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Abstract The enthalpy of oxidative cleavage of azo
compounds (diazenes) is discussed and compared with that

of symmetric olefins. The roles of substituents and of

electronegativity are explicitly discussed.
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Introduction

Recently [1] we discussed the energetics of the oxidative
cleavage of symmetric olefins, i.e. the enthalpy of the

formal reaction

RR0C"CRR0 # O2 ! 2RR0CO $1%

These reactions (here limited to those in the gas phase) were
shown to be always exothermic and spanned a nearly 400 kJ/

mol range, from 212.5 kJ/mol for tetracyanoethylene to

589 kJ/mol for tetrafluoroethylene. Electron-withdrawing R
and R0 groups generally resulted in comparatively small

enthalpies, electron-donating groups generally resulted in

comparatively large enthalpies.What about the corresponding
reaction of (generally gas phase) azo compounds, namely

RN"NR# O2 ! 2RNO $2%

For multiple reasons we expect to find a decreased

exothermicity. The first harkens to Pauling’s electro-
negativity equation (when expressed in kJ/mol) [2]

D A& B' ( " 1=2 D A& A' ( # D B& B' ($ % # 96Dv $3%

where the Ds are bond energies and Dv is the difference of
the electronegativities of A and B. (This equation has fallen

into neglect, if not occasional disrepute. However, see the
recent paper [2] and the corollary contained therein.)

Applying this equation to doubly bonded species and

recognizing Dv is smaller for the pair of atoms nitrogen and
oxygen, than for carbon and oxygen, results immediately in

the desired conclusion that reaction 2 will be less

exothermic than reaction 1 for corresponding groups
affixed to the double bond. One could compare the

energetics of related compounds with C–C, O–O and

hence C–O single bonds, with those of N–N, O–O and N–O
single bonds. While there are numerous species for which

the enthalpy of formation is known with C–C [3] and C–O

[3] bonds, there are rather few with O–O single bonds [3].
Data for N–N single bond containing compounds are

likewise scarce [3], for N–O all but nonexistent [3].

Alternatively, we recognize the reaction

O"O# O2 ! 2O2 $4%

is thermoneutral. O=O and O2 are equated [4], in which

nitrogen interpolates carbon and oxygen, again results in the

prediction that reaction 2 will be less exothermic than
reaction 1. What else can O=O be? It could be ‘‘singlet

oxygen’’, namely the 1D low lying excited state. In this case,

it is suggestive that O2 should also be this state, even though
that was not assumed in Ref. [1], and hence it will not be

assumed here either.
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The current study provides a test of reaction 2 wherein

all data will be for gas phase species unless otherwise said
explicitly. For most of the species of interest there is no

thermochemical information about the condensed phase,

and for the one piece of data referring to aqueous species,
there are no data for gases. Table 1 presents all the extant

data known to the authors.

The pattern for the energetics of the oxidative cleavage
of azo compounds corresponds to those found for the

cleavage of olefins—p donating groups are associated with

large exothermicities is affirmed. It is pleasing that our
expectation is realized that the exothermicities are smaller

based on the increased electronegativity of C, N and O.

References

1. Frank AT, Adenike A, Aebisher D, Greer A, Gao R, Liebman JF
(2007) Struct Chem 18:71. doi:10.1007/s11224-006-9126-x

2. Matsunaga N, Rogers DW, Zavitsas AA (2003) J Org Chem
68:3158. doi:10.1021/jo020650g

3. (a) Pedley JB (1994) Thermochemical data and structures of
organic compounds, vol 1. TRC Data Series. College Station, TX;
(b) Slayden SW, Liebman JF (1993) In: Patai S (ed) The chemistry
of functional groups, suppl E2. Chemistry of hydroxyl, ether and

peroxide groups, Wiley, Chichester; (c) Slayden SW, Liebman JF
(2006) In: Rappoport Z (ed) The chemistry of peroxides, vol 2.
Wiley, Chichester; (d) Liebman JF, Afeefy HY, Slayden SW
(1997) In: Patai S (ed) The chemistry of hydrazo, azo and azoxy
groups, vol 2, Wiley, Chichester; (e) Slayden SW, Liebman JF In:
Rappoport Z, Liebman JF (ed) The chemistry of hydroxylamines,
oximes and hydroxamic acids, Wiley, Chichester (in press)

4. (2006) In: Greer A (guest ed) Organic chemistry of singlet oxy-
gen. Tetrahedron symposium, vol 62(46), pp 10603–10776

5. Matus MH, Arduengo AJ III, Dixon DA (2006) J Phys Chem A
110:10116. doi:10.1021/jp061854u

6. Dixon DA, Francisco JS, Alexeev Y (2006) J Phys Chem A
110:185. doi:10.1021/jp054642q

7. Acree WE Jr, Pilcher G, Ribeiro da Silva Maria DMC (2005) J
Phys Chem Ref Data 34:553. doi:10.1063/1.1851531

8. (a) Dias AR, Minas Da Piedade ME, Martinho Simões JA, Simoni
JA, Teixeira C, Diogo HP, Yang MY, Pilcher G (1992) 24:439; (b)
Steele WV, Chirico RD, Knipmeyer SE, Nguyen A, Smith NK
(1996) J Chem Eng Data 41:1285. doi:10.1021/je960117w

9. Wagman DD, Evans WH, Parker VB, Schumm RH, Halow I,
Bailey SM, Churney KL, Nuttall RL (1982) J Phys Chem Ref
Data 11 (Suppl 2): iii ? 2-1–2-390

10. Chen THE, Mendenhall GD (1984) J Am Chem Soc 106:6375.
doi:10.1021/ja00333a045

11. Batt L, Christe K, Milne RT, Summers AJ (1974) Int J Chem
Kinet 6:877. doi:10.1002/kin.550060610

12. Schneider S, Gerken M, Haiges R, Schroer T, Boatz JA, Dixon
DA et al (2007) Inorg Chem 46:93. doi:10.1021/ic0609103

Table 1 Enthalpy of formation of diverse azo compounds, RNNR and the corresponding nitroso species, RNO (all data in kJ/mol)

R DHf (RNNR) Ref. DHf (RNO) Ref. DHf (RNNR) - 2DHf (RNO)

H(g) 209a 5 109b 6 -9

CH3(g) 161a 5 65 7 31

t-(CH3)3C(g) -36 3a -29 7 22

C6H5(g) 404c 8 209 7 14

(CH3)2N(lq) 227 3a 5 9 217

(CH3)2N(g) 271 3a 39 9d 193

O-(aq) -17 10 -105 9 193

OH(aq) -64 10 -119 9 174

O-t-Bu(g) -189 10 -172 11 155

F(g) 82e 9 -67 9 216

Cl(g) 236f 12 52 9 132

All azo compounds are taken as their E-isomer
a In the absence of unequivocal experimental findings, we use the result of G3 quantum chemical calculations of Ref. [5]. In Ref. [5], the Z-
isomer of N2H2 is found to be 21 kJ/mol less stable than the E-isomer
b In the absence of unequivocal experimental findings, we use the result of a CCSD (T) quantum chemical calculation in Ref. [6]
c This is the consensus value from the two contemporary studies, Ref. [8]a, b. The Z-isomer is 47 kJ/mol less stable, as derived from Ref. [8a]
d We derived the enthalpy of vaporization for dimethylnitrosamine as the average of the two quantities: that of dimethylformamide with which it
is isoelectronic, and by assuming the difference of N-nitrosopiperidine and dimethylnitrosamine is the same as cyclohexanone and acetone (all
ancillary data from Ref. [3a])
e This is for the less stable E-isomer (from Ref. [9]), this isomer was chosen because all the other azo compounds have this stereochemistry. The
Z-isomer is 12 kJ/mol more stable than the Z-isomer
f In the absence of experimental findings, we accept the results of CCSD(T)/CBS quantum chemical calculations in Ref. [12]. This is for the Z-
isomer, the E-calculated to be 16 kJ/mol less stable
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