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Cp*2Ta(„2-02)CH3 + P (C 6 HJ) 3 -* 
Cp*2Ta(0)CH3 + OP(C6Hj)3 (6) 

equiv) are not oxidized (days 80 0C). An interesting phenomenon 
was noted while carrying out these reactions. When heated to 
80 0C in the presence of triethylamine Cp*2Ta(?j2-02)CH3 does 
not decompose; isonitrile significantly slows its decomposition. In 
contrast, when Cp*2Ta(ij2-02)CH3 is heated in solution alone, or 
in the presence of styrene or CO, a (non-first-order) rearrangement 
to Cp*2Ta(0)OCH3 occurs. Trace amounts of acid, possibly on 
the surface of the glass NMR tube," might serve to catalyze the 
observed rearrangement. Indeed, addition of even trace amounts 
of methanesulfonic acid greatly accelerates methyl migration to 
oxygen (eq 7). 

TH+I 80 0 C 

Cp*2Ta(j?2-02)CH3
 : • Cp*2Ta(0)OCH3 (7) 

The reactivity of the phenyl derivative is similar to that for the 
methyl, except that trace acid is required to oxidize triphenyl-
phosphine.12 Addition of 1 equiv of R'S03H (R' = CH3, 
C6H4CH3) to Cp*2Ta(j,2-02)R (R = CH3, CH2CH3, CH2CH2-
CH3, CH2C6H5) leads to the corresponding alcohol (ROH) and 
what appears to be Cp*2Ta(0)OS02R' over a period of 3 days 
at 25 0C. Initial indications were that other Lewis acids, e.g., 
AlR3,

13 will also promote the rearrangement shown in eq 7. 

Cp*2Ta(02)R + R'S03H — Cp*2Ta(0)OS02R' + ROH (8) 

Electrophilic attack at the exo-oxygen atom would enhance 
heterolysis of the O-O bond during migration of the alkyl (or 
phenyl) group (Scheme I). Similarly, nucleophilic attack at the 
endo-0 by phosphines or sulfur dioxide would be enhanced when 
Lewis acids are coordinated to the exo-oxygen atom. This 
mechanism for the acid-catalyzed rearrangement of Cp*2Ta-
(TJ2-02)R to Cp*2Ta(0)OR is reminiscent of the mechanism 
proposed for the rearrangement of the isoelectronic Cp*2Hf-
(0OCMe3)(R) to Cp*2Hf(OCMe3)(OR), where [CMe3J

+ for
mally serves the role of the electrophile in Scheme I.6 

The clean nature of these rearrangements as well as the pro
motion by Lewis acids indicates a dipolar character for intra
molecular or bimolecular attack at M(^-O2) concurrent with O-O 
bond cleavage, which proceeds by interaction of the migrating 
(or in-coming) group's electron pair with the activated a* orbital 
of the [O-O] moiety. This dipolar reactivity reveals potentially 
very different reaction patterns for these metal peroxides as 
compared with free-radical autoxidations. 
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The fluorescence spectrum of benzanilide exhibits the anomaly 
that its Xmai occurs at longer wavelengths than that of its phos
phorescence emission.1 Recently, Tang, Maclnnis, and Kasha2 

interpreted this anomaly on the basis of a proton-transfer 
fluorescence S1 -* S0 of the imidol tautomer transient. A test 
of a proton-transfer mechanism is the methylation of the molecule 
at the sensitive proton position. We have now studied the N-
methylbenzanilide (I) and were surprised to observe a fluorescence 
in the 500-nm region, Figure 1 (curve 1, onset 450 nm, XmM 510 
nm, MCH, 298 K). 

\10 t—•—;c- f N — 

( t rans) -N- METHYLBENZANIUDE 

The UV absorption spectrum shows moderate to strong ab
sorption starting at 310 nm. The weak fluorescence observed from 
300 to 400 nm (Figure 1) must arise from a weak absorption band, 
corresponding to excitation in a locally excited moiety (structure 
I), buried in the stronger S1(IrT*) *- S0 absorption with X1011, ~ 
250 nm, e = 10000 M"1 cm"1.1 This is supported by the suggestive 
band contour (exceptional long wavelength tail), the strongly 
competitive excitation of the T1 —• S0 emission, and the resolved 
and discrete weak absorption observed3 in benzamide (X11111, 270 
nm, « ~ 600 M"1 cm"1). 

The long wavelength fluorescence band at 510 nm must result 
from an intramolecular charge-transfer transition which involves 
the whole molecule. Such charge-transfer fluorescence bands with 
large wavelength shifts have been characterized as twisted in
tramolecular charge-transfer emissions in dimethylanilines and 
have been studied for many different molecular structures.4 Such 
intramolecular CT transitions have not been suspected previously 
for benzanilides. The absence of a direct absorption to the 
charge-transfer state is an indication of the indirect relaxation 
mechanism by which the state is excited. This mechanism involves 
internal torsion (cf. structure I) and dielectric relaxation. One 
test of the charge-transfer nature of the fluorescence is the sen
sitivity of the band to dielectric medium effects. The 510-nm band 
for 7V-methylbenzanilide (and the corresponding one for benz
anilide) does shift strongly with changes in dielectric constant, 
with Ai/ = 1080 cm"1 for the change from n-heptane (« = 1.92) 
to tetrahydrofuran (e = 7.39); the comparable shift for anthracene 
T, ir* fluorescence is 118 cm"1. Parallel behavior is observed with 
empirical solvent polarity indices, such as the ET index,5 although 
the values of E1 available are limited. 

If a strongly dipolar solvent is used, e.g., ethyl alcohol or 
propylene oxide, the 510-nm fluorescence is quenched, and the 
normal short wavelength fluorescence is strengthened. A specific 
dipole-dipole complex can block the charge-transfer excitation 
by severely polarizing one end of the heteromolecule. 

(11) Prior rinsing of the NMR tube with KOH/isopropyl alcohol results 
in a much slower rate of decomposition. 

(12) Acid promotion in the transfer of oxygen from metal peroxides to 
triphenylphosphine has been noted previously: Mimoun, H.; Perez-Machirant, 
M. M.; Seree de Roch, I. J. Am. Chem. Soc. 1978, 100, 5437. 

(13) These reactions appear to be more complex due to alkyl/alkoxide 
exchange between aluminum and tantalum. For example, treatment of 
Cp,

JTa(i72-02)CH2CH2CH3 with Al(CH2CHj)3 affords the adduct 
Cp*2Ta(0)(CH2CH3).Al(CH2CH3)2(OCH2CH2CH3). 

fOn leave of absence from the Institute of Experimental Physics, University 
of Gdansk, 80-952 Gdansk, Poland. 

(1) O'Connell, E. J., Jr.; Delmauro, M.; Irwin, J. Photochem. Photobiol. 
1971, 14, 189-195. 

(2) Tang, G.-Q.; Maclnnis, J. M.; Kasha, M. J. Am. Chem. Soc. 1987, 
109, 2531-2533. 

(3) Heldt, J.; Kasha, M., Unpublished Work, this Laboratory, June 1988. 
(4) Cf. Rettig, W. Angew. Chem., Int. Ed. Engl. 1986, 25, 971. 
(5) Reichert, C. Angew. Chem., Int. Ed. Engl. 1965, 4, 29. 
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Figure 1. Spectra of N-methylbenzanilide in solution at 298 K. 
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Figure 2. Spectroscopic half-width (FWHM) of 500-nm region 
fluorescence bands of benzanilides at 298 K. Solvents H (hexane), MCH 
(methylcyclohexane), CH (cyclohexane), BE (dibutyl ether), EE (diethyl 
ether), THF (tetrahydrofuran). 

The fluorescence spectra of benzanilide compared with those 
of TV-methylbenzanilide, however, reveal an additional complexity 
in the former. First of all, the half-width of the green fluorescence 
of benzanilide (onset 400 nm, Xn^ 475 nm, MCH at 298 K) proves 
to be substantially greater than that of 7V-methylbenzanilide, AP 
= 4115 cm"1 vs 3316 cm"1. Secondly, the benzanilide fluorescence 
half-width markedly contracts as the dielectric constant increases 
from 1.92 (H) to 7.39 (THF), whereas, the JV-methylbenzanilide 
fluorescence half-width remains constant. Figure 2 gives a plot 
of fluorescence band half-width (FWHM) versus dielectric con
stant for various solvents; a parallel behavior is observed for the 
Ej index.5 These and related observations6 suggest that in ben
zanilide the observed blue-green fluorescence band consists of 
two independent overlapping fluorescence in hydrocarbon solution 
at 298 K. Thus, the report by Tang, Maclnnis, and Kasha2 

interpreting the long wavelength fluorescence as being of pro
ton-transfer tautomer origin is supported in part. Recently Tang 
confirmed the presence of H-bonding dimer formation in benz
anilide by infrared spectral studies,7 adding confidence to the 
H-bonded dimer proton-transfer mechanism proposed earlier.2 

The photochemical study of benzanilide and related mole
cules8"10 and the striking rearrangements observed require a de
tailed understanding of the electronic excited states giving rise 
to the photochemical products. The initial fluorescence anomaly 
reported by O'Connell et al.1 has proved to be unusually subtle. 
The present study has been extended in several directions, most 
particularly to picosecond dynamics. These latter results confirm 
three modes of depopulating the initially excited singlet state, as 
evidenced by the steady-state spectroscopy studies presented here. 

(6) Heldt, J.; Gormin, D.; Kasha, M. Chem. Phys. Lett., in Press. 
(7) Tang, G.-Q., private communication, to be published. 
(8) Carlsson, D. J.; Gan, L. H.; Wiles, D. M. Can. J. Chem. 1975, 53, 

2337-2344. 
(9) Schwetlick, T.; Stumpe, J.; Noack, R. Tetrahedron 1979, 35, 63-68. 
(10) ChSnevert, R.; Plante, R. Can. J. Chem. 1983, 61, 1092-1095. 

A comprehensive paper on these and related results is in prepa
ration. 
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Oxidative N-dealkylation of amines is one of the important 
P-450 specific reactions,1 and several model reactions using iron 
porphyrins have been reported.2,3 During the course of our 
systematic studies on the simulation of enzymatic function of 
metabolism of amines with transition-metal catalysts,4 we have 
found novel cytochrome P-450 type oxidation behavior with 
tertiary amines. 

The ruthenium-catalyzed reaction of tertiary amines 1 with 
tert-butyl hydroperoxide gives the corresponding a-(tert-b\ityl-
dioxy)alkylamines 2 highly efficiently (eq I).5 The reaction 

R \ 
> — C H 3 

Ru catalyst 

/-BuOOH 
- C H 2 O O - Z - B u 

2 

H3O* R \ 
NH 

CU 

(1) (a) Cytochrome P-450; Sato, R., Omura, T., Eds.; Kodansha Ltd: 
Tokyo, 1978. (b) Gorrod, J. W. Biological Oxidation of Nitrogen; Elsevi
er/North Holland Biomedical Press: New York, 1978. 

(2) (a) Shannon, P.; Bruice, T. C. J. Am. Chem. Soc. 1981,103, 4580. (b) 
Dicken, C. M.; Lu, F.-L.; Nee, M. W.; Bruice, T. C. Ibid. 1985, 107, 5776. 
(c) Ostovic, D.; Knobler, C. B.; Bruice, T. C. Ibid. 1987, 109, 3444. 

(3) (a) Santa, T.; Miyata, N.; Hirobe, M. Chem. Pharm. Bull. 1984, 32, 
1252. (b) Fujimori, K.; Fujiwara, S.; Takata, T.; Oae, S. Tetrahedron Lett. 
1986, 27, 581. (c) Lindsay Smith, J. R.; Mortimer, D. N. J. Chem. Soc, 
Chem. Commun. 1985, 64. 

(4) (a) Murahashi, S.-I.; Hirano, T.; Yano, T. J. Am. Chem. Soc. 1978, 
100, 348. (b) Murahashi, S.-I.; Watanabe, T. Ibid. 1979, 101, 7429. (c) 
Murahashi, S.-I.; Yoshimura, N.; Tsumiyama, T.; Kojima, T. Ibid. 1983,105, 
5002. (d) Mitsui, H.; Zenki, S.; Shiota, T.; Murahashi, S.-I. / . Chem. Soc, 
Chem. Commun. 1984, 874. (e) Murahashi, S.-I.; Naota, T.; Taki, H. J. 
Chem. Soc, Chem. Commun. 1985, 613. 
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