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Bonding in the series ONXYZ (X, Y, Z H, F, Cl), HNNX;, HNNX,Y, HNNXY, (X, Y = H, F), and

OCX3~, OCXoY -, OCXY2™ (X, Y = H, F) shows evidence of a significant ionic contribution modifying the
underlying covalent bonding. Increased ionic character can be correlated with oxidation-state differences
between the bound atoms and is expressed in terms of shorter bond lengths. All members of the series, with
the exception of ONkE| HNNH3;, and OCH™, possess a multiple-©N, N—N, or C—0O bond modified by the

ionic character of that bond. The-, N—N, and O-C single bonds in ONk HNNHs, and OCH",
respectively, show some variation in length relative to “typical” single bonds of these types due to differences
in ionic character. The two highest-occupied molecular orbitals in the ONXYZ or OCXXZY, Z = H,

F) series which areryo* or mco* (Wwhen X =Y = Z = H) exhibit a distinct shift in their nodal plane as
hydrogen is replaced by fluorine. The nodal plane moves from a location between the oxygen and the nitrogen
or carbon to between the nitrogen or carbon and the fluorines impacting on the nature and length of the
bonds joining these atoms. The pattern effNand C-F bond lengths in the series, OMHONF; and OCH ™ —

OCFR, respectively, lends support to the idea of resonance structures of the form ORXdt OCXY F

(where X, Y=H, F).

Introduction C—0O, N-F, and C-F bond lengths to changes in electron
L . ¢ distribution and ionic character. The purpose of this investigation
The nature of bonding in species such as @NFand is to carry out such a study and to see whether it is possible to

—7-12 H H 1 1 - . . .
OCR has generated much interest but differing interpreta- ronresent the correlation between ionic character and bond length
tions. These molecules can be represented by Lewis structure%sing a simple model. Essentially all previous studies have

showing a single NO or C-O bond. The problem is that  ¢,05eqd on ONEH372 and OCR~.7"12In this investigation the
determination of the bond lengths either experimentally or by ligands attached to theNO, —NNH, and—CO were varied
computational modeling suggests that the NO (L.17A) and CO incrementally. The intent was to relate the changes in th©ON
(1.225A) bonds in ONFand OCR, respectively, are multiple NN "and G-0 bond lengths to the changing ionic character
bonds rather than the single bonds represented by their Lewisyt t0se bonds as impacted by the attached ligands. An easily
structures. This raises a question as to the nature of bonding a{,,qerstood model using oxidation states was used to ap-
the central nitrogen or carbon because a Lewis structure o imately represent the changing ionic character of the bonds.
involving such multiple bonds would imply that the nitrogen 5 aiternative approach to interpreting bonding in these
or carbon was hypervalent. Another feature of these molecules ., Jiacules using changes in the molecular orbitals is also
Is that the N-F or C—F bonds Zre longer than WO“'g be  provided. Because resonance structures of the form ORF
anticipated for a single NF (1.36 A) or C-F (1.33-1.38 A) and OCRF~ have been proposed in an attempt to explain the
bond. One explanatid for the structural features in ONBnd bond length€ exploration of the properties of the series ONH
OCF;~ focuses on the degree of ionic character of the bonds ONF; and OCH-—OCR;~ may provide evidence either sup-
anql asserts th.at the geometry can be best understood in termﬁorting or contradicting that proposal. By replacing oxygen by
of I|gand packing around the central atom'.&zlt_ should be noted the isoelectronic group HN and investigating the series HYNH
that in ONH the N-O bond length 0f~1.36 /¢ is much more HNNF; with respect to rotation about the-NN bond, informa-

in accord with the single bond Lewis model though even in jon ahout the barrier to rotation and nature of theMlbond
this case it is somewhat shorter than would be expected. ., |4 be obtained.

Alternative resonance structures involving QNIF- or OCRF~
have been proposétb explain the short ©N and O-C bonds
and long N-F and C-F bonds without incorporating hyper-
valent arguments. Some studies have investigated the hyper- All calculations were carried out using the Windows version
valent model incorporating back bonding to the central 8.  of Gaussian 032 The calculations were initially performed at

However there has not, to our knowledge, been a compre-the QCISD levet using a cc-pVDZ basis sétand all structures
hensive study of bonding in these molecules, utilizing a series were optimized. Because of the presence of several strongly
of closely related species, to compare and contrast the bondingelectronegative atoms and concerns as to the appropriateness
in molecular orbital terms and to relate the changes in th©N of the QCISD method relative to the CCSD method additional
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TABLE 1: Geometrical Parameters for ONX3 (X = H, F, Cl), Oxidation States, and Mulliken Charges

parameters ONK ONF; ONCl,
Rvo 1.3595 [1.3871] 1.1688 [1.1687] 1.1826
Rax 1.0409 [1.0341] 1.4222 [1.4481] 1.9269
ONX 114.143[111.932] 117.228[117.512] 115.127
XNOX 120.000 [120.000] 120.000 [120.000] 120.0000
Energy —131.331931131.397055] —428.295567 {-428.445282] —1508.413142
N o) H X
ONHs —1 (+0.250) [-0.317] —2(—0.643) [-0.883] +1 (+0.131) [+0.189]
ONF; +5 (+0.795) [+1.882] —2 (—0.246) [-0.620] —1(—0.183) [-0.421]
ONCl; +2 (~0.046) —2(~0.201) 0 (-0.083)

aBond lengths are in A, angles are in degrees, and energy is in Hartrees. Results obtained using QCISD/cc-pVDZ method and basis set or (in
square brackets) CCSD(T)/aug-cc-pVDZ method and basis set.

TABLE 2: Geometrical Parameters for ONH,X (X = F, Cl) and ONHX, (X = F, Cl), Oxidation States, and Mulliken Charges

parameters ONGKF ONH,CI ONHF, ONHCI,
Rvo 1.2265 [1.2345] 1.2296 1.1866 [1.1858] 1.2083
Run 1.0348[1.0319] 1.0318 1.0371[1.0364] 1.0338
Rux 1.6360 [1.6997] 2.1700 1.4811[1.5203] 119.298
ONH 118.490 [118.529] 119.096 122.489 [123.882] 119.298
ONX 117.021 [116.107] 119.055 115.689 [115.526] 116.298
XNOH 108.621 [105.334] 106.126 122.534 [122.960] 119.073
energy —230.3348961230.431844 ] —590.383805 —329.3222501329.446313 ] —1049.40289 32

N (0] H F

ONHF +1 (+0.485) {-0.660] —2(—0.401) [-0.612] +1 (+0.189) {0.263] —1(—0.462) [-0.575]

ONHCI 0 (+0.302) —2(—0.313) +1(+0.218) 0 (-0.425)

ONHF, +3 (+0.669) {-1.219] —2(—0.318) [-0.620] +1 (+0.215) {-0.311] —1(0.283) [-0.456]

ONHCL, +1 (+0.124) —2(—0.294) +1 (+0.244) 0 (-0.037)

aBond Lengths are in A, angles are in degrees, and energy is in Hartrees. Results are obtained using the QCISD/cc-pVDZ method and basis set
or (in square brackets) the CCSD(T)/aug-cc-pVDZ method and basis set.

TABLE 3: Geometrical Parameters for ONF,CI, ONFClI,, internal rotation about the NN bond. Table 6 lists the
and ONFCIH, Oxidation States, and Mulliken Charges optimized molecular parameters, energies, oxidation states, and
parameters ONEI ONFCh ONFCIH Mulliken charges for the series OGHthrough OCE™. Figures
Ruo 11734 11779 1.1959 1 and 2 present plots of the oxidation-state differences vs bond
Run 1.0357 length for the series XNgthrough XNk where X= O, HN
Rur 1.4445 1.4651 1.4892 (Figure 1), and OCki through OCE~ (Figure 2), respectively.
Ry 1.8747 1.9028 1.9639 The solid lines represent a simple second-order polynomial fit
SHE 115368 114993 12111?50%0 to the data. Figures 3 and 4 represent the highest-occupied
ONCI 118323 116.197 117 255 molecular orbitals (HOMO) and second highest-occupied mo-
ENOH 119.935 lecular orbitals (HOMO-l) in the series ONHONF; and
FNOF 115.908 OCH; —OCHR;, respectively.
FNOCI 122.046 117.197 117.366
CINOCI 125.606 ; ;
energy  —788.333554 -—1148.372793 —689.360992 Discussion
N o v X In covalently bound molecules, Lewis structure models in
concert with the concept of formal charge provide an effective
ONRCI +4 (+0.481) —2 (-0.240) —1(-0.202) (F) method for determining the general molecular structure, the
ONFCh +3 (+0.204) —2 (—0.221) ggﬂgég‘%)c?':) nature of the ponds, and a rough estimate of the electron density
0 (+0.118) (Cl) at th_e atoms in the molecule. Because formal charge assumes
ONFCIH +2 (+0.394) —2 (—0.301) +1 (+0.231) —1 (—0.277) (F) sharing of electrons is completely equal between all atoms, it
0 (—0.048) (CI) fails to take into account the differing electronegativities of the
aBond lengths are in A, angles are in degrees, and energy is in atoms and the polar nature of.the bonds. In cases where these
Hartrees. differences become substantial and the bonding takes on a
significant ionic character, the formal charge description can
calculations were carried out on the series QNGNX,Y and be quite misleading. For example the formal charges on the
the series OCX, OCX,Y~ (where X, Y= H, F) at the CCSD- oxygen and nitrogen in the series OMHONF; remain un-
(T)* level using an aug-cc-pVDZ basis set. Tables-13 changed at-1 and+1 throughout the series, and in the series
provide the optimized structures, energies, oxidation states, andOCH;"—OCK;~, the charges on the oxygen and carbon are
Mulliken charges for the series ONXONXzY, and ONXY, constant at-1 and 0, respectively. Formal charge provides no
(where X, Y= H, ClI, F), respectively. Table 4 provides similar way of differentiating between the members of these series. An
information for the series HNN§ HNNH.F, HNNHF,, and alternative concept, oxidation state, which assumes purely ionic

HNNF;, which are isoelectronic with the corresponding ON bonding and is thus also an approximate model, does however
series of compounds. Table 5 lists the variation in selected allow a better prospect for representing ionic character changes
parameters of the HNN series of molecules as a function of as the ligands are varied. In this model the bonding electrons
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TABLE 4: Geometrical Parameters of Minimum-Energy Conformers of HNNH3, HNNH,F, HNNHF, and HNNF3;, Oxidation

States, and Mulliken Charge$

parameters HNNH; HNNH,F HNNHF, HNNF;

Run 1.4709 1.3164 1.2409 1.2326

Run (@) 1.0378 1.0182 1.0302 1.0270

Run (b) 1.0247 1.0249

Run (©) 1.0386 1.0387 1.0249

Rur (a) 1.5605 1.3551

Rur (b) 1.5253 1.4857

HNN (a) 100.12 111.793 107.558 106.62

HNN (b) 105.40 117.737

HNN (c) 117.26 116.609

FNN (a) 120.035 114.31

FNN (b) 118.727 119.71

HNNH 180.0 180.0

HNNF 0.0 180.0

energy —111.480 009 —210.449 140 —309.473 604 —408.432 136

N (a) N (b) H (a) H (b) H (c) F@ F (b)

HNNH; —2(-0.557)  —2(+0.080)  +1(+0.057)  +1(+0.155)  +1(+0.132)
HNNHF ~ —2(-0.506) 0 (-0.369) +1 (+0.144) +1(+0.185)  —1(-0.378)
HNNHF, ~ —2(-0.217)  +2(+0.469)  +1(+0.157)  +1(+0.229) —1(-0.319)
HNNF; —2(-0.141)  +4(+0.582)  +1(+0.166) -1(-0.122)  —1(-0.242)

aBond lengths are in A, angles are in degrees, and energy is in HaftiRgs(a) —NH group,Ruy (b) N—H bond trans or cis to NH bond
in —NH group.Rwx (c) remaining N-H bonds,Ryr (@) N—F bond trans or cis to NH bond in—NH group. Ry (b) remaining N-F bonds.

(1.1687 A) as does the-€C bond length in the series OGH
(1.3624 A) through OCF (1.2310 A) and the NN bond

TABLE 5: Variation in Molecular Parameters during
Internal Rotation about the N—N Bond?

HNNF*  energy Run Rue* Rue Rue” length in the series HNNE1.4709 A) through HNNE(1.2326
HNNFs A). As can be seen in Figures 1 and 2, plots of these bond
0° 18.29 1.2308 1.3997 1.4580  1.4625 lengths vs the difference in oxidation state for the connected
45° 1.08 1.2325 1.4510 1.3572 1.5220 atoms fits rather well to a simple second-order polynomial. It
o 6.21 1.2341 1.5384 1.3738  1.4156 should be noted that the results obtained for the @NBINF;
igg 18-88 %gggg %-gggg %-i’gig i-f{gé‘z series and the OGH—OCF;~ series using the QCISD/cc-pVDZ
’ ’ ’ ' ' method and basis set or the CCSD(T)/aug-cc-pVDZ method and
o el 1 2?;\‘7NHF21 w87 15026 15076  DAsis setshowa consistent difference in that the\Gnd O-C
45 3314 12507 10298 13767 16854 bond lengths are noticeably longer for Oplthd OCH™ using
90° 67.58 1.2491 1.0358 1.4641 1.5745 the latter approach. However the-® and O-C bond lengths
133 30.12 1.2463 1.0271 1.6373 1.4338 converge rapidly for both methods/basis sets as fluorines replace
180 0.00 1.2409  1.0248 15236  1.5269  the hydrogens. Both methods/basis sets show a similar trend,
- - i.e., decreasing bond length with increasing oxidation state
HNNF___energy Ru R Riw R difference. All members of the series studied with the exception
i HNNHF of ONHs, OCH;~ and HNNH; have O-N, O—C, and N-N
(1)80, 12"22 i:gégi i:iggi iigigé i:gigz bond lengths, respectively, which are_essentially dou_ble pon_ds
HNNH: whose lengths are somewha’g modified by c/:{1ang|ng_|on|c
0 10.47 1.4899 1.0297 1.0315 1.0319 character. The bond lengths in ORIK1.3871 / ), OCI;;
45° 203 14744 10353 10249 10400 (1.3624 A), and HNNH(1.4709 A) are more typical of single
90° 4.24 1.4785 1.0392 1.0262 1.0334 bonds. Again it should be noted that the-8 and O-C bond
135° 8.95 1.4869 1.0282 1.0354 1.0308 lengths in ONH and OCH~ are noticeably longer and more
180 0.00 14710  1.0247  1.0386  1.0385 in line with the expectation (derived from their molecular orbital

2 Energy is in kJ molt, bond lengths are in angstroms, and angles Occupancy) that they would be single bonds when determined
are in degreeRuy andRye refer to bonds associated with theNXs, using the CCSD(T)/aug-cc-pVDZ method and basis set than
—NX2Y, =NXY, and—NY3 (X = H, Y = F). when determined using the QCISD/cc-pVDZ method and basis
are assigned to atoms based solely on electronegativity differ-Set. The former approach indicates a generally higher ionic
ences with the atom of higher electronegativityfO > N = character as evidenced by the Mulliken populations than does
Cl > C > H) receiving all of the bonding electrons. By use of the latter approach. However even when using diffuse functions
this model, the oxidation state of the nitrogen changes from the O-C bond length in OCEf" is shorter than what would be
—1 to+5 in the series ONE-ONFs while that of the oxygen  €xpected for a typical ©C single bond (1.421.44 A), and
remains at-2. In the series OCi—OCF;™, the oxidation state this can be attributed to the partial ionic character of the bond.
of the carbon changes from2 to +4 while in the series In all cases, the NF and C-F bonds decrease in length as the
HNN*H ;—HNN*F 3 the oxidation state of the N* changes from OXidation state difference increases.

—2to+4. In all these species the oxidation state of the fluorine  Investigation of the molecular orbitals and how they change
is constant at-1 so the differences in oxidation state for bonded through a series of related molecules also provides a way to
atoms can be used as a rough measure of the changing ioniainderstand the structure and nature of bonding in these
character of the ©N, O—C, N—F, and C-F bonds. Corre- molecules. For this part of the investigation, the two series
sponding to these changes in oxidation state theNCbond ONHjz, ONH,;F, ONHFR,, and ONER and OCH~, OCHF,
length shortens in the series OBIKL.3871 A) through ON§ OCHF,~, and OCRK~ were investigated. In ONHand OCH -,
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TABLE 6: Geometrical Parameters for OCH3;~, OCH,F~, OCHF,~, and OCF;~, Oxidation States, and Mulliken Charge$

parameters ocH OCH,F- OCHR,~ OCFs

Reo 1.3100 [1.3624] 1.2632 [1.2715] 1.2374 [1.2426] 1.2253 [1.2310]

Ren 1.1707 [1.1437] 1.1499 [1.1239] 1.1326 [1.1161]

Rer 1.5570 [1.6936] 1.4731[1.5116] 1.4252 [1.4445]

HCO 118.093 [115.224] 118.691 [118.901] 121.237 [122.507]

FCO 115.072 [113.886] 115.487 [115.060] 117.158 [117.304]

HCHO  120.000 [120.000]

HCFO 114.771 [109.244] 122.439 [123.169]

FCFO 120.000 [120.000]

energy  —114.7598294114.822243] —213.8394384213.948915] —312.9233164313.057148] —411.999324{412.152644]

H C o F

OCHs~ +1 (—0.181) [-0.209] —2 (+0.315) |-0.750] —2(—0.772) [F1.122]
OCH,F~ +1 (—0.136) [-0.164] 0 (-0.512) [+1.011] —2 (—0.668) [-0.909] —1(~0.572) [-0.775]
OCHR~ +1 (—0.109) [-0.203] +2 (+0.689) [+1.484] —2 (—0.609) [-0.874] —1 (—0.485) [-0.703]
OCFs +4 (+0.831) [+1.899] —2 (~0.575) [-0.836] —1(—0.419) [-0.688]

aBond Lengths are in A, angles are in degrees and energy in Hartrees. Results are obtained using the QCISD/cc-pVDZ method and basis set or
(in square bracketsO the CCSD(T)/aug-cc-pVDZ method and basis set.
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Figure 1. Plot of oxidation-state differences vs bond length for the@®y N—N, and N-F bonds in the series ONXYZ (X, Y, Z H, Cl, F) and
HNNXYZ (X, Y, Z = H, F). R(IN—-0), R(N—N), and R(N-F) refer to results obtained using the QCISD/cc-pVDZ approachRiMug refers
to results obtained using the CCSD(T)/aug-cc-pVDZ approach.
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Figure 2. Plot of oxidation-state differences vs bond length for the@and C-F bonds in the series OCXYZ(X, Y, Z = H, F). R(C-0) and
R(C—F) refer to results obtained using the QCISD/cc-pVDZ approach—RJaug and R(€F)aug refer to results obtained using the CCSD(T)/
aug-cc-pVDZ approach.

the five HOMOs can be represented as lengths though again with the qualification that the © bond
length in OCH™ is somewhat shortened due to its partial ionic
Tyo’ Ty’ Oyo’ Txo* > Tyo*> (X =N, C) character. All of the molecular species studied have at least two

7xo (X = N, C) bonding orbitals and two doubly occupiet
This MO configuration would imply that the ©N and O-C orbitals, which are clearlyrxo* (X = N, C) in ONH; and
bonds should be single bonds as is evidenced by their bondOCH;~ but change significantly as fluorines replace the
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HOMO Orbitals HOMO Orbital

ONH:F

ONHF; ONF; OCHFy OCFy

HOMO-1 Orbital HOMO-1 Orbital

: OCHy
ONH; ONH,F :

OCHFy ' OCFy

i ERSts Figure 4. HOMO and HOMO-1 in the series OGH— OCFs~.

Figure 3. HOMO and HOMO-1 in the series ONHONFs.

hydrogens. Introduction of fluorines to replace the hydrogens series. Incidentally a similar change in the position of the nodal
as ligands has two consequences. First linear combinations ofplane is observed in the HOMO orbital in the series HNNH
themrxo orbitals with the fluorine p orbitals results in an increase  HNNFs.

in the number of occupied orbitals wittxo character contribut- Parts ad of Table 5 illustrate how selected molecular
ing to a stronger X O bond. For example, while there are only parameters in the series HNMHHNNF; change under internal
two occupied orbitals withryo character in ONBl there are rotation about the NN bond. Conjugation between the fluorine
four orbitals withztno character in ONBF. Second there is a  p orbitals and theryy orbitals results in a relatively flat energy
marked effect on the two highest-occupied orbitals in the surface as a function of dihedral angle in HNNBut a
molecules in each series Figures 3 and 4). As already indicated significantly higher internal rotation barrier in HNNHFas
these are bothryxo* in ONH3 and OCH~ with the nodal plane would be expected. Only in the case of HNMHloes it become
lying between the central atom and the oxygen though clearly impossible to carry out internal rotation about the-N bond
closer to the central atom. However as hydrogens are replacedas would be anticipated forzay bond. In this latter case, the
by fluorines, the nodal plane is displaced toward the electron- molecule dissociates to HNNH HF. As expected in HNNE
attracting fluorine side of the molecule, the lobe which initially where the N-N bond is not a multiple bond internal rotation is
was localized on the oxygen extends to encompass the centratelatively unrestricted. What is interesting to note in this series
atom and the nodal plane now lies between the central atomis the wide variation in N-F bond lengths. Where the-Nr
and the fluorines. This means that these orbitals now contribute bond(s) are coplanar or close to coplanar with theNNbond

a bonding component to the->O bond, further strengthening  the N—F bond lengths are quite short (1:35.43 A), but where
and shortening it, while contributing an antibonding component they are significantly out of the plane containing the Nlbond

to the X—F bonds, helping to explain their longer than expected the N—F bonds are unusually long-(.5 A). Obviously the
length. This is most clearly apparent in the OCHOCRK;~ shorter coplanar NF bonds are the result of conjugation
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between the NN z electrons and those of the fluorine p
orbitals. Note that in the series OMH-ONF; the N—F bond
length decreases from 1.6997 to 1.4481 A and that, similarly,
in the series ONBKCI—ONCI; the N—CI bond length decreases
from 2.170 to 1.927 A and finally in the series OgfH—OCF;~

the C—F bond length decreases from 1.6936 to 1.4445 A. This
is more marked when using the CCSD(T)/aug-cc-pVDZ ap-
proach because of the distinctly longer-R or C—F bond
lengths obtained for ONMF and OCHF~ compared with those
obtained using the QCISD/cc-pVDZ approach. If we consider
that these species could be represented as ONXYwhere

X, Y =H, F), ONXY*CI~ (where X, Y= H, Cl), or OCXYF"
(where X, Y= H, F) then the partial positive charge on the
nitrogen or carbon will increase as X and Y change from being
both hydrogen to both fluorine (or chlorine) and as a result the
ionic N*F~, N*CI~, and CF bonds should become progres-
sively shorter. The remainingNF, N—ClI, or C—F bonds will

be conjugated with theyno or rco and be quite short. In ONJH,
ONH,CI, and OCHF~, there will be only one ionic resonance
structure, whereas in ONHFONHCL, and OCHE~, there will

be two, and in ONE ONCl;, and OCEK™, there will be three.
The pattern of N-F, N—CI, and C-F bond lengths in these
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these bonds and antibonding character between the nitrogen or
carbon and the fluorines explaining their somewhat longer bond
lengths. The pattern of energy changes in the series HNNH
HNNF; does support the existence of a traeN—N bond.
Finally the pattern of NF, N—CI, and C-F bond length
changes lends support to the idea of ionic resonance structures
for these systems.

References and Notes

(1) Plato, V.; Hartford, W. D.; Hedberg, K. Chem. Phys197Q 53,
3488.

(2) Bronstrup, M.; Schroder, D.; Kretzschmar, |.; Schalley, C. A;;
Schwarz, HEur. J. Inorg. Chem1998 1529.

(3) Dobado, J. A.; Martinez-Garcia, H.; Molina, J. M.; Sundberg, M.
R.J. Am. Chem. S0d.998 120, 8461.

(4) Cunningham, T. P.; Cooper, D. L.; Gerratt, J.; Karadakov, P. B.;
Raimondi, M.Int. J. Quantum Cheni996 60, 393.

(5) Burtzoff, M. D.; Peter, L.; Lepse, P. A.; Zhang, D. THEOCHEM
2002 619, 229.

(6) Chestnut, D. BChem. Phys2003 291, 141.

(7) Robinson, E. A.; Johnson, S. A.; Tang, T.-H.; Gillespie, dJnBrg.
Chem.1997, 36, 3022.

(8) Gillespie, R. J.; Robinson, E. A.; Heard, G.Ilhorg. Chem1998
37, 6884.

(9) Wiberg, K.J. Am. Chem. So0d.99q 112, 3379.

(10) Farnham, W. B.; Smart, B. G.; Middleton, W. J.; Calabrese, J. C.;

species certainly seems to fit well with the idea of the proposed piyon’ D. A. J. Am. ChemSoc. 1985 36, 4565.

ionic resonance structures.
Oxidation state differences between the bound atomd\O
N—N, O—C, N—F, N-CI, and C-F provide a simple but

(11) Gillespie, R. J.; Bytheway, I.; Robinson, E. lhorg. Chem1998

37, 2811.
(12) Reed, A. E.; Schleyer, P. v. R.Am. Chem. Sod99Q 112, 1424.
(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

reasonable means of representing ionic character changes fom. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
these bonds as a function of changing ligands and appear toN.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

correlate well with the corresponding bond lengths in a series.
The molecular orbital picture shows that all of these molecules

possess at least two bonding orbitals. Addition of fluorines
whose p orbitals conjugate with the orbitals increases the
amount ofr bonding character. However of more significance

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,

X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;

Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,

is the observation that as hydrogens are replaced by fluoriness.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.

the two highest-occupied orbitals, which are clearfy* or
mco® in ONH3 or OCH;™, respectively, experience a shift in

D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

the nodal plane from lying between the oxygen and the nitrogen m. A ; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
or carbon to where it lies between the nitrogen or carbon and Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; and Pople, J. A.
the fluorines (Figures 3 and 4). The electron distribution in these Gaussian 03WRevision B.01; Gaussian, Inc.: Wallingford, CT, 2004.

(14) Pople, J. A.; Head-Gordon, M.; RaghavachariJKChem. Phys.

orbitals now takes on bonding character between the oxygenigs7 87, 5968.

and nitrogen or carbon, helping to explain the shortening of

(15) Woon, D. E.; Dunning, T. H., Jd. Chem. Phys1993 98, 1358.



