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The mass spectrum of 1 (electron impact, 70 eV, probe tem­
perature 190-240 0C) provides evidence for monomeric and di-
meric imido complexes in the CVD process. The highest observed 
mass envelope was centered at 365 (9.1% of 210 base peak), which 
is proposed to originate from loss of a methyl radical from the 
dimeric imido complex [Cl2Ti=N1Bu]2. Furthermore, peaks 
attributable to the monomeric imido complex Cl2Ti=N1Bu were 
centered at 190 (Cl2Ti=N1Bu + H, 26% of 210 base peak). The 
elemental composition of the 365 and 190 mass envelopes was 
confirmed by the close match of the observed isotope patterns and 
the calculated isotope patterns." Hence, we propose that ther­
molysis of 1 affords the dimeric imido complex [Cl2Ti=N1Bu]2, 
which is in equilibrium with the monomeric imido complex 
Cl2Ti=N1Bu. 

The present results provide partial mechanistic insight into the 
sequence that leads from titanium tetrachloride and tert-buty\-
amine to titanium nitride thin films. The system further implies 
that imido complexes should play important roles in other film-
forming processes that rely upon the reaction of a metal species 
with ammonia or amines.1213 The results of this study should 
help to remove some of the "black box" nature of many CVD 
transformations. Further mechanistic work on titanium nitride 
and related material depositions is in progress and will be reported 
in due course. 
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Observation of a stable unencumbered cyclopropyl cation, 1, 
has not yet been achieved2 due to facile ring opening to the en­
ergetically more stable allyl cation 2. Such a rearrangement is 
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Figure 1. Proton-decoupled 75-MHz 13C NMR spectrum of 1-
ferrocenyl-1-cyclopropyl cation (6) in FS0 3H/S0 2CIF solution; * in­
dicates peak due to lock solvent acetone-rf6, and ** indicates peak due 
to trimethylsilyl fluorosulfonate. 

a low-barrier Woodward-Hoffmann allowed process.3 The only 
evidence for a cyclopropyl type cation built into a rigid framework 
under long-lived stable-ion conditions has been our earlier work4a 

relating to the geometrically constrained 11-methyl-11-tricyclo-
[4.4.1.0''6]undecyl cation (3), which shows significant 0 C-C bond 
interaction reflecting a half-opened cyclopropyl cation. Support 

> -

for such a "half-opening" comes also from ab initio calculations.46 

There were also some reports of NMR spectroscopic detection 
of l-(methylthio)-2,2,3,3-tetramethylcyclopropyl cation from the 
corresponding chloride.40 However, the results are not clear. The 
constrained propellane systems in which the cyclopropyl group 
is "locked in" and related cyclopropyl derivatives have also been 
investigated under solvolytic conditions.56 In the solvolytic re­
actions, unrearranged cyclopropyl products were obtained with 
retention of configuration.5,6 

We report now the preparation and NMR spectroscopic 
characterization of the 1-ferrocenyl-l -cyclopropyl cation (6) under 
superacidic conditions, wherein the carbocationic center derives 
its stabilization through the adjacent ferrocenyl group.7 The 
cyclopropyl group remains intact with no half-opened nature. 

Dissolution of 1-ferrocenyl-l-cyclopropyl trimethylsilyl ether 
(4)8a9 in FS03H/S02ClF8b at -78 0C (using a dry ice/acetone 
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bath) resulted in a dark green solution. The 300-MHz801H NMR 
spectrum at -85 0C indicated the formation of protonated ether 
5 with the following absorptions: 5 (1H) 4.48 (s, H6, H7), 4.16 
(s, H9, H10, H11, H12, H13), 4.04 (s, H5, H8), 0.78 and 0.35 (s, 
H2, H3), -0.03 (s, Si(CH3)3), -3.21 (s, OH). The 75-MHz 13C 
NMR spectrum showed the following peaks: 5(13C) 97.9 (s, C4), 
77.9 (d, 7CH = 181.7 Hz, C6, C7), 77.3 (d, Jcii = 185.6 Hz, C9, 
C10, C11, C12, C13), 75.5 (d, 7CH = 182.7 Hz, C5, C8) 60.4 (s, C1), 
17.4 (t, /CH = 166.0 Hz, C2, C3), -1.6 (q, JCH = 122.1 Hz, 
Si(CH3)3). Comparison of the 13C NMR data with those of the 
pregenitor 48a shows no drastic change, in accordance with the 
structure of 5. Indicative of 5 is also the observation of the highly 
shielded acidic proton on the ether oxygen at 5(1H) -3.21, in­
dicating strong agostic10 interaction with the iron atom. 

Allowing the solution to reach -40 0C in the NMR probe for 
8 min followed by obtaining the spectrum by recooling to -60 0C 
showed irreversible changes, indicating the formation of 1-
ferrocenyl-1-cyclopropyl cation 6. The 13C NMR spectrum 
(Figure 1) consists of the following absorptions: 5(13C) 117.1 (s, 
C1), 94.8 (d, /CH = 184.6, C6, C7), 94.3 (s, C4), 84.3 (d, JCii = 
183.6 Hz, C9, C10, C11, C12, C13), 83.5 (d, Jcii = 190.4 Hz, C5, 
C8), 7.6 (t, 7CH = 166.0 Hz, C2, C3). The trimethylsilyl group 
absorption at 5(13C) 1.6 is assigned to trimethylsilyl fluorosulfate. 
The observation of the cyclopropyl group methylene carbon signals 
at 5(13C) 7.6 supports the formation of a free cyclopropyl cation 
with extensive charge derealization into the ferrocenyl moiety 
as expressed in the resonance structure 6a. Such derealization 
is also supported by the observation of a signal for the carboca-
tionic center at 5(13C) 117.1. The C6 and C7 cyclopentadienyl 
carbons are extensively deshielded (5(13C) 94.8) compared to the 
C5 and C8 carbons. The assignments are also in accord with 
previously studied ferrocenyl-substituted carbocations.1' The 1H 
NMR data [5(1H) 5.76 (s, H6, H7), 4.3 (s, H9, H10, H11, H12, H13), 
4.3 (s, H5, H8), 1.59 and 1.25 (s, H2, H3)] are also in accord with 
structure 6. Support for 6 comes from the nonequivalence of H2 
and H3 cyclopropyl protons as well. Attempts to quench 6 to an 
intact cyclopropyl product were, however, unsuccessful.12 

The large shielding of the cyclopropyl methylene carbons in 
6 compared to 4 (by ca. 9.5 ppm) can be rationalized in terms 
of significant double bond character of the C1-C4 bond in the 
former. In fact, in going from methylcyclopropane to methyle-
necyclopropane, a shielding (3.2 ppm) of the 13C NMR chemical 
shifts of the cyclopropyl methylene carbons is observed.13 

(8) (a) Compound 4 was obtained in 63% yield, as a yellow solid, by the 
cyclopropanation9' of [l-[(trimethylsilyl)oxy]ethenyl]ferrocene,'b which was 
readily available from acetylferrocene by Duboudin's procedure.9' NMR data 
for 4: 6(1H) (CDCl3) 4.08 (s, H61H7), 4.01 (s, H91H101H1,,H12,H13), 3.92 (s, 
H5,Hg), 1.11 and 0.92 (m, H21H3); 6(13C) (CDCl3) 94.4 (s, C4), 69.0 (d, 
C91C101C111C121C13), 67.5 (d, C61C7), 67.2 (d, C51C8), 55.2 (s, C1), 17.1 (t, 
C21C3), 1.3 (q, Si(CH3)3). (b) Freshly distilled materials were used; FSO3H 
was used in 10-fold excess, (c) The NMR studies were carried out on a Varian 
Associates Model Unity 300 Superconducting NMR spectrometer equipped 
with a variable-temperature 'H1 "F broad band probe using capillary ace­
tone-^ lock. The chemical shifts are referenced from capillary TMS. 
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(13) Crawford, R. J.; Tokunaga, H.; Schrijver, L. M. H. C; Goddard, J. 
C; Nakashima, T. Can. J. Chem. 1978, 56, 992-997. Monti, J. P.; Faure, 
R.; Vincent, E. J. Org. Magn. Reson. 1976, S1 611-617. 

In conclusion, we have been successful in the generation and 
observation of the first persistent tertiary cyclopropyl cation under 
long-lived stable-ion conditions. The cyclopropyl group in 6 re­
mains intact due to substantial positive charge delocalization into 
the adjacent ferrocenyl moiety. 
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The nature of the bridgehead bond of propellanes has been of 
considerable recent interest;3,4 however, only a few isolable group 
14 [1.1.1] propellanes and bicyclo[ 1.1.1] pentanes are known ex­
perimentally.4 Here, we wish to report the preparation of a novel 
[l.l.l]propellane-type molecule 1-Se3 (2,4,5-triselena-l,3-disi-
labicyclo[l.l.l]pentane) and discuss the nature of the bridgehead 
bond. 

A benzene solution of 1-Se45 in a sealed tube was irradiated 
with a low-pressure Hg lamp for 18 h to give 1-Se3, liberating 
Se as a reddish brown precipitate.6 The title compound 1-Se3 
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Chalcanes. 2. For Part 1, see ref 5. 
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Commun. 1988, 1063. Kudo, T.; Nagase, S. J. Am. Chem. Soc. 1985,107, 
2589. Nagase, S. Polyhedron 1991, 10, 1299. (i) Streitwieser, A. J. Chem. 
Soc, Chem. Commun. 1989, 1261. 0) Schleyer, P. v. R.; Janoschek, R. 
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F. W.; Lau, C. D. H. / . Am. Chem. Soc. 1987, 109, 985. Bader, R. F. W. 
Chem. Rev. 1991, 91, 893. (1) O'Keeffe, M.; Gibbs, G. V. J. Chem. Phys. 
1984, 81, 876. Note that the IUPAC name for [ 1.1.1 ]propellane is tricy-
clo[l. 1.1.0u]pentane. 
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(5) Yoshida, H.; Ando, W. Organometallics 1991, 10, 27. 
(6) Irradiation with a halogen lamp yielded the same product, 1-Se3, but 

the rate was very slow. The UV maximum of 1-Se4 (450 nm) is explained 
by the lone pair-lone pair interaction of two neighboring Se atoms.5,7 This 
four-electron interaction served to destabilize the molecule; therefore, we 
expected the photolytic cleavage of the selenium-selenium bond. However, 
the corresponding sulfur analogue 1-S4 did not show such photochemical 
reactivity. 
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