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(12) (a) Singlet H2SiCH2: C2„ symmetry, planar, /ISiC) = 1.637 A, r(SiH) = 1.418 
A.rfCH) = 1.073A1ZHSiC= 122.7",ZHCSi = 123.1°, total energy E = 
-325.22640 au. (b) Triplet H2SiCH2: C5 (see ref 11b), r(SiC) = 1.849 A, 
/(SiH) = 1.430 A, /(CH1) = 1.081 A, ZH1CSi = 123.0°, ZH2CSi = 123.1°, 
ZHSiC = 109.2°, ZH1CSiH (dihedral) = ±121.8°, E = -325.22895 au. 
(C) Singlet H2SiCH: C1, staggered, r(SiC) = 1.912 A, KSiH1) = 1.421 A, 
r(SiH23)= 1.425 A, r(CH)= 1.120A1ZH1SiC= 110.9°, ZH23SiC = 109.4°, 
ZH1SiH23 = 109.0°, ZHCSi = 103.9°, E = -325.15630 au. (d) Triplet 
H3SiCH: C2, staggered, /(SiC) = 1.834 A, /(SiH1) = 1.423 A, /(SiH23) = 
1.424 A, IiCH)= 1.085A1ZH1SiC = 110.5",ZH23SiC= 110.0°, ZH1SiH23 
= 109.1°, ZHCSi = 132.1°, E= -325.23330 au. 

(13) (a) r0(CC) = 1.396 A1 r0(CH) = 1.083 A: A. Cabana, J. Bachand, and J. 
Giguere, Can. J. Phys., 52, 1949 (1974). (b) /(CC) = 1.387 A /(CH) = 1.083 
A, calcd at STO-3G: M. D. Newton, W. A. Lathan, W. J. Hehre, and J. A. 
Pople, J. Chem. Phys., 52, 4064 (1970), and present work. 

(14) (a) T0(SiC) = 1.867 A: R. W. KiIb and L. Pierce, J. Chem. Phys., 27, 108 
(1957). (b) /(SiC) = 1.866 A, calcd at STO-3G: J. B. Collins, P. v. R. 
Schleyer, J. S. Binkley, and J. A. Pople, J. Chem. Phys., 64, 5142 
(1976). 
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Phys. Org. Chem., 11, 175 (1974). 
(17) Using triplet optimized geometries. 
(18) Energy differences for isodesmic reactions are well represented even at 

the STO-3G basis set level. 
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The Significance of a Secondary Deuterium Isotope 
Effect in the Photorearrangement of 
1-Iminopyridinium Yiides 

Sir: 

In photoreactions which appear to involve a thermally ac
tivated step, a comparison of the temperature dependence of 
the luminescence with the quantum yield is the current method 
of choice in characterizing the mechanistic pathway.1 For in
stance, in the singlet process of eq 1, which converts X to Z via 

(D 

the intermediate Y, the temperature dependence of the fluo
rescence yield is independent of the rate ratio a/b, but a direct, 
concerted, transition of X* to Z, which did not involve the in
termediate Y and its thermal conversion to Z, requires that 
quantum yield be inversely related to the fluorescence rate. An 
alternative approach to the problem of proving the occurrence 
of a thermal reaction step in the course of a photoreaction, 
through measurement of a kinetic isotope effect for the pro
posed vibrationally activated process, promises to be somewhat 
simpler to apply, and is the subject of this report. 

Streith and Cassal2a have discussed the reversible conversion 
of 1 to 2 taking place readily upon exposure of a solution to UV 
radiation. The reverse reaction has now been effected by purely 
thermal means.2b This permits an operational assumption 
similar to one made by Ullman3 that the same reaction tran
sition state can be attained from either direction, and that the 
forward reaction brought about by photochemical means is 
comprised of an initial absorption and electronic transition to 
an excited singlet state. The latter crosses to a high vibrational 
level of the ground state, subsequently achieving the vibrational 
energy required to surmount a thermal reaction barrier. The 
kinetic isotope effect experiments of moment have been devised 
and carried out in the interests of providing a broad test of the 
validity of this assumption. In point of fact, however, these 

experiments and their underlying premises must withstand the 
challenge of two important concerns (as follows). 

A. Isotope effects on absorption processes are known4 and 
could conceivably influence the outcome of purely photo-
reactions having no thermal activation steps. A number of 
examples have been reported,4'5 but with the use of wide-band 
excitation there appears to be substantial likelihood that these 
effects would not be observed. Nonetheless, the kinetic isotope 
experiment was designed to circumvent this possible compli
cation. 

B. Isotope effects on primary photochemical processes have 
been anticipated by Hammond's argument6 that the rates of 
photochemical reactions cannot be described by traditional 
transition-state (TS) theory (Calvert and Pitts)7 because many 
of the assumptions made in the derivation of TS equations are 
considered invalid under photoexcitation conditions. Ham
mond prefers a treatment based on radiationless-decay theory. 
In effect, this treatment permits a separation of rate constants 
into electronic and vibrational components. For the case of an 
isotope effect, changes in the electronic part attributable to 
isotope substitution should be minor because nuclear changes 
make little difference to the valence part of the MO's. For cases 
of isotopic substitution not directly involved in bond homolysis, 
or rearrangement, a heavier isotope, for which the vibrational 
quanta are smaller than for a light, will react slower. This, at 
least, is one of the explanations provided for the observation 
that deuteriobenzene triplets decay slower than protiobenzene.8 

Hammond's argument appears relevant to the present case and 
our assumptions in applying it are that (i) the electronic part 
of the rate constant can be ignored, and (ii) the vibrational 
component predicts a normal kn/kD in a secondary deuterium 
isotope experiment. 

The experimental design, which was devised to come to grips 
with these theoretical concerns applied to the photorear
rangement of 1-iminopyridinium yiides previously studied,2 

is embodied in the reactions of eq. 2. Thus, there can be no 

X^ H ^ + N ^ D H ^ N N - N 
D + 

\ 
'N 

COPh 

(2) 

COPh 

\ 
COPh 

2a 2b 

la 

isotope effects in this reaction arising from differences in ex
tinction coefficients of competing isotopic substrates since the 
competing isotopic reaction sites are in the same molecule. The 
relative rates at the isotopically substituted centers depend on 
the localization of the absorbed energy in the critical bonds, 
a process which is affected only by the vibrational frequencies 
of H and D nuclei bonded to identical carbon atoms. Moreover, 
since these H and D nuclei are not directly involved in the 
course of rearrangement, the Hammond theory would predict 
that the deuterated carbon should be less reactive, if at all 
different from its protiated competitor in this respect. 

The 2-deuterio-1-iminopyridinium ylide substrate la was 
synthesized in the usual manner9^11 from 2-deuteriopyridine. 
This precursor, in turn, was made by a precedented procedure 
involving exchange of 2-pyridinecarboxylic acid with D2O 
followed by thermolytic decarboxylation to give a product with 
the required degree of 2-deuteration. The photorearrangement 
of la was carried out in all other respects exactly as in the 
previous studies.2 Samples taken at various extents of reaction 
completion showed, to all purposes, identical compositions of 
products 2a and 2b (See Table I). 

Clearly the finding of a very large, inverse, secondary deu
terium isotope effect in the photorearrangement of 1-imino-
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Table I. Isotope Effect Data in the Photorearrangement 

la —*• 2a + 2b 

NMR" kH/kp 
measurement symbol sample Ab sample Bb 

ac 0.913 0.908 
$c 0.906 0.914 
yc 0.914 0.912 
5 0.912 
t 0.910 

av 0.911 av 0.911 

overall average, kH/kD = 0.911 ± 0.003 

" A Bruker HFX -90 NMR instrument equipped with a deuterium 
probe and Fourier transform was used for D analysis. The kinetic 
isotope effects were calculated from NMR integrations of the deu
terium content at carbons 3 and 7 of the diazepine products using a 
Fourier transform procedure. Deuterium signals at 0.070 and -0.918 
ppm relative to CDCI3 were integrated over a 500-Hz sweep by signal 
averaging over 512 pulses using a 4.2-s delay between pulses and a 4K 
FID. The upfield signal at -0.918 ppm was assigned to the C-7 deu
terium and that at 0.070 ppm to the C-3 based on a comparison with 
analogous diazepines (T. Sasaki, K. Kanematsu, A. Kakehi, I. Ichi-
kawa, and K. Hayakawa, J. Org. Chem., 35,426 (1970)). * The ratios 
of deuterium content (at C-3 to C-7) for each of the samples of product 
(eq 2) follow: sample A, ~30% reaction; sample B, ~60% reaction. 
c The Fourier waves from measurements a, 0, and 7 were reprocessed 
15 times each. The values given are an average of all these data pro
cessing trials. 

pyridinium ylides cannot be due to an isotope absorption ef
fect,4,5 or to be a consequence of the invalidity of transition-
state theory applied to primary photoprocesses.6 Rather, these 
results provide the basis for a general criterion and a method 
of detecting the occurrence of thermally activated steps in a 
photoreaction process, while characterizing the nature of the 
thermal transition state and possible reaction intermedaites 
through kinetic isotope effect measurements.12 In the present 
instance the large, inverse, secondary deuterium isotope effect 
observed is indicative of a thermal transition state in which the 
carbon seat of rearrangement is increasing its covalency. An 
intermediate Y (as depicted in eq 1) closely resembling this 
transition state and having the structure of 3 is fully supported 
by the kinetic isotope effect data. 

Acknowledgment. We are grateful for very valuable ex
changes with Dr. David F. Eaton which were of great aid in the 
preparation of this manuscript. This work is dedicated to 
Professor Egbert Havinga of the Gorlaeus Laboratoria of 
Leiden on the occasion celebrating his attainment of emeritus 
status. 

References and Notes 

(1) See, however, G. Kaupp and H.-W. Gruter, Angew. Chem., Int. Ed. Engl., 
17,52(1978). 

(2) (a) J. Streith and J. M. Cassal, Angew. Chem., Int. Ed. Engl., 7, 129 (1968). 
(b) Unpublished results from this laboratory. 

(3) E. F. Ullman, Ace. Chem. Res., 1, 353 (1968). 
(4) B. Dellinger, D. S. King, R. M. Hochstrasser, and A. B. Smith III, J. Am. 

Chem. Soc, 99, 3197 (1977). 
(5) See, for further examples and references, J. K. S. Wan, O. P. Strausz, W. 

F. Allen, and H. E. Gunning, Can. J. Chem., 42, 2056 (1964); 43, 318 
(1965). 

(6) G. S. Hammond, Adv. Photochem., 7, 373 (1969). 

(7) J. G. Calvert and J. N. Pitts, Jr., "Photochemistry," Wiley, New York, 1966, 
pp 616-624. 

(8) (a) N. J. Turro, "Molecular Photochemistry," W. A. Benjamin, New York, 
1965, p 70. (b) M. R. Wright, R. P. Forsch, and G. W. Robinson, J. Chem. 
Phys., 33, 934 (1960); 38, 1187 (1963). 

(9) R. Gbsl and A. Meuwsen, Ber., 92, 2521 (1959). 
(10) T. Okamoto, M. Kirobe, C. Mizushima, and A. Osasa, Yakugaku Zasshi, 

83,309(1963). 
(11) Y. Tamura, J. Minamikawa, Y. Miki, S. Matsugashita, and M. Ikeda, Tetra

hedron Lett., 4133 (1972). 
(12) Numerous photochemical processes in solution have been proposed to 

pass through vibrationally excited ground states. See, for examples, M. 
P. Cava, R. H. Schlessinger, and J. P. Van Meter, J. Am. Chem. Soc, 86, 
3173(1964). 

H. Kwart,* D. A. Benko 
Department of Chemistry, University of Delaware 

Newark, Delaware 19711 

J. Streith,* D. J. Harris, J. L. Shuppiser 
Laboratoire de Synthese et de Photochemie 

Associe au CNRS, Ecole Nationale Superieure de Chemie 
Universite de Haute Alsace 

F68093 Mulhouse, Cedex, France 
Received May 1, 1978 

Identification by Means of Heavy-Atom Isotope 
Effects of a Photoactivated Reaction as 
a Ground-State Process 

Sir: 

Ullman1 has cogently advocated the argument that the vi
brational energy in a structure arising from an electronically 
excited state via an isoenergetic crossing could be localized in 
those bonds most affected by the electronic configuration 
change. Such photochemical reactions behave as though they 
were regulated by the activation energies of parallel thermal 
reactions.2-3 Consequently, if a photoinduced reaction process 
were of this nature, it should be possible to treat it in the context 
of transition state theory as a thermal reaction.4 In a previous 
article5 the finding of a secondary deuterium isotope effect has 
been invoked for testing a photorearrangement presumed to 
take place via a crossing from a low-lying electronic to a vi
brationally excited ground state of the reactant. A heavy-atom 
isotope effect study has now been carried out in the interests 
of establishing the kinetic isotope effect as a general criterion 
for identifying photoactivated, thermal processes of this nature, 
while obtaining direct characterization of the transition-state 
structure. 

In the usual photochemical process, activation to the excited 
state through which reaction passes involves a significant al
teration in the electronic configuration of the substrate. In such 
cases the electronic partition functions of isotopically related 
bonds, involved in the bond making and breaking in the tran
sition state, are taken to be nearly identical. Moreover, any 
differences in their vibrational partition functions arising in 
the course of photoactivation cannot ordinarily be anticipated 
on the basis of transition-state (TS) theory,4 as is the case in 
purely thermal activation processes. It is therefore considered 
unlikely that such photochemical reactions would exhibit a 
measurable heavy-atom isotope effect. The latest compendium 
on the subject of isotope effects in organic chemistry61 bears 
out this expectation, in that it offers no example of photo
chemical change in which the occurrence of such an isotope 
effect is found to be of mechanistic interest.6b 

The photoinduced rearrangement of 1-iminopyridinium 
ylides (1) has been presumed to proceed via the 1,7-diaza-
norcaradiene (2) by electrocyclization of the aromatic 1,3 di-
pole of 1, followed by a thermally allowed disrotatory rear
rangement to the (li/)-l,2-diazepine (3).7 In general, chemical 
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