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The experimental and theoretical chemistry of covalently 
bound azides is an area that has seen considerable renais- 
sance over the past 10 years. This review is not exhaustive 
in scope but rather focuses on and highlights certain aspects 
in this field. In particular, the stability and dissociation of 
HN, is discussed at a very high level of theory (CASSCF and 
MCSCF-CI) and compared and contrasted with experimental 
data and results from "medium"-level ab initio computations 
(MP2, B-LYP). From these results credence is given to those 
values calculated for larger systems and heavy elements for 

which very high level computations are not possible. The ex- 
perimentally well-characterized covalent halogen azides 
(XN,, where X = F, C1, Br, I) as well as the heavy-element 
group-15 compound Sb(N:1)3 are discussed. The review also 
includes discussion of the bond properties of the highly un- 
stable N-bound azides ON-N3 and (FS02)2hT-N3. In the fi- 
nal chapter attention is drdwn to the recently predicted and 
eventually experimentally verified elusive species 
OCN-NCO, which is isoelectronic to the hitherto unknown 
diazide N6. 

The chemistry of covalent inorganic azides originated 
with the synthesis of aqueous HN3 solutions by Tony Cur- 
tius in 1890"l. A little later, in 1900, it proved possible to 
prepare iodine azide, as the first member of the now 
complete series of halogen azides. Over the years the struc- 
tures of several covalently bound azides have been deter- 
mined experimentally by microwave spectroscopy (MW) or 
by X-ray (X-ray) or electron diffraction (ED) techniques. 
Examples are HN, (MW)I3"I and H2N$ NCN3 
(MW)r4J, CF3N3 (ED, MW)Lsl, H3SiN3 (MW) and H3GeN3 
(ED)f6I, FN3 (MW) and CIN3 (MW)L7] as wcll as Te(N3); 
(X-ray)[". Recently the structures of several kinetically 
stabilized azides have been determined; examples are 
(CF-JAS(N~)~ (ED) and (CF&AsN3 (ED)['], the gallium 
complex ( C5H5N)3Ga(N3)3 (X-ray)["'] and the organotell ur- 

ium azide (Ph2TeN3)20 (X-ray)["'. A fuller account is given 
in ref.[lzl. 

It has been our goal to make very simple and highly un- 
stable and reactive classes of compounds that many chem- 
ists would consider not preparable based on past experi- 
ence. We found such to be the case for many covalent azides 
and related isoelectronic species [e.g. N40, R2N-N3 and 
(OCN)2], for which, in spite of several notable recent results 
(see above), the chemistry, the quantitative bond description 
and the mechanisms for their decomposition reactions re- 
main poorly understood. Consequently the elucidation of 
their bond properties, by high-level quantum chemical ab 
initio computations combined with today's ready access to 
low-temperature methods such as X-ray diffraction and 
multinuclear NMR and Raman spectroscopy, became of 
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great importance to us. In this context, we have always been 
interested in the interplay between experimental work, bond 
theory and conceptual understanding. Although most of 
our own theoretical work has always been based on MO 
computations, to give a more balanced approach to the sub- 
ject a short VB discussion of the bonding in HN3, ONNl 
and (OCN\z has been included in this review. 

Some Comments on the Theory Applied (A fuller account 
is given in ref.['3-171) 

In the discussion of the azide compounds in this account 
we use perturbation theory according to Moller-Plesset, 
which takes higher excitations into account by using a per- 
turbation operator and using Rayleigh -Schrodinger per- 
turbation theory to obtain a better wave function and ener- 
gies~16~18]. Relativistic eflects were always taken into con- 
sideration for period four and heavier elements (e.g. Br, I). 
Quasirelativistic pseudopotentials (ECPs) of the semilocal 
type were used where the non-relativistic Hamiltonian was 
corrected (i) for the relativistic mass increase of the inner 
electrons and (ii) for the (averaged) spin-orbit 

Either localized or delocalized bonding models may be 
more useful for the discussion of chemical phenomena, but 
they are equivalent in the final analysis. Whereas there is 
no doubt about the necessity of canonical MOs for the rcp- 
resentation of ionization energies (cf. photoelectroii spec- 
troscopy), as early as 1931 Hund already stated the neces- 
sary conditions for the possibility of bond localization[20,21]. 
It is more than justified to apply a localization strategy, for 
example the NBO analysis that was developed by Weinhold 
et al.['5dl, to "translate" the delocalized canonical MOs into 
the picture of localized bonds and lone pairs as basic units 
of molecular structure. The NBO analysis transforms the 
input basis set into localized basis sets: 

input basis set + NAOs --f NHOs + NBOs + NLMOs 
(NHO, natural hybrid orbital; NBO, natural bond orbital; NLMO, 

natural localized MO)[15"1 

The NRO (+NBo) for a localized bond between atoms A 
and B is formed from directed orthogonal hybrids hA and 
hB which correspond to the Lewis picture and are therefore 
well adapted to describing the covalently effects in mol- 
ecules. 

PBO AB = C A h A  + cnhB (1) 
The antibonding NBOs (+*,NBo), which are unoccupied in 
the formal Lewis picture, may then be used to describe non- 
covalency effects. 

(2) 
It has been shown that the corrections due to the small 
occupancies of these antibonds (non-covalent corrections) 
are usually so small that the energy lowering can be well 
approximated by simple second-order perturbative ex- 
pressions (eq. 3)[1sd.15g-h1. The role of antibonds can be 
seen by transforming the occupied canonical MOs to lo- 
calized molecular orbitals (LMOs) (eq. 4), which then again 
are fully occupied with exactly two electrons. In other 
words, the LMO +kgo represents the delocalization of a 
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$*xio = C A h A  - C s h B  

bond orbital +2Eo, and therefore describes non-covalent in- 
teractions in terms of (negative) hyperconjugdtion. 

F * '  
@<b* = -2 ('Ih E+* - '' Em )* (hF, Fock operator) (3) 

+kyo = $210 + >.+*#(' + ... (4) 
N.B. The VB method only represents a different approach 
for the description of chemical bond['4]. Initially the 
method was based on two-center two-electron bonds; how- 
ever, the increased valence theory (including long bonds 
and Pauling three-electron bonds) represents a natural ex- 
tension of the classical concept[22a b]. Although for quanti- 
tative computations the mathematical problem seems to be 
far more complex, the generalized VB method where the 
AOs are allowed to vary independently until an energy 
minimum is reached appears to be little different in the final 
result from the UHF procedure['2c]. 

Four-Atomic Covalently Bound Azides: HN3 and XN3 
(X = F, C1, Br, I) 
HN,: The Simplest Azide 

When discussing the electronic structure of HN3, Glu- 
khovtsev and Schleyer have made the sensible distinction 
between geometric hypervalence and electronic hyperval- 
e n ~ e [ ~ ~ ] .  Thua, the calculated (HF/6-31C*//MP2/6-31G*) 
NN bond lengths in HN3 of 1.250 (central) and 1.158 (ter- 
minal) A are similar to the calculated values (HF/6-3 1G*// 
MP2/6-31G*) of 1.265 and 1.130 A for the N-N double 
and triple bonds of HNNH and N2, There- 
fore, HN3 is an example of a molecule whose bond lengths 
suggest that the central nitrogen is apparently pentavalent, 
as indicated in the classical VB structure I[24]. However, un- 
less the nitrogen atom expands its valence shell, the n: bonds 
of this structure are fractional electron-pair bonds. The in- 
creased-valence structure 11, with fractional electron-pair 
bonds and I-electron bonds, aIso involves an apparent 
pentavalence. Some of the properties of these two VB struc- 
tures can be used to restate the nature of the origin of the 
apparent electronic pentavalence for nitrogen, namely ap- 
preciable contributions of Dewar-type structures such as 111 
to the component Lewis structure resonance 
Structure I1 is an example of an increased-valence struc- 
t ~ r e [ ~ ~ ~ ~ ' l ,  and is equivalent to resonance between the ca- 
nonical Lewis structures IIIa, IIIb, IV and V, when the wave 
functions for the bonds of structure IV are formulated using 
the Heitler-London procedure. When LMOs are used to 
accommodate the electrons of these bonds, I1 is equivalent 
to resonance between 25(!) canonical Lewis 

Despite the relatively strong N1 -N2 bond in HN?, ther- 
mal fragmentation of this molecule is not induced by break- 
ing the H-N3 bond but rathcr by dissociation into HN and 
N2. Since the electronic ground state of XN (X = H, hal- 
ogen) is a triplet state ( 3 X  ), dissociation of XN3 (IA') into 
XN (3Z-) and N2 ('C;) is spin-symmetry forbidden. Never- 
theless, pyrolysis experiments have shown that HN3 decom- 
poses into N2 and HN in the ground-state triplet (3E-) 
stater2"]. A theoretical on the energetics of the 
dissociation reaction of HN3 ('A') yielding N2 (LC,+) and 
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V 

Note: Thin bond lines in structures 1 and I1 represent fractional 
bonds (cf. 

H N  (3C-) at a very high level of theory using CASSCF and 
MCSCF-CI techniques has shown that singlet - triplet 
coupling occurs because the HN3 wave function in the re- 
gion of the transition state can be considered an equal mix- 
ture of N2 (X) . NH (a'A) and N2 (X) . NH (blC+). The 
calculated barrier for the dissociation (35.7 kcal mol- '1 is 
in excellent agreement with the value of 36 kcal mol-' esti- 
mated from thermal dissociation This result 
suggests that the stabilities of XN3 molecules may be deter- 
mined by the activation barrier for breaking the XN-N2 
bond, which in turn involves singlet- triplet coupling along 
the reaction course. The accurate calculation of the dis- 
sociation barrier of XN3 yielding XN and N2 needs a very 
high level of theory that is not possible for larger atoms or 
substituent groups X at present time. However, Frenking et 
al. have shown that for halogen azides XN3 (X = halogen) 
the reaction energy of the dissociation reaction of XN3 
('A') yielding N2 ('C,') and €IN (3C-) can be calculated at 
the electron-correlated MP2 level of theory using effective 
core potentials for the heavy elements MP2/ 
LANL1DZ+P129"1. Generally, the agreement between the 
theoretical and experimental data for the heat of formation 
calculated at the MP2 level (DZ+P basis set) is very good 
for HN3[29b1. This gives credence to those calculated dis- 
sociation energies for which there are no experimental data 
due to the extreme lability of the compounds in question, 
for instance the novel N-oxide ON-N3 (see below). 

The Halogen Azides 

Even then years ago structural data (experimental and 
theoretical) on covalent azides were very rare due to the 
explosive nature of these compounds and to limited com- 
puter power. In one of the early papers reporting on the 
experimental structure determination of CF3N3, Christe et 
al. correctly stated that one of the most significant features 
of the C F I N ~  structure was the nonlinearity of the N2 
groupL5I. The same authors, however, also pointed out that 
it should be kept in mind that the value of the NNN angle 
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carries a rather large un~ertainty[~]. Today we know from 
experimental and theoretical studies that, in contrast to the 
azide anion (NT, Dmll), all covalent azides possess a nonlin- 
ear azide group, and we can understand or at least rational- 
ize this remarkable structural feature. 

There is probably no class of covalent azides that has 
been studied more comprehensively than the halogen az- 
ides. The structures of all members of this XN3 family (X = 
F[7al, C17bl, Br[271, I[2*]) were determined experimentally and 
were computed at high levels of theory. Among the halogen 
azides iodine azide is. in terms of its structure and bonding, 
probably the most studied compound[**]. Experimentally 
the structure of IN1 was determined in the solid state (X- 
ray)[2*a1 as well as in the gas phase (ED, MW)[2Xb.c] and 
several ab initio and DFT computations have been report- 

HN3 and halogen azides XNlN2N3 (X = F, C1, Br, I) 
present as discrete monomeric species in the gas phase dis- 
play a bent tmns C, configuration with an Nl-N2-N3 
bond angle of 172 5 3", and two signiGcantly different 
N-N bond lengths (N1 -N2 1.24 k 0.02 A, N2-N3 1.160 
5 0.005 A, Figure 1). Generally, the agreement between the 
experimental and computed data is good. It proved to be 
very helpful to introduce quasirelativistic pseudopotentials 
for the heavy halogens Br and I to account for relativistic 
effects. For instance, calculations utilizing an effective core 
potential often led to better results in less time than all- 
electron Table 1 shows the average differ- 
ences between the experimentally observed and computed 
structural parameters for the halogen aaides. Usually ab in- 
itio H F  calculations give bond distances that are too short, 
whereas DFT computations predict distances that are 
somewhat too long. It can be concluded that the uncorre- 
lated ab initio (HF) and DFT (B) calculations are of similar 
quality. The density functional computation usually gives 
better bond angles but the H F  method results in better dis- 
tances and vice versa. On correlated levels both methods - 
ab initio (MP2) and DFT (B-LYP) - compare nicely with 
the experimental 

ed [284I. 

Figure 1. Depiction of a covalent XN, azide 
conformation 

N 1  

in the ti-ans-bent C, 

At this stage we know that among the four-atomic XN3 
species there is excellent agreement between computed and 
experimentally observed structural parameters. Undoubt- 
edly the N3 unit is bent and there are always two different 
N - N bond lengths (cf. VB discussion of HN?, see above). 
But how can we explain these features? The localization 
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Table 1. Average deviations of ab initio and DFT-computed struc- 
tural parameters of four-atomic covalent azides XN1 \X = H. F, 

C1, Br, I) from the experimentally obscrved data ’9b1 

HF [a1 MP2 [a1 PI BLyp [b, cl 

Ar(A) 0.03 0.03 0.06 0.03 
A<(”) 2.8 1.5 1.5 1.5 

Id] LANLI DZ+P - Ib] ECPs for C1. Br, I: [5~5pld](3~3pld)-DZ+P; 
basis set: 6-31+G*. - Kc] ‘‘6” denotes Becke’s 1988 functional, 
which includes the Slater exchange along with correlation including 
the gradient of the densityl”’]. 

procedure of covalent XN; azides results in an NBO analy- 
sis that yields the configuration VI as Lhe energetically most 
favorable Lewis structure. According to this, there is a single 
bond between N1 and N2 and a triple bond between N2 
and N3. 

(-1 .. 
X-N1 

*- \(+) 
N 2 B N 3  

VI 

Wereas the observed values for the N2-N3 bond really 
correspond to a (weak) triple bond, the N1 -N2 bond in 
terms of its length rcsembles rather more a double than a 
single bond (typical experimental values: N-N single bond, 
1.449 A; N=N double bond, 1.252 A; N=N triple bond, 
1.098 Aj[301. If we now allow for the non-covalent effects 
that are ignored in the “natural” Lewis picture by a second- 
order perturbation calculation, two significant results can 
be obtained: (ij The most important non-covalent contri- 
butions in the XN3 system are the n-delocalization over the 
entire molecule (resonance). This explains the planarity of 
the molecule (i.e. C, symmetry). (ii) There is a strong nega- 
tive hyperconjugation (intramolecular donor-acceptor in- 
teraction; for the exact definition and an early study on 
negutive hyperconjugution, see ref.llsg,h]), which donates elec- 
tron density from the filled o(X-N1) orbital into the un- 
filled, antibonding n*(N2-N3) orbital (Figure 2). This 
weakens the X-N1 and N2-N3 bonds, while it strengthens 
the NI-N2 bond. Morevoer, from the pictorial approach 
of the orbitals shown in Figure 2 one can see that a rrans- 
bent conformation favors the hyperconjugative o(X-N 1) --f 
n*(N2-N3) overlap. (A VB rationalization for the 
N I  -N2-N3 bending is provided in Table 1 of 

Table 2 lists the linear NLMO bond orders for XN3 az- 
ides. It is noteworthy that the total bond order (CBO) at 
the central N2 atom is significantly greater than 3 in all 
cases, which nicely corresponds with the VB discussion of 
HN3 (see above). 

) 

Two N-Bound Azides: ON-N, and (FSO&N-N, 

Suitable correlations of experimental and quantum mech- 
anical molecular data together with calculations of energy 
hypersurfaces make it possible to estimate the structures of 
short-lived molecules that cannot be isolated on the pre- 
parative s ~ a l e [ ’ ~ ~ , ~ ~ l .  Every defined molecular state pos- 
sesses a certain structure, and changes in its energy or 

446 

Figure 2. Negative o(X-Nl) -+ a*(N2-N3) hyperconjugation in 
XN-1 

X 

N 1  

Table 2. Linear NLMO bond orders (BO). overall bond orders 
(XBO) and XPA charges y (in e) for covalent XN1  molecule^^"].['^"] 

BO (X-NI) BO(NlLN2) BO(N2-N3) ZBO(N1) LHO(N2) XBO0\13) 

HN3 0.60 1.11 2.41 1.43 3.54 2.11 
2.30 1.52 3.34 2.08 FN3 0.67 1.06 
2.38 1.76 3.47 2.12 CIN3 0.90 1.09 
2.38 1.65 3.50 2.10 BrN3 0.79 1.10 

IN3 0.67 1.12 2.39 1.65 3.50 2.10 
ONN3 0.99 0.99 2.52 1.70 3.54 2.29 

1.56 3.48 2.30 O2NN3 0.92 0.97 2.50 

9 0 0  q(N1) 90\12) 9 P 3 )  
HN, +0.40 -0.67 +0.30 -0.03 
FN, -0.29 -0.03 +0.23 -0.29 
ClN, +0.12 -0.45 +0.29 -0.12 
BrN, ‘0.21 -0.54 +0.29 -0.21 
IN, +0.34 -0.62 +0.29 -0.00 
ONN, 0 -0.34 4 . 3 5  +0.29 +0.12 

N4 +0.29 

La] Basis set: HF/6-31+G* for C1, Br, I; ECPs, basis set: [5s5pld]/ 
( 3 ~ 3 ~ 1  d)-(DZ+P). 

charge distribution cause structural changes that occur 
through the molecule’s specific molecular dynamics. 

The decomposition of the unstable nitrosyl azide, 
ON-N?, which is intrinsically stable at 0 K and, according 
to experiments, also at T = 180 K, will be used as an ex- 
ample[32,331. N40 was shown by Raman spectroscopy to 
have an open-chain C, structure with a trans-trum arrange- 
ment at Nl-N4 and Nl-N2 (Figure 3)[121. The MP2-pre- 
dicted Nl-N4 bond length of 1.48 A (i.e. the ON-N? 
bond) is longer than the N-N bond length in N2H4 (1.45 

but much shorter than the N-N bond length in the 
weakly bound 02N-N02 (1.78 and resembles the 
bond length in F2N-NF2 (1.49 A)[34L]. This ON-N, bond 
has a polarity ON”-’- N3 (NBO charges: 0 -0.34, N4 
t-0.29. Nl -0.35, N2 +0.29, N3 +0.12). In contrast, the 
0-N4 bond is quite short (1.20 A) and lies close to N20 
(1.19 Both features can be understood if we now 
allow for the non-covalent effects which are ignored in the 
“natural” Lewis picture (cf. structure VII) by a second-or- 
der perturbation N40 shows a strong nega- 
tive hyperconjugation in the way that electron density is do- 
nated from one of the p lone pairs (p-LP) of the oxygen 

Cheni. Ber.lRecueill997, 130,443-451 



Chemistrv of Covalent Azides MICROREVIEW 
atom into the unfilled and antibonding o*(N4-r\il) orbital 
(Figure 4). This intramolecular donor-acceptor interaction 
simultaneously strengthens the 0 -N4 bond and weakens 
the N1 -N4 bond. [N.B. In halogen azides XN3 the strong- 
est hyperconjugation is of the type o+n*, whereas in N 4 0  
it is of the type LP+o*; both, however, are negative hyper- 
conjugations (cf. ref.[15fi.h]),] In a very recent paper Gal- 
braith and Schaeffer 111[351 confirmed our previous re- 
s~ l t s [~*J  using the fdr better (and more expensive) triple-6 
plus double-polarization single and double excitation- 
coupled cluster (TZ2P CCSD) method and the multirefer- 
ence configuration interaction method (MoRCISD)[351. They 
predicted an 0-N4 bond length of 1.18 A and an Nl-N4 
length of 1.47 A, which is nicely in agreement with our ear- 
lier work on MP2 level (6-31 +G* basis 

Figure 3. MP2 computed structure o f N 4 0 :  trans-tram isomer (left) 
and &-cis isomer (right) 

Figure 5.  Rotational barrier for the ch-cis~fruns-trans isomeriLa- 
tion of N40 (a = O-N4-Nl-N2) 

9 o K ,  , , , , , , , 1 
0 40 80 120 160 

0["1 - 
Figure 6. Two-dimensional MP2 energy hypersurface for the de- 
composition of cis-cis N,O; a: cis-cis N40. b: cyclic N40, c: linear 

N20 + Nz 

Figure 4. Negative hyperconjugation LP(0) + o*(N4- N1) in N40 
N 1  

N 4  N3 

The N40 molecule has two possible modes of unimolecu- 
lar On the one hand, rotation around the Nl -N4 
axis can lead to the cis-cis isomer (very shallow minimum 
on the MP2 level but not at the TZ2P CCSD level; Figures 
3 and 5;  cf. structure TX), which then decomposes, accord- 
ing to the hypersurface shown in Figure 6, via cyclic N 4 0  
(minimum on all levels of theory applied; cf. structure X) 
into N 2 0  and NZ. On the other hand, the tram-trans isomer 
can also fragment directly by a change in the Nl-N2 dis- 
tance (Figure 7). The rotation into the cis-cfs isomer, how- 
ever, has a calculated barrier of 7 kcal mol-' (Figure S), 
whereas the transition state for the N1 -N2 variation lies 
24 kcal mol in energy above the trans-trans isomer. This 
indicates that a unimolecular fragmentation into N20 and 
N2 is more likely to occur via cib-ciJ N40 and cyclic N40. 
Thc calculated potential energy surface for the decompo- 
sition without the rotation (Figure 7) shows that trans-trans 
N40 does not lead to linear N 2 0  but rather to cyclic N20 
(cf structure VIII). The hypersurface depicted in Figure 7 
shows three minima: trans-trans N40, Cm,-N20 + N2, and 
C2,-N20 + N1. Hence truns-trans N40 can decompose not 
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Figure 7. Two-dimensional MP2 energy hypersurfdce for the de- 
composition of trans-trans N40; a: trans-trans N40, b: cyclic N 2 0  

+ N2, c: linear N 2 0  + N2 

t 
t?,.e, / k c a l  

only by the pathway initiated by the rotation into the cis- 
cis isomer, but also by two additional pathways. 

Recently the decomposition of N40  has been studied on 
the basis of VB representations["]. Standard Lewis and in- 
creased-valence structures were used for this purpose. A 
standard Lewis-type VB formulation for the dissociation of 
the trans-trans N 4 0  (VII) to form cyclic N 2 0  (VIII) and N2 
is given in eq. 5. The other (more likely) decomposition 
pathway for N40 involves interconversion of trans-truns 
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N40  into cis-cis N 4 0  (IX), which then generates cyclic N 4 0  
(X) as an intermediate species. Kekule-Lewis and in- 
creased-valence representations for the cis-cis N40 de- 
composition are indicated in eq. 6 and Scheme 1. (N.B. 
Structure VII represents the Lewis-type VB structure for 
N 4 0  whereas structure XI represents the increased-valence 
structure for N40.) 

.. .. .. 
N 

\<: (5)  
N - I + II/ (+) .. /N=o : 

: N E N - N . .  
N .. (-1 .. 

VII VLU 

Figure 8. RHF16-31 G(d,p) optimized structure of (FSO&N -N3 
including NPA charges 

-0.99 01 

M X 

Scheme 1. Unimolecular decomposition of' trans-fruns N40 via cis- 
cis N40 and N2 

XI X 

. .  
: N ~ N - o  : 

+ 
N-N : N=N: 

Chlorine azide, C1N3, is known to be one of the most 
stable halogen azides['2a]. The "chlorine-like'' N(SO,F), 
radical resembles the C1 atom in valency and approximate 
group electronegati~ityI~~~1. Consequently, (FS02)2N-N3 
was prepared and identified from its high-resolution mas5 
spectrum and characterized by IR, Raman and multi- 
nuclear NMR data[37d]. 

The structure of (FS02)2N -N3 was computed ab initio 
(Figure 8) and, not unexpectedly, shows all characteristic 
features of a covalent azide species:o (i) a long and weak 
N4-N1 bond with a length of 1.409 A; (ii) two significantly 
different N-N azide bond lengths between NIbN2  (1.285 
A) and N2bN3 (1.087 A); (iii) a bent N3 unit with an 
N2N3N4 angle of 172. 

Figure 8 also contains the NPA charges calculated for 
(FS0&N-N3. It can be seen that the molecule is best rep- 
resented by the semipolar formulation XII. The backbond- 
ing that is superimposed on this semipolar structure is diffi- 
cult to depict in a structural formula. [N.B. Also sulfuric 
acid, H2S04, is better represented by structure XI11 than by 

a structure with wo S=O double bonds; the same is of 
course true for SO2 and S07.][15b,16,381 

: F :  .. 
XI1 XI11 

Sb(N&, An Analogue of the Hitherto Unknown Nitrogen 
Triazide N(N,), and (OCNh, An Analogue of the Hitherto 
Unknown Diazide, N3-N3 

A long-term goal of all azide chemists, the preparation 
of nitrogen triazide, N(N&, has not been achieved to 
date137.39a]. However, ab initio MO and DFT calculations 
show that azidamines. a new family of polynitrogen com- 
pounds, have minima on their respective potential energy 
surfaces['9b]. Quite recently the geometries, vibrational fre- 
quencies, and heats of formation have been predicted for 
N(N,),, HN(N3),? the N(N& anion, and the N(N& cat- 
ion[39h]. All of these compounds are highly energetic mate- 
rials with large positive heats of formation. Compounds 
that are isovalent to N(N,),, however, E(N& (E = P, As, 
Sb)[40-421 have been made and Sb(N3I3 was studied theo- 
reti~ally[~']. An interesting, though not unexpected, struc- 
tural feature of Sb(N3), is undoubtedly the N-Sb-N bond 
angle of 93" [for comparison, the HF-computed valence an- 
gle in N(N3), is 106.7°][37bl. This can best be explained by 
a less-eflective isovalent hybridization for elements of 
higher main groups (Sb) compared to elements of the first 
row (N)[43,441. 
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Even though the chemistry of the N3 group can fre- 

quently be explained by using the pseudohalogen concept, 
it has not been possible to date to observe the species anal- 
ogous to C12, namely N3-N3. It is unlikely, however, that 
such a molecule would be in any way kinetically stabili- 

In a combined experimental (IR, low-temperature 14N 
NMR) and theoretical ab initio study we recently investi- 
gated the reaction of AgOCN with Br2[451. The intermediate 
formation of OCN - NCO (XI), the isoelectronic analogue 
of N6, was observed. No evidence for the formation of 
NCO-OCN (XII) was found. (N.B. Quite recently 
ONC-CNO, formally a structural isomer of XI, was also 

To answer the question of why XIV and not XV is formed 
as a short-lived intermediate by the reaction of AgOCN 
with Br2, we carried out ab initio computations[45]. The 
structures of both isomers were computed and fully opti- 
mized at the MP2(FU)/6-31G(d) level (Figure 9). The N-N 
bound species XIV turned out to be favored over the 0-0 
isomer XV by 82.1 kcal mol-' at the MP2 level. 
Figure 9. MP2 optimized structures; top: two different views of 
NCO-OCN (XV, see below): bottom: OCN-NCO (XIV, see be- 

low) 

zed [23,39aI 

contributions. In the case of the 0-0 compound (XV) 
there are two strong intramolecular donor - acceptor inter- 
actions that both weaken the 0-0 bond and therefore also 
explain the long 0-0 distance. In one interaction electron 
density is transferred from the bonding n(CN) orbitals into 
the empty and antibonding o*(OO) orbital (Figure 10a). In 
the other interaction electron density flows from the occu- 
pied a(O0) orbital into the empty and antibonding n*(CN) 
orbitals (Figure lob). In contrast to this situation the N-N 
compound (XIV) only shows one strong hyperconjugation 
with a donation of electron density from the n(ClN1) or- 
bital into the x"(C2N2) orbital [and vice versa: n(C2N2) + 
x*(ClNl)]. This interaction clearly strengthens the N-N 
bond (Figure 11) and therefore accounts for its partial 
double-bond character. 

Figure 10. Negative hyperconjugation in NCO-OCN (XV); top: 
2 X n(CN) + o*(OO), bottom: o(00) + s*(CN) 

Figure 11. Negative hyperconjugation in OCN-NCO (XIV): 
n(CIN1) + z*(C2N2) [same for: n(C2N2) + n*(ClNl)] 

0 -- 0 

.. .. 

9, 
XIV xv 

The very long and weak 0-0 bond in XV, with 1.62 A 
[cf. d(0 -0 ,  ~ ~ 0 ~ )  = I .47 A][ll, is in contrast to the rela- 
tively short N-N bond in XIV, with 1.39 A. The latter 
value of the N-N distance corresponds to a bond order 
between a single and a double ban! (typical experimental 
values: N-N single bond, 1.449 A, N = N  double bond, 
I .252 These rather special bonding situations can be 
rationalized in the NBO picture by strong non-covalent 
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In VB terms the preference for the N-N bound isomer 
XIV over the 0-0 compound XV can be explained either 
by the preferred localization of the single electron in the 
radical intermediate OCN' in a nitrogen A 0  or by the fact 
that lone pair-lone pair repulsion favors compound XIV 
(onr LP per N atom) over compound XV ( t w  LPs per 0 
atom) (cf. dissociation energies: HO-OH, 34.5 kcal mol-I; 
H2N-NH2, 59.1 kcal mol- 1)[471. The calculated geometry 
for the OCN radical [d(NC) = 1.23 A, d ( C 0 )  = 1.13 A][48] 
is also in better accord with a Lewis structure of the type 
'N=C=O than with type K4-W[48].  These consider- 
ations clearly suggest that structure XIV should bc pre- 
ferred over structure XV. It is of interest to note that by 

449 



T. M. Klapotke MICROREVIEW 
changing the spin pairings for the .n-electrons of the C=N 
bonds of VB structure XIV, one obtains a N-N .n bond 
and a long C-C n: bond. Such a structure corresponds to 
the Dewar-type structure of butadiene, and helps to ac- 
count for the calculated shortening of the N-N bond rela- 
tive to a single bond {see above). 

Quite recently, in an independent theoretical and exper- 
imental study, G. Maier et al. succeeded for the first time 
in isolating the predicted NCO-OCN molecule from the 
photolysis reaction of carbonyl azide isocyanate (eq. 7) in 
an argon matrix at 10 KlsO]. 

hv, 1I)K 
N3-C(O)-N=C=O O=C=N-N=C=O + Nz (7) 

Conclusions 

The chemistry of covalent azides is an experimentally ex- 
citing (you are always dealing with thermally highly un- 
stable and usually explosive materials) and theoretically sti- 
mulating area of research, where a real and mutual stimula- 
tion between theory and experiment takes place constantly. 

The access to powerful computers, convenient compu- 
tational program packages and last but not least the avail- 
ability of quasirelativistic pseudopotentials for all main 
group elements made this research The hand- 
ling of these usually highly explosive materials in the lab 
still requires great skills from the experimentalist. However, 
modern techniques such as low-temperature IR, Raman 
and NMR spectroscopy as well as low-temperature X-ray 
diffraction methods and electron-diffraction studies or mi- 
crowave spectroscopy in the gas phase have made it possible 
to obtain experimental structural data for a comparison 
with the ab initio computed results. 

Not only can we now describe, understand and predict(!) 
all significant structural features of covalent azides, but 
with the help of modern quantum theory we can translate 
the results derived from MO cimputations (canonical 
MOs) into the more familiar localized Lewis picture (NBO 
analysis) where non-covalent contributions (delocalization 
effects) can directly be seen from the nature of the NLMOs 
(natural localized MOs). The concept of (negative) hyper- 
conjugation clearly accounts for many unusual structural 
features in this class of compounds (cf. reT.[15g'hl). In a way 
one can state that localization strategies bridge the (in re- 
ality probably nonexistent) gap between MO and VB the- 
ory. Some examples from increased-valence studies high- 
lighted how easily this theory can also be used in a qualita- 
tive manner rather than just being suitable for high-school 
education. 

Now that the question about structure and bonding in 
covalent azides appears to be answered to a certain extent, 
we wish to use the ab initio methods also as a predictive 
tool to search for even more unusual non-metal compounds 
that may be seen as the hypothetical combination of azide 
radicals with other isoelectronic (or just pseudohalogen) 
radicals. A first example of this type of work was given 
in the detection of OCN-NCOIJs,sO1, which for years was 
thought to be NCO-OCN[49]. 

Update 

While this review was with the referees and in processing 
we and others have been able to finish and publish exper- 
imental and theoretical work on (CF3)3GeN3[5'al, N4S[51b.c], 
BrN3r5ld1, FXeN3L5leI, and N5 - N3LS1fl. 

This review would not have been possible without [he fine, dedi- 
cated experimental and theoretical work of former and present 
graduate students and postdoctoral fellows, especially of Dr. Inis 
C. Tornieporth-Oetting. whose outstanding work opened up this 
field, and Dr. Axel Scliulz, who computed many of the molecular 
structures and bond properties. We thank Dr. Peter S White for 
X-ray structure determinations, Professor Isti& Hurgittai and Pro- 
fessor Magdolna Hargirtai for electron diffraction studies and Pro- 
fessor Richard D. Harcourt for many spirited discussions. I also 
thank a referee for pointing out one important missed literature 
citation. This study was supported in part by the University of 
Glasgow, the DFG, the FC1 and NATO [TMK, PSW CRG 
920034/1-31. 
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