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Abstract: The electron pair density in conjunction with the AIM theory and calculated NMR chemical shifts
were used to characterize the bonding properties for nine pnicogen and chalcogen ylide structures. The hybrid
B3LYP and MP2 methods were employed with the 6-BGF basis set. No evidence was found to support a
banana Q) bonding scheme. Instead, different bonding schemes were found to be dependent on the
electronegativity of the X atom in the-€X bond. When X is a highly electronegative atom (N,O), the)C

bond is weaker than a single bond, due to electrostatic repulsion. When the X atom has electronegativity
similar to carbon, a covalent, yet significantly polar interaction results, and its strength is determined mainly
by electrostatic interactions, with a small contribution of negative hyperconjugation.

I. Introduction on different system¥'3% the d functions acting mostly as
polarization functions for second-row atoms, compensating for
the inflexibility of the sp basis sets. The phosphonium ylide
electronic structure has been discussed primarily on the basis
of the geometrical parameters described in Figure 1. Moreover,
the short C-P bond length and the smallangle have been
considered to support the ylene form. In recent years, highly
precise calculations on ylides have been m#dé,and the
“bonding scheme for phosphonium ylides has been defined

Bonding nature on the title ylide compounds has long been
controversiaf* and of special interest because of their applica-
tions in organic synthesis>~7 Recently, Gilheany reviewed the
chemical bonding in phosphonium ylidéShe structure for
these complexes is included mainly in the general discussion
of other phosphorus hypervalent compounds, especially in
chalcogen and pnicogen oxides. In this context, several theoreti

cal bonding definitions for these systems have appeared recentlymainly by the following two alternatives. The first is negative
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nature description of possible hypervalent compouids. (13) Messmer, R. Rl. Am. Chem. Sod.991, 113 433.

; ; : ; (14) Kutzelnigg, W.THEOCHEM1988 169, 403.
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resonance hybrid between dipolar and double-bonded forms: (17) Heinzmann, R.; Ahlrichs, RTheor. Chim. Actdl976 42, 33.
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Table 1. Previously Calculated €X Bond Lengths (A)

Ys \H3, cli1 234586
\ NP ’\‘C Srzzeos compound method €X
S
X C’A“_ AR 1 HN—CH; MP2/6-311+G** 1.550°
WY 2 HsP—CH;, MP2/6-31H+G** 1.669
vt f 3HsAs—CH, HF/DZ* 1782
Y5 5 F3P—CH, HF/3-21G* 1.590
, 7 H,0—CH, MP2/6-31H+G** 1.734¢
\\H3/ 4y ol 8 H,S—CH; MP2/Dz* 1.680
~ 7 7 8 9
oM i 9 H,Se-CH, MP2/DZ* 1.790
T '\T;X C=---- aref 59 (see also refs 41,6()ref 59 (see also refs 10,38,39,41;60
H5\\ // 66). cref 65.9ref 62.¢ref 67 (see also refs 41,60,68,69ef 70 (see
T2 . also refs 38,41,60) ref 70.
7 HS
studied (Figure 1) are pnicogen (N, P, As) and chalcogen (O,
H H S, Se) ylides 1-9), as well as additional compounds for
H3 HG 3 5 . . .
N \ / comparison10—21). Theoretical calculations for several of the
\ .’/"‘7 c———x above-mentioned compounds are described in the literature and
\\\-C X the most accurate results are summarized in Table 1. To our
Ha / \ Cl 13 14 15 knowledge, no previous theoretical calculations have been
Hs %ﬁ— H, IN P As performed for4 and 6. The goal of the present work is to
describe accurately the bonding nature for the title ylide
compounds by means of AIM theory and theoretical NMR
X chemical shift calculations.
Hy Gl 17 18
\ 70 5 56 % “ Il. Computational Details
\\.C—X c Density functional theory (B3LYP)*¢ and ab initio (MP2y
H4\\ / \ H/ \H calculations were performed with the GAUSSIAN 98 package of

He programs'® using the 6-313G* basis set. The structures presented
were fully optimized at the above-mentioned levels of theory, with
constrainedCs symmetry forl—6 and 10—18, and C,, for 19—21.
Vibrational analyses were used to check the nature of the stationary
points, and none of the structurkes21 presented imaginary frequencies
hyperconjugation; in this scheme, the phosphorus lone pair forms(true minima) at either B3LYP or MP2 levels. To study electronic
a o bond to carbon, and the extra charge density on carbon properties, the wave functions for the optimized structures were
forms a z back-bond by overlapping with the* lowest analyzed by the AIMPAC series of prograthssing the B3LYP and
unoccupied molecular orbital (LUMO) of the phosphine moi- MP2 densities as input, as described in AIM theB¥. The v?o(r)
ety 38 This representation is totally analogous to that proposed contour map representations of the d_n‘ferent structures were drawn using
for phosphine oxidé3 The second compris&d bonds; this case the MORPHY98 prograrf The atomic charges were calculated using

. . - S the AIMPAC series of progranf$, by integration over the basin of
is also analogous to phosphine oxide, yet yielding only two every atom in the AIM’s framework. The NMR chemical shifts were

banana bonds. This situation was also determined by Boyscalculated with the GIAO methdd within the GAUSSIAN 98

localization procedures in molecular orbital (MO) calcula- progrant®® using the tetramethylsilane (TMS) signal as reference for
tions324°Moreover, General Valence Bond (GVB) calculations the13C andH chemical shifts.

on ylides gave the same resultsThe above discussion
illustrates the controversy between the different wave function Ill. Results and Discussion
analyses.

The gauge-invariant atomic orbital (GIAO) metlédvas
employed to calculate NMR data and the results were compa-
rable with experiment; in this context, Chestugnalyzed the
bonding in phosphine oxide with the help of theoretical chemical (47) Maller. C.: Plesset. M. Shys. Re. 1934 46, 618,

shift calculations. . ) (48) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
In the present work, the bonding nature of the title compounds M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery Jr., J. A

is investigated by performing an adequate ana|ysis of the Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

- ; D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
electron charge density(f)) topology, using the AIM theory M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;

recently considered as an appropriate approach that provides @chterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
comprehensible set of interpretative totisThe molecules D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
(38) Mitchell, D. J.; Wolfe, S.; Schlegel, H. BEan. J. Chem1981, 59, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
3280. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
(39) Molina, P.; Alajarin, M.; Leonardo, C. L.; Claramount, R. M.; Foces- W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Foces, M. C.; Cano, F. H.; Catala).; de Paz, J. L. G.; Elguero,Jl.Am. Head-Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98, Résion
Chem. Soc1989 111, 355. A.6, Gaussian Inc.: Pittsburgh, PA, 1998.
(40) Bollinger, J. C.; Houriet, R.; Kern, C. W.; Perret, D.; Weber, J.; (49) Biegler-Kming, F. W.; Bader, R. F. W.; Tang, T. H. Comput.
Yvernault, T.J. Am. Chem. Sod.985 107, 5352. Chem.1982 3, 317.
(41) Dixon, D. A.; Dunning, T.H.; Eades, R. A.; Gassman, PJGAm. (50) Bader, R. F. W.; Stephens, M. E.Am. Chem. So&975 97, 7391.
Chem. Soc1983 105, 7011. (51) Bader, R. F. WAtoms in Molecules: A Quantum Thep@jarendon
(42) Wolinski, K.; Hilton, J. F.; Pulay, Rl. Am. Chem. Sod.99Q 112 Press: Oxford, 1990.
8251. (52) Bader, R. F. WChem. Re. 1991 91, 893.
(43) Chesnut, D. BJ. Am. Chem. S0d.998 120, 10504. (53) MORPHY98, a program written by P. L. A. Popelier with a
(44) Cioslowski, J.; Mixon, S. Tlnorg. Chem.1993 32, 3209. contribution from R. G. A. Bone, UMIST: Manchester, England, 1998.

Figure 1. The studied molecule$—9 and the additional molecules
10—21 for comparison.

A. Geometrical Description. Calculations on structurels-9
were made at the theoretical levels described previously. The

(45) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
(46) Becke, A. D.J. Chem. Phys1993 98, 5648.
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Table 2. Geometrical ParametérgA, Degrees) at the B3LYP/6-3#1G*//B3LYP/6-311HG* Level and in Parentheses the MP2/6-313*//

MP2/6-31HG* Values

1 2 3 4 5 6
H3sN—CH; HiP—CH, H3As—CH, FsN—CH; FsP—CH; FsAs—CH,
c—X 1.563(1.548) 1.681(1.678) 1.836(1.815) 1.287(1.312) 1.616(1.612) 1.788(1.752)
C—H, 1.101(1.098) 1.084(1.084) 1.091(1.090) 1.079(1.079) 1.081(1.080) 1.089(1.087)
X—Ys 1.037(1.027) 1.452(1.438) 1.566(1.551) 1.790(1.721) 1.598(1.585) 1.770(1.748)
X—Ys 1.016(1.014) 1.408(1.402) 1.509(1.504) 1.363(1.357) 1.572(1.563) 1.726(1.711)
OH,—C—Hs 106.2(107.3) 115.9(116.2) 111.9(113.4) 124.6(125.0) 119.7(119.9) 115.3(117.7)
0C—X—Ys 121.6(120.2) 130.1(129.4) 133.4(131.8) 119.9(121.5) 127.3(126.7) 139.0(135.4)
0C—X—Ys 107.4(107.2) 111.9(111.6) 110.2(110.8) 117.6(116.2) 114.2(114.3) 110.8(112.6)
OYsXCYe —1233(1230) —121.2¢121.1) —123.2¢122.6) —112.8¢115.1) —119.0-119.1) —123.1¢121.8)
T 67.5(66.4) 31.5(31.6) 50.6(47.9) 14.3(22.1) 15.31(15.6) 48.2(41.7)
7 8 9 10 11 12

H,O—CH, H,S—CH; H,Se-CH, H,N—Me H,P—Me H.,As—Me
C—X 1.772(1.688) 1.675(1.663) 1.843(1.820) 1.465 1.872 1.997
C—Hs 1.100(1.094) 1.082(1.081) 1.088(1.087) 13 14 15
C—Ha 1.106(1.100) 1.084(1.082) 1.087(1.086) HEH, HP=CH, HAS=CH,
X—Hs 0.967(0.964) 1.423(1.400) 1.566(1.551) 1.267 1.670 1.786
X—Hs 0.962(0.958) 1.363(1.354) 1.490(1.484) 16 17 18
OX—C—Ha 94.8(96.5) 111.1(111.5) 107.9(108.5) MeOH MeSH MeSeH
OX—C—Ha4 96.6(98.6) 119.4(119.8) 115.5(116.2) 1.422 1.834 1.978
0C—X—Hs 119.7(119.0) 118.9(118.2) 118.7(118.2) 19 20 21
0C—X—Hs 101.7(104.2) 106.1(107.1) 100.4(101.7) ,0+0 H,.C=S H.C=Se
OH3CXHsg —156.8(-154.4) —158.6(-154.7) —173.2¢-169.7) 1.201 1.615 1.776
[JHaXCHs —23.2(-25.6) —38.7(-39.7) —35.0(-35.8)
OH—X—H 109.8(110.7) 89.4(90.5) 87.4(88.1)
OH—C—H 104.4(106.0) 117.5(118.5) 114.2(115.3)
- 80.4(77.3) 34.6(32.0) 46.9(44.5)
T 50.8(48.9) 56.3(56.0) 59.6(59.4)

aSee Figure 1, the €X distance was tabulated for structurg®-21.

numerical results are presented in Table 2 together with the e Structuresl and7, with X=N and O, respectively, show
C—X bond length for the reference structurd€421). Table weak C-X bonds, particularly foi7, with distances longer than
Sl lists the total energies and calculated dipole moments standard G-X bonds®

(available as Supporting Information). _ « Structures2, 3, 8, and9 show C-X bonds shorter than

As mentioned in the Introduction, the interaction between C standard &X single bonds, with intermediate values and
and X has been considered to be a ylidene bond, based mainlyconsjgerable ylidene contribution.
upon the geometrical parameters. TheXCbond lengths for
2, 3, 8 and9 are closer to their corresponding—& double
bond than to single bonds in the reference compounds. However
compoundsl and 7 have longer €& X bonds than a normal ) )
single bond (1.563 and 1.838 vs 1.465 and 1.422 A, respec- B- Bonding Nature. The bonding nature was analyzed by
tively). Compoundsl and 7 (where X is nitrogen or oxygen, ~ Means of the numerical valugs of the bond crmpal points (BCP)
respectively, with greater electronegativity than the carbon atom) in £(r) andv?p(r) together with thev2p(r) graphical analysis,
showed behavior similar to that 080 structured,.e., weaker AIM charges, and electron delocalization between atoms. These
C—X bond than a normal single bond. On the contrary, theXC analyses were compared with the chemical shifts calculated for
bond length is markedly shortened in compodiwhen nitrogen 1 —9 and with the corresponding reference structufi€s-@1).
has three fluorine substituents, giving-® bond a length very The quantum-mechanical pair density in conjunction with the
similar to that of a standard=€N double bond. This €X guantum definition of an atom in a molecule provides a precise
shortening is also observed for compourtdand 6, but in a determination of the extent to which electrons are localized in
very small amount, giving EP and G-As lengths very close  a given atom and delocalized over any pair of atémghe
to standard double bonds. electron pairing is a consequence of the Pauli exclusion

The geometrical agreement of the different structures with principle, and the extent of spatial localization of the pairing is
the ylidene bond correlates with theangle defined in Figure  determined by the corresponding property of the Fermi hole
1. In a pure ylidene form, the angle has very small values; density. These ideas are made quantitative through the appropri-
however, structures and? display the widest angles (67.5 and  ate integration of the pair density to determine the total Fermi
80.4, respectively). Structurek 3, 8, and9 have intermediate  correlation contained within a single atomic basin, the quantity
values of ca. 40 The smallest angles are found fo# and5, F(A,A), or F(A,B), the correlation shared between two basins.
which have three fluorine substituents. Thealues correlate  The quantityF(A,B) is thus a measure of the extent to which
also with the C-H bond lengths. Smallervalues give shorter  electrons of either spin referenced to atom A are delocalized
bond lengths; the shortest ones are found4f¢€—H 1.079 A onto atom B with a corresponding definition BB,A). Thus,
andr 14.3). F(B,A) = F(A,B) and their sumF(A,B) + F(B,A) = 6(A,B),

The B3LYP geometrical results were also tested with MP2
calculations. Both data match each other with shorter bond (54) For structure?, a Cs conformation was characterized as being 0.7
lengths and wider bond angles at the MP2 level (Table 2). The kcal/mol more stable than thé; conformation, at the B3LYP level. In

- . . . fact, the C-X bond is almost barrierless.
geometrical characteristics discussed above lead to the following

| ! (55) Fradera, X.; Austen, M. A.; Bader, R. F. \l/.Phys. Chem. A999
considerations: 103 304.

e Structures4, 5, and 6, with three fluorine substituents,
present G-X bond lengths very similar to standard double bonds
'and very smallr values.
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Table 3. The Electron Charge Density(r), its v2o(r), Ellipticity,
¢, Electronic Energy Densitygq(r), and |14/45], of Structuresl—21,
for the C-X BCPs at the B3LYP/6-31tG* Theoretical Level

p(r) — Zp(r) Eq(r)
(dad)  (elay) € (hartreed,®)  |A4/43]
1HsN—CH; 0.178 —0.160 0.261 —0.176 0.887
2 H3P—CH;, 0.193 —0.008 0.441 —0.198 0.600
3H3As—CH, 0.160 -—0.116 0.232 —0.106 0.791
4 FsN—CH; 0.336 0.138 0.374 —0.508 0.521
5 FP—CH; 0.218 0.143 0.724 —0.233 0.500
6 F3As—CH; 0.172 —0.126 0.308 —0.123 0.812
7 H,0—CH, 0.093 0.137 0.063 —0.036 0.308
8 H,S—CH; 0.217 —-0.361 0.366 —0.178 1.453
9 H,Se-CH, 0.166 —0.131 0.249 —0.103 0.822
10 H;N-Me 0.259 -—0.650 0.037 —0.267 1.467
11H,P-Me 0.150 -0.254 0.094 -0.614 1.804
12H,As-Me 0.127 —0.058 0.029 —0.068 0.629
13HN=CH; 0.387 —0.889 0.192 —0.140 1.176
14HP=CH, 0.187 0.330 0.391 —0.173 0.341
15HAs=CH, 0.175 0.048 0.264 —0.126 0.503
16 MeOH 0.251 —0.450 0.009 —-0.321 0.997
17 MeSH 0.170 -—0.234 0.086 —0.103 0.994
18 MeSeH 0.135 —-0.085 0.101 —0.068 0.709
19H,C=0 0.414 0.080 0.040 —0.696 0.491
20H,C=S 0.240 —0.105 0.045 —0.302 0.648
21H,C=Se 0.193 -—0.047 0.128 —0.147 0.588

termed theadelocalization indexis a measure of the total Fermi
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Two different bonding situations arise from the geometrical
parameters previously discussed: the first with very wealkC
bonding interactions, where X is highly electronegative N and
O (1 and7), and the second characterized by possibteXC
multiple bonds.

The AIM atomic charges and NMR chemical shifts for
structuresl—9 are tabulated in Table 5.

For structurel, a weaker bond than a single bond is found
according to the BCP numerical values. The electron density,
o(r), and its Laplacianyv?p(r), have smaller absolute values
than in their corresponding-€N single or double bonds fdr0
and13(0.178¢/a,® and—0.160€e/a,° vs 0.254¢e/a,® and—0.650
ela,® and 0.387¢/a,® and —0.889 e/a,,® for 1, 10 and 13,
respectively). Moreover, the local electronic energy denEify,

(r), and the ratio of curvature$}i/As|, have values close to a
covalent bond, but smaller in absolute values than those of a
standard single bond fdr0. However, the ellipticity ¢, for 1
(0.261) indicates that the(r) varies by a different amount in
both directions on the perpendicular plane to the bond. In
addition, the electron charge delocalization daf&€(N] = 0.92)
showed a considerable amount of electron delocalization
between the two atoms, and indicated that the elongation of
the bonds is also compatible with an electrostatic repulsion due

correlation shared between the atoms (Table 4). This delocal-the AIM atomic charges at the N and C atoms0(89 and
ization index is calculated taking into account that

FAB) =FBA) =-Y Y §(A)S(B)
T ]

@)

—0.19, respectively).

The above-mentioned trends fdr appear to be more
pronounced fof. Thus, the C-O bond lengthens by more than
0.3 A compared td6. The electronic properties of the BCPs

whereS§;(A) is the corresponding atomic overlap matrix given suggest a very weak bonding interaction with I@fr) and
by the PROAIM program at the Hartre€&ock level4°50

Table 4. The Electron Delocalization Indice§A,B] at the B3LYP/6-31%+G* Level for Structuresl—21

positive v2p(r) values, all indicative of a closed-shell type

1 2 3 4 5 6
H3N—CH, H3P—CH; H3As—CH, FsN—CH, FsP—CH; FsAs—CH,
S[C.X] 0.92 1.19 1.30 S[C.X] 1.37 1.14 1.38
S[C.H3] 1.00 1.01 1.00 S[C.H3] 0.89 0.98 0.96
S[X.Hg] 0.82 0.73 0.82 8[X,Fs] 0.51 0.54 0.70
S[X,Hel 0.82 0.77 0.91 S[X,Fd 1.04 0.54 0.73
S[C.Hs] 0.08 0.16 0.16 S[C.Fe] 0.26 0.15 0.14
S[C.Hg] 0.02 0.11 0.06 S[C.Fe] 0.09 0.15 0.10
O[X.Ha] 0.07 0.04 0.06 O[X.Ha] 0.07 0.04 0.06
7 8 9 10 11 12
Hzo_CHz HzS—CHg Hgse—CHz HzN-Me H2P—Me H2AS-Me
S[C.X] 0.62 1.48 1.42 S[C.X] 1.04 0.92 0.99
O[C.Hg] 1.01 0.98 0.98 S[CHi] 0.94 0.97 0.97
S[C.Hd] 1.02 0.98 0.98 S[C.Hd] 0.94 0.98 0.98
O[XHe] 0.66 0.88 0.89 SINH4] 0.08
SX,Hel 0.66 0.95 0.98 S[X,He] 0.88 0.90 0.98
S[C,H] 0.01 0.17 0.17 S[C,He] 0.09
S[C.Hg] 0.01 0.08 0.07 S[N.H2] 0.06
S[X,Hal 0.05 0.07 0.07
SX,Hal 0.05 0.08 0.07
13 14 15 16 17 18
HN=CH, HP=CH, HAs=CH, MeOH MeSH MeSeH
S[C.X] 1.79 1.70 1.88 S[C.X] 0.94 1.13 1.12
S[C.Hd] 0.92 0.98 0.98 S[C.Hi] 0.93 0.96 0.96
S[C.Hs] 0.92 0.98 0.98 S[C.Hd] 0.94 0.96 0.96
SXH1] 0.88 0.91 0.99 S[X.Hel 0.73 1.05 1.08
S[N,Ha] 0.10
S[C.Hi] 0.16 0.09
S[N,Hs] 0.09
19 20 21
H,C=0 H,C=S H,C=Se
s[C.X] 1.59 2.10 2.08
S[C.H] 0.89 0.95 0.95
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Table 5. AIM Atomic Charges and NMR Chemical Shiftfor Structuresl—21, at the B3LYP/6-313G* Theoretical Level
charge NMR charge NMR charge NMR
1@C —0.19 72.7 2@cC —1.16 —21.4 3@cC —0.64 5.8
@N —0.89 201.0 @ 2.38 421.7 @s 1.18 1462.0
@Hs —0.03 3.9 @ 0.06 -0.7 @Hs 0.05 0.3
@Hs 0.33 5.7 @s —0.44 7.4 @s —0.24 7.6
@He 0.40 41 @ —0.45 6.3 @Hs —0.19 5.9
4@C 0.44 98.4 5@C —-1.26 -0.8 6 @C —0.57 44.0
@N 0.18 —64.2 @arP 3.25 220.0 @s 2.13 955.5
@H 0.17 5.2 @ 0.12 1.0 @ 0.12 2.6
@Fs —0.50 —599.0 @rs -0.74 206.7 @s —0.60 142.5
@Fs -0.22 —46.6 @rs -0.74 259.1 @s —0.60 224.3
7@cC —0.15 278.0 8@cC —0.40 -43 9@cC —0.51 20.6
@0 —0.98 324.1 @ 0.29 462.0 @e 0.60 1488.9
@H3 0.01 12.8 @13 0.07 0.7 @3 0.05 1.6
@H4 0.02 12.8 @, 0.06 1.2 @, 0.05 1.6
@Hs 0.59 2.9 @s —0.04 7.8 @s -0.14 6.5
@He 0.56 2.9 @s 0.03 7.6 @Hs —0.06 6.0
10@C 0.27 32.8 11 @C —0.53 0.7 12@C -0.37 0.6
@N —0.98 237.0 @ 1.26 465.0 @s 0.72 1647.0
@Hs3 —0.00 2.8 @3 0.04 1.4 @ 0.05 15
@H,4 0.03 2.6 @, 0.04 0.7 @, 0.04 0.5
@He 0.33 0.2 @ —0.43 31 @Hs —0.24 3.4
13@cC -1.07 167.6 l4@C —0.95 191.9 15@C —0.59 214.0
@N 0.63 —119.0 @ 1.21 325 @s 0.67 668.0
@Hs 0.04 8.0 @ 0.08 8.6 @ 0.09 9.6
@H4 0.06 7.8 @4 0.08 8.4 @, 0.08 9.5
@Hs 0.33 10.6 @s —0.42 6.6 @s -0.24 7.0
16 @C 0.42 54.2 17@C 0.13 13.7 18@C —0.23 10.0
@0 —1.03 314.0 @ —0.06 593.0 @e 0.12 1786.0
@Hs 0.05 35 @3 0.06 1.6 @3 0.06 1.3
@H4 0.02 3.6 @Ha 0.05 21 @, 0.06 2.1
@Hs 0.51 -0.5 @Hs 0.02 1.2 @Hs —0.07 1.9
19@C 0.95 197.1 20@C —0.53 258.0 21@C -0.34 289.0
@0 —1.06 —429.9 @s 0.35 —848.0 @se 0.17 —1604.0
@H 0.05 10 @ 0.09 11.7 @ 0.10 12.8

a Absolute values except for tHéC andH shifts where the TMS signals were used as reference.

interaction compatible with the low absolute values [fa/is|

and E4(r) (0.308 and—0.036 hartree,®, respectively). In
addition, thed[C,O] value was small in magnitude (0.62). The
forementioned numerical values fdrand 7 indicate weaker
interactions than a normal single bond, yielding Iphowever,
an almost standard covalent bond, wheréas almost a van
der Waals complex (see Figure 2). Accordingly, fothere is
a charge concentration along the bond path, buZftvere is
instead a charge depletion in the bond region.
The calculated NMR chemical shifts are in good accordance main differences in the electronic structures are observed when
with the bonding schemes discussed abovelfand7. Thus,
for 1 the 15N shift (201.0 ppm) is closer to that found fao
(237.0 ppm), also yielding clos&iC values (72.7 and 32.8 ppm,
for 1 and10, respectively). These values are completely different corresponding fluorine derivatives have very similar behavior.
from those reported fdt3 (with a C=N double bond with 167.6
and—119.0 ppm, fo3C and®®N, respectively). Fov, the’O
and13C chemical shifts are different from those 16 and 19,
and with contradictory trends. In addition, the shifts Tayo in
the direction expected for a van der Waals complex, comparedcantly polar bond. A comparison of thr) ande gave similar
to methylene (1372.9 ppm féfC and 56.9 ppm fotH) and to
water (317.7 ppm fot’O and 0.4 ppm fofH).
The bonding nature il changes dramatically when three
fluorine atoms are bonded to nitroged).(The methylene moiety
becomes almost planatr £14.3), and thep(r) at the BCP
increases, also giving a positiwe?p(r) value but in the same
range. Moreover, the, Eq4(r), and|A1/13] increase, indicating a
stronger covalent bond with multiple bond character. All of the
above matched well with the first alternative mentioned in the
Introduction (negative hyperconjugation) if the following is

considered.

The C-Fs bond lengthens by more than 0.4 A with respect
to the C-Fg bond. This elongation is compatible with tide

[N,Fs] value compared td[N,Fg] (0.51 and 1.04, respectively).
In addition,d[C,N] = 1.37 indicates that more than one electron
pair is delocalized between them, ad{&,Fs] = 0.26 shows a
larger delocalization for the nonbonded C angafoms than
for the C and k (J[C,Fs] = 0.09).

All of the above-mentioned results confirm the first alternative
and corroborate a considerable=N double-bond character for
4. The NMR chemical shifts fod (98.4 and—64.2 ppm for
13C and®®N, respectively) approach to that found 18. The

the v2p(r) contour plots for both compounds énd4, see Figure
2) are compared.
The bonding nature of compoundd and 3 and their

From a geometrical standpoint the-& bond acts as a double
bond; however, the electronic numerical data indicated that these
bonds are not compatible with a standard double bond. The
C—X BCPs present values typical for a covalent, yet signifi-

values than those fot4 and 15, with formal CG=X bonds®¢
However, a large deviation appearedvifp(r). The results for
the fluoro derivatives do not change significantly in comparison
to 2 and3 (the geometrical data follow the same trend and the
different X—F bond lengths have small differences). The AIM
atomic charges for carbon are always large and negative, and
their values do not change appreciablydrand 3 from the
corresponding fluorinated analogué&sand6). In addition, the

X atoms have large and positive chargesZp8, 5, and6. All

of the above is compatible with a very strong electrostatic
interaction.

(56) Nyulaszi, L.; Szieberth, D.; Réy, J.; Veszpfeni, T. THEOCHEM
1998 453 91.
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The NMR shift values for8 and 9 are clearly closer to
standard single-bonded atom shifts.

The v2p(r) contour plots for8 are also presented in Figure
257 A maximum of electron charge concentration along the
C—X bond is clearly observed fot, 2, 4, 5, and 8, and is
completely incompatible with the second alternative presented
in the Introduction.

IV. Conclusions

When X is a highly electronegative atom, the-X bond is
weaker than a single bond, owing to electrostatic repulsion.
However, the presence of fluorine atomslireinforces the
C—X bond due to a negative hyperconjugation (double-bond
contribution).

When the X atom has electronegativity similar to that of
carbon, a covalent, yet significantly polar interaction results in
and is governed mainly by electrostatic interactions, with a small
contribution of negative hyperconjugation, the bonding nature
for the fluorinated derivativess(and 6) remaining.

The chalcogen (S, Se) derivatives have a similar bonding
nature, although the electrostatic interaction is weaker (there is
a larger electronic delocalization).

When fluorine atoms are replaced by hydrogen atoms in the
chalcogen (O, S, or Se) compounds, the bonding description
changes completely, as was depicted elsew¥esgelding
structures compatible with a three-center, four-electron bonding
scheme.

The results of this work do not support a bana@a fonding
nature for the studied compounds.
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