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Notes

Possible Intermediate Formation of Cyclic al2" have shown that for covalently bound main-group azides

Nitrous Oxide, N,O: Reaction of Oxygen the reaction energy of the dissociation reaction can be calculated

Difluoride, OF ,, with Cesium Azide, CsN' at the electron-correlated MP2 level of theory.

Margaret-Jane Crawford and Thomas M. Klapttke* KN = X+ Ny (@)
Institute of Inorganic Chemistry, University of Munich, XN;— XN + N, (2)

Butenandtstrasse-8.3 (Haus D),
D-81377 Munich, Germany In this context, as well as the preparation of new binary azides,
the investigation of their decomposition products has also been
Receied February 26, 1999 regarded as of equal importance. The often low thermal stability
of binary azides which results in characterization difficulties
Introduction led naturally to the use of other modern techniques such as high

Recently the chemistry and the structures of several covalently!€vel quantum chemical calculations (which have been shown
bound azides of the type N3 have been determinéda.> to exhibit a high degree of accuracy for such systems) to
These highly reactive compounds, often stable at low temper- investigate the possible structure and decomposition patk'RNays.
atures only, have been shown to decompose to form not X andMoreover, we have for some time been interested in the
N3 through cleaving of the XN bond (eq 1) but rather, the ~ €lucidation of the bond properties, by high-level quantum
intermediate formation of XN and Ahas been shown to occur chemlcgl ab initio computations combined with modern spec-
despite being a spin-forbidden process (eq 2). Despite thetroscopic methods. _
relatively strong N:N2 bond in covalent azides of the type N an earlier study we reported on the preparation and
X—N1—N2-N3 for HNs, thermal fragmentation of this mol- characterlz_atlorj of nitrosyl azide,sN, and its unimolecular
ecule is not induced by breaking the-#l; bond but rather by ~ fragmentation into MO and N. It was found through a
dissociation into HN and N Since the electronic ground state ¢ombined quantum chemical study and experimentally observed
of XN (X = H, halogen) is a triplet statX"), dissociation of ~ gas-phase IR decomposition products thans-transN4O
XNz (*A’) into XN (3=7) and Ny (IS*y) is spin-symmetry decqmposes via rotation into thes-ussomgr and cycllg DO
forbidden. Nevertheless, pyrolysis experiments have shown thatt® Yield NoO (C,,) and No.2™ Through this combination of
HN; decomposes into Nand HN in the ground-state triplet theory and expgrlment_the formation of anew blngry isomer of
(3=") stateZ A theoretical study?® on the energetics of the ~ N20 through tr_ns reaction was dt_eemed hlghly unlikely. There-
dissociation reaction of HN(*A") yielding N, (1=*) and HN fore the ongoing quest for cygllc@ continued dye to the
(=) at a very high level of theory using CASSCF and observation of trans-cis isomerization of thgONmoiety.
MCSCF-CI techniques has shown that the singliiplet
coupling occurs because the gIiWave function in the region
of the transition state can be considered an equal mixture of N In the present study we now report about the reaction of
(X)-NH(a*A) and N (X)-NH(b'="). The calculated barrier for ~ oxygen difluoride, OF, with cesium azide, CsiNwith the aim
the dissociation (35.7 kcal nd)) is in excellent agreement with  of investigating the decomposition pathway with respect to the
the value of 36 kcal mof estimated from thermal dissociation formation of cyclic NO as the observation and characterization
studies?® This result suggests that the stabilities of XN of a binary oxygen diazide, O@) would be expected only at
molecules may be determined by the activation barrier for extremely low temperatures. It was found that the reaction of
breaking the XN-N, bond, which in turn involves singlet OF; with NaNs or CsN\; did indeed yield dinitrogen and nitrous
triplet coupling along the reaction course. The accurate calcula- oxide according to eq 3 in the molar ratio of roughly 1:2. Both
tion of the dissociation barrier of X3Njielding XN and N needs gaseous products were unambiguously identified by IR spec-
a very high level of theory that is not possible for larger atoms troscopy (NO) and the typical gas discharge color of Which
or substituent groups X at present time. However, Frenking et is volatile at—196 °C.% Neither G or NOF nor NO or NQ
were detected as reaction products.

Results and Discussion

T Part of this work has already been presented as a lecture at the ACS

14th Winter Fluorine Conference, St. Petersburg Beach, FL, January 17 AT

22, 1999. [1 kcal mol® = 4.184 kJ mot?, 1 A = 102 m (since these OF, + 2CsN; — N,O + 2N, + 2CsF (3)
units are still used in computational chemistry we employed them throughout

the paper) ] However, the undertaking of this experiment was hoped to show
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Table 1. Structure, Energy, and Vibrational Frequencies of {/Computed ab Initio at Various Levels of Theory

HF? HF? MPp22e B3LYP?2 CCD/D95V(dy
symmetry C C C C, C,
—E/au 401.353320 401.353320 402.594517 403.5792531 402.451087
NIMAG 0 0 0 0 0
zpéekcal moit 18.8 18.8 17.0 16.5 17.2
d(01—-N2)/A 1.393 1.393 1.447 1.452 1.446
d(N2—N4)/A 1.261 1.261 1.275 1.260 1.293
d(N4—N6)/A 1.088 1.088 1.145 1.128 1.134
O(N2—01-N3)/deg 111.2 111.2 109.3 110.2 108.8
0(O1—N2—N4)/deg 106.5 106.5 106.8 107.3 105.0
O(N2—N4—N6)/deg 174.2 174.2 172.0 172.0 173.9
O(N3—01-N2—N4)/deg 88.7 88.7 82.5 89.8 86.8
0(O1—-N2—N4—N6)/deg 172.1 172.1 177.3 1725 176.0
vilem™ (rel. int.p 50 (2) 50 (2) 47 (0.5) 46 (0.5) 45 (1)
volem 2 (rel. int.p 89 (2) 89 (2) 76 (0.5) 72 (14) 81 (1)
valem™ (rel. int.p 226 (0) 226 (0) 183 (0) 190 (14) 196 (0)
vaem (rel. int.P 333 (6) 333 (6) 264 (3) 251 (5) 291 (5)
vslem™ (rel. int.p 499 (2) 499 (2) 423 (2) 416 (3) 440 (2)
velcm™ (rel. int.p 598 (7) 598 (7) 483 (2) 533 (3) 540 (2)
velem™ (rel. int.p 610 (26) 610 (26) 508 (8) 547 (10) 550 (11)
vglem (rel. int.p 767 (1) 767 (1) 679 (31) 636 (54) 688 (0)
vglem™ (rel. int.p 827 (3) 827 (3) 698 (0.5) 666 (0.5) 726 (1)
vigem (rel. int.p 1034 (9) 1034 (9) 768 (16) 746 (2) 863 (14)
videm (rel. int.p 1036 (355) 1036 (355) 859 (0.5) 862 (2) 917 (1)
videmt (rel. int.p 1097 (133) 1097 (133) 1101 (114) 1097 (229) 1068 (242)
vigem (rel. int.p 1124 (2) 1124 (2) 1125 (6) 1125 (4) 1100 (8)
videmt (rel. int.P 2421 (1194) 2421 (1194) 2327 (623) 2168 (861) 2256 (943)
vigem (rel. int.) 2446 (27) 2446 (27) 2347 (34) 2190 (16) 2282 (31)

26-311H+G(d) basis® Rel. IR int. in km mol™. ¢ —E[MP4(SDTQ)//MP2} = 402.669763 auf —E[CCSD(T)/D95V(d)//CCD/DI5V(d)]=

402.522973 au.
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Figure 1. Ab initio computedC; structure of O(N). (cf. Table 1).

formation of O(N). which decomposes into J and two

equivalents of M The structure, energy and vibrational frequen-

cies of the hitherto unknown O@\ were computed ab initio
at various levels of theory (Table 1)nitially calculations were

performed without symmetry constraints but in all cases the

structure was optimized t6, symmetry (Figure 1}.It can be

(6) Caution: Covalent azides are usually highly explosive and often are

very toxic. ClR, F,, and OF are strong oxidizers. Although no

explosion was observed in our studies, all covalent azides and high
oxidizers should be handled with respect and fully protective clothing
should be worn at all times. A stainless steel (T316SS) reaction vessel

was pre-passivated with GJF1 bar, 100°C, 12 h) and loaded in the
drybox with 1.05 g (6.0 mmol) of dry CsNDynamite Nobel). The
vessel was then cooled t6196 °C, all N, was pumped off and 0.11
g (2.0 mmol) OF; were condensed onto the GsNhe reaction vessel

stated that the molecule O in C, symmetry possesses a
true minimum NIMAG = 0) on its potential energy hypersur-
face and is vibrationally stable. Therefore QINs an intrinsi-
cally stable but elusive molecule since the overall decomposition
reaction according to eq 4 is thermodynamically highly favor-
able. The calculated total energies of Q@NN.O (C.,), and

N, can be used to predict theoretically the energy of reaction
4. After correction for zero point energiezpg AUVIP = —4.2

kcal mol1), rotational AU™ = +3/,RT), translational correction
(AU = +3RT) and the work term (AV = +2RT), the reaction

(7) The structures of all compounds considered wpre'optimized using
semiempirical calculations. All semiempirical calculations were carried
out with the program package HyperCheanthe semiempirical PM3
level of theory using a VSTO-3G* basis set. Finally, the structures,
energies, vibrational frequencies and zero point energies were
computed ab initio with the program package Gaussiai® 9l
structures were fully optimized at the HF and electron correlated MP2
and CCD (using double substitutions from the HartrBeck deter-
minant}! as well as at the DFT hybrid B3LYP level of thedf/In
addition, the energy of O(@), at the MP2 structure was computed at
the MP4(SDTQ) level of theory and in addition at the CCD structure
at the CCSD(T) level. For all HF, MPn and B3LYP calculations a
6-3114-+G(d) basis set was usé#iThe coupled cluster calculations
were performed with a Dunning/Huzinaga valence doutitesis with
the addition of a set of d-type polarization functions to each atom
(D95V(d)* whereas for computing the potential energy hypersurface
at the MP2 level of theory a 6-31G(d) basis set was uséd.

was then warmed to room temperature and heated for 15 min. to 250 (8) HyperChem 5.0 Molecular Visualization and Simulation Program

°C. After this the reaction vessel was cooled-td96 °C and all

products volatile at this temperature were pumped off and identified

by their typical gas-discharge color.;Nvas identified as the only

Package; Hypercube: Gainesville, FL, 1997.
(9) (a) Stewart, J. J. B. Comput. Cheml989 10, 209. (b) Stewart, J.
J. P.J. Comput. Cheml989 10, 221.

volatile reaction product at this temperature. Then the reaction vessel (10) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson,

was allowed to warm to room-temperature again and a gas-phase IR

spectrum was recorded [gas IR (2 Torr,Z5 10 cm celly in cm™1):
3480 m (NNO), 2565 m (X v3, NNO), 2460 w, 2225 vsi,, NNO),
1285 s {3, NNO), 825 m {3, FOF), 590 w {2, NNO)]. Finally all

volatile products were pumped off and the steel vessel was taken into
the drybox and the remaining solid material identified as a mixture of

unreacted Csh(excess, see above) and CsF (i CsF was detected

B. G.; Robb, M. A,; Cheeseman, J. R.; Keith, T.; Petersson, G. A;;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;

Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;

Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Galssian

94, Revision B.2; Gaussian, Inc.: Pittsburgh, PA, 1995.

after the residue was dissolved in water using a fluoride sensitive (11) (a) Pople, J. A.; Krishnan, R.; Schlegel, H. B.; Binkley, JIr§. J.

electrode). Qualitatively the same results were obtained wherg NaN

or MesSiN3 were used as the azide compound.

Quantum Cheml978 14, 545. (b) Bartlett, R. J.; Purvis, G. Dnt.
J. Quantum Chenl978 14, 516.
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Table 2. Comparison of Different Isomers of 9, ab Initio

Calculated at the MP2/6-331+G(d) Level of Theory « F‘l' o oy,
cal mol —
linear NNO linear NNO cyclic NON linear NON (+187.3)
(™) (Cor), eXptl (Ca) (Do)
—Elau 184.290030 184.169357 184.183851 150 — NO+ N, + N,
Eei/kcal mol?t 0.0 +75.7 +66.6 “ze)
d (NN)/A 1.163 1.1265 1.214
d (NOY/A 1.181 1.186° 1.511 1.342 o0 —
O(NON)/deg 47.4 —_
O(ONN)/deg 66.4 NON +2N,
NIMAG2 0 0 0 0 asny ~ NON<2N,
zpekeal mol ! 6.58 6.70 4.13 5.26 50 — (66.6)
vifemr (IR int.)P 2243 (366) 22258 966 (16) 2398 (2647)
vilcm (IR int)> 538 (3) 500W® 287 (3) 368 (11)
vicm L (IR int)> 1286 (11)  1285%16 1636 (3) 546 (0) NO+32N, NG+ 2N
e “2N,
aNIMAG = number of imaginary frequenciesIR intensities are U o0

iven in km mof™.
9 Figure 3. Relative stabilities of O(B). with respect to Mand various

oxides of nitrogen computed at MP2/6-321G(d) level of theory.

For comparison, the experimentally measured relative stabilities are
E(NNO + 2N,) = 0.00 kcal mot?; E®(NO + 5/,N,) = 1.97 kcal
mol~%; and E®(NO + N, + N3) = 106.97 kcal mol.t”

N=N=0 (C..,) (Table 2). The energies of activation separating
cyclic NON (Cy,) from (i) linear NON D.n) and (ii) linear NNO
(Cwy) have also been calculated. At MP2/643&(d) level the
barrier for the reaction from cyclic NONCg,) to form linear
NON (D..) is 53 kcal mof* whereas it is only 26 kcal mot
for the reaction from cyclic NON(y,) to form linear NNO
] ) (C..,). However, it has to be stressed that these energy potentials
100 | / 10d” dN2N) (o have been calculated for the singlet state only and that the triplet
a0k ) ; 4255 Y& state lies energetically very close, especially for the high energy
8 P T 135 regions on the reaction pathway for the interconversion of cyclic
=g Pl NON into linear NNO or NON, respectively.
This proposition is an interesting and reasonable one when
Figure 2. Two-dimensional potential energy hypersurface representing it is remembered that as was stated above that azides decompose
the unimolecular decay of Ogh to yield cyclic N;O and N computed initially into XN and N,. Therefore, the proposed intermediately
at MP2/6-31-G(d) level of theory. formed oxygen diazide would be expected to decompose
according to eq 5. The formation of lineap®! it was thought
most likely to occur through a cyclization forming cyclic®
which would then from the more stable lineas®lwhich was
observed as the main reaction product along with N

E rel. (kcal/mol)

=]
o
2

<(N2-01-N3) (%)

enthalpy of the gas-phase reaction according to eq 4 was
calculated at the optimized MP2/6-3t1+G(d) geometries to
be AH° 59¢(2) = —187.7 kcal mot?.

O(Ny), (C;) ~ N,O (C.,) + 2N, (D) ) O(N,), (C,) = NON (C,,) + 2N, )
However, apcording _to the gas-phase IR 8ltita experimentally To account for the interconversion of O into N, and
observed nitrous oxide has undoubtedly aM-O (C.,) (and cyclic N,O we calculated the corresponding two-dimensional

not & N-O—N (D.h)) connectivity. We therefore propose for - gnergy hypersurface at MP2/6-86(d) level (Figure 2). Figure
the unimolecular decomposition in the gas phase a dissociation, clearly shows that the molecule Ofl represents a local
of O(Ns)2 into 2 equiv of I} and initially formed cyclic NO minimum at this hypersurface and that cyclig(Cy,) and
(Cz,) which then rearranges to give the more stable linear isomer 4, equivalents of b are already 111.6 kcal mol lower in

(12) @ Lee, C.. Yang, W.. Parr, R. Ghys. Re. 1988 B37, 785. (b) energy (MP2/6-311+G(d), Figure 3). The experimentally
Becke, A. D.Phys. Re. 1988 A38 3098. (c) Miehlich, B.; Savin, ~ OPserved products 2hnd linear NO (C..,), however, lie again
A.; Stoll, H.; Preuss, HChem. Phys. Letil989 157, 200. (d) Becke, 75.7 kcal mott below cyclic NO (Cy,) and two equivalents
A. D. J. Chem. Phys1993 98, 5648. of N, and therefore 187.3 kcal mdibelow the initial compound

(13) Huzinaga, S.; Andzelm, J.; Klobukowski, M.; Radzio-Andzelm, E.; ; iliti ;
Sakai, Y.; Tatewaki, HGaussian Basis Sets for Molecular Calcula- O(Ns)2. The relative stabilities of O(®) with respect to hand

tions Elsevier: Amsterdam, 1984. various oxides of nitrogen are summarized in Figure 3 (MP2/
(14) Dunning, T. H.; Hay, P. J. INodern Theoretical Chemistrchaefer, 6-3114-+G(d)). It is noteworthy that the linear symmetric isomer
F. H., lll, Ed.; Plenum: New York, 1977; Vol. 3, p 1. i
(15) Holleman, A. F.; Wiberg, E.; Wiberg, Nlehrbuch der Anorganischen of I\ll.zoé I'T\i (I\;OEEDI\;IOE’)Z?SZE.TEE[ Lhe_szmlekmt?l er,]relr.gy as
Chemie 101st ed.; Walter de Gruyter: Berlin, 1995; p 690. cyclic Ca, N2O [AE( - (d)) = 9.1 kcal mot™ in

(16) (a) Nakamoto, Klnfrared and Raman Spectra of Inorganic and  favor of linear NON inD..n symmetry] (Figure 3, Table 2). The
Coordination Compounds4th ed.; Wiley: New York, 1986. (b) intermediate formation of this isomer, however, would not

lillge6c5I<_eNoR.;1(|)_gngenbucher, Fnfrared Spectra Heyden: London, gy hiain the final formation of the stable NN@J,).

(17) (a) Klapdke, T. M.; Tornieporth-Oetting, I. CNichtmetallchemig From the present study the following conclusions can be
VCH Verlagsgesellschaft: Weinheim, 1994. (b) Johnson, C5dme drawn:
Thermodynamical Aspects of Inorganic Chemis2nyd ed.; Cambridge (i) OF; reacts with CsNlto yield the experimentally observed

University Press: Cambridge, 1982. (c) Yoffe, A. D.Developments . . . .
in Inorganic Nitrogen ChemistryColburn, C. B., Ed.; Elsevier: products dinitrogen (B and nitrous oxide (linear 0, C.,

Amsterdam, 1966. symmetry).
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