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Abstract: Low-temperature (—78 °C) ozonation of 1,2-diphenylhydrazine in various oxygen bases as
solvents (acetone-ds, methyl acetate, tert-butyl methyl ether) produced hydrogen trioxide (HOOOH), 1,2-
diphenyldiazene, 1,2-diphenyldiazene-N-oxide, and hydrogen peroxide. Ozonation of 1,2-dimethylhydrazine
produced besides HOOOH, 1,2-dimethyldiazene, 1,2-dimethyldiazene-N-oxide and hydrogen peroxide, also
formic acid and nitromethane. Kinetic and activation parameters for the decomposition of the HOOOH
produced in this way, and identified by *H, ?H, and YO NMR spectroscopy, are in agreement with our
previous proposal that water participates in this reaction as a bifunctional catalyst in a polar decomposition
process to produce water and singlet oxygen (O, *Ag). The possibility that hydrogen peroxide is, besides
water, also involved in the decomposition of hydrogen trioxide is also considered. The half-life of HOOOH
at room temperature (20 °C) is 16 £+ 1 min in all solvents investigated. Using a variety of DFT methods
(restricted, broken-symmetry unrestricted, self-interaction corrected) in connection with the B3LYP functional,
a stepwise mechanism involving the hydrotrioxyl (HOOO") radical is proposed for the ozonation of hydrazines
(RNHNHR, R = H, Ph, Me) that involves the abstraction of the N-hydrogen atom by ozone to form a radical
pair, RNNHR* *OOOH. The hydrotrioxyl radical can then either abstract the remaining N(H) hydrogen atom
from the RNNHR- radical to form the corresponding diazene (RN=NR), or recombines with RNNHR* in a
solvent cage to form the hydrotrioxide, RN(OOOH)NHR. The decomposition of these very labile
hydrotrioxides involves the homolytic scission of the RO—OOH bond with subsequent “in cage” formation
of the diazene-N-oxide and hydrogen peroxide. Although 1,2-diphenyldiazene is unreactive toward ozone
under conditions investigated, 1,2-dimethyldiazene reacts with relative ease to yield 1,2-dimethyldiazene-
N-oxide and singlet oxygen (O, *Ag). The subsequent reaction sequence between these two components
to yield nitromethane as the final product is discussed. The formation of formic acid and nitromethane in
the ozonolysis of 1,2-dimethylhydrazine is explained as being due to the abstraction of a methyl H atom of
the CH3NNHCHj5* radical by HOOO:* in the solvent cage. The possible mechanism of the reaction of the
initially formed formaldehyde methylhydrazone (and HOOOH) with ozone/oxygen mixtures to produce formic
acid and nitromethane is also discussed.

Introduction ozonation of these compounds, which date back to the early
t20th century. Molinafas well as Strecker and Baltéstudied
the ozonation of 1,2-diphenylhydrazine (hydrazobenzene) and

topics of research in this field are the reactions of substituted reported 1,2-diphenyldiazene (azobenzene) to be the only

hydrazines with 0zone. Although the oxidation of both aliphatic "€action product (for a summary of these studies, see ref 2).
and aromatic hydrazines with various oxidants has been Hydrazines occur in the environmetft and it is by now
extensively studie@3 there are only a few reports on the Well established that humans exposed to these compounds by
drinking contaminated water and by inhaling contaminated air

T Department of Chemistry, Faculty of Chemistry and Chemical Technol- may deve|0p adverse System|c health effects or Cé’]ueﬁ
ogy, University of Ljubljana.

* Department of Theoretical Chemistry, University of t€loorg.

Reactions of saturated organic compounds with ozone are al
the focus of current researéiAmong the various less explored

(1) (a) Plesniar, B.; Cerkovnik, J.; Tuttle, T.; Kraka, E.; Cremer, D.Am. (3) (@) Nanni, E. J.; Sawyer, D. T. Am. Chem. Sod98Q 102 7591. (b)
Chem. So2002 124, 11 260, and references therein. (b) Munoz, F.; Mvula, Calderwood, T. S.; Johiman, C. L.; Roberts, J. L.; Wilkins, C. L.; Sawyer,
E.; Braslavsky, S. E.; von Sonntag, @. Chem. Soc., Perkin Trang, D. T.J. Am. Chem. Sod 984 106, 4683.
2001, 1109. (4) (a) Molinari, E.Chem. Ber1907, 40, 4154. (b) Strecker, W.; Baltes, M.
(2) Newbold, B. T. InThe Chemistry of the Hydrazo, Azo and Azoxy Grpups Chem. Ber 1921 54, 2693. (c) Bailey, P. SOzonation in Organic
Patai, S., Ed.; Wiley: New York, 1975; pp 54597. Chemistry Academic Press: New York, 1982; Vol Il, p 198.
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therefore, obvious that detailed knowledge about the oxidation

Diphenylhydrazine (Aldrich) was crystallized from methanol

pathways of these hazardous compounds is of the utmostbefore usé® 1,2-Dideutero-1,2-diphenylhydrazine was syn-

importance.

We have already reported in a preliminary form that the
reaction of 1,2-diphenylhydrazine with ozone is more complex
than originally believed, and that hydrogen trioxide (HOOOH)
is an important intermediate formed in these reactfoiibe

thesized by Zn/NRCI reduction of 1,2-diphenyldiazeri&?
1,2-Diphenyldiazen®&-oxide was prepared by oxidation of 1,2-
diphenyldiazene with 3-chloroperoxybenzoic acid in dichlo-
romethané! and from reductive coupling of nitrobenzene with
Zn/glucosei®24-Methoxy-1,2-diphenylhydraziné€? 4-methoxy-

hydrazine-ozone reaction appears to be currently the mostl,2-diphenyldiazen&-oxide, and 4-methoxy-1,2-diphenyldia-

reliable and efficient procedure for the production of relatively
highly concentrated solutions of HOOOH in various organic
solvents without the interfering presence of other organic
hydrotrioxides (ROOOH}:2 Recent evidence even indicates that
HOOOH is formed as an intermediate in,®% and ozone
production from water and singlet oxygen by antibodies.

zene-N-oxide were prepared according to the literature proce-
dures!! 1,2-Dimethylhydrazine was obtained by neutralization
of its dihydrochloride with sodium hydroxid&, and 1,2-
dimethyldiazene by HgO oxidation of 1,2-dimethylhydrazine
dihydrochloridet3

Ozonation Procedure.Ozone-oxygen mixtures were pro-

Therefore, we report here the results of detailed experimental duced by flowing oxygen through a Welsbach T-816 ozorfator.
and theoretical studies of the ozonation of 1,2-diphenylhydrazine Ozone-nitrogen mixtures were obtained as already reported. The

and 1,2-dimethylhydrazine.
Experimental Section

Instrumentation. Low-temperature'H, 2H, 13C, and 17O
NMR spectra were recorded on a Bruker Avance 300 DX (
NMR, 300.3 MHz;2H NMR, 46.07 MHz;13C NMR, 75.48
MHz; 170 NMR, 40.70 MHz) and on Varian Unity Inova-600
spectrometers'd NMR, 600.09 MHz;'’O NMR, 81.37 MHz)
with TMS (*H and3C NMR), acetoneds (?H NMR), and B0
(0 NMR) as internal standards. GC/MS was performed on a
Hewlett-Packard 6890 chromatograph (HP-5MS column). Near-
IR spectra were recorded on Perkin-Elmer UV/VIS/NIR Lambda
19 spectrometer.

Materials. All solvents were the purest commercially avail-
able products and were (except of acetdgerigorously dried
and distilled according to the literature methods. The purity was
checked by GC/MS. 1,2-Diphenyldiazene (99%, Aldrich),
nitrobenzene (99%, Aldrich), 1,2-dimethylhydrazine dihydro-
chloride (99+%, Aldrich), nitromethane (99%, Aldrich), 9,-
10-dimethylanthracene (99%, Aldrich), and 3-chloroperoxy-
benzoic acid (77%, Aldrich) were used as received. 1,2-

(5) (a) Babior, B. M. The Function of Red Blood Cells: Erythrocyte
Pathobiology Alan R. Liss, Inc.: New York, 1981; p. 173. (b) Augusto,
O.; Ortiz de Montellano, P. R.; Quintamilia, Biochem. Biophys. Res.
Commun 1981, 101, 1324. (c) Choudhary, G.; Hansen, Ehemosphere
1998 37, 801. (d) Gamberini, M.; Leite, L. C. Biochem. Blophys Res.
Communl1997, 234, 44. (e) Moghada3|an M. H.; Freeman, H. J.; Godin,
D. V. Carcinogenesid996 17, 983.

(6) (a) Cerkovnik, J.; Pleshae, B.J. Am. Chem. S0d 993 115 12 169. (b)
Koller, J.; Plesniar, B.J. Am. Chem. Sod 996 118 2470. (c) Plesriar,
B.; Cerkovnik, J.; Tekavec, J.; Koller, J. Am. Chem. Sod 998 120,
8005. (d) Plesriiar, B.; Cerkovnik, J.: Tekavec, J.; Koller,Ghem.-Eur.
J. 200Q 6, 809.

7

~

A.; Herman, K.Can. J. Chem197Q 48, 3473. (b) Bielski, B. H. J,;
Schwartz, H. AJ. Phys. Cheml968 72, 3836. (c) Czapski, G.; Bielski,
B. H. J.J. Phys. Cheml963 67, 2180. (d) Bielski, B. H. JJ. Phys. Chem.
197Q 74, 3213. (e) For early estimates of the heat of formation and stability
of HOOOH, see also: Benson, S. Whermochemical Kineti¢caNiley:
New York, 1968. Nangia, P. S.; Benson, S. WPhys. Cheml1979 83,
1138. Pryor, W. A,; Prier, D. G.; Church, D. B. Am. Chem. Sod983
105, 2883.

(8) All fundamental vibrations of HOOOH, isolated in an argon matrix, have
recently been reported. Engdahl, E.; NelanderS&ence2002 295, 482.

9) (a) Wentworth, P., Jr.; Jones, L. H.; Wentworth, A. D.; Zhu, X.; Larsen,

A.; Wilson, I. A.; Xu, X,; Goddard W. A, Il Janda K. D.;

Eschenmoser A Lerner R SmencéZOOJ, 293 1806 (b) Xu. X.; Muller,
R. P.; Goddard, W. A., lIProc. Natl. Acad. Sci. U.S.2002 99, 3376.
(c) Wentworth, P., Jr.; McDunn, J. E.; Wentworth, A. D.; Takeuchi, C
Nieva, J.; Jones, T.; Bautista, C.; Ruedi, J. M.; Gutierrez, A.; Janda, K.
D.; Babior, B. M.; Eschenmoser, A.; Lerner, R. 8cience2002 298 2195.
(d) Wentworth, P., Jr.; Wentworth, A. D.; Zhu, X.; Wilson, I. A.; Janda,
K. D.; Eschenmoser, A.; Lerner, R. Rroc. Natl. Acad. Sci. U.S.R003
100, 1490. (e) Babior, B. M.; Takeuchi, C.; Ruedi, J.; Gutierrez, A.;
Wentworth, P., JiProc. Natl. Acad. Sci. U.S.A003 100, 3031. (f) Lerner,
R. A.; Eschenmoser, AProc. Natl. Acad. Sci. U.S.£003 100, 3013.
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For previous attempts to prepare and detect HOOOH, see: (a) Giguere, P.

concentration of ozone in the gas stream was measured
according to the literature proceduféO-enriched ozone was
generated by flowing’O-enriched oxygen (58%0,, ISOTEC)
through a semimicro ozonatéft.

WARNING: Although we have not had any accidents in
handling solutions of peroxides and polyoxides formed in the
ozonation of hydrazines, care should be exercised in handling
dried and concentrated solutions of these potentially hazardous
compounds.

Product Analysis. Reaction products of the ozonation of 1,2-
diphenylhydrazine and 1,2-dimethylhydrazine were determined
by a combination of method§.All products, except hydrogen
peroxide, were determined by GC/MS, by using calibrated
internal standards and known reference materials. All products
were also collected and identified by NMR. Hydrogen peroxide
was determined byH NMR (and 170 NMR) and by other
analytical methods that have been described previddsly.

Kinetic Studies. Kinetics of the decomposition of hydrogen
trioxide was performed by following the decay of the OOOH
absorption by'H NMR, using TMS as the internal standard.
Kinetic and activation parameters were obtained by standard
procedures.

Computational Methods. Different reaction paths of the
ozonation of hydrazinel@), 1,2-dimethylhydrazinelp), and
1,2-diphenylhydrazinel) were investigated. In view of the
large amount of calculations to be carried out in this connection,
we used standard density functional theory (DETand
employed the B3LYP hybrid function'®l because the latter
provides an acceptable cost-efficiency ratio. However, there
were several intermediates and transition states (TS) with

(10) (a) Vogel's Textbook of Practical Organic Chemistriyurniss, B. S.,
Hannaford A. J., Smith, P. W. G., Tatchell, A. R., Eds.; Longman, 1989;
pp 953-967. (b) Banthorpe, D. V.; Cooper, . Chem. Soc. B968§ 605.

(11) Mitsuhashi, T.; Simamura, O.; Tezuka, €hem. Communl97Q 1300.

(12) Yamanouchi, K.; Sugie, M.; Takeo, H.; Matsumura, C.; Nakata, M.; Nakata,
T.; Kuchitsu, K.J. Phys. Chem1987, 91, 823.

(13) Simeonov, A. M.; McKenna, C. B. Org. Chem1995 60, 1897.

(14) (a) Kohn, W.; Sham, LPhys. Re. A, 1965 140, 1133. For reviews on
DFT, see for example (b) Parr, R. G.; Yang, Wternational Series of
Monographs on Chemistry 16: Density-Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989. (Eheoretical and
Computational Chemistry, Vol. 2, Modern Density Functional Thedxy
Tool for Chemistry Seminario, J. M.; Politzer, P., Eds.; Elsevier: Am-
sterdam,1995 (d) Chemical Applications of Density Functional Theory
Laird, B. B., Ross, R. B., Ziegler, T., Eds.; ACS Symposium Series 629;
American Chemical Society: Washington, DC, 1996 Refent Adances
in Computational Chemistry, Vol. 1, RecentAdces in Density Functional
Methods, Part Ij Chong, D. P., Ed.; World Scientific: Singapore, 1997.

(15) (a) Becke, A. DPhys. Re. A. 1998 38, 3098. (b) Becke, A. DJ. Chem.
Phys.1993 98, 5648. (c) Lee, C.; Yang, W.; Parr, R. Phys. Re. B.
1998 37, 785.
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significant multireference character that are difficult to describe were carried out with standard procedures based on analytical
with restricted or unrestricted DFT (RDFT and UDFT). energy gradients. Frequency calculations were performed to
Therefore, we routinely carried out stability té§tand used characterize the optimized structures as minima or transition
broken-symmetry UDFT (BS-UDFT) when needed (i.e., in case states, where the transition states were found to each have a
of negative eigenvalues of the stability matrix). BS-UDFT im- single imaginary frequency. In addition, the vibrational frequencies
plicitly provides a two-configurational description and leads to were used to obtain temperature corrected energies, enthalpies,
reasonable results provided the splitting between the low-spin entropies, and free energies. For the purpose of modeling the
state in question and the associated high-spin state is relativelyeffects of solvation, the PISA continuum mo#lelvas applied
small1”18|n this connection it has to be mentioned that standard using acetone as a solvent (dielectric constant 20.79).
functionals based on the generalized gradient approximation van der Waals complexes are difficult to calculate with BET.
(GGA) account for a significant amount of long-range correla- However, if complexes are stabilized by H-bonding, which
tion,1° but lead to a double-counting of correlation effects when include both electrostatic and some covalent bonding, DFT
used in connection with BS-UDFP.This was another reason performs bettef? For the purpose of getting reasonable complex
why B3LYP rather than BLYP was used in this wafk. binding energies, we apply the counterpoise methtudreduce

The fact that DFT with the exchange functionals presently the basis set superposition error (BSSE).
in use accounts for unspecified nondynamic electron correlation In some cases, cyclic transition states were optimized using
is closely connected with the self-interaction error (SIE) of these the ring puckering coordinates of Cremer and P&pl€hese
functionals!®2! The SIE is often the reason for the good coordinates make it possible to freeze individual puckering
performance of DFT in cases where other single determinant parameters and to carry out constrained optimizations. For this
methods fail%21 However, the SIE also results in a serious purpose the program PUCKERwas used, which is part of the
failure of DFT when odd-electron situations occur in a chemical quantum chemical package COLOGNE 2363l calculations
reaction'9-22 For example, H abstraction by a radical (three- were performed with the quantum chemical program packages
electron situation) is wrongly described by any exchange COLOGNE 2003*and Gaussian 98.
functional based on either the local density approximation or rpasyits and Discussion
GGAZThe TS of the reaction is severely underestimated thus
leading often to reactions without barrier. We use in these
situations self-interaction corrected DFT (SIC-DFT) based on
the PerdewZunger approaéH and programmed ina pertur- (26) (a) 6-31G(d): Hariharan, P. C.; Pople, J. Theor. Chim. Actd 973 28,

In the following we will discuss first the ozonation of 1,2-
diphenylhydrazine, then that of 1,2-dimethylhydrazine. Calcula-

bational (PSIC) and a self-consistent version (SCF-$1c}. %%%rrgb%:’ﬁ;/?;ig&f?(gd&ziad): Krishnan, R.; Frisch, M.; Pople, J. &.
For details, see ref 25. (27) (a) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981, 55, 117. (b)
. . . . Barone, V.; Cossi, M.; Tomasi, J. Chem. Phys1997 107, 3210. (c

TS energies were determined by SIC-DFT using the following Cammi. R Gossi, M. Tomasi, J. Chem. Phys1996 104 4611, ((CB

procedure. The geometry of the DFT calculation was used for Mennucci, B.; Tomasi, Jl. Chem. Physl997 106 5151. (e) Tomasi, J.;
PSIC d SCE-SIC sinal int lculati In thi Mennucci, B. InEncyclopedia of Computational Chemist8chleyer, P.v.
an - single point calculations. In this way an R., Allinger, N. L., Clark, T., Gasteiger, J., Kollman, P. A., Schaefer, H.

estimate of the improved barrier was found. If a TS geometr F., lll, Schreiner, P. R., Eds.; Wiley: Chichester, 1988; Vol. 1, p 2547.
P . L. 9 y (28) CRC Handbook of Chemistry and Physics on CD-RQWEIO0 Version;
could not be determined, that found for a derivative was used Lide, D. R., Ed.; CRC Press LLC: Boca Raton, FL, 2000.
i i i i - i (29) (a) Kristyan, S.; Pulay, RChem. Phys. Lettl994 229 175. (b) Perez-
to obta!n by 'smgle point calculation a S]C DFT barrier. Sorda, oM. Bocke. & TChem. Pys Let 005 233 134. (o) Hobza. b
Alternatively, increments were used determined for a homo- Sponer, J.; Reschel, T. Comput. Chem1995 16, 1315. (d) Ruiz, E.;
i i i i i Salahub, D. R.; Vela, AJ. Am. Chem. Socl1995 117, 1141. (e)
Iogu_e. Calculations sho_wed that in this way cpn3|ste_nt rgactlon Wesolowski. T A Parisel. O.: Elinger. Y. Weber 11.Phys. Chem. A
barriers could be obtained. The corresponding activation en- 1997 101, 7818.
i i i i i i (30) (a) Sosa, C. P.; Carpenter, J. E.; Novoa, J. &Hamical Applications of
thalpies were de_termlned. by using vibrational corrections f.rom Density-Functional Theon aird, B. B., Ross, R. B.. Ziegler. T.. Eds.:
the DFT calculation or estimating the latter from values obtained ACS Symposium Series 629; American Chemical Society: Washington,

: DC., 1996; p 131. (b) Gonzales, L.; Mo, O.; Yanez, MComput. Chem.
for another hydrgzme. . 1996 18, 1124. (c) Gonzales, L.; Mo, O.; Yanez, M.; Elguero,JJMol.
For all calculations, Pople’s 6-31G(d,p) basig%atas used, Struct. THEOCHEML996 371, 1. (d) Gonzales, L.; Mo, O.; Yanez, M.;
h . | the 6-311G(3df.30d) basisb Elguero, JJ. Chem. Phys1998 109, 139. (e) Gonzales, L.; Mo, O.; Yanez,
Oowever In several cases the o- (3df,3pd) basis® was M.; Elguero, J.J. Chem. Phys1998 109, 2685. (f) Gonzales, L.; Mo, O.;
employed to verify 6-31G(d,p) results. Geometry optimizations Yanez, M.J. Chem. Phys1999 111, 3855. (g) For a recent review, see
Koch, W.; Holthausen, M. CA Chemist's Guide to Density Functional
Theory Wiley: New York, 2000, Chapter 12.

(16) (a) Seeger, R.; Pople, J. . Chem. Physl1977 66, 3045. (b) Bauern- (31) Boys, F.; Bernardi, AViol. Phys.197Q 19, 553.
schmitt, R.; Ahlrichs, RJ. Chem. Phys1996 104, 9047. (32) Cremer, D.; Pople, J. Al. Am. Chem. Socl1975 97, 1354. (b) Cremer,

(17) Cremer, DMol. Phys 2001, 99, 1899. D.; Szabo, K. J. IrMethods in Stereochemical Analysis, Conformational

(18) (a) Gidenstein, J.; Hjerpe, A. M.; Kraka, E.; Cremer, . Phys. Chem. Behavior of Six-Membered Rings, Analysis, Dynamics, and Stereoelectronic
A, 2000 104, 1748. (b) Gigenstein, J.; Kraka, E.; Filatov, M.; Cremer, D. Effects Juaristi, E. Ed.; VCH: New York, 1995, 59.

Int. J. Mol. Scienc&002 3, 360. (33) Cremer, DJ. Phys. Chem199Q 94, 5502.

(19) (a) Polo, V.; Gitenstein, J.; Kraka, E.; Cremer, Bhem. Phys. Le{t2002 (34) Kraka, E.; Grtenstein, J.; Filatov, M.; He, Y.; Gauss, J.; Wu, A.; Polo,
352 469. (b) Polo, V.; Gitenstein, J.; Kraka, E.; Cremer, Dheor. Chem. V.; Olsson, L.; Konkoli, Z.; He, Z.; Cremer, BLOLOGNE 2003Géteborg
Acc, 2002 107, 291. University, Gaeborg, 2003.

(20) Cremer, D.; Filatov, M.; Polo, V.; Kraka, E.; Shaik,I8t. J. Mol. Science (35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
2002 3, 604. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

(21) (a) Polo, V.; Kraka, E.; Cremer, DMol. Phys 2002 100, 1771. (b) Polo, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
V.; Kraka, E.; Cremer, DTheor. Chem. Ac2002 107, 291. K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,

(22) (a) Noodleman, L.; Post, D.; Baerends JEChem. Phys1982 64, 159. R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
(b) Bally, T.; Sastry, G. NJ. Phys. Chem. A997, 101, 7923. (c) Sodupe, Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
M.; Bertran, J.; Rodriguez-Santiago, L.; Baerends, B. Phys. ChemA Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
1999 103 166. J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;

(23) (a) Merkle, R.; Savin, A.; Preuss, B. Chem. Phys1992 97, 9216. (b) Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
Chermette, H.; Ciofini, I.; Mariotti, F.; Daul, Gl. Chem. Phy2001, 114, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
1447. Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-

(24) Perdew, J. P.; Zunger, Rhys. Re. B, 1981, 23, 5048. Gordon, M.; Replogle, E. S.; Pople, J. Saussian 98 Revision A.9,

(25) Grédenstein, J.; Kraka, E.; Cremer, D. Chem. Physsubmitted. Gaussian, Inc., Pittsburgh, PA, 1998.
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tions have also been carried out for the ozonation of hydrazine

itself to have a suitable reference for assessing substituent

effects.
1,2-Diphenylhydrazine (1c¢).Ozonation of 1,2-diphenylhy- @

drazine with ozone-nitrogen or ozone-oxygen mixtures in

acetoneds or methyl acetate (0-10.5 M) at—78 °C produced

an oxygen-rich intermediate with the OOGH NMR absorp-

tion at 13.3+ 0.3 ppm downfield from MgSi. Furthermore, 131 10.0

ozonation of 1,2-dideutero-1,2-diphenylhydrazine in acetone at | HOOCH HOOH

—78 °C produced a somewhat broader OOGH NMR

absorption at 13 ppm (11 ppm relative to acetdgabsorption).

This polyoxide with exchangeable protons (fast exchange with , L (/R
D,O and CHOD at —60 °C) was assigned to HOOOH o 5 prs T T T p -
(DOOOD) using”0 NMR spectroscopy for a highly’O-

enriched species. This assignment was confirmed®yNMR -

chemical shift calculations using either GIAO/MP2/6-31G- H-O-H
(d,p)8-ecor GIAO/CCSD(T¥” with a (11s7p2d/7s2p)[6s4p2d/ 305 T
4s2p] basis® Results of both sets of calculations are in good :ggg} ‘67

agreement with the experimental values (see Figur® The HO.0.0.H (192)

yield of HOOOH was estimated to be 4510% (at—60 °C). \/ [180]
A detailed investigation of other products of ozonatioriof 21 H-Q-O-H

(at—60°C) by GC/MS and NMR revealed the presence of 1,2- (433)

diphenyldiazene (trans isomer, 655%, mol %), 1,2-diphe- [421]

nyldiazeneN-oxide (azoxybenzene)(3k 5%), hydrogen per- 470 H-0-0-0-H

oxide (30+ 10%), and water. Ozonation of 1,2-dideutero-1,2- | P*NQZNER l
diphenylhydrazine yielded deuterated hydrogen peroxide and
water.

Ozonation of an asymmetric hydrazine, i.e., 4-methoxy-

1,2-diphenylhydrazine produced, besides 4-methoxy-1,2- Figure 1. (A)*H and @) 7O NMR spectra of hydrogen trioxide generated

diphenyldiazene, also 4-methoxy-1,2-diphenyldiazehexide by the low-temperature ozonation of 1,2-diphenylhydrazine in acedgne-
_ at—20°C. All absorptions of hydrogen trioxide completely disappeared at
(MngH4N N(O)CeHs). ) ] + 20°C. (B) 'O NMR chemical shifts in parentheses refer to GIAO/MP2/
Similar results were also obtainedtert-butyl methyl ether 6-31H+G** valuest® those in brackets to GIAO/CCSD(T)/qz2p valid@s.

as solvent, i.e., HOOOH (3@ 10%), 1,2-diphenyldiazene (75

+ 5%), 1,2-diphenyldiazend-oxide (25 + 5%), hydrogen pair 3 can recombine to form hydrazine hydrotrioxi@ewhich
peroxide (104 5%), and water. Control experiments showed can dissociate to radicafsand then form diazenk-oxide and

that in the ozonation of 1,2-diphenyldiazene in acetdfer HOOH (8).

tert-butyl methyl ether at low temperatures, no 1,2-diphenyl-  Calculated energies, enthalpies, and entropies for structures
diazeneN-oxide could be detected and 1,2-diphenyldiazene was 1—8 are summarized in Table 1.

T — T
ppm 500 400 00 200 100 o

recovered quantitatively. In Figure 2, calculated enthalpies for path A are shown for
The proposed mechanisms of the ozonation of 1,2-diphenyl- R = Ph, R= Me, and R= H, those for path B are given in
hydrazine is illustrated in Scheme 1. Figure 3 for the case R= Ph. Ozone and hydrazine form a

The presence of both 1,2-diphenyldiazene and 1,2-diphenyl- H-Ponded complex with a binding energy of 8 kcal/mol (6-
diazeneN-oxide suggests that two different competitive reaction 311++G(3df,3pd): AH(298) = —3.2 kcal/mol, Table 1). In
mechanisms are operative in the ozonation of 1,2-diphenylhy- the case of 1,2-dimethylhydrazine one NH and one CH bond
drazine (path A and B in Scheme 1). Path A implies the stepwise &€ involved in H-bonding thus increasing the complex stability
H abstraction from hydrazine by ozone thus yielding via a t© 9 kcal/mol (for structural details, see Figure 4 and the
H-bonded hydrazine-ozone comptyan intermediate RNHNR Supportlng Information). Nelther of the;e arrangements is
«OOOH radical paiB, the diazene-hydrogen trioxide complex possible in the case of 1,2-diphenylhydrazine so that the complex

4, which can dissociate to the separated products diazene andt@Pility is reduced to 7.4 kcal/mol.

hydrogen trioxide §).4° Alternatively, the intermediate radical The activation enthalpy for H abstraction could only be
estimated to be close to 14 kcal/mol for the parent system, i.e.,
(36) () Gauss, JChem. Phys. Lettl992 191, 614. (b) Gauss, JI. Chem.  19(28-3a) using PSIC/B3LYP (just 5 kcal/mol at B3LYP/6-
Phys,1993 99, 3629. 311GH+G(3df,3pd)). DFT severely underestimates the barrier

(37) Gauss, J.; Stanton, J. F.Chem. Phys1996 104, 2574.
(38) Wu, A.; Cremer, D.; Gauss, J., in press.

(39) Our preliminary experiments by using low-temperaturd@ °C) FT IR (40) Pryor et al. considered in the ozonation of saturated hydrocarbons, alcohols,
immersion probe (Mettler Toledo React IR 1000) revealed a typieaHO and ethers the H abstraction and the hydride abstraction as two extremes
stretching vibration at 3202 15 cn1'%, which disappeared upon warming between which the initial reaction complex could choose according to
of the reaction mixture to room temperature. This vibration was tentatively solvent, temperature, and other reaction conditions. Giamalva, D. H.;
assigned to HOOOH (0-30.5 M in acetone). For comparison, the OH Church, D. F.; Pryor, W. AJ. Am. Chem. So4986 108 7678. Giamalva,
stretching vibration for KO,, also present in the reaction mixture, was D. H.; Church, D. F.; Pryor, W. AJ. Org. Chem 1988 53, 3429. See
3350+ 15 cn? under the same conditions. (Lendero, N.; Cerkovnik, J.; also: Hellman, T. M.; Hamilton, G. AJ. Am. Chem. S04 974 96, 1530.
Plesnia@r, B. In preparation.) Nangia, P. S.; Benson, S. W. Am. Chem. Sod98Q 102 3105.
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Scheme 1
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due to the three-electron situation in the TS (ozone acts as a The second H-abstraction is also a rapid reaction (estimated
biradical thus leading to ©He ¢N and the resulting large SIE  activation enthalpies, see Figure 2), in particular if it takes place
lowers the energy) yielding fofrS(2b-3b)andTS(2c-3c)even in the solvent cage and if the second terminal O atom is already
energies below that 02. The methyl and the phenyl group oriented toward the second NH bond as in the caga@Figure
facilitate H abstraction considerably because the hydrazine4). A previous investigation by Ingemann and co-workers
radical 3 formed is stabilized by either hyperconjugation or concluded that the abstraction of the H(N) atoms from the 1,2-
m-conjugation with a phenyl ring. This stabilizing nature of diphenylhydrazine requires a larger energy than the subsequent
phenyl substituents for the radical intermediate has beenH abstraction from the resulting radical, based on an analysis
observed experimentally by Zhao and co-workkrs the of the relative N-H bond energies of the two species. In the
measurement of bond dissociation energies. case of hydrazine, the first bond dissociation energy is 87.5 kcal/
The HOOG radical formed in the first step can abstract a mol, whereas the second leading to diazene requires just 42.6
second H atom of hydrazine directly in the solvent cage and kcal/mol#4
form a rather stable H-bonded complex between diazene and For both the methyl and the phenyl derivative a reorientation
HOOOH (@), which is 7 to 8 kcal/mol more stable than the of the HOOG radical in the solvent cage is required to initiate
separated product$,(Figure 2). The formation of from 2 is the second H abstraction (the second terminal O atom is oriented
exothermic by 35.13a— 4a), 44.9 @b — 4b), and 41.6 kcal/ in 2b toward a methyl hydrogen or away from the hydrazine
mol (2c — 4c) thus reflecting the increased stabilization frame, see Figure 4). Such a reorientation can easily lead to a
possibilities of the substituents in the diazene (hyperconjugation radical recombination reaction and the formation of hydrotri-
and sr-conjugation). The kinetics of the reaction should be
determined by the first reaction step, which should be fast (42) Although no detailed experimental studies on the ozonation of the parent

. . . . hydrazine were undertaken, it was obvious from our preliminary experi-
considering the low barriers and the energy gained by the ments that HOOOH was formed in good vyields in all the solvents

i 42 investigated.
formation of comple>Q. (43) Ingemann, S.; Fokkens, R. H.; Nibbering, N. M. 8.0rg. Chem1991,
56, 607.
(41) Zhao, Y.; Bordwell, F. G.; Cheng, J.-P.; Wang,JDAm. Chem. S0d997, (44) Luo, Y.-R.Handbook of Bond Dissociation Energies in Organic Com-
119 9125. pounds CRC Press: Boca Raton, 2003.
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Table 1. Energies, Enthalpies, Entropies, and Dipole Moments of
Structures 1-8 with R = H, R = Me, and R = Ph Calculated at
B3LYP/6-31G(d,p)?

AE >ZPE

system sym AH(298) S AG(298) u
R=H
la C 0.0 38.1 0.0 1134 0.0 2.14,0.61
Cy 0.0 38.1 0.0 1134 0.0 1.98,0.65
2a C -87 39.2 -80 79.9 20 0.01
C -4.0 392 -—-3.2 79.9 6.8 0.27
TS(2a-3a) C; -0.8 36.2 —-33 74.6 83 23
C -46 362 71 74.6 45 2.56
3a Cy -9.8 36.0 —115 1195 —-133 2.61,1.22
C -8.1 36.0 —-9.8 1195 -—-11.6 2.54,1.15
4a C, —43.7 385 —431 854 —34.8 1.65
C; —39.9 385 —39.3 854 —-31.0 1.55
5a Cxn —350 368 —36.1 1129 —-359 0,1.12
Cxn —345 368 —356 1129 -354 0,1.15
6a C; —33.8 404 —-323 75.7 —21.1 2.38
C, —29.6 404 -—28.1 75.7 —26.9 242
Ta C; —-325 368 —334 119.7 —353 1.67,2.26
C; —325 36.8 —334 119.7 —353 1.83,222
8a Cs —654 384 —-65.0 1147 —654 1.17,1.76
Cs -—-67.6 384 —-67.2 1147 —-67.6 1.22,1.64
R=Me
1b C 0.0 735 0.0 1285 0.0 1.54,0.61
2b C -94 741 -9.0 92.1 1.8 2.66
3b C, —-143 713 —-16.0 136.6 —184 2.05,1.22
4b C; -544 738 —53.9 854 —459 1.89
5b Con —445 721 —456 136.6 —46.2 0,1.13
6b C; —350 75.1 —338 89.7 —223 2.62
b C; —-353 723 —359 1358 —38.1 1.83,2.26
8b C —739 734 -—-73.7 1299 —-74.1 158,176
R=Ph
1c Cy 0.0 139.6 0.0 164.6 0.0 1.91,0.61
2c C -84 1404 —-7.4 129.2 3.2 252
3c C; -—19.3 138.0 —20.5 1704 —22.2 1.68,1.23
4c C; —50.1 140.2 —49.0 1341 —-399 154
5¢c Copn —41.4 1389 —419 1665 —425 0,1.13
6¢c C, —27.3 1409 —26.2 1257 —-146 2.15
7c C; —323 1385 —32.8 1694 —343 1.85,2.26
8c Cs —64.5 139.8 —65.0 164.7 —65.0 1.75,1.76

aFor a definition of structures see Scheme 1. Relative energiE} (
zero point energies (ZPE), relative enthalpi&si(298)), and relative Gibb’s
free energies/AG(298)) in kcal/mol, dipole momentg) in Debye, entropies
(9 in cal mol/deg.— The symmetry in column Sym is given with regard
to the first molecule in a system of two molecules; the same holds for
the dipole moment. Data in italics has been calculated with the
6-311++G(3df,3pd) basis in conjunction with the B3LYP functional.

oxide 6. Although the formation ofc is just exothermic by

5.7 kcal/mol AH(298), Figure 3), the hydrotrioxide should
possess so much excess energy to surmount directly a smal
barrier (both DFT and SIC-DFT calculations could not locate
TS(6¢-7¢) and to decompose to a hydrazine-N-oxyl radical and
the HOO radical (7, Figure 3) in another exothermic reaction
(AH(298) = —6.6 kcal/mol, (Table 1). H-abstraction by the
HOOs radical leads to an diazem¢oxide zwitterion and HOOH

).

1,2-diphenyldiazen®&-oxide (254 5%) produced via path B

is larger than that of HOOH (1& 5%). The loss of hydrogen
trioxide can result from its decomposition into, GAy)
catalyzed by either water or hydrogen peroxide molecules
(reactions I-1 and I-2, in Scheme 2) as previously suggested by
us89%The decomposition of HOOOH was investigated at higher
temperatures. The yield of singlet oxygen was determined with
the use of a typical @(*Ag) acceptor, i.e., 9,10-dimethylan-
thracene, to be 28 10% (9,10-dimethylanthracene endoper-
oxideY*® in acetoneds and methyl acetate. The formation of O
(*Ag) in the decomposition of HOOOH was also confirmed by
chemiluminescence in the infrared region with a maximum at
1272 nm (acetonds, —10 °C). The kinetic and activation
parameters for the decomposition of this simplest of polyoxides
(Table 2) are in accord with the mechanism shown in Scheme
2 (reactions I-1 and 1-2) and our previous prop&8ailthough

the calculated activation enthalpies (18.8 and 17.3 kcal/mol,
Scheme 2) are-23 kcal/mol higher than the measured Arrhenius
energies (15.316.7 kcal/mol, Table 2). This difference is
obviously the result of the effect that in a solvent and with
additional water molecules present the catalytic effect is more
efficient. In any case, water or hydrogen peroxide can participate
in the decomposition of HOOOH as a bifunctional catalyst in
a “polar” decomposition process to yielding GAy).

It should be pointed out that in all cases under investigation
sufficient water was present after the ozonation of 1,2-
diphenylhydrazine to complex all the HOOOH present in
solutions (see Figure 3.) Because water was found to be labeled
with 17O (by 17O NMR), it was most likely formed, at least in
large part, during the ozonation by the decomposition of
hydrogen trioxide as described in Schem®& .

Xu, Muller, and Goddar?® investigated reactions between
simple polyoxides using similar methods (B3LYP calculations
with 6-31G(d,p) and cc-pVTZ basis sets) as those employed in
this work. Their reaction and activation enthalpy for reaction
I-1 are close to what we obtain. In addition, these authors suggest
two other decomposition paths of hydrogen trioxide (reactions
II'and Il in Scheme 2). In the case that local concentrations
make the formation of a hydrogen trioxide dimer possible (one
HOOOH adopts the 3.5 kcal/mol less staBlesymmetrical cis
conformation by flip-flop rotatioff), this can initiate the
decomposition to @ (*Ag) (or O (3%¢7)) and two HOOH
molecules via intermediates@nd HO4 complexes? The rate
determining activation enthalpy of this process was calculated
to be 19.7 kcal/mol. Alternatively, D(*Ag) formed in the
solution reacts directly with hydrogen trioxide (activation
enthalpy: 12.0 kcal/mol, reaction 1l in Scheme 2) thus leading
to ozone and HOOH.

The relative abundance of the 1,2-diphenyldiazene measured*®)

experimentally suggests that path A is the preferred mechanism,
which seems to imply that a reorientation of the HOO&dical

in the solvent cage for the recombination reaction is more
difficult than the H abstraction reaction. The required movement
(a head-tail exchange of the HOOOradical) might only be

possible outside the solvent cage and therefore less frequent

than the H-abstraction reaction in mechanism A.

The experimental yield of the hydrogen trioxide generated
via Path A (30+ 10%) is ca. 45% lower than the corresponding
yield of the 1,2-diphenyldiazene (75 5%). Also, the yield of

11558 J. AM. CHEM. SOC. = VOL. 125, NO. 38, 2003

(a) Corey, E. J.; Mehrotra, M. M.; Khan, A. U. Am. Chem. S0d.986

108 2472. (b) Clennan, E. L.; Foote, C. S. @rganic PeroxidesAndo,

W. Ed.; Wiley: New York, 1992; p 255.

(46) Lerner et al. have reported a surprising observation that ozone is formed
(besides hydrogen peroxide) in biological systems and that the first step of
its formation most likely involves the antibody catalyzed conversion of
molecular singlet oxygen and water to HOOOH (see ref 9).

Water is most probably also formed in the reaction of ozone with hydrogen
trioxide and hydrogen peroxide (Xu, X.; Goddard, W. A., Proc. Natl.
Acad. Sci. USA2002 99, 15 308). However, control experiments {8

°C) showed that these processes are rather slow under experimental
conditions investigated.

(48) MP2/6-31G(d) calculations: D. Cremdr,Chem. Phys1978 69, 4456.

— The flip-flop rotation of HOOOH from its most stabl&,-symmetrical
conformation into the mirror image of this conformation proceeds via the
Cs-symmetrical form and resembles the pseudorotation of a five-membered
ring.

(47)
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Figure 2. Enthalpy profile for the ozonation of hydrazine (normal numbers), 1,2-dimethylhydrazine (numbers in parentheses), and 1,2-diphenylhydrazine
(numbers in brackets) according to path A (see Scheme 1). B3LYP/6-31G(d,p) calculations using RDFT, BS-UDFT, and SIC-DFT.
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Figure 3. Enthalpy profile for the ozonation of 1,2-diphenylhydrazine according to paths A and B (see Scheme 1). B3LYP/6-31G(d,p) calculations using
RDFT, BS-UDFT, and SIC-DFT.

Hence, there are several decomposition possibilities for the decomposition of hydrogen peroxide is slower than that of
HOOOH, which explains the relatively high loss (45%) of this hydrogen trioxide and can proceed via essentially one mecha-
polyoxide in the reaction mixture. For HOOH, a low energy nism (in solutions free of acids and metal ions, which also can
decomposition path according to reaction la in Scheme 2 doesact as catalysts). This seems to explain the smaller degree of
not exist. The most likely decomposition reaction (observed for decomposition of HOOH as compared to that found for
concentrated hydrogen peroxide solutions and also investigatedHOOOH.
by Xu, Muller, and Goddaf¥) starts from a dimer and yields 1,2-Dimethylhydrazine (1b).Ozonation of 1,2-dimethylhy-
two water and a @(*Ag) molecule. The activation enthalpy is  drazine with ozone-oxygen or ozone-nitrogen mixtures in
26.9 kcal/moP® but can be somewhat lowered by the inclusion acetoneds (0.01-0.1 M) at—78°C yielded 1,2-dimethyldiazene
of two water molecules in the reaction mechanism. In any case, (trans isomer, 2& 10%, mol %), 1,2-dimethyldiazerng-oxide
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Figure 4. B3LYP/6-31G(d,p) geometries for selected structures. Distances in A, angles in deg. For other geometries, see the Supporting Information.

(50 &+ 10%), formic acid (15t 5%), nitromethane (18 5%), and trans-diazenes) that correspond to the breaking off of a
hydrogen trioxide (45t 10%), hydrogen peroxide (56 10%), singlet oxygen molecule and that are already in the exit channel
and water. The increased yield of 1,2-dimethyldiazBirexide of an O-transfer reaction from ozone to diazene (Scheme 3 and

relative to the phenyl system is most likely due to subsequent Figure 5). The instability of the ozonide ring system results from
oxidation of the dimethyldiazene. Control experiments showed strong destabilizing lone pailone pair (Ip-Ip) repulsion (a

that 1,2-dimethyldiazene reacted slowly with ozore&’8 °C) planar diazaozonide would be aszi8ystem with two occupied

to form 1,2-dimethyldiazendroxide (90 mol %) and ni- antibondoingz* MOs). The nature of Ip-Ip repulsion implies

tromethane (10%) as the main reaction products. The proposedhat such a system will not be significantly stabilized regardless

mechanism of this oxidation is illustrated in Scheme 3. of the degree of puckering or the substituents of the diazene
Oxidation of the diazene with ozone was originally thought system. The formation of 1,2-dimethyldiazeNexide can only

to occur in a concerted symmetry-allowedr[4 27] reaction occur via a stepwise process involving an in-plane attack of

via the generation of a primary ozonide. However, neither the the electrophilic ozone molecule at an electron Ip of one of the
corresponding TS nor the ozonide ring could be located on the diazene N atoms and the O transfer from the ozone molecule
potential energy surface. When performing constrained opti- to the diazene.

mizations with the help of the puckering coordindtéfeezing, This conclusion implies an important corollary: If the in-
e.g., the phase ang® structures were found (testing both cis- plane attack of ozone is sterically hindered as in the case of
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Scheme 2 Table 2. Proton Chemical Shifts, Rate Constants, Frequency
1 " e - Factors, and Activation Energies for the Decomposition of
) Ot 0=0-... O-H Hydrogen Trioxide (HOOOH) Formed in the Ozonation of
R AH4(298) =18.8 ; “H AHR(298) 1,2-Diphenylhydrazine (1a) and 1,2-Dimethylhydrazine (1b) in
: H _ H ! Various Solvents@
TR O-=---H=Q -9.2 kcal/mol
H H H solvent T(°C) O (ppm) 10%k(T),s™*  E,(kcal mol™) log A
Hy05 + 2 H0 02[1Ag) + 3 H0 la acetoneds —30 13.24 (0.1@
H —20 13.11 0.1
2 o 020 O-H 1319  (0.55)
e AH,(298)=17.7 “H -10 1302  0.25
H H - H 1310  (1.58)
St Onyy P 13.09  [1.5}
H-O H=—0 0 1293 14 16215 9.4+1.0
; 13.00 (5.0 (15.9+1.4pP (9.5+1.0p
H203 + H20 + Ho0, Oxl'4g) + 2H0 + H0; 13.00 [46} [16.0+14F [9.5+1.0F
10 12.84 25
H w L 2
"M eog=ee P 00 20 1275 638
WM - . ooy . 30 12.67 174
o__o,é. “bagr S methyl -10 12.47 0.4
acetate 0 12.38 1.43
10 12.29 4.3 16.315 95+ 11
i 15 1225 7.2
H-o~O~y  pe0=© 20 1221 124
e g AM,(298) < I 30 1214 29.0
bf d 19.7 i o'{ tert-butyl —10 12.62 0.38
% : O=o~ AH,(298) = methyl 0 1255 095
_ 7 2 kealimol ether 5 1254 137
Cleavage of OO bond: 10.2 kcal/mol caimo 10 1250 24 153 1.3 8.3+ 0.9
O o 15 12.46 5.1
g N AHL(298) = & + /0““ 20 1241 5.7
| 97 H—0 25 12.39 114
Hofo - 30 1236 17.0
1b acetoneds —10 13.10 0.26
Hs03 + HoOs 0a('ag) + 2 Hp0, -5 13.05 0.35
0 1299 0.81
m o= 0—Q* 0—0 5 1295 1.76 17.&6 1.6 9.6+1.1
W3 AHa(208) W W AHg(298) W 10 1291 2.28
! Taa W “Han L : 15 12.86 4.04
Owg-0 8.3 O~g=0 12.0 O~g-0 20 1281 6.50
methyl -5 12.55 0.63
AHp(298) = acetate 0 12.47 1.35
. o - 03 + HZ0
H203 + 0x('Ag) 2T %2 g 6 kealimol 5 1242 245 16716 95+10
10 12.38 4.05
v H 15 12334 551
O/H‘ o P 0 H‘o*” o 20 1228 105
I | - : & - Il
WPl i o~n © ag(HOOOH) = 0.002-0.01 M. Standard deviations+10%. By
H following the decay of the HOOOH absorptidhc(HOOOH)= 0.01-0.1
AH4(298) =26.9 -30.6 M. ¢Runs as in footnot® in the presence of the radical inhibitor 2,6-di-
tert-butyl-4-methylphenol (BMP). Molar ratio HOOOH:BMP 1:5.
Hy0; + Hz0; Oz('ag) + 2 H0

three possible mechanistic alternatives for the formation of
nitromethane (see Scheme 3): (a) Ring closure of the nitroso
oxide to an azadioxirane, which can open to the nitromethane.
This reaction is similar to the isomerization of carbonyl oxide
to dioxirane and the opening of dioxirane to the methylene-
(bis)oxy biradical®

(b) Cycloaddition of the nitroso oxide biradical to the=®
double bond of nitrosomethane and formation of a 1,3-diaza-
2,4 5-trioxolane, which by cycloreversion can yield nitrosomethane
and nitromethane.

(c) O-transfer from the nitroso oxide to nitrosomethane thus

1,2-diphenyldiazene (the ortho-H atoms of the phenyl rings in
the planar molecule block the entrance to the bay-region, in
which the N atoms are located; see the Supporting Information)
then ozonation products of the diazene can no longer be
observed. However, 1,2-dimethyldiazene reacts with relative
ease (activation enthalpy of 13.6 kcal/mol) to yield the 1,2-
dimethyldiazeneéN-oxide and singlet oxygeri() in a strongly
exothermic reactionAgH(298) = —42.0 kcal/mol).

If the reaction takes place in the solvent cage, then molecular
singlet oxygen oxidizes the diazehkexide andll is formed
(Figure 5). The activation enthalpy is 41.2 kcal/makH(298) yielding nitromethane and nitrosomethane.
= 29.3 kcal/mol), which in view of an excess energy of 55.6 Possibility (a) is unlikely due to the fact that the activation
kcal/mol from the first step is available for some of the enthalpy for ring closure is 46.1 kcal/mol, which leads to an
molecules (dissipation determines the vyield bf). Ni- enthalpy 33.4 kcal/mol above that of the reacténfsee Figure
trosomethane and nitrosomethane oxide can recombine to form5). For the cycloaddition reaction (b) a TS and the ozodide
nitromethane and nitrosomethane. Nitrosomethane can then(Scheme 3) were not found for reasons similar as in the case of
easily be oxidized by ozone to nitromethane. We investigated the diazene-ozone cycloaddition reaction (see above). Reaction
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(c) requires an activation enthalpy of just 29 kcal/mol kcal/

mol. Considering that in the formation dfo 55.6 kcal/mol

A further point of note in the reaction of the 1,2-dimethyl-
hydrazine is the production of formic acid. This observation
suggests a third competing pathway for the reaction of the 1,2-
dimethylhydrazine radical (Scheme 4) to those outlined in
Scheme 1. In this mechanism the 1,2-dimethylhydrazine radical
reacts with the HOO®radical @) to produce formaldehyde
methylhydrazone and HOOOH#), which can be ozonolyz&®
to yield formic acid and nitromethane vi&6 and 17 (Scheme
4).

Although neither formaldehyde methylhydraz®¥enor
N-methyl-N-nitrosoaminé?® already proposed before as the
products of the ozonation of hydrazor¥@syere detected in the
reaction mixture, control experiments showed that ozonation
of formaldehyde methylhydrazone (0.1 M in acetone;-&B8
°C) actually produced nitromethane and formic acid as the main
products. The proposed mechanism shown in Scheme 4 is based
on the fact that both the NH and a CH hydrogen should be
prone to abstraction by the HOG@@adical (Schemes 1 and 4).
The correspondingS(3—15) represents again a three-electron
situation with a large self-interaction error. It could not be found,
which suggests that the corresponding barrier is rather low thus
yielding at the DFT level a “negative” TS energy.

The C=N double bond of the hydrazone formed reacts with
ozone similarly as the #N double bond of the diazene does
(Scheme 3), i.e., in an O-transfer step rather than a cycloaddition
step. The activation enthalpy is 25.2 kcal/mol (B3LYP/6-31G-
(d,p) calculations, Table 3), almost twice as large as in the
diazene reaction (13.6 kcal/mol, Figure 5). The(€\g) formed
can react with the hydrazon®-oxide to give N-methylN-
nitrosoamine and carbonyl oxidé®, Scheme 4) in an exother-

excess energy are generated, of which just 29.3 kcal/mol aremic reaction AH(298) = —11.7 kcal/mol, Table 4) analogue

reused in the decomposition @D to 11, there are still 26.3

to the corresponding reaction of the diazéhexide (Scheme

kcal/mol left (in the best case considering dissipation) for the 3). Carbonyl oxide is know to proceed via isomerization to
O-transfer reaction and the formation of nitromethane and dioxirane (activation enthalpy 20.4 kcal/malH(298)= —23.4

nitrosomethanel@, Figure 5). Therefore, possibility (c) repre-

kcal/mol), which rearranges easily to formic acid (activation

sents the most likely mechanism for nitromethane formation, enthalpy 21.7 kcal/mol, AH(298) = —89.4 kcal/mol) by

which was found in the reaction mixture.

334 l~l=talf_me e

g
Mé C..q-0

T§(9-10)
!

H-migration and OO-cleavag®-methylN-nitrosoamine can

TS(11-12) 0-0 0
A + N
I N M
35,
q TS(1-13)
N---0.
0
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420
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N:ah(::e 1
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Ozonation of 1,2-Dimethyldiazene
Figure 5. Enthalpy profile for the ozonation of 1,2-dimethyldiazene (see Scheme 3). B3LYP/6-31G(d,p) calculations using RDFT, BS-UDFT, and SIC-

DFT.
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Scheme 4 Table 4. Comparison of Relative Energies, and Free Energies of
Structures 1la—8a Calculated for the Solvent Phase (Acetone) and
s TS(3-15) : the Gas Phase at B3LYP/6-31G(d,p)?
H
e H'w,__ /!Q—H system sym AE AG(298) u
HN—N + HOOO* ——r NNy la C 0.0 (0.0) 0.0 (0.0) 2.38
wd Mé 2a C -7.5(-8.7) —-7.0(2.0) 0.12 (0.01)
o —o’H TS(2a—3a) C; -1.1(-0.8) —0.8(8.3) 3.11(2.30)
o 3a C: —130(9.8) -12.8(13.3) 3.03(2.61)
4a C.  —448(-43.7) —43.8(-34.8) 1.85(1.65)
: 5a Cx —38.8(-35.0) —38.5(-35.9) 0(0)
H 6a C: —358(-33.8) —359(21.1) 2.83(2.38)
H H 7a C: —36.8(-325) —36.4(-353) 1.98(1.67)
Me-N @ +03 i 15 8a Ce —-71.1(654) -70.8(654) 1.38(1.17)
WN=CH, | T MemN
5.0 N=CHz + HOOOH aFor a definition of structures see Scheme 1. Relative energiE} (
O and relative Gibb's free energieAG(298)) in kcal/mol, dipole moments
TS(15-16) () in Debye. The symmetry in column Sym is given with regard to the
] first molecule in a system of two molecules. The values in parentheses
. ¢ correspond to the gas-phase values.
H o]
H \ . . .
+0, ('ag) Me mN\ L steps further. We consider the mechanism shown in Scheme 4
Me-" N\e —_— /N---C..\m as reasonable to explain the ozonation products of hydrazones.
OO/N_CH2 .0 H The mechanism of the ozonation of the hydrazifieslb,
16 181647 andl1chas been explored qguantum chemically in the gas phase
(16-47) while experimental investigations were performed in solution.
For the purpose of assessing possible solvent effects on the
N pe 20 17 reaction mechanism, we calculated electrostatic effects caused
I|~l . no oxidation H H by acetone in the case of the ozonationlaf Some selected
Me 2 _— /N—N\\O * F‘ifc_o\o data are summarized in Table 4. They reveal that the solvent
Me ’ acetone should favor reaction path B somewhat more (reactions
become more exothermic), although the mechanisms discussed
H_C«O TS(18-19) I above will not change. However, a solvent, which can establish
0 d—o H-bonds to the reaction partners can have a significant effect
Hoo1e 18 TS(17-18) on the mechanism. For example, water is generated in the
reaction, which may form H-bonded complexes with reaction
gfrblgtﬁes'flf:]eg'?d Engﬁglgegh;f_g;ogff'zagdm'?a'tl%ml% _g/'%nr?gnéz of partners and intermediates thus influencing reaction barriers and
uctu VOIV | Y4 | ,2-DI ylalaz - . . . .
Calculated at B3LYP/6-31G(d,p)? reaction enthalpies. Further studies will have to be carried out
to investigate these effects.
system  sym  AE  ZPE AH(98) S  AG(298) u Conclusi
onclusions
9 Can 0.0 57.7 0.0 126.5 0.0 0,0.61 i o
TS(9-10) C; 136 584 136 869 254 558 In the present investigation we have shown that several
10 Cs —434 593 —-419 1231 -408 1.58,0 mechanisms are involved in the oxidation of substituted
Ts@o-11) G, —-11 590 -08 839 119 339 hydrazines by ozone where the preferred reaction path depends
11 Cs —121 573 —12.7 1275 -13.0 2.37,2.39 :
TS(11-12) C, 357 285 334 653 332 2.90 on the nature of.the substituent (alkyl or aryI)..In any case, the
TS(11-13) C; 16,5 58.1 163 87.7 27.8 4.01 ozonation reaction leads to a major production of hydrogen
ig gs _7%,% gcl)-i —7%(7) 133%'2 —732 é-ig, %-zg trioxide (HOOOH), and represents insofar the best method for
3b c 00 601 00 737 00 205 the prepara_tlon of this polyoxide in S|gn|f|car_1t a_mounts without
15 C, -282 536 —27.3 69.0 —-253 1.82 the interfering presence of organic hydrotrioxides (ROOOH).
TS(15-16) C;  —28 582 -—21 902 106 7.16 (1) Ozonation is initialized by the formation of an ozone-
16 C. —549 590 -530 1241 -506 3.21,0 hydrazine complex, followed by stepwise H-abstraction and the
17 Cs —657 58.1 —64.7 129.0 —63.6  3.90,3.96 : fa di hvd ioxid | hich i
TS(17-18) C. —442 383 —443 1188 —431  3.90,3.68 generation of a diazene-hydrogen trioxide complex, which is
18 C, —89.8 40.0 —88.1 1185 —86.8 3.90,2.53 49 kcal/mol more stable than the reactants.
TS(18-19F C,, —66.6 38.6 —66.4 3.90, 2.30 (2) Alternatively, radical recombination can lead to a hydra-
19 Cs —180.1 40.9 —177.5 118.9-176.3  3.90, 1.44

zine hydrotrioxide, (RNOOOH), which decomposes quickly
even at low temperatures to diazeNexide and HOOH. But
aFor a definition of structures see Scheme 3 and Scheme 4. Relativethe yield of these products is smaller because, the radical

energies AE), zero point energies (ZPE), relative enthalpiad(298)) recombination requires either diffusion out of the solvent cage
and relative Gibb’s free energieAG(298)) in kcal/mol, dipole moments d 9

() in Debye, entropiesSj in cal mol/deg.— The symmetry in column or an overall rotation of HOO®in the solvent cage.

Sym is given with regard to the first molecule in a system of two molecules;

where two molecules form a system the sum of their zero point energies (49) See, for example, Cremer, D.; Kraka, E.; Szalay, RCl&m. Phys. Let.

and the sum of their entropies are reporteData for the reaction of8to (50) }:%?8 é%%ogg.sﬁﬂgiégfg;e{lhceez ;gﬁz:gh of carboiroden double bonds

19 via TS(18-19) from ref 49. see:p(a) Erickson, R. E.; Andrulis, P. J., Jr.; Collinsg, J. C. Lungle, M. L,;
Merger, G. D.J. Org. Chem1969 34, 2961. (b) Enders, D.; Wortmann,
L.; Peters, RAcc. Chem. Ref00Q 33, 157.

be oxidized to nitromethane and M@owever, no attempt was  (51) (a) Begtrup, M.; Nytoft, H. PJ. Chem. Soc., Perkin Trans, 1985 81.

. - (b) Castro, A.; Leis, J. R.; Pena, M. B. Chem. Soc., Perkin Trans. 2,
made at present to explore experimentally these mechanistic  19sq 1861.

20 Cs —147.3 451 —144.7 1294 —-1445  3.48,2.59
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(3) A new mechanism for the decomposition of hydrogen Research Council (Vetenskapsradet). Calculations were done
trioxide involving both hydrogen peroxide and water in a on the supercomputers of the Nationellt Superdatorcentrum

pericyclic process (via the hydrogen-bonded HOGEHDOH— (NSC), Linkgping, Sweden. D.C. thanks the NSC for a generous
HOH complex) is proposed thus lowering the yield of HOOOH allotment of computer time. B. P. and J. C. thank Dr. J. Plavec
in the ozonation of hydrazines. (National Institute of Chemistry, Ljubljana) for runningo

(4) For alkyl hydrazines, H can be abstracted from thesCH  NMR spectra on the 600 MHz Varian spectrometer.
group inoa-position to the N thus leading to a hydrazone. In
the case of 1,2-dimethylhydrazine, the corresponding hydrazone Supporting Information Available: Geometries and energy

is ozonolyzed further y|g|d|n_g nltromethane and formu; acid. data (PDF). This material is available free of charge via the
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