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migration distance exceeds that for the back reaction, the redox 
products are stable.10 

The weak absorbance at 510 nm (Figure 1) is attributed to 
[Ru(bpy)2(bpy-)]+ that arises from the photoinduced dispro-
portionation of the complex.10,18 Since the oxidation potential of 
[Ru(bpy)2(bpy~)]+, 1.3 V, exceeds the reduction potential of 
MV2+, -0.44 V, MV+ formation may also arise from the secondary 
reaction 

[Ru(bpy)2(bpy-)]+ + MV2+ -* Ru(bpy)3
2+ + MV+ (1) 

when the reactants are within the thermal-electron-transfer dis­
tance. Electron transfer between *Ru(bpy)3

2+ and MV2+, which 
has a driving force of 0.4 eV, occurs in cellulose when the sepa­
ration is <14 A.22 Reaction 1 is not burdened by an exergonic 
thermal back reaction, and its occurrence promotes product sta­
bility by reducing the driving force for the back reaction from 
2.5 eV for the disproportionation products to 1.6 eV for the 
Ru(bpy)3

3+-MV+ reaction. 
In both reaction sequences, product stability occurs provided 

the mean separation between the immobilized redox products 
exceeds that for the thermal back reaction.10 Our experiments 
indicate that this spatial separation occurs within the boundary 
region between these partitioned reagents. Further experiments 
are in progress, but the current data illustrate that a net formation 
of MV+ occurs in PVG in the absence of an external electron 
donor. 

Acknowledgment. Support of this research by the Research 
Foundation of the City University of New York and the National 
Science Foundation (CHE-8511727) is gratefully acknowledged. 
H.D.G. thanks the Andrew W. Mellon Foundation for a fellowship 
during 1983-1984 and the Corning Glass Works for samples of 
porous Vycor glass. 

Supplementary Material Available: A plot of the optical den­
sities of adsorbed Ru(bpy)3

2+ at 450 nm and chemically generated 
MV+ at 610 nm as a function of relative thickness of an im­
pregnated 25- X 25- X 4-mm PVG sample (1 page). Ordering 
information is given on any current masthead page. 

(22) Kaneko, M.; Motoyoshi, J.; Yamada, A. Nature (London) 1980, 285, 
468-470. 

Mechanistic Investigation of the Photoinitiated 
Autocatalytic Chain Decomposition (PACD) Reaction 
of Phenyl Azide and Derivatives 

Roseann F. Jenkins 

Department of Chemistry, Carnegie—Mellon University 
Pittsburgh, Pennsylvania 15213 

Walter H. Waddell* 

Technical Center, The Goodyear Tire & Rubber Company 
Akron, Ohio 44316-0001 

Helen W. Richter 

Department of Chemistry, The University of Akron 
Akron, Ohio 44325 

Received September 5, 1986 

Investigations of the photochemistry of phenyl azide'-' have 
led to documentation of an autocatalytic (branching8) chain re-
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Table I. Quantum Yields of Disappearance of Phenyl Azide and 
Derivatives" 

[azide], 
M4 

10"4 

10"3 

10"2 

IO"' 

phenyl 
azide' 

0.56 
4.7 

93 
1800 

4-bromo 
phenyl 
azide' 

0.80 
1.6 
6.6 

81 

$ 
2,4,6-tribromo 

phenyl 
azide' 

0.16 
0.46 

15 
143' 

4-nitrophenyl 
azide1' 

0.54 
1.7 
6.4 

434 
0 Aeetonitrile solutions deoxygenated by bubbling with nitrogen gas 

for 3 min at 0 0C. 'Concentrations range was (0.868-2.06) X \0~Y, Y 
= 1-4. '254-nm excitation, ^ n - n m excitation. 'Concentration = 
5.05 x IO"2 M. 

Table II. Triplet-Sensitized Quantum Yields of Disappearance of 
4-Nitrophenyl Azide0 

sensitizer 

none 
benzophenone 
biphenyl 
none 
benzophenone 
biphenyl 

X, nm* 

313' 
254^ 
254^ 
313' 
254' 
254' 

[azide], M 

0.10 
0.10 
0.10 
0.20 
0.19 
0.19 

[sensitizer], M 

0 
0.073 
0.093 
0 
0.15 
0.19 

* 
319 
677 
593 
846 

2500 
937 

"Aeetonitrile solution deoxygenated by nitrogen bubbling. 
'Wavelength of excitation. '/(313 nm) = 1.0 x 10M photons/s. dI-
(254 nm) = 2.98 X 10'3 photons/s. '/(254 nm) = 3.26 X 10'3 pho­
tons/s. 

action. This molecular explosion in solution is characterized by 
quantum yields for the disappearance of phenyl azide that greatly 
exceed unity1'5,7 and which increase exponentially with increasing 
concentration.5,7 Cryogenic4 and transient absorption3,6 spectral 
methods have been used in attempts to identify the branching chain 
propagator. Tetraaza species, i.e., 1,4-diphenyl tetraazadiene, have 
been eliminated since irradiation of phenyl azide and of phenyl 
isocyanate afforded essentially identical cryogenic and transient 
absorption spectra. Thus, a C6H5N species is thought to be the 
chain propagator. Four species are possibilities:9 singlet phe-
nylnitrene, triplet phenylnitrene, and the singlet species benz-
azirine12-'6 and azacycloheptatetraene.10,11,16,17 We report here 
the use of substituted phenyl azides18 and triplet-sensitized pho­
tochemical methods to identify which C6H5N species is the 
branching chain propagator. 

Quantum yields of disappearance ($) were measured1,5,7 for 
phenyl azide, 4-bromophenyl azide, 2,4,6-tribromophenyl azide, 
and 4-nitrophenyl azide as a function of concentration: values 
greatly exceed unity, Table I.21 On the basis of absorption spectral 
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Am. Chem. Soc. 1985, 107, 1744. 
(8) For a review, see: Dainton, F. S. "Chain Reactions. An Introduction"; 

Wiley: New York, 1966; p 137. 
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(£)-azobenzene, the observed reaction product,2 and (ii) it is formed only upon 
irradiation of triplet phenylnitrene.10,11 

(10) Chapman, O. L.; Sheridan, R. S.; LeRoux, J. P. J. Am. Chem. Soc. 
1978, 100, 6245. 
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characterized by infrared and ultraviolet-visible absorption spectral and 
melting point techniques. 
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1955; Collect, Vol. Ill, p 710. 
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Table III. Quantum Yields of Disappearance of 4-Nitrophenyl Azide 
in the Presence of «-Butylamine" 

set X, nm l [n-butylamine], M [biphenyl], M $ 

I Jl3 0 0 5l4 
313 0.12 0 113 
254 0.12 0.096 228 

II 254 0 0.092 74 
254 0.10 0.092 124 
254 0.045 0.092 109 

"0.1 M 4-nitrophenyl azide in acetonitrile deoxygenated by nitrogen 
bubbling. "Wavelength of excitation, /(254 nm) = 2.7 X 1013 pho-
tons/s. /(313 nm) = 9.27 x 1013 photons/s. 

changes at low conversions, corresponding azobenzenes are the 
photoproducts. Plots of * vs. azide concentration show an ex­
ponential increase in $ with increasing concentration for all four 
azides. Thus, a photoinitiated autocatalytic chain decomposition 
(PACD) reaction occurs for each substituted phenyl azide, as has 
been reported for phenyl azide.1 '5,7 

Since * values for 4-bromophenyl azide and 2,4,6-tribromo-
phenyl azide greatly exceed unity, a triplet species is suggested 
as the PACD reaction chain propagator: an accelerated inter-
system crossing due to an internal heavy atom effect is expected 
to promote formation of the triplet states of these species. 
2,4,6-Tribromophenyl azide cleanly affords the triplet nitrene.23 

4-Nitrophenyl azide also affords the triplet nitrene,24,25 further 
suggesting this intermediate as the PACD reaction chain prop­
agator. 

Triplet-sensitized * values of 4-nitrophenyl azide were measured 
with benzophenone and biphenyl as sensitizers, adjusting con­
centration ratios such that >90% of the exciting light (254 nm) 
was absorbed by the sensitizer and that >90% of the monitoring 
light (313 nm) was absorbed by 4-nitrophenyl azide.26 AU $ 
values measured greatly exceed unity, Table II. Triplet-sensitized 
$ values exceed values measured upon direct excitation; however, 
this probably results from the lower lamp intensities in the sen­
sitized experiments, since lower light intensities result in greater 
<£ values.7 Thus, triplet 4-nitrophenylnitrene is thought to be the 
PACD reaction chain propagator. 

Finally, * was determined upon direct excitation and biphenyl 
triplet sensitization of 4-nitrophenyl azide in the presence and 
absence of «-butylamine, since such nucleophilic species have been 
used to chemically trap singlet reaction intermediates.12"15 $ values 
greatly exceed unity whether or not n-butylamine is present, Table 
III. K-Butylamine reduces * values only upon direct excitation; 
it does not affect $ values measured upon triplet sensitization. 
This can be understood if triplet 4-nitrophenylnitrene reacts with 
4-nitrophenyl azide to produce two triplet nitrenes, the P A C D 
reaction. Since added rc-butylamine reduces measured $ values 
upon direct excitation but not upon triplet sensitization, Table 
III, a singlet species is thought to be trapped: singlet nitrene 

(21) $ values were measured for room temperature acetonitrile solutions 
by exciting with monochromatic light from a 450-W Hg lamp and Schoeffel 
GM-252 1/4-m monochromator, using ferrioxalate actinometry22 to determine 
the photon flux and using absorption spectral changes to determine changes 
in concentration;1,5'7 volumetric dilutions were necessary to determine ab­
sorption spectral changes for concentrated (>10~3 M) solutions. 

(22) Calvert, J. G.; Pitts, J. N. Photochemistry; Wiley: New York, 1966. 
(23) Leyva, E.; Platz, M. S.; Persy, G.; Wirz, J. J. Am. Chem. Soc. 1986, 

108, 3783. 
(24) Smirnov, V. A.; Brichkin, S. B. Chem. Phys. Lett. 1982, 87, 548. 
(25) Liang, T.-Y.; Schuster, G. B. / . Am. Chem. Soc. 1986, 108, 546. 
(26) 4-Nitrophenyl azide was chosen since it possessed both a long-wave­

length first absorption maximum (313 nm) and a low absorbance at 254 nm: 
hence a sensitizer that absorbs strongly at 254 nm, but not at 313 nm, could 
be used with 254-nm excitation and a wavelength of 313 nm could be used 
to quantitatively monitor the disappearance of 4-nitrophenyl azide. Con­
centrations were adjusted so that >90% of the 313-nm light was absorbed by 
4-nitrophenyl azide and >90% of the 254-nm light was absorbed by benzo­
phenone or biphenyl: A^nm(azide/sensitizer) = 0.10; /43i3nm(azide/sensitizer) 
= 44.6. The quantum yield of triplet energy transfer ($ET) from benzo­
phenone to 4-nitrophenyl azide was determined from the phosphorescence 
spectrum of benzophenone monitoring its intensity as a function of added azide 
and using a Stern-Volmer analysis of the data. At the azide concentrations 
used for quantum yield determinations $ET = 0.99, hence no correction was 
needed in calculating $. 

precursor25 to the PACD reaction triplet propagator and/or the 
singlet species thought responsible for polymer formation13,27 since 
polymer is not formed upon triplet sensitization of phenyl azide.1,27 

Thus, results of quantum yield measurements of 4-bromo-, 
2,4,6-tribromo-, and 4-nitrophenyl azide and of triplet-sensitized 
studies of 4-nitrophenyl azide in the presence and absence of 
n-butylamine all indicate that triplet phenylnitrene intermediates 
act as the propagator of the photoinitiated autocatalytic chain 
decomposition (PACD) reaction. 

(27) Reiser, A.; Leyshon, L. J. J. Am. Chem. Soc. 1971, 93, 4051. 
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Carbene complexes react with suitable oxygen donors to release 
the carbene ligand in the form of a free ester, amide, or ketone,1 

and this is usually the method of choice for removing a modified 
carbene from a metal in a complex organic synthesis.2 Sur­
prisingly, analogous oxidation reactions of carbyne complexes have 
not been reported. To explore this aspect of carbyne chemistry, 
we have examined the reactions of the carbyne complexes [Cp-
( C O ) 2 M = C R ] + (M = Re ( I ) 3 , Mn(2)4) with NO2", a potential 
oxygen atom donor, and as described herein have observed the 
smooth conversion of the carbyne into an acyl ligand. Remarkably, 
this reaction with 2 gives a product containing an arylglyoxyl 
ligand that has been formed from the oxidized carbyne and a 
coordinated carbonyl ligand. Glyoxyl ligands have never before 
been assembled from coordinated ligands, and previous studies 
of glyoxyl complexes have led to the general conclusion that such 
ligands are not likely to form by migration of an acyl ligand to 
a coordinated CO.5 

Our initial studies with the carbyne complex I showed that 
addition of 1 equiv of [PPN] [NO2] {PPN = (Ph3P)2Nj to this 
species gave smooth, immediate conversion to the acyl complex 
3,6 eq 1. Formally, this reaction involves addition of O" to the 

(1) Brown, F. J. Prog, lnorg. Chem. 1980, 27, 1. 
(2) See for example: Chan, K. S.; Wulff, W. D. / . Am. Chem. Soc. 1986, 

108, 5229. 
(3) Fischer, E. O.; Clough, R. L.; Stuckler, P. /. Organomet. Chem. 1976, 

120, C6. 
(4) Fischer, E. O.; Meineke, E. W.; Kreissl, F. R. Chem. Ber. 1977, 110, 

1140. 
(5) All previous syntheses of glyoxyl complexes have involved addition of 

glyoxyl chlorides to appropriate metal fragments: (a) Casey, C. P.; Bunnell, 
C. A.; Calabrese, J. C. J. Am. Chem. Soc. 1976, 98, 1166. (b) Chen, J.; Sen, 
A. J. Am. Chem. Soc. 1984,106, 1506. (c) Sen, A.; Chen, J.; Vetter, W. M.; 
Whittle, R. R. J. Am. Chem. Soc, in press, (d) Ozawa, F.; Sugimoto, T.; 
Yuasa, Y.; Santra, M.; Yamamoto, T.; Yamamoto, A. OrganometaUics 1984, 
3, 683. (e) Ozawa, F.; Sugimoto, Y.; Yamamoto, T.; Yamamoto, A. Or­
ganometaUics 1984, 3, 692. (f) Fayos, J.; Dobrzynski, E.; Angelici, R. J.; 
Clardy, J. J. Organomet. Chem. 1973, 59, C33. 

(6) (a) 3: Anal. Calcd for C14H12NO3Re: C = 39.23, H = 2.80, N 
2.90(%). Found: C = 39.00, H = 2.80, N = 2.70(%). IR (CH2Cl2): v(CO) 
1993 (s), KNO) 1717 (s), y(acyl) 1578 (w), 1561 (w) cm'1 (two bands, 
attributed to rotational isomers, have been observed for other acyl complexes, 
ref 5a and 6bj. 1H NMR (CDCl3): 5 2.36 (3 H, s, Me), 5.78 (5 H, s, Cp), 
7.21 (2 H, d, J = 8 Hz, tolyl), 7.45 (2 H, d, / = 8 Hz, tolyl). 13C NMR 
(CDCl3): S 21.3 (Me), 93.9 (Cp), 126.6, 128.7, 140.7, 152.3 (tolyl), 201.7 
(CO), 238.5 (acyl CO). Mass spectrum: m/z 429 (M+, 187Re). (b) CaI-
derazzo, F.; Noack, K.; Schaerer, U. J. Organomet. Chem. 1966, 6, 265. 
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