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Abstract: The structure, bonding, harmonic vibrational frequencies, and decomposition reactionsveéidF
studied employing complete active space SCF (CASSCF), multireference configuration interaction (MRCI),
hybrid Hartree-Fock/density functional theory (B3LYP), second-order perturbation theory (MP2), and the
coupled-cluster method with single, double (CCSD), and perturbative triple excitations [CCSD(T)] in conjunction
with basis sets of up to tripl&-quality. The overall NE— NFs + F; reaction is exothermic by 42 kcal mdl

at the CCSD(T)/cc-pVTZ//ICCSD/DZP level. Nevertheless, the trigonal-bipyramidal form ef(DHr) is

found to be a minimum at all levels of theory employed for harmonic vibrational frequency analysis [up to
CCSD(T)/DZP]. TheC,, NFs stationary points a 4 kcal mot! [CCSD(T)/cc-pVTZ// CCSD/DZP] higher

lying transition structure for Berry rotation. N@s, NF,F ion pair minimum could be found at correlated
levels of theory. A natural bond orbital comparison ofshNfad Pk revealed the much greater polarity of the

PF than the NF bonds. NRas one well-developed three center-two electron and three two center-two electron
bonds. The weak ionic character and the relatively short FF separations, within the sum of the van der Waals
radii, are responsible for the metastable nature of. NFhe lowest energy transition state found, 16 to 23 kcal
mol~! above Nk at MRClI/cc-pVTZ//ICASSCF(4,3)/DZP, MRCl/cc-pVTZ//UB3LYP/cc-pVTZ, or CCSDT-
1/TZ2P//UHF-CCSD/DZP, corresponds to the 8.5 kcal thekothermic [CCSD(T)/cc-pVTZ//CCSD/DZ#P

ZPVE] decomposition int&C3, symmetric Niz and F radicals.

Introduction the failure to observe®F exchange only showed that the
experimental conditions were inadequate, it is generally accepted
that nitrogen cannot accommodate five fluorine atoms in its first
coordination sphert. However, nitrogen coordination numbers

of up to eight are found in solid metal nitridés.In the crystal

“Let us not give up hope for hypercoordinated nitrogen”,
appealed Carl S. Ewig and John R. Van Wéazar1990 in
Chemical and Engineering News Karl O. ChristeZ who

doubted the existence of nitrogen(V) compounds with more than
four fluorine substituents in a letter-to-the-editor. In two ab
initio studies at levels up to MP2/6-31+G**, Ewig and Van
Wazeb4 found NRHs_, with n = 3—5 and even NF to be

electronically and structurally stable; i.e., these species should

be stable toward electron loss and correspond to local minima

on the potential energy surfaces (PES). Hence, they suggesteq

that these hypercoordinated nitrogen compounds might be
prepared in the laboratory.

However, Christe et al. concluded earlier fré¥& radiotracer
experiments “that the maximum coordination number of nitrogen
(V) toward fluorine is four” Indeed, stimulated by Christe’s
synthesis of the NF cation in 1966, several attempts to prepare
the hypercoordinated conjugate basesN&rned out to be
fruitless>7-14 Although Ewig and Van Wazépointed out that
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structure of LgN, for example, the N atom is hexagonal
bipyramidally surrounded by eight Li atoms at distances of 1.94
and 2.13 Al® Similarly, Li—Li bonding interactions could be
identified in the experimentally unknown neutral Ninolecule,
which also is a trigonal-bipyramidal minimum on the PES.
Furthermore, in the recently discovered [{PAu)XN]?" dication,

he nitrogen atom is in the center of an almost perfect trigonal-
bipyramidal cluster of five gold atoni8. In the{[(MesPAuXN]-
[MesPAUCI]} 2" dication two of the three equatorial edges of
the AuN trigonal bipyramid are bridged by gold atoms of the
two MesPAUCI moleculed? Theoretical studies suggest that
peripheral gole-gold interactions contribute significantly to the
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stability of these gold clusters, which are isolobal with 4H
and with NLi2".20-22 |nterestingly, the tetragonal-pyramidal
(C4, point group) NH?2* dication is unknown and does not form
in superacid medium, although the barrier for deprotonation of
NHs2" is high [26 kcal molt at G2(MP2)]%5

The first theoretical studies (up to the HF/4-31G level) on
Dsn symmetric Nk (1) agreed that the maximum coordination
number of nitrogen in molecules is fot#?* The authors

Bettinger et al.

der Waals radii, which is 3.0 to 3.2 &. Christe and Wilso#t
argue that, due to the shortN bond lengths in the precursors
NFs (1.365 A) and NE" (1.31 A), there is not enough space to
accommodate a fifth fluorine atom unless a significant bond
lengthening takes place. Attempts of Christe and Wisom
synthesize crystalline NJFF~, which should not suffer from
steric problems and thus might be easier to prepare, were not
successful. Instead of the metathesis reactionBF,~ +

concluded that “there appears little chance for the existence of N(CHz)a"F~ — NF,F~ + N(CHg)s"BF,~ in CHF; at —142

NFs".24 However, in more recent studies, not only Ewig and
Van Waze#* but also Michels and Montgomefyregard the

synthesis of NF as possible. In the most thorough study of
NFs to date, the latter grodpinvestigated the effect of the basis

°C, a redox reaction yielding NF- F, was observed.

The issue of crucial importance for the existence of covalent
NFs, the kinetic stability, has not yet been studied. How high
are the barriers for the unimolecular decompositionDaf

set and of electron correlation at the MP2 level on the structure symmetric NE? Does decomposition involve loss of an F atom

and harmonic vibrational frequencies of ;\dystematically. The
vibrational spectra of Nf-and PE (2) were found to be very
similar and differ only in the relative strength of the asymmetric
axial stretch @3, &'') and of the symmetric out-of-plane bend
(w4, &").25> The weakemwsz mode is poorly represented at the

or a b molecule? This research addresses these issues and
presents barriers, reaction enthalpies, and harmonic vibrational
frequencies computed at high levels of theory.

Methods

HF level and corresponds to an imaginary vibrational frequency  this study employed the following basis sets: (a) Popfe’s

when the DZR- and 6-313G* basis sets are employéelin
contrast, only real frequencies between 550 and 600'@re
found for thews mode at all MP2 levels studied. Topological
atoms-in-molecules (Badéf)electron density analyses (see
below) of theDs, forms of NFs and Pk revealed five bond
critical points for both molecule®. The axial bonds in NE

have more ionic character than the equatorial bonds, but are

less ionic than the corresponding bonds in.PPF This charge
distribution reflects the greater electronegativity of N compared
to P. The NF bonds lack the high polarity that is essential for
“hypervalence®’~2° this is responsible for the metastable
character of NE:3° The Berry pseudorotation @iz, NFs via a
Cy, transition structure is very facile with a predicted barrier of
only 8.8 kJ/mol (2.1 kcal molt) at the MP2/6-31G* level of
theory2®

On the basis of a BoraHaber cycle, Christe and Wilséh
concluded that covalefs, NFs and crystalline NE"F~ are of
similar energy. The exothermicity of the BF~ NF3 + F

6-311+G* basis set; (b) DZP, constructed from Dunnirf§'double&
(9s5p/4s2p) contraction augmented with one setdgbolarization
functions with orbital exponents @fy(N) = 0.902 andoy(F) = 1.58;

(c) TZ2P, constructed from Dunning®triple-¢ (10s6p/5s3p) contrac-
tion augmented with two sets dfpolarization functions with orbital
exponents ofg(N) = 1.6 and 0.4 and.(F) = 2.0 and 0.5; (d) TZ2Pf,
obtained from the TZ2P basis set by augmenting with one sét of
functions @:(N) = 1.0 andos(F) = 1.85); (e) TZ2P-+, obtained from
the TZ2P basis set by adding a diffuséay(N) = 0.06742 andxs(F)

= 0.1164) and one set of diffugefunctions ((N) = 0.04959 and
op(F) = 0.07161); and finally (f) Dunning® correlation consistent
cc-pVTZ basis set. Pure angular momentum functions were employed
in all basis sets except for DZP.

We applied Becke® three-parameter hybrid description of exchange
together with the correlation functional of Lee, Yang, and Pas
implemented in GAUSSIAN 94° Furthermore, complete active space
SCF (CASSCF), second-order MgliePlesset perturbation theory
(MP2), and multireference singles and doubles configuration interaction
(MRCI) were utilized. We employed coupled cluster methods which
included single and double (CCSD)ynd perturbative contributions

reaction was computed by Michels and Montgomery to be about from connected triple excitations [CCSD(T§} as well as some of

33 kcal moft. The mild exothermicity suggested that covalent

NFs might be accessible from Nfand F, as well as from NE

and F. However, excessive ligand crowding around the small
nitrogen atom is expected by some to preclude faFmation®32

as the axial and equatorial fluorine atoms would be closer
(roughly 2.1 A at MP2/6-31+G*25) than the sum of their van
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the Ts terms iteratively (CCSDT-14+46

As the breaking of an NF axial bond is of interest, the three molecular
orbitals which comprise the 3c-4e bondDs, symmetric NE (Scheme
2) were selected as the active space in the CASSCF computations. We
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Scheme 1.Reaction Energiest® K Obtained at CCSD(T)/ Table 1. Bond Lengths (in A) inDs, Symmetric NE (1), in Cs,

cc-pVTZ//ICCSD/DZP Symmetric Nk (3), and inTq Symmetric NE* at Various Levels of
57 Theory
(-8.5)
NFs —— NF; +F° _ N
theory Fax leq NFs NF4*
-1 Ci% | vos CASSCF(4,3) 1602  1.307
422 0 MP2/6-31H#G* 1.583 1.383 1.369 1.306
MP2/TZ2P 1.578 1.399 1.382
NF; + F, NF; + 2F° MP2/TZ2P++ 1582 1396  1.382
-352 MP2/TZ2Pf 1.570 1.383 1.371
33.7) MP2/cc-pVTZ 1.557 1.383 1.367 1.304
aThe zero-point corrected values (vibrational frequencies from B3LYP/6-31H-G*  1.608  1.381  1.382 1.318
B3LYP/cc-pVTZ) are given in parentheses. B3LYP/TZ2P 1597 1386  1.385
B3LYP/TZ2P++ 1.599 1.384 1.384
Scheme 2. Symmetry Adapted Combination of a Nitrogen B3LYP/TZ2Pf 1597 1377  1.379
and Two Fluorinep Orbitals Generates the Three MO’s of B3LYP/cc-pvTZ 1589 1381 1379 1.316
the Three Center-Four Electron BondDa, Symmetric NF CCsD/DZP 1568 1384 1371 1311
CCSDI/TZ2P 1.569 1.378
7h, (RS CCSD(T)/DZP 1.586  1.399
J CCSD(T)ITZ2P 1.587 1.398
124, o= experiment 113(’%? 1:3%1.32
. A aMW: Sheridan, J.; Gordy, WPhys. Re. 1950 79, 513.° ED:
6b, Otake, M.; Matsumura, C.; I\)/I/orino,xf\]. Mol. Spectroscl1968 28,

316.¢ X-ray structure of [Ng]*[BF4]~. ¢IR.

| A, req = 1.534 A)#950 Except at CASSCF(4,3)/DZP, the
equatorial NF bond lengths are very similar at all the levels
l’a employed and are only slightly longer than the bonds in.NF
FF In contrast, the axial NF distances depend to a greater extent
on the method and the basis set. Three trends are noteworthy:

; . ) . First, CCSD underestimates the axial bond lengths by roughly
natural orbitals and selected the most important configuration stateO 02 A compared to CCSD(T). indicating the importance of
functions (CSFs) as reference functions in the MRCI runs. The B3LYP, . omp ( )’ indicating the 1mp
CASSCF, and MP2 computations were performed with GAUSSIAN trlplg excitations. S_econd, adding dlffusg functions to the TZ2P
940 the CCSD, CCSD(T), and CCSDT-1 calculations with ACES2,  basis set does not improve the geometries at MP2 and B3LYP
and PSI2.0.8 was employed to obtain the MRCI wave functions. While ~ Significantly (and presumably also at coupled-cluster levels) as
all MP2 and MRCI calculations employed the frozen-core approxima- rax increases only marginally when going from TZ2P to
tion, no such simplifications were used with the coupled cluster TZ2P++. Third, with every basis set of TZ2P quality, the
methods, unless noted otherwise. B3LYP method gives longer axial and shorter equatorial NF

Geometries were fully optimized and harmonic vibrational frequen- bonds than does MP2. The tightly contracted cc-pVTZ
cies were computed analytically (B3LYP and MP2) or numerically (4s3p2d1f) basis set results in significagt bond shortening

[CCSD and CCSD(T)]. Zero-point vibrational energy corrections were compared to the TZ2Pf basis set (5s3p2d1f) at both MP2 and
obtained at the B3LYP/cc-pVTZ level for the coupled-cluster energies. B3LYP levels.

The spin-unrestricted formalism was employed for geometry optimiza- o o1 Ision between the fluorine atoms is minimized in
tions of the lowest energy transition state (homolytic NF cleavagé) - . . .

by using the UB3LYP and UHF-CCSD/DZP methods as well as for the tr'9°”a"b'pyram'da,'33h arrangement and in the square-
UB3LYP and UHF-CCSD(T) single energy calculations. The B3LYp/ PYramidalC,, conformation compared to nuclear arrangements
6-311+G* wave functions of theDg, and Cs, NFs isomers were ~ Of lower symmetry. The&,, form corresponds to a saddle point
analyzed in terms of natural bond orbitals (NBO) with the G94NBO on the NFs PES, similar to other ABmolecules, e.g. RF!

determined the composition of the CISD wave function in terms of ClI

program?® The apical NF bond it€4, symmetric NF is short (1.33 A, see
Figure 1). The four NF bonds defining the base of the square
Results pyramid are significantly longer (1.50152 A, see Figure 1),

although not as long as the axial NF bonds inEhgconformer.

~ A. Geometry of NFs. In agreement with earlier theoretical  The optimized geometries f@@s, NFs at all the levels of theory

bond lengths inDz, symmetric Nk differ considerably (see B. Thermodynamics of the NFs System. NFs is thermo-

Table 1,rax = 1.56 t0 1.60 Areq= 1.31-1.40 A), in contrast  gynamically unstable with respect to dissociation into;NF
to PF; where they are more nearly equal in length & 1.575 | into NR; + 2F, and into N + F» (Scheme 1 and Table 2).

Whereas the reactions which yield fluorine radicals were onl
(47) Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett, y y

R. J. ACES II; The package also contains modified versions of the slightly exc_)t_hermic 8.5 kcal_mo’rl), the N — NF; + >
MOLECULE Gaussian integral program of J. Alfhlend P. R. Taylor, the decomposition was exothermic by40.1 kcal mof?! at CCSD-
ABACUS integral derivative program written by T. U. Helgaker, H. J. T)/cc-pVTZ//CCSD/DZP. Correcting this value for zero-point

P r?g{,fﬁn’ and P. R. Taylor, and the PROPS property evaluatiofiy o ional contributions (determined at B3LYP/cc-pVTZ) gives

(48) Janssen, C. L.; Seidl, E. T.; Scuseria, G. E.; Hamilton, T. P.; @ heat of reaction at 0 KAH,(0 K), of —42.2 kcal mot™.
Yamaguchi, Y.; Remington, R. B.; Xie, Y.; Vacek, G.; Sherrill, C. D.;  Michels and Montgome#y predicted a slightly less exothermic
Crawford, T. D.; Fermann, J. T.; Allen, W. D.; Brooks, B. R.; Fitzgerald,
G. B.; Fox, D. J.; Gaw, J. F.; Handy, N. C.; Laidig, W. D.; Lee, T. J;; (49) Styger, C.; Bauder, Al. Mol. Spectroscl1991, 148 479.
Pitzer, R. M.; Rice, J. E.; Saxe, P.; Scheiner, A. C.; Schaefer, H. F. PSI2.0.8;  (50) Styger, C.; Bauder, Al. Mol. Spectrosc1992 151, 536.
PSITECH, Inc.: Watkinsville GA, 1994. (51) Marsden, C. JJ. Chem. Soc., Chem. Commd®84 401.
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B3LYP/6-311+G* The NBO analyses with the B3LYP/6-31G** and MP2/
M6 3 6-311+G** density matrices all show the presence of two

MP2/cc-pVTZ
CCSD/DZP
CASSCF(4,3)/DZP

species which interact via the nitrogen lone-pair apdlaorine
orbital in a two center-three electron (2c-3e) fashion. Whereas
NF, is bound relative to NF+ F by almost 6 kcal mot at
B3LYP, it only is a very weakly bound complex<{ kcal
mol~1) at MP2 and CCSD(T). Indeed, the-Nf bond lengths

in the B3LYP geometry of the NfFmoiety of NF are slightly
shorter than those in free NF The tighter binding at B3LYP
also is shown by the distance to the fluorine atom (2.05 A),
which is 0.6-0.8 A shorter than that at ab initio levels. The
NF, radical is isoenergetic with separatedd¥Rd F when zero-
point corrections are included. The bond dissociation energy
D, of the isolated diatomicFmolecule at CCSD(T)/cc-pVTZ//

Eh CCSD/DZP is 33.7 kcal mol, in reasonable agreement with
}ﬁ;gg the experimental value of 36.9 kcal mé&p3
1311 C. Barriers for the Decomposition of NFs. The Dzn NFs

molecule may be expected to decompose intg NFF by
homolytic cleavage of a longer and weaker axial NF bond. The

4
@ NFy heterolytic cleavage into NFF and F is unfavorable in the gas
phase as there are no solvent molecules to assist ionization. In
2055 . addition, no stationary point corresponding to a,NF ion
2052 1379 pair could be found on the NFPES.
2834 1367 The correct descriptions of homolytlc b_ond dlssouatlon
e ! processes, which generate two radical species, are challenging
problems in computational quantum chemistrySpin-restricted
408 RHF methods fail completely to describe homolytic bond
,/—\ 1.208 dissociations. Spin-unrestricted UHF theory, although giving
@=@ 1308 the qualitatively correct dissociation, suffers from significant
1425 spin-contamination at large distances, i.e., the spin-unrestricted
exptl.: 1.412 wave function is not a pure singlgt. Such problems with the
Figure 1. Ground states optimized with the B3LYP/6-31G**, UHF wave function often result in serious errors. However,

B3LYP/cc-pVTZ, MP2/6-31%G**, MP2/cc-pVTZ, CCSD/DZP, and coupled-cluster methods based on an UHF determinant, such
CASSCF(4,3)/DZP (from top to bottom) methods. Bond lengths are as UHF-CCSD, reduce spin contamination significapitiyf?

in A, and describe single bond dissociations quite WellThe
) N " CCSDT-1 approach, which is superior to CCSD(T) when a very
reaction,AH(0 K) = —35.1 kcal mot* at MP2/6-31%G**. poor RHF reference is employed, gives dissociation curves in

At finite temperatures the thermodynamic stability of NE very good agreement with full GF.6162 The UB3LYP method
even smaller due to the entropy increase associated with ag|sq suffers siginificantly less from spin contamination than UHF
dissociation reaction. We obtaikH°29s = —41.4 kcal mot* wave function$34 Furthermore, Goldstein et & showed that
and AG®z9s = —53.7 kcal mof* for the NFs — NF; + F UB3LYP gives an Hdissociation curve in good agreement with
reaction at CCSD(T)/cc-pVTZ//CCSD/DZP (with B3LYP/cc-  the exact KolosWolniewicz potentiaf56” These results
pVTZ thermochemical corrections), in reasonable agreementencouraged us to study the geometry of@esymmetricTS1
with the results obtained by Ewig and Van WazAHC,9s =
—30.1 kcal mot! and AG°,95 = —41.8 kcal moTl).3 (53) Chase, M. W.; Davies, C. A.; Downey, J. R.; Frurip, D. J;
A Cs, symmetric [FNF]TF~ ion pair, where the fluoride ion g"chOOl”la'd’ R.A.; Syverud, A. NJ. Phys. Chem. Ref. Dat®85 14 Suppl.
is close to three fluorine atoms, could not be located on the ™ (54) ‘szabo, A.; Ostlund, N. SVlodern Quantum ChemistrMac-
B3LYP, MP2, and CCSD PES'’s in agreement with Michels millan: New York, 1989.

and Montgomen?® The Cs, Hartree-Fock NRF~ ion pair (55) Purvis, G. D.; Sekino, H.; Bartlett, R. QCollect. Czech. Chem.

s f NF; coll d into th® tric fi h Commun.198§ 53, 2203.
mm'mu_m 0 colfapsed Into 3h Symmetric rorm when (56) Bartlett, R. J.; Sekino, H.; Purvis, G. Bhem. Phys. Lett1983
reoptimized at correlated levels of theory. Note that the recently 9s, 66.
described [(CR)sNF]*F~ ion pair is not the trimethyl derivative gg gorlﬁ’ S-lJi_:| BSSHEFEE R. g-hCr?Egnéan%/S%%% 86, 873.

t— ; _ _ chlegel, H. BJ. Phys. Che , .

of the Hartree-Fock NF"F ion Eali, 535 an NF—F arrange (59) Lauderdale, W. J.; Stanton, J. F.; Gauss, J.; Watts, J. D.; Bartlett,
ment was deduced for [(GBNF]"F>* . R. J.J. Chem. Phys1992 97, 6606.

The NR, radical is aCz, symmetric minimum with an almost (60) Watts, J. D.; Gauss, J.; Bartlett, R.JJ.Chem. Phys1993 98,

undisturbed Ngmoiety and one long NF distance at all levels ~ 8718. _ _

of theory employed (see Figure 1). Whereas thgN¢ation 88§§1) Laidig, W. D.; Saxe, P.; Bartlett, R. J. Chem. Phys1987, 86,
has a tetrahedral geometry, this conformation is a third-order  (62) Bartlett, R. J.; Stanton, J. F. Reviews in Computational Chemistry
stationary point for the Nfradical. Note that th®4, structure Lipkowitz, K. B., Boyd, D. B., Eds.; VCH: New York, 1994; Vol. V, p

of the NF, radical studied by Pet_ers and AlFénm 1988 (63) Baker, J.; Scheiner, A.; Andzelm,Qhem. Phys. Letfl993 216

corresponds to a second-order stationary point at B3LYP and 3g0.

MP2. (64) Chen, W.; Schlegel, H. Bl. Chem. Phys1994 101, 5957.

(65) Goldstein, E.; Beno, B.; Houk, K. Nl. Am. Chem. Sod 996
(52) (a) Bloemik, H. I.; Cooke, S. A.; Holloway, J. H.; Legon, A. C. 118 6036.

Angew. Chem., Int. Ed. Endl997, 36, 1340. (b) Bettinger, H. F.; Schleyer, (66) Kolos, W.; Wolniewicz, LJ. Chem. Phys1965 43, 2429.

P. v. R.; Schaefer, H. FAngew. ChemSubmitted for publication. (67) Kolos, W.; Wolniewicz, LJ. Chem. Phys1968 49, 404.
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Table 2. Relative Energies (in kcal mol) and Reaction Enthalpieg @
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K (in kcal mol%, in parentheses) for NFDecomposition Reactions

at Various Levels of Theofyand AH®295 and AG®,eg (in kcal mol?, in brackets) for the NE— NF; + F, Reaction at the CCSD(T)/cc-pVTZ//

CCSD/DZP Level of Theory

level of theory NE— NF; + NFs — NF; + F NF— NF; + 2F R—2F
B3LYP/6-31H-G* —34.9 (-36.9) -9.7 -12.2) -3.1(-6.5) —31.8 (-30.4)
B3LYP/cc-pVTZ —35.0 (+37.1) —-3.3(-6.1) +3.0 (-0.6) —38.0 (-36.5)
MP2/6-31H-G* —32.6 (-34.7) —4.3 (~7.5) —3.4 (-6.8) —29.2 (-27.9)
MP2/cc-pVTZ —30.7 (-32.8} +8.9 (+5.7p +9.5 (+6.1p —40.1 (-38.8}
CCSD/DzZP —51.6 (53.7) —30.4 (-33.2) —29.7 (-33.3y —21.9 (-20.4y
CCSD(T)/cc-pVTZ/ICCSD/DZP —40.1 (—42.2y —5.7 (-8.5p —4.9 (—8.5p —35.2 (—-33.7p
[AHozgg: —41.4;
AG°298: —537}:
CCSD(T)/cc-pVTZ —35.5(34.2)
experiment (—36.9¢

aZPVE correction at MP2/6-3HG*. P ZPVE correction at B3LYP/cc-pVTZ Thermochemical corrections at B3LYP/cc-pVT¥Reference

53.

2.284
2.289
2.163
2.162

B3LYP/6-311+G*
B3LYP/cc-pVTZ
CCSD/DZP
CASSCF(4,3)/DZP

1.365 B3LYP/6-311+G*
1370 BALYP/eepVTZ

1.287 B3LYP/6-311+G*
1.285 B3LYP/cc-pVTZ

TS3

TS4

Figure 2. Transition structures optimized at various levels of theory.
Bond lengths are in A.

for NF bond breaking with UB3LYP and UHF-CCSD methods.
Multiconfiguration zeroth-order wave functions give correct
dissociation curves at large nuclear distances without the
drawback of spin-contamination. Thus, we employed the
CASSCF method with four electrons distributed among three
active orbitals, i.e., CASSCF(4,3).

A transition structureTS1 for homolytic axial NF bond
cleavage was found at CASSCF(4,3)/DZP, UHF-CCSD/DZP,
and UB3LYP levels. Whereas the CASSCF and UHF-CCSD
geometries offS1 are very similar (see Figure 2), the dissociat-
ing axial NF bond is 0.13 A longer at UB3LYP. The equatorial
F atoms inTS1 are bent toward the departing F atom and have
significantly shorter (by 0.02 to 0.07 A) distances to the N atom
than in the ground state. Significant interaction between the
developing NE and F moieties iTS1 may be deduced from
the total atomic UB3LYP/6-31G** spin densities, which are
+0.51 on the departing F atom,0.25 on the N, and-0.24 on
the other former axial F atom.

The barrier for the homolytic NF cleavage varies considerably
with the level of theory employed. Whereas the CCSD and
CCSD(T) treatments predict classical barriers of roughly 30 kcal
mol~1, the CASSCF(4,3)/DZP barrier is only 4 kcal mblThe
UB3LYP, MRCI, and RHF-CCSDT-1 barriers of 422 kcal
mol~! lie between these estimates.

The extreme CCSD, CCSD(T), and CASSCF values arise
from the insufficient treatment of nondynamic and dynamic
electron correlation in these methods. The nondynamic cor-
relation is not sufficiently taken into account in the coupled-
cluster treatments, which are based on single UHF reference
wave functions. The expectation value of 8feperator, 0.62,
indicates a substantial amount of spin-contamination for the
UHF-CCSD wave function. Thus, the UHF-CCSD wave
function is only a poor approximation to the multiconfiguration
zeroth-order wave function, which is necessary to desdriie
accurately, and even the highly correlated CCSD(T) treatment
cannot remedy the inherent deficiencies of the UHF reference.
Note that a good agreement between coupled-cluster theory and
MRCI (see below) is obtained for the dissociation barrier when
triple excitations are included iteratively. The CASSCF method
takes nondynamic correlation into account, and it is therefore
suited in principle to give a correct zeroth-order description of
the homolytic bond-breaking process. However, the neglect of
dynamic correlation in the CASSCF treatment can cause serious
errors. Thus, methods such as MRCI, which take into account
both dynamic and nondynamic correlation, have to be employed
to predict the barrier for homolytic NF cleavage reliably.

We used both the CASSCF(4,3)/DZP and the UB3LYP/cc-
pVTZ geometries ofS1andlin MRCl/cc-pVTZ single point
computations. The second CSFs of the CISD/cc-pVTZ wave
functions (with the UB3LYP/cc-pVTZ and CASSCF(4,3)/DZP
geometries) fod andTS1 do not correspond to the same type
of excitation (Table 3). Whereas the second CSF T&1
corresponds to excitation from the former nonbonding into the
antibonding 3c-4e MO, the second CSF fois an excitation
from the 3c-4e bondingl MO into the antibonding @, 3c-4e
MO. We decided to describES1 with two CSF’s andl with
only one CSF, as the second CSF has a considerably higher
weight in theTS1 wave function than il (—0.081 vs—0.048).
Such a selection gives a lower limit of the barrier for NF
cleavage as it is biased favoriigl. The barrier for homolytic
cleavage (Table 4) of an axial NF bonda, symmetric Nk
is 15.8 to 20.0 kcal mol at MRCl/cc-pVTZ employing
B3LYP/cc-pVTZ and CASSCF(4,3)/DZP geometries, respec-
tively. These results are in very good agreement with the RHF-
CCSDT-1/TZ2P//UHF-CCSD/DZP barrier of 22.6 kcal mbl

The small separation of roughly 2.1 A between the axial and
equatorial fluorine atoms iBs, NFs suggests that a concerted
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Table 3.
TS2in Terms of the CISD Natural Orbitals

Bettinger et al.

CISD/cc-pVTZ Wave Functions at the B3LYP/cc-pVTZ and CASSCF(4,3)/DZP (in parentheses) Geometbgs N, TS1, and

structure ClI coefficient orbital occupation

Dan NFs 0.918 (0.920) ..(50% (11a)? (6by)? (2a)? (6b)* (12a)?
—0.048 (~0.048) --(5)2 (11&)? (6bn)? (2a)? (12a)? (7hy)?
—0.048 (-0.047) -.-(50)2 (11a&)? (61n)? (2a)? (6br) (12a) (7by) (13a)

TS1 0.919 (0.919) ...(792 (15d)2 (16d)? (8a')? (174)? (184)?2
—0.081 (-0.075) ..(7T8)? (15d)? (16d)? (8d')? (17d)? (194)?
—0.035 (-0.032) ...(7T8)? (15d)? (16d)? (174)2 (184)2 (9d")?

TS2 —-0.919 ...(1592 (7d")? (16d)? (17d)? (8d")? (184)?
—-0.075 ...(1592 (7d")? (16d)? (174)? (8d")? (194)?
—0.036 ...(1592 (7d')? (16d)? (174d)? (184)2 (9d")?

Table 4. Barriers for the Reaction NF— NF; + F via TS1, at
Various Levels of Theory (Energies in kcal mé)

method classical barrier
UHF-CCSD/DZP 28.6
UHF-CCSD(T)/TZ2P//UHF-CCSD/DZP 30.7
RHF-CCSDT-1/TZ2P//[UHF-CCSD/DZP 22.6
UB3LYP/6-311HG* 16.4
UB3LYP/cc-pVTZ 21.2
MRCl/cc-pVTZ//UB3LYP/cc-pVT2 15.8
CASSCF(4,3)/DzP 4.3
MRCI/cc-pVTZ//ICASSCF(4,3)/DZP 20.0

@ Core and six highest virtual orbitals were deleted in the single point
computation® Core orbitals were held frozen.

elimination of F, might also be a plausible mechanism for the
decomposition of NE Its TS2 is characterized by a long
nonbonding axial NF distance (2.75 A), a shortening of the other
axial bond to 1.37 A (Figure 2). The distance between the F
forming axial and equatorial F atomsiigreasedo 2.31 A in

the transition structure. Computation of the B3LYP/6-3G*
intrinsic reaction coordinate (IRC) confirms tHE$2 connects
trigonal-pyramidal NE with a C3, symmetric complex of N
and k. A pivoting motion of the developingmoiety can be
discerned from selected structures along the IRC (Figure 3).
This motion is accompanied by a shortening of theFrdistance
and continues until the linear™N-—F arrangement in the NF

F, complex is reached. The almost undistorted; NRd F,
moieties are separated by 2.79 to 2.83 A in the complex, which
is accordingly only slightly bound<(0.2 kcal mot* at B3LYP/
cc-pVTZ+ZPVE).

theory. The MP2/6-31£G* IRC computation reveals thaiS4,
which is 14 to 16 kcal maott (MP2/cc-pVTZ and CCSD/DZP)
above theDg, form, describes the dissociation of two fluorine
atoms from theC,4, form of NFs. Analysis of the CISD/cc-
pVTZ//CCSD/DZP wave function reveals that, besides the HF
configuration (0.907), the closed-shell configuration obtained
by exciting both HOMO electrons into the LUMO is extremely
important (-0.187). The MP2 as well as the CCSD method
are not capable of dealing with such an electronic configuration.
Thus, we tried both the CASSCF(2,2)/DZP and CCSD(T)/DZP
methods to locateTS4 on the PES, but without success.
Therefore, we assume that the existencel 8# as obtained
with MP2 and CCSD/DZP is an artifact, which arises from the
insufficient inclusion of dynamical electron correlation in these
methods.

D. Harmonic Vibrational Frequencies and Berry Pseu-
dorotation of NFs. The D3z, symmetric structure of N
corresponds to a minimum on the potential energy surface with
all theoretical methods employed, and it is thus a viable chemical
entity, at least as an isolated species. The harmonic vibrational
frequencies for NE(Table 6) obtained at various levels of theory
are quite consistent and agree reasonably well with earlier lower
level results reported by Ewig and Van Wazand Michels
and Montgommery® The strongest variations between B3LYP
and MP2 vibrational frequencies are observed for the asym-
metric axial stretchds mode), which is poorly described at
the HF leveF® and the symmetric out-of-plane benay(mode).

Our CCSD(T)/DZP data are the most accurate prediction of the
NFs vibrational spectrum to date and hopefully will facilitate

The nature of the multireference character was deduced forthe identification of the compound. The CCSD(T)/DZP har-

TS2 (see Table 3) from CISD/cc-pVTZ//IB3LYP/cc-pVTZ
computations. For the same reasonT&l, two CSF’s were
included in the MRCI treatment dfS2, but only one CSF for
1. The barrier for concertedzFelimination is around 3540
kcal mol! (Table 5), and thus this reaction cannot compete
with the lower energy homolytic NF bond cleavage Vig1.

Note that all attempts to optimiz€S2 with “full” triple- &
basis sets of TZ2P quality rather than with the valence tigple-
cc-pVTZ and 6-313FG* basis sets resulted in another transition
state, TS3 (Figure 2). The latter transition structure &
symmetric and roughly 6 kcal nol lower in energy tham'S2.
The spin-restricted RB3LYP/6-3+G* TS3wave function was
found to be triplet unstable (i.e., unstable toward becoming spin-
unrestricted® Subsequent re-optimization gfS3 with the
spin-unrestricted UB3LYP/6-311G* method, instead of
RB3LYP, yieldedTS1, which is almost 10 kcal mot lower
in energy thanTS3. Similarly, attempts to optimizdS2 at
the CCSD/DZP level resulted ifS3 for which the RHF
reference wave function was triplet unstable.

Another transition structurel G4, Figure 2) on the NEFPES
could be located only at the CCSD/DZP and MP2 levels of

(68) Bauernschmitt, R.; Ahlrichs, R. Chem. Phys1996 104, 9047.

monic vibrational frequencies are in good agreement with the
scaled MP2/6-311G** force field of Michels and Montgométy,
except for the &' symmetricw, mode for which the CCSD-
(T)/DZP prediction is roughly 100 cnt smaller.

The similarity between the Nfand the PEharmonic force
field®®-72 was stressed by Michels and MontgométyThe
softest normal mode of RE%73 the & equatorial bendv; =
180 cntl, was found to be an in-phase combination of the
equatorial and axial bending symmetry coordinates and it
transforms on®s3, symmetric trigonal-bipyramid into another,
thus enabling an exchange between axial and equatorial atoms.
This type of rearrangement was suggested by Bétoyexplain
the facile stereomutation of trigonal-bipyramidal phosphorus
compounds, and is now commonly known as Berry pseudoro-
tation. The turnstile mechanism proposed by Ugi for cyclic
phosphoranes proceeds on the slope of a valley of the PES

(69) Marsden, C. JJ. Chem. Physl987, 87, 6626.
(70) Breidung, J.; Thiel, W.; Komornicki, Al. Phys. Cheml988 92,

(71) Breidung, J.; Thiel, WJ. Comput. Cheml992 13, 165.
(72) Breidung, J.; Thiel, WJ. Mol. Struct.1994 320, 39.

(73) Hoskins, L. C.; Lord, R. CJ. Chem. Phys1967, 46, 2402.
(74) Berry, R. SJ. Chem. Phys196Q 32, 933.
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N
v 1.923A 1.370A
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.

23’90;&@ 2.996A @ & - - 2.660A- - - -@-1.41 SA@
. \

NF;-F, complex

Reaction coordinate:
0 31 5.1 6.0
Figure 3. Selected structures along the B3LYP/6-313** intrinsic reaction coordinate (IRC) frorif'S2 to the Nk—F, complex.

Table 5. Barriers for the Reaction NF—~ NF; + F, via TS2, at each stable orbita? Thus, first row atoms cannot form more
Various Levels of Theory (Energies in kcal m) than four covalent bonds. Langmiiand Lewi§* recognized
method classical barrier that achieving the eight valence electron configuration of noble
B3LYP/6-31H-G* 30.9 gas atoms is the underlying principle of bond formation. Atoms
B3LYP/cc-pVTZ 37.0 with fewer than eight electrons in their valence shell tend to
MRCl/cc-pVTZ//B3LYP/cc-pVT2 40.3 share electron pairs with other electron deficient atoms by

forming localized two-electron covalent chemical bonds (“Lewis
bonding pair”), to achieve an electron octet in their valence shell.
The well-known ability of some heavier main group elements
to bind to five or more atoms or groups (“hypercoordination”)
was explained for many years by “octet expansion”. Through
promotion of electrons into vacant higher-lying atomic d orbitals,
resulting in spd and spd? hybridization8? the octet rule is
violated, but additional covalent bonds can be formed. Halgren
et al® classifies molecules as “hypervalent” only when the
coordination number is larger than expected on the basis of the
octet rule and when simultaneously the octet rule is violated.
Pauling discussed the bonding in compounds such g eH,
and Sk in terms of valence bond theory as superpositions of
completely covalent, i.e., hypervalent, and ionic structures,
which obey the octet rul& Interestingly, Pauling assumed the
completely covalent resonance structure of RFbe of little
significance, whereas for P£he assumed the covalent reso-

aCore orbitals were held frozen.

without a TS?>76 The transition vector of the square-pyramidal
PFH3; transition structure for pseudorotation, however, has
transition vectors in agreement with both the Berry and the
turnstile mechanisrf¥. In analogy to PE; the deformation along
the w7 = 186 cn! normal mode of NF leads to Berry
pseudorotation: the angle between two equatorial F atoms
increases from 120to 18, while at the same time the angle
between the axial F atoms decreases from°180L2C .

A C,4 square pyramid is a transition structure for the
pseudorotation of both RRnd NF.25%1 The barrier for PF
pseudorotation has been estimated to be-3.& kcal mot*
from SCF and perturbation theory stud®@<!l78 in good
agreement with experimental estimates {58 kcal
mol~1).7379-81 Similarly, a low barrier of 8.8 kJ mol (2.1
kcal moll) was computed for the NFpseudorotation by

. L tructure to dominate.
Michels and Montgomery at MP2/6-31G®*. We obtain slightly nance s -
higher classical barriers between 4 and 5 kcalth¢Table 7) In the 1960s, the discovery of xenon compouhdpopular-

with B3LYP, CCSD, and CCSD(T). Taking the difference in ized the 3 center-4 electron (3c-4e) bond model, which has been

. . - 9
B3LYP/cc-pVTZ zero-point vibrational energies into account appl!ledd t?h |tntf:r:halé)getn (:S%mpound? originathy: Ift )\évas
lowers the classical barrier by 0.4 kcal mbto 3.7 kcal mot? rear'ft?_ Ial 290_83 (I) h p?:orzo lon derlwergy ? h e was
at our highest level of theory (CCSD(T)/cc-pVTZ//CCSD/DZP). prohibitively largex™" In the 3c-4e model one of the two
Thus, similar to PE NFs is a highly fluxional molecule with bonding electron pairs is delocalized onto the two ligands

extremely facile exchange between axial and equatorial F atoms.reSUItIng in a charge dls_trlbutlon of rothlyl'O on the (_:er_1tral
atom and—0.5 on the ligands. An equivalent description of

Discussion the bonding is possible with localized molecular orbitals

_ ) (LMOQO’s) for each bond which is one-half ionic and one-half

The work by Ewig and Van Waz#t and that by Michels  covalent5% On the basis of the 3c-4e model, Runifle,
and Montgomer$ as well as our analysis strongly suggest that MushefS (who introduced nonorthogonal *shybrids)% and
the coordination number of nitrogen toward fluorine should not : :
be limited to four. However, the existence of compounds such  _(82) Pauling, L.The Nature of the Chemical Bongrd ed.; Comell
_ ! . University Press: Ithaca, NY, 1960.

as Nk and NF~ contradicts the rules for the formation of (83) Langmuir, I.J. Am. Chem. Sod.919 41, 868.

covalent bonds: “an atom can form an electron-pair bond for  (84) Lewis, G. N.J. Am. Chem. Sod.916 38, 762.
(85) Halgren, T. A.; Brown, L. D.; Kleier, D. A.; Lipscomb, W. N.
(75) Ugi, I.; Marquarding, D.; Klusacek, H.; Gokel, G.; Gillespie, P. ~Am. Chem. Sod 977, 99, 6793.

Angew. Cheml197Q 82, 741; Angew. Chem., Int. Ed. Engl97Q 9, 703. (86) Bartlett, N.Proc. Chem. Socl962 218.
(76) Udgi, I.; Marquarding, D.; Klusacek, H.; Gillespie, P.; Ramirez, F. (87) Claassen, H. H.; Selig, H.; Malm, J. G.Am. Chem. S0d.962
Acc. Chem. Red.971 4, 288. 84, 3593.
(77) Wang, P.; Agrafiotis, D. K.; Streitwieser, A.; Schleyer, P. vJR. (88) Pimentel, G. CJ. Chem. Physl1951, 19, 446.
Chem. Soc., Chem. Commur99Q 201. (89) Hach, R. J.; Rundle, R. B. Am. Chem. S0d.951, 73, 4321.
(78) Wasada, H.; Hirao, KI. Am. Chem. S0d.992 114 16. (90) Coulson, C. AJ. Chem. Socl964 1442.
(79) Bernstein, L. S.; Kim, J. J.; Pitzer, K. S.; Abramowitz, S.; Levin, (91) Rundle, R. EJ. Am. Chem. S0d.963 85, 112.
I. W. J. Chem. Phys1975 62, 3671. (92) Pitzer, K. SSciencel963 139, 414.
(80) Bernstein, L. S.; Abramowitz, S.; Levin, I. 5. Chem. Physl976 (93) Malm, J. G.; Selig, H.; Jortner, J.; Rice, S. @hem. Re. 1965
64, 3228. 65, 199.
(81) Spirodonov, V. P.; Ischenko, A. A.; Ivashkevich, L. B.Mol. (94) Rundle, R. ESun. Prog. Chem1963 1, 81.

Struct.1981, 72, 153. (95) Musher, J. IAngew. Chem., Int. Ed. Endl969 8, 54.
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Table 6. Harmonic Vibrational Frequencies (ct) Obtained forDs, Symmetric NE at Various Levels of Theory
frequenciesp (cm1)
species a' a’ & ' e e e e’
symmetry coordinate sym eq stretch sym ax stretch asym ax stretch sym out-of-plane bend asym eq stretch ax bend eq bend asym bend
normal mode w1 w2 w3 w4 ws we w7 wsg
level of theory
CASSCF(2,2)/DzZP 876 441 501 774 1443 621 302 609
MP2/6-31HG* 678 347 567 877 962 536 193 569
MP2/TZ2P 664 373 584 892 926 529 179 563
B3LYP/6-31HG* 687 356 473 745 981 520 210 551
B3LYP/TZ2P 686 373 509 761 975 509 206 553
B3LYP/TZ2Pf 696 371 504 762 993 529 213 558
B3LYP/cc-pVTZ 700 382 525 779 998 534 208 564
CCsSD/DZP 702 415 539 814 1039 599 210 587
CCSD(T)/DzP 645 382 492 790 956 522 186 561
Table 7. Pseudorotation of Nfvia Cy4, Structure (Energies in In addition, no qualitative difference in bonding could be

kcal mol1)2

method classical barrier

B3LYP/6-31H-G* 5.3
B3LYP/cc-pVTZ 5.1
MP2/6-311G* 2.6
MP2/cc-pVTZ 2.8
CCSD/DzZP 4.8
CCSD(T)/cc-pVTZ/ICCSD/DZP 4.1

aAZPVE = —0.4 at B3LYP/cc-pVTZ.

Coulson?® could explain hypercoordinate bonding without
invoking the participation of d orbitals. However, whereas
Mushef® considered the octet rule to be violated in hyper-
coordinated compounds, Coul$8rand later Halgren et &P
concluded that due to the partial ionic “fractional borfdssf
the 3c-4e bond model the octet rule is not violated.

The advances in computational quantum chemistry in the
1970s made the computation of reliable polyatomic wave
functions possib®:%8 and, as reviewed by Kutzelnid§,

found between the “normal valent” and “hypervalent” species
in the series Sf Sk, and SE,110111although the population

of the sulfur atoms increases along this series according to
natural population analysis (NPAY2 A similar conclusion is
reached’ for X3AY-type molecules, e.g.,€0-, FNO, and
FsPO, where short AY bonds suggest hypervalent bonding
caused by p—d, double bonds. Reed and Schleyer concluded
in 1990 that due to ionic bonding the octet rule wéar ‘from
being violated' in hypercoordinated compound&

This point of view was unsuccessfully challenged by theoreti-
cal group$® 119 applying Mayer's approack? 122 which is
based on nonorthogonal orbitals and Mulliken population
analysis (MMA), as well as by Patterson and Messffet?>
using strong orthogonality and perfect pairing approximation
within the GVB model (SOPP-GVB). As pointed out by Reed
and co-workerd?197 MMA overestimates the occupancy of
high-energy atomic orbitals. Thus, d orbitals on the central atom
“steal” electrons from ligand s and p orbitals resulting in

reinforced the 3c-4e picture of bonding. Interpretations of gyerestimated valencies and greatly reduced ionic character for
computed wave functions by means of shared electron number,q hypercoordinated molecule. Cooper e2&k27concluded

and occupation number analy&%s19! electron density analy-
sis 1027104 and natural population analysis (NPAY10° reveal
in the 1980s that the d orbital contribution to bonding in
hypervalent molecules is far less than the tradition&t smd
sp’d? models demand.

For sulfur hexafluoride, S a well studied prototype
hypercoordinated molecule, Reed and WeinHblfind that the
d orbital contribution to the $gd®1® hybridized os¢ natural
localized molecular orbitals (NLMOSs) is less than 6%, only
about one-sixth of what is required by the’dpideal. The
authors suggest a highly polarized bonding model forsSF
that agrees with the computed natural charges.

(96) Kutzelnigg, W.J. Mol. Struct. (THEOCHEM)988 169, 403.

(97) Bagus, P. S.; Liu, B.; Schaefer, H.F.Am. Chem. Sod972 94,
6635.

(98) Bagus, P. S.; Liu, B.; Liskow, D. H.; Schaefer, HJFAm. Chem.
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NFs—Viable or Not?

Table 8. Comparison of NFand Nk with PR and Pk at the
B3LYP/6-31H-G* Level of Theory

NLMO polarization

X—F distances (A) natural charges toward F (%)

Dan
forms lax leq pax  peq P(X) axial  equatorial
NFs 1.608 1381 -03 -0.1 +09 64 57
PFs 1.604 1570 —-06 —-05 +26 81 80
NLMO polarization
Ca X—F distances (A) natural charges toward F (%)
forms l'apical Ibase Papical  Phase  P(X) apical base
NFs 1.332 1515 -0.1 -0.2 +0.9 59 59
PFs 1.551 1594 -05 —-05 +25 80 80
NF3 1.382 -0.2 +0.6 63
PR 1.605 —0.6 +1.8 82

If the traditional spd and spd? models are invalid, what then
is the role of d functions in molecular orbital computations of
hypercoordinated molecules? Clearly, the inclusion of d func-
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Scheme 3.The Frontier Orbitals of24, Symmetric Nk
Viewed along the 4-Fold Axfs

tions into the basis set is essential for an adequate quantitative

description of hypercoordinated systet#s.130 But the earlier
inference that this was due to the important role atomic d orbitals
were expected to play in hypercoordinated bonding was
incorrect. However, Mulliket?! already pointed out in 1962
that “a linear combination of atomic orbitals as building blocks
to construct molecular orbitals is merely a convenience”, a fact
emphasized also by Mush®!32133 Coulsont®* and oth-
ers110.111135 Thys d functions do not play a “chemical” role
but their necessity arises from the formalism employed to solve
the Schrdinger equation. The atomic d basis functions in
Hartree-Fock andfull-GVB wave functions are polarization
functions for the orthogonal atomic s and p functions (in
correlated wave function they provide angular correlatitin)
in “normal valent” and “hypervalent” moleculdégrespectve
of the coordinatiorof the central ator95:110

We performed natural atomic and natural bond orbital (NAO
and NBO, respectively) analyses of the B3LYP/6-30**
density matrices to compare the bonding insN#th that in
PR and N (Table 8)195 The NBO procedure, which requires
the linear combination of orthonormal natural hybrid orbitals
(NHOs), gives a set of five two-centegg bond orbitals which

O
™ 72 by b
Q. p o
104, '
100, —
o
sa, d& # _#»
ﬁe' "f;,.'ﬁ N
Y F/N\F
6h, 6, x

aThe symmetry labels are given for tia, point group.

NLMOs are polarized more strongly toward fluorine (64%) than
are the equatorial NLMOs (57%). The latter, however, are less
ionic than the NF bonds in NFwhere the F atoms contribute
64% to theong NLMOs. This is further emphasized by the
computed natural charges which are onh0.09 for the
equatorial F atoms comparedt®.21 in NR. Even the axial
F atoms are only moderately charged0(30), resulting in a
natural charge oft0.89 for N in NFs compared to+0.63 in
NFs.

The axial and equatorial bonds in P&re closer in length
(rax = 1.604 A,req = 1.570 A at B3LYP/6-311G**, 1 =
1.576 A, req= 1.530 A experiment) than in Nf! due to the

have low occupancy (1.76 electrons for axial and 1.90 electrons arger P atom. The bonds in BRike those in SE% are

for equatorial NBOs) in analogy to the results fors3% The
two NBOs corresponding to the axial NF bonds are polarized
more strongly (71%) toward fluorine than the three equatorial
NBOs (60%). The five resulting hybrids on nitrogen are of
sp’d character, although the d orbital contribution to the original
NHOs is only marginal. This result is an artifact caused by
the orthogonality constraintn the NBO procedure and by the
high symmetry of the molecular framework, as pointed out by
Reed and Weinhold for SR

There is a set of five natural localized molecular orbitals
(NLMOs), obtained by diagonalizing the NBO density matrix,
corresponding to the five NF bonds. Besides the lope pair
and the N sp5d®92 NHO, one p lone pair from each other F
atom contributes almost 1% to the axial NLMO. The two axial
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extremely polarized toward F (80.6% and 80.0% in axial and
equatorial NLMOs, respectively), reflecting the large difference
in electronegativity between B & 2.06) and F{ = 4.10)136

The +2.63 charge on the P center is almost evenly distributed
onto the five F atoms0.55 axial,—0.51 equatorial). Mush&
acknowledged that the actual bonding configuration of ¢feld

lie anywhere between one axial 3c-4e bond and three covalent
equatorial PF bonds on one hand and two axial PF bonds formed
with two orthogonal P(sp) hybrids on the other hand. The
NLMO data do not support the idea of partially ionic 3c-4e
bonding involving the axial fluorine atoms in RMBut do support
such a model with N§& Note that our NPA-based analysis of
the bonding in NE and Pk is in agreement with the picture
which emerged from Mulliken and Bader analy$&5.

The three F atoms in the equatorial plane are bonded to N
with only slightly polarized covalent bonds (vide supra). The
two axial F atoms interact with an N orbital of high p character
along theC3 symmetry axis to give one three center-four electron
bond with its typical ionic character (Scheme 3). Strong electron
donation from one bonding axial NLMO into the antibonding
NLMO of the other axial bond reduces the axial bond order to

(136) Allred, A. L.; Rochow, E. GJ. Inorg. Nucl. Chem1958 5, 264.
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the computed value of 0.5 in agreement with the canonical MO electron pairs, but represent bonding interactions where fewer

description (Scheme 2). than two electrons are shared between atoms due to high ionic
Two of the three MO’s, which are generated by symmetry character. NF bonds are less ionic than PF bonds.

adapted combination of a nitrogen and two fluorine p orbitals,

are doubly occupied in a 3c-4e bond. The lowest of thdm, 6  Conclusions

is one of the degenerate HOMO-1 in N&nd is bonding for

both axial NF bonds. Double occupation of the nonbonding D

12a; orbital, the HOMO of NE, places the electrons on the

fluorine atoms and thus results in ionic character. The anti- mol-Lin the gas phase at 0 K. Thus, Ngould in principle be

bonding b; MO is the LUMO+L in Da, symmetric Nis. The an observable chemical entity, at least as an isolated species. A
axial NF bonds are longer and weaker than their three equatorial Y . SP :
thorough search of the potential energy surface identifies the 9

counterparts, because there is only one bonding electron pair, 1 . .
for two bonds® Nonetheless, Michels and Montgom&were zcﬂr;neot: Zﬁ?;hzgm;%ée?gxggttobmcd ggoﬂgatlh?niif)ld
able to locate five bond critical points for NEsing Bader'$®® y Y E : e
: . : decomposition reaction of NF The N, radical is only weakly

atoms-in-molecules electron density analysis. bound (0.1 kcal moft) with respect to Nand F. No lower

In analogy, the four long NF bonds in ti@, conformation ener trénsition structure coullod be found in thié study, and we
of NFs can be described with two orthogonal 3c-4e bonds. cons?gerthe existence of such a stationary point to b)t/a,unlikel
Symmetry adapted linear combination of two orthogonal yp y

nitrogen p orbitals with four F(p) orbitals yields the six frontier alt_?EUQh tWhe car!nt()t rule IthUt c.omlplte;tgly. ric N
MO's displayed in Scheme 3. The two doubly occupied NF us, the existence of an isolatddy, symmetric Nk

. MO’ h molecule in the gas phase seems possible. The elusive nature
Rcl):nglr?t?b(oar’lld?r?g ?%21) an(g Sbi;eMdg%?n?r;a;en%z%iﬂ;Legt '\/(la;;npty of the hitherto unobserved NEan be ascribed to two factors.

5a, and 1@y, comprise the HOMO and LUMO o€, NFs, !Z)ue to the small size of the N atom thg nonbonding FF distan.(.:e
respectively. Note the antibonding combination between the is smaller th_an_ th_e_sum of the fluorine van der W?a's radil.
four F(p) orbitals and the N(s) orbital in the LUMO. However, this |nh|b|t§ but does not preclude the existence of
NFs, as assumed earligt. As a consequence of the significantly
higher electronegativity of N vs P, the bonds ing\#fe not as
polar and the electrostatic attraction is less favorable than in

This investigation shows beyond any reasonable doubt that
an Symmetric NIs corresponds to a local minimum even though
the Nk — NF3 + F reaction is exothermic by about 42 kcal

To summarize, the existence of hypercoordinated compounds
depends mainly on the possibility of making sufficiently polar
bonds, as already pointed out by several groups e&f#igf105126
For first and second row central atoms, d-orbital participation PFs.
is not essential and should not be invoked to explain the
differences between, e.g., BBnd Pk. The octet rule is not
violated in either molecule; there is no valence shell expansion.
As the bonds are not completely covalent, conventional formal
electron count procedures are misleading. The bonds drawn
for hypercoordinated molecules do not correspond to Lewis JA9813921
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