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Fast transient electronic absorption and emission spectroscopy 
are sensitive and useful methods for monitoring condensed phase 
reaction dynamics. Nevertheless, a limitation of these techniques 
is an inability to determine actual chemical structures of transient 
species from their broad and featureless spectra in many important 
chemical and biological processes. Often circumstantial arguments 
are employed, and several distinct species may have nearly the 
same absorption spectrum. There is a clear need for a practical 
transient spectroscopy directly yielding structural and/or vibra­
tional data. In this communication we describe how nanose­
cond-time-resolved spontaneous Raman spectroscopy can provide 
such information in aqueous solution at modest solute concen­
trations. 

A 5 X 10~3 M quinoxaline (1,4-diazanaphthalene) solution is 
irradiated with a ~25-mJ, 355-nm pulse (time width ~10 ns) 
from a Nd-YAG laser, thus creating transient species via elec­
tronic excitation of quinoxaline. After a delay of At ns, the sample 
is irradiated with a ~40-mJ, 532-nm pulse from the same laser. 
Spontaneous Raman scattering of the second pulse is analyzed 
by a computer-controlled small triple spectrograph-gated, inten­
sified reticon optical system. The complete Raman spectrum is 
recorded for each 532-nm pulse. The spectra from ~ 5 X 103 

pulses are summed to produce a Raman spectrum of the system 
at time At after excitation. The spatially superimposed beams 
are brought to a line focus in a windowless, flowing solution stream. 
A detailed experimental description will be subsequently given.1 

Traces A and F of Figure 1 show the spectra at pH 5.0 and 
1.7 when the exciting ultraviolet beam is blocked. The H2O solvent 
appears as a sloping continuous background with a broad max­
imum near 1700 cm"1. Superimposed are three relatively intense, 
sharp peaks at 1424, 1374, and 770 cm"1, as well as other weaker 
peaks, representing the ground S0 state nonresonant Raman 
scattering of aqueous quinoxaline. The positions and intensities 
agree well with the literature spectra2 taken under low-power CW 
irradiation, thus demonstrating that the high peak power 532-nm 
beam remains in the region of linear, spontaneous Raman scat­
tering. The S0 spectra are unchanged for pH > 1.7 in agreement 
with the reported pATa (S0) = 0.56.3 

Traces B-E show the At = 15 ns spectra for both beams as a 
function of pH. Three strong additional peaks (labeled T1) at 
1505,1182, and 973 cm"1 are observed, in addition to the S0 peaks. 
We assign these lines to the lowest TT-TT* triplet Ti state of 
quinoxaline, in agreement with earlier transient absorption studies 
which reported T1 quinoxaline produced by subnanosecond in-
tersystem crossing.4 The triplet-triplet absorption spectrum of 
quinoxaline peaks near 440 nm, with a weak tail extending beyond 
600 nm. Therefore the 532-nm pulse lies in a region of weak 
transient absorption, and the T1 spectrum is enhanced by a modest 
resonance Raman effect. This T1 resonance Raman enhancement 
is far less intense than utilized in earlier nanosecond transient 
Raman reports for hemoglobin5 and (2,2'-bipyridine)ruthenium-
(II),6 for example. 
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Figure 1. Raman spectra (700-1700-cm"1 range) of 5 X 10"3M aqueous 
quinoxaline for indicated pH values. The traces have been offset verti­
cally for clarity; trace F shows the strength of the H2O background 
relative to the quinoxaline S0 peaks. Traces A and F were taken with 
the UV beam blocked; traces B-E were taken with both beams (At = 15 
ns) and show transient species labeled T, and T1H

+. The vertical lines 
demonstrate the shift of T1H

+ lines to higher frequency than those of T1. 
The instrumental resolution of these spectra is about 5 cm"1 (fwhm). 

The T1 spectrum evolves as a function of A; and pH. For A: 
= 15 ns, the spectrum shifts to higher frequency below pH =^2.5, 
with strong bands at 1397, 1192, and 1004 cm"1. For Af = 56 
ns, the same spectral changes occur near pH =^3.2 as shown in 
Figure 2. An unprotonated S0 molecule is initially excited, and 
we observe a reaction caused by the kinetic approach of H3O+ 

to the free base T1 molecule. These data yield an essentially 
diffusion-controlled bimolecular rate constant k = (1.7 ± 0.3)10'° 
M"1 s"1. As pK^ (T1) c~ 5.0,3 the T1 molecule should protonate 
readily, and the simpliest interpretation is that a diffusion-con­
trolled T1 protonation occurs. 

This reaction was not discovered when the T1 transient ab­
sorption was observed as a function of pH in this same range.4 

It was observed that H3O+ quenched the T1 absorption with a 
~ 17-fold slower rate constant k = 9.7 X 108 M"1 s"1. The reaction 
we have discovered must cause only a subtle change in the triplet 
absorption. The fact that the observed decay of the triplet ab­
sorption is slower than the rate of protonation suggests that the 
protonated species T1H+ also absorbs at 532 nm and exhibits a 
modest resonance Raman effect. 

These preliminary results demonstrate the utility of fast tran­
sient Raman spectroscopy in unraveling chemical dynamics. The 
Raman spectra of T1 and T1H+ should ultimately help establish 
the corresponding chemical structures. The method in fact shows 
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Figure 2. Raman spectra as a function of pH with both laser beams and 
Ar = 56 ns. "X" refers to an unidentified transient species. 

further evolution of T1H+ at the lowest pH values in Figure 2 
where one or more new species ("X") begin to appear. A more 
detailed and systematic study in progress will help to unravel the 
complete dynamics.1 
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Bridged 1,4-cyclohexadiene derivatives are known to undergo 
a wide range of cycloaddition reactions. Among the most studied 
is bicyclo[2.2.1]hepta-2,5-diene which undergoes a homo-Diels-
Alder reaction with a wide variety of dienophiles.1 In the case 
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of highly polarized dienophiles, it has been suggested that zwit-
terionic intermediates are involved.2 Similar cycloaddition re­
actions have been observed with bicyclo[2.2.0]hexa-2,5-dienes,3 

bicyclo[2.2.2]octa-2,5-dienes,4,5andbicyclo[3.2.2]nona-6,8-dienes.4 

In contrast, 1,4-cyclohexadiene reacts with diethyl azodi-
carboxylate, dimethyl aicetylenedicarboxylate, tetracyanoethylene, 
and 7V-phenyl-l,2,4-triazoline-3,5-dione (PTAD) to yield, as 
primary intermediates, ene type products.1'6 In view of the 
difference between 1,4-cyclohexadiene and its bridged derivatives, 
we decided to explore the reactions of (i,o)-bicyclo[n.2.2]alkadienes 
of general formula 1 with dienophiles. We now wish to report 
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unprecedented cycloaddition reactions of//-phenyl-1,2,4-triazo-
line-3,5-dione (2) with 1. 

Stirring of a chloroform solution of lb7 with 2 at 25 0C for 12 
h gave a crystalline 1:1 adduct (3b), mp 146-148 0C, in 86% 
yield.8 The initial structural assignment was based on a com­
bination of 1H and 13C NMR; 1H NMR (benzene-rf6) 5 7.72 (1 
H, m), 7.20-6.85 (4 H, aromatic), 5.38 (H4, d, J34 = 6 Hz), 4.09 
(H3, d of d, Z34 = 6 Hz, Z23 = 4 Hz), 3.90 (H1, rri) 2.61 (H6, J56 

= 18 Hz),91.85 (2 H, H2, i0 H5, /5,6 = 18 Hz,9 J15 = 4 Hz), and 
1.70-0.38 (14 H, br m). Irradiation at 5 2.2 removed all coupling 
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