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Ru(OEP)(PPb,) (4). This complex was made from 3 by the method 
described for 2 (2 h at 200 OC, 1 X Torr, 1 mol equiv of PPh, being 
removed by sublimation). Anal. Calcd for CS4Hs9N4PRu: C, 72.40; H, 
6.59; N, 6.26. Found: C, 72.49; H, 6.70; N, 6.13. 'H NMR: 6 9.56 
s (4 H, meso H), 6.50 t (3 H,p-H), 6.29 m (6 H, m-H), 4.21 m (6 H, 
o-H), 3.78 m (16 H, CHI), 1.85 t (24 H, CH,). These data agreed with 
those noted earlier for an impure sample8 (see below). ,'P NMR: 6 
58.59 s. The UV/visible spectrum is the same as that recorded for the 
species formed in situ.'s8 

Results and Discussion 
The synthesis of the five-coordinate complexes 2 and 4 dem- 

onstrates again the utility of the pyrolysis procedure in metallo- 
porphyrin chemi~ t ry .~  An earlier synthesis of 4 via amalgam, 
reduction of RuBr(OEP)(PPh,) gave a product contaminated with 
inorganimS The lack of a porphyrin plane of symmetry in the 
five-coordinated species leads to 'H N M R  inequivalent o-CH~ 
groups and meta protons within Z3 and inequivalent -CH2- protons 
of the ethyl groups within 4.' 

Both 2 and 4 can be stored under N2 for months without 
decomposition, and in benzene a t  - M the species are un- 
reactive toward 1 atm of N2, H2, and even dry (P205-treated) 02. 
Solid samples of 2 and 4 are stable in air over days, but in solution, 
oxidation by air or undried O2 occurs in minutes. 'H N M R  
spectral changes show that 4 generates the Ru" p-oxo species 
[Ru(OEP)OH] 20,1' a process clearly requiring the presence of 
trace moisture. The product from 2 has not been identified, but 
it is not R U ( T M P ) ( O ) ~ . ~ . ~ ~  Earlier studies* showed that impure 
4 in toluene reacted with O2 (undried) to give [Ru(OEP)(OH)],O, 
which decomposed at  50 OC with trace water into R u 0 2  and 
free-base porphyrin. The formation of the pox0 species during 
the O2 oxidation of [Ru(OEP)], has been similarly attributed to 
trace m0i~ture . l~  These data highlight the trace water problem 
in this area. A stoichiometric O2 oxidation of R u ( O E P ) ( P P ~ ~ ) ~  
had been considereds to proceed via either (a) replacement of the 
O2 of undetectable Ru(OEP)(PPh3)02 as peroxide by attack of 
free PPh3 or (b) a pathway that involves reaction of Ru- 
(OEP)(PPh3)02 with Ru(OEP)(PPh,). The present findings rule 
out (b) but remain consistent with (a). An alternative outer-sphere 
O2 oxidation of the bis(phosphine) species, assisted by protons 
(from water), that involved superoxide and then peroxide formation 
( H 0 2  - 1/2H202 + 1/202) was ruled out on kinetic grounds,s but 
the rate data were preliminary, and more detailed studies using 
a controlled water content should be carried out to test for possible 
contribution from an outer-sphere process. 

Both five-coordinate complexes react rapidly in benzene ( 
M) with CO to give Ru(porp)(PR3)C014 and with 1 equiv of the 
appropriate phosphine to give the precursor bis(phosphine) species. 
Of interest in a catalytic context, neither 2 or 4 in benzene show 
reactivity toward benzaldehyde even at  100 "C in sealed tubes. 
Solutions of R u ( T P P ) ( P P ~ ~ ) ~  containing added n-Bu3P are ex- 
tremely effective for catalytic decarbonylation of  aldehyde^;^ a 
radical mechanism, although poorly defined, has been established? 
and loss of C O  (from Ru(porp)(PR3)C0 formed via aldehyde 
decarbonylation) according to demonstrated equilibria' such as 
eq 1 was considered as a possible step in all the overall catalysis. 

Ru(porp)(PR,)CO + PR3 * Ru(porp)(PRJ2 + C O  (1) 

The present data show that any such carbonyl complex is unlikely 
to be formed by a purely thermal (or laboratory-light-induced) 
reaction of the aldehyde with a (porphinato)(phosphine)ruthe- 
nium(I1) species. Attempts to synthesize Ru(TPP)(PPh,) by 

(1 1) Collman, J. P.; Barnes, C. E.; Brothers, P. J.; Collins, T. J.; Ozawa, T.; 
Gallucci, J.  C.;  Ibers, J. A. J.  Am. Chem. SOC. 1984, 106, 5151. 

(12) Groves, J. T.; Quinn, R. J .  Am. Chem. SOC. 1985, 107, 5790. 
(13) Collman, J. P.; Barnes, C. E.; Collins, T. J.; Brothers, P. J.; Gallucci, 

J.; Ibers, J. A. J .  Am. Chem. SOC. 1981, 103, 7030. 
(14) (a) 'H NMR for Ru(TMP)(n-Bu,P)CO: 8 8.68 s (8 H, pyrrole H), 

7.30 s (4 H, m-H), 7.02 s (4 H, m-H), 2.68 s (12 H, o-CH,), 2.45 s (12 
H, p-CH,), 1.53 s (12 H, 0-CH,), 0.43 br (15 H, CH2CH,), -0.95 br 
(6 H, PCHzCX,), -2.08 s (6 H, PCH,). (b) Ru(OEP)(PPh,)(CO) has 
been synthesized previously: Barley, M.; Becker, J. Y.; Domazetis, G.; 
Dolphin, D.; James, B. R. Can. J .  Chem. 1983, 61, 2389. 
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vacuum pyrolysis of R u ( T P P ) ( P P ~ ~ ) ~  simply led to sublimation 
of the bis(phosphine) complex; this behavior was unexpected, in 
that the degree of dissociation of PPh3 from the Ru(porp)(PPhJ2 
complexes in toluene was greater for the TPP than for the OEP 
systems.' 

Treatment of solutions of 2 or 4 with HBr(g) or 48% aqueous 
HBr under aerobic conditions gives high yields of RuBr- 
(TMP) ( n-Bu3P) l 5  or RuBr( OEP) ( PPh3), l6 respectively. Aerobic 
treatment of R ~ ( p o r p ) ( P R ~ ) ~  complexes with H X  has proved 
useful previously for the synthesis of Ru"' porphyrin halide species, 
but the oxidation process concomitantly generates phosphine oxide, 
which has to be removed by chromatography.s,16 Use of the 
five-coordinate precursors obviates the necessity of the separation 
procedure. 

Finally, IH N M R  and 31P NMR studies show (a) that there 
is no tendency of 2 or 4 in solution to dissociate a phosphine to 
give R u ( T M P ) ~  or [Ru(OEP)I2,' respectively, and (b) that 1:l 
mixtures of the mono- and bis(phosphine) species 3 and 4 undergo 
fast exchange of phosphine, while mixtures of 1 and 2 do not. 
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During the last few years, we have been interested in the 
syntheses and properties of new [CpM(L),]+ complexes (Cp = 
q5-cyclopentadienyl; M = Fe, Ru; L3 = 6-electron-donor ligand) 
via the photolytically generated [CpM(S),]+ solvato complexes 
(M = Fe, S = CH2C12; M = Ru, S = CH3CN).I,2 One new 
complex that we synthesized in high yields via the photochemical 
route is [CpFe(CHT)](PF,) (CHT = g6-cycloheptatriene).3 The 
relative ease of obtaining this material and its favorable chemical 
properties suggested that it would be a good candidate for hydride 
abstraction studies designed to convert the coordinated CHT ligand 
to the coordinated tropylium (trop') ligand: 

(5 * 
As we pursued our chemical investigations, we also became in- 

(1) Gill, T. P.; Mann, K. R. Znorg. Chem. 1983, 22, 1986. 
(2) Gill, T. P.; Mann, K. R. Organometallics 1982, 1 ,  485. 
(3) Gill, T. P.; Mann, K. R. J. Organomet. Chem. 1981, 216, 65. 
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further purified by dissolution in acetonitrile followed by precipitation 
with dichloromethane. A total of 0.073 g (0.13 mmol) of white 
[CpRU(trOp)](PF6)2 (71% yield) was collected by filtration. Anal. Calcd 
for Cl2HI2RuP2Fl2: C, 26.34; H, 2.21. Found: C, 26.59; H, 2.29. 'H 
NMR (acetonitrile-d,): 6 7.57 (s, C7H7, 7 H), 6.13 (s, Cp, 5 H). "C 
NMR (acetonitrile-d3): 6 92.5 (s, C7H7), 84.3 (s, Cp). 

Reaction of [CpRu(CHT)](PF,) with Ph3CPF,. A 0.044-g (0.1 1- 
mmol) sample of [cpRu(CHT)](PF,) under a nitrogen atmosphere was 
treated with 0.052 g of Ph3CPF6 (0.14 mmol) in 5 mL of CH2CI2. The 
solution was stirred for 24 h. After reduction of the solvent volume, the 
CH2C12-insoluble material was collected. A 'H NMR spectrum of this 
material revealed a mixture of undiscernible decomposition products. 

Reaction of [ c p R ~ ( t r o p ) ] ( P F ~ ) ~  with CH3Li. A sample of 0.049 g of 
[cpR~(Trop)](PF,)~ (0.089 mmol) was suspended in 15 mL of dry, 
degassed THF, and 0.1 mL of 1 M CH3Li (0.1 mmol) was added. The 
metal complex instantly dissolved to give a colorless solution, but the 
solution turned brown within a minute. After rotary evaporation, the 
solid was washed with diethyl ether. An 'H NMR spectrum of the 
CH3CN-soluble fraction exhibited no resonance ascribable to products. 

Reaction of [CpRu(trop)](PF,), with Zn. A mixture of 0.039 g (0.072 
mmol) [CpR~(trop)](PF,)~ and 1 g of Zn dust in a degassed solution of 
CH,CN/ethanol (solvent ratio 1:2) was stirred under N2 for 3 days. 
After filtration to remove the remaining Zn dust, the solvent was removed 
by rotary evaporation. The resulting light tan solid was washed with 
diethyl ether to remove any organic impurities. Characterization by 
NMR led to the assignment of the product as [CpRu(CHT)](PF,) 
(0.026 g, 0.064 mmol, 89% yield). 

Photolysis of [CpRu(trOp)](PF6)2 in CD3CN. A sample of [CpRu- 
(trop)](PF6), was dissolved in CD$N in an NMR tube. This solution 
was degassed in a Pyrex NMR tube and irradiated for 35 min. A 'H 
NMR spectrum of the photolyzed solution indicated that, in addition to 
the resonances due to unreacted [CpRu(trop)12' (45%), new peaks as- 
signable to the free tropylium cation at 9.30 ppm and a singlet at 4.29 
ppm were present. The position of the peak at 4.29 ppm is in excellent 
agreement with the position of the Cp resonance of [CpRu- 
(CD,CN),] (PF,). Continued photolysis (70 min) of the solution con- 
verted the remainder of the starting material cleanly to [CpRu- 
(CD,CN),] (PF,) with no apparent side reactions or decomposition. 

Attempted Preparations of [CpFe( t r~p)] (PF~)~ from Reactions of 
[CpFe(CHT)](PF,) with  oxidant^.^ [CpFe(CHT)] (PF,) was reacted 
with a variety of oxidants'' (SbCI5,l2 NOBF,,', PCI5,l4 Ph,CPF6") in 
CH2C12, CH3CN, SO2,', and propylene carbonate at temperatures 
ranging from -80 to +95 OC in an attempt to prepare [CpFe(trop)l2'. 
Small amounts of the desired product were detected in several of these 
reactions. Taking into account these preliminary results suggested that 
the combination of Ph3CPF6/CH3CN at 20 OC with [CpFe(CHT)](PF,) 
for an extended time period might be successful. The reaction of 
[CpFe(CHT)](PF,) with Ph,CPF, in CH,CN at room temperature for 
11 days resulted in a red material that was a 50:50 mixture of [CpFe- 
(trop)](PF,), and [CpFe(CHT)](PF,). The compound could not be 
purified, but the IH NMR spectrum obtained in CD,CN for the mixture 
is consistent with the presence of the [CpFe(trop)l2* cation (6 8.00 (s, 

Results and Discussion 
Synthetic Chemistry. In general, hydride abstraction from CHT 

complexes has been the method of choice for the preparation of 
tropylium c o m p l e ~ e s . ~ ~ - ~ ~  We attempted to apply this metho- 
dology to the synthesis of [(CpFe(t?op)l2' (trop' = v7-C7H7, 
tropylium) because the starting material, [CpFe(CHT)]+ (CHT 
= v6-C7Hs, cycloheptatriene), was readily available from a previous 
photochemical investigation of metal arene  compound^.^ However, 

C7H7, 4 H), 5.30 (s, C5H5, 5 H)). 

terested in studying the electrochemical equivalent of the hydride 
abstraction 

M - M  t n+ * 
and related processes with the hope of obtaining thermodynamic 
information that would be useful for the prediction of the chemical 
reactivity of this system. Herein is the initial report of these studies 
and the more successful studies of the [CpRu(CHT)]+ and 
[CpRu(trop)l2+ analogues. 
Experimental Section 

General Considerations. All synthetic procedures were carried out 
under an inert N2 atmosphere unless otherwise noted. Solvents used were 
of spectroscopic grade and were used without further purification. Cy- 
cloheptatriene and (Ph3C)PF6 were purchased from Aldrich Chemical 
CO. [GH7I [PFd? [CpFe(CHT)I (PF6)? [CPFe(C&.)l (PF,)? [CPRu- 

ture procedures. IH NMR spectra were recorded on a Varian Associates 
CFT 20 NMR spectrometer equipped with a 79.5-MHz proton accessory. 
Chemical shifts, 6, are relative to Me4Si. High-field 'H NMR spectra 
were recorded on a Nicolet N T  300-MHz instrument. Elemental 
analyses were performed by MHW laboratories, Phoenix, AZ. 

All electrochemical experiments were performed in the dark at 20 * 
2 OC with a BAS Model 100 electrochemical analyzer. A three-electrode 
configuration consisting of a highly polished glassy-carbon disk working 
electrode (A = 0.07 cm2), a platinum-spiral auxiliary electrode, and a 
AgCl/Ag reference electrode, which contained 1.0 M KCI, was utilized. 
The working compartment of the electrochemical cell was separated from 
the auxiliary compartment by a fritted-glass salt bridge and from the 
reference compartment by a modified Luggin capillary. All three com- 
partments contained a 0.1 M solution of supporting electrolyte. Aceto- 
nitrile (Burdick and Jackson Laboratories, Inc.) and tetra-n-butyl- 
ammonium hexafluorophosphate (TBAH) (Southwestern Analytical 
Chemicals, Inc.) were used without further purification. Working solu- 
tions were deoxygenated with purified, solvent-saturated argon. Solutions 
of complex were prepared from solvent/supporting electrolyte stored over 
3 A activated sieves and 80-200-mesh activated alumina (Fisher Scien- 
tific, Inc.). Potentials are reported vs. aqueous AgCl/Ag and are not 
corrected for the junction potential.* No iR compensation was used in 
any of the electrochemical studies. The Eo' of the ferrocenium/ferrocene 
couple under these experimental conditions was +0.41 V.' 

A 0.1-mL (0.96-mmol) aliquot of cyclo- 
heptatriene was added to a degassed solution of 0.040 g of [CpRu- 
(CH3CN)3]PF6 (0.09 mmol) in 10 mL of acetonitrile. After the solvent 
was removed by rotary evaporation at 50 OC, the product was washed 
with diethyl ether to remove unreacted cycloheptatriene. A total of 0.032 
g (0.078 mmol) of yellow, crystalline [CpRu(CHT)] (PF,) (85% yield) 
was recovered. Mp: 160 "C dec. Anal. Calcd for CI2Hl3F6PRu: C, 
35.74; H, 3.25. Found: C, 35.94; H, 3.36. 'H NMR (acetone-d6, 300 
MHz): 6 6.82 (m, H3v4, 2 H), 5.69 (m, H2s5, 2 H), 5.60 (s, C5H5, 5 H), 
4.09 (m, HI-,, 2 H), 3.06 (m, H7e,do, 1 H), 1.32 (d of t, H7exo, 1 H; J = 
13.6 Hz, Jvle = 4.38 Hz). 

[ c p R ~ ( t r o p ) ] ( P F ~ ) ~ . ' ~  A solution of 0.062 g (0.26 mmol) of (C7- 
H7)PF6 in 20 mL of 1,2-dichloroethane was degassed with vigorous 
nitrogen bubbling for 15 min. To this solution was added 0.08 1 g (0.19 
mmol) of [ C ~ R U ( C H ~ C N ) ~ ] ( P F , )  with an additional 10 min of N2 
bubbling. As the reaction mixture was heated for 1.5 h, a white pre- 
cipitate formed. After the solution volume was reduced by rotary 
evaporation, the white product was collected by filtration and washed 
repeatedly with cold dichloromethane and diethyl ether. The solid was 

(c&)](PF6):'7 and [CpRU(CH$N)3](PFg)2 were prepared by litera- 

[CPRU(CHT)](PF~).~ 

' Dauben, H. J., Jr.; Gadek, F. A.; Harmon, K. M.; Pearson, D. L. J. Am. 
Chem. SOC. 1957, 79, 4657. 
Nesmeyanov, A. N.; Vol'Kenau, N. A.; Bolesova, I. N. Dokl. Akad. 
Nauk SSSR 1963, 149, 615. 
Zelonka, R. A.; Baird, M. C. J. Organomet. Chem. 1972, 44, 383. 
Gill, T. P. Ph.D. Thesis, University of Minnesota, 1982. 
Gagne, R. R.; Koval, C. A.; Lisensky, G. C. Inorg. Chem. 1980, 19, 
2854. 
Eo' for the FeCp,+/FeCp, couple is +0.400 V vs. NHE in H 2 0  solu- 
tions. See: Koepp, H. M.; Wendt, H.; Strehlow, H. Z. Z .  Electrochem. 
1960,64, 483. 
McNair, A. M. Ph.D. Thesis, University of Minnesota, 1985. 

Bohlina, D. A. Ph.D. Thesis, University of Minnesota. 1984. 
Holm&, J.; Petit, R. J. Org. Chem. 1963, 28, 1695. 
While NO' is not known to oxidize C-H bonds. it is a wwerful oxidant. 
See: Bohling, D. A.; Mann, K. R. Inorg. Chem. 1983, 22, 1561. 
Conrow, K. Org. Syn. 1963,43, 101. 
(a) Dauben, H. J., Jr.; Bertelli, D. J. J. Am. Chem. Soc. 1961,83,4657. 
(b) Dauben, H. J., Jr.; Bertelli, D. J. J. Am. Chem. Soc. 1961,83,4659. 
Gaudiello, J. G.; Bradley, P. G.; Norton, K. A,; Woodruff, W. H.; Bard, 
A. J. Inorg. Chem. 1984, 23, 3. 
Dauben, H. J., Jr.; Honnen, L. R. J. Am. Chem. SOC. 1958,80,5570. 
Munro, J.; Pauson, P. L. Proc. Chem. SOC., London 1959, 267. 
Munro, J. D.; Pauson, P. L. J. Chem. SOC. 1961, 3475. 
King, R. B.; Fronzaglia, A. J. Chem. Soc., Chem. Commun. 1965, 547. 
King, R. B.; Fronzaglia, A. Inorg. Chem. 1966, 5 ,  1837. 
Pauson, P. L.; Segal, J. A. J. Chem. Soc., Dalton Trans. 1975, 2387. 
For other leading references concerning the chemistry of CHT com- 
plexes see: Deganello, G. Transition Metal Complexes of Cyclic Po- 
lyolefins; Academic: London, 1979, Chapter l .  
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treatment of [CpFe(CHT)](PF6) with oxidants known to oxidize 
C-H bonds (PC15,14 SbC15,1Z Ph3C+,I5 NO+',) via hydride ab- 
straction resulted in either little or no [CpFe(trop)12+ formation 
(PC15, NO') or products contaminated with paramagnetic im- 
purities (SbC15). When suitable reaction conditions were dis- 
covered (Ph,C+, CH3CN, 20 "C), only a 50% conversion of 
[CpFe(CHT)]+ to [CpFe(trop)I2+ could be effected. The 
[CpFe(trop)l2+ formed could not be separated from the starting 
material due to its high degree of water sensitivity. Given the 
generally higher stability of second-row metal complexes relative 
to analogous first-row compounds, we synthesized [CpRu(CHT)]+ 
in order to prepare and isolate the Ru analogue [CpRu(trop)lZ+. 
Once again, hydride abstraction failed to yield the desired 
[CpRu(trop)lZ+ complex, but in this case we were able to prepare 
[CpRu(trop)12+ via direct reaction of trap' with the labile 
[CpRu(CH,CN),]+ complex: 

[CpRu(CH,CN),]+ + trap' - DCE 

[CpRu(trop)12+ + 3CH3CN 

Treatment of [CpRu(CH,CN),] (PF,) with an excess of the 
tropylium cation ((trop)PF,) in dichloroethane (DCE) results in 
the replacement of the three acetonitrile ligands by the trap+ unit. 
The PF; salt of the dication precipitates from solution as a white 
solid as the reaction mixture is heated. The dication is somewhat 
thermally unstable as evidenced by its decomposition when the 
reaction mixture is heated beyond the 1-2 h necessary for complete 
displacement of the acetonitrile ligands. The white solid exhibited 
an elemental analysis consistent with the formulation [CpRu- 
( t r~p ) ] (PF&~.  The proton NMR spectrum of a CD,CN solution 
of the complex consists of two singlets in the ratio of 5:7 at 6.13 
and 7.57 ppm. The IH NMR spectral data are consistent with 
the presence of q5- and q7-binding for Cp and trop, respectively. 
Cooling solutions of the complex to -80 "C gave no broadening 
or other significant changes to indicate fluxional behavior of any 
type for either ring. The 6.13 ppm resonance assigned to the 
q5-cyclopentadienyl ring is shifted considerably downfield relative 
to resonances of known [CpRu(q6-arene)]+ c ~ m p l e x e s . ~ ~ - ~ ~  An 
upfield shift of approximately 1.7 ppm is observed for the coor- 
dinated q7-tropilium resonance at 7.57 ppm relative to the reso- 
nance for the tropylium cation. The direction and magnitude of 
the shift are similar to those observed for aromatic rings upon 
complexation to the CpRu+ moiety. The proton-decoupled I3C 
NMR spectrum obtained at room temperature for acetonitrile 
solutions exhibits two resonances at 84.3 and 92.5 ppm vs. Me4Si 
that are assigned to the Cp and trap' rings, respectively. these 
values can be compared with those obtained for the isoelectronic 
Cr (75.4, 86.9) and Mo (83:8, 80) compounds.20 

Two thermal patterns and one photochemical pattern of 
chemical reactivity were explored for [CpRu(trop)](PF,),. Nu- 
cleophilic attack on coordinated tropylium has been observed 
p r e v i o u ~ l y . ~ ~ - ~ ~  Reactions of CH,Li or C6HsLi with [CpCr- 
(trop)]' leads to addition to the 7-membered ring to give the 
corresponding substituted cycloheptatriene complex.28 Treatment 
of [CpRU(trOp)](PF6)2 with LiCH3 results in a chemical reaction 
evidenced by immediate dissolution of the dication in T H F  upon 
addition of LiCH,. Within a minute, however, the solution turns 
brown and no characterizable Ru-containing products are found. 
Perhaps the desired addition product, [CpRu(q6-C7H7CH3)]+, is 
initially formed but is unstable under the reaction conditions. The 
reductive coupling of two bound C7H7+ moieties to form 
[(CpRu),(ditropyl)](PF,), was another reaction of potential in- 
terest in the Ru system. Previously, the reductive coupling of free 
tropylium cation was achieved with Zn dust in aqueous solutions.30 

Notes 

(24) McNair, A. M.; Schrenk, J .  L.; Mann, K. R.  Inorg. Chem. 1984, 23, 
2633. 

(25) McNair, A. M.; Boyd, D. C.; Mann, K. R.  Organometallics 1986, 5 ,  
303. 

(26) Groenenboom, C. J.; Jellinek, F. J. Orgunomet. Chem. 1974,80,229. 
(27) Hackett, P.; Jaouen, G. Inorg. Chim. Acta 1975, Z2, L19. 
(28) Fischer, E. 0.; Breitschaft, S. Chem. Ber. 1966, 99, 2213. 
(29) Demerseman, B.; Dixneuf, P. H.; Douglade, J.; Mercier, R. Inorg. 

Chem. 1982, 21, 3942. 

Table I. Electrochemical Data' 

Deak Dotentials. V 
~ ~ 

e- + CHT - 2e- + e - +  
complex M(I1) - M(I) trop' + H' trop' - trope 

[CpFe(CHT)]+ -1.10 + 1.67 -0.19 
[CpRu(CHT)] ' -1.33 +1.85 -0.20 
[CpRu(trop)12' -1.32 -0.1 1 
free CHT +1.49 
free C,H7' -0.18 
[CpFe(C6H6)I+ -1.50 
[CpRu(C6H6)I' -1.85 

"All values are reported vs. aqueous AgCI/Ag for CH,CN/TBAH 
solutions. The scan rate for all experiments was 100 mV/s. 

Similarly, metal complexes of the general form [(CO),M(C,H,)], 
(M = Cr,,I Fe3,, have been synthesized. The reaction of 
[ c p R ~ ( t r o p ) ] ( P F ~ ) ~  with Zn dust in a mixture of ethanol and 
acetonitrile afforded not the expected binuclear coupling product, 
but [CpRu(CHT)](PF,), identified by IH NMR spectroscopy. 

A cursory examination of the photochemical reactivity of 
[cpRu(trop)](PF,), indicated it to have reactivity comparable 
to the previously studied [CpRu(C6H6)]+ c o m p l e ~ . ~ ? ~ ~  The 
photolysis of [CpRu(trop)] (PF& in CD,CN was monitored by 
IH NMR. After 35 min of photolysis, 55% conversion of 
[CpRu(trop)I2+ to [CpRu(CH,CN),]+ was observed. This 
product is the result of photochemical replacement of the 7- 
membered ring in [CpRu(trop)] (PF6)2 by three acetonitrile lig- 
ands. A dark control reaction of [CpRu(trop)] (PF& dissolved 
in CD,CN indicated no changes due to loss of the trop+ ligand 
after 24 h. 

Although several [LM(CHT)]"/ [LM(trop)]"+' complex pairs 
are well characterized (L = Cp, M = Mn;22 L = (CO),, M = 
W,,' M = Cr, Mol6), the electrochemical interconversion that 
involves the formal oxidation of a C-H bond has not been stud- 
ied:,, 

electrochemical 
ICPM(CHT)l"+ + [CpM(trop)]("+')+ + 2e- + H+ 

Additionally, we expected to observe metal-centered electro- 
chemical processes for the CHT and trap' complexes because they 
are common for other CpFe and CpRu complexes that have been 
s t ~ d i e d . ~ J ' ~ ~ ~  Curiously, the electrochemical behavior of all three 
complexes ([CpFe(CHT)]+, [CpRu(CHT)]+ and [CpRu(trop)12+) 
is dominated by ligand-centered redox processes. Electrochemical 
data for these three compounds, the free ligands,34 and for several 
complexes useful for comparative purposes are summarized in 
Table I. [CpRu(CHT)] (PF,) undergoes an irreversible, two- 
electron,35 ligand-centered oxidation at +1.85 V while the 
analogous oxidations in [CpFe(CHT)](PF6) and free CHT are 
observed at +1.67 and + 1.49 V, respectively. Both metal complex 
oxidations produce the corresponding cyclopentadienyl metal 
tropylium complex as evidenced by a return reduction at ap- 
proximately -0.2 V. These coupled reductions are very similar 
to bulk processes observed in solutions of both free tropylium and 

Doering, W. von E.; Knox, L. H .  J.  Am. Chem. SOC. 1957, 79, 352. 
Munro, J .  D.; Pauson, P. L. J. Chem. SOC. 1961, 3484. 
Deganello, G.; Boschi, T.; Toniolo, L. J. Orgunomet. Chem. 1975, 97, 
C46. 
Several electrochemical studies of metal centered processes for CHT 
and trop' complexes have been published: Lloyd, M. K.; McCleverty, 
J .  A.; Connor, J .  A.; Jones, E. M. J. Chem. SOC., Dalton Trans. 1973, 
1768. Gulick, W. M.; Geske, D. H. Inorg. Chem. 1%7,6, 1320. Dessy, 
R. E.; Stary, F. E.; King, R.  B.; Waldrop, M. J. Am. Chem. SOC. 1966, 
88, 471. 
Tropylium: Plesch, P. H.; Stasko, A. J. Chem. SOC. B 1971, 2052. 
CHT Dessy, R. E.; King, R. B.; Waldrop, M. J. Am. Chem. SOC. 1966, 
88, 5112. 
The number of electrons transfered in this electrode process was de- 
termined from the value of nD112 (D is the diffusion coefficient) obtained 
in a chronocoulometry experiment. The integral n value that gave a 
diffusion coefficient in agreement with those calculated from the 
Stokes-Einstein equation and model compounds with known n values 
was then selected. 
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[CpRu(trop)] (PF6)2.,, Unfortunately, bulk electrolyses of 
[CpFe(CHT)]+ and [CpRu(CHT)]+ at +1.9 V designed to oxidize 
the coordinated cycloheptatriene ligand to tropylium were un- 
successful due to passivation of the electrode surface. The partial 
abstraction of hydride by trityl cation from [CpFe(CHT)]+ and 
the unsuccessful abstraction from [CpRu(CHT)]+ with this 
reagent are consistent with the observed increase in the potential 
at  which the oxidation occurs in the Ru case. The shift to more 
positive potentials first on CHT coordination to Fe and then the 
further positive shift observed for the Ru complex are indicative 
of either some degree of interaction between the C-H bond and 
the metal center or more likely an inductive effect that removes 
electron density from the C-H bonding orbital. 

All the complexes studied exhibit electrochemically irreversible 
1-electron-reductions processes at  approximately -1.32 V for Ru 
and -1.10 V for Fe. The absence of a corresponding reduction 
in either free tropylium or CHT suggests a metal-centered as- 
signment for these processes. These one-electron reductions are 
analogous to those observed for [ C ~ F e ( a r e n e ) ] + ~ ~  (-1.50 V) and 
[CpRu(C6H6)]+ (-1.85 v). The assignments for the CHT and 
trap' complexes are in harmony with the 0.35-V shift to more 
negative potentials observed for [CpFe(C,H,)]+ to [CpRu- 

Conclusions 

(C,H,)I+. 

Unsuccessful attempts to synthesize pure [CpFe(trop)I2+ via 
hydride abstraction from [CpFe(CHT)]+ suggested that the 
corresponding Ru complexes might be favorably investigated. 
[CpRu(CHT)] (PF,) was readily synthesized from [CpRu- 
(CH,CN),](PF,). [cpRu(CHT)](PF,) is similar in character- 
istics to the previously reported Fe analogue. While an attempt 
to abstract hydride from [CpRu(CHT)](PF,) with Ph3CPF6 in 
CH2C12 gave no reaction, the direct reaction of [CpRu-. 
(CH,CN),] (PF,) with (trop)PF6 afforded [CpRu(trop)] (PF6)2 
in high yield as the first example of a v7-tropylium complex formed 
via the direct reaction of trap' with a metal complex. Reduction 
of [cpR~( t rop) ] (PF, )~  by Zn in EtOH/CH,CN forms [CpRu- 
(cHT)](PF,) in high yield. Reaction of CH3Li with [CpRu- 
(trop)](PF,), in THF gave no isolable products. Photolysis of 
acetonitrile solutions of [CpRu(trop)12+ results in the quantitative 
displacement of the tropylium ring with formation of [CpRu- 

Electrochemical studies indicate that ligand-centered oxidation 
of bound CHT to bound trap+ occurs on the cyclic voltammetric 
time scale, but electrode passivation precludes quantitative con- 
version to products. A metal-centered reduction at potentials more 
negative than -1.0 V is also observed for the [CpRu(trop)12+, 
[CpRu(CHT)]+, and [CpFe(CHT)]+ complexes. 

(CH,CN),I(PF6)* 
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Magnetic anisotropies have been studied by biological and 
porphyrin chemists to deduce the electronic structures and, hence, 
molecular structures of active sites of important classes of proteins 
and enzymes. Single-crystal susceptibility measurements: analyses 
of dipolar contributions to isotropic shifts in N M R  spectra,, or 
interpretations of g-value anisotropies in EPR spectra4 have been 

A recent technique has been developed by MacLean and co- 
workers for measurement of diamagnetic anisotropies in aromatic 
compounds: very large magnetic fields cause a sufficient dynamic 
alignment of anisotropic molecules so that measurable quadrupole 
splittings are observed in 2H N M R  spectra of solutions of these 
compo~nds .~  The observed splittings, Au, are directly related to 
Axr l  and AxL (see below). The technique is applicable to para- 
magnetic metal complexes.6 In this paper we report 2H NMR 
spectra and derived magnetic anisotropies for deuteriated samples 
of the four-coordinate, square-planar S = 1 complexes Fe(OEP)7 
and Fe(OEC).7 This is the first application of this new technique 
to the study of the magnetic properties of iron porphyrins and 
related hydroporphyrin~,~.~ an area in which several of us are 
particularly active.1° 
Experimental Section 

Selective deuteriation of H,(OEP) and H2(OEC) was accomplished 
by the use of literature procedures.",'* Samples of Fe(OEP-meso-d,) 

used to calculate Ax11 (x, - I /2 (XXX + X y J )  and Ax1 ( x x x  - X y J .  

(a) Colorado State University. (b) National Institutes of Health. 
(a) Horrocks, W. D., Jr.; Hall, D. W. Coord. Chem. Reu. 1971, 6, 
147-186. (b) Mitra, S. In Iron Porphyrins; Lever, A. B. P., Gray, H. 
B., Eds.; Addison-Wesley: Reading, MA, 1983; Part 2, pp 1-42. 
(a) La Mar, G. N.; Walker, F. A. In The Porphyrins; Dolphin, D., Ed.; 
Academic: New York, 1978; Vol. IV, pp 61-157. (b) Goff, H. M. In 
Iron Porphyrins; Lever, A. B. P., Gray, H. B., Eds.; Addison-Wesley: 
Reading, MA, 1983; Part 1, pp 237-281. 
(a) Palmer, G. In The Porphyrins; Dolphin, D., Ed.; Academic: New 
York, 1978; Vol. IV, pp 313-353; (b) Lin, W. In The Porphyrins; 
Dolphin, D., Ed.; Academic: New York, 1978; Vol IV, pp 355-377. (c) 
Palmer, G. In Iron Porphyrins; Lever, A. B. P., Gray, H. B., Eds.; 
Addison-Wesley: Reading, MA 1983; Part 2, pp 43-88. 
(a) Van Zijl, P. C. M.; Ruessink, B. H.; Bulthus, J.; MacLean, C. Acc. 
Chem. Res. 1984,17, 172-180. (b) Van Zijl, P. C. M.; Kosterman, G. 
B. M.; MacLean, C. J .  Am. Chem. SOC. 1985, 107, 2641-2643. 
(a) Domaille, P. J. J .  Am. Chem. SOC. 1980, 102, 5393-5396. (b) 
Domaillo, P. J.; Harlow, R. L.; Ittel, S. D.; Peet, W. G. Inorg. Chem. 
1983, 22, 3944-3952. (c) Faller, J. W.; Blankenship, C.; Sena, S. J .  
Am. Chem. SOC. 1984, 106,793-795. (d) Faller, J. W.; Blankenship, 
C.; Whitmore, B.; Sena, S. Inorg. Chem. 1985,24,4483-4490. (e )  van 
Zilj, P. C. M.; van Wezel, R. P.; MacLean, C.; Bothner-By, A. A. J .  
Phys. Chem. 1985,89, 204-207. 
Abbreviations: OEP, 2,3,7,8,12,13,17,18-octaethylporphyrinato dianion; 
OEC, 7,8-dihydro-2,3,7,8,12,13,17,18-octaethylporphyrinato dianion 
(octaethylchlorinato dianion); TPP, 5,10,15,20-tetraphenylporphyrinato 
dianion. 
While this work was in progress, we learned of a study of cobalt(I1) 
N-alkylporphyrins in which Ax values were calculated from 2H NMR 
data: Goff, H. M., personal communication. 
A related technique using solid-state ,H NMR has been used to obtain 
static and dynamic structure parameters for heme protein crystals: 
Rothgeb, T. M.; Oldfield, E. J .  Biol. Chem. 1981, 256, 1432-1446. 
(a) Straws, S. H.; Silver, M. E.; Long, K. M.; Thompson, R. G.; 
Hudgens, R. A.; Spartalian, K.; Ibers, J. A. J .  Am. Chem. SOC. 1985, 
107, 4207-4215. (b) Straws, S.  H.; Pawlik, M. J. Inorg. Chem. 1986, 
25, 1921. (c) Straws, S. H.; Pawlik, M. J.; Skowyra, J.; Kennedy, J. 
R.; Anderson, 0. P.; Spartalian, K.; Dye, J. L. Inorg. Chem. 1987, 26, 
724. 
Whitlock, H. W., Jr.; Hanauer, R.; Oester, M. Y.; Bower, B. K. J .  Am. 
Chem. SOC. 1969, 91, 7485-7489. 
Bonnett, R.; Dale, I. A. D.; Stephenson, G. F. J .  Chem. SOC. C 1967, 
1168-1 172. 
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