogen

of the solvent molecule affects the stability, structure and nature of Cc· · ·O interactions in

O-ylides and O-ylidic complexes to the point of generating some diffuse borderline between

these two kinds of species. We established what set of theoretical tools is suitable to better

distinguish between them. Additionally, we clarify the nature of the relevant interactions in

these species.

Keywords: Carbenes solvation. NBO analysis. QTAIM analysis. Carbene-Solvent Interactions.

Ylides. O-ylidic Complexes. Singlet Fluorocarbene, Transient Specific Solvation.
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Introduction

Carbenes, X–C̈–Y, are substances usually acting as reaction intermediates.1,2 Since the postulation

of their existence in 19033 and the discovery of their role as intermediates in chemical reactions,

carbenes have been employed in a wide variety of versatile and useful organic and inorganic

syntheses.4–6

Carbenes are electron deficient species with a pair of non-bonding electrons. They are known

to exist in two different electronic spin states. One of them is the triplet, with two unpaired

electrons, one occupying an sp2-like orbital and the other occupying a p-like orbital on the carbon

atom. The other state is singlet, where the pair of non-bonding electrons occupy an sp2-like

orbital, while the p-like carbene carbon orbital remains empty.7 The singlet-triplet (S-T) energy

gap and relative stability depend on a number of factors, such as the nature of the substituents

on the carbon atom, chemical environment, solvents, among others.8–10 As a general rule, the

triplet state is the lowest energy state, nevertheless several substituents are able to stabilize the

singlet state inverting the S-T gap. Examples are -NR2, -OR, -F, -Cl, -Br, -I,6 among others.

Recent studies have shown that once generated, ground state singlet carbenes can be temporarily

stabilized by means of the formation of meta-stable complexes with solvent molecules having

nonbonding electrons (examples: oxygen atom in ethers or alcohols) or π electrons (examples:

benzene, aromatic rings).11–13 The stabilization would ocurr through the interaction between the

excess electron density in solvent molecules and the empty p-like orbital in the carbene carbon

atom.14

Singlet carbenes can be generated from photolysis of diazirines15,16 using Laser Flash Photolysis

(LFP).17 In this technique, a light pulse is used to excite the sample and to generate transient

species (carbenes in this case) suitable for spectroscopic observation.18 The combination of LFP

and ultrafast spectroscopy methods9 (IR, UV-Vis) has allowed researchers to register time dependent

transformations of carbenes and to detect carbene-solvent metastable complexes just before the

3

Page 3 of 37 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



system evolves towards the formation of final reaction products, such as ylides, ethers or cyclopropanes.

Methylchlorocarbene, benzilchlorocarbene,19 p−nitrophenylchlorocarbene,20 chlorocarbene amide,14

and dichlorocarbene21 are among those carbenes whose complexation with solvents such as dioxane,

tetrahydrofuran, anisole, some methylanisoles, 1,3-methoxybenzene, 1,3,5-methoxybenzene, etc.,

has been detected.

An usual consequence of complexation is the alteration of carbene reactivity. For example, it

has been experimentally found that the formation of complexes extends the lifetime of carbenes,22

changes the selectivity in insertions toward O–H groups,23 modulates rearrangement products24

and decreases the reaction constants of addition to olefins or of the ylides formation.19,25

All of the above mentioned findings were supported by computational calculations26,27 in

which the metastable species were described from proposed 1:1 carbene:solvent molecular complexes.

In general, the suggested complexes are of π−type and of O−ylidic-type,20,28,29 in which the

carbene carbon interacts with the π system or with the oxygen lone pair of the solvent molecule,

respectively. In such complexes, carbene–solvent interactions are shown to be weak.19

Experimental evidence14 showing the simultaneous action of two or more solvent molecules

in the complexation process and the fact that the structure of the complexes are usually postulated

using the chemical intuition of the researchers, highlight the need to introduce new and more

efficient methods of structure searching and for the exploration of the Potencial Energy Surfaces

(PES) for the title systems. For that purpose, it has been shown to be helpful to combine hand

constructed and stochastic sampling methodologies in the case of complexes among fluorocarbene

amide and two tetrahydrofuran molecules.30

One of the stochastic sampling methods is ASCEC (Annealing Simulado con Energía Cuántica).

This algorithm31–33 has been designed to produce sets of suitable cluster candidate structures

4
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to be subjected to further optimization using traditional gradient-following techniques. ASCEC

applies a modified Metropolis acceptance test in an adapted version of the simulated annealing

optimization procedure,34,35 which allows to conserve the comparative advantages of stochastic

optimization over analytical methods.36 The ASCEC method has been successfully used to treat

diverse systems,37–54 and is used in this work. Further details about this methodology can be found

elsewhere.32,33

One problem in the case of O-ylidic species is the distinction between O-ylidic solvation

complexes and O-ylide products. As mentioned by Moss,22 O-ylide products consist in species

with fully developed C-O single bonds with typical oxygen-carbon bond lengths (around 1.5

Å21), while in O-ylide transient complexes the C-O separation is significantly longer than in

typical C-O bonds (for example, around 2.2 Å for dichlorocarbene-THF complex21). However,

if what is intended is to perform an as exhaustive as possible scan of the configurational space

of a carbene-solvent system, one encounters potential energy surfaces populated with many local

minima, including structures with an intermediate character between O-ylides and O-ylidic complexes.

These species could be either transient species as well as species with considerable thermodynamic

stability. A total exploration and characterization of the PES for carbene-solvent interactions would

be useful in understanding the nature of the species formed in an experimental system where

singlet carbenes are generated in the presence of solvent molecules containing oxygen atoms.

We are interested in the specific solvation of singlet carbenes with solvent molecules containing

electron-donor oxygen atoms (electron lone pairs). In these cases, the transient metastable carbene-solvent

complexes formed before the final products of the reaction, are of O-ylidic-type. The final products

of the reactions can be O-ylides or ethers, in the case of using alcohols as solvent molecules.

In this paper, we attempt to characterize the potential energy surface (PES) for fluorocarbene–(methanol)3

clusters. We use, among others, the tools provided by Bader’s quantum theory of atoms in molecules

(QTAIM),55 and the concepts of Natural Bond Orbitals (NBO)56 to study the nature of bonding,
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and to elaborate a methodology to distinguish between O-ylides, O-ylidic-like complexes and

intermediate cases (if any). Fluorocarbene (FC̈H), our singlet ground state carbene model has a

singlet-triplet gap of -9 kcal/mol.7 Methanol molecules, besides having oxygens with lone electron

pairs to interact with the empty p-like carbene carbon orbital, can form hydrogen bonds through the

interaction between the singlet carbene carbon sp2 electron pair and its OH group. Three solvent

molecules were chosen in order to allow the possibility of solvation from both sides of the carbene

molecular plane, with simultaneous formation of hydrogen bonds of the MeOH· · · :CHF type. It is

important to recognize that this system is by no means representative of a carbene generated in a

real solution, but it is a model system which would allow us to increase the understanding of the

carbene-solvent interactions, and would provide us with tools to tackle the problem with a more

representative model.

6
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Computer methods

Candidate clusters

Candidate structures for the FC̈H + 3MeOH system in overall singlet electronic state were generated

through either random walks of the PES or hand constructed configurations. In the former case, the

ASCEC program31 was employed. All ASCEC runs were carried out using the big bang approach

to construct the initial geometries: all flourocarbene and methanol molecules were placed at the

same position and were allowed to evolve under the annealing conditions within a cube 7 Å of

length. The stochastic samplings generated 427 candidate structures. Similar to a previous study,30

in the hand constructing method, we considered the possible symmetric configurations, which are

very difficult to find by a stochastic search method.

Equilibrium geometries

Second order perturbation theory (MP2) in conjunction with the 6-311++g(d, p) basis set was

used to optimize and characterize the above mentioned candidate structures. This level of theory

ensures a good treatment of electron correlation and appropriate description of the forces that are

involved in the stabilization of the title clusters. It is worth mentioning that dispersion is important

in this type of systems as mentioned by experimental and theoretical researchers,30,57 who pointed

out that when DFT is used, because of their parameterized nature, some properties are functional

dependent, and that dispersion corrections are usually needed. We chose the basis set among other

things, to include possible interactions between the hydrogen atoms of the methanol molecules

and the doubly occupied σ−type carbene carbon orbital.30 Characterization of stationary points

as true minima was carried out by analyzing the results of harmonic frequencies calculations (no

negative eigenvalues of the Hessian matrix), using the same level of theory. Highly correlated

CCSD(T)/6-311++g(d, p) energies58 were calculated on all MP2 optimized geometries. Our choice

of methodology has proven to be very accurate for the treatment of hydrogen-bonded clusters.37–40,43–46

7
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Total binding energies (BE) were calculated by subtracting the sum of the energies of the

constituting isolated moieties from the energy of a particular fluorocarbene–(methanol)3 cluster.

Thus, larger negative numbers correspond to larger stabilization energies. Relative binding energies

(ΔBE) at each level of theory, were obtained as the difference between the energy of the most

stable ylide and the energy of a particular cluster on a given PES. All energies were corrected for

the MP2/6-311++g(d, p) zero-point vibrational energies (ZPE). We adopted the clusters stability

order based on the CCSD(T)/6-311++g(d, p)//MP2/6-311++g(d, p) ΔBE values. All optimization,

frequency, and energy calculations were carried out using the Gaussian 09 suite of programs.59

Isomer populations were estimated by standard Boltzmann distribution analysis.

Characterization of the structures

In order to analyze intermolecular bonding in fluorocarbene-(methanol)3 clusters, the Quantum

Theory of Atoms in Molecules (QTAIM) and the NBO method were used. For each true minimum,

topological analysis of the electron density was carried out and a number of properties, such as

electron density ρ(rc), its Laplacian ∇2ρ(rc) and the potential V (rc), and kinetic G (rc) energy

densities, were calculated at the bond critical points (BCPs) for intermolecular interactions. We

focused the analysis on the Cc(carbene carbon)–O(solvent) BCP, because the Cc· · ·O interaction

dictates whether ylides or ethers are formed, and because Cc· · ·O is the relevant interaction in the

formation of O-ylidic complexes.14 BCPs are defined as a subset of points for which the gradient

of the electron density vanishes, while being the point of minimum electron density in a bond path

(BP). A BP is the line of maximum electron density connecting two interacting atoms. The bond

critical points link adjacent nuclei via atomic interaction lines. The set of all atomic interaction

lines ocurring in a given molecule constitutes the molecular graph.60

The pattern of bonding, within the QTAIM framework, is extracted by monitoring the values

of the already mentioned properties at BCPs of interest. Large electron densities at BCPs are

associated to high electron populations in the region between the pair of atoms, which correspond

8
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to interactions with shared electrons and high degrees of covalency. This in turn leads to ∇2ρ(rc)<

0. Conversely, depletion of charge at the critical point, usually leads to smaller ρ(rc) values and

corresponds to positive Laplacians, ∇2ρ(rc)> 0, which are associated to closed shell interactions

such as ionic bonds, hydrogen bonding, and long range interactions (in the case studied here, closed

shell, weak, non-ionic interactions). Extreme cases of covalent bonds with low electron densities

at the BCPs are known.61

A number of additional QTAIM properties are useful to characterize the bonding between

two atoms.62 One of them is the sign of the total energy density evaluated at BCPs, H (rc) =

V (rc)+G (rc), where G (rc) and V (rc) are the associated kinetic and potential energy densities

at BCPs, respectively. Even though ∇2ρ(rc) > 0, if H (rc) < 0 with 2 < |V (rc)|/G (rc) < 1,

bonding, although not properly covalent, has certain degree of covalency. This can be established

by the criteria suggested by Espinosa and co-workers, in which the interactions can be discerned

between covalent (or shared), closed shell, and intermediate type, according to the following

scheme:63

|V (rc)|
G (rc)

=

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

< 1, closed shell

∈ [1,2], intermediate

> 2, covalent

(1)

In this work, we calculate the |V (rc)|/G (rc) and H (rc)/ρ(rc) ratios at Cc· · ·O BCPs for all

equilibrium geometries. All topological properties of the electron densities were calculated using

the AIMStudio suite of programs.55

Wiberg bond indices,64 natural charges, natural resonance theory (NRT) bond orders and

natural bonding orbitals (NBO) analyses were performed along the lines of the NBO program,56 as

9
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implemented in Gaussian09. As in the case of the electron density at the critical points for covalent

bonds, the increase of bond orders values clearly indicates higher concentration of electrons between

the interacting atoms and vice versa.

Second Order Perturbation Theory Analysis of the Fock Matrix within the NBO scheme was

used to evaluate the donor-acceptor interactions.65 The interactions result in a loss of occupancy

from the localized NBO of an idealized Lewis structure into an empty non-Lewis orbital. For each

donor (i) and acceptor ( j), the stabilization energy E(2) associated with the i −→ j delocalization

is estimated as

E(2) = ΔEi j = qi
[F(i, j)]2

ε j − εi
(2)

where qi is the occupancy of the donor orbital, εi and ε j are orbital energies and F(i, j) are the

off-diagonal NBO Fock matrix elements.

At this point, we highlight the difference between primary (the donated proton comes from an

O–H bond) and secondary (the donated proton comes from a C–H bond) hydrogen bonds, given

the fact that the system chosen for this study contains three methanol solvent molecules and it is

well known that alcohols are capable of forming hydrogen bonding networks.

10
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Results and discussion

Structures, energies and stabilization

Equilibrium geometries for singlet [FCH(MeOH)3] clusters were produced via the method outlined

above. We found 48 equilibrium structures on the MP2/6-311++G(d, p) PES when the ASCEC

and hand constructing procedures were applied. Four groups can be described (see below in the

Classification of clusters section): ethers, en, O-ylides, yn, and complexes (O-ylidic-type and

H-bonded-type), cn. Their geometries, notation, and relative energies are shown in Figure 1,

Figure 2, Figure 3 and Figure 4. Cartesian coordinates for all chemical species can be found

in Appendix A4 of the supplementary material.

e1: ΔBE = -66.92 e2: ΔBE = -65.76 e3: ΔBE = -64.57 e4: ΔBE = -63.80

Figure 1: FCH2OCH3 · · · 2CH3OH (solvated ethers) structures for the fluorocarbene-(methanol)3 system. All

relative energies in kcal mol−1, calculated at the CCSD(T)/6-311++G(d, p)//MP2/6-311++G(d, p) level. Relative

stability order within the ethers group is indicated by the subscript n in en. QTAIM predicted intermolecular hydrogen

interactions are represented by dotted lines.
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1, y1: ΔBE = 0.00 2, y2: ΔBE = 0.67 3, y3: ΔBE = 0.80 4, y4: ΔBE = 1.28

5, y5: ΔBE = 2.54 6, y6: ΔBE = 2.63 7, y7: ΔBE = 2.73 8, y8: ΔBE = 2.97

9, y9: ΔBE = 3.44 10, y10: ΔBE = 4.12 11, y11: ΔBE = 4.28 12, y12: ΔBE = 4.40

13, y13: ΔBE = 4.44 14, y14: ΔBE = 4.45 15, y15: ΔBE = 4.51 16, y16: ΔBE = 4.95

17, y17: ΔBE = 5.12 18, y18: ΔBE = 5.35 19, y19: ΔBE = 5.38 20, y20: ΔBE = 5.64

21, y21: ΔBE = 5.68 22, y22: ΔBE = 5.75 23, y23: ΔBE = 6.58 24, y24: ΔBE = 6.93

25, y25: ΔBE = 7.21 26, y26: ΔBE = 7.45 27, y27: ΔBE = 8.25 31, y28: ΔBE = 8.91

33, y29: ΔBE = 9.86 34, y30: ΔBE = 10.45 35, y31: ΔBE = 10.54 36, y32: ΔBE = 10.80

38, y33: ΔBE = 10.90 41, y34: ΔBE = 13.44 43, y35: ΔBE = 14.26 44, y36: ΔBE = 15.83

Figure 2: Structures for the fluorocarbene-(methanol)3 O-ylides. Bold numbers indicate the ZPE corrected

CCSD(T)/6-311++G(d, p)//MP2/6-311++G(d, p) energy order among the mixing of the groups O-ylides and

complexes, starting with 1 for the cluster having the lowest energy. Relative stability order within the O-ylides group

is indicated by the subscript n in yn. All relative energies in kcal mol−1. QTAIM predicted intermolecular hydrogen

and Cc· · ·O interactions are represented by dotted lines.
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28, c1: ΔBE = 8.46 29, c2: ΔBE = 8.46 32, c4: ΔBE = 9.76

37, c5: ΔBE = 10.82 39, c6: ΔBE = 12.48 40, c7: ΔBE = 12.70 42, c8: ΔBE = 14.19

Figure 3: Structures for the fluorocarbene-(methanol)3 O-ylidic complexes. Bold numbers indicate the ZPE

corrected CCSD(T)/6-311++G(d, p)//MP2/6-311++G(d, p) energy order among the mixing of the groups O-ylides

and complexes, starting with 1 for the cluster having the lowest energy. Relative stability order within the O-ylidic

complexes group is indicated by the subscript n in cn. All relative energies in kcal mol−1. QTAIM predicted

intermolecular hydrogen and Cc· · ·O interactions are represented by dotted lines.

30, c3: ΔBE = 8.62

Figure 4: Hydrogen bonded complex. The cycle contains one secondary and three primary hydrogen bonds. There

is no interaction between the electron donor O (methanol) and carbene carbon. Bold number indicates the ZPE

corrected CCSD(T)/6-311++G(d, p)//MP2/6-311++G(d, p) energy order among the mixing of the groups O-ylides

and complexes, starting with 1 for the cluster having the lowest energy. Relative stability order within the O-ylidic

complexes group is indicated by the subscript n in cn. Relative energy in kcal mol−1. QTAIM predicted intermolecular

hydrogen interactions are represented by dotted lines.

13

Page 13 of 37 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



We will refer to the 48 structures by inherent features of the resulting species. Table 1 lists

clusters in decreasing order of stability according to the calculated CCSD(T)/6-311++G(d, p)

relative energies. In the notation, two criteria were used: (a) Relative stability order within each

group; e1, . . . , e4, y1, . . . , y36, and c1, . . . , c8, in which e1, y1, and c1 are the most stable species

at the (MP2 ZPE-corrected) CCSD(T)/6-311++G(d, p) level of theory for ethers, O-ylides, and

O-ylidic complexes, respectively. (b) Global relative stability order; 1,. . . ,44, in which 1 is the

most stable at the (MP2 ZPE-corrected) CCSD(T)/6-311++G(d, p) level of theory for the set of

the O-ylides, and O-ylidic complexes groups. Table 1 also shows binding energies (BE), relative

binding energies (ΔBE), isomer populations estimated via standard Boltzmann distribution analysis

using the Gibbs free energies, and Cc· · ·O distances of interaction and Cc· · ·O bond orders for all

clusters.

It is readily seen in Table 1 that there is a noticeable difference between binding energies for the

solvated ether clusters (en) and the other solvated clusters (O-ylides (yn) and O-ylidic complexes

(cn)). It is clear that the en species correspond to products of carbene insertion into the O–H

bond of methanol, surrounded by 2 extra methanol molecules. Relative to the isolated species (the

fluorocarbene and the three methanol molecules), their binding energies (formation energies) are

around 90 kcal mol−1. Ethers constitute the most stable minima found.

For the remaining structures, it is possible to establish that although the stability does not seem

to directly depend on the number of explicit interactions between solute and solvent (for example,

see the structural complexity for the least stable structures c4, c6 and c7 in Figure 3), the structures

maximizing the number of primary hydrogen bonds have the lowest energies and sometimes

include the fluorine atom as hydrogen bond acceptor. Roughly speaking, 3D geometrical motifs

have the highest energies. In general terms, carbene carbon· · ·oxygen distances and bond orders

are related to the stability order of the clusters. For non-ether structures such bond lengths are

distributed into two ranges: 1.44-1.86 Å and 2.21-2.39 Å.

14
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Table 1: Total (BE) and relative (ΔBE) binding energies for FC̈H(MeOH)3 clusters calculated

at MP2/6–311++G(d, p) or CCSD(T)/6–311++G(d, p) levels of theory and corrected for the unscaled

MP2/6–311++G(d, p) ZPEs. BEs for ethers correspond to formation energies. All CCSD(T)/6–311++G(d, p)
calculations using the MP2/6–311++G(d, p) optimized geometries. All energies in kcal/mol. Cc· · ·O distances (in

Å) and Cc· · ·O WBI are intermolecular distances and Wiberg bond indexes between carbene carbon and the methanol

oxygen, respectively. %xi are the estimated Boltzmann populations within each group: O-ylides and complexes.

Structure Cc· · ·O Cc· · ·O BE BE ΔBE ΔBE %xi
distances WBI CCSD(T) MP2 CCSD(T) MP2 Gibbsa

(FCH2OCH3)· · · (2CH3OH) Ethers
e1 1.39 0.93 -91.63 -98.63 -66.92 -69.57

e2 1.38 0.94 -90.47 -97.39 -65.76 -67.51

e3 1.40 0.90 -89.28 -96.24 -64.57 -66.36

e4 1.40 0.90 -88.50 -95.48 -63.80 -65.60
HFC−–+OHCH3· · · (2CH3OH) O-Ylides

1, y1 1.55 0.63 -24.70 -29.88 0.00 0.00 54.34

2, y2 1.55 0.63 -24.04 -29.17 0.67 0.71 25.15

3, y3 1.61 0.57 -23.91 -29.07 0.80 0.82 3.55

4, y4 1.56 0.62 -23.42 -28.83 1.28 1.05 5.93

5, y5 1.58 0.59 -22.17 -27.18 2.54 2.70 0.59

6, y6 1.57 0.62 -22.08 -27.68 2.63 2.20 8.45

7, y7 1.59 0.58 -21.98 -26.94 2.73 2.95 0.33

8, y8 1.63 0.54 -21.74 -26.83 2.97 3.06 0.39

9, y9 1.57 0.60 -21.27 -26.30 3.44 3.58 0.09

10, y10 1.64 0.53 -20.58 -25.49 4.12 4.39 0.20

11, y11 1.65 0.52 -20.42 -25.34 4.28 4.54 0.10

12, y12 1.55 0.64 -20.31 -25.98 4.40 3.91 0.22

13, y13 1.57 0.61 -20.26 -25.84 4.44 4.04 0.13

14, y14 1.59 0.60 -20.25 -26.02 4.45 3.86 0.11

15, y15 1.59 0.58 -20.20 -25.18 4.51 4.71 0.08

16, y16 1.59 0.57 -19.76 -24.60 4.95 5.28 0.04

17, y17 1.66 0.51 -19.59 -24.43 5.12 5.46 0.02

18, y18 1.60 0.58 -19.35 -24.71 5.35 5.17 0.08

19, y19 1.59 0.59 -19.33 -24.61 5.38 5.28 0.05

20, y20 1.58 0.59 -19.07 -24.74 5.64 5.15 0.13

21, y21 1.58 0.59 -19.03 -23.73 5.68 6.15 0.02

22, y22 1.60 0.57 -18.95 -24.28 5.75 5.61 0.02

23, y23 1.44 0.60 -18.13 -22.88 6.58 7.00 0.00

24, y24 1.72 0.47 -17.77 -22.69 6.93 7.19 0.00

25, y25 1.60 0.56 -17.50 -22.12 7.21 7.77 0.00

26, y26 1.57 0.59 -17.25 -22.06 7.45 7.83 0.00

27, y27 1.63 0.54 -16.45 -20.97 8.25 8.92 0.00

31, y28 1.66 0.51 -15.80 -20.15 8.91 9.73 0.00

33, y29 1.67 0.51 -14.84 -19.37 9.86 10.51 0.00

34, y30 1.61 0.56 -14.26 -18.96 10.45 10.92 0.00

35, y31 1.66 0.51 -14.17 -18.74 10.54 11.14 0.00

36, y32 1.65 0.51 -13.90 -18.14 10.80 11.74 0.00

38, y33 1.62 0.54 -13.80 -18.30 10.90 11.58 0.00

41, y34 1.87 0.31 -11.27 -14.42 13.44 15.46 0.00

43, y35 1.67 0.48 -10.45 -14.62 14.26 15.27 0.00

44, y36 1.76 0.40 -8.87 -12.30 15.83 17.58 0.00

H–C̈–F· · · (3CH3OH) Complexes
28, c1 2.31 0.09 -16.25 -18.11 8.46 11.77 7.04

29, c2 2.31 0.09 -16.25 -18.11 8.46 11.77 7.04

30, c3 - - -16.08 -18.20 8.62 11.68 83.36

32, c4 2.23 0.11 -14.95 -16.68 9.76 13.20 0.39

37, c5 2.39 0.07 -13.89 -16.31 10.82 13.58 2.15

39, c6 2.21 0.12 -12.23 -14.01 12.48 15.87 0.00

40, c7 2.28 0.10 -12.00 -13.73 12.70 16.16 0.02

42, c8 2.26 0.10 -10.51 -12.00 14.19 17.88 0.00
a MP2/6–311++G(d, p) Gibbs free energies (298 K, 1 atm)
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We can observe in Table 1 that MP2 and CCSD(T) give slightly different stabilization orderings

and that MP2 overestimates stability. In general, BEs per solvent molecule at the MP2/6-311++G(d, p)

level range between 4.00 and 9.96 kcal/mol, and between 2.96 and 8.23 kcal/mol per solvent

molecule at CCSD(T)/6-311++G(d, p) level. It is seen that energies per solvent molecule are

large and comparable to typical hydrogen bond energies per solvent molecule in methanol clusters

(BE ≈ 8.22 kcal/mol per solvent molecule for the most stable tetramer cluster at CCSD(T) level)39

and even in ethanol clusters (BE ≈ 3.60 kcal/mol per solvent molecule for the most stable dimer

cluster at CCSD(T) level).66

Classification of clusters

An inspection at the highest energy structures in Table 1 (below structure y27) indicates that from

the purely energetic point of view, it is not totally clear where the borderline between the O-ylides

and the O-ylidic complexes is. For those structures, there is no correlation between the Cc· · ·O
distances and the CCSD(T) stability order, and some Cc· · ·O distances are intermediate between a

typical case of O-ylide (around 1.5 Å,21) and a typical case of O-ylidic complex (larger than 2.0

Å21,30). Therefore, we need to address the problem of the theoretical distinction between these

kinds of connected species. Another very important and related aspect is the study of the nature of

the different species resulting from the PES exploration of the carbene-solvent systems. This last

aspect could be useful to better appreciate the particular characteristics of the O-ylidic complexes

with respect to other species. Accordingly, we categorize the 48 clusters into different groups by

applying the following methods:

1. IUPAC defines ylides as compounds in which an anionic site Y− (carbon, in the case of

carbenes) is attached directly to a heteroatom X+ (oxygen, in the case of methanol) carrying

a formal positive charge.18 In the field of solvation and complexation of carbenes, the

term O-ylides has been used to refer to species with conventional C–O distances, but not

necessarily with formal charges or ionic nature. Instead, for O-ylides of the Cc-O type, the
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charges are relative charges with respect to the case of the isolated molecules: the oxygen of

methanol tends to lose (donate) electronic density in the ylide, with respect to the CH3OH.

On the other hand, Cc tends to gain electron density with respect to the isolated carbene.

Within NBO, q(A), the natural charge on atom A, is given by the nuclear charge minus the

sum of electronic natural populations of Natural Atomic Orbitals (NAOs) on the atom.56 In

Figure 5, Δq(Cc) and Δq(O) are defined as the relative natural charges of the carbene carbon

and oxygen atom, respectively, in the resulting cluster, minus their corresponding natural

charges in the isolated monomer, fluorocarbene and methanol, respectively. In this way, Δq

corresponds to a gain (- sign) or a loss (+ sign) of electrons.

As can be appreciated on the left panels of Figure 5, for the majority of structures (except

for ethers) there is a gain of electron density at the carbene carbon, Δq(Cc) < 0. This is

accompanied by the simultaneous loss of electron density at the oxygen atom for a group

of structures. This loss of electron density for the methanol oxygen atom involved in the

Cc· · ·O interaction (or, correlatively, the electron density gain on Cc), serves as an initial

criterion to differentiate the nature of bonding between O-ylides (Δq(O) > 0) and O-ylidic

complexes (Δq(O)< 0).

Besides the sign of Δq, it can be seen in Figure 5 that all clusters are grouped in three distinct

arrays within particular ranges of Cc· · ·O Wiberg bond indices and distances. Bond orders

approach 1 for single bonds and approach 0 for weak interactions while being near to 0.5

for partially formed/partially broken bonds, such as would be expected for ethers, O-ylidic

complexes and O-ylides, respectively. This constitutes an additional basis for the distinction

between O-ylidic complexes and O-ylides.
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Figure 5: Relationships between the relative natural charges -on carbene carbon (left) and oxygen

(right) atoms- and bond lengths (top) and bond orders (bottom) for all Cc· · ·O intermolecular

interactions in the fluorocarbene-(methanol)3 systems. Distances in Å.

Another arresting deduction (Figure 6) is obtained between the relative natural charges and

the CCSD(T) stability order. Clearly the fluorocarbene-(methanol)3 relative stability issue

is not an exclusive consequence of the exchange of electronic density between the Cc and

O atoms: as it is seen in Figure 6, neither the sign nor the magnitude of Δq correlate with

cluster stability. The range of values of the CCSD(T) binding energies for O-ylides and

O-ylidic complexes indicate that it is not possible to distinguish between the most energetic

O-ylides and the O-ylidic complexes using these BE values (see Table 1 and Figure 6). This

can be a consequence of the fact that hydrogen bonding networks (among solute-solvent and

solvent-solvent) are very important in determining cluster stabilities. For example, for the

highest energy ylides, y34, y35, y36, the Cc· · ·O contact is clearly conditioned by hydrogen
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bonding networks which hold together these aggregates. Thus, we argue that, for the most

energetic O-ylides cases, large Cc· · ·O distances and small Cc· · ·O Wiberg bond indices are

dominated by the restrictions imposed at other areas of the structure. However, they present

Δq(O)> 0 and Δq(Cc)< 0, which are inherent characteristic of the ylides.

0 10 20 30 40 50

CCSD(T) Stability Order

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

Δ
q

 (
C

c)

O-ylidic carbene-solvent 
           complexes

O-Ylides

0 10 20 30 40 50

CCSD(T) Stability Order

-0.05

0.00

0.05

0.10

0.15

Δ
q

 (
O

)
O-ylidic carbene-solvent 
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Figure 6: Relationships between the relative natural charges (on carbene carbon and

oxygen atoms) and the CCSD(T) stabilities for all Cc· · ·O intermolecular interactions in the

fluorocarbene-(methanol)3 clusters.

2. From NBO results, we found that for all structures exhibiting Δq(O) > 0, i. e., ethers and

ylides, Cc· · ·O contacts lead to σO−Cc bonding orbitals. Thus, these are strong interactions

and have certain single bond character, which is consistent with the Cc· · ·O bond orders

stated above. Particular examples of this type of NBOs are provided in Figure 7. All

remaining structures are clusters where the Cc· · ·O contact is just a nO −→ σ∗
Cc−F interaction.

Such structures were classified as the O-ylidic complexes.

Figure 7: σO−Cc orbital interactions involved in the Cc· · ·O contacts. The cases for e1 (left) and y1

(right) are shown.
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3. As shown in Figure 8, there is an expected correlation between distances and bond orders for

the Cc· · ·O pair. Nicely, it can be observed that the species are clearly defined, distributed in

well separed groups by a gap, from 1.80 to 2.20 Å. Notice that the group that contains

Cc· · ·O distances larger than 2.20 Å, can be clearly categorized as specifically solvated

O-ylidic complexes. At the top of Figure 8 the four insertion products are also noticed.

It is possible to establish a distance limit between carbene carbon and oxygen, from which

the carbene-solvent O-ylidic complexes and O-ylides can be distinguished. We found that

2.20 Å is the distance in the case of the systems studied here. Thus, structures with Cc· · ·O
distances larger than 2.20 Å are candidates to be fluorocarbene-methanol complexes.
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Figure 8: Wiberg bond indices vs. distances for carbene carbon· · ·oxygen interaction in all

FCH· · · (MeOH)3 equilibrium structures. Bond lengths in Å.

In order to test the consistency of Wiberg bond indexes for our system and considering

that the obtained values depend on the calculation method,67 we used another type of bond

order, namely, the natural bond order derived from the Natural Resonance Theory module

of the NBO program.56 For O-ylides, natural bond orders are somewhat larger than Wiberg

indices, but the tendencies of the two bond orders agree with each other and groups are also

differentiated. Results are shown in Appendix A0 of the supplementary material.

4. The values of the electron density, its Laplacian, and the |V (rc)|/G (rc) ratio (Equation 1) at

the BCPs are analyzed for all clusters as depicted in Figure 9, and Appendices A1 and A2 of
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the supplementary material. It can be observed in Figure 9 that the clusters appear grouped

in distinct ranges of electron density at BCPs, determining interactions of different nature

or indirectly defininig the groups (see sections below for additional evidence to support this

claim). For example, there is a marked difference among electron density values at BCPs

for ethers and for the remaining structures. For O-ylides and O-ylidic complexes, there is a

fuzzy borderline; we have already used some additional criteria to classify the structures of

the border (see above discussion about atomic natural charges and NBO).
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Figure 9: Electron density values at carbene carbon-oxygen BCPs vs stability order for all H–C̈–F

+ 3H3C–OH clusters.

Laplacians of electron density at BCPs for the Cc· · ·O interactions are shown in Appendix

A1 of the supplementary material. Again, certain groupings are remarkable, but it is not as

when compared with the results of natural charges, bond orders, distances and orbitals. A set

of 11 clusters can be distinguished as long range carbene carbon-oxygen interactions (small

positive Laplacians). The remaining structures show negative Laplacians, thus Cc· · ·O interactions

with high degrees of covalency. Furthermore, it is possible to differentiate among structures

with ∇2ρ(rc) < 0, since they are grouped into two arrays having very different Laplacian

range of values at carbene carbon – oxygen BCPs. One of those groups consists of the four

ethers and the other is the O-ylides.
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As can be expected, for species representing O-ylidic metastable complexes, the interactions

between solvent molecules (through MeOH electron donor oxygen atoms) and carbene carbon,

are not covalent (∇2ρ(rc)> 0), but they have some covalent character, as we will see below.

However, among these, there are four special structures, each one enclosed by a maroon

ellipse (see Appendix A1 in the supplementary material), with characteristics of O-ylide

under NBO results. Therefore, there are only seven well defined complexes (see Figure 3).

Figure 9 and Figure in Appendix A1 also show that the stability order is not directly correlated

with the Laplacian nor with the electron density values at Cc· · ·O BCPs. This constitutes

additional support to the view exposed above regarding the importance of hydrogen bonds

in determining the cluster structural arrangements, their stabilities, and the properties of the

C· · ·O interactions.

Other properties studied for all clusters were the |V (rc)|/G (rc) and H (rc)/ρ(rc) ratios

(Equation 1), as a strategy to quantify the degree of covalency of Cc· · ·O bonding. The

results can be found in Appendix A2 of the supplementary material for carbene carbon· · ·oxygen

BCPs. It is seen that the group cataloged as fluorocarbene-methanol O-ylidic complexes

presents the lowest ratios, 1.2 > |V (rc)|/G (rc) > 0.9, characteristic of closed shell (weak

interactions) with certain covalent character, but not formally covalent. The other structures,

namely, insertion products and most of the ylides, display |V (rc)|/G (rc) > 2, indicative

of a covalent or shared interaction. For ethers and O-ylides the |V (rc)|/G (rc) ratios are

very different. They appear as two well defined groups, where ethers have higher values

(more strength and covalent character between carbene carbon and oxygen). Structures

located at the edges of the groups (enclosed into maroon ellipses in Figure of Appendix A2)

have intermediate covalency. All the above information, and that included in supplementary

material, reveals that it is possible to distinguish the species by their Cc· · ·O bonding nature,

by means of analysis of their properties at BCPs.
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Brief analysis of the groups

Insertion Products: Four different mechanisms have been proposed (one of them68,69 depicted

in Appendix A3 of the supplementary material), to describe the chemical transformations when

carbenes react with molecules bearing the O–H bond. The final product is an ether or an alcohol

depending on whether alcohol or water molecules are used.70 In our case, the products are fluoromethylethers,

en, they are listed in Table 1 and shown in Figure 1 with labels (FCH2OCH3)· · · (2CH3OH).

The group of ethers contains four stable structures, characterized by a non-planar network of

hydrogen bonds. Fluoromethylether interacts with two extra methanol molecules, via two primary

hydrogen bonds and at least two secondary hydrogen bonds. Furthermore, all Cc· · ·O interactions

in these insertion products are formal bonds under NBO (see the left side of Figure 7).

From QTAIM and WBI results, it can be seen that Cc· · ·O bond orders for the ether products

are about 0.9 (a single bond) and their Cc· · ·O distances are around ∼1.4 Å, which is comparable

with typical covalent bond lengths for C–O, around 1.43 Å. They have |V (rc)|/G (rc) > 2.3,

H (rc)/ρ(rc) < 0, ∇2ρ(rc) < 0 (see Appendix A1 and A2) and ρ(rc) values larger than 0.25 at

carbene carbon· · ·oxygen BCPs. Therefore, they should be characterize as covalent bonds.

Ylides: An extensive variety of possibilities leads to a rich conformational space for ylides

as can be noticed in Figure 2. This group comprises 32 structures which are characterized by the

typical structures containing the polar Cc· · ·O bond, but where the H of methanol has not been

transferred yet (to form the final ether). The lowest energy ylides have a network of primary

hydrogen bonds, but no secondary hydrogen bonds (see structures y1, y2 and y3 in Figure 2); in this

way, molecules participating in the network leave their respective CH3 groups free from cluster

interactions. Secondary hydrogen bonds have a smaller stabilizing effect than primary hydrogen

bonds in clusters of this type, because when its number becomes significant respect to the number
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of primary hydrogen bonds (see structures 28, 38 and 36 in Figure 2), clusters appear to be more

energetic.

Covalent Cc· · ·O bond lengths of true O-ylide molecules are around 1.5 Å.21 In this work, for

ylides, all Cc· · ·O interactions lead to σCc−O bonding orbitals (see the right side of Figure 7), and

cover the range from 1.42 Å to 1.67 Å distances (see Figure 8 and Table 1). Laplacian values

for the O-ylides are negative (in some cases very near to zero) as depicted in Appendix A1, and

their |V (rc)|/G (rc) and H (rc)/ρ(rc) ratios are larger than 2 and smaller than 0, respectively,

indicating that the interaction between carbene carbon and methanol oxygen is covalent (see

Appendix A2). Regarding WBIs for Cc· · ·O bonds, a 0.45-0.65 interval is seen, electron densities

at C· · ·O BCPs remain in the 0.12-0.18 a.u. interval. For this group Δq(O) > 0 and Δq(Cc) < 0

when natural charges in monomers are compared with natural charges calculated in the clusters:

Δq at carbene carbon, Cc, in the -0.14,-0.31 e range and Δq covering the 0.05-0.14 e range for the

oxygen atom.

O-ylides could be related to intermediate species71 for reactions between carbenes and alcohol

(or water) molecules, as shown in Appendix A3, just before TS is reached.

O-ylidic carbene-solvent complexes: We located 7 structures in this group (see Figure 3). As

a general rule, 3D geometrical preferences are observed. In most cases (except for structure 40,

c7 in Figure 3), fluorocarbene is interacting at the same time with all methanol molecules. Thus,

we suggest that a larger number of contacts between the solute (carbene) and solvent (methanol)

appears to confer stability to the complexes.

All intermolecular contacts between carbene carbon and methanol oxygen are caused by the

interaction of an oxygen lone pair with a carbene antibonding orbital (nO → σ∗
Cc−F ), but those

never become a σ orbital themselves (This issue will be extended in the NBO analysis for the
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carbene-solvent complexes section). Such interactions have Laplacians larger than zero and 0.9 <

|V (rc)|/G (rc)< 1.1 ratios at BCPs. In addition, most complexes show H (rc)/ρ(rc)< 0, denoting

some degree of covalency. Similar conclusions regarding the sign of the Laplacian and Espinosa’s

criteria were reported in an earlier study about complexes among fluorocarbene amide and two

THF molecules.30

The O-ylidic complexes exhibit Δq(O) and Δq(Cc) very close to zero (with ranges between

-0.09 and -0.01 e, and -0.04 and 0.00 e respectively). This indicates weak long range interactions.

With regard to the stabilization of the complexes, it is seen from Table 1 that the values of BEs are

distributed within a range of 5.74 kcal/mol, covering the -16.25,-10.51 kcal/mol interval. In this

way, structural isomers for carbene–solvent complexes are separated by very small energy gaps,

leading to a complicated situation where most of the structures have signicant populations and the

properties of these systems would comprise contributions from all clusters.

According to the information in Figure 8, O-ylidic carbene-solvent complexes show Cc· · ·O
bond orders in a narrow range (0.05,0.14) and Cc· · ·O distances from 2.21 to 2.39 Å. Moss et

al.21 and Hadad et al.30 have found resemblant carbene carbon – oxygen distance values for

dichlorocarbene-THF complex at PBE/6-311+G(d) level (2.2 Å) and fluorocarbene amide-THF

complexes at B97D/6-311++G(d, p) level of theory (2.1 to 3.2 Å) respectively.

Given that Hadad and coworkers30 proposed a unusual solvation through both p-orbital lobes

of a carbene carbon, we added to our configuracional space search some complexes with highly

symmetrical hand-constructed inicial structures. Only one symmetric structure was found, it is

labeled as 38 in Figure 3. It seems to have Cs symmetry. Although Hadad and coworkers

stated "the situation of having both-plane-sides double micro-solvated carbene carbon ’O-ylide

complexes,’ through the simultaneous interaction of each THF electron donor oxygen atom with

its corresponding Cc p lobe, seems to confer a special stability to the system.", the analysis
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above (binding energies) indicates that the structure exhibiting simultaneous interaction with each

oxygen of two methanol molecules is not the most stable structure within O-ylidic carbene-solvent

complexes. Such seemingly anomalous finding, could be explained by appealing to the differences

between the type of solvents employed in the microsolvation, tetrahydrofuran on one hand, and

methanol on the other hand. Cluster stabilization in aggregates of MeOH can be understood by

invoking the joint effect of cooperative polarization and cooperative charge transfer, it has been

suggested that forces governing methanol cluster stabilization are thought to include dominant

contributions from electrostatic interactions39 and n −→ σ∗ interactions.65 Therefore, in the case

of microsolvation of fluorocarbene with three methanol solvent molecules, interactions between

solvent molecules, mainly primary hydrogen bonds, have significantly high contributions in the

stabilization of the complexes. Note that THF solvent molecules cannot afford primary hydrogen

bond.

Hydrogen bonded carbene-solvent complex: It is defined by one structure which lacks the

Cc· · ·O interaction between carbene carbon and methanol oxygen atom. This cluster is depicted

in Figure 4. A similar complex has already been proposed as a type of carbene–solvent complex

among methylchlorocarbene and anisole.19 There are two consecutive primary methanol-methanol

hydrogen bonds and the interaction of one C–H antibonding orbital, σ∗
C−H , as electron acceptor of

the σ carbene carbon occupied orbital.

In Table 1, isomer population results are differentiated by group. It can be seen that if temperature,

entropy and internal degrees of freedom are included in the analysis, cyclic, more open, noncompact

structures are preferred. The structures 1-8 in Figure 2, are within 2.97 kcal/mol at CCSD(T)/6-311++G(d, p)

level, accounting for ∼99% of the Boltzmann reference population within the ylides group, while

structures c1, c2 and c3, in Figure 3, show ∼97% in isomer population within the O-ylidic carbene-solvent

complexes group. Note how close to each other the binding energies are, which means that several

isomers have significant populations at standard conditions in both groups.

26

Page 26 of 37Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



NBO analysis for the carbene-solvent complexes

Another approach to gain insight into the nature of bonding interactions in fluorocarbene–methanol

complexes is NBO analysis.56 Our results suggest that two important features deserve to be highlighted:

(i) In all complexes, there is a carbene carbon lone electron pair, n(1)Cc , in a hybrid orbital of

around 60% s−character and 40% p−character, corresponding to the approximate description 2s

and 2p NAOs on carbon.

(ii) The empty p−like orbital of fluorocarbene is generally represented by a Cc–F antibonding

orbital and consists basically in a linear combination of 2pCc and 2pF NAOs, with predominance

of 2pCc orbital.

Let us analyze the orbital interactions responsible for the stability in some selected complexes,

namely, the lowest energy complex (Figure 10), the Cs hand-constructed complex (Figure 11), the

highest energy complex (Figure 12) and hydrogen bonded complex (Figure 13), labeled as 28, c1,

37, c5, 42, c8 and 30, c3, respectively, in Figure 3 and in Figure 4.

Figure 10 shows results of NBO analysis for the most stable O-ylidic carbene-solvent complex,

c1. In this system, it seems that networks of hydrogen bonds dictate cluster stabilization because

NBO predicts very strong interactions from lone pairs in oxygen or carbene carbon atoms with

O–H antibonding orbital of a solvent molecule, this is the typical stabilizing interaction in water

clusters.65 A pair of examples are displayed at the top panel of Figure 10 with interaction energies,

E(2), of 8.84 and 13.08 kcal/mol. An additional orbital donor-acceptor contribution within the same

complex is drawn at the bottom panel of Figure 10, with interaction energy of 21.06 kcal/mol. It

represents the specific solvation by electron density donation from solvents having nonbonding

electrons, in this case methanol, to the p-like carbene carbon orbital.
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n(1)O17 −→ σ∗
O5−H6 = 8.84 kcal/mol n(2)O5 −→ σ∗

O11−H12 = 13.08 kcal/mol

n(2)O17 −→ σ∗
Cc−F = 21.06 kcal/mol

Figure 10: Orbital interactions defining cluster stabilization for the structure labeled as 28, c1 in

Figure 3. This is the most stable flourocarbene–(methanol)3 complex.

In the Cs hand constructed structure, the leading interaction is the Cc lone pair (donor) to

O20–H21 antibonding orbital (acceptor), with E(2) = 34.65 kcal/mol, as shown at the left side of

Figure 11. There are two interactions in second order of importance: n(2)O14 −→ σ∗
Cc−F and n(2)O8

−→ σ∗
Cc−F , corresponding to interactions between lone electron pairs orbitals of the two methanol

oxygen atoms and the empty orbital p−like orbital of carbene carbon. As the Cc· · ·O distances are

the same at each side of molecular plane of fluorocarbene, 2.39 Å, both interactions have the same

E(2) = 16 kcal/mol (right side in Figure 11).

Figure 12 depicts donor-acceptor interaction in cluster 42, c8. For this structure, structural

complexity can be summarized by ascending order of importance as secondary hydrogen bonds

with very little orbital overlap, –F· · ·H–OMe interaction, primary hydrogen bonds between solvent

molecules (E(2) around 3.90 kcal/mol, bottom panel in Figure 12) and orbital interactions between

lone pair from methanol oxygen atom and the p−like orbital of Cc, i.e., n(2)O5 −→ σ∗(1)(2)
Cc−F with

10.94 and 8.54 kcal/mol stabilization energies.
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n(1)Cc −→ σ∗
O20−H21 = 34.65 kcal/mol n(2)O14 −→ σ∗

Cc−F = 16.39 kcal/mol
n(2)O8 −→ σ∗

Cc−F = 16.41 kcal/mol

Figure 11: Orbital interactions defining the cluster stabilization for structure labeled as 37, c5 in

Figure 3. This cluster corresponds to a proposed structure, “hand constructed” structure.

n(1)O5 −→ σ∗
O17−H18 = 3.90 kcal/mol

n(2)O5 −→ σ∗(1)(2)
Cc−F = 10.94 kcal/mol, 8.54 kcal/mol

Figure 12: Orbital interactions defining the cluster stabilization for structure labeled as 42, c8 in

Figure 3. This complex corresponds to the highest energy structure.

The case of the hydrogen bonded complex is very interesting, because although it is not an

O-ylidic complex, it is the second most stable within the group of the complexes. In fact, it has

the largest isomer population into the complexes group (83.36%) when Gibbs free energies are

considered. Orbital interactions for that complex are displayed in Figure 13. For this structure,

interaction energies of primary hydrogen bonds are relatively high (see top panel, Figure 13), with
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n(1)Cc −→ σ∗
O11−H12 exhibiting the largest effect in cluster stabilization. An interesting observation is

that in this six-membered cycle, the only secondary hydrogen bond has a not negligible interaction

energy, 1.50 kcal/mol, although quite small when compared to the others.

n(2)O11 −→ σ∗
O5−H6 = 17.77 kcal/mol n(2)O5 −→ σ∗

O17−H18 = 13.73 kcal/mol n(1)Cc −→ σ∗
O11−H12 = 23.96 kcal/mol

Figure 13: Orbital interactions defining the cluster stabilization for structure labeled as 30, c3 in

Figure 4. This structure corresponds to hydrogen bonded complex.

At this point it is important to observe that in all the clusters examined here, the nCc −→ σ∗
O−H

interaction between the carbene carbon lone pair and any O-H antibond contributes significantly

to the stabilization of the complexes. In fact, when this orbital interaction is not present, the

complexes become higher in energy as in structure 42, c8 case (Figure 12). In addition, interactions

between solute (carbene) and solvent (three methanol molecules) through lone pair orbitals of

MeOH oxygen atoms and empty p−like orbitals of fluorocarbene represent ≈ 50 % of second-order

perturbative estimates of donor-acceptor (bond-antibond) interactions as can be seen in Figure 11.

From the point of view of NBO, our results show that hydrogen-bonding networks involving

O–H groups from methanol molecules play a very important role in the stabilization of the complexes.

Therefore, geometrical motifs in those clusters respond to a large extent to an arrangement dictated

by hydrogen-bonding networks, comparable to the role played by nO −→ p−like orbital of fluorocarbene.

This situation may be very different in the case of the solvents which do not have the ability to form

hydrogen bonds. In those complexes, the formation of stable clusters will be dictated by the Cc· · ·O
interaction.
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Concluding Remarks

We summarize our findings as follows:

1. An exhaustive MP2/6–311++G(d, p) exploration of the interaction possibilities implied in

the singlet spin state of FCH(MeOH)3 system results in the formation of 4 type of species:

ethers, O-ylides, O-ylidic like solvation complexes and hydrogen bonded carbene-solvent

complexes. Those species can be distinguished and studied using a combination of theoretical

descriptors based on NBO and QTAIM methods and of relevant bond distances. Especially

useful as distinction tools between O-ylides and O-ylidic complexes are the Cc· · ·O range

of distances, the Cc· · ·O bond orders, the Cc· · ·O bond nature, and the natural charges on

the carbene carbon, Cc, and methanol oxygen, O, in the clusters with respect to their natural

charges in the isolated monomers.

2. In general, the structural preferences in the PES of the fluorocarbene + 3 methanol system,

are mainly guided by the process of ether formation, the development of strong and weak

interactions of the Cc· · ·O type, and the formation of hydrogen bond interactions of Cc· · ·H–O

type (between the carbene molecule and the solvent molecules), and of O· · ·H–O type

(among the solvent molecules).

3. The theoretical analysis reveals a fully formed σCc−O bonding orbital for all ethers and

O-ylides and Cc· · ·O interactions with significant degree of orbital overlap between the nO

and σ∗
Cc−F (p−empty Cc) orbitals in the case of the O-ylidic complexes. Binding energies

per solvent molecule in the case of the O-ylidic complexes are comparable to BEs in of H-

bonded clusters.

4. An important factor affecting the σCc−O bond strength (and their degree of covalency),

the overall stability and the structures of the O-ylides species, is the formation of primary

hydrogen bond networks among the methanol molecules. H-bond interactions among solvent

molecules can be strong enough to take the O-ylides to the limit of stability and nature of

the Cc· · ·O interaction (low degree of covalency) of the O-ylidic complexes. For this reason
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it is important to identify the suitable theoretical tools to distinguish between O-ylides and

O-ylidic complexes. Those theoretical tools were named above, at point (1).

5. For the FCH-(MeOH)3 system the O-ylidic complexes are affected by 3 type of interactions

of comparable strength: interactions between the lone electron pairs of methanol oxygen

(electron donor) and the empty p−like orbital of carbene carbon (electron acceptor), nO −→
σ∗

Cc. The formation of hydrogen bond interactions of two types; Cc· · ·H–O; between the lone

electron pair of the σ−like Cc orbital (electron donor) and the antibonding σ−like orbital of

the HO group of methanol (nCc −→ σ∗
O−H), and O· · ·H–O; between the lone electron pairs

of methanol oxygen (electron donor) and the antibonding σ−like orbital of the OH group of

methanol (nO −→ σ∗
O−H). Therefore, in the case of solvent molecules capable of forming

H-bonds, the structure and Cc· · ·O strength of O-ylidic complexes could be affected by the

formation of those H-bond interactions. In fact, we found a stable structure connected only

via H-bonds, lacking the Cc· · ·O interaction.

6. For the systems studied here, binding energies indicate that the structure exhibiting both-plane

side simultaneous interaction with oxygen atoms from two methanol molecules (double

solvation through both p lobes of Cc), although stable, is not the most stable structure within

O-ylidic carbene-solvent complexes. Probably three methanol molecules are not enough to

complete the solvation shell of the flourocarbene, which makes more difficult to find very

stable doubly solvated complexes. The formation of H-bonded networks and the H-bond

cooperative stabilization are crucial aspects for the structure in this case. With few solvent

molecules, it is not possible to achieve a good representation of the solvation in the bulk of

the solution.
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