9188 J. Phys. Chem. R004,108,9188-9195

Chemical Bonding to N, P, and As in Ylides and Their Boron Analogues

Angel Sanchez-GonZ#ez,! Henar Marti'nez-Garcia,* Santiago Melchor and Jose A. Dobado*

Grupo de Modelizadio y Dis€io Molecular, Instituto de Biotecnoléa, Facultad de Ciencias,
Universidad de Granada, E-18071 Granada, Spain, and Departamento dmiuOrdganica, ETSII,
Universidad de Valladolid, E-47071 Valladolid, Spain

Receied: June 7, 2004; In Final Form: August 6, 2004

Ab initio (MP2/6-31H1-G*) and density functional theory (B3LYP/6-31G*) calculations have been performed

to determine the bonding nature of N, P, and As (pnicogens) with B or C in ylides and their boron analogues.
The compounds studied refer to the formula¥®R'; and RXBR' (X =N, P, As; R=H, F; R = H, SiHy).

The computed electron density has been analyzed by means of the atoms in molecules (AIM) theory and the
electron localization function (ELF) method. In addition, the rotational barriers were calculated-forxd

X—B bonds at the CASMP2/6-3%1G* level to elucidate the multiple bonding character for these bonds.
The geometric and electronic results indicated that the N ylides differ remarkably from the remaining pnicogen
(P, As) ylides, with the former yielding clear single bonds while the latter showed stronger multiple bonds.
Moreover, the fluorine substituents strengthened theCxXand X-B bonds, reducing the bond distance,
increasing the electron density, and augmenting the planarity at the C and B atoms. However; greigisi
affected only the planarity at the C atoms for the organic ylides. This indicates how the electronegativity of
the different substituents influence the centrat® and X-B bonds: if the substituent pulls charge from the

bond in the direction toward the pnicogen, the bond is reinforced and it is more likely to present double-bond
characteristics. This is not accomplished by substituents pushing charge in the aforementioned direction.
Differences between the organic ylides and their boron derivatives have been found. Boron analogues presented
remarkable asymmetric-XB bonds, with a rotation barrier of ca. 30 kcal/mol, caused by a strong repulsion
between the lone pairs of the XHhinit and that of boron.

Introduction differences between N and the remaining pnicogen (P and As)
ylides that need further investigation.

Although bonding in ammonium ylides has been clearly
determined as a single ofén recent years, the controversy
for phosphonium ylides still continuésAlthough these com-
pounds have been extensively studied, a clear characterization
for the central P-C bond remains elusive. On the other hand,
there is a clear agreement on its covalency, with a strong polar
character, its bond length being determined mainly by electro-
static interaction§ Most authors assign it a single nature, based
on structural, energetic, and/or electronic studies. The first

Ylides are usually defined as organic molecules that have a
contributing Lewis structure with opposite charges on adjacent
atoms, each of which has an octet of electrons. Within ylides,
the ammonium and phosphonium derivatives have been dem
onstrated to be extremely uséfuin organic synthesis as
intermediates in the preparation of highly functionalized com-
pounds and as synthons for constructirgr@ double bonds.
Since the discovery of ylides in 1928 by Stevérbgir use
and interest have grown rapidly, particularly in recent decades,

and now these molecules are considered powerful tools in the . . .
geometric and conformational studledescribe a nonplanar

synthesis of olefins* and small ring$. Although ylides are : ; .
mainly organic compounds, the concept can be extended alsostructure for the carbon moiety, supporting a singteFbond.

to a broader set of molecules, including inorganic structures Moreover, the first rotational-barrier studies on these compounds
with a zwitterionic character, where carbon is replaced by an yielded very low €1 keal/mol) values, also supporting this

. i 21
heteroatom and thus may not have eight electrons in the external'Slngle bond charactéf. 2 It is npteworthy that, although these
valence shell. authors clearly supported a single-€ bond, they also kept

In the above-mentioned simplified scheme, the pnicegen open the possibility of a doublesFC one. In addition, Nyulszi

carbon (X-C) bond is considered to be a conventional single reported similarities between the- bond in ylides and the

o-bond, although the interaction between these charged atomsStandard P-C bond, explaining the bonding nature as a pure

11,12 i i i i
is strengthened due to electrostatic contributiokgithin this ylene form, ™™ while trying to discard completely the ylide
. form. On the other hand, we recently calculated the NMR
framework, the carbon atom shows a lone pair and two

substituents, while the pnicogen accepts three substituents. chemlga[ shifts in some of these gompouﬁdmdmg values
o L . . very similar to those of standard single bonds.
A similar behavior is expected for all the pnicogen ylides,

where electronegativity is manifested merely in the polarization b The ;[YE'C{?' bo?d{rk:g slggemedfo: thesfe comcpi)ou_ntds dl's eépllqamed
of the central bond. However, there are significant geometric y contributions to the ylide and ylene forms depicted in scheme
1, which accounts for the relative multiple character of some

« Corresponding author. E-mail: dobado@ugr.es. ylides. Neverthgless, the ylene form requires & tigpridization
t Universidad de Granada. to allow a multiple bond for P and As atoms, but not for N.
* Universidad deValladolid. This possibility was discarded, and there is general agreement
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SCHEME 1: Ylide and Ylene Forms (X = P and As)
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SCHEME 2: Schematic Geometries for
Pnicogen-Boron 1-3(a—d) and Pnicogen-Carbon
4—6(a—d) Compounds of the Ylide Series Studied in This
Work
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that the computational usef @ d shell is necessary only as

polarization functions, not participating in the bondidig®

Different molecular orbital (MO) calculations support the
possibility of a double bon8idescribing a HOMO that consists
of a carbon p orbital extended clearly to the phosphorus.

Another fact that reveals a strong interaction is the sheit€CP

bond distance (ca. 1.670 Aot much longer than a standard
double P=C bond, and a bond strength similar to that in the

HP=CH, compound.
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Methodology

Ab initio and DFT calculations, at the MgllePlessett
second-order-corrected (MP2) and B3L2#Ftheoretical levels,
respectively, have been performed with the 6-BGF basis
set for the pnicogencarbonl—3(a—d), and pnicogefboron
4—6(a—d) ylides studied, using the Gaussiaf®8rogram. All
the structures were fully optimized using the above-mentioned
MP2/6-31HG*//MP2/6-31H-G* and B3LYP/6-31#G*//
B3LYP/6-31H-G* theoretical levels, with all the structures
yielding true minima and showing no imaginary frequencies.
Due to the different characteristics and advantages of B3LYP
and MP2 methodologies, we decided to compute each physical
magnitude with the best available method. Although both
methods include the electronic correlation, the MP2 provides
more accurate geometries and precise energies. Nevertheless,
the description of the electronic structure, and particularly the
electronic density, is best given by density functional methods
such B3LYP, due to the explicit consideration of the electronic
density as the magnitude that is optimized variationally. This
is why B3LYP-obtained wave functions have been employed
in the following electronic structure analyses.

The atoms in molecules (AIM) theory explores the topology
of electron density and describes accurately the chemical
concepts of atom, bond, and structé&té® Another comple-
mentary electron-density-based topological analysis which
provides useful information on the bond structure is the electron
localization function (ELF), as defined by Becke and Edge-
combe?’” The AIM and ELF analyses have been carried out
from the computed B3LYP/6-31#1G*//B3LYP/6-311+G* elec-
tron density, with the AIMPAE® and ToPMoDB® software
packages. The ELF plots consist of the ELF isosurfaces at a
fixed value of 0.7, and were obtained with the Sci®scientific
visualization program. The color convention represents core
basins in magenta, and the remaining valence basins are
classified depending on their synaptic ordered for mono-
synaptic, green for disynaptic, and cyan for disynaptic hydro-
genated basins.

There are also alternative descriptions defining fractional bond  Rotational barriers were calculated using the multiconfigu-

orders (about 1.3) between single and double vallesn
example of the difficulty in assigning a specifie- bond order

rational CASMP2/6-31+G*//MP2/6-31HG* method, with an
active space of two electrons and two MOs. Complete active

has recently been reported, where different interpretations arisespace calculations were performed and compared in order to
from the sharing indices used by Mitrasinovic. Intergroup and determine more precisely the barrier heights, through a correct
interbasin sharing indices yield double- and single-bond inter- determination of the electronic state in the geometries near the
pretations, respectivehf2° maxima.

All the above highlights the need to clarify and analyze the The rotational parrlers were cglpulated for compouh.,d’s.,
S . . . . . 4, and5(a,b), starting from the minimum structures optimized
main differences in the pnicogen ylide series, in order to

- . . at MP2/6-31#G* level, and modifying only the R-X—-Y—Z
understand their res.pect|v.e bonding 'to carbon. In the present jinadral angle (where Ries on the symmetry plane and Z is
work, we focus on yI|de§ with a negat.|ve charge on the carbon e centroid of all Rsubstituents; see Scheme 2). The remaining
atom, and we extend this study to their boron analogliesse geometric parameters were kept frozen during the potential
two first-row elements show different abilities in filling their  energy scan in order to preserve the electronic environment
valence shell and therefore will be used to test the dependenceground the pnicogen, because the rearrangement of the substit-
of the bonding characteristics on the population of the valence yents leads to the same conformation every’18tasking the
shells. We have performed ab initio and density functional presence of a possible double bond.

theory (DFT) calculations for a series of compounds (see
Scheme 2), with different substituents (R, R H, F, SiH)

that are expected to change the centralXand X-B bond I. Geometry and Energetic Stability. We performed a series
properties. The electron density has been analyzed by meang theoretical calculations on the molecules described in Scheme
of the atoms in molecules theory (AIM) and the electron o corresponding to thedXBR' and RXCR', formulas (where
localization function (ELF) in order to locate the electron pairing X = N, P, and Asf? Table 1 lists the geometric parameters
regions, shedding light on the chemistry involving these calculated at the MP2/6-3#G*//MP2/6-311G* level for all
compounds. Additionally, rotational barriers have also been 1—6(a—d) structures, while the AIM electronic data calculated
computed to explore the differences in the bonding nature causedat the B3LYP/6-313+G*//B3LYP/6-3114-G* level are tabulated

by the substituents. in Table 2. The main geometric trend consisted of the shortening

Results and Discussion
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TABLE 1: Geometric Parameters for Compounds +6(a—d): XY, R;—X, R,—X, and Y—R’' Bond Distances, Angleg and y,
and Bond Dissociation Energie€Egpg, Calculated at the MP2/6-31#G*//MP2/6-311+G* Level

D2 (A) DR1>< (A) Dsz (A) Dyr (A) 7@ (deg) ya (deg) Espe (kcal/mol)
la HsN—BH 1.691 1.012 1.022 1.230 97.0 116.6 16.5
2a HsP—BH 1.987 1.442 1.402 1.214 110.6 142.9 131
3a HzAs—BH 2.163 1.554 1.510 1.221 106.4 147.0 7.4
4a H3sN—CH, 1.551 1.027 1.015 1.098 113.5 120.2 18.2
5a H3P—CH; 1.678 1.438 1.403 1.085 148.7 129.4 46.7
6a H3As—CH; 1.817 1.555 1.507 1.090 132.9 135.2 30.6
1b F:N—BH 1.455 1.785 1.357 1.183 124.0 127.2 22.3
2b F:P—BH 1.904 1.610 1.572 1.198 119.2 146.6 11.2
3b FsAs—BH 2.145 1.773 1.731 1.211 112.8 158.0 2.8
4b FsN—CH; 1.313 1.722 1.359 1.079 157.7 121.6 52.5
5b FsP—CH; 1.613 1.586 1.583 1.081 164.2 126.5 59.8
6b FsAs—CH, 1.756 1.747 1.712 1.087 139.2 135.2 31.0
1c HsN—BSiH; 1.650 1.028 1.020 2.060 103.2 120.3 122.6
2c HsP—BSiH3 1.913 1.441 1.403 2.018 112.6 136.6 189.2
3c H3As—BSiH; 2.067 1.551 1.508 2.043 107.2 139.9 346.0
4c HsN—C(SiHs)2 1.499 1.023 1.024 1.809 178.6 115.7 202.8
5¢c H3P—C(SiHs), 1.676 1.422 1.408 1.833 176.8 122.8 300.6
6c HsAs—C(SiHg). 1.797 1.531 1.509 1.833 173.4 122.8 447.1
1d FsN—BSiH3 1.441 1.776 1.356 1.998 126.4 125.2 173.7
2d FsP—BSiH; 1.863 1.607 1570 1.996 123.0 140.2 225.0
3d FsAs—BSiH3z 2.117 1.776 1.729 2.046 117.3 153.6 374.2
4d FsN—C(SiHy). 1.304 1711 1.384 1.887 164.6 119.7 267.8
5d FsP—C(SiHs)2 1.607 1578 1.565 1.857 176.7 120.5 347.9
6d F3As—C(SiHg). 1.729 1.734 1717 1.865 172.1 124.7 478.5

aSee Scheme 2 for definition.

TABLE 2: Electronic Properties for X —Y Bonds in 1—-6(a—d): Electron Density at the Bond Critical Point p(r), Its Laplacian
V2p(r.), Ellipticity €, and Electronic Energy Density E4, Delocalization Index between X and Y Basin®(X,Y), and Total
Charges Integrated over X and Y Basinsgx and gy, Computed at the B3LYP/6-31H1-G*//B3LYP6-311+G* Level

p(r) (e a™) Vp(re) (e @) € Eq(ro) (hartree g°) O(X,Y) ax (e) av (e)
la HsN—BH 0.100 0.224 4.49 —0.065 0.60 —1.24 0.64
2a HsP—BH 0.109 —0.162 0.29 —0.065 0.92 1.16 0.55
3a HzAs—BH 0.082 —0.062 0.22 —0.035 0.82 0.68 0.51
4a HsN—CH, 0.173 —0.160 0.26 —-0.171 0.92 —0.94 —0.20
5a HsP—CH, 0.115 —0.007 0.44 —0.198 1.20 231 —1.16
6a HzAs—CH, 0.097 —0.116 0.23 —0.106 1.30 1.16 —0.67
1b FsN—BH 0.218 0.627 0.80 —0.207 0.90 —0.09 1.47
2b FsP—BH 0.129 —0.226 0.29 —0.085 1.04 1.99 0.72
3b FsAs—BH 0.081 —0.044 0.11 —0.032 0.80 1.40 0.68
4b FsN—CH, 0.336 0.137 0.37 —0.508 1.38 0.17 0.38
5b FsP—CH, 0.217 0.142 0.72 —0.233 1.16 3.21 —1.26
6b FsAs—CH; 0.172 —0.125 0.31 —0.123 1.36 2.12 —0.57
1c H3sN—BSiHz 0.109 0.268 2.58 —0.072 0.74 —1.27 —0.32
2c H3P—BSiH; 0.124 —0.223 0.50 —0.089 1.08 1.15 —0.50
3c H3As—BSiH; 0.097 —0.101 0.36 —0.049 1.02 0.67 —0.57
4c H3N—C(SiHs), 0.201 —0.119 0.43 —0.234 1.04 —1.01 —1.53
5c H3P—C(SiHs)2 0.192 0.000 0.26 —0.195 1.16 2.31 —2.42
6c H3As—C(SiHs), 0.166 —0.111 0.17 —0.114 1.34 1.21 —2.00
1d FsN—BSiH; 0.221 0.672 0.73 —0.209 0.94 —0.13 0.46
2d FsP—BSiH; 0.145 —0.298 0.48 —0.117 1.20 1.85 —0.29
3d FsAs—BSiH; 0.098 —0.076 0.19 —0.044 1.00 1.71 —0.45
4d FsN—C(SiHs)2 0.333 0.328 0.11 —0.498 1.50 0.11 —0.63
5d FsP—C(SiHs)2 0.216 0.147 0.41 —0.230 1.16 3.23 —2.45
6d FsAs—C(SiH). 0.182 —0.123 0.28 —0.137 1.50 2.19 —1.82

of the central X-Y distance after substituting the hydrogen with  steric repulsion forced theangle to be close to 180All these

F and SiH groups for all compound&—6, this effect being geometric data are compatible with an increase in the bond
much higher in the case of fluorination. For compounds with multiplicity due to the fluorination next to N, P, and As atoms,
both substitutionsld—6d, the X—Y distance shortened to the being much more noticeable for N compounds, and are
minimum values, but the differences betwdemndd series accompanied by a reduction in the €pyyramidalization (or in
were very low, confirming that F substitution was the main the XBH angle).

responsible for this effect. This shortening differed for6. Under some circumstances, the XRroup presented a
The bond distance was drastically decreased in ammoniumdifferent orientation, depending on the substituents attached, and
ylides 1b and 4b, by 0.236 and 0.238 A, respectively, while therefore they-angle, which measures this orientation, also
the other variations remained below 0.08 A. Similar effects were merits attention. As a general trend, the heading angle
observed in the-angle, which measures the degree of planarity increased progressively with the size of the X atom;-1285°

at the Y atom. The substitution in both X and Y positions is the usual range for carbon compounds and—15IF,
increased the planarity on Y, and again the effects were muchsignificantly wider, is the range for boron compounds. Only
more noticeable in the nitrogen compounds, wittugmenting for boron compound4db—3b was this angle affected by the
ca. 27 from lato 1b, and ca. 44from 4ato 4b. Similarly, the fluorine substituents, augmentingan average of ca. 20For
effects of the SiH groups were less pronounced, with the the SiH; derivativeslc—6c, y is reduced, but not more than
notable exception of the carbon derivatives, where the; SiH 10° for both boron and carbon compounds. This displacement
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in the y values cannot be associated with any repulsion or more negative for the N atom. Therefore, the BCP contained
attraction between substituents, because of their wide separationin the interbasin surface can be located in the charge-depletion
This effect is much more noticeable for compounds with second- or charge-concentration zones, yielding to positive and negative
row and beyond atoms. This effect seems to be produced by alaplacian values, respectively. Accordingly, Table 2 presents
larger electron concentration zone close to the valence shellshigh positive Laplacian values for most N compounds (except
for P and As, which repels the substituents attached to X. This for the 4a and 4c ylides). Again, the effects of fluorine were
is shown below in the analysis of the electronic structure. noticeable, as opposed to the Sibhes. Generally, the values
We compared also the bonding dissociation energies (BDE) increased with the F substituents. Meanwhile, the boron
for the studied compounds, calculated as the energy differencecompounds with As and P remained unaffected. Moreover, the
relative to the fragments 4X and CR; (or BR)), and corre- steric effects between SiHyroups were not reflected in these
sponding to the heterolytic breakdown of the bond. Homolytic Values, indicating that the repulsion affected only the electronic
dissociation energies were also computed, but were moredistribution in the perpendicular direction of the-X bond.
energetically unfavorable than the heterolytic ones. The BDEs  After the discussion of the electronic structure changes with
listed in Table 1 support the effect described above: the strengththe substituents, it is appropriate to compare the ellipt@Gity.
of N=Y bonds is enlarged, especially for organic ylides, where The most striking values corresponded ta and 1c, with
the BDE rises from 18.2 to 52.5 kcal/mol. On the contrary, the unusually high values. The As compounds showed the lowest
effect of fluorination in the PY bonds is less pronounced: values, the remaining ones normally being greater than 0.30.
before and after fluorination, the strength of the®bond in For comparison, a conventionaH=® double bond shows an
5aand5b is near 50 kcal/mol, which indicates thed already ellipticity of 0.39 and and a €P single bond shows 0.G9The
presented a typically double bond strength that can be only high e-values inla and1c can be attributed to a low variation
moderately increased with the fluor substituents. This behavior of the electron density in one of the two directions perpendicular
contrasts with that of As compounds, whose bond strength is to the bond. This indicates a certain predisposition of the BCP
barely affected by fluorination. to be divided in two, or at least to become a (2,0) critical point
Il. AIM Analysis. The main characteristics of the central instead of a (371). This reflects the relative instability of the
X—Y bond were analyzed using the AIM theory, through electronic structure around these BCPs.
evaluation of the properties of the corresponding bond critical ~ Another parameter usually involved in the bond multiplicity
point (BCP) shown in Table 2. The charge density of a BCP determination is the delocalization indéxX,Y), which mea-
usually marks the bond strength, as it measures the populationsures the number of electron pairs shared between two neigh-
in areas between two bonded atoms where the density is thinnestboring basins. Although it is immediately related to the bond
To some extent, it also measures the degree of multiplicity, order, there is agreement fé¢X,Y) to usually be lower than
although this analysis must be performed carefully, because thethe corresponding bond ord®#3% and indeed, the linear
density may be influenced by other phenomena. For the relationship between bond order and delocalization index is not
unsubstituted compoundsa—6a, the electron density usually  proven. In Table 2, we report these indices, some of them
falls within the range of 0.080.12 e g3 (except in an calculated previously elsewhere. We may note that most values
abnormally high value foda). If we compare these values with  remained <1 for the unsubstitutedla—6a molecules. In
those corresponding to the fluorinated compounds (sbraewl comparison, with the F-substituted—6b, the changes were
d), the density generally is augmented, but to a different degreeclear, but there was also a dependence on the participating
depending on the pnicogen involved. The density in ammonium pnicogen. The most remarkable changes corresponded to the
ylides almost doubled, while for the rest the increase was lessammonium ylided and4, augmenting the delocalization indices
pronounced. Generally, the density in boron compounds with in ca. 50%. The P and As ylides also showed a general increase,
P and As remained almost the same after F substitution, while but invariably<10%. This was also noted comparing thand
conventional phosphonium and arsenium ylides still underwent d series. The delocalization indicé$X,Y) for single, double,
strong modifications induced by the fluorine. On the contrary, and triple bonds for various molecules are reported in the
the Sik; affected only the organic ylides, noticeably increasing literature®3435For instance, in €C bonds, these indices take
the density, because the aforementioned repulsion between botlyalues of 0.95, 1.89, and 2.85 for single, double, and triple
SiHs groups forced shhybridization to the carbon atom and  ponds3 respectively, in a 1:0.95 ratio, while in-N bonds
also possibly increased the double-bond character. As thisthe values for a single bond and a double bond are 1.04 and
repulsion was possible only for tricoordinated Y atoms, the 1.79, respectivel§.Therefore, although the values f6a and
effects of the Sidgroups in boron compounds were negligible. 5b remained between those of a-B single and those of a
The same trends were also found for &gr) values. All double bonfl (0.92 and 1.70, respectively), the increase with
the E4(r) data were negative, indicating more stabilized bonds, respect to 0.92 was notable, similar to the proportional increase
especially for organic ylides, presenting higher absolute values. between4a and 4b, which has been shown as an abrupt
The F substituents noticeably increased bond stability, while differentiation between single and double bonds, respectively.
the SiH groups induced a moderate stabilization, with the  From all the above, we can draw some preliminary conclu-
ammonium ylides yielding the maximum values. sions that reveal the main electronic characteristics of the bond
On the other hand, the Laplacian values calculated at the BCPin those systems. Both SiHand F substitutions at Y and X
showed dissimilar results, even for compounds with the same positions, respectively, induced a pugbull electron displace-
substituents. This result is related to the different electronega- ment throughout the whole molecule from the right to the left
tivities between N and the remaining P and As atoms. For (following the orientation in Scheme 2), as can be appreciated
example, the Laplacian plots for the N and P compounds (seein the AIM charges integrated on the X and Y basins (see Table
Supporting Information, Figure S1) showed changes in the 2). This electron displacement is manifested in the decrease (pull
concentration and depletion charge zones that were lesseffect) of ca 1 e for the X basins of the compountib—6b,
significant than the displacement of the interatomic surface. and in the increase (push effect) of the same magnitude for the
Consequently, the charges on the X basins were generally muchyY basins (c—6c). In 1d—6d, both effects (pushpull) were
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1a 4a

Figure 2. ELF representation at 0.7 fatb—6b, at the B3LYP/6-
311+G*//B3LYP/6-311+G* level.

Figure 1. ELF representation at 0.7 fdta—6a, at the B3LYP/6- . . ) .
311+G*/B3LYP/6-311+G* level. polarized toward the nitrogen, while the remaining molecules

presented bonds clearly interacting with the lone pair from the

present, yielding an overall electron displacement throughout methylene (borylene) moieties, which in some cases appeared
the whole molecule. This is associated with two main geometric as double.
changes, the shortening of the bond length andrtlaagle, The aspects related to the bond multiplicity have to be
together with electronic differences, and also the increase of discussed carefully, because the limits are not always clear,
the electron density and delocalization indices between X and especially in ylides. In most of the P and As ylides, the X
Y. All these changes are qualitative for nitrogen spetiesid basins were located perpendicularly to the bond and extended
4, yielding values compatible with the presence of a double toward a monosynaptic basin at the carbon/boron position
bond for fluorinated compounds. These modifications were (depicted in red as monosynaptic) with a varied population.
slight for the arsenium ylides, producing a very low bond Within the unsubstituted molecules, the most defined bond
strengthening, while the phosphonium ylidzand5 behaved scheme corresponded tg, where the bond valence basin
differently, the latter presenting, overall, more changes than the acquired a standard double-bond shape, and the monosynaptic
boron derivative2. Moreover, the differences betwe8a and basin had a very low population of 1.12 e. In the other cases,
5b were clear in the electron density, ellipticity, anéhngle, for 2a, 3a, and6a, there were only two basins between X and
with minimal changes foR. It is worth mentioning that not all Y atoms, the population of the upper monosynaptic basin being
these substantial changes were reflected in the delocalizationca. 2 e, with a standard lone-pair configuration at the B and C
indices, yielding values of 1.20 and 1.16 f&a and 5b, atoms. It is noteworthy that the frontiers between the fused
respectively. This indicates that the delocalization index should basins in2a, 3a, and6awere numerically undefined and difficult
not be the only parameter considered in the determination of to determine. For example, iBa the frontier lies below the
bond multiplicity. As—B bond line, while in2a the separation is slightly over the

Ill. ELF Analysis. After the magnitude of the changes P—B bond (see Figure 1), indicating an almost constant ELF
induced by these substitutions was estimated, the electronicregion between the attractors of both basins.
structure was analyzed in detail through the representation of The effects of the F substitution next to X are clearly visible
the ELF. Figures 1 and 2 show the ELF isosurfaceslsr6a in Figure 2. As discussed above in the AIM analysis, the changes
and 1b—6b, respectively. Representations of the remaining for the nitrogen compounds were the most relevant. The
molecules are included as Supporting Information (Figures S2 formerly single N-Y basins (a, 4a) are now split in two {b
and S3). Differences between the ammonium and the remainingand4b), but the overall population of the new basins was 4.25,
phosphonium and arsenium ylides, for unsubstituted compoundslarger than twice the former population, and corresponding to
la—6a, became clear and straightforward in these representa-two electron pairs. This is because the previous lone-pair basin,
tions. The ammonium ylideda and 4a presented only one  at B and C atoms, has been destroyed (almost totallb)n
valence basin (depicted in light green) for the-X bonds, favoring the X-Y central bond and resulting in a clear double-
located close to the N atom, and showing almost cylindrical bond character. Moreover, the hybridization changed at carbon
symmetry. On the other hand, the remaining compounds (totally) and at boron (partially). This sharp change induced all
presented an elongated shape for this basin, located within thethe geometric and electronic modifications discussed above.
molecular symmetry plane and almost perpendicular to the bond, In Figure 2, the N-C valence basin ofb appeared as a single
and in some cases, divided into two or more basins. These result®ne, contrary td.b, this being caused by a region of ELF values
indicated a different bonding scheme for the ammonium and very close to 1, distributed perpendicularly to the bond. This
the remaining P and As ylides. The- and N-C bonds in illustrates again the numerical difficulties in the precise deter-
laand4a, respectively, clearly resembled a dative bond, highly mination of the different attractors and basins in the ELF.
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Additionally, the N atom is bonded with single bonds to the 0.9 ¢ keaimay - 12 HANBH
two upper F atoms, but the bond with the lower one, located in e aripan
the symmetry plane, proved to have an ionic character. This %°- e RPEA
was also corroborated by an electron populatibd e higher
and a very long FN bond distance. All this leads us to consider
1b and4b as complexes formed by Fand the ENCH,"™ and

F.NBH™ cations, respectively.

The ELF diagrams for the remaining molecul&b,(3b, 5b, 200
and 6b) were in agreement with the above-mentioned trends:
the X—Y bond in As ylides showed slight modifications, while 100
the P ylides underwent substantial differences, especially from
5a to 5b. In this case, the lone-pair basin at the C atom oo
disappeared completely, although a slight asymmetry between
the upper lobe and lower lobe from the double bond still
appeared. This was not the case of the boron derivagtbes — ® | teatmo e
and 3b, where the shape remained unchanged and only their 500 o SapoH,
population and volume increased. !

The presence of SiHgroups does not generally induce
substantial changes in the centrat-X bond, except for the
steric repulsion in the organic ylides. For example, the ELF 00
basin for the N-Y bond remained almost unchanged, in contrast
to the effect caused by the fluorine. The boron derivatives =
presented no differences upon $ildubstitution, while for
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organic ylides the lone-pair basin was destroyed, without oy o " } i,
reinforcing the central XC bond. Instead, two basins (above I AT i T ¥

and below the C position) appeared, but they were not oriented *°% - o s o .
toward the pnicogen. This was also noted in the appearance of dihedral angle (°)

a lobe (not a basin) below the C atom, which was fused with Figure 3. Restricted potential-energy curves corresponding to the

both valence €Si basins, causing these basins to have a y4rsion around B (top) and X-C (bottom) bonds fofl,2(a,b) and

population>2 for containing half of the lower lobe. Fdid— 4,5(a,b), respectively, at the CAS(2,2)MP2/6-3tG*//MP2/6-31HG*
6d compounds, with the F and Sikljroups, the effects were level.

similar to those mentioned above, but for the organic ylides
4d—6d the double bond was reinforced due to the convergence

of both effects in the disruption of the lone pair at the carbon For comparing the rotational barrier with the experimental

atom (see Supporting Information, Figures S2 and S3). . ;
i . values, the most correct procedure involves a relaxed scanning.
This leads us to propose a general bonding scheme for thesg,,ever, due to the geometric aspects for these molecules, a
ylides qnd their boron ar;alogue.s. The—m bond in the relaxed scan leads to the initial conformation every°l2fter
unsubstituted compounds is a dative single one which, after Fy,o ontimization, yielding lower values for the barriers (ca. 1

substitution, turned into a double one. The restrictions (in its kcal/mol) and a periodic potential energy curve. Therefore, a
valence) for the N atom to form five bonds forces the breakdown hypothetical double bond could not be broken during the

of one of the N covalent bonds, augmenting the-R
distance and changing it into an ionic one, thus forming the .onformation would appear af 012(, and 240.

above-mentioned complexes. For the remaining pnicogen (P, the calculated potential energy scans are depicted in Figure

As) ylides, t.he situation was different. For the organ.ic ylides, 3 Fijled symbols correspond to the fluorinated molecules. The
the unsubstituted molecules showed a clear but relatively weak ., es foria and4awere below 5 kcal/mol and showed three

double X-C bond that is progressively strengthened after F 5 arnative maxima and minima, corresponding to a clear single-
and Sik substitutions at the X and Y atoms, respectively. There 4 rotation where the 3-fold symmetry results from repulsion
was a charge redistribution from the carbon lone pair to the heyeen substituents. On the contrary, upon fluorination, these
central bond that became double, these changes being Induceaompounds showed remarkable rotational barriers (ca. 55 and
mainly by the F substituents. However, the boron compounds 14 kcal/mol for organic ylides and their boron analogues,
showed remarkably different bonds. The ELF basins for the lone respectively). However, the remaining phosphonium ylides
pairs of phosphine and arsine moieties were not located directly sho\ed pronounced patterns regardless of the substituents. All
toward the B atom, but rather sideways. Accordingly, the o ahove trends supported the bonding-nature scheme discussed
electron-pairing basin in the bond region was divided into tWo  4)qve The barrier heights for the F derivatives were generally
basins, each belonging to X and B atoms. more pronounced than those from the unsubstituted molecules,

IV. Rotational Barriers. We also explored the rotational  indicating that the double-bond character was reinforced.
barriers for further analysis of the XY bonding nature. In addition, for the remaining curves, there was also a
Considering the scant differences induced by thes$jiups  substantial difference in the positions of the maxima between
and the approximated behavior of P and As compounds, Wethe boron and carbon compounds. The organic ylides (Figure
performed the potential energy scan only fo2, 4, and5 (a,b). 3, bottom) showed two maxima located at®@hd 270 and

This scanning had to be executed carefully, due to the specialtwo similar minima at © and 180, while the boron analogues
geometric and bonding characteristics for these ylides, in order (Figure 3, top) showed the maxima at valued00® and a
to achieve accurate determinations of the magnitudes we intendrelative minimum at 18Q raised to values near those of the
to explore. In our case, we tested the multiplicity of the central maxima. This supports the bonding scheme proposed previously

bond, and therefore, in order to estimate the double-bond
strength, the torsion has to break the double bond at ca. 90

dihedral angle torsion in a relaxed scan because the same
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Figure 4. Geometric details foba and its rotameba,, at the MP2/
6-3114+G*//MP2/6-31H-G* level.

for second-row and beyond X atoms. The reinforcement of the Figure 5. ELF representation at 0.7 for rotaméa,, at the B3LYP/
central P-C and P-B bonds vylides, visible in the rotation 831X G*/B3LYP/6-311+G* level.

potential energy curve, is moderate, as happened similarly with . .

the electronic properties. Even after fluorination, the same bond SYmmetry of the P group, there is always a similar overlap
characteristics (double-bond barrierSa and a barrier with a  Petween the carbon rbital and those hybrid in X.

very high relative minimum ir2a) were already present, yielding Nevertheless, there are mainly two geometric features that
only to quantitative changes, not qualitative as observed in the lead to a different orbital overlap in compounds similabty
ammonium compounds. depending on the relative orientation of both groups. The first

The P-B bond showed different characteristics, not present- feature consists of the different positions of the substituents
ing a neat single- or double-bond character. This is especially attached to P, denoted by a heading angle 109, and the
clear for compound&a and2b, because at 18he lone pairs ~ second is the nonplanarity of the gigroup. This is why the
of the phosphine moiety and the boron atom repelled each othergeometries of the substituents were preserved during the scan,
This repulsion resulted in values at Z8€lose to those of the in order to clarify how the electronic environment around the
maxima. ForLb, whose central NB bond had been considered P atom affected the bond multiplicity a.
as double, the maxima were nearef 98 accordance with its The discrepancies in the two procedures for the rotational
higher double-bond character, although the energy differencebarrier estimation can be explained more specifically from the
between the two minima persisted. The repulsion effects & 180 geometric data displayed in Figure 4. There were noticeable
were not as clear as ith, but the difference of ca. 12 kcal/mol ~ changes in the PHgroup after rotating by 90a planar CH
accounted for the relatively high volume and population of the group, consisting of the shortening of the- € bond as well as
lone pair, in comparison witdb (see ELF representations in  the reduction of the PH bond and valence angle located in
Figure 2). This remarks the importance of the rigid scan. In the the symmetry plane, while the remaining-H bonds were
case of a relaxed scan, the aforementioned differences wouldlengthened and located away from the central bond. These
have been masked had the phosphine and ammonia units beefffects cannot be attributed to the hydrogen repulsion, because
allowed to rearrange in such a way that their lone pairs avoided in the 5a, rotamer, with two H atoms eclipsed with themselves,

each other. the in-plane P-H bond was displaced toward the centrati®
On the graphs presented, the rotational barrier of ca. 10 kcal/bond, with any kind of repulsion not existing.
mol in the phosphonium ylidBa clearly indicates the presence Moreover, the double-bond strength calculated as the ener-

of a double bond, although the barrier is relatively low in getic difference betweeba and 53, is demonstrated to be
comparison with a conventionaHT bond. This contrasts with  inapplicable here, after the electronic structures of both rotamers
numerous reports in the literatdfé3¢concerning these values, are compared. A detailed AIM and ELF analysis of the bond
where all the authors agree on a low rotational barigrkcal/ characteristics fobg yielded the ELF plot depicted in Figure
mol. The rotational barriers reported here preserved the rest of5, where two pairing basins with high population (1.95 e) were
the geometry intact, while the values reported in the literature located over and under theH€ bond, slightly extended toward
were obtained as the difference between two optimized con- the carbon. This, together with a shorter bond lengtberand
formations, the minimurBaand the rotamer with a planar GH  the forced sphybridization, indicated clearly that the bond in
group turned 90 (called5g, in Figure 4). 53 had even more double-bond character than $edrhere-

To explain these differences, we calculated and analyzed thefore, the values reported in the literature do not estimate the
same structures used by MolitfiEades® and, more recently, ~ double-bond strength; rather, they compare the relative stability
Nyulaszil! The resulting optimized geometries are depicted in of the different rotamers with similar double-bond character.
Figure 4, both showin@s symmetry. The Chigroup was kept The double bond is not broken b®, and, therefore, does not
planar, but both CH distances and PCH valence angles wereconstitute a reference for comparing the double-bond character
able to optimize, as was the Rhhoiety. The energy difference  in 5a

between théa and 5a, proved to be 1.3 kcal/mol, calculated From all the above, structur&a, can be considered a
at the MP2 level, and 1.2 kcal/mol at the B3LYP level, in transition state between two of the three configurations equiva-
agreement with the results reported. lent to5awhich the molecule encounters during a 36gtation.

The differences between these two approaches for evaluatingln 53, the double bond is preserved, but this does not mean
the double-bond character of the-B bond requires further  that thez-bond cannot be broken. Rather, it cannot be broken
explanation. For molecules such as ethylene, the energeticin this way. For an estimation of the strength of a double bond,
comparison between the different conformers with the,CH the dihedral angle has to be rotated, preserving the geometric
groups parallel and perpendicular is an appropriate techniqueconditions that allowed the bond to be double. These conditions
for analyzing the double-bond strength, but here the situation consist of the same- and y-angles for the carbon planarity
is different. In ethylene, a 90turn produces perpendicular and orientation of the PHmoiety, respectively, as well as the
orientation of the porbitals, avoiding the formation of a double same bond distances with H. All of the above explains the
bond. Contrarily, in5a, due to the approximate locdCls differences between the rotational barriers reported in the
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literaturé®11.36and the values presented in the present work, 1c—6¢ and 1d—6d (Figures S2 and S3). This material is
removing a key argument for considering the central bond in available free of charge via the Internet at http://pubs.acs.org.
5a as single.
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