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Abstract: The electronic wave functions of N2O4 and B,F4 were determined in moderately sized ab initio computations. The
rotational barriers of both molecules were calculated and analyzed in terms of lone-pair interactions between nonadjacent
oxygen or fluorine atoms, along with lone-pair donation into the central o* bond. Previously suggested alternative electronic
configurations, where the NO, units are bonded only by = interactions, were considered for the ground state of N2O4 but

were found to be dissociative and thus of little importance.

Although the two A,Y4 molecules dinitrogen tetroxide,
N204, and diboron tetrafluoride, B,F4, are isoelectronic,
each having 34 valence-shell electrons, they may have dif-
erent equilibrium gas-phase geometries. In the gas phase,
N>0, exhibits the planar, Dy, structure! with eclipsed oxy-
gens, 1, but the conformation of B,F4 is more uncertain.
Early studies®® indicate either the staggered, D,,, confor-
mation, 2, or free rotation, while a more recent investiga-
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tion favors the planar form,?® 1. A 1957 study by Snyder
and Hisatsune? yielded a rotational barrier of 2.9 kcal/mol
for N2Oy. The energy barrier to rotation for ByFy is pre-
sumably rather small, since in addition to the D,y vs. Dy,
uncertainty for the gas phase a crystal structure determina-
tion? favors a planar conformation. The rotational barrier
of B,Cly, which is normally staggered, has been determined
by Hedberg? to be about 1.85 kcal/mol.

In this paper, we report some ab initio calculations on
the electronic structure of both N,O4 and B;F4 and present
a rationale for the gas-phase rotational barriers of the two
compounds.

A fundamental matter to the study of N,OQ, is its elec-
tronic configuration. Coulson® proposed some time ago that
both the ¢ and ¢* N-N levels might be occupied, with the
net bonding between the two NO> units being provided by a
“m-type” interaction, a “zr-only” bond. This suggestion was
an ingenious attempt to explain several of the observed geo-
metric parameters of the N»O4 molecule (i.e. the N-N
bond length of 1.75-1.78 A being substantially longer than
the N-N distance of 1.47 A in hydrazine, H,N-NH>; the
preference for the eclipsed D3y structure; and the relatively
high rotational barrier).

The possibility of alternative electronic structures has
been investigated semiempirically in an indirect fashion by
Brown and Harcourt” and by Serre and LeGoff.? We now
attack the problem by determining the total energy of the
various single-determinant electronic configurations as a
function of the N-N bond length.

There have been many semiempirical investigations of
the electronic structure of N»O,7%1% and B,F4.1011 An ab
initio investigation of N,O4 and ByF4 has appeared re-
porting a higher energy.!2 Although interpretations of the
rotational barrier have been centered on = interactions!? of
the AY> units, the present study is found naturally to focus

on the interaction of the axial lone pairs, those which are
more or less parallel to the A-A axis. The analysis that will
be presented draws on the work of Stohrer and Hoffmann!4
on strained tricyclic hydrocarbons and by Epiotis!5 on 1,4-
nonbonded attractive interactions in halogenated hydrocar-
bons.

Calculational Details!®

The ab initio calculations were carried out with the pro-
grams POLYATOM and IBMOL V using two different
sizes of atom-optimized Gaussian basis sets. The smaller
set, which consisted of five s-type and two sets of p-type ex-
ponents for each atom, i.e. the (52/52) set,!” was used to
carry out limited geometry optimizations. The larger basis
set!8 consisted of seven s-type and three sets of p-type expo-
nents for each atom (73/73), and this was employed for the
final calculations on which were based the energies and
population analyses presented in the tables. For the
staggered conformations, the molecular orbitals of e sym-
metry were established so that each member of a degener-
ate pair would be symmetric to reflection in the plane de-
fined by one of the AY; groups and antisymmetric to re-
flection in the plane of the other.

Extended Hiickel calculations!® were also performed to
aid in the analysis of the interactions in the molecules. The
parameters of Hoffmann?C along with the ab initio opti-
mized geometries were employed. The results of the extend-
ed Hiickel method were roughly similar to those of the ab
initio studies. This extended Hiickel program provided the
opportunity to delete interactions between certain specific
atomic orbitals by simply setting the off-diagonal pseudo-
Fock matrix element, H;;, along with the corresponding
overlap matrix element, Sy;, for the pertinent interaction to
zero. There is a fundamental difference between the extend-
ed Hiickel method and the SCF ab initio method. The sum
of the molecular orbital energies equals the total energy for
the Hiickel method but not the ab initio.

Results and Discussion

Overall Results. In the limited geometry optimization for
N,Oy, the energy was minimized only with respect to the
N-N bond length with a preliminary optimization in the
(52/52) basis set followed by another in the neighborhood
of the (52/52) minimum using the (73/73) basis set. The
final optimized value for the N-N distance was 1.67 A,
while the N-O bond length of 1.18 A and the ONO angle
of 133.7° were taken from Smith and Hedberg.'? It is inter-
esting that the optimized N-N bond distance increases by
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Table I. Summary of Calculated Quantities for N»O4 and B:F4 Using (73/73) Gaussian Basis Sets

——————— N.Qyrm—————— B.F .
Planar Staggered Planar Staggered
(D21r) (Daa) (Da1) (D32)
Total energy, au —407.3650 —407.3465 —446.7441 —446.7446
Nuclear repulsion, au 242.8180 241.6254 203.1890 202.5764
Mulliken population, e
Gross atomic charges
N/B +0.519 -+0.555 -+0.696 +0.701
O/F —0.260 —0.278 —0.348 —0.350
Overlap population
N-N/B-B 0.231 0.307 C.063 0.075
N-O/B-F 0.441 0.451 0.723 0.724
(O-+-O) s /(F- - Fly.s —0.144 —0.146 —0.060 —0.059
(N---O)/(B---Fhs —0.130 —0.118 —0.080 —0.081
(O -ON/(F- - Fhs 0.033 0.006 0.00C 0.000

= The subscripts indicate the separation of the atoms involved. Thus for N,O.. (O---O) 5 represents the overlap of the gem oxygens;
(N -O)1.;, the overlap between a nitrogen and an oxygen bonded to its neighboring nitrogen; and (O - - O),.. the overlap between the oxy-

gen on one nitrogen with an oxygen (cis in the D, case) on the other.

about 0.02 A in shifting from the (52/52) to the (73/73)
basis set. Employing a still larger basis set would probably
decrease but perhaps not eliminate the gap between the op-
timized bond length and the experimental value of 1.75 or
1.782 A.! An additional factor causing the optimized N-N
bond length to be 5% shorter than the experimental value
might be configuration-interaction mixing of doubly excited
configurations having two electrons in an N-N ¢* orbital®
into the ground state. Because of the delicate balancing of
factors in the B,F, electronic structure, the geometry of this
molecule was optimized in the (52/52) set with respect to
both the B-B bond length and the FBF angle (optimized
values 1.72 A and 110°), while the B-F bond distance was
held constant at the experimental value?® of 1.32 A.

Some overall results from these calculations are present-
ed in Tables I and II for the optimized molecular geome-
tries. From the data of Table I, we see that the rotational
barrier calculated for N,Oy is 11.6 kcal/mol for the (73/
73) basis set and 0.3 kcal/mol for BsF4 in the same basis
set. The barriers obtained in the smaller (52/52) calcula-
tion were 10.7 and 0.1 kcal/mol, respectively. Note that the
calculations agree with experiment in assigning the planar
conformation to the N»O4 molecule. The calculated rota-
tional barrier of B,F, favors the D, conformer by 0.3 kcal/
mol, in conflict with the more recent experimental work.2b
The analysis that follows below concentrates on a compari-
son of rotational barriers of the two molecules: N2O, defi-
nitely favoring the planar, D, form, while B,F4 has only a
very small barrier to rotation. From parabolic fitting of the
bottom regions of the curves giving the variation of the cal-
culated total energy with internuclear distance, we have
theoretically estimated the force constant for stretching of
the N-N bond in N,04 to be 3.8 mdyn/A and of the B-B
bond in B,F4 to be 3.0 mdyn/A. The observed value?! for
N204 is 1.47 mdyn/A and, by way of comparison, for ethyl-
ene,??9.47 mdyn/A.

Description of the Electronic Structure.!® N,O4 and B>F,
are isoelectronic molecules, each having 17 filled valence-
shell molecular orbitals. As expected, when both of the mol-
ecules are in the same geometry, there is a marked similari-
ty between their molecular orbitals. This similarity is shown
by the data of Tables III vs. V and IV vs. VI. For the pla-
nar conformers, the molecular orbitals of these A>Y4 mole-
cules are readily classifiable according to their dominant
contributions to the A-A bonding and to the A-Y bonding,
either ¢ or 7 with respect to the designated bond axis. In
addition, the molecular orbitals which are dominated by the
lone-pair character of the Y atoms may also be so charac-
terized with respect to the A-Y axis involved or the molecu-

‘Table II. Analysis of the Mulliken Population for N:O; and
B:F; in which the Molecular Orbitals Have Been Classified
According to Nodal Characteristics with Respect to the
N-N or B-B Bond Axis

~——-N,O;-—— ———-BF )
Planar Staggered Planar Staggered
D‘lh D'.’\I D'Z/\ D'.’v[
Gross Atomic Populations
A o 4.397 4.373 3.383 3.580
T 1.100 1.101 0.299 0.311
T’ 0.984 0.970 0.422 0.408
T b7 2.082 2.071 0.721 0.719
Y I 4.302 4.312 3.709 3.713
T 1.430 1.433 1.851 1.854
T’ 2.3509 2.512 2.789 2.787
5 1.000 1.000 1.000 1.000
T+ 7 3.959 3.965 4 640 4.640
Overlap Populations
A-Y o 0.102 0.102 0.336 0.335
T 0.250 0.250 —0.151 0.151
T’ 0.089 0.098 0.236 0.237
T+ 7’ 0.339 0.348 0.287 0.388
A-A I 0.277 0.335 0.078 0.112
b —0.005 —0.029
T’ —0.044 0.Cc14
r+7x —0.048 —0.028 —0.014 —0.037
X Yneo 0.033 0.005 0.C00 0.000
T 0.000 0.000
T’ 0.001 0.600
T+ 7 0.001 0.000 0.000 0.CC0

lar axis on which the A-A bond lies. Such characterizations
based on Mulliken population analyses by atomic-orbital
symmetry and on electron-density plots are given for the
filled valence-shell molecular orbitals of the planar confor-
mation of N»Oy4 in Table III and of B;F,4 in Table V.

In discussing A-A bonding, it should be noted that, with
respect to this bond axis in the planar molecule, molecular
orbitals which are ¢ exhibit a; and those which are o* ex-
hibit by, symmetry. Population analyses and electron-densi-
ty plots indicate that the a; and by, orbitals of the planar
form may be considered to transform into the a; and b or-
bitals respectively, of the staggred form. The usual “#” or-
bitals for A,Y4 planar molecules must be antisymmetric to
reflection in the molecular plane. Thus, the 7 orbitals, with
respect to the A-A bond, exhibit bs, and the «* orbitals
show by symmetry, with the equivalent orbitals in the
staggered conformation having ¢ symmetry. The set of or-
bitals at right angles, in which the A-A axis lies in a nodal
plane perpendicular to the molecular plane, may be desig-
nated for the planar molecule as =’ having b,, symmetry
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Table 111, Mulliken Population Analysis of the Valence Molecular Orbitals of Planar N-O4 Calculated in a (73/73) Basis Set

Gross atomic

——-——-Dominant character*--—-———

N.O.. Dy, ~~-population-— —-———0verlap populations-—-——— Lone
Orbital Energy N N-N N-O (O O)ess N-N bond N-O bond pair
6a, —0.466 0.195 0.403 0.320 ~0.188 0.045 (Po=Do) (D-"-Ds")* Dy’
la, —0.503 0.0 0.500 0.0 0.0 —0.005 Dr
1b:, —0.517 0.0 (.500 0.0 0.0 0.005 Dxr
4bag —0.533 0.011 0.495 —0.011 0.003 —0.019 Pr’
4bs, —0.588 0.028 0.486 0.005 0.007 0.018 o Pa’
5bu —0.696 0.287 0.357 —0.455 0.161 —0.020 Po—po)* (pr"-ps") Pr
3. —0.767 0.203 0.399 —0.078 —0.120 —0.001 (ps"-pr')* (Po—SPo) SPe
12, —0.771 0.507 0.247 —0.099 0.135 —0.001 (P-Pr)* (Pr—DPx)
3byy, —0.790 0.208 0.396 0.048 —0.081 0.001 (pr"-Pr") (Da—sga) SPo
104 —0.835 0.593 0.204 0.095 0.116 0.001 {(pzpy) (Drpj_r)
Sa, —0.870 0.264 0.368 —0.001 —0.049 0.013 (SPe—SPa)* (Po—SPe)* SPo
db —0.895 0.189 0.405 —0.064 —~0.121 —0.005 (s5-50). (So=Sa)* So
da, —1.078 0.656 0.172 0.444 —0.035 0.001 (Spo—sPo) (So=Sq)*
(pﬂ/‘pﬂ/)
2bse —1.527 0.276 0.362 —0.018 0.150 —0.005 (D"-pr")* (p,—{,)
2bou —1.552 0.257 0.372 0.010 0.128 0.007 (pr'-Pz") (pq,—_s,)
3y —-1.717 0.370 0.315 —0.014 C.171 —0.005 (Ea:ia)* (;U‘ia)
3a, —1.766 0.436 0.282 0.049 0.161 0.004 (So-50) (2,—5,)

« In this A,Y . molecule. the dominant character of each bond is presented with respect to its own axis and of each Y-atom lone pair with
respect to the A-Y bond axis. The symbols are employed as follows: () for bonding ()* for antibonding; with s or p standing for the contrib-
uting atomic orbital and sp for this contributing hybrid. The =, ¢. 7’ character of the bond is indicated by the subscripts and the direction
of the superscript arrows indicates polarization along the reference bond axis of the contributing atomic orbitals, with the greater electron

density being on the side of the arrowhead.

Table IV. Mulliken Population Analysis of the Valence
Molecular Orbitals of Staggered N.O, Calculated in a
(73;73) Basis Set

N.O.. Gross atomic

Or- D populations —-—Overlap populations——
bital Energy N O N-N N-O (O---O).:
6a, —0.451 0.186 0.407 0.362 —0.178 0.009

la, —0.505 0.0 0.500 0.0 6.0 —0.002

1b —-0.513 0.0 0.500 0.0 0.0 0.002

Se —0.566 0.039 0.980 —0.005 0.011 —0.001

3bs —0.711 0.266 0.367 —0.370 0.1534 —0.004

de —0.771 0.529 0.735 —0.130 —0.087 0.000
e —0.813 0.981 0.510 0.106 0.152 0.000
Sa, —0.864 0.265 0.367 0.002 —(.038 0.C01

b, —0.902 0.193 0.403 —0.072 —0.141 —0.001

da, —1.082 0.657 0.172 0.441 —0.029 0.0C0
2¢ —1.543 0.520 0.740 0.001 0.270 0.00C
b, —1.721 0.372 0.314 —-0.016 0.171  —0.001

a; —1.768 0 432 0.283 0.049 0.161 0.001

and (#')* having bz, symmetry. Again, upon rotation to the
staggered conformation, these two orbitals convert into an e
pair. Note that the two molecular orbitals 1b, for the pla-
nar conformer (or 1b; for the staggered) and la, (or las)
appearing among the valence orbitals of each molecule ex-
hibit no A-A or A-Y overlap population but only lone-pair
character, since with respect to the A-A bond axis these or-
bitals would be 6 and é*, respectively. With no d character
allowed to the A atoms in the calculations, these orbitals
cannot include bonding character and, even if atomic d or-
bitals had been incorporated into the basis set, we would
have expected negligible A-A overlap in these orbitals for
the N»>O4 and B»>F4 molecules.

According to this analysis of the molecular orbitals in
terms of A-A bond character, the ab initio calculations
give the following ordering (from more to less stability) of
the valence orbitals of N,Oy, shown in Tables III and IV:
30, 30, 20/, 2(’)*, 40, 40*, Sa, 17, 37, I*, 3(7')*, 50%,
47’, 4(x’)*, 16, 16*, and 6g. For B,F4 (see Tables V and
VI), the calculated ordering is: 3¢, 30*, 27/, 2(7')*, 40,
4¢*, 5q, 37/, 3(')*, 1=, la*, 5¢%, 16, 16*, 4n’, 4(7’)*, and

60. Although there is some difference between the two mol-
ecules in this ordering with respect to orbital energy, it is
important to note that, according to the ab initio results,
there is an antibonding orbital for each bonding orbital in
all cases except for the outermost orbital 6. Since the N-N
overlap population for this orbital is larger in the case of the
planar as compared to the staggered form of N2Oy (see Ta-
bles I and IV) and the B-B overlap of this orbital is about
the same for the two conformers (see Tables V and VI), we
might set up a crude rationale for the observed conforma-
tional stability on this basis. However, as indicated by the
population data of Table II, the matter is more complex
than this and hence must be argued in a more subtle fash-
on,

Electronic Configuration of N,Q4. Alternative ground-
state electronic configurations of N»Oy4 have been proposed®
wherein a pair of electrons is removed from a high-lying
lone-pair molcular orbital (say, either the la, or 1b,, orbit-
al) and placed in the N-N ¢* molecular orbital, 6b;,. The
electronic configuration which turns out to have the lowest
energy may be specified for the planar molecule as ...
(4b3g)?(1b1g)?(1ay)?(6ag)?, referred to as Z; and it is the
configuration corresponding to Tables | through VII. Alter-
native configurations are . . . (4bsg)?(1a,)2(6a5)2(6b,)>, re-
ferred?? to as II1 and ... (4bsp)(1b14)%(62,4)%(6b1y)>, re-
ferred to as II2. In both the Il and II2 cases, the N-N ¢
bonding present in the 6a; orbital has been counterbalanced
through occupation of the N-N ¢* orbital, 6by,,.

We have attempted to test this interesting suggestion by
determining the potential curve of each configuration for a
motion whereby the two NO; units are moved apart from
each other. The results are shown in Figure 1, where it is
obvious that the T configuration possesses a minimum near
the experimentally determined N-N distance. However, the
II1 and II2 configurations are not only less stable but,
equally significant, possess no minimum out to an N-N dis-
tance of 4 A; i.e., they are probably dissociative. Similar
operations may be carried out by promoting the pair of
electrons from either the 3by, or 3bs, orbitals to the 6biy
orbital to give a I1’1 or II’2 configuration, as well as by pro-
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Table V. Mulliken Population Analysis of the Valence Molecular Orbitals of Planar B.F, Calculated in a (73/73) Basis Set

Gross atomic

Dominant character?

_—

B,F 4, ~——population-——— ————Qverlap populations Lope

Orbital D, Energy B B-B B-F (F+ Fais B-B bond B-F bond pair
6ag —0.5354 0.536 0.222 0.505 —0.094 0.000 (Po-Po) (Pr’~Dr Y
4bsg —0.6350 0.016 0.492 —0.013 0.016 0.000 Pr’
4bgy —0.6416 0.033 0.484 0.008 0.016 0.000 pr’
lay —0.6477 0.0 0.500 0.0 0.0 0.000 Pr
1byg —0.6477 0.0 0.500 0.0 0.0 0.000 o Pr
5byy —0.7028 0.081 0.460 —0.771 0.128 0.000 (Po—Do)* (p="-Px") pr’
1bgg —0.7114 0.136 0.432 —0.068 0.084 0.C00 (PrP)* (Pr—Dr)
1bsy —0.7225 0.163 0.419 0.039 0.067 0.000 (Dr—Dr) (Pr—Pr)
3bsg —0.7390 0.124 0.438 0.001 0.072 0.000 (pr'~pr'V*® (Po=SPs) SDo
3ba —0.7565 0.157 0.422 0.018 0.060 0.000 (br"~px") (Pe—Do) Po
Sa, —0.7738 0.299 0.350 0.155 0.063 0.000 (SPe—5P) (p'-Px") pr’
4y, —0.8179 0.158 0.421 0.009 0.068 0.000 (SDo~5Po)* (po=sPa) Dy
4ag —0.8406 0.329 0.336 0.166 0.058 0.000 (SPs=SPs) (Do=SDo) SPs
2bs, —1.6368 0.042 0.479 —0.001 0.034 0.000 Sq
2byy —1.6393 0.049 0.475 0.001 0.038 0.000 So
3byy —1.1824 0.077 0.461 0.002 0.055 0.000 So
3a, —1.6848 0.081 0.459 0.002 0.058 0.000 So

= In this A,Y, molecule, the dominant character of each bond is presented with respect to its own axis and of each Y-atom lone pair with
respect to the A-Y bond axis. The symbols are employed as follows: () for bonding and ()* for antibonding; with s or p standing for the con-
tributing atomic orbital and sp for this contributing hybrid. The 7, &, 7’ character of the bond is indicated by the subscripts and the direc-
tion of the superscript arrows indicates polarization along the reference bond axis of the contributing atomic orbitals, with the greater electron
density being on the side of the arrowhead. ¢ There is a substantial admixture of boron 3p character resulting in a gerade =* orbital contri-
bution, which is B-B bonding according to the Mulliken overlap population.

Table VI. Mulliken Population Analysis of the Valence Molecular
Orbitals of Staggered B.F; Calculated in a (73/73) Basis Set

Gross atomic

B.F,, Dyq populations —-Overlap populations—
Orbital Energy B F B-B B-F (F - P
6a;, —0.535 0.554 0.223 0.501 —0.092 0.000
Se —0.640 0.051 0.974 —0.008 0.033 0.000
la, —0.650 0.0 0.500 0.0 0.0 0.000
iby —0.650 0.0 0.500 0.0 0.0 0.000
5b, —0.705 0.080 0.460 —0.734 0.126 0.000
4e —0.716 0.272 0.864 —0.058 0.145 0.000
3e —0.751 0.303 0.849 0.029 0.137 0.000
S5a; —0.775 0.302 0.349 0.158 0.063 0.000
4b, —0.819 0.158 0.421 0.009 0.068 0.000
4a;, —0.842 0.328 0.336 0.165 0.058 0.000
2e —1.639 0.092 0.954 0.000 0.074 0.000
3b, —1.684 0.077 0.462 0.002 0.054 0.000
3a;, —1.686 0.081 0.459 0.002 0.058 0.000

moting these electrons from either orbital 1bs, or by, to
6by, to give a II3 or 114 configuration. The potential curves
of these four resulting configurations are similarly probably
dissociative. Consequently, we conclude that the ground
state is best described by the £ configuration. Brown and
Harcourt” and Serre and LeGoff? came to the same conclu-
sion on the grounds that the II1 and I12 configurations were
nearly degenerate and a linear combination of them would
yield a triplet ground state which is not observed.

Reasons for suggesting the possibility of the II and II’
configurations included the preference of N»>O, for the pla-
nar geometry and the long N-N bond. In the following two
sections of this paper, we have attributed the calculated pla-
narity of the = configuration to the increased donation of
the lone pairs into the N-N ¢* bond and the increased
bonding of the 1,4 interaction that occurs in that geometry.
The long N-N bond may also be associated with the lone-
pair donation into the N-N ¢* orbital, an idea which has
been advanced before by Brown and Harcourt.”2.9d

Conformer Stabilization by ¢ Orbitals. As shown in Table
I1, the charge shifts on conformer change of the A atoms
occur mainly in the ¢ instead of the = or #’ orbitals (as de-
noted with respect to the A-A bonds) for the N,O4 mol-

.Sa\
I

L
=

3‘.0

w

1 X 1 i ‘l'o

Figure 1. Potential-energy curves for three electronic configurations of
N>Qy4. The horizontal axis refers to the N-N distance in A. The two
NO; units were held in the planar geometry, as is determined by elec-
tron diffraction.

cule; while for the B,F4 molecule, the moderately large
charge shifts in the = and =’ orbitals effectively cancel so
that there is little change in either the ¢ or total = manifold.
For the A-A overlap the largest change is in the ¢ instead
of the = and =’ orbitals for both N»O4 and B;F,.

In order to fully understand what is going on in the N,O4
molecule (as well as in ByF4), our detailed analysis will be
couched in terms of symmetry-adapted molecular-orbital
fragments. In Figure 2, the interaction and mixing occur-
ring between the N-N ¢ and ¢* bonds of N,O4 and two
symmetry-adapted combinations of the oxygen lone pairs
lying in the plane of each AY fragment and approximately
parallel to the A-A bond axis are depicted for the planar
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Figure 2. An interaction diagram for the s-like orbitals of N2Oy. In the
center are the o and o* N-N bonds. On the left-hand side are the sym-
metry-adapted combinations of the axial lone pairs in the planar, D2p,
molecular geometry whife on the right appear the symmetry-adapted
combinations of the axial lone pairs in the staggered, D24 geometry.
The situation of B>F, is similar except that the lone pairs would appear
at substantially lower relative energies.

and staggered geometries, using from the class of filled va-
lence-shell orbitals only those molecular orbitals exhibiting
large N-N overlap (see Tables III and IV). This figure il-
lustrates how the direct, through-space, 1,4-interaction of
the appropriate oxygen lone pairs causes a splitting (Ay, for
the planar, Dy, and Ag for the staggered, D,y conformer)
in the energies between the bonding, ag (or a;), and the an-
tibonding, by, (or bs), lone-pair combinations. To a crude
approximation, this interaction should not cause a change
in the total energy of the molecule relative to the hypotheti-
cal situation corresponding to noninteracting lone pairs,
since both the bonding and antibonding combinations are
occupied.

In the staggered geometry the direct 1,4-oxygen interac-
tion is reduced to a minimum since the oxygens are
staggered and are maximally separated. Consequently, Ay
is shown to be smaller than Ap,2* with the lone-pair combi-
nation of the planar symmetry being more stable than that
of the staggered geometry. Mixing occurs between the lo-
calized functions of the same symmetry resulting in two oc-
cupied molecular orbitals for the ag (or a;) manifold, the
one of lower energy, 4a, (or 4a;), exhibiting considerable
N-O nonbonding character while the higher orbital, 6ag (or
6a,), is N-O antibonding. Similarly, molecular orbital 5by,
(or 5b;) is N-O bonding and N-N antibonding, with the
charge being centered for the most part on the lone pairs of
the oxygen atoms. As found in Tables 111 and 1V, the inter-
actions depicted in Figure 2 are sufficiently strong so that
there is a crossing of the oxygen lone-pair contributions re-
sulting in the molecular orbital exhibiting a bonding 1,4 in-
teraction (i.e., 6ag or 6a;) being at higher energy than the
orbital with an antibonding 1,4 interaction (i.e., Sby, or
5b;). Following Hoffmann,!4 this may be interpreted as a
“through bond” stabilization of the 1,4-antibonding combi-
nation of the oxygen lone pairs by the higher lying N-N ¢*
orbital and a destabilization of the 1,4-bonding combination
of lone pairs by the lower lying N-N ¢ orbital.

Since the interaction between the N-N o* level and the

Figure 3. Computer-generated electron density plots for the 4a, (domi-
nant character N-N o bonding), 5b;, (antibonding O lone pair). 6a,
(bonding O lone pair), and the virtual 6b;, (N-N ¢*) molecular orbit-
als evaluated in the molecular plane. Note the bonding incorporation of
the N-N ¢* function into 5b;y and antibonding mixing of the N-N ¢
orbital into 6a,.

appropriate symmetry adapted combination of the oxygen
lone-pair orbitals has a stabilizing effect, tending to de-
crease the total energy of the molecule, any change in ge-
ometry ought to be favored, other things being equal, if it
would increase this interaction by, for instance, decreasing
the energy gap between the N-N ¢* function and the lone
pairs. In the planar geometry, the higher lying combination
of the oxygen lone-pair orbitals exhibits higher energy than
the similar combination in the staggered form, thereby pro-
moting incorporation of the virtual N-N ¢* function and
thus favoring the planar form. Additional planar-form sta-
bilization results from the fact that the 1,4-lone-pair inter-
action (stronger in the planar form than in the staggered) is
on the whole bonding, due to the removal of part of the an-
tibonding combination via elimination into the virtual N-N
a* orbital.

The electron density in the molecular plane of the 4ag,
5biu, 6ag, and the virtual 6b;, molecular orbitals of N,Oy 1s
shown in the computer-generated plots of Figure 3. The 4a,
orbital at the bottom is clearly N-N bonding and the 6b;y
N-N antibonding. The 5b;, molecular orbital shows effec-
tive bonding overlap between the N-N o* localized func-
tion and the 1,4-antibonding combination of the axially ori-
ented lone pairs. Similarly, for the 6a, molecular orbital,
the antibonding interaction of the N-N ¢ localized function
and the 1,4-bonding combination of the lone pairs is evi-
denced by the nodal surface that separates them.

Obviously, the above analysis of the ¢ system does not ex-
plain the slightly greater stability of the staggered form of
B,F4 over the planar form. For this molecule, it must be
recognized that the fluorine lone pairs are both substantial-
ly more compact than the oxygen lone pairs and energeti-
cally more stable. The compactness of the orbitals lowers
the 1,4-lone-pair interactions, thereby decreasing both Aq4
and Ay and the difference between them. Additionally the
increased energy gap between the B-B ¢* bond and the
1,4-antibonding combination of the fluorine lone pairs de-
creases the possibility of deriving conformer stabilization
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through preferential delocalization of the fluorine lone-pair
orbitals into the B-B ¢* function. Indeed, the lower calcu-
lated energy for the staggered with respect to the planar
form of the B>F4 molecule may be ascribed to the relatively
lower electron-electron repulsion in the former. The magni-
tude of this electrostatic effect may be roughly estimated
using the charges derived from the gross Mulliken popula-
tions from the ab initio calculations in conjunction with a
point-charge approximation. Such an energy estimation is
found to favor the staggered form by 0.0009 au, a value
which is comparable in size and has the same sign as our
calculated rotational barrier of 0.0005 au.

Inspection of Tables II through VI provides support for
the interpretation presented above. Thus, in Table 11, the
total A-A ¢ overlap population is greater for the staggered
than for the planar conformer for both the N,O4 and B,F,4
molecules. This difference for either molecule is due in good
part to the more negative A-A overlap in the Sby, orbital of
the planar form as compared to the 5b, orbital of the
staggered. Furthermore, the 5by, orbital exhibits a higher
A-Y overlap population and a greater gross atomic popula-
tion for atom A than does orbital 5b,, a finding which is in-
dicative of the greater incorporation of the A-A ¢* function
into the molecular orbital of the planar form. Also note the
greater energy gap between the 5by, and 5b, orbitals for
N;Oy4 as compared to B,F4. For both molecules, the highest
occupied molecular orbital (6a, or 6a;) exhibits a higher A
atomic and a more negative A-Y overlap population in the
planar than in the staggered form.

An interesting point is the bonding 1,4 interaction be-
tween the oxygens in N,Q,, which in accord with Epiotis!?
may be interpreted as an attractive 1,4 interaction between
the lone pairs due to the “draining off” of some of the 1,4-
antibonding character into the virtual N-N ¢* molecular
orbital. Table II shows the 1,4-overlap population to be the
more strongly bonding by a factor of about 6 in the planar
as compared to the staggered conformer of N,O4. Some of
this increase may be attributed to an increased delocaliza-
tion of the lone pairs in the planar conformer, but the ma-
jority ought simply to be attributed to more effective 1,4
overlapping of the oxygen p orbitals in the planar geometry.
Indeed, using overlap of the appropriate Slater-type p orbit-
als (parallel to the A-A bond) as a criterion, orientation
alone is estimated to account for an increase in the 1,4-over-
lap population by a factor of about 5.

Further analytic exploration was attempted through sem-
iempirical calculations at the extended Hiickel level. Except
for the data of Table VII, we will not present the numerical
results but just the trends indicated. In agreement with the
ab initio calculations, it was found that the ¢ contribution
to the N-N overlap population was greater in the staggered
than in the planar conformation, while the N-O population
was greater in the planar. An attempt was made to explore
the origin of these effects by eliminating various interac-
tions in the molecule and then recalculating the molecular
orbitals and the quantities derived from them. Two differ-
ent cases were studied. In the first, the 1,4 interaction be-
tween the Y atoms was eliminated (thus causing Ap = Aq =
0) to give the “drop 1,4 data of Table VII. For both N,O4
and B,F4, there was an energy shift in favor of the
staggered form; e.g., the rotational barrier decreased by a
factor of about 5 for N,O,. These results support the idea
that the 1,4 interactions are primarily responsible for the
rotational barrier. A second approach was to delete the pre-
viously discussed interactions between the axially oriented p
orbitals of the Y atoms and the A atoms. Again shifting of
energies occurred favoring the staggered form. The inter-
pretation here is that, although the 1,4 interaction is al-
lowed, donation into the A-A ¢* function is effectively
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Table VII. An Approximate Analysis of the Energies of NoOy
and B.F, from Extended Hiickel Calculations

“Full” “Drop 1,4"———
Planar Staggered Planar Staggered
Doy, D2 Dy, Dyy
N:O4
E, —319.012 —318.905 —318.813 —318.813
Er —66.009 —66.017
E. —251.755 —251.810
Es —58.807 —58.807 —58.807 —58.807
-+ Ex —317.765 —317.780 —317.828 —317.804
B2F4
E, —341.020 —341.015 —341,010 —341.010
E, —73.402 —73.402
Er» —301.268 —301.269
E; —72.088 —72.088 —72.088 —72.088
Er + E, —374.670 —374.672 —374.671 —374.673

eliminated, thereby negating the stabilization so derived.

The foregoing analysis might lead to speculation con-
cerning the relative rotational barriers of B,F4 and B,Cly®
based on the relative ability of fluorine and chlorine to do-
nate into the B-B ¢* bond. The higher acidity of BCl; rela-
tive to BF; has been interpreted in terms of a greater ability
of the fluorine lone pairs to back donate into the vacant p
orbital of the boron.25:26

Semiempirical calculations on BCl; and BF;27 as well as
ab initio calculations?® on B4Cly and B4F4 have shown a
lesser lone-pair donation for chlorine than for fluorine. As-
suming less lone-pair donation into the B-B ¢* function in
B,Cls than B,Fy it follows, by the arguments presented
above, that the stability of the planar or D,; conformer of
B,Cly would be lessened relative to that for the Dy
staggered. The rotational barrier would depend more com-
pletely on the electrostatic interaction of the more diffuse
chlorine atoms. However, a second implication of this rea-
soning is that the B-B bond length in B,Cly should be
shorter than in B,F,4. This appears to be the case for the
solid state (F;B-BF, = 1.67 + 0.04 A; Cl,B-BCl, = 1.75
+ 0.05 A)* but perhaps not in the gaseous (F,B-BF; =
1.75 &).2

Conformer Stabilization by Pi-Type Orbitals.2° The data
of Tables II-VI suggest that the role in conformer stability
of the molecular orbitals having lower symmetry than ¢ will
require a particularly detailed explication, since all bonding
and antibonding pairs of 7- and é-type orbitals in the va-
lence shell are filled. Furthermore, the differences between
the total (= + #’) overlap populations of the planar and
staggered conformers are small as compared to the respec-
tive o-type differences, while the é orbitals show no popula-
tion changes. In the planar conformer, each = or 7’ function
on one AY unit interacts respectively with a = or 7 orbital
on the other AY, unit; however, in the staggered geometry
(see structure 2), the = orbitals of one AY, unit interact
with the =/ orbitals of the other. The consequences of these
different modes of interaction are qualitatively explored
below.

It is advantageous to discuss the energies of the pi-type
interactions between two AY» units according to three cate-
gories. (1) The formation of bonding and antibonding com-
binations between the doubly occupied orbitals of the two
isolated AY, groups. Neglecting for the moment any incor-
poration of the virtual orbitals into the occupied orbitals
thus formed, the net result will be destabilizing. (2) The
mixing of the symmetry adapted AY, virtual orbitals into
the occupied orbitals of the A;Y4 molecule, thereby allow-
ing reorganization of the occupied orbitals to provide a sta-
bilization effect. The extent of this mixing will depend on
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Figure 4. An interaction diagram for the A-A pi-like orbitals of two
AY 2 units, as in N2Oy4. On the left, the geometry of interaction is pla-
nar, Day; and, on the right, staggered, D,4. The vertical axis is not
proportional to energy. All orbitals except the highest two are occu-
pied.

several factors which are discussed below on the basis that
the conformation allowing the greater mixing of the virtual
into the occupied orbitals should be the more stable. (3)
The repulsive electrostatic interaction between the nega-
tively charged Y atoms. As discussed previously for the
a-type orbitals, this effect will be minimal for the staggered
conformation, thereby tending to stabilize it.

In Table VII are presented the results of two sets of ex-
tended Hiickel calculations. In the first, referred to as
“full,” a normal calculation of this type was performed,
with the orbitals being classified as o, «, 7/, or § types and
the appropriate summations of the orbital energies being
carried out. In the second set, under the heading ‘“‘drop
1,4, all 1,4 interactions between the Y atoms were set to
zero, thereby providing a qualitative feel for the importance
of these contributions.

The “full” extended Hiickel results indicate that the pi-
type orbitals as a whole are at lower energy in the staggered
than in the planar comformation. That the net antibonding
1,4 interactions of the axial lone pairs are responsible for
the destabilization of the pi orbitals of the planar conformer
may be seen by comparing the “full” to the “drop 1,4” set.
In the modified calculation, the cumulative energies of the
pi orbitals now favor the D, form of N,O, instead of the
D,y (for BaF4 both conformers are of about the same ener-
gy).

Having eliminated the 1,4 interactions, the AY, frag-
ments still interact at the A atoms where, in the absence of
virtual-orbital mixing, the net interaction still ought to be
antibonding. Furthermore, we may expect it to be more
antibonding in the planar geometry where there are four oc-
cupied bonding and antibonding pairs to provide a net de-
stabilizing effect, whereas in the staggered form there are
only two strongly interacting pairs, as illustrated by Figure
4. However, the lower energy of the planar pi orbitals in the

Mq}a +A " - Mlbzg;

Figure 5. The incorporation of some A-Y antibonding character from
virtual orbital ¢,* into the A-A antibonding orbital ¢, shifts density
away from the A atoms tending to stabilize the molecular orbital. X is a
mixing constant.

“drop 1,4” calculations indicates that there is a factor (ob-
viously of lesser magnitude than the 1,4-lone-pair interac-
tion) which favors the planar form.

Both the extended Hiickel and the ab initio results indi-
cate that mixing of the AY, virtual-orbital combinations
into the occupied pi orbitals is greater for the planar geome-
try. As is exemplified in Figure 5, this mixing leads to
strengthening of the A-A interaction in the Y,A-AY>
bonding combination and to weakening of it in the anti-
bonding combination. The factors controlling the mixing of
the AY, virtual orbitals into the occupied orbitals of A;Y,
may be given expression by means of perturbation theory.

Consider the mixing of the A-Y bonding and antibond-
ing members of the overall = system of one AY; unit with
those of the other for the planar geometry, 1. Neglecting
the effect of the overlap term in the normalization process
the expressions for the bonding, ¢, nonbonding, ¢,, and vir-
tual antibonding, ¢*, w-type functions of an isolated AY>
unit are

d)* = C(pr) - d(olpr + OZpt)/‘/—z (1)
ba = 1/V2(0Op, — Oyp,) (2)
¢ = d(Np,) + c(O1p, + Oyp,)/V2 (3)

where ¢ and d are constants determined by the variational
process.

In the formation of the planar A,Y, molecular orbitals
by joining of two AY units, bonding and antibonding com-
binations are formed from each of these functions, defined
in equations 1-3. Thus

0% = o* — ot 4)
d’b* = ¢* + ‘1’*, (5)
Gna = Gn — On (6)
Oy = &p + d)n, (7)
d’a = ¢ - ‘1), (8)
by = & + o’ (9)

where the unprimed quantity represents a combination of
atomic orbitals on one AY> unit and the primed quantity a
combination on the other. The occupied ¢, and ¢, combi-
nations (the symmetry designations of which in the ab initio
calculations are 1b;, and la,, respectively) do not derive
any stabilization from mixing with virtual orbitals and need
not concern us further.

We wish to evaluate the extent that ¢,* or ¢p* will mix
into the occupied orbital ¢, or ¢, thereby stabilizing it.
Using simple perturbation theory and neglecting all interac-
tions except those arising from bonded atoms we arrive at
an approximate expression which measures the mixing of
¢a* into ¢, or the mixing of ¢p* into ¢y

cdHA,A:I/(ed, — €,%) (10)

where Ha a'! represents the element of the perturbation
matrix connecting the p, orbitals on atoms A and A’. (At
the Hiickel level, this is simply the appropriate element of

Journal of the American Chemical Society | 96:26 / December 25, 1974



the Hiickel Hamiltonian matrix which may be evaluated by
the Wolfzberg-Helmholtz approximation Haa'! = Haa
= Ba,a%)

The important point for our analysis, however, is that the
mixing is proportional to the product of the coefficients ¢
and d, which were given in eq 1 and 3 as the coefficients of
the py orbital on the A atom in the isolated AY fragment.
In our crude approximation, the normalization requirement
provides that ¢2 + d2 = 1 and consequently the product cd
will be maximal when ¢ =d = 2-1/2, Note that, with these
values for ¢ and d, the orbital fragments ¢ and ¢* become
identical with the bonding and antibonding molecular orbit-
als of a three-carbon allyl system within the simple Hickel
approximation. The result is that the more polar the A-Y =
bond the less stabilization will be obtained from incorpora-
tion of the virtual orbitals into the occupied molecular or-
bitals. Accordingly, less stabilization by this means is ex-
pected for ByF4 than for N2Qy, for which the A-Y bond is
less polar.

The extended Hiickel results provide support for the
above analysis. Comparing the ratio of the coefficients of
the p, orbitals on the A atom to that on the Y atom for the
final ¢, and ¢p molecular orbitals provides a measure of the
importance of the rearrangement of the orbital due to incor-
poration of virtual-orbital character. For N2O, the ratio is
0.8973 for ¢, and 1.1527 for ¢y, a difference of 22%. With-
in the ¢y, orbital there has been a shift of density toward the
bonding nitrogens while in the ¢, orbital the shift is away
from the now antibonding N-N center. For B,F, the ratios
are 0.1945 for ¢, and 0.1827 for ¢y, a difference of only 6%
for the more polar bond.

Returning to Table II it is found that the N-N overlap
population in the total w-system set of orbitals of the planar
N>04 molecule is substantially less negative than in the re-
spective 7’ set, a situation which is indicative of a greater
incorporation of virtual orbitals in the = set.

After this discussion, we return to the main purpose of
comparing the planar and staggered conformers. In N,O,,
the stabilization obtained by incorporation of virtual orbit-
als is expected to be greater in the planar than in the
staggered form. The reason for this is that the lowest lying
virtual pi-type orbital of an AY, unit belongs to the = sys-
tem and is given as ¢* in eq 1. As detailed above, the extent
to which the virtual ¢* orbital is incorporated into the occu-
pied orbital of one of the AY, units is proportional to the
coefficient of the parallel p orbital (p, when the conforma-
tion is planar, or p,» when staggered) on the A atom of the
other AY> unit. It turns out that the high-lying =’ occupied
orbitals exhibit little density on the A atom relative to the A
atom component of the high-lying occupied = orbital, as
may be seen in Table III. Consequently, in the staggered
form where a #’-type combines with a =-type orbital frag-
ment, there is little incorporation of the =* virtual orbitals
into the occupied 7 system as a result of the disparate A-
atom participation. This is exemplified by structure 3 which

0.187

0.243
0.673
0.099

shows the Mulliken net atomic populations for one member
of the 3e molecular-orbital pair of staggered N,O4. The
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small contribution from the nitrogen on the right, which is
part of the o’ system, is responsible according to eq 10, for
only a small amount of stabilization due to incorporation of
the virtual =* orbital of the system on the left.

The rearrangement of the = orbitals as a result of the
mixing-in of the virtual orbital may be examined through
the ratio of the net atomic populations for nitrogen to that
of oxygen. For planar N,Oy4, molecular orbital 1bs,, which
is N-N 7 bonding, exhibits a (net N/net O) ratio of 3.027,
while, for the antibonding 1b,g orbital, the ratio is 2.375. As
with the extended Hiickel results, the ab initio results show
that the N-N =-bonding orbital has moved density toward
the bonding nitrogens while the antibonding orbital has
moved density away from the nitrogens. For the staggered
form, the ratio for the = portion of the N-N bonding 3¢ or-
bital is 2.773 whereas, for the antibonding 4e orbital, it is
2.488. The greater spread between the ratios for the planar
as compared to that for the staggered form is indicative of
the greater utilization of the «* virtual orbital in the planar
geometry. Table II shows the total N-N =-overlap popula-
tion as being less negative for the staggered than for the
planar form of N»Ojs. This is simply due to the increased in-
teraction, both bonding and antibonding, that occurs in the
staggered form, as explained above.

Summary

The orbitals which are involved in the bonding in N,O4
or ByF4 are divided up into ¢, 7, and #’ sets. It is argued
that the planar geometry observed for N,Oy, is mainly due
to the greater o-type 1,4 interaction between the oxygen
atoms in this geometry, whereas, the reduced rotational
barrier of B,F,, slightly favoring the staggered form in the
ab initio calculations, is attributed to the small overlap of
the fluorine orbitals and the greater destabilizing electro-
static repulsion that occurs in the planar form.

The factors that make the total =-type orbitals favor ei-
ther the planar or staggered geometry were explored and
the net antibonding interaction between the = orbitals of
the AY units was estimated to be smaller for the planar
conformation. Of lesser importance, the incorporation of
virtual-orbital character (primarily the =* orbital of an
AY; unit) is greater in the planar geometry.

Alternative electronic configurations previously suggest-
ed for the ground state of N,O, were explored and found to
be dissociative.
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Abstract: The final product resulting from the reaction of KMnO4 and KCN in saturated aqueous solution is a gold-brown
compound K5[(CN)sMnOMn(CN)s]CN, as established by a single-crystal X-ray diffraction study. Full-matrix least-
squares refinement included anisotropic temperature parameters for all atoms and converged with a final R index (on F) of
0.091. The structure contains the oxo bridged [Mn,O(CN);]é~ ion, which has 2/m crystallographic symmetry with the
bridging oxygen atom lying at a center of symmetry. The ion exists in an eclipsed rotomeric configuration. The Mn-O dis-
tance is relatively short, 1.723 (4) A. Crystallographically independent potassium ions are coordinated to the nitrogen ends
of cyanide groups in trigonal prismatic, octahedral, and square antiprismatic geometries. Crystal data are as follows: ortho-
rhombic; space group fbam; a = 12.397 (8), b = 12.772 (8), ¢ = 14.618 (7) A (temperature 23°); Z = 4; dopeq = 1.98,
dcaled = 1.97 g/cm?. The synthesis, isolation, and physical characteristics of K7{Mn,O(CN);o]CN are reported along with
spectral and magnetic data. The principal features in the infrared spectrum are cyanide stretching bands centered around
2090 em™!, The optical absorption spectrum in a KBr pellet consists of a primary band at 370 nm with a prominent shoulder
at 410 nm and a weak shoulder at approximately 610 nm. The gold-brown crystals are strongly pleochroic, the crystals being
colorless whén the £ vector is parallel to the long needle axis. This characteristic serves as a convenient means of identifica-
tion for this substance. At room temperature K5[Mn>,O(CN);5]CN is diamagnetic.

In 1930 Yakimach! reported that the action of KCN on
KMnO, in saturated aqueous solution led to a red crystal-
line substance of composition K4[Mn(CN)g], which decom-
posed in water giving HCN and MnO,. It was suggested,
assuming this composition, that the salt was a crystal aggre-

gate of KoMn(CN)g and 2KCN.2 Goldenberg,? in an at-
tempt to prepare this double cyanide of tetravalent manga-
nese, noted that when using Yakimach’s preparation, i.e.,
saturated aqueous KMnOy (6.7%) and a solution contain-
ing 80 g of KCN to 100 g H»O, a bulky precipitate of
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