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The controlled transfer of oxygen to organic molecules is of 
fundamental importance in biology, in the synthesis of fine 
chemicals, and in the catalytic production of commodity chemicals. 
The most common (radical chain) pathway involves transition- 
metal-promoted autoxidation.' More controlled oxidations may 
be achieved where metal centers and their ligand environments 
serve as templates for the coordination of both substrate and 
dioxygen (e.g., cytochrome P450)2 or the active oxidant (e.g., 
tert-butylhydroperoxide in allylic alcohol epoxidations) .3 The 
details of the actual oxygen-transfer step in controlled, metal- 
mediated oxidations are still poorly understood. Although or- 
ganometallic compounds containing peroxide ligands are com- 
monly invoked as intermediates," very few have been i~olated,~ 
and examples of clean carbon-oxygen bond formation for well- 
characterized compounds are rarer still.6 We report herein the 
synthesis, characterization, and some aspects of the reactivity of 
a series of alkyl-peroxo complexes of the general formula 
C P * ~ T ~ ( ~ ~ - O ~ ) R  (Cp* = (q5-C5Me5); R = CH3, CH2CH3, 

As reported earlier alkylidene hydride, olefin hydride, or ben- 
zyne hydride derivatives of permethyltantalocene are in rapid 
equilibrium with the corresponding 16-electron alkyl or phenyl 
species.' Exposure of pentane solutions of C P * ~ T ~ ( = X ) H  (X 
= CH2, CHC6H5, C6H4, CH2=CH2, CH2=CHCH3) to 1 atm of 
dry O2 leads to precipitation of C P * ~ T ~ ( ~ ~ - O ~ ) R  as white solids 
upon warming from -80 "C to room temperature (eq 1-5). 

C P * ~ T ~ ( = C H ~ ) H  a [ C P * ~ T ~ C H ~ ]  - 

CH2CH2CH3, C6H5, C H Z C ~ H ~ ) .  

0 2  

Cp*,Ta(q2-02)CH3 + Cp*,Ta(0)CH3 (1) 
85% 15% 

0 2  
C P * ~ T ~ ( = C H C ~ H ~ ) H  * [ C P * ~ T ~ C H ~ C ~ H ~ ]  - 

cP * 2Ta(q2'02)CH2C6H5 (2) 
0 2  

cp*,Ta(q2-C6H4)H * [Cp*,TaC,H5] - 
CP *2Ta(T2-02) C6H5 (3) 

0 2  

Cp* 2Ta ( q2-02)  CH2CH3 (4) 
C P * ~ T ~ ( C H ~ = C H ~ ) H  G [ C P * ~ T ~ C H ~ C H ~ ]  - 

0 2  
Cp*,Ta(CH2=CHCH3)H * [Cp*,TaCH2CH2CH3] - 

Cp*2Ta(q2-02)CH2CH2CH3 (5) 
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Figure 1. C ~ * , T ~ ( T ~ - O ~ ) C H ~ C ~ H ~ .  Selected bond distances (A) and 
angles (deg) are as follows: Ta-01, 1.996 (6); Ta-02, 1.955 (6); Ta-C, 
2.323 (9); 01-02, 1.477 (8); 02-Ta-01,43.9 (2); C-Ta-01, 122.8 (3); 
C-Ta-02, 78.9 (3); Cp*-Ta-Cp*, 134.6. 

Scheme I 
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The products8 are remarkably stable, especially in the solid state, 
remaining unchanged for several days at room temperature and 
indefinitely at -30 "C. Single crystals of the benzyl peroxide 
derivative were grown from pentane, and the structure (Figure 
1) was determined by X-ray diffraction methods. The arrange- 
ment of peroxide and benzyl ligands in the equatorial plane of 
the bent sandwich structure is analogous to that for the ethylene 
and ethyl ligands of the isostructural and isoelectronic derivative 
(q5-C5H5)2Nb(q2-C2H4)(CH2CH3)? and the d(O-0) of 1.477 (8) 
A is normal for an q2-02 ligand.8b 

Cp*,Ta(q2-02)CH3 will cleanly oxidize a limited number of 
substrates: SO2 (immediate reaction at 25 "C)l0 > PMe3 (days 
at 25 "C) > PPh3 (1 day at 80 "C). Carbon monoxide (2 atm), 
CNCH3 (4 equiv), N(CH2CH3)3 (4 equiv), and styrene (4 

(8) C P * ~ T ~ ( ~ ~ - O ~ ) C H ~ :  'H NMR (benzene-d6, 25 "C) s 1.68 6 (30 H); 
s 0.15 6 (3 H); IR v ( 0 - 0 )  858 cm-'. Anal. Calcd for C2,H3,02Ta: C, 50.60; 
H, 6.69. Found: C, 50.99; H, 6.78. c ~ * ~ T a ( q ~ - o ~ ) C H ~ c ~ H ~ :  'H NMR 
(benzene-d6, 25 "C) s 1.67 6 (30 H); s 2.10 6 (2 H); m 6.95-7.75 6; IR v ( 0 - 0 )  
863 cm-'. Anal. Calcd for CnH3,02Ta: C, 56.44; H, 6.49. Found: C, 56.34; 

H), m 7.1-7.2 6 (2 H), td (7.4, 1.4 Hz), 7.29 6 (1 H), td (7.5, 1.4 Hz); 7.50 
6 (1 H), d (7.7 Hz), 8.16 6 (1 H); IR v ( 0 - 0 )  872 cm-'. Anal. Calcd for 
C26H3502Ta: C, 55.71; H, 6.29. Found: C, 55.39; H, 5.99. Cp*,Ta(fi2- 
02)CH2CH3; 'H NMR (benzene-d6, 25 "C) s 1.65 6 (30 H); q 0.08 6 (2 H); 
CH2CH3 = 1.65 6; IR v ( 0 - 0 )  863 cm-'. Anal. Calcd for C22H3402Ta: C, 
51.56; H, 6.88. Found: C, 50.52; H, 6.79. Cp*,Ta(q2-02)CH2CH2CH3: 'H 
NMR (benZene-d6, 25 "C) s 1.65 6 (30 H), m 0.70 6 (2 H), CH2CH2CH3 
= 1.65 6, t 1.35 (3 H); IR v ( 0 - 0 )  861 cm-'. Anal. Calcd for Cz2H3,02Ta: 
C, 52.47; H, 7.08. Found: C, 52.83; H, 7.00. 

(9) Guggenberger, L. J.; Meakin, P.; Tebbe, F. N. J. Am. Chem. SOC. 
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(10) The precipitate which immediately forms is likely Cp*,Ta(q2-S04)- 

H, 6.46. Cp*2Ta(q2-02)C6H5: 'H NMR (benZene-d6, 25 "C) s 1.54 6 (30 

CH3. 
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equiv) are not oxidized (days 80 "C). An interesting phenomenon 
was noted while carrying out these reactions. When heated to 
80 OC in the presence of triethylamine CpS2Ta(q2-02)CH3 does 
not decompose; isonitrile significantly slows its decomposition. In 
contrast, when Cp*,Ta(q2-02)CH3 is heated in solution alone, or 
in the presence of styrene or CO, a (non-first-order) rearrangement 
to Cp*,Ta(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). 

[HT. 80 O C  
Cp*,Ta(q2-02)CH3 - Cp*,Ta(O)OCH, (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 C P * ~ T ~ ( ~ , - O , ) R  (R = CH3, CH2CH3, CH2CH2- 
CH3, CH2C6H5) leads to the corresponding alcohol (ROH) and 
what appears to be Cp*,Ta(0)OS02R' over a period of 3 days 
at  25 OC. Initial indications were that other Lewis acids, e.g., 
A1R3,l3 will also promote the rearrangement shown in eq 7. 

Cp*,Ta(02)R + R'S03H - Cp*,Ta(0)OS02R' + ROH (8) 

Electrophilic attack at  the exo-oxygen atom would enhance 
heterolysis of the 0-0 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*,Ta- 
(q2-02)R to Cp*,Ta(O)OR is reminiscent of the mechanism 
proposed for the rearrangement of the isoelectronic C P * ~ H ~ -  
( OOCMe3) (R) to Cp*,Hf( OCMe3) (OR), where [ CMe3 J + 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(q2-02) concurrent with 0-0 
bond cleavage, which proceeds by interaction of the migrating 
(or in-coming) group's electron pair with the activated o* 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 A,, occurs at  longer wavelengths than that of its phos- 
phorescence emission.' Recently, Tang, MacInnis, and Kasha2 
interpreted th,is anqmaly on the basis of a proton-transfer 
fluorescence S, - So of the imido1 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, A,, 510 
nm, MCH, 298 K). 

I 
( transbN- METHYLBENZANILIDE 

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 Sl(m*) - So absorption with A,, - 
250 nm, e = loo00 M-' cm-l.' This is supported by the suggestive 
band contour (exceptional long wavelength tail), the strongly 
competitive excitation of the Ti - So emission, and the resolved 
and discrete weak absorption observed' in benzamide (A,, 270 
nm, e - 600 M-' cm-'). 

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! 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 N-methylbenzanilide (and the corresponding one for benz- 
anilide) does shift strongly with changes in dielectric constant, 
with AP = 1080 cm-' for the change from n-heptane (e = 1.92) 
to tetrahydrofuran (e = 7.39); the comparable shift for anthracene 
r,r* fluorescence is 118 cm-'. Parallel behavior is observed with 
empirical solvent polarity indices, such as the E T  index,s although 
the values of E T  available are limited. 

If a strongly dipolar solvent is used, e.g., ethyl alcohol or 
propylene oxide, the 5 10-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. 

(1 1) 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 
C P * ~ T ~ ( ~ ~ - O ~ ) C H ~ C H ~ C H ~  with A1(CH2CH3)3 affords the adduct 
Cp*2Ta(0)(CH2CH3)~AI(CH2CH3)2(OCH,CH,CHzCH3). 
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