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lines are more intense than the absorption lines; Figure 
Ic is a time-average of 65 passes whereas Figure Id re
quired only 16 passes. Third, the lines in the emission 
spectrum are broader than the lines in the absorption 
spectrum. This difference in line width cannot be due 
to a difference in field homogeneity since the line width 
of the benzene line before irradiation is approximately 
equal to the line width during irradiation. A triplet-
energy-transfer process could be responsible for this 
broadening. 2-ls Fourth, the nmr emission spectrum 
is not simply an inversion of the nmr absorption spec
trum. Some of the lines in the absorption spectrum 
are either missing or very weak in the emission spec
trum, indicating that all of the protons are not affected 
equally. 

As mentioned earlier,4 during irradiation anthra
quinone slowly decomposes. This can be seen by com
parison of Figure Ic with Figure Ie which is the spec
trum obtained after the sample had been irradiated for 
30 min. Both Ic and Ie were time-averaged over 65 
passes. Clearly, the lines in Ic are more intense than 
the lines in Ie, indicating some of the anthraquinone 
had decomposed. Whether the mechanism for this 
decomposition involves a free radical or triplet an
thraquinone or both species cannot be decided on the 
basis of the present data. 

In conclusion, the results reported in this communica
tion demonstrate that nmr spectroscopy can be used to 
study optically excited molecules. Because of the 
amount of information which can be obtained by means 
of nmr, this technique is a potentially powerful tool for 
studying excited molecules. 
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A Diazotization Leading to the Formation 
of a Dinitrogen Complex 

Sir: 

The formation of nitrogen complexes by the de
composition of hydrazine,1 azide ion,2 and NH3,3 by 
the capture of N2 from acyl azides,4 and by the reaction 
of elementary N2 has been described.5-8 We here re
port the formation of a nitrogen-containing complex by 
the reaction of nitrous acid with coordinated ammonia. 

(1) A. D. Allen and C. V. Senoff, Chem. Commun., 621 (1965). 
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Figure 1. The infrared spectrum of Os(NHs)4(Nz)2CJ2 in the high-
frequency range. When the wavelength scale is corrected by cali
bration, the two bands characteristic of N2 appear at 2175 and 2120 
cm - 1 . 

This reaction is remarkable in its own right, proceeding 
as it does with great rapidity at room temperature, and 
is significant also in that it produces the ion (NH3)40s-
(N2)2

2+, which, to our knowledge, is the first complex 
containing two coordinated nitrogen molecules for each 
metal atom to have been characterized. 

For the preparation, 1 X 10 -3 mole each of NaNO2 

and (NH3)6OsN2Cl2, the latter prepared as described by 
Allen and Stevens,9'10 was dissolved in 35 ml of water, 
and the solution was deaerated by using a stream of ar
gon. After ca. 30 min, 4 ml of 1 M HCl was added 
slowly, while the reaction solution was stirred vigor
ously. Up to this point, no reaction was apparent, but 
when acid was added the solution at once became more 
deeply yellow and gas was evolved. A sample removed 
1 min after the addition of HCl and appropriately 
diluted showed that the peak characteristic of (NH3)6-
OsN2

2+ (208 mix, log e 4.4) had disappeared and that a 
new peak was present at 221 m,u (log e 4.3). From the 
spectrophotometry measurements, a yield of ca. 34% 
was determined. Upon the addition of solid alkali hal-
ide, an osmium-containing solid is formed. The crude 
material contains a substantial (ca. 25 %) admixture of 
a nitrosyl-containing species. On repeated recrystalliza-
tion, the intensity of the peak characteristic of the ni
trosyl-containing species is greatly diminished, but the 
characteristic structure (see below) of the nitrogen-con
taining component is unaltered. 

Chloride, bromide, and iodide salts of the refined 
product were prepared. The infrared spectrum of the 
chloride salt is shown in Figure 1. It should be noted 
that the relative intensities of the peaks at 2120 and 
2175 cm - 1 are the same within experimental error for the 
three preparations, and are, moreover, constant for 
successive croppings of crystals from a single solution. 
Anal. Calcd for (NH3)4Os(N2)2Cl2: H, 3.14; N, 
29.09; Cl, 18.40. Found: H, 3.22; N, 28.98 Cl, 
18.38. Calcd for (NH3)4Os(N2)2Br2: H, 2.55; N, 
23.63; Br, 33.70. Found: H, 2.53; N, 23.43; Br, 
33.95. More convincing support of our formulation 
than the elementary composition, which does not dis
criminate between ammonia and N = N , is the gas chro-

(9) A. D. Allen and J. R. Stevens, Chem. Commun., 1147 (1967). 
(10) The preparation of a nitrogen-containing complex of osmium by 

heating osmium compound with hydrazine has also been reported by 
Yu. G. Borod'ko, V. S. Burkeev, G. I. Kozub, M. L. Khidekel, and 
A. E. Shilov, Zh. Strukt. KHm., 8, 542 (1967). 
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matographic analysis performed after addition of Ce(IV), 
which in duplicates showed 1.82 ± 0.11 and 1.77 ± 0.07 
moles of N2 for each osmium. In blank experiments us
ing (NHs)5OsN2

2+, it was shown that 95% of the theo
retical yield of N2 is obtained and that excess Ce(IV) 
does not produce N2 from coordinated NH3. 

The analytical results constitute a strong case for the 
formulation of the cation as (NH3)40s(N2)2

2+. Split
ting of the carbon monoxide stretching mode is ob
served when these are located in the cis position.11-13 

By analogy we are inclined to ascribe the splitting ob
served in the N = N stretch to the same kind of effect, 
and on this basis suggest that the N2 molecules in the 
new complex Os(NH3)4(N2)2

2+ are located cis to each 
other. 

The ion Os(NHa)4(N2V+ which we have prepared is 
probably the trace component reported by Borod'ko, 
et a/.,10 as present in the preparation9 of Os(NH3)5N2

2+ 

by the hydrazine method. In one preparation of Os-
(NH3)6N2I2 we also observed two weak lines at some
what higher frequency than 2035 cm -1 , which is char
acteristic of the mononitrogen complex. Borod'ko, 
et ah, suggest three states of combination on the basis 
of the infrared spectra of the unpurified material; in 
view of our work, two suffice since the cw-dinitrogen 
complex shows two lines in the infrared spectra.14 

The thermal stability of the dinitrogen complex is 
much less than that of Os(NH3)5N2

2+. On heating a 
solution of the former complex over ca. 50°, the solu
tion turns dark. 

It is interesting that when Ru(NH3)5N2
2+ is treated 

with nitrous acid under conditions similar to those 
described, the reaction does not follow the course as 
outlined for Os(NH3)6N2

2+. Nitrogen is released es
sentially quantitatively, and a nitrosyl complex is the 
major ruthenium-containing product. This kind of 
reaction may explain why Jordan, et al.,u failed in their 
attempt to prepare a nitrogen-containing complex by 
the reaction of a Ru(II) azide complex with nitrous acid. 

The rapid diazotization of NH3 in Os(NHa)5N2
2+ is 

remarkable in itself. From the observation that the 
pentaammine is consumed completely within 1 min, we 
calculate a lower limit for the specific rate of reaction 
of HONO with H3NOs11 to be 1 Af-1 sec-1, a value 
which can be compared with 2.8 X 10~4 M - 1 sec -1 as 
reported16 for HONO reacting with NH4

+. The rapid 
diazotization of coordinated NH3 is by no means a 
general phenomenon. Thus, when an excess of nitrous 
acid is added to Ru(NH3)5N2

2+ and the mixture is left 
for an extended period of time, the amount of N2 

formed is not materially greater than that observed with 
an equivalent amount of nitrous acid. On this basis 
we estimate the specific rate for the reaction of HONO 
with NH3 in Ru(NHa)5NO3+ (this is, the major product 

(11) L. E. Orgel, Inorg. Chem., 1, 25 (1962). 
(12) F. A. Cotton and C. S. Kraihanzel, J. Am. Chem. Soc, 84, 4432 

(1962). 
(13) For CU-PtCl2(CO)2, bands at 2162 and 2200 cm"1 have been re

ported: R. J. Irving and E. A. Magnusson, / . Chem. Soc, 2283 (1958). 
(14) Y. C. Borod'ko, A. K. Shilova, and A. E. Shilov, Dokl. Akad. 

Nauk SSSR, 176,927 (1967), report the frequencies 2050, 2100, and 2158 
in the solid product obtained from the reduction of OSOHCI3 by Zn 
amalgam under N2 in THF. It seems likely that they had in hand a 
mixture of a mononitrozenyl and dinitrozenyl complexes. 

(15) R. B. Jordan, A. M. Sargeson, and H. Taube, Inorg. Chem., S, 
1091 (1966). 

(16) J. H. Dusenberg and R. E. Powell, J. Am. Chem. Soc, 73, 3266 
(1951). 

of the N2 elimination reaction) to be less than 2 X 10~3 

M - 1 sec-1. 
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On the Mechanism of Energy Transfer from 
n,7r* Triplet State of Carbonyl Compounds 
to Simple Olefins 

Sir: 

Electronic energy transfer is a rapidly expanding sub
ject of current interest.1 The process involves the 
transfer of electronic excitation energy from a donor to 
an acceptor which leads to the electronic excitation of 
the acceptor. Energy transfer from a triplet donor to 
an acceptor occurs readily when the triplet energy level 
of the donor is higher than that of the acceptor.2 The 
accepted mechanism for such transfer is that of a col-
lisional interaction between the donor and the acceptor 
with a rate approaching that of the diffusion-controlled 
process.3 Although energy transfer from the triplet 
states of carbonyl compounds to simple olefins has 
been noted in several isolated instances, the detailed 
mechanism of such processes has not been investi
gated.4 One specific interesting aspect of these transfers 
is that there may be insufficient energy in the triplet state 
of carbonyl compounds to be transferred into the planar 
triplet state of simple olefins. 

The lowest planar triplet energy level of ethylene 
was measured by Evans to be 82 kcal/mol (28,700 cm -1), 
and he reported that alkyl substituents had little effect 
on the triplet energy levels of conjugated unsaturated 
compounds.5 Substitutions of hydrogens by alkyl 
groups on ethylene may lower the triplet energy level, 
but the exact magnitude of this decrease is not known. 
The n,7r* triplet energy levels of phenyl carbonyl com
pounds have been well characterized and range from 
66 to 73 kcal/mol (24,000-25,800 cm -1),6 values sub
stantially below that of ethylene. The triplet energy 
level of an olefin depends on the angle of twist around 
the axis connecting the two carbon atoms, and the mini
mum energy level is reached when the angle of twist is 
90° from the planar configuration.7 A distinct possi
bility exists that, after the energy transfer, the olefinic 
acceptor has a geometry different from its ground state, 
an apparent deviation from the Franck-Condon princi-

(1) See F. Wilkinson, Adcan. Photochem., 3, 241 (1965). 
(2) G. S. Hammond in "Reactivity of the Photoexcited Organic 

Molecules," John Wiley and Sons, Inc., New York, N. Y., 1967, p 122. 
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Hammond, N. J. Turro, and P. A. Leermakers, J. Phys. Chem., 66, 1144 
(1962); D. R. Arnold, R. L. Hinman, and A. H. Glick, Tetrahedron 
Letters, 1425 (1964); D. R. Arnold and V. Y. Abraitys, Chem. Commun., 
1053 (1967); H. Morrison, / . Am. Chem. Soc, 87, 932 (1965). 

(5) D. F. Evans, / . Chem. Soc, 1735 (1960). 
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