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Figure 1. Plot of unimolecular rate constants for electroreduction of 
surface-attached Com(NH3)5X complexes at gold electrodes at -300 mV, 
fcef

300, vs. the estimated through-bond surface-Co(III) distance, r, and 
number of alkyl carbons, n. Data from Table I; identifying numbers as 
listed in Table I. 

group, however, yielded only minor rate variations. These rate 
decreases contrast the virtually invariant second-order rate con­
stants, kRu (M"1 s"1). observed for the homogeneous outer-sphere 
reduction of these complexes by Ru(NH3)6

2+ (Table I). The 
unimolecular reduction of each complex at mercury also yielded 
approximately constant rates, the values of A:et"

300 approximating 
those observed at gold for the shortest alkyl group reactants (Table 
I). 

The tenacious adsorption at gold presumably yields a rigidly 
packed matrix, constraining the Co(III) redox center to lie pro­
gressively further from the metal surface as the number of bridging 
alkyl carbons increases. The reactant bound to mercury, on the 
other hand, should be markedly more flexible since submonolayer 
adsorption ( f ~ 5 X 10"" mol cm"2) is involved, presumably 
enabling Co(III) to closely approach the metal surface in each 
case. Although there is evidence8,9 that the values of fcet seen at 
mercury for these, as for similarly nonconjugated reactants,60 

reflect moderately nonadiabatic pathways (where the transmission 
coefficient /cd ~ 0.058), this flexibility therefore appears to provide 
an alternative "through-space" mechanism irrespective of the alkyl 
chain length (cf. homogeneous systems20). Consequently, the 
striking decrease in ka seen at gold is attributed to the progressive 
diminution of xel as the surface-Co(III) separation distance in­
creases. The rigid impervious nature of the adsorbed layers at 
gold is also evidenced by comparable (up to ca. 104-fold) rate 
decreases observed for the outer-sphere reduction of Co-
(NH3)5OAc2+ (OAc = acetate) upon coating the gold surface with 
these films. 

Figure 1 is a plot of log &el~
300 at gold for the five reactants 

against the estimated bond distances, r, between the metal surface 
and the Co(III) redox centers7 (or similarly, against n). The 
approximately linear plot observed is consistent with the relation10 

K^ = */• exp[-/3(r2 - /•!>] (1) 

for a pair of donor-acceptor distances /-, and r2. The slope of the 
straight line shown in Figure 1 yields /3 = 1.45 A"1. This value 
is very close to that predicted, 1.4 A"1, for electron tunneling in 
a medium via a square 2-eV barrier.11 Similar values of /J have 

(8) Li, T. T.-T.; Guyer, K. L.; Barr, S. W.; Weaver, M. J. J. Electroanal, 
Chem. Intefacial Electrochem. 1984, 164, 27. 

(9) Li, T. T.-T.; Weaver, M. J., manuscript in preparation. 
(10) Note that the coefficient £ (A"1) in eq 1 will be twice the corre­

sponding value obtained from relations where the electronic coupling matrix 
element is employed instead of K0,. 

also been obtained from ab initio calculations for outer-sphere 
electron transfer.5"1 A comparable value, ca. 1.3 A"1, is obtained 
from rate data20 for electron tunneling through oligoproline 
bridging ligands, although the distance dependence of ka was 
attributed20 partly to changes in the solvent reorganization barrier 
AG*08. This latter factor is less likely to influence the k„ - r 
dependence for electrochemical reactions since AG*0S should be 
almost independent of r for r £ 6 A.12 

The present data can also be utilized to roughly estimate ab­
solute values of KA, assuming that the observed rates at mercury, 
ka'

i0° « 5 X 103 s"1, correspond to «el ~ 0.05 (vide supra). From 
this we deduce that /cel ~ 2 X 10~5 for n = 5 at gold, for which 
r ~ 15 A (Figure 1) (cf. ref 1). Of course, the actual surface-
Co(III) distances may be shorter than the estimates in Figure 1 
if the carbon linkages are somewhat staggered. Assuming 120° 
bond angles diminishes the effective r values about 15%. Even 
though a distribution in the surface-Co(III) distances will result 
from variations in the film structure, the measured kel values will 
tend to reflect the smaller distances since ka increases with de­
creasing r. 

The present results are compatible with our recent deduction 
for some related outer-sphere electrochemical reactions that Kel 

< 1 for r S 6 A13 (cf. homogeneous reactions"). These results 
apparently refute the claim14 that heterogeneous electron transfer 
will be adiabatic even at large (10-20 A) separations due to the 
continuum of electronic states at metal surfaces. Rather they 
reveal striking behavioral similarities for electron tunneling in 
heterogeneous and homogeneous environments. 
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(11) Hopfield, J. J. Proc. Natl. Acad. Set U.S.A. 1974, 71, 3640. Also 
see: Marcus, R. A.; Siders, P. J. Phys. Chem. 1982, 86, 622. 

(12) For example, see: Weaver, M. J. J. Phys. Chem. 1980, 84, 568. 
(13) Hupp, J. T.; Weaver, M. J. J. Phys. Chem. 1984, 88, 1463. 
(14) (a) Hale, J. M. J. Electroanal. Chem. Interfacial Electrochem. 1968, 

19, 315. (b) Hale, J. M. "Reactions of Molecules at Electrodes"; Hush, N. 
S., Ed.; Interscience: New York, 1971; Chapter 4. (c) Doganadze, R. R.; 
Kuznetsov, A. M.; Vorotyntsev, M. A. / . Electroanal. Chem. Interfacial 
Electrochem. 1970, 25, Appendix 17. 
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While the first derivatives of methylenecyclopropene were 
isolated over 20 years ago,3 the resonance-stabilized parent hy­
drocarbon 1 eluded detection4 unitl 1976 and has only recently 

1 2 
been prepared and characterized.5 By comparison the highly 

(1) Studies in the Cycloproparene Series. For the previous part, see: 
Halton, B.; Randall, C. J. J. Am. Chem. Soc. 1983, 105, 6310-6311. 

(2) (a) Victoria, (b) Fulbright scholar and visiting Professor University 
of Utah 1981-1982. (c) Utah. 

(3) Kende, A. S. J. Am. Chem. Soc. 1963, 85, 1882-1884. Battiste, M. 
A. Ibid. 1964, 86, 942-944. Review: Eicher, T.; Weber, J. L. Top. Curr. 
Chem. 1975,57, 1. 

(4) Billups, W. E.; Blackeney, A. J.; Chamberlain, W. T. J. Org. Chem. 
1976, 41, 3771-3772. Billups, W. E.; Blakeney, A. J.; Rao, N. A,; Buynak, 
J. D. Tetrahedron 1981, 37, 3215-3220. 
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strained methylenecycloproparenes, e.g., 2, are unknown. We now 
report the successful synthesis6 of the methylenecyclo-
propabenzenes 7 and 8 and their cyclopropa [b] naphthalene 
analogues 12 and 13. 

The acidity of the benzylic protons of cyclopropabenzene (3) 
is greater than that of toluene making the cyclopropabenzenyl 
anion (4) readily available.7 Metalation (BuLi) of 3 and 
quenching with chlorotrimethylsilane is known7 to deliver 5, and, 
to our knowledge, this is the only example of the use of a cyclo­
propabenzenyl anion in synthesis.8 The facility of silicon to 
stabilize an a-anion9 and the synthetic utility of the Peterson 
olefination9,10 suggested that alkylidenecycloproparenes, e.g., 7, 
may be available by the route depicted in Scheme I. We have 
found this to be the case, but in practice it is more efficient to 
convert 3 into the alkylidenecyclopropabenzenes 711 and 812 in 
a "one-pot" procedure without isolating 5. Thus, sequential 
treatment of 3 with molar equivalents of the reagents indicated 
in Scheme I delivers 7 as a stable, yellow, crystalline solid11 and 

(5) Billups, W. E.; Lin, L.-J.; Casserly, E. W. J. Am. Chem. Soc. 1984, 
106, 3898-3699. Staley, S. W.; Norden, T. D. Ibid. 1984,106, 3699-3700. 

(6) All new compounds reported provided satisfactory analytical and 
spectral data. 

(7) Eaborn, C; Eidenschink, R.; Harris, S. J.; Walton, D. R. M. J. Or-
ganomet. Chem. 1977,124, C27-C29. Eaborn, C. Ibid. 1980, 192, 155-161. 

(8) Halton, B. Ind. Eng. Chem. Prod. Res. Dev. 1980, 19, 349-364. 
(9) Weber, W. P. "Silicon Reagents for Organic Synthesis"; Springer-

Verlag: New York, 1983; pp 58-78. 
(10) Peterson, D. J. J. Org. Chem. 1968, 33, 780-784. 
(11) Compound 7 may be named as l-(diphenylmethylene)bicyclo-

[4.1.0]hepta-l,3,5-triene since fusion nomenclature requires that cyclo­
propabenzene (3) be named as bicyclo[4.1.0]hepta-l,3,5-triene: mp 89.5-91 
0C. Anal. (C 2 0 H 1 4 )CH. 1H NMR S 7.0-7.8 (m); 13C NMR S 110.7 
(C2/C5), 111.3 (C6), 113.3(Cl), 126.3 (ClO), 127.6 (C9/C9', Cl 1/C11'), 
128.4 (C8/C8', C12/C12'), 132.7 (Cla/C5a), 133.2 (C3/C4), 140.1 (C7/ 
CT); Xn^, (C6Hi2) 249 (4.34), 265 (sh, 4.25), 385 (4.41), 405 nm (sh, log « 
4.32); X012x (CH3CN) 380 nm (4.49); »„„ (KBr) 3055, 1775, 1595, 1530, 
1495, 1440, 1350, 1150, 775, 738, 695 cm"1. 

(12) Compound 8 may be named as l-(l-phenylethylidene)bicyclo-
[4.1.0]hepta-l,3,5-triene: Anal. (C15H12)C1H. 'H NMR S 2.37 (s, CH3), 
7.0-7.5 (m, 7 H), 7.74 (d of d, J = 1.3 and 8.0 Hz, 2 H); 13C NMR 6 18.3 
(CH3), 103.9 (C6), 110.2 and 110.5 (C2/C5), 111.4(Cl), 124.3 (C9/C11), 
125.6 (ClO), 128.4 (C8/C12), 132.0 and 132.7 (C3/C4), 134.1 (CIa or C5a), 
140.3 (C7); X^ (C6H12) 242 (4.04), 249 (4.09), 256 (sh, 3.95), 357 (sh, 4.15), 
371 (4.26), 394 nm (log e 4.12); pmax (film) 3085, 2940, 1797, 1595, 1495, 
1460, 1455, 1365, 1343, 1115, 765, 748, 700 cm"1. 

8 as a less stable oil12 in yields of 41% and 10%, respectively. The 
meager yield of 8 is thought to be due to effective competition 
from enolate formation and regeneration of 5; with benzophenone 
as substrate such competition is avoided. 

Quenching of the anion derived from cyclopropa [b] naphthalene 
(9) with chlorotrimethylsilane delivers the bis(silyl) derivative 11 
(40%)13 and not the anticipated 10 (Scheme II). Compound 9 
is also recovered (49%) from the reaction, and it seems likely that 
10 is deprotonated immediately upon formation14 by the anion 
of 9. Treatment of 11 with potassium tert-butoxide15 in the 
presence of benzophenone in dry tetrahydrofuran results in an 
almost quantitative conversion to the methylenecyclopropa[6]-
naphthalene 12 as a stable, yellow, crystalline solid.16 With 
acetophenone 11 provides the derivative 1317 also as a stable yellow 
solid, but as with the conversion 3 —»• 8, the yield is significantly 
reduced (41%). 

The assignment of alkylidenecycloproparene structure of 7, 8, 
12, and 13 is fully consistent with their spectral data."'12'16'17 The 
13C NMR spectra are particularly informative and reveal that 
the aromatic methine carbons adjacent to the three-membered 
ring are more shielded than in their precursors or other cyclo-
proparenes.8 Thus C2(5) of 7 and 8 appear at ~ 110.5 ppm (cf. 
114.7 ppm in 318) while C2(7) of 12 and 13 resonate at ~ 106.9 
ppm (cf. 112.3 ppm in 919). Moreover, the non-equivalence of 
these centres in 812 and 1317 is apparent. The presence of the 
exocyclic double bond is shown by the appearance of two low-
intensity quaternary sp2-carbon resonances for each compound 
with Cl at — 111 ppm, and extended conjugation is evident from 
their color. The electronic spectra (in cyclohexane) display ab­
sorption maxima approaching 380 nm for the methylenecyclo-
propabenzenes11,12 and 430 nm for the naphthalene analogues.16,17 

More importantly the long-wavelength band, of, for example, 7, 
suffers a blue shift of 5 nm when recorded in acetonitrile. Al­
though this shift is not great,3 when taken in conjuction with 
moderate infrared absorption at —1780 cm"1 some contribution 
to the structure of the methylenecycloproparenes from charge 
separated forms (cf. 2) could be implied.3"5 More definitive data 
could stem from structural parameters and from the provision of 
less heavily substituted derivatives; appropriate studies are under 
way. 
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(13) Compound 11 may be named as l,l-bis(trimethylsilyl)-l#-cyclo-
propa[b]naphthalene: mp 95-96 "C. Anal. (C17H24Si2) C, H. 1H NMR 
S 0.01 (s, 18 H), 7.05 (s, 2 H), 7.30 (m, 2 H), 7.65 (m, 2 H); 13C NMR S 
-1.3 (CH3), 29.3 (Cl), 107.9 (C2/C7), 124.7 (C4/C5), 127.4 (C3/C6), 131.3 
(Cla/C7a), 136.2 (C2a/C6a). 

(14) It has not proved possible to isolate 10 despite many variations in the 
experimental procedures. The yield of 11 has been increased to 76% from a 
complex series of manipulations, details of which will be provided in the full 
paper. 

(15) With "dry" tetrabutylammonium fluoride, 11 regenerates 9 probably 
because of the presence of HF2", see: Sharma, R. K.; Fry, J. L. J. Org. Chem. 
1983.4S, 2112-2114. 

(16) Compound 12 may be named as l-(diphenylmethylene)cyclopropa-
[b]naphthalene: mp 110-111 °C. Anal. (C24H16)CH. 1H NMR S 7.1-7.4 
(m, 10 H), 7.5-7.8 (m, 6 H); 13C NMR 6 107.3 (C2/C7), 112.0 (Cl), 120.0 
(C8), 126.7 and 127.4 (C4/C5, C12/C12'), 128.2 and 128.5 (C10/C10', 
Cl l /CIT, C13/C13', C14/C14'), 128.8 (C3/C6), 138.9 and 139.6 (C2a/ 
C6a, C9/C9'); XmaA (C6H12) 230 (4.61), 251 (4.34), 260 (sh, 4.32), 270 (sh, 
4.28), 291 (4.13), 412 (4.48), 438 nm (log e = 4.52). > „ (KBr) 3050, 1765, 
1590, 1485, 1440, 1410, 1340, 1130, 843, 838, 760, 750, 740, 690 cm"1. 

(17) Compound 13 may be named as l-(l-phenylethylidene)cyclopropa-
[b]naphthalene: mp 94-95 0C. Anal. (C19H14) C, H. 1H NMR S 2.52 (s, 
CH3), 7.2-7.6 (m, 7 H), 7.7-8.0 (m, 4 H); 13C NMR S 18.9 (CH3), 106.6 
and 106.9 (C2/C7), 110.3 (Cl), 113.8 (C8), 125.1 and 126.4 (C4/C5, 
C11/C13), 126.8 (C12), 128.4 (C10/C14), 128.6 and 128.7 (C3/C6), 129.0 
(CIa or 7a), 138.1, 138.7, and 139.6 (C2a/6a/9); Xmax (C6H12) 230 (4.70), 
242 (sh, 4.38), 253 (sh, 4.24), 289 (4.38), 377 (sh, 4.32), 294 (4.62), 412 (sh, 
4.49), 422 nm (log e 4.72). pm„ (KBr) 3050, 2980, 1775 (w), 1590, 1505, 
1490, 1440, 1415, 1245, 1175, 1155, 1145, 845, 760, 745, 690 cm"1. 

(18) Gflnther, H.; Jikeli, G.; Schmickler, H.; Prestien, J. Angew. Chem., 
Int. Ed. Engl. 1973, 12, 762-763. 

(19) Adcock, W.; Gupta, B. D.; Khor, T. C; Doddrell, D.; Kitching, W. 
/ . Org. Chem. 1976, 41, 751-759. 
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Several years ago, in search of homogeneous models for the 
metal-catalyzed oxidation of propylene to acrylonitrile, a group 
at Du Pont1 uncovered a reaction in which an allyl group and a 
nitric oxide ligand underwent conversion to an oxime ir-complexed 
to nickel. This discovery presaged a growing number of processes 
in which coordinated nitric oxide can be used to form new car­
bon-nitrogen bonds in organic molecules.2 We wish to report 
here some unusual ruthenium chemistry germane to the under­
standing of such processes, which includes the observation of (1) 
the transformation of coordinated nitric oxide into oxime func­
tionality ff-bound to the metal, (2) in one system, the rear­
rangement to an isomeric amide structure, and (3) in another 
system, dehydration of the oxime, leading to coordinated cyanide. 

Our results are summarized in Scheme I. Nitric oxide was 
introduced into the coordination sphere of ruthenium by treating 
Cp*Ru(CO)2Cl (Cp* = ^-C5Me5)

3 with NOCl4 in methylene 
chloride at room temperature. After chromatography on silica 
gel and recrystallization from boiling toluene, air-stable dark green 
crystals of Cp*(NO)RuCl2 (1) were obtained in 53% yield.5 After 
experimenting with a variety of alkylating agents, the transfor­
mation of 1 to the dialkyl complexes 2 was found to be most 
cleanly achieved with trialkylaluminum compounds. Thus 
treatment of a slurry of 1 in toluene with a dilute solution of AlMe3 
gave red-orange crystalline 2a in 67% yield. The diethyl complex 
2b was prepared in a similar manner from AlEt3 in 56% yield and 
also forms red-orange crystals. Both 2a and 2b are slightly air 
sensitive, in solution and as solids, and were purified by sublimation 
at 60 and 50 0C, respectively, at 1O-4 torr. 

In contrast to the closely related complex6 CpFe(NO)Me2, 
which slowly decomposes at room temperature, complexes 2 are 
remarkably thermally stable. In the absence of phosphine, di­
methyl complex 2a decomposes slowly at 120 0C over 24 h, leading 
to intractable products. However, thermolysis in benzene at 150 
0C for 20 h in the presence of trimethylphosphine produces a new 
material having an intense IR absorption at 2060 cm"1 and res­
onances in the 1H NMR spectrum at S 1.66 (t, 15 H, / = 1.4 Hz) 
and 1.16 (virtual triplet, 18 H, J + J = 8.4 Hz). This, as well 
as other spectral evidence, is consistent with the formulation of 
this material as the metal cyanide Cp*Ru(PMe3)2(CN) (3, 
Scheme I). Compound 3 is isolated as yellow crystals in 51% yield. 
Water and methane are also produced in this reaction (identified 
by GC/MS and quantified by GC and 1H NMR). Complex 3 
may be prepared independently by treatment of Cp*Ru(PMe3)2Cl7 

Scheme I 
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with potassium cyanide in methanol.8 

Additional insight as to how this cyanide complex may be 
formed is provided by thermolysis of the corresponding diethyl 
complex 2b in the presence of trimethylphosphine. This reaction 
proceeds, under somewhat milder conditions (85 0C in benzene), 
with extrusion of 0.82 equiv of ethane (as determined by GC/MS 
and quantified by GC; 0.09 equiv of ethylene is also formed); it 
gives as the organometallic product a yellow crystalline material 
analyzing correctly for the formula C18H37NOP2Ru in 76% iso­
lated yield. In addition to resonances for one Cp* and two tri­
methylphosphine ligands in the 1H NMR (S 1.55 (t, 15 H, / = 
1.4 Hz), 1.28 (virtual triplet, 18 H, J + J = 8.2 Hz)), it exhibits 
resonances characteristic of one vinylic hydrogen and methyl group 
(S 6.43 (q, 1 H), 2.17 (d, 3 H)) weakly coupled to one another 
(/ = 5.2 Hz). We therefore propose a ruthenium oximate (aza 
enolate) (Cp*L2Ru(ONCHCH3)) formulation for this complex. 
That the carbon attached to nitrogen is in fact sp2 hybridized is 
confirmed by the 13C-H coupling constant of 172.7 Hz measured 
in the gated carbon spectrum. This requires that the ruthenium 
oximate has the unusual9 (at least for a late-transition-metal 
complex) oxygen-metal bound structure 4 rather than the 
analogous carbon-metal bound structure 5. Thermolysis of 4 at 
75 0C for 4.5 h in benzene leads (35%) to an isomeric crystalline 
yellow material containing an exchangeable, rather than vinylic, 
hydrogen, which spectral data demonstrate to be the TV-ruthenium 
amide complex 6. Confirmation of this assignment was obtained 
by independent synthesis of 6 from Cp*Ru(PMe3)2Cl and 
CH3CONHLi in Me2SO. The transformation of 4 to 6 is strongly 
inhibited by added phosphine. This explains why 6 is not formed 
at the higher temperature at which 4 is prepared. Furthermore, 
if dimethylphenylphosphine is added instead of trimethylphosphine, 
phosphine substitution is observed before isomerization.10 

We propose the pathways outlined in Scheme I to explain these 
observations. The process is presumably initiated by migratory 
insertion of NO into one of the metal alkyl bonds,6,11 leading to 
nitrosoalkane intermediate 7. Transfer of a hydrogen to the metal 
center from the carbon adjacent to nitrogen (this can be viewed 
either as ^-elimination cyclometallation), reductive elimination 

(1) (a) Clement, R. A. U.S. Pat. 3652620, 1972. (b) Clement, R. A.; 
Klabunde, U.; Parshall, G. W. / . MoI. Catal. 1978, 4, 87. 

(2) Pandey, K. K. Coord. Chem. Rev. 1983, 51, 69. 
(3) Heinekey, D. M. Ph.D. Dissertation, University of Alberta, Edmonton, 

Alberta, 1981. 
(4) Nitrosyl chloride was prepared from thionyl chloride and isoamyl 

nitrite according to Stryker et al.: Stryker, J. M. Ph.D. Dissertation, Columbia 
University, New York, 1983. 

(5) (^'-C5H5)Ru(NO)Cl2 has been prepared in a similar manner. See: 
Connelly, N. G. Inorg. Chim. Acta Rev. 1972, 6, 47. 

(6) Seidler, M. D.; Bergman, R. G. Organometallics 1983, 2, 1897. 

(7) Tilley, T. D.; Grubbs, R. H.; Bercaw, J. E. Organometallics 1984, 3, 
274. 

(8) Related cyanoruthenium complexes have recently been reported and 
their chemistry investigated: (a) Bruce, M. I.; Wallis, R. C; Aust. J. Chem. 
1981, 34, 209. (b) Baird, G. J.; Davies, S. G. J. Organomet. Chem. 1984, 262, 
215. 

(9) King, R. B.; Chen, K. N.; Inorg. Chem. 1977, 16, 1164. 
(10) For an example of amide complexes in the platinum series, see: 

Appleton, T. G.; Bennett, M. A. J. Organomet. Chem. 1980, 199, 119. 
(11) (a) Weiner, W. P.; White, M. A.; Bergman, R. G. J. Am. Chem. Soc. 

1981,103, 3612. (b) Weiner, W. P.; Bergman, R. G. Ibid. 1983, 105, 3922. 
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