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THE SYNTHESES AND ELECTRONIC 

STRUCTURES OF DECAMETHYLMETALLOCENES 

John Lawrence Robbins 

ABSTRACT 

The synthesis of decamethylmanganocene ((n-C,-( -Ho) c) nM^ o r 

(Me CpKMn) is described. Magnetic susceptibility and electron 

paramagnetic resonance (EPR) studies show that (Me<-Cp) «Mn is a 

low-spin, 17-electron compound with an orbitally degenerate, 
2 3 2 E- [e~ a- ] ground 'state. This is to be contrasted with 

Cp„Mn, which possesses a high-SDin, A. [e„ a. e, 1 electronic v2 * ** 6 • lg 2g Ig lgJ 

configuration. An X-ray crystallographic study of (MecCp)-Mn 
shows that it is a monoraeric, D_ , decamethylmetallocene with 
metal to ring carbon distances that are about 0.3 A shorter than 
those determined, for high-spin manganocenes. Decamethylmanganocene 
is rather inert with respect to ring loss and hydrolysis, but it 
does undergo reversible one-electron oxidation and reduction reactions 
to yield isolable, low-spin 16- and 18~electron derivatives, 
[(Me5Cp)2Mn]?F- and Na[(Me 5Cp) 2Mn]. These two compounds are unique 
in that reduced or oxidized forms of high-spin manganocenes are 
unknown. The results indicate that complete alkylation of the 
cyclopentadienyl ring significantly enhances its ligand field 
strength. Studies of other first transition series decamethyl-
metallocenes support this conclusion. 

DlSTRIBUiK* OF THIS (KfiiMEIT fS IHEUa&fi 
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The syntheses of new (Me~Cp)2M (M = Mg,V,Cr,Co, and Ni) and 

[ (Me-Cp)2>l]PFfi (M = Cr,Co, and Ni) compounds are described. In 

addition, a preparative route to a novel, dicationic decamethyl-

metallocene, [(Me Cp) 2Ni](PF 6) 2 is reported. Infrared, nuclear 

magnetic resonance, magnetic susceptibility, and/or X-ray 

crystallographic studies indicate Lnat all the above compounds are 
DSd o r D5h d e c a m e t ' i y l i n e t : a l l o c e n e s with low-spin electronic 

configurations. The decamethylvanadocene cation is apparently coordins-

tively unsaturated. A paramagnetic acetonitrile complex {[(Me_Cp)-

V(NCCH„) JPFJ.) and a diamagnetic, dicarbonyl derivative (f(Me 5Cp) 2 

V(CO)2]PF,-) of the cation can be prepared, but the isolation of pure 

f(Me_Cp)2V]PF6 has thus far proven elusive. 

Cyclic volt amine try studies verify the reversibility and the 

one-electron nature of the (Me-Cp^it + [(Me-CpKM] (M = Cr,Mn,Fe, 

Co,Ni), [(Me 5Cp) 2Mn]~ * (Me 5Cp) 2Mn and [(Me 5Cp) 2Ni] + Z [(Me 5Cp) 2Ni] 2 + 

redox reactions. These studies reveal that the neutral decamethyl-

metallocenes are much more easily oxidized than their metallocene 

counterparts. This result attests to the electron-donating 

properties of the ten substituent methyl groups. 

Proton and carbon-13 NMR data are reported for the 

diamagnetic Mg(II), Mn(I), Fe(Il), Co(III), and Ni(IV) decamethyl-

metallocenes and for [(Me5Cp)2V(C0)„] . Magnetic susceptibility 

and EPR studies indicate the following ground state assignments 

for the paramagnetic decamethylmetallocenes: A„ [e_ a- ] for 

the 15-electron compounds (Me,-Cp)2V and [ (Me,-Cp)-Cr] ; 
3 3 1 E 9 [e_ a 1 ] for the 16-electron compounds (Me_Cp)„Cr and 

+ 2 3 2 f(Me5Cp)2MTi] ; E 2 e ^ e 2 a i ^ f c r c h a 1 7 _electron compounds (Me CpJ^Mn 



+ 2 4 2 1 and [(MecCp)_Fe] ; E, [e„ a, e_ ] for the 19-electron compounds 5 2 lg 2g lg lg 
(Me 5Cp) 2Co and [(Me 5Cp) 2Ni] +; 3 A 2 fe* a^ ej ] for the 20-electron 

compound, {Me 5Cp) 2Ni. 

The UV-visible absorption spectra cf the 15-, 18- and 20-

electron decamethylraetallocenes are also reported. Assignment 

schemes are proposed for the absorptions due to d-d transitions. 

A ligand field analysis is used to derive the ligand field splitting 

parameters A. and A_ and the Racah electron repulsion parameter, 

B. A comparison of these parameters with those previously reported 

for the isoelectronic Cp^M compounds reveals that the net ligand 

field splitting is larger in the permethylated compounds than in 

the unsubstituted derivatives. The parameter B is also larger 

in the peralkylated derivatives, indicating increased electron 

density at the metal center. 
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Introduction 
1 2 3 

Since the discovery and structural characterization * of 

ferrocene (TI -(C 5H 5)„Fe or Cp 2Fe) in the early 1950's, at least one 

cyclopentadienyl derivative of every main group and transition 

metal as well as most f-block metals has been prepared and 
4 5 6 characterized. * * A large number of monoalkyl- and monoaryl-

substituted cyclopentadienyl metal compounds have also been prepared, 

but an extensive study of peralkylcyclopentadienyl metal compounds 

was not a practical possibility until recently, with the development 

of convenient and efficient synthetic routes to pentamethylcyclo-
7-9 pentadiene and alkyltetramethylcyclopentadienes. A number of 

studies have now appeared in the literature which demonstrate some 

dramatic differences in the structure and chemistry of cyclopenta

dienyl and pentaalklycyclopentadienyl metal compounds. In 

general, these differences can be attributed to the relative steric 

bulk of the Me^Cp ligand or to its lack of a Ting carbon to hydro

gen bond. The latter feature has proven especially useful in 

studies of early transition metal cyclopentadienyl derivatives where 

a common mode of reactivity involves insertion of the metal into a 

C-H bond of C^H^- For example, attempts to prepare Cp„Ti by 

Na/Hg reduction of Cp-Ti C.t9 or by treatment of Cp Ti(Me) 2 with H 2, 
24 yield instead a fulvalene-bridged dimer (I). Other dimeric 

•H Ti 

IT 

(I) 



and polymeric forms of titanocene are known, bi-t the monomeric 

titanocene has not yec been isol-<ccd. In contrast, Bercaw found 

that <MejCp),Ii J-i obtained as a yellow-orange, crystalline solid 

when solvent is removed under vacuum from hydrocarbon solutions of 

the Nj-bridged, dimeric complex, ((Me.-Cpj-TiUIj- Infrared, NMX, 

cryoscopic molecular weight, and magnetic susceptibility data for 

(Me-Cp),Ti were consistent vTith its formulation as a mono

meric, 1'4-electron decamethylmetallocene. 

The steric effects of complete ring alkylation have proven 

particularly influential in the structuv.i and chemistry of uranium(IV) 

and chcrium(IV) cyclopentadienyl derivatives. Mononuclear complexes of 
27 28 

these metalsicontaining four Cp rings (Cp.M; M»U,Th), ' three 
— 20 10 — 

Cp i-ir-,;s (Cp,MCS.; M"13,Th), ' and one Cp ring (CpnCS.3(l,2-dimethoxy-
31 ethane)) can be isolated, depending on reaction conditions and 

stoichiometry. The missing member of this series, Cp7UC£.t, dis-

proportionates to tris- and monocyclcpentadienyl derivates in donor 
32 

solvents and an authentic CpjUCJl- specimen has not yet been i-olated. 

With pentamethylcyclopentadienide or ethyltetramethy1 cyclopenta-

dienide (EtMe Cp ), monomeric uranium(IV) and thorium(IV) compounds 

containing one peralkylated ring, ((Me_Cp)ThC2.,l (EtMe,Cp)UCp CJt), 
18 17 

and two peralkylated rings <(Me Cp)2MC£2;M-Th,U; (EtMe4Cp>2UC!_) 

have been prepared, but mononuclear complexes containing three 

peralkylated rings have proven elusive. Apparently, the steric 

requirements of two coordinated Me.Cp" rings prevent the attachment 

of a third ring In either a a- or a u-f ashion and the disproportion-

acion route observed for Cp 2UC£, is thus blocked. 
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A third possible consequence of complete alkylation of the 

Cp ring is the effect of such a substitution on the electron 

donoi'/'acceptor properties of the ring and the electronic structures 

of metal derivatives. A priori, the replacemeht of all the cyclopen-

tadienyl hydrogens with electron-donating alkyl groups is expected 

to increase the basicity and ir-donating capability of the ring, but 

this effect has not been explored in any detail. This dissertation 

describes an attempt to determine the existence and ramifications 

of such an effect through a systematic comparison of the chemistry 

and electronic structures of the first transition series metallocenes 

and the decamethylmetallocenes. [Note: in the fallowing discussion, 

the terms "metallocene" and "decamethylmetallocene" refer only to 

those [(n. -C_R(.)„M] compounds (R=H, Me) that possess effective 

five-fold symmetry]. 

'ihe isolation of the first transition series metallocenes, 

CP 2V, C p 2 C r + / 0 , Cp 2Mn, C p 2 F e + / 0 , C p 2 C o + / 0 , and Cp 2Ni +'° 3 4 has 

provided chemists a unique opportunity to examine the chemical and 

physical properties of a series of isostructural organometallic 

compounds which vary in their metal ion, orbital occupation, and 

oxidation state. In an effort to understand the nature of bonding 

in metallocenes, these complexes have been investigated using a 

number of physical methods, including magnetic susceptibility, 

electron paramagnetic resonance (EPR), nuclear magnetic resonance 

(NMR), UV-visible spectroscopy, and UV-photoelectron spectroscopy 

(UV-PES). ' These studies reveal that the highest occupied 

molecular orbitals of the 15- through 20- electron metallocenes 

are strongly mei,-:: in character. This result, coupled with an 



37 Figure 1. The molecular orbital diagram for ferrocene. 
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extended Huckel calculation, led Ballhausen and Gray to proprose the 
37 

ferrocene molecular orbital diagram depicted in Figure 1. The 
construction of this diagram utilizes the following basic symmetry 
considerations. 

Under D-, symmetry, the metal 3d orbitals are split into three 
irreducible representations: a_ (d , ) , e. (d ,d ) , and e~ (d , 

lg ^ lg xz yz /g xy 
d „ 2^' Similarly, the metal 4s and 4p orbitals transform to the 
x -y 

a. , e, » and a_ representations. A symmetry adapted linear 
combination of the ten ligand Tr-orbitals yields levels of a-.„j 
a2u* ele' e2e1 a n d e 2 s v m m e t r y ' The primary metal-ring bonding 
results from Interaction of metal 3d and ring ir-orbitals of e. 
symmetry. This overlap generates strongly bonding ( l e

l e) a n c i strongly 
antibonding (2e, ) molecular orbitals. The overlap of the other 
metal 3d orbitals (e 2 and a, ) with ligand rr-orbitals is much 
weaker. Thus the molecular 2a. and le- levels retain a high degree 
of metal character. According to this model, the 2a, level is 
non-bonding and the le_ level weakly bonding between the metal 
and rings. The eighteen valence electrons of ferrocene are acco
modated by filling levels up to and including the 2a_ level. 

Ther reader is cautioned that the molecular orbital diagram 
shown in Figure 1 represents the results of only one of many 

35 38 calculations on the electronic structure of ferrocene. There 
is general agreement that the principal metal-ring bonding in 
ferrocene is a consequence of metal and ring e. orbital overlap. 
Similarly, most calculations predict that the molecular 2a. level 
is essentially non-bondtng. However, there remains some controversy 
regarding the ordering of the 2 a . , le ? levels and the bonding 
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character of the le„ orbital in ferrocene. In general, calculations 

of the extended Hiickel type yield the orbital energy ordering as 

shown in Figure 1, 2a- > le_ , while self consistent field methods 

give the opposite result, le > 2a . In the following discussions 

of metallocene and decamethylmetallocene electronic structure, we 

will use the ordering pattern 2a. > le ] , primarily because it 

provides the simplest interpretation of the d-d electronic transi

tions in 15-, 18-t and 20-electron metallocenes (see Chapter 2). 

The bonding character of the le„ orbital in ferrocene is 

difficult to evaluate. Experimentally, no spectroscopic probe can 

directly measure the "covalency" of the orbital. Most molecular 

orbital calculations' on ferrocene indicate a weak, but non-neglible 

bonding contribution from the le„ molecular orbital. Thia sugges

tion has been challenged experimentally by Hendricknon and Duggan. 

Using a combination of infrared, Raraan, Resonance Raman, and optical 

spectroscopic methods, they have proposed assignments for the low 

energy ring-metal-ring vibrational modes in ground state ferrocene 

(•"•A, [e. a. ] ) , ground state ferricenium ion (*"E„ re_ a, ]), and lg 2g lg 2g 2g lg 
1 3 4 2 an excited state of the ferricenium ion ( E, (en e„ a. )]. Find-

lu lu 2g lg 

ing that the energies of the symmetric and asymmetric ring-metal-ring 

modes nre insensitive to both the oxidation state of ferrocene and 

the two different electronic configurations of the ferricenium ion, 

they conclude that the le 2 and le. levels are non-bonding with 

respect to the metal and rings. 

The limitation of this analysis lies in its assumption that 

the oxidation of ferrocene does not perturb the energies of the 

other filled molecular orbitals. This may not be the case. Mossbauer 



studies of ferrocene and ferricenium ion reveal only a small difference 
57 -1 39a 

in the Fe isomer shift of the two species (AI.S, » 0.08 ran sec ) 

when compared to the more ionic Fe(II)/Fe(III) pair, Fe(S0, ̂ ^ H - O , 

Fe2(SO,)3-7H.O (AI.S. * 0.88 mm s e c _ 1 ) . 3 9 b This indicates that the 

charge on the Fe nucleus in ferrocene and ferricenium ion is very 

nearly the same. The result implies that either the le 9 orbital is 

a ligand localized one or that the one-electron oxidation of ferro

cene is accompanied a substantial transfer of negative charge from 

the rings to the iron atom. The former conclusion is inconsistent 

with EPR studies of the ferricenium ion, which assign a high degree 
39c of metal character { ca. 90%) to the le_ molecular orbital. 2g 

The latter explanation is more reasonable and is supported by a number 

of self consistent field calculations on ferrocene and ferricenium 

ion. * * These studies find that the ferricenium le. level is 
lg 

depressed in energy relative to the le. level in ferrocene and that 
the le_ orbital is more localized on the iron atom (and thus less 2g 
covalent) in ferricenium ion than in ferrocene. In other woids, the 

metal-ring n-bonding (e. orbital overlap) in ferrocene is enhanced 

by removal of an e_ electron, but the bonding character of the le~ 

orbital is diminished in the cation. So, although the results of 

Hendrickson and Duggan suggest that the metal-ring bond orders in 

ferrocene and ferricenium ton are very nearly identical, the indi

vidual orbital contributions to the metal-ring bonding in the two 

systems may well be quite different. 

The molecular orbital scheme in Figure 1 has proven useful in 

accounting for the ground state electronic configurations and the 

3d-3d electronic transitions of the other first row transition series 



30 

35 metallocenes. Variations in the sizes and electronegativities 
of the transition metal ions will naturally lead to variations 
in the absolute energies of the molecular orbitals from complex to 
complex. However, our model retains the general feature that 
E(2e ) > E(2a. ) - E(le^ ) (E-energy) and that all three of these 
orbitals have substantial metal character. The ligand field para
meters A. and Ao are used to describe the separation of the le , 

2a. » and 2e, molecular orbitals (Figure 2; in subsequent discus-lg lg 
sions these levels will be referred to as the e_ , a. and e, 

2g lg lg 
orbitals). 

2e, (d ,d ) lg xz yz 

h2 - 2 eig " 2 a l g 

2a l g(d 2 ) 

& 1 " 2 alg " l e2g 
l e 2 g " x y ' d 2 2> 

° J x -y 

Figure 2 

U\-photoelectron and UV-visible studies of first transition series 

3 - 1 3 - 1 40-42 
7 x 10 cm and A~ is approximately 17 - 20 x 10 cm . Since 
A-, is significantly smaller than the spin pairing energy, 15-electron 

4 2 1 metallocenes such as Cp 2V adopt a spin quartet ( A2e J* e2E alfi ^ 
2 3 rather than doublet ( E

22^ e2g ^ electronic configuration. A 2 is 
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greater than the spin pairing energy so 16-, 17-, 18-, and 19-electron 

metallocenes exhibit low-spin configurations with S'l, 1/2, 0, and 

1/2, respectively (Table I). The exception to this rule is the 17-

electron complex manganocene, which has a high-spin, A. , ground 

state. Manganocene is an anomally among the transition metal 

metallocenes in several other respects. It is a polymeric solid at 
44 room temperature, is extraordinarily sensitive to air and water., 

possesses no known redox chemistry, and undergoes ring exchange 

reactions characteristic of predominantly ionic cyclopentadienides 
43 (e.g., NaCp, Cp Mg). Appropriately, the following discussion of 

decamethylmetallocenes begins with investigations into the chemical, 

structural, and electronic properties of decamethylmanganocene. In 

Chapter 2, this theme is extended to include the decamethylmetallo

cenes of the other first transition series metals. 

CHAPTER 1 

Decamethylmanganocene Compounds 

EXPERIMENTAL SECTION 

General 

Reagent grade tetrahydrofuran (THF) was predried with CaH„. 

Hsxane, pentane, toluene, 1,4-dioxane, 1,2-dimethoxyethane (Dte£), 

and THF were purified by distillation from sodium benzophenone 

ketyl and stored under argon. Acetone was purified by distillation 

from anhydrous KjCO* and stored under argon. Spectroscopic grade 

acetonitrile was distilled from P 20e and free2e-thaw degassed for 

optical and electrochemical studies. For EPR studies, spectroscopic 

grade toluene and methylcyclohexane were distilled from sodium and 
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Table I. Ground state electronic configurations of the 

first transition series metallocenes. 

Compound Orbital Occupation Electronic Configuration 

Cp2V 2 1 
e2g "ig1 \ 

[Cp2Cr]+ 
62g 2 "is" \ 

Cp2Cr e 3 a l 

62g alg \ 
Cp,Mn 2 1 2 

e2g alg elg \ 

[Cp2Fe]+ 3 2 
62g alg \ 

Cp2Fe 4 2 
£2g alg Ig 

[Cp2Co]+ 4 2 e. a. 2g lg \ 
Cp2Co 4 2 1 

e2g alg elg \ 
tc.p 2rn] + 4 2 1 e n a- e. 2g lg lg \ 

CPjNi 4 2 2 e« a, e. 2g lg lg \ 
From reference 35. 

Assuming D. . molecular symmetry. 
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stored under argon. Deuterated solvents for NMR studies were vacuum 

distilled from the appropriate dessicant (CaH2 for C,D,, po°c f° r 

CD^CN, CaH„ for THF-d g), then freeze-thaw degassed and stored in 

a dry box under argon. 

1,2,3,4,5-pentamethylcyclopentadiene, sodium pentamethylcyclo-
10 34 45 

pentadienide, NiBr„*2DME, and decamethylferrocene were prepared 
46 by literature procedures. Chromous acetate, [Cr(0Ac)-l2 '2H-0, and 

commercially available CoCl_'6H20 were dehydrated by heating to 120°C 

in vacuo. Ferricenium hexafluorophosphate was prepared according 

to the procedure described by Pinsky. Ferricenium tetrafluoroborate 

crystalline (Cp-FelBF, deposited. This was filtered in air, 

washed with water (10 ml) then THF (2 x 10 mil and dried under 

vacuum. All other chemicals were reagent grade and used without 

further purification. 

Air-sensitive solids were stored and manipulated in a Vacuum 

Atmospheres dry box equipped with a modified dry-train. Air-

sensitive solutions and dry, deoxygenated solvents were transferred 

with 18-gauge stainless steel cannulae connected by polyethylene 

tubing (Clay-Adams, Intramedic, Fischer Scientific Co.). Unless 

otherwise noted, all reactions were carried out in dry, deoxygenated 

solvents under an argon atmosphere using standard Schlenk-tube 

techniques. Solutions for NMR, EPR, and optical studies were pre

pared and transferred to appropriate cells inside a dry box. 

Infrared spectra were recorded with a Perkin Elmer 283 spectro

photometer which was calibrated with polystyrene. Samples were 



n 

prepared as KBr pelets or mulls (Nujol or Kel-F) between Csl plates. 

Pi-oton NMR spectra and magnetic suceptibility measurements by the 

Evans NMR method were recorded on a Varian A-60 spectrometer. Proton 
13 decoupled C NMR spectra were obtained at 25 MHz in the pulsed 

Fourier transform mode with a Nicolet TT-23 spectrometer. All 

chemical shifts are reported in ppm(6) with reference to tetramethyl-

silane. Optical spectra were recorded on a Varian Associates Cary-17 

with a nitrogen-purged sample compartment. 

Bulk magnetic susceptibility measurements were made on a PAR 

Model 155 vibrating sample magnetometer calibrated with HgCo(SCN), 

and equipped with a Janus Research Model 153 liquid helium dewar. 

Field strength was monitored with a George Associates rotating coil 

gaussmeter. Temperature was measured with a calibrated GaAs diode. 

Temperature was controlled with a thermostated resistance heater. 

Magnetic susceptibility data were corrected for contributions from 

the GaAs diode and the polyethylene sample containers by recording 

the field and temperature dependence of the empty containers just 

prior to filling them with sample material. 

X-band EPR spectra of decamethylmetallocencs in frozen toluene 

or methylcyclohexane solution (~0.1M) or diluted in diagmagnetic 

decamethylmetallocenes at 10-15 K were obtained using a Varian E-12 

spectrometer employing an Air Products tielitran cooling system 

mounted in the Varian room temperature cavity. The cavity frequency 

was measured with a Hewlett-Packard transfer oscillator and fre

quency counter, and the magnetic field with a proton NMR gaussmeter. 

Cyclic voltammograms were recorded in the three-electrode 

configuration with a platinum disc working electrode, a platinum 
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wire auxiliary electrode and a Ag/AgNO^ (CH~CN) reference electrode 

inside an inert atmosphere box. All potentials were referenced to 

the saturated calomel electrode (SCE) by measuring the ferrocene/ 

ferricenium couple under identical conditions. Triangular waves 

were generated by the Princeton Applied Research (PAR) 175 Programmer 

in conjunction with the PAR 173 Potentiostat, and current-voltage 

curves were recorded on a Houston Omnigraphics 2000 x-y recorder. 

For controlled potential coulometry, a platinum basket working 

electrode was employed, and the current integrated with the PAR 179 

Digital Coulometer. 

Mass spectra were recorded on an AEI-MS 12 mass spectrometer 

equipped with a direct inlet system. Elemental analyses were 

performed by the Microanalytical Laboratory of the University of 

California, Berkeley. Melting points were determined on a Thomas-

Hoover Unimelt apparatus and are uncorrected. 
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Preparation of Complexes 

Bis(pentamethylcyclopentadienyl)manganese(III, 

1,2,3,4-pentamethylcydopentadiene (2.05g, 15.1 mmol) in IHF 

(150 mL) was cooled to -78°C (dry ice-ethanol) then treated with 

n-butyl lithium (6.3 mL, 2.4M in hexane, 15.1 mmol) added with a 

syringe. Upon wanning to room temperature, white lithium penta-

methylcyclopentadienide precipitated from a bright yellow solution. 

The stirred suspension was cooled to -78°C and anhydrous MnCl, 

(1.34g, 10.6 mmol) added against an N- counterstream. The mixture 

was slowly warmed to 40°C (ca_ 1 hour) then stirred an additional 

hour to produce a clear orange solution. Solvent was removed in 

vacuo and the crude orange-brown solid sublimed (100°C/10 torr) 

to yield the product as an air sensitive red-orange solid (1.87g, 

76%). Crystallization from hexane gave orange prisms. Anal. Calcd. 

for C 2 ( )H 3 0Mn: C, 73.82; H, 9.29. Found: C, 73.96; H, 9.18. 

c.p. 292,>C. 1 H NMR (60 MHz, C,D &) 6 - 4.7(s). llnewidth 200 Hz at 

half height; 320 K. Infrared (Nujol, Halocarbon Mulls): 2980 m, 

2940 m, 2895 s, 2850 m, 2710 w, 1470 m, 1448 m, 14"'. m, 1373 ms, 

1355 w, 1065 m, 1023 s, 722 w, 588 w, 445 m, 361 m cm" 1. Mass 

Spectrum (70 eV) [m/e (relative abundance)]: (P+l) +, 326(8), P +, 

325(38), 189(7), 137(12), 136(67), 135(27), 133(8), 122(11), 121(100), 

120(11), 119(53), 117(7), 115(6), 108(10), 107(11), 106(11), 105(51), 

103(8), 94(6), 93(28), 91(41), 83(5), 81(6), 79(6), 78(7), 77(22), 

71(6), 69(7), 65(12), 57(11), 55(16), 53(13), 51(9). 
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Sodiua bis(pentamethylcyclopsntadienvl)manganate(I)• 

Naphthalene (0.53g, 4.12 mmol) in THF (30 mL) was stirred over 

freshly cut sodium (0.12g, 5.22 nmol) for 1 hour. The resulting 

solution of sodium naphthalide was added rapidly through a cannula 

to solid (Me_Cp),Mh (1.34g, 4.12 mmol) producii s a deep red solution. 

After stirring at room temperature for 15 minutes, solvent was removed 

under reduced pressure and the resulting orange powder suspended in 

hexane (40 mL), filtered, washed with hexane, (2 x 20 mL) and dried 

in vacuo to yield Na[(Me 5Cp) 2Mn] as an orange pyrophoric powder 

(1.36g, 95%). Recrystallization fron THF/hexane afforded bright 

orange, needles which disintegrated to an orange powder upon drying. 

Anal. Calcd. for C.-H^MnNa: C, 68.95; H, 8.68. Fov-id: C, 68.19; 

H, 8.72. *H SMR (60 MHz, THF-d g) $ 1.87(s). { 1H} 1 3C NMR: (25 MHz, 

IHF-dg) 6 S.54(s), 72.4(3). Infrared (Nujol mull, E5r pellet): 

2950 s, 2860 s, 2730 m, 2710 w, 1450 s, 1400 m, 13C0 s, 1165 w, 

1067 w, 1030 s, 722 m, 580 w, 498 s, 389 m, 285 s, 250 m cm - 1. 

Bis(pentamethylcyclopentadienyl)manBanese(III) Hexafluorophospbatg. 

A mixture of (Me.Cp),Mn (1.41g, 4.3 mmol) and (Cp.FeJPF, (l.i5£, 

4.0 mmol) in acetone (50 mL) was stirred for 1 hour at room 

temperature to give a cherry red solution. After removal of solvent 

under reduced pressure, the product was suspended in hexane (20 mL), 

filtered and washed with additional hexane unril washings were color

less (3 x 20 mL). Drying in vacuo yielded [ (Me.Cp)2Mn]PF, as dark 

red microcrystals (1.6g, 85%). Dark red prisms were obtained by 

recrystallization from acetone/hexane. [(Me-Cp),Mn]PF, in acetone 

or acetonitrile solution is slowly hydrolyzed by water but the solid 



may be handled in air for short periods of time. Anal. Calcd. for 

C 2 0H 3 0MhPF 6: C, 51.07; H, 6.43; P, 6.58. Foand: C, 51.21; H, 6.40; 

P, 6.39. -"n NMR (60 MHz (CD 3) 2C0) 6 3.13(s), linewidth - 18 Hz at 

310K. Infrared (Nujol, Halocarbon mull): 2991m, 2963 m, 2921m, 

1474 s, 1423 m, 1393 vs, 1069 m, 1022 s, 874 s, 840 vs, 722 w, 589 w, 

540 vs, 505 m, 439 m, 230 w cm" . 

Bis(pentamethylcyclopentadienyl)iron(III) Hexafluorophosphate• 

In air, FeCl, (0.2g, 1.23 ramol) was added to a solution of 

(Me,Cp),Fe (0.52g, 1.61 mmol) in THF (20 mL) to give a blue-green 

solution of t(Me,Cp) 2
Fe] . After stirring for 30 minutes at room 

temperature, solid NH.PF. (0.5g, 3 mmol) was added and stirring was 

continued for an additional 30 minutes. The resulting solid was 

filtered, washed with THF (2 x 10 mL) and H 20 (2 x 10 mL) then dried 

in vacuo to yield [ (Me-CpJ-FejPF. as air stable blue-green micro-

crystals (0.52g, 90% based on FeCl,). Recrystallization from acetone 

gave blue-green prisms. Anal. Calcd. for C^H.-FePF,: C, 50.97; 

H, 6.42. Found: C, 51.12; H, 6.43. Infrared (Nujol, Halocarbon 

mulls) 2990 m, 2960 s, 2922 s, 2860 s, 1470 s, 1458 sh, 1420 m, 

1390 s, 1380 s, 1072 m, 1023 s, 878 s, 843 vs, 778 w, 722 vw, 590 w, 

558 vs, 532 m, 450 m, 348 m en . These values are in agreement 

with previously reported IR spectra of [(Me Cp).Fe]PF,. 



19 

RESULTS AND DISCUSSION 

Synthesis and Characterization 

Decamethylmanganocene [(MegCp)2Mn] was prepared in high yield 

via the reaction of anhydrous MnCl 2 with (Me.Cp)Li in THF. The 

crystalline solid decomposes in air and solutions of the complex are 

extremely oxygen sensitive. In THF solution, (Me-Cp)-Mn does not 

react with FeCl 2 iind is hydrolyzed only slowly (over a period of 

hours) by water. This behavior is in marked contrast to that of 

Cp^Mn and (MeCp)„Mn, both of which are pyrophoric solids, are 

A3 49 to yield the corresponding ferrocenes. * 

As both the thermodynamic and kinetic stability of a metal complex 

is dependent on spin state, it is worth noting that Cp.Mn and (MeCpKMn 

possess thermally accessible high-spin ( A. ) electronic configurations, 
2 

while (MerCp)-Mn exists solely in a low-spin ( E^o^ state (vide infra). 

In contrast to the high-spin d case, the low-spin d configuration 

possesses substantial crystal field stabilization with attendant in

crease in ring~metal bond strength. The observation of shorter (by 

nearly 0.3 A) metal to ring carbon distances in the low-spin mangano-
51 47c cenes, is consistent with these predictions. 

The contrasting reactivity of high- and low-spin manganocenes 

parallels the situation observed in Mn(II) coordination chemistry. No 

crystal field activation energy for ligand displacement is expected for 

high-spin octahedral d systems and accordingly, high-spin Mn(II) 
2+ complexes, such as Mn(1,10-phenanthroline)g , are notoriously 

52 5 
labile. In the low-spin d case, a significant activation energy 

4-prevails and low-spin species such as Mn(CN)£ are relatively 
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52 53 inert. * While (Me_Cp)2Mn is relatively inert towards ring 

loss and hydrolysis, it does undergo reversible one-electron oxidation 

as well as reduction to yield isolable low-spin 16- and 18-electron 
tt- 54,55 

6 ' 

Manganocene is unique among transition metal metallocenes in that 

no cationic derivative has been isolated. Decamethylmanganocene, how

ever, is readily oxidized by (Cp?Fe) in acetone Co yield the dark red 

complex [(Me5Cp)2Mnl . The cyclic voltammogram of [(Me^Cp)2Mn)PF, 

(Figure 3) shows that this compound is reduced in two reversible one-

electron steps at -0.56 and -2.17 V vs. SCE, with peak separations of 

60 and 80 mV, respectively. The latter separation exceeds the theore

tical value of 59 mV because of its proximity to the cathodic wave 

of CH CN. Controlled potential coulometry on the first reduction es

tablishes chat n=0.98+.02 verifying the one-electron nature of the re

duction. In acetone solution [(Me-Cp) Jin] is hydrolyzed slowly by 

H ?0 but rapidly in the presence of strong acid (CF3CO2H), 

As the cyclic voltammogram in Figure 3 suggests, (Me-CpKMn may 

also be reduced by one electron to an anionic derivative. Treatment 

of (Me-Cp)„Mn with sodium naphthalide in THF gives a solution of 

Na[(Me_Cp)_Mn], which is isolated as an orange, pyrophoric powder 

soluble in THF, l,2-dimethoxyethanea and N,N,N',N'-tetramethylethylene-

diamine, but insoluble in aromatic and aliphatic hydrocarbon solvents. 

The difficulty in obtaining accurate analytical results for 

Na[(Me-Cp)gMn] is probably related to extreme sensitivity to air. 

The electrochemical reductions of CP2V, Cp„Cr, Cp 2Co, and Cp„Ni have 

been reported but the reduced species were neither isolated nor char-
58 acterized in solution. Therefore, Na[(Me5Cp)2Mn] represents the 
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Figure 3. Cyclic voltammogram of [(Me5Cp)2Mn]PFg in CH,CN on Pt 

disc electrode with O.IM [(n-butyl)4N]BF, electrolyte. 

Scan rate • 100 mV se'i . 
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2'j 

first example of a stable, lsolable metallocene anion. The anion 

reacts vith CH^CN, (CH^CO, Mel, and H 20 to give (Me 5Cp) 2Mn in hijili 

yield. There is no evidence (infrared) for the formation of (Me-CpK-

MnH or (Me_Cp)2MnCH3 in these reactions. The complex also reacts 

with FeCl 2 in THF, again to give (Me 5Cp) 2Nn with no detectable amount 

of (Me 5Cp) 2Fe. 
59 An Evans NMR method measurement shows that Na[(Me,.Cp)„Mn] 

1 13 

is diamagnetic in THF solution. The H and proton decoupled C 

NMR spectra of the anion are similar to those of other diamagnetic 

Me,Cp compounds (see Chapter 2) so we conclude that the anion is 

a planar 18-electron metallocene, isoelectronlc with (Me_Cp)_Fe. 

An X-ray crystallographic study has verified the planar 
47c 60 

metallocene structure for (Me^Op^M and t(Me 5Cp) 2M)FF, 

(M = Mn,Fe) in the solid state. Infrared spectra of the neutral 

complexes (Me-CpKMn and (Me_Cp),,Fe are superimposable in the 

region 900 cm to 4000 cm with characteristic absorptions 

between 2800 and 3000 cm" 1 (4 bands), 1500 and 1350 cm" 1 (5 bands) 

and 1000 to 1100 cm (2 bands). Spectra of t(Me 5Cp) 2Mn]PF 6, 

((Me5Cp)9Fe]PF,, and Na[(Me-CpJgMn] are similar, but more poorly 

resolved. These absorptions do not vary significantly in this 

series of compounds so they probably represent primarily ligand 

vibrational modes for n -bound Me.Cp . Similarly, the reversibility 

observed in the cyclic voltammogram of (Me.Cp)„Mn is consistent 

with simple oxidation-reduction reactions in a series of complexes 
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Magnetic Susceptibility 

The metallocene molecular orbital energy level diagram allows 
2 4 1 2 3 2 

the possibility of low-spin ( A, 'e^io'» E2e^ e2e ale^ a n d h i § h " 

spin ( A, t e 2 E
a i o e i E ^ ground states for a d system such as Cp 2Mn. 

Magnetic susceptibility studies have shown that the spin state of 

manganocene is sensitive to temperature, environment, and methyl 

substituents. 

Solid Cp„Mn undergoes a phase transition at 432 K from its 

low-temperature brown form to a pink form. The pink form displays 

normal Curie behavior for an S = 5 2 molecule, as does Cp„Mn in 

benzene or ether solution or diluted in Cp ?Mg, Below the phase 

transition temperature, however, the susceptibility of Cp,Mn shows 
43 a temperature dependence suggestive of antiferroraag-netism. 

Bunder and Weiss's recent crystallographic study of the brown 

form showed that it does not consist of discrete Cp 2Mn molecules, 

but rather exhibits a polymeric zig-zag chain structure. 

Crystalline (MeCp)„Mn is also apparently antiferromagnetic. 

ol-

an S = 5/2 system, but these data may pertain to the solvated 

complex, (MeCp)„Mn'2THF. Rettig and co-workers demonstrated that 

the anomalous magnetic behavior of (MeCp)-Mn in toluene solution 

is due to n spin-state equilibirum with AH° = -1.8 + 0.1 kcal mole 

and AS° = -5.8 + 0.6 e.u. for the high- to low-spin conversion in 
6 2 

toluene. 

The magnetic susceptibility measurements on solid (Me,-Cp)-Mn, 

t(MecCp)?Fe]PFfi, and [(Me5Cp)„Mn]PF6 indicate Curie-Weiss behavior 

(X = C/(T-0)) in each case. The results of these experiments, and 



Table II. Magnetic Susceptibility Data for Decamethylmetallocenes. 
i , , 

SOLID SOLUTION 

Molecule C 0 
Temperature 

eff Ranged "effa Temperature 
(Me5Cp)2Mn 0.59 0 

[(Me5Cp)2Fe)PFg 0.63 0 

[(Me5Cp)2Mn]PP6 1.18 -4 

2.17 ± .1 4.2 to 117 

2.25 t .1 4.2 to 70 

3.07 t .1 4.2 to 65 

1.97 ± .1 313° 

2.40 i .1 3101* 

2.90 ± .1 310d 

a) Values in Bohr magnetons. 
b) Temperatures in degrees K. 
a) Measured in toluene solution. 
d) Measured in acetone solution. 

to 
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59 the solution magnetic moments as determined by the Evans NMR method, 

are summarized in Table II. For solid (Me»Cp)9Mn our data reveal a 

temperature independent moment of 2.17p„ up to 117 K, in agreement 
a 

with the solution moment measurement at 313 K. These dita are 

consistent with thft formulation of a low-spin doublet ground state 

for (Me^Cp)2Mn; the temperature independence of the moment indicates 

that thermal population of the A state is negligible up to 313K. 

A recent UV-photoelectron study of (Me-Cp)_Mn shows that the 

molecule is low-spin in the gas-phase as well. No evidence was 

found for a high-spin form up to 384 K. A magnetic moment of 

2.26yB is obtained for the isoelectronic molecule, [(Me5Cp)2Fe]PFfi, 

Both these values are close to the magnetic moment of low-spin 

(MeCp)2Mn, (vi g f f - 1.98 at 15K) calculated from EPR spectral 

data. 

The magnetic moments of the low-spin 6 metallocenes are 

significantly larger than the spin-only value for an S = 1/2 

2 
molecules js the orbitally degenerate E ? configuration rather than 

2 the nondegenerate A. coniiguration. A spin-only moment is expected 

(and found) for metallocenes with nondegenerate electronic configura

tions. However, significant orbital contributions to the moment 

are expected for metallocenes with an orbitally degenerate ground 
2 

state. For E„ ground state metallocenes, Warren's ligand field 

calculations anticipate that such contributions will result in 

modestly temperature dependent magnetic moments ranging from 3.0 

to 3.1uB (30 to 30QK). The magnetic parameters of netallocenes 

with orbitally degenerate ground states are also subject to the 



27 

influence of low symmetry distortions from pure axial symmetry and 

derealization of the unpaired electron over ligand Tr-orbitals. 

an increase in the covalency of the e 2 orbital will serve to quench 

the orbital angular momentum and yield moments that approach the 

spin-only value. Our magnetic susceptibility data for the 17-

electron deeamethylmetallocenes are thus well within the range 
2 expected for a E» ground state assignment. This assignment is 

confirmed by EPR and UV-PES studies of (Me.Cp)Mn and 

[(MeCp)„Fe)PF, , 6 3(see below). I o 

three possible ground state electronic configurations: 

3 V e 2 6
a l g ! ' ^g'^Vlg 1' 3 n d 5V e2g alS elg K W a r r e n a n d G O r d ° n 

respectively. These values were consistent with an S=l spin system 

(u . . = 2.83M„) with significant orbital contributions to the spin oni^ D 

moment. On the basis of this evidence and the results of UV-photo-

electron studies, the orbitally degenerate E 2 ground state has 

been assigned to the chromocenes. Our magnetic data for 

[(Me Cp) Mn]PF, are also consistent with a spin triplet configuration; 

thus this complex is a rare example of low-spin Mn(III). The solution 

and solid state moments are only slightly greater than the spin-only 

value for an S = 1 system, hence it is not possible to assign 
3 3 unambiguously either a E. or A„ configuration from magnetic 

susceptibility data. EFR spectroscopy does not assist us in this 

choice of ground states: [(Me 5Cp) 2Mn]PF 6 diluted in [(Me-Cp)2Co)]PF 

gives no EPR signal at either 12 K or 298 K. However, Green's 
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UV-photoelectron study of (Me,.Cp)„Mn provides definitive proof that 

the ground state of [(Mc,Cp)„MnJ in the gas-phase is the orbitaily 

degenerate E_ electronic configuration. 

EPR 

EPR investigations confirm the dependence of the manganocene 

electronic structure on methyl substituents and environment noted 

in magnetic susceptibility studies. Manganocene in toluene or 

methylcyclohexane glasses and diluted in Cp„Mg exhibits EPR spectra 

characteristic of the high-spin A. configuration. ' When 

Cp-Mn is diluted in Cp„Fe, Cp„Ru, or Cp-Os spectra consistent with 

the E- configuration found in ferricenium systems are observed. * 

high-spin Cp.Mn are comparable so the high-spin form is easily 

accommodated in such a lattice. The other metallocene hosts have 

much shorter ring to metal distances, thereby favoring the low-spin 

form of Cp^Mn (which is expected to have a distinctly shorter ring-

metal distance than the high-spin form). For (MeCp^Mn, spectra 
2 characteristic of the E„ state are observed at 4.2 K in methvl-2g 

and (MeCp) 2Mg. 6 4* 6 8 

We have measured the low-temperature EPR spectra of (Me-CpJ^Mn 

both in toluene and methylcyclohexane glasses and diluted in 

(Me^CpJ-Fe. Our results together with earlier results on low-spin 

manganocenes are listed in Table III. As has been found for ferri

cenium derivatives * and low-spin Cp-Mn and (MeCp)_Mn, ' the 

(Me-Cp)7Mn g-values are anisotropic (gii ^ gi), deviate substantially 
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from 2.0, and are sensitive to changes in the diamagnetie host 
2 4 1 lattice. These data are not consistent with a A. [e,. a. 1 ground lg 2g lg 

state electronic configuration for which an isotropic g-tensor near 

g=2 is expected (this expectation is realized in the case of the 

bis-arene complex f(rj -C,H,)„Crl which possesses a A. ground 
O b i ig 35 state). Our spectra can, however, be analyzed within the frame-

2 

work of the nrbitally degenerate E„ electronic configuration. 

As was noted in the magnetic susceptibility section, the magne

tic parameters of metallocenes with orbitally degenerate ground states 

are subject to the effects of orbital angular momentum, deviations 

from five-fold symmetry, and delocalization of the unpaired electron 

over ligand n-orbitals. Under pure axial symmetry, the g-values for 
? 69 

a E_ metalloctine are given by gi=0, g i j =2(2k 4-1). Here, !' is 

the orbital reduction factor, a measure of the delocalization of the 

unpaired e^^ electron over ligand orbitals. In tht Mmits of no 

e ? t "covalency", k 1 =l and g,,=6. With increasing delocalization, 

k' tends towards 0 and g,, approaches 2.0. These results are not 

consistent with the observed spectra since they predict g t=0 for 

any value of k'. 

Maki and Berry have developed expressions for the g-values of 
•? 

""E~ metallocenes which take into account the effects of covalency 
2g 

69 and distortions from axial symmetry. According to their theory, 2 
the g-values for the **E- state are given by: 

g||= 2 + 4k'(l - C2)/(l + C 2) 

g, = 4t/(l + r,2) 



T i b i a I I I . EPB H e s u l t s t o r t h e 1.0 •i-Spin Ma n g . n o c e n Type Compound* 

COMPOUND 9 | ^1 k ' «c«-l» IfiHcm"1) 2 ( t 2 • i V l W 1 ! REFERENCE 

; K u s C p l - K n 

i n t o l u e n e g l a « » 12*K 
1.26 l 01 1.6B l . 0 2 .58 177 274 652 T h i s w o r * 

W « 5 C p ) 2 M n 

i n m c t h y l c y c l o l i a x a n e g l a s s 12*K 
3 . 3 6 i 01 1 .42 I .04 . 48 147 148 417 T h i s worfc 

(Me 5Ct.) 2Mn 

i n lHi_- 5Cp) 2Fe 12 'K 
3 . SOS 

h 
.004 1 .17 l . 01 . 4 1 142 102 350 T h i s u o r « 

C (. 2Mn 

i n C p 2 F e a t 4 .2"K 
3 .519 .004 1 .222 t .010 . 4 8 1 4 6 a 1 1 3 " 369 S3 

Cp 2 Ho 

i n CpjRu a t 4.2*K 
3 . 5 4 8 .004 1 .069 i .020 . 4 6 H O " 8 8 " 330 6fl 

Cp 3Mn 

in CpjOa a t 4.2*K 
3 .534 .004 1 .126 * -01 . 4 6 142 f l 9 6 4 1 342 6 8 

iWeCpl 2Mn 

I n t o l u e n e g l a s s a t 4 .2*K 
2 . 8 8 7 1 .900 . 7 1 217 659 1388 62 

(MbCn) jHn 

i n m e t h y l c y c l o h e i c a n * g l a s a a t 4 
2 . 9 0 9 

2-K 
I . B 9 3 .70 215 630 1331 62 

(HL-Cp) 2Mn 

i n (MeCp) 2Mg a t 4 .2*K 
3 . 0 0 1 .02 1 .889 1 . 0 0 2 .76 2 3 2 J 6 6 7 U 1412 6 3 

(MeCp) 2Mn 

i n (HeCp) j fo a t 4 .2*K 
3 . 0 6 t . 02 1 .850 l . 0 0 2 .70 213** 51 B a 1120 6 3 

a) Those values have been recalculated usini] the H.iX» and neiry theory. 
M :tn h/pecfine coupling observed, ft. «- 61.9 t .1 - 10 crin : A. not resolved. 

XBL 791-8054 
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Here k' is the orbital reduction factor and 6 is introduced as a 

low symmetry distortion parameter, a measure of the departure from 

axial symmetry. Also, £ = k'^- where C n is the spin-orbit coup] int. 

constant for the bare metal ion. Note that in the limit of no coval-

ency (k' = l) and pure axial symmetry (6 - 0 cm ) , gi=0 and gi|=6, as 

before. As the effects of geometric distortions from axial 

symmetry and e„ electron derealization become important (i.e. k* < 1; 

5 > 0) the g-values will tend towards 2. We have used the Maki and 

Berry theory to calculate the k' and 5 parameter values for (Me.-CpJ.-Mn 

and other low-spin manganocene compounds (Tai'le III). The parameter 

values are obtained explicitly from the equations using the experimen

tal EPR data and an assumed value of C, . We follow the suggestion 

of Switzer, et. a_l. Us ,ig _̂ = 305 cm for the bare metal ion, 
v +1 62 

Mr. 

Th 

variety of hosts are quite similar but differ significantly from 

those determined for (MeCp)?Mn. The parameter <5 is much larger 

for (MeCp)?Mn which may be due to the relatively low symmetry of 

this molecule. The k' values are also smaller in the more symmetric 

manganocenes, implying a greater derealization of the unpaired 

electron in (Me-Cp^Mn and Cp^Mn than in (MeCp^Mn. The reduction 

of k' can result from either increased covalency or dynamic Jahn-

Teller effects. The low k 1 values observed for Cp.Mn relative to 

http://Me.-CpJ.-Mn


in Cp„Mn. The crystal structure of (Me 5Cp) 2Mn revealed static 

distortions involving metal-ring carbon and ring carbon-ring carbon 

distances at room temperature, but no evidence was found for 
47c dynamic Jahn-Teller distortions. If this result holds for 

(Me gCp) 2Mn in the matrices employed in the EPR studies, then the low 

V values must result from increased covalency in the (Me,-Cp)„Mn 

system. 

It is interesting to compare the EPR spectral data and derived 

parameter values of (Me_Cp)«Mn with those of the isoelectronic 

complex [(Me^Cp)«Fe] . Hendrickson and Duggan have measured the EPR 

spectra of neat samples of this cation both as the PF, salt, (1) 

and as the trichloroacetate salt (with two trichloroacetic acid mole-
48 cules per cation in the unit cell, 2). The spectra of 1 and 2 

exhibit gji:gi resonances at 4.433:1.350 and 4.37:1.26, respectively 

(X-band; 12K). The gi values are close to those found for 

CMe_Cp)_Mn, but the gr • values are substantially larger for the iron 

complex. Calculation of the k' and 6 values using the Maki and 
-1 69 

Berry expressions (with £ n = 405 cm for Fe(ll) ) gives k' = 0.82; 

parameters are rather small and are in general similar to the values 

found for (Me 5Cp) 2Mn. However, the k' values for f(;':^-Cp2)Fe] are 

much larger than those determined for (Me,.Cp),Mn. As was implied 

earlier, the parameter k r is related to the percent metal character 

of the orbital involved. If the latter quantity is defined as k,. 
2 69 

then the approximate relationship k' ~ k is expected. We thus 
find that the e- orbital is localised on the metal atom to an 2g 
extent of 70-75% in (Me5Cp^Mn and 87-91% in [(Me 5Cp) 2Fe] +. These 
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numbers should be viewed in a relative rather than an absolute 

sense because the relationship between k' and k is only an approxi

mate one. Nonetheless, it appears that the e_ orbital has a 

stronger bonding character In (MerCp)„Mn than in KMe-CpKFe] . 

In the absence of reliable calculations on these two species, it is 

attractive to postulate that the spatial expansion of the metal 3d 

orbitals in the neutral Mn complex is greater than in the cationic 

Fe derivative, affording better metal-ring e- orbital overlap. 

Structures 

Structural studies of manganocenes have demonstrated the 

dependence of the metal-to-ring carbon distance [R(M-C)] on the 

spin state of the molecules. Bunder and Weiss*s recent X-ray 

n sh 
44 its ]ow temperature brown form. At 432 K, Cp«Mn undergoes a 

phase transition to a pink form which is isomoruhous with the other 

first transition series metallocenes (space group - P2, , _ ) . Mangano-

cene is presumably monomerie in this phase, but its high volatility 
44 at such temperatures precluded a complete structure determination, 

Haaland and co-workers have determined the str.;ture of Cp.Mn 

in the gas-phase by electron diffraction. Ir. i;he vapor it is a 

monomeric, D 5 metallocene with an R(M-C) of 2.382(3) A. Ti.is 

is an exceptionally long metal to ring bond when compared to other 

metallocenes of the first transition series (Table IV), but is close 

to the R(M-C) determined for Cp„Mg, 2.339(14) A in the gas phase. 

A gas phase electron diffraction study of (MeCp)„Mn revealed the 

presence of two metallocene species in the vapor at 373 K, with 
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average R(M-C)s of 2.433(8) and 2.144(12) A . 7 2 Comparison of these 

bond lengths with the bond length observed in the high-spin Cp.Mn 

led to the conclusion that the former distance represents high-spin 

( A ) and the latter, low spin ( Ej ) (MeCp),Mn. This assignment 

is supported by single crystal X-ray crystallography and gas phase 

electron diffraction studies of the rigorously low-spin derivative, 

(Me 5Cp) 2Mn. 4 7 c> 4 7 d 

Crystalline decamethylmanganocene (space group " C„,_) consists 

of discrete (Me-CpKMn molecules whose rings are in a staggered 

configuration (Figures 4 and 5). The average R(Mn-C) is 2.114(2) A, 

about 0.3 A shorter than the corresponding distance in high-spin 

(MeCp)„Mn and Cp 2Mn. The value is, however, very close to that 

determined for low-spin (MeCpKMn. The contraction of the metal-r 

ring distance in low-spin manganocenes can be rationalized on the 

basis of the molecular orbital diagram for high- and low-spin 

metallocene d systems. In the A. configuration, 3 electrons 

occupy the bonding e„ and non-bonding a- levels and 2 electrons 
2 

occupy the antibonding e_ level. In the E 2 configuration, all 
five 3d electrons reside in the e and a. levels, leaving the 

^6 -1-8 

antibonding e. level vacant. A net increase in the formal metal-

ring bond order is expected, and the foreshortening of the bond is 

not surprising. Haaland has advanced similar arguments to explain 

the relative metal-to-ring distances observed in neutral metallocenes 
72 73 of the first transition series. * Assuming that the e_ and a-2g lg 

levels are bonding between metal atom and rings while the e. 

level is antibonding, Haaland defines the "metallocene electron 

imbalance", n, as the sum of the number of electrons in the e. 
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Figure 4. packing diagram of (Me5Cp)2Mn with the 
unit cell edges shown, b is horizontal, c is vertical, 
while a is into the paper. 
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Figure 5. ORTEP drawing of (Ma5Cp-),Mn. The nonhydrogen atoms are 

drawn at 50% probability contours of the thermal motion. 

The hydrogen atoms have an arbitrary size. 
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level plus the number of vacancies in the e_ and a. levels. Thus 

n = 0 for Cp_Fe, n = 1 for Cp„Co and lovr-spin manganocenes, n = 2 

for Cp 2Cr and Cp 2Ni, n = 3 for Cp„V» and n - 5 for high-spin Cp2>1n. 

The R(M-C)rs of these complexes, as determined by electron diffraction, 

are found to increase monotonically with n (Table IV). 

The structures of (Me5Cp)„Fe, [ (MegCp)2Mn] PF, and several other 

first transition series decamethylmetallocenes (whose preparation 

and electronic structures are described in Chapter 2) have been 

determined by X-ray crystallography. * All of the compounds ex

amined (Table V) are monomeric with rings in the staggered cunfigura-

tion. The R(M-C)s of the cationic and neutral series of decamethyl

metallocenes follow the pattern predicted by Haaland's electron 

imbalance model: R(M-C) increases monotonically with n. (Table V). 

Summary 

Magnetic studies of decamethylmanganocene show that permethylation 

of the Cp ring results in exclusively low-spin behavior, in contrast 

to other manganocenes where high-spin spates are thermally populated. 

In spite of the fact that Mej-Cp" is a mm.: bulkier ligand than Cp , 

the metal-to-ring carbon distances in (Me,-Cp)„Mn are about 0.3 A, 

shorter than those in high-spin manganocenes. This result attests 

to the enhanced thermodynamic stability of a manganocene with a low-

spin configuration. The low-spin configuration of (MecCp)-Mn also 

renders it inert tovards ring displacement and hydrolysis, but the 

complex does undergo reversible oxidation and reduction to give iow-

=pin 16- and 18-electron derivatives for which no analogs exist in 

other manganocenes. 
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Table IV. Electronic configurations, electron imbalance values, 

and average metal to carbon distances for first transition series 

metallocenes. 

Electronic 
Compound configuration 

Electron 
imbalance R(M-C) Reference 

Cp 2Fe \gl4AS

] 

C P 2 C ° 2 E l g t e 2 g a l g e i g ] 

(MeCp)^ \y2/lgl 

Cp 2Cr \l*lAs] 

c P 2 Ni \gi4AsU] 

c " 2 v *wlA*] 

Cp,Mn lg 1 2g lg lg J 

(MeCP)2>fa 6 A l g [ e 2

2

g a ^ g ] 

2.064(3) 71, 74 

2.119(3} 73, 75 

2.114(12) 72 

2.159(4) 71 

2.196(4) 76 

2.280(5) 77 

2.380(5) 70 

2.433(8) 72 

a) Distances In A as determined by gas-phase electron diffraction. 
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Table V. Electronic configurations, electron imbalance values and 

average metal to ring carbon distances for the first transition 

series decamethylinetaliocenes-

Electronic Electron 
Compound configuration imbalance R(M-C) Reference 

b,d 

(Me 5Cp) 2Fe c 

OIe5Cp),Co' b,d 

(Me5Cp)2>ta 

(Me 5Cp) 2Mn c 

b,e 

•"•A. [e* a? ] lg 2g lg' 
1A, let a? ) lg 2g lg 
2„ , 4 2 1 , E- [e„ a. e, ] lg 2g lg lgJ 

2 3 2 V*2gV 
2 3 2 

E 2 g [ e 2 g a l g ' 

[(Me 5C P) 2Co,PF 6

b ' f \ g l 4 / l g l 

[(Me 5Cp) 2Fe,?F 6

b ' f 2 E 2 g ^ g « J g ] 

[(v.e 5C P) 2MnIPF 6

b ' f V ^ l g 1 

[ (Me 5 Cp) 2 CrJPF 6

b ' f \ & l e 2

2 / X i ] 

2.050(2) 

2.064(3) 

2.105(3) 

2.112(3) 

2.130(4) 

2.049(2) 

2.094(2) 

2.130(2) 

2.198(2) 

78 

60 

60 

a) Distances in A. Values in parentheses are the average standard 
deviations for the 10 R(M-C) distances. 

b) Determined by single crystal X-ray diffraction. 
c) Determined by gas-phase electron diffraction. 
d) Space group - C M C A 

e) Space group - C ^ at 298K; C M C A at 100K. 
f) Space group - P, 

1/C 
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These results indicate that the ligand field strength of the Cp~ 

ring is sig;i.- ixcantly enhanced by the complete replacement of the 

hydrogens with electron-donating methyl groups. To test this hypothesis, 

the decamethylmetallocenes and decamethylmetallocene cations of the 

other first transition series metals, V, Cr, Fe, Co, and Ni have been 

prepared. Magnetic susceptibility and EPR studies of these compounds 

establish that they are isoelectron;ic with their metallocene counter

parts. A comparison of the UV-visible spectra of the d , d , and 

d metallpcenes and decamethylmetallocenes is used to determine the 

effect of complete ring alkylation on the ligand field parameters 

A.. , A 2, and B. These investigations are described in Chapter 2. 
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CHAPTER 2 

Other First Transition Series Decamethylmetallocenes 
EXPERIMENTAL SECTION 

Preparation of Complexes 

Fis(pentamethylcyclopentadienyl)Vanaditim(lTj 

A suspension of VCl2*2THF in THF (50 mL) was prepared from 

VCl^ (3.11 g; 19.8 mmol) and Zn dust (0.65g; 9.9 nnnol) using the 
79 method described by Kahler and Prossdorf. The stirred suspension 

was added through a cannula to a solution of Me-CpNa (4.00 g; 25.3 

mmol) in THF (100 mL) and the mixture was refluxed for 7 h to yield 

a dark purple solution. Solvent was removed under reduced pressure 

and th-s product was heated under vacuum (60 C; 10 torr) for 6 h 

to remove oily contaminants. The residue was then extracted with 

pentane (50 mL), filtered, and washed with pentane until washings 

were colorless (3 x 20 mL). Solvent was again removed in vacuo to 

give a red, microcrystalline solid. Sublimation (100°C; 10 torr), 

followed by recrystallization from pentane gave (Me.Cp)2V as air-

sensitive, dark red prisms (2.60g; 65%). 

Ace to_nit rile_bis(pentamethylcyclopentadienyl)Vanadium(III) 

Hexafluorophosp_hate_. 

Acetonitrile (40 mL) was added through a cannula to a mixture 

of (Me 5Cp) 2V (0.20g; 0.62 mmol) and (Cp 2FeJPF 6 (0.20g; 0.60 mmol). 

The ferricenium salt dissolved instantly with stirring yielding a 

deep blue solution. Over a period of 30 min., the decamethylvanadocene 

dissolved and reacted to give a dark green solution of the product. 

Solvent was removed under vacuum and the resulting solid was washed 

with hexane (5 x 10 raL) to remove Cp 2Fe, then dried under vacuum to 
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yield the crude product as an air-sensitive, dark green powder 

(0.22g; 96%). Olive green needles were obtained by crystallization 

from acetonitrlle/toluene (2/1, V/V). 

Dicarbonylbis(pentameChylcyclopentadienyl)Vanadium(III) 

Hexafluorophosphate 

Carbon monoxide was passed over a stirred solution of [(Mej-Cp)-V 

(NCCH 3)]PF 6 (0.40$; 0.79 mmol) in acetone (50 mL) for 1.5 h and the 

color changed from dark green to yellow. The solution was concentrated 

to _ca_. 10 mL and hexane (10 raL) was added slowly until the solution 

became cloudy. Upon cooling (-30°C, 12 h ) , the product crystallized 

as bright yellow prisms. The solid was filtered, washed with hexane, 

(2 x 10 mL) and dried under vacuum (0,38g; 78%). 

Bis(pentamethylcyclopentadienyl)Chromimn(II) 

Solid Cr 2(0Ac), (2.15g; 6.32 mmol) was added against an argon 

counterstream to a solution of Me_CpNa (4.00g; 25.28 mmol) in THF 

(50 mL). The mixture was stirred for 8 h at room temperature to 

yield a white solid suspended in a dark red solution. Decamethyl-

jhromocene was isolated from this mixture as red air-sensitive 

prisms (2.6g; 64%) following the procedure described above for 

(Me 5Cp) 2V. 

Bis(pentamethylcvclopentadienvl)Chromium(III) Hexafluorophosphate 

Tetrahydrofuran (40 mL) was added to a mixture of (Me 5Cp) ?Cr 

(0.94g; 2.92 mmol) and (Cp2Fe)PFfi (0.92g; 2.78 mmol). The chromium 

compound dissolved rapidly with stirring, but the ferricenium salt 

dissolved only slowly. After stirring for 8 h at room temperature, 
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the ferricenium salt was no longer visible and the product had 

deposited as a yellow precipitate. This was collected by filtration 

then washed with THF (3 x 10 mL) and dried under vacuum to give a 

green-yellow solid. (1.20g; 90%). Crystallization from a concentrat

ed acetone solution yielded pure [(Me(-Cp)?Cr]PFf. as orange-yellow 

prisms. 

Bis(pentamethylcyclopentadienyl)Cobalt(III) Hexafluorophosphate 

A solution of Me 5CpH (8.00g; 58.7 mmol) in THF (200 mL) 

was cooled to -78°C (dry-ice/ethanol) and treated with ji-butyl-

lithium (24.5 mL; 2.4M in hexane). Upon warming to room temperature 

(ca. 1 n) white Me-CpLi precipitated from a yellow solution. Solid 

anhydrous CoCl 2 (3.81g; 29.3 mmol) was added against an argon 

counterstream and th« mixture immediately turned brown. After 

stirring at room temperature for 12 h, the dark brown solution was 

treated with solid NH^PF, (5.00g; 30.7 mmol) resulting in a mildly 

exothermic reaction and evolution of a gas. After stirring an 

additional 12 h at room temperature,the mixture was filtered. The 

resulting brown solid was washed with THF (3 x 20 mL) then HjO 

(5 x 20 mL) and dried under vacuum to give a green powder. The 

aqueous wash and all subsequent steps were performed in air. The 

green solid was extracted into acetone, filtered, and the solution 

concentrated to ca. 20 mL. Addition of hexane (100 mL) gave a 

yellow precipiate which was filtered, washed with hexane (2 x 10 mL) 

and dried in air to yield [(Me_Cp)_Co]PF, as a bright yellow air-

stable powder (3.8g; 28%). Crystallization from a concentrated 

acetone solution gave yellow prisms. 
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Bis (pentamethylcyclopentadienyl) Cobalt (II) 

Tetrahydrofuran (30 mL) was added to a mixture of [(Me-Cp),Co]PF, 

(2.75g; 5.80 mmol) and lii/Hg amalgam (17.Og; .833! N»; 6.4 mmol la). 

After stirring for 12 h all of the Co(III) starting material had 

reacted to give a clear, brown solution which was decanted from the 

Hg through a cannula into a Schlenk tube. Solvent was removed 

in vacuo and the product was sublimed (10 torr/l00°C) then 

crystallized from hexane to yield (Me,-Cp)2Co as dark brown, air-

sensitive prisms (1.60g; 84%). 

Bis(pentamethylcyclopentadienyl) KLckel(II) 

Pentamethylcyclopentadiene (8.00g; 58.7 mmol) in THF (350 mL) 

was deprotonated with n-butyllithium (25.0 mL; 2.37 M in hexane) 

at -78 BC as described in the preparation of [ (MegCp)2Co]PF,-. 

Solid NLBr,-2DKE (9.06g; 29.4 mmol) was added against an argon 

counterstream to the Me.CpLi suspension at room temperature and the 

mixture was stirred for one dat at room temperature to yield a dark 

brown solution. Following the procedure described in the isolation 

of (Me Cp).V, (Me 5Cp) 2M. was obtained as dark green prisms (5.5g; 

57%). Several sublimations were required to separate the product 

from a yellow, pentane soluble, but involatile impurity. 

Bis(pentamethylcyclopentadienyl)Rckel(III) Hexafluorophosphate 

Decaraethylnickelocene (1.40g; 4.25 mmol) and (Cp,Fe)PF6 (1.30g; 

3.93 mmol) were allowed to react in THF in the manner described above 

in the preparation of [(Me5Cp)2Cr]PF, to give [(Me.Cp^NUlTg as 

a brown powder (1.67g; 90%). Crystallization from acetone afforded 

dark brown prisms. The BF, salt was prepared similarly from 
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[Cp 2Fe]BF 4 and (Me 5Cp> 2Ni. 

Bis(pentamethylcvclopentadienyl)Kickel(lV) bis(Hexafluorophosphate) 

Tetrahydrofuran (30 mL) was added co a mixture of solid 

(Me 5Cp) 2Ni (0.83g; 2.52 mmol) and solid HgCl 2 (0.68g; 2.51 nrniol). 

The solids dissolved rapidly and an orange precipitate separated 

from a pale green solution. The mixture was stirred for 1 h 

then filtered. The orange precipitate was washed with THF (2 x 10 mL) 

and dried under vacuum. Subsequent reactions were performed in air. 

The produce (1.46g) was dissolved in 0.1 H aqueous HCl (10 mL) to give 

an orange solution and a metallic precipitate. The solution was 

filtered then treated with solid NH.PF, (1.5g). A yellow-brown 

solid immediately precipitated. This was filtered, then extracted 

with warm (40°C) 0.1 M aqueous HCl (10 x 30 mL). The solvent volume 

was reduced under vacuum to ca- 10 ml and the product crystallized as 

orange prisms which were collected on a fritted disc filter, 

washed with cold H 20, ( 2 x 5 ml) and dried in air (0.60g; 38%). 

Recrystallization from warm 0.1 M HCl gave an analytically pure 

sample. 

Solid t(Me5Cp)-Ni](PF-)„ decomposes slowly (over a period of a 

week) in air, under vacuum, or under an argon atmosphere to a para

magnetic dark brown material. The complex decomposes instantly in 

(CH-)-CO or CH^CN solution, but is stable for several days in acidic 

aqueous solution. The FF, salt was not sufficiently soluble in 

aqueous solution to allow determination of the ring carbon chemical 
13 shift in the C NMR spectrum although the methyl carbon atom 

resonance was observed at 6 9 pptn after 26,000 pulses. To determine 
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13 the complete C NMR spectrum, a sample of the orange precipitate 

from the HgClj/CMe.Cp^Ni reaction (0.3g) was dissolved in a 

minimum volume of 0.1 M HC1 (1 ml.), filtered, treated with a 

deficiency (^ 507.) of NH^PF, to precipitate [(Me Cp) Ni]FF, and 

any paramagnetic impurities, then filtered again. The resulting 

solution was diamagnetic, as determined by the Evans NMR method. 

The optical spectrum of a diluted aliquot of this solution was 

identical to that of the pure PF, salt. The concentrated 

solution of [(Me.Cp)2Ni]Cl, was then transferred to a coaxial NMR 

tube with C,D, in the inner capillary to provide a deuterium lock 
13 and reference for the C chemical shifts. 

Bis(pentamethvlcvclopentadienyl)Magnesium(II) 

A solution of i.-PrMgCl in THF (66 mL; 1.2 M; 79.2 mmol) was 

transferred with a syringe into a flask containing Me-CpH (10.Og; 

73.4 mmol). Toluene (125 mL) was added chrough a cannula and the 

mixture was stirred at 80°C for 6 h to give an orange solution. 

1,4-Dioxane (70 mL) was added and a small quantity of a white solid, 

MgCl2"l,4-dioxane, precipitated. The mixture was stirred at 80°C 

for 36 h. During this time additional white solid precipitated. 

The solution was cooled to room temperature, filtered, and the 

resulting white solid washed with toluene (2 x 20 mL). The solution 

was reduced under vacuum to an orange oil which was freed of volatile 

liquids by evacuation overnight at 70°C. The flask was then fitted 

with a water cooled probe and (Me.Cp^Mg was sublimed (90°C; 10~ 

torr) as a white, crystalline, air-sensitive solid (4.45g; 41%). 

Resublimation gave an analytically pure sample. The product 
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crystallizes frora hexane as colorless prisms. Analytical, mass 

spectral, and infrared data for these compounds are given in Table 

VI. 

RESULTS AND DISCUSSION 

Synthesis and Characterization 

The syntheses of the decamethylraetallocenes frequently requires 

modifications of the commonly used routes to the metallocenes and 

the l.l'-dimethylmetallocenes. For example, the reaction 

MCI 3 + 3 Na RCp~ •* (RCp)2M + RCp • + 3 NaCl (R = H or Me) has been 
43 used in the preparation of vanadocenes and chromocenes where 

one equivalent of cyclopentadienide serves to reduce the trivalent 

Tietal salts. However, the hydrocarbon soluble products derived from 

the reaction of three equivalents of Me 5CpNa with VC1- or CrCl- in 

THF are intractable oils containing only small amounts of the desired 

products. The isolation of pure decamethylraetallocenes from these 

reaction mixtures is complicated by the presence of the pentamethyl-
80 cyclopentadiene dimer, a colorless solid whose volatility and 

solubility properties are quite similar to those of the desired 

products. These results suggest that efficient routes to neutral 

decamethylmetallocenes require the use of divalent metal starting 

materials. 
79 Kohler and Prossdorf have reported the preparation of 

(RCp) V (R = H or Me) from the reaction of VC1 2*2THF, with two 

equivalents of Na RCp in THF. We find that (MegCp) V may also 

be prepared by this route. Me,.CpLi may be substituted for Me.CpNa, 

but a significant reduction in yield results. We have also obtained 
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•fahla m . p h y s i c a l , a n a l y t i c a l , and l n f r * r a d d a t a Ear d a c a t c h y l a a t a l l o c a n a a . 

Ma l t i ng 
p o i n t 

Haas a p a c t r u s * <Wf 
C, 7 4 . W C 7 4 . 9 0 ) ; H, 9 . 4 1 ( 9 . 1 5 ) 

| (Ma 5 Cp)jV(SCCH 3 ) ]PF 6 

I (Me 5 C ? ) 2 V(CO),]PF ( ) 

587(w) , 463<«>, 

4 2 2 ( H ) , 233(v) 

459(a), 4i2(v), 
V a - 2270(a) 

515Ca>, 454(w) 

w c 0 - 1 9 8 9 ( a ) . 1 9 3 4 ( a ) . C, 5 0 . 5 8 ( 5 0 . 6 9 ) ; K, 

1 9 7 5 [ « ) , 1902(w) P , 5 . 9 3 ( 5 . 7 9 ) 

C, 5 2 . 0 7 ( 5 2 . 2 4 ) ; H, 6 . 5 5 ( 6 . 3 1 ) 

N, 2 . 7 6 ( 2 . 7 5 ) ; P, 6 . 1 1 ( 5 . 9 3 ) 

585(m), 4 1 8 ( a ) . 

235(v) 

C, 7 4 . 4 9 ( 7 4 . 3 4 ) ; H, 9 . 0 9 ( 9 . 0 9 ) 

| ( M « 5 C p ) 2 C r J P F 6 
5 2 5 ( B ) , 

432(w) 

. W O W , c, 
P . 

5 1 . 3 9 ( 5 1 . 5 0 ) ; 

6 , 6 1 ( t . 6 3 > 

H, 6 . 4 7 ( 6 . 3 9 ) 

(Me 5 Cp) 2 Co 294-296"C 329(100) 586<m), 

32Q(u) , 

429(w) , 

232{u) 
c, 7 2 . 9 3 ( 7 3 . 0 6 ) ; H, 9 . 1 3 ( 9 . 1 1 ) 

| ( M t j C p ) 2 C o ] P F 6 - " 5 9 0 ( u ) , 

3 6 2 ( a ) , 

448 (oJ , 

255(u) 

c, 
p , 

3 0 . 5 4 ( 5 0 . 7 9 ) ; 

6 . 5 3 ( 6 . 4 2 ) 

H, 6 . 3 7 ( 6 . 3 5 ) 

( « « 5 C P ) 2 » 1 296-297"C 328(100) 5 8 7 ( v ) , 

320 (u) 

3 8 5 ( . ) , c. 7 2 . 9 8 ( 7 3 . 0 3 ) ; H, 9 . 1 9 ( 9 . 0 7 ) 

[(Me 5 C[3 2 NI|PF 6 - " 472(w), , 225(w> , c, 
p . 

5 0 . 6 6 ( 5 0 . 4 1 ) j 

6 . 5 3 ( 6 . 6 8 ) 

; H, 6 .3B<6.27) 

[ ( M e 5 C p ) , N i I ( P F 6 ) 2 " - 468(w) , 

3 2 8 ( B ) , 

432(a) . 

24B(a) 

c, 
p . 

3 8 . 3 0 ( 3 8 . 6 3 ) ; 

1 0 . 01(9.81.) 

H, 4 . 8 8 ( 4 . 8 8 ) 

( M a 5 C ? ) 2 M s 289-292 294(308) 5B7(w), 

5 1 7 ( a ) . 

2 8 3 ( a ) . 

560(a) . 

427(a) • 

210(v) 

c. 8 1 . 4 9 ( 8 2 . 6 5 ) ; H, 1 0 . 2 6 ( 1 0 . 1 5 ) 

a) 70 eV. on ly p a r e n t Ion r t p o r t c d . m/e ( r e l a t i v e abundance ) . 

b) Abaorpciona bacwaan 600 and 200 e n " r a p o r t a d . Bacuaan 4000 and 600 c n - i i n f r a r e d s p e c t r a a r c a u p e r l a p o s a i l s 

w i t h e h a r a c t a r i s t i c abao rpc ion* a t 2 9 8 9 ( a ) , 2 9 4 0 ( a ) , 2 8 9 5 ( a ) , 2 3 5 0 ( a ) , 2 7 5 0 ( 2 ) , 14 7 0 ( 0 ) , 1 4 4 8 ( B ) , U 2 2 ( n > , 

1 3 7 3 ( a ) , 1355(w) , 1 0 6 5 ( a ) . 1023<«) , 722(«> a a - 1 . Th t Pf f i " t a l e i J I I O ahov bands a t 8 7 4 ( a ) , 8 4 5 ( s ) , 7 2 5 ( B ) , 

5 5 2 ( a ) , 530(a) cm" 1 . 



nearly quantitative yields of (Me-CpJ-V from the reaction of 

Me5CpNa with VC1 2 (pyridine)4 in THF. 8 1 

Kohler and Prossdorf also describe the synthesis of (RCp)2Cr 
79 from the reaction of a cyclopentadienide with CrCl2'THF. We find 

chat readily available Cr 2(0Ac), reacts with four equivalents of 

(Me5Cp)Na in THF to afford (Me 5Cp) 2Cr in good yield. Again, 

Me5CpLi may be substituted, but with reduction of yield. 

The modest yield obtained in the synthesis of [(Me5Cp)2Co]PF_ 

merits some comments. Both Cp 2Co and (MeCp)2Co are obtained in high 

yields from the reaction of the cyclopentadienide with CoCl 2 * 

in THF, but anhydrous cobaltous salts (e.g., CoCl 2, CoBr., and Co.(OAc)-) 
- + + 2+ 

react with Me 5Cp (as the Li , Na , or Mg salts) in THF to give a 
complex mixture of products, most of which are insoluble in non-

83 
polar solvents. Isolation of pure (Me.CpKCo from the crude 

reaction mixture is complicated by the presence of other volatile 

hydrocarbon soluble products, but oxidation of the reaction mixture 

with NH.PF,,. affords the air-stable [(Me.Cp) Co]?Ffi as a yellow 

precipitate in 28% yield. Subsequent reduction of the cation with 

Na/Hg in THF gives (Me.Cp)2Co in high yield. Decamethylnickelocene 

is prepared via the reaction of NiBr2*2DME with two equivalents of 

(Me5Cp)2Co and (MegCpKNi are obtained in 80 to 902 yield from the 

reaction of MBr2*l,2-dimethoxyethane (M» Co or Ni) with (Me5Cp)Li in 

a refluxing mixture of THF and diethyl ether. Although these 

would appear to be the preferred routes to the nickel and cobalt 

compounds, the authors do not state the THF/diethyl ether ratio 

required to achieve such high yields. The disproportionacion of 
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(Me5Cp)MgCl with 1,4-dioxane in toluene solution affords (Me5Cp)_Mg. 

Elemental carbon analyses for (MecCpKMg proved consistently high. 

This may be due to its extreme air sensitivity. 

The neutral decametnylmetallocenes are very soluble in aromatic 

and aliphatic hydrocarbon solvents as well as THF, diethyl ether, and 
-3 dichloromethane, but are only slightly (ca. 10 M) soluble in acetone 

86 or acetonitrile. They melt in the range 290 to 300°C and are 

volatile, subliming at temperatures greater than. 70°C (1Q~ torr). 

The neutral compounds are air-sensitive in solution. In THF solution, 

(Me_Cp)2Mg is instantly hydrolyzed by water and reacts with FeCl„ to 

give (MecCpKFe. In THF, the V, Cr, and Co compounds are oxidised to 

their cationic derivatives by water. The neutral Ni and Fe compounds 

are unaffected by water. The neutral V, Cr, Co, and Ni compounds 

react with FeCK in THF to yield cationic decamethylmetallocenes but 

no detectable amounts of (Me5Cp)-Fe. The Cp„M compounds of V, Cr, 

Fe and nickel do not react with water in THF, but Cp 2Co is oxidized 
+ 43 

to Cp 2Co . Reactions of Cp 2Cr or Cp„V with p e C l 2 yielded Cp 2Fe. 
Cobaltocene is oxidized to Cp 2Co and Cp„Ni is unaffected by FeCl* in 

43 THF. 

Like the first transition series metallocenes, the permethylated 

compounds undergo facile one-electron oxidation to isolable mono-

cationic derivatives. The [(Me 5Cp) 2M]FF 6 salts (M - Cr, Mh, Co, Ni) 

are obtained in nearly quantitative yield via the reaction of 

(Me 5Cp) 2M with one molar equivalent of (Cp 2Fe)PF 6 in THF. Decamethyl-

cobaltocene and decamethylchromocene are very strong reducing agents 

(see Table VII): both are oxidized by proton sources such as H 20 

and NH. . In contrast, Cp^Cr has been prepared only by oxidation 
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of Cp-Cr with allyl iodide or carbon tetrachloride. The reaction 

of chromocene with (Cp 2Fe)FF g results in extensive decomposition. 

The [(Me-Cp)2M]PF6 compounds are very soluble in acetone, 

acetonitrile, and dichloromethane, sparingly soluble in THF and 

diethyl ether, and insoluble in aromatic and aliphatic hydrocarbon 

solvents. The cationic .. Fe, Co, and Ni compounds are air stable 

solids. The Cr(III) complex decomposes very slowly in air. This 

result is surprising since the [Cp2Cr]I is reported to be very air 
87 sensitive. The cationic Cr, Mh, and Ni compounds are air sensitive 

in solution. 

The cyclic voltammograms of [OfeeCp) Cr]PF & (Figure 6), 

[(Me 5Cp) 2Co]PF 6 (Figure 7), and [(Me 5Cp) 2Ni]PF 6 (Figure 8) in dry, 

oxygen-free acetonitrile show that each complex is reduced in a 

reversible step with a peak separation close to 59 mV, the theoretical 

value for a reversible one-electron process. The reduction potentials 

of the decamethylmetallocene cations are as much as 500 mV more negative 

than those of the unsubstltuted compounds (Table VII). Along similar 

lines, a UV-PES study of the (Me,-Cp)- M compounds in the gas-phase 

showed that both ligand- and metal-ionizations are about 1 eV lower in 

energy in the peralkylated derivatives than the corresponding 

ionizations of the Cp ?M compounds. The enhanced stability of the 

decamethylmetallocene cations is attributed to the electron-donating 

properties of the substituent methyl groups. 

The cyclic volcaimnogram of [(Me5Cp)2Ni]PFg (Figure 8) consists 

of two reversible one-electron steps at -0.65 and +0.31 V vs. SCE. 

Since (Me 5Cp) 2Wi is unaffected by strong reducing agents such as 
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Figure 6. Cyclic voltammogram of [(He-Cp)-CrJPF, in CHjCN on Pt 

disc electrode with 0.1 M [(n_-butyl) ,N]BF, electrolyte. 

Scan rate - 100 mV sec . 
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Figure 7. Cyclic voltammogram of [(Me.Cp) Co]PF, in CH,CN on Pt 

disc electrode with 0.1 M [(n-butyl) NJBF^ electrolyte. 

Scan rate * 100 mV sec 
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Figure 8. Cyclic voltammogram of [(Me-CpKNiJPF in CH-jCN on Pt 

disc e lec t rode with 0.1 M [(n-butyl),N]BF\ e l e c t r o l y t e . 

Scan race * 100 mV sec 
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Table VII. Metallocene and Decamethylmetallocene electrochemical data. 

E a E a , b 

Metallocenes 1/2 Reference Decai-.ethy\metallocenes 1/2 Reference 

(Cp 2Cr) + -0.55 C 89 [(Me 5Cp) 2Cr] + -1.04 This work 

(Cp 2Fe) + +0.41 This work [(Me 5Cp) 2Fe] + -0.12 This work, 85 

(Cp 2Co) + -0.91 58a [(Me 5Cp) 2Co] + -1.47 This work 

( C p 2 M ) + -0.09 90, 91 [(Me 5Cp) 2Ni] + -0.65 This work 

(Cp 2Hi) 2 + +0.77 90, 91 [(He 5Cp) 2Ni] 2 + +0.31 This work 

a) Half wave potentials for the reaction [(R-Cp) 2M] n + + e" £ [(R-Cp).M]* n~ 1' + 

given in volts with reference to the saturated calomel electrode. ... 
b) Determined by cyclic voltammetry in CH3CN solution with 0.1 M [(ri-butyl) .N]BF. 

electrolyte. 
c) The reversibility of this wave in CtUCN solution is questionable, reference 89. 



Ife/Hg or sodium naphthalide, these potenials must correspond to the 

(Me Cp)2Itt47CMe.Cp)2ra. and (Me 5Cp) 2NL +/(Me 5Cp) 2NL +redox couples. 

Formally, this may be viewed as a NL(II), HL (III), NL(IV) system 

analogous to the CCBgC.H--},^] ~ complexes isolated by 
90 91 90 

Hawthorne, e± al. Van Duyne and Hawthorne have independently 
2 + reported electrochemical evidence for the existence of (Cp, NL) in 

dry acetonitrile, but to date there has been no report of either its 

isolation or characterization in solution. 

In acetone or acetonitrile solution [(MeeCp^M-JPF,. reacts with 

Ce(IV), . 0 2, Ag t or H 2 0 2
 t 0 S*ve an amorphous, green, paramagnetic 

solid. However, treatment of a THF solution of (Me gCp) 2NL with one 

molar equivalent of HgCl 2 results in immediate precipitation of an 

orange solid- This dissolves in 0.1 M aqueous HC1 to yield colloidal 
2 + Hg and a solution of [ (Me,-Cp)2NL] » which was subsequently isolated 

as the crystalline, orange-brown PFg salt. The infrared spectrum 

of f(Me sCp) 2Nl](PF 6) 2 in the range 4000 to 700 cm~ is similar to 

the spectra of the [(Me.Cp)-M]PF& compounds (see below). An Evans' 
59 HtR method measurement shows that the complex is diamagnetic in 

2 + solution. We conclude that [(Me.Cp)2NL] is a planar, 18-electron 

decamethylraetallocene, isoelectronic with [ (Me-Cp^Mn} -, (ye,-Cp)2Fe, 

and [(Me 5Cp) 2Co] +. 

The decameti;ylnickelocene dication is a metastable complex. The 

solid FF f i salt slowly decomposes to a brown solid, even in the absence 

of aix. In cold, acidic, aqueous solution the complex is stable for 

several days, but in neutral or basic solution it is rapidly reduced to 

the 15.(111) derivative. Dissolution of the dication in acetonitrile or 

acetone, or addition of these solvents to an aqueous solution of the 
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complex, results in decomposition to the same green substance 

obtained in attempts to oxidize (Me,-Cp)2Ni in nonaqueous solvents. 

The cyclic voltammogram of (MecCp)," in acetonitrile solution 

is complex and exhibits no reversible one-electron waves. Decamethyl-

vanadocene is rapidly oxidized by (Cp^Fe)PF6 in THF, but the blue 

product polymerizes the solvent. In acetone, acetonitrile, or 

diethyl.£ther solution, (Me-CpKV reacts with (Cp2Fe)PF, to yield 

paramagnetic, solvated V(III) complexes corresponding to the formula

tion [(Me.CpJ-VSjPF, (S * solvent). Attempts to remove the solvent 
j £ 0 

from these compounds by heating under vacuum resulted in decomposition. 

This behavior parallels that of (Cp2V) , which is also isolated as 

a solvated species in the absence of a coordinating anion (such as 
- 92 93 Cl or Br ) , * and further demonstrates the coordinative 

unsaturation of metallocenes with a 14-electron configuration. Like 

(Cp„V) , the permethylated derivative reacts with CO (1 atm) to give 
94 

the diamagnetic 18-electron dicarbonyl complex, [(Me5Cp)_V(CO)2]PF . 

As King has found in a comparison of cyclopentadienyl- and penta-

methylcyclopentadienyl metal carbonyls, the CO stretching frequencies 

occur at substantially lower energy in the permethylated compound 

(VCO « 1990, 1936 cm" ) than in the unsubstituted derivative (vCO -
-1 95 2050, 2010 cm ) . We follow King in suggesting that this effect is 

due to the influence of electron-donating methyl groups which increase 

electron density on the metal center, thereby enhancing the M-CO, 
45 and weakening the C-0 bonds. 

The D-, metallocene structure has been established by X-ray 

crystallography for (Me 5Cp) 2M ( M - Mn, Fe, Co) and [(Me 5Cp) 2M]PF 6 

A 7c 60 (M « Cr, Mn, Fe, Co). ' Infrared spectra of the neutral 
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transition metal compounds are superimposible in the range 4000 to 

600 cm" with characteristic absorptions found between 2800 and 3000 

cm" 1 (4 bands), 1350 and 1500 cm" 1 (5 bands), and 1000 and 1100 cm" 1 

(2 bands). Infrared spectra of the cationic complexes are similar 

but more poorly resolved. Since these bands are inssnsitive to 

changes in metal ion, oxidation state, and even geometry (e.g., the 

"bent" [(Me Cp) 2V(CO) 2] + + and [(Me 5Cp) 2V(solvent)] + complexes, they 

must represent primarily ligand vibrational modes for the TT-bound 

Mej-Cp ligand. Below 600 cm , where metal-ring vibrations are 

expected to occur, the infrared spectra vary from compound to 

compound. Specific infrared data in this region are listed in Table 

VI. 
1 13 A comparison of the H and C NMR data for diamagnetic 

Me 5Cp compounds (Table VIII) shows that the checical shift of the 

ring carbon atom is ^ery sensitive to the electronic effects induced 

by variation of the metal ion. Fur the planar transition metal 

compounds, the order of decreasing chemical shift, 6"(Ni) > 6(Co) > 

5(Fe) > 6(Mn), follows the expected order of increasing metal to 

ring electron donation. 

Magnetic Susceptibility and E?R 

15 and 20-electron systems. 

The magnetic properties of the metallocenes have been thoroughly 

investigated, both from an experimental and a theoretical viewpoint. ' * 

The simplest behavior is found for systems with orbitally nondegenerate 
4 ground states, that is compounds with 15-electron A (Cp,V and 

Cp,Cr ) or 20-electron, A (Cp,Ni) configurations. No orbital 

contributions to the moment are expected and furthermore, species with 
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1 13 Table VIII. H and C NMR data for diagmagnetic Me„Cp 

compounds. 

h 
1 3 c b 

Compound h ring C methyl C solvent 

Me 5CpNa 2.01 105.1 11.8 THF-dg 

(Me 5Cp) 2Mg 1.93 110.1 9.6 C 6 D 6 

[(Me 5Cp) 2V(CO) 2]PF 6 2.00 107.4 9.3 (CD 3) 2C0 

Na[(Me 5Cp) 2Mn] 1.83 72.4 8.5 THF-dg 

(Me 5Cp) 2Fe 1.70 78.4 9.6 C 6 D 6 

[<Me 5Cp) 2Co]PF 6 1.78 . 93.4 6.3 (CD 3) 2CO 

[(Me 5Cp) 2Ni] 2 + 2.20 118.3 C 9.4 C D20 

a) All values in parts per million (6) vs_. tetramethylsilane. 
b) Proton decoupled. 
c) Values determined for Che Cl~ salt in 0.1 M aqueous HCl. 
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these configurations are not subject to Jahn-Teller distortions which 

can alter magnetic parameters (vide infra)• Consequently, magnetic 

moments close to the spin-only value are expected. Magnetic 

susceptibility measurements on vanadocenes and nickeloeenes have 

confirmed these expectations. The complexes obey the Curie-Weiss 

law (y * C/CT-8)) over a wide temperature range and moments within 

experimental error of the spin-only values (2.87 U- for S * 1; 3.89 

pj for S * 3 / 2 ) 6 6 are found (Table IX). 

Prins and co-workers observed that the Cp 2Ni magnetic susceptibility 

curve deviates from Curie-Weiss behavior below 70K, and the susceptibility 

becomes essentially independent of temperature below 30K. They 

found that this result could be attributed to the influence of a 

large zero field splitting on an otherwise nondegenerate triplet 

ground state. The magnitude of the zero field splitting (25.6 cm" ) 

was taken as conclusive evidence that the two unpaired electrons 

reside in a molecular orbital which is substantially metal rather 

than ligand in character, indicating a A_ [e„ a, e, 1 or JA„ 
2g 2g lg lg' 2u 

4 2 ? [e_ a e" ] ground state formulation. The former ground state 
41 42b 

has been assigned on the basis of UV-visible and UV-PES studies 
of Cp-Ni. The existence of a large zero field splitting explains 

101,102 

The Y ~ iS- T curve for (Me_Cp),Ni (Figure 9) is very similar 

to that determined for Cp.Ni by Prins, et al. (see Figure 1 of 

reference 100). Above 20K, the curve is linear, yielding an effective 

moment (2.93 t 0.1 p ) close to the spin-only value for an S » 1 

molecule. A similar moment is observed in solution at room temperature 

(Table IX). Below 25K, the curve flattens and v " becomes virtually 
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Table IX. Magnetic susceptibility data for metallocenes and decamethylinetallocenes. 

Solid Solution 

Compound 
b tenp. 

u eff 6 range • ^ ttmp. Reference 

(He 5 Cp) 2 V 3.69*0.1 0 5-64 3.7810.1 304 This work 

Cp2V 3.7810.2 6.5 14-430 3.78 298 96,98 

[ ( M e 5 C p ) 2 C r ] P F 6 3.7340.1 0 4.5-81 3.7410.1 304 This work 

(CP 2 Cir)I 3.87 90-296 - - 87 

(Mc 5 Cp) 2 Cr 3.0110.1 0 6-81 2.90*0.1 304 This work 

Cp 2 Cr 3.2010.16 17 90-295 3.10 298 97,98 

(Me.CpKCo 1.4510.1 0 S-130 1.5610.1 304 This work 

Cp 2Co 1.75±2.04d 83-298 1.76 298 66,98 

[ (Me 5 Cp) 2 .N i ]PF 6 1.6710.f' f28 5-75 1.4410.1 304 This work 

[(MejCpijiNUBF^ 1.6210.1 0 6-57 - - This work 

( cp 2 Ni)B(c 6 a 5 ) i 1.8210.15 90-300 - - 99 

(M«5Cp)2Hi 2 .93 :0 . l e -15 6-100 2.89;0.1 304 This work 

Cp2Sl 2.89i0.15 e 6 70-300 2.86 298 98,100 

59 

a) Measured in toluene or acttonitrile solution by the Evans NKR method. 

b) Values in Bohr Magnetons. 

c) Tempostures in degrees K. 

d) & value uncertain because of curvature In y vs. T plot. 

e) Moments and 8-values obtained from the linear portion of the v " v s * T curve. 

f) Antlferromagnetlc. Nee'l temperature * 18K. 
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Figure 9. 1/y (mole/emu) vs. T plot for crystalline (Me.Cp),^' 
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independent of temperature. Magnetization data throughout the 

temperature range display a normal, linear magnetic field dependence, 

so ferromagnetism may be ruled out as an explanation for the unusual 

magnetic behavior observed at low temperatures. 

As was found for Cp^Ni, the (Mn.CpKNi magnetic susceptibility 

data can be accounted for using a model which considers the influence 

of a large zero field splitting on a nondegenerate, triplet ground 

state. According to Prins, et_ al. the molar susceptibility at high-

temperature (i.e., in the linear range of the \ T curve) is given 

by equation 1, and at low temperature 

2 * B 2 •> 

2 
A 2 -L 

by equation 2 where N is Avogadro*s number, u R is the Bohr Magneton, 

k is the Boltzmann constant, T is the temperature, and D is the 

zero field splitting parameter in cm . Following Prins, 

the free electron value (2,0023) is assumed for gi i • Experimental 

data then yield gi = 1.74 from equation 1 and D - 30.5 + 1.0 cm 

from equation 2. The D- and p .--values found for (Me,-Cp)?Ni are 

close to those obtained for Cp 2Ni, so these compounds appear have the 

same electronic ground state. No EPR signal is observed for 

(Me.CpKNi in toluene solution either at 10K or 298K, presumably 

because of the magnitude of the zero field splitting parameter. 

Magnetic susceptibility and EPR studies of the 15-electron 

metallocenes Cp~V and (Cp2Cr) indicate that they possess an orbitally 
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4 2 1 nondegenerate A_ [e ? a ] ground state. The magnetic moments 

of Cp„V and (Cp,-Cr)I are close to the spin-only value for an S * 3/2 

system and are independent of temperature (Table IX). The EPR 

spectra of Cp 2V and (Cp.Cr) diluted in diamagnetic hosts consist 

of resonance near g * 2 (gi j; m - -3/2 •* m - -1/2) and g • 4 

(gjj m s * -3/2 f m - +1/2) (Table X). Vanadocene EPR spectra 

exhibit V (1-7/2) hyperfine coupling on both resonances at low 

temperature. * * Ammeter has shown that the g- and A-values 

for Cp_V are essentially independent of the host matrix employed. This 

situation is to be contrasted with that found for metallocenes with 

orbitally degenerate ground states (e.g., cobaltocene and low-spin 

manganocenes)whose EPR spectra show a pronounced host dependence. 

Bulk magnetic susceptibility measurements on (Me-CpKV and 

[(MeeCp^CrjPFg show simple Curie behavior (Y * C/T) in the temperature 

range 5 to 7OK. The magnetic moments obtained from these measurements 

are in agreement with the solution values at room temperature (Table 

IX) and are close to the spin-only value for S * 3/2 molecules. 

by EPR spectroscopy. 

The EPR spectra of (Me 5Cp) ?V and [(Me 5Cp) 2Cr] + (Figures 10-13) diluted in 

diamagnetic host lattices exhibit resonances near g » 2 and g * k 

(Table X) and are quite similar to the spectra reported for CpvV and 

(CppCr) * Signals are observed both at room- and liquid helium 

temperature , although the room temperature spectra are somewhat 

broadened. The g- and A-values are insensitive to changes in host 

matrix, a result that is In accord with a nondegenerate configuration. 

Metal hyperfine coupling Is resolved only on gi for the Cr derivative 

4 
These data imply a A_ ground state, an assignment that is confirmed 
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T a b l e X. EPR d a t a f o r 1 5 - e l e c c r o n m e t a l l o c e n e s and d e c s M e c h y l i n e t a l l o c e n e s . 

H a s t Temp. g , - i> A | i Aj R e f e r e n c e 

t o l u e n e 19 2 . C 0 K 1 ; 3 .9 7 3 ( 1 ) 2 4 . 0 ( 0 . 2 ) 1 6 . 0 ( 0 . 2 ) T h i s work 

t o l u e n e 300 <g> - 1 .965 <A> - 2 3 . K - 1 . 2 ) T h i s work 

<Me 5 Cp);Hg 24 2 . 0 0 5 ( 2 ) 3 . 9 9 1 ( 1 ) 2 3 . 2 ( 0 . 2 ) 1 7 . 1 ( 0 . J ) T h i s u c r k 

n e t h y l c y c l o - ? , 1 . 9 9 0 ( 2 ) 4 . 0 0 4 ( 1 ) 3 6 . 7 ( 1 . 0 ) 2 1 . 5 ( 0 . 5 ) , 1 
h e x a n e 
2 - m e t h y l t e t r a - 4 1 . 9 8 6 8 ( 4 ) 4 . 0 0 4 0 ( 6 ) 3 6 . 3 ( 0 . 2 ) 2 0 . 9 ( 0 . 2 ) 06 
h y d r o f u r a n 

Cp,Mg -i 1 . 9 8 8 2 ( 4 ) 4 . 0 0 2 B ( 6 ) 3 6 . 3 ( 0 . 2 ) 2 0 . 9 ( 0 . 2 1 6B 

[ ( M e 5 C p ) 2 C o ) P F 6 9 2 . 0 0 1 ( 1 ) 4 . 0 2 ( 1 ) 

I ( M e 5 C p ) 2 C o ] ? F 6 300 2 . 0 0 4 a ) 4 . 0 3 ( 2 ) 

17 1 . 9 9 ( 1 ) 

2 . 0 0 2 ( 2 ) 3 . 9 5 4 ( 2 ) 

a) T e n p e r a t u : 

d: H-.-p*.-:: 

e ) S p e c t r ; 

BS i n d e g r e e s K. 

' h a l f - f i e l d " r e s o n a n c e c o r r e s p o n d i n g t o a 1 3 - 2 t r a n s i t i o n . The t r u e Ki 

: t n o s e r e p o r t e d . 

10 - 1 

c o u p l i n g n o t r e s o l v e d , 

t h e n e u t r a l c h r o n o c e n e s c o s u b l i m e d w i t h Cp,Mg o r (Mtf .Cp) n Mg. 
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Figure 10. X-band EPR spectrum of (Me,Cp)„V diluted in toluene 

at 19K. 
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Figure 11. X-band EPR spectrum of (MecCp)«V diluted in toluene 

at 19K. Expansion of the g = 2.001 resonance. 
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Figure 12. X-band EPR spectrum of (Me_Cp),V diluted in toluene 

at 19K. Expansion of the g = 3.973 resonance. 
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Figure 13. X-band EPR spectrum of [(Me,Cp),CrJPF, diluted in 

[(Me5Cp)2Co]PF, at 9K. 
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53 
( Cr, I * 3/2, 9.552 natural abundance), but is found on both gi 
and gii for the vanadium compound ( V, I - 7/2, 99% natural 
abundance). 

Prins and Van Voorst have derived expressions that allow 
2 determination of the metal orbital mixing coefficients C (metal o 2 2 4 4s), C. (metal e„ ), and C (satal a, ) for A- mecallocenes o 2g J lg 2g 

from the g- and A-values (see equation 2 of reference 41). Using 
104 these expressions (with a minor modification suggested by Ammeter ) 

we have calculated these parameters for Cp 2V and (MficCpKV. 
In both cases, the most reasonable (i.e., positive) sets of 
parameters are obtained with tha as.< jmption of negative values for 

2 2 the hyperfine coupling constants. A comparison of the C » C£, and 
2 

Cg values for vanadocene and decamethylvanadocene (iable XI) shows 
2 2 that C and C are essentially the same in both compounds. However, 

2 C» is substantially smaller in the peralkylated derivative, indicating 
increased derealization of the metal e„ elec<:vons over the ligand 
ir-orbitals. Since the ligand e. level is antibonding (with respect 

to the rings) and unoccupied in the free ligand, this result 
implies that Me^Cp" can act as a stronger TT-acid than Cp and the 
covalency of the metal-ring bond is enhanced by complete alkylation 
of the ring. 

16- and 19-Blectron Complexes 
Magnetic susceptibility, • EPR, and UV-photoelectron 

studies have established thaL the 16-, low-spin 17-, and 19-electron 
3 3 1 2 metallocenes possess orbitally degenerate E« [e. a ], E„ 

3 2 2 4 2 1 [e 2 a. J, and E. Ce, a. e. ] electronic configurations, 
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Table XI. Metal o r b i t a l mixing coef f ic ien ts for vanadocene and 

decamethylvanadocene. 

2 2 2 C * c/ C / o r S 

Cp 2V a 0.22 0.78 0.65 

(Me 5Cp) 2V b 0.25 0.75 0.53 

a) Calculated from EPR data in reference 41. 

b) Calculated from (Me.CpKV in toluene 

(19K) EPR spectrum. 
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respectively. The theoretical expectations for the magnetic 

parameters of such systems prove to be more complex than tne 

relatively simple treatment applied to metallocenes with non-

degenerate ground states. For example, significant orbital 

contributions to the magnetic moment are expected, an effect 

vhich would in general produce temperature dependent moments 

that are greater than the spin-only value. Warren's ligand 

field calculations indicate that increased derealization of the 

unpaired (metal) electron over ligand ir-orbitals (a decrease of 

the orbital reduction factor, k') will serve to reduce the moments 

towards the spin-only value. The systems under consideration 

are also subject to Jahn-Teller distortions from pure axial 

symmetry. Warren calculates that a large static C 2 v distortion 

of these metallocenes will result in temperature independent 

moments that are close to the spin-only value. 

These theoretical considerations indicate that magnetic moments 

of orbitally degenerate matallocenes may be expected to lie within 

a rather large range of values (see tables A through F of reference 

65). Although this result appears to be somevhat ambiguous, it 

has proven useful in the assignment of a ground state of metallocenes for which 

either an orbitally degenerate or nondegenerate electronic 

configuration is possible. Thus, for low-spin 17-electron metallo

cenes the observation of moments that are significantly greater 

than the spin-only value for S • 1/2 was taken as evidence for the 

E2g 
2 

orbitally degenerate E„ configuration rather than the nondegenerate 
2 
A- ground state (see Chapter 1). 
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Two low-spin ground states are also possible for 16-elecCron 
3 3 1 metallocenes: the orbitally degenerate E„ [e- a. ] configuration 

3 2 2 and the nondegenerate A. [e- a. ] configuration. Magnetic 

susceptibility studies of Cp.Cr and (MeCp)„Cr gave moments (ca. 

3.2 u B! Table IX) substantially larger than the spin-only value 

for S»l systems (2.87 u„) indicating a E, ground state assignment. 

This assignment has also been proposed from a UV-PES study of the 
42b chromocenes. 

In Chapter 1, it was noted that solid [ (MejCp),Mn]PF6 obeys 

the Curie-Weiss law with an effective moment of 3.07 ± 0.1 u„. 

Bulk susceptibility measurements on (Me5Cp),Cr indicate simple 

Curie behavior with p , £ » 3.01 t 0.1 u up to 80K. The solid state 

and solution magnetic susceptibility data for both complexes 

(Tables II and IX) are consistent with a triplet ground state, but 

the magnetic moments are only slightly greater than the spin-only 
3 3 value, so the choice between A- and E- ground state assignments 

is ambipuous. However, a recent UV-photoelectron study of (Me,.Cp)?Cr 

and [(MeeCp)-Mn) has established that these complexes possess 

an orbitally degenerate E, ground state in the gas-phase. 

Like Cp.Cr, (Me.Cp).Cr and [(Me-CpJ.Mn] are EPR silent. No 

signal was observed for the neutral chromium compound in toluene 

solution (10K or 298K). Samples of (Me Cp),Cr cosublimed with 

(Me.CpKMg do give strong EPR signals at liquid helium and room 

temperature, but these are due to the fortuitous presence of the 

oxidized derivative, [(Me Cp) 2Cr] + (see Table X) . 

Magnetic susceptibility measurements on the 17-electron 

metallocenes Cp-Co and (Cp,Si) have shown that they are low-spin 
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complexes with one unpaired electron (Table IX). The most recent 

measurements on Cp 2Co revealed that the moment is temperature dependent 

in the range 83 to 298K, in accord with an orbitally degenerate 

ground state (vide supra). EPR studies of Cp-Co and (Cp2Ni) 

indicate that the unpaired electron resides in a molecular orbital 
2 4 2 1 that is substantially metal in character, so the E, 'e, a, e 7 ] lg 2g lg lg 

ground state has been assigned. 

The effects of static and dynamic Jahn-Teller distortions have 

proven important in the interpretation of the EPS spectra of the 

19-electron, E.. metallocenes. ' Under pure axial symmetry, 

the g-values are given fay g n * 2(k'+l), g, • 0 (k' is the orbital 

reduction factor) and no gi signal is expected. A theoretical 

treatment which considered the effect of a static C ? distortion 

predicted the g-values according to equations 3 and 4 where c and 

g . - g - 2-4k'cs (3) 

2 2 81 " 8 X - g y - 2(c -s ) (4) 

($, ani.'. $,. are the wavefunctions of the 2e. orbital). Neither 

of these results proved satisfactory as the EPR spectra of Cp.Co 

and (Cp-Ni) diluted in diamagnetic hosts consist of three resonance-

near g » 2 (Table XII), clearly indicating that gi is anisotropic 

(g Is 8„)• ' Ammeter and Swalen demonstrated that the anisotropy x y 
of gi could result from dynamic Jahn-Teller coupling. This 

effect is a consequence of the breakdown of the Born-Oppenheimer 



Table XII. EPR data for 19-electron metal locenes and decamethytmetallocenes . 

Compound Host Temp. 8 x 6 y 8 z A b 

X 
A b 

y 
A b 

z 
Re ference 

t o l u e n e 14 <w 2 - 0 - - - T h i s work 

(He 5 Cp) 2 Co methy l -
cyc lohexane 15 g . = 1 . 8 

ISO 
- - - This work 

( M e 5 C p ) 2 F e C 

2-methyl THF 

9 

4 

1 . 6 9 3 ( 3 ) 1 . 7 3 3 ( 8 ) 1 . 7 5 4 ( 1 ) < 6 111(3) 6 5 ( 1 ) T h i s work ( M e 5 C p ) 2 F e C 

2-methyl THF 

9 

4 g | = 1 . 8 1 l.C'j - - - 68 

Cp 2Co C p / e 4 1 .755 1 . 8 4 7 ( 3 ) 1 . 6 9 3 ( 2 ) - - 1 3 5 - 8 5 . 6 108 

CPjMg 4 1 .637 1.627 1 . 6 3 8 ( 3 ) - 9 2 . 8 - 1 1 1 - 9 4 . 6 108 

[ ( H e 5 C p ) 2 N l ] P F 6 
[ ( M e 5 C p ) 2 C o ] P F 6 8 1 . 9 / 3 ( 1 ) 2 . 0 1 4 ( 1 ) 1 . 8 3 1 ( 2 ) - - - This work 

(Cp 2 Co)FF 6 4 1 . 9 7 2 ( 1 ) 2 . 0 1 5 ( 1 ) 1 . 8 0 0 ( 8 ) - - - 6 8 , 1 0 8 

( C p 2 N i ) + (Cp 2 Co)BF 4 4 1 . 8 6 5 ( 1 ) 1 . 9 1 5 ( 1 ) 1 . 7 4 4 ( 2 ) - - - 6 8 , 1 0 8 

(Cp 2Co)SbFg 4 1 . 6 4 2 ( 5 ) 1 . 6 9 2 ( 8 ) 1 . 7 0 0 ( 8 ) - - - 6 8 , 1 0 8 

a) Temperatures in degrees K. 
b) In units of 10 cm 
c) Calculated from Figure 11. Includes second order shift. Signs for A-values uncertain. 
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approximation due to vibronic coupling of degenerate or near-

degenerate electronic statgs. In this treatment,, the g- and A-tensors 

are found to be a function of the orbital reduction factor (k 1), 

a vibronic reduction factor (V), and a, a measure of the static 

distortion from five-fold symmetry. Ammeter and co-workers have 

subsequently demonstrated that the g-tensors of Cp,Co and (Cp2Ni) 

(and A-tensor of Cp-Co) are very sensitive to alkyl substitution 

of the Cp ring and to variation of the diamagnetic host matrix. 

Their analysis indicates that dynamic Jahn-Teller distortions 

predominate over static distortions, but are gradually suppressed 

(relative to the static disrortions) by increasing asymmetry of the 

guest molecule and/or host Jattice. * 

Solid (MecCpKCo obeys the Curie Law in the temperature range 

6-130K. The solid state and solution magnetic data (Table IX) 

yield a moment (ca. 1.5 u_) that is significantly smaller than the 

spin-only value for an S • 1/2 system (1.73 u_). The v " v s . 

T :urve for [(MecCp)-NiJPF, (Figure 14) reveals a pronounced departure 

from simple Curie-Weiss behavior and is suggestive of antiferro-

magnetic coupling. Above 30K, the curve is linear, yielding an 

effective moment of 1.67 ii_. V ~ * l a s a m i n i m u m a C 3-bout 18K, then it 

monotonically increases with decreasing temperature to 4.2K. In 

contrast, the x_" 2S: T plot for the BF^~ salt of (OierCp) Jit] 

(Figure 14) follows the Curie Lav and yields a moment (1.62 u_) that 

is strikingly close to that obtained from the linear range of the 

I(MegCp)2Ni]PF6 v"""1, VS.. T plot. This result substantiates the 

contention that the unusual magnetic behavior of the PF/" salt has 

intermolecular rather than intramolecular origins. 
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Figure 14. 1/y (mole/enu) vs. T plot for solid [(Me-Cp),Ni]PF 

and [(Me 5Cp) 2Ni]BF 4. 
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Ihe EPR snectra of (Me.CpKCo and [(Me.Cp),Hi] are consistent 
2 with a E. ground state. At 9K, the spectrum of t(Me5Cp),Ni]PF6 

diluted in [(Me5Cp),Co]PF6 (Figure 15) exhibits three resonances 

near g»2 (Table XII). The g-values are close to those reported for 

(Cp2Ni) diluted in (Cp2Co) matrices and the spectrum is nearly-

identical to that of (Cp,IJi)PF, diluted in (CpjCoJPF,, (see Figure 

17 of reference 68). No EPR signal !;•• observed for (Cp.Ni) or 

[(MejCp),Ni] at room temperature. This result is not surprising 

since molecules with orbitally degenerate ground states typically 

possess very short relaxation times. 

The EPR spectrum of (Me-Cp)«Co was measured in several 

diamagnetic hosts. In toluene or methylcyclohexane glasses at 6K, 

the spectrum exhibits a broad resonance centered near g»2 and 
59 spread over a range of £a. 1200 gauss, with superimposed Co (1*7/2) 

hyperfine coupling. The number of lines observed (> 10) requires 

that the g-tensor be anisotropic, but the spectra are not sufficiently 

well resolved to allow determination of the g- and A-values. Much 

better resolution is obtained in the EPR spectrum of (Me<-Cp) -Co 

diluted in CMe,.Cp) ,Fe • The spectrum and its assignment are shown 

in Figure 16. Our axis assignment of the g- and A-tensors is 
tentative, but follows the general observation that A > A > A ° y z x 

for cobaltocenes. Ho EPR signal is observed for (Me_Cp)2Co In 
any of these environments at room temperature. EPR data for 
(Me5Cp),Co and Cp.Co in diamagnetic hosts are compared in Table 
XII. It is apparent that the g- and A-values at both compounds 
are extremely sensitive to changes in the host matrix, but in 
general the EPR parameters of Cp Co and (Me-Cp),Co in matrices of 
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similar composition appear co be comparable. 

The observation of an EPR signal for (Me_Cp)2Co and [(Me-CpJ-Ni] 

is evidence chat the compounds are distorted from pure axial 

symmetry. The sensitivity of the (MesCp),Co EPR spectrum co changes 

in the host lattice reflects the influence of molecular environment 

on the nature and magnitude of the distortions. In diamagnetic 

decamethylmetallocene hosts both complexes exhibit anisotropic 

g-tensors (g j* a j* g ) . According to the arguments of Ammeter, 

this is a consequence of Jahn-Teller distortions that are dynamic 

in nature. In this context, it is noteworthy that the single 

crystal X-ray diffraction study of (Me-CpJ-Co provides evidence 

for a static distortion from D. . symmetry at room temperature. 

The observed distortion is very similar to that reported for 
47c (MegCp)2Mn involving variation of ring carhon-ring carbon 

distances from 1.412(1) to 1.434(1) A. In the (Me5Cp)2Fe structure, 

these distances remain constant at 1.419(1) A. Root mean square 

vibrational amplitudes for ring carbon atoms in the Mn, Fe, and 

Co compounds are comparable and this would seem to argue against 

the dynamic Jahn-Teller motion implied by the EPR investigation. 

However, it has been suggested that subtle dynamic motion in these 

systems is masked by the magnitude of the thermal motion at room 

temperature. Low temperature cryscallographic studies are planned 

to test this notion. More detailed single crystal EPR studies of 

these compounds diluted in an array of diamagnetic hosts are now 

underway in another laboratory. These investigation's should pro

vide a more quantitative assessment of the relative importance of 

dynamic and static Jahn-Teller distortions in the orbitally degenerate 

decamethylmetallocenes. 
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Figure 15. X-band EPR speistrura of [(Me 5Cp)-NiJPF, d i lu ted in 

[ (Me 5 Cp) 2 Co]PF 6 V 8K. 

\ 
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Figure 16. x-band EPR spectrum of (Me.Cp),Co diluted in (Me-CpJ.Fe 

at 9K wich g- and A-tensors indicated. 
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Electronic Spectra 

Having determined the ground electronic configurations of 

the decamethylmetallocenes, we turn now to an examination of their 

excited electronic states by a UV-visible spectroscopy. We pay 

particular attention to the ligand field (d-d) transitions since 

a complete assignment of the ligand field spectrum can yield the 

3d-orbital splitting parameters, (A- and A,) and the Racah electron 

repulsion parameters, B and C. This result is gemane to our purposes since 

in Chapter 1 we ascribed the low spin nature of (MegCp)„Mn (viz a viz 

the high., spin complexes Cp„Mn and (HeCp)-Mn) to a substantial increase 

in the ligand field strength of the Cp ring upon permethylaticn. 
Such an effect should be apparent from a comparison of the ligand 

field parameters of isoelectronic metallocenes and decaraethyl-

metallocenes. Furthermore, quantitative comparisons are possible. 

Using a strong field approach, ligand field theory predicts 

three spin-allowed d-d transitions for metallocenes with an 18-
1 40 

electron, A. ground state. The one-electron transition 2a, •* 
2e. gives rise to a single excited state of E. symmetry. The 

one-electron transition l e 2 e "*" ^ a i e yields two excited states of 

E. and E- symmetries. In order to differentiate between the lg 2g 
two E. states, we denote the former as E- (a) and the latter, 

E. (b). Three spin-forbidden transitions (singlet -*• triplet) 

are also predicted. These excited states have the same symmetry 

labels as the corresponding spin-allowed states, with the exception 

of the spin multiplicity. Sohn, et al. have given the transition 

energy expressions (including configuration interaction) for the 

spin-allowed and spin-forbidden d-d transitions (Table I of reference 
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40). With th« energies of che three relatively weak (singlet) 

absorption bands observed in che opclcal spectra of Cp2Fe, Cp.Ru, 

and [Cp-Co] , they used these expressions to calculate A., A and 

B with the assumption C - 4.OB (Table VIII). 

4 3 The expectations for 15-electron ( A, ) and 20-electron ( A , ) Zg 2g 
metallocenes are similar. The one-electron transitions from the 

2a. and le 2 levels Co the 2e. level yield three spin-allowed 
41 excited states of E 1 (a), E, , and E, (b) symmecry. Priiis and 

41 Van Voorst found three relatively weak absorption bands in che 

optical spectra of Cp2V and Cp 2Si. In accordance with a ligand 

field assignment., these bands decreased in relative intensity and 

shifted to higher energy at low temperature. With consideracion 

of configuration interaction beCween Che E^ (a) and E.. Cb) scaces, 

che auchors derived cransition energy expressions for che excited 

ligand field scaces and calculaced A. , A_, and B from che speccral 

data (Tables XIV, XV). As Sohn and co-workers found for 18-electron 

metallocenes, only one ligand field assignment schemed (b)> E, > 

E, (a), yielded physically reasonable (non-imaginary) B-values. A 
lg 

Cerny, and Maxova ' revealed additional very weak absorptions 

(e < 1) chat were assigned to spin-forbidden d-d transitions. 
3 2 barren and Gordon have demonscraced chac che E- , E. , and 2g 2g 

2 E, electronic configurations determined for low-spin 16-, 17-, lg 
and 19-eleccron metallocenes give rise Co a large number of spin-

allowed ligand field excited staces. Ligand field bands observed 

in che speccra of Cp-Cr, [CpjFe] , and Cp,Co were poorly resolved 

r.nd an unambiguous assignment was not possible. ' ' Ligand 

field speccra of the analogous (Me5Cp)2M (M » Cr, Mn, Co) and 
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t(Me,Cp),M]+ (« - Mn, Fe, Hi) complexes are also rather featureless, 

and they will not be discussed here. 
3 -1 The shoulders found at 23.8, 29.5, and 40.0 kK (1 kK » 10 cm ) 

in the spectrum of [<Me5Cp)2Co]PF6 (Figure 17) are assigned to the 

three spin-allowed ligand field transitions, A. •* ̂ l g
( a > • 

X E . 1 E (b). Spectra of concentrated solutions or thick single ^ g ' lg' 
crystals of [(Me.Cp),Co]PF6 reveal three very weak absorptions at 

12.7, 18.5 and 21.3 kK (Figure 18) which we assign to the three 

spin-forbidden ligand field transitions. A weak, but sharp, peak 

is observed at 8.4 kK. This hand could not be rationalized in terms 

of a ligand field assignment, so we' suggest that it is due to a 

vibrational overtone. 

The spectrum of (Me5Cp),Fe (Figure 19) exhibits only two bands 

(23.5, 30.5 kK) whose intensity suggests a ligand field assignment. 

The two shoulders at 34.5 and 36.0 kK neither shift to lower energy nor 

decrease in intensity at 77 K (methylcyclohexane glass) so a charge 

transfer assignment is indicated. Nonetheless, both shoulders are 

rather broad and fairly intense, so it is reasonable to propose 

that the third ligand field band is hidden in this region. We there

fore use 34.5 kK as a minimum estimate for the energy of the 
Alg * E2s^ b' t r a n s i t i o n in the calculation of ligand field 

parameters for (Me.Cp)-Fe. 
2+ The spectrum of [(Me5Cp)2Si] (Figure 20) consists of a weak 

absorption at 22.5 kK, intense peaks at 31.5 and 40.9 kK, and a 

shoulder at ca. 42.5 kK. The 22.5 kX band is assigned to the A. •* 

E 1 (a) transition. Ij^ the shoulder at 42.5 kK is due to the highest 

energy ligand field state ( 1E (b)), then the intermediate 1 E , 
18 2g 

excited state must be masked by one of the intense charge transfer 
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Figure 17. Electronic spectrum of [(Me-Cp),Co]PFg in 

acetonitrile solution. 
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Figure 18. Electronic spectrum of a concentrated acetonitrile 

solution of [(Me-CpJ-ColPFg and a thin single 

crystal of [(Me_Cp)„Co]PF,. The molar absorptivity 

(e) scale applies only to the solution spectrum. The 

intensity scale for the single crystal spectrum is 

arbitrary absorbance units. 
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Figure 19. Electronic spectrum of (Me_Cp)„Fe in methylcyclohexane 

solution at room temperature. 
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Figure 20. Electronic spectrum of [(Me 5Cp) 2Ni](PF 6> 2 In 0.10 M 

aqueous HCl. 
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(c-OIX) 



transitions. To derive ligand field parameters for the Ni(IV) 

complex, we have assumed that this transition lies under the 31.5 kK 

absorption. 

The fourth member of the series of A. decamethylmetallocenes, 

ow a 

of its absorpcion spectrum. Spectra of Na[(Me-Cp).Mn] in THF solution 

invariably exhibit peaks attributable to (Me5Cp)_Mn. 

For the 18-electron decamethylmetallocenes, the assignment of 

the observed ligand field bands follows the pattern established for 

d , d , and d Cp-M compounds. * The lowest energy singlet 

absorption band corresponds to the 2a. -*• 2e. one-electron transition 

( A. •+ £, (a)) and the highest energy band is assigned to the 

A. •*• E n (b) transition. The parameters B and A. are then obtained lg lg r 1 
from appropriate combinations of the transition energy ejcpressions 

(Table XIII). This calculation confirms the energetic ordering of 

the excited states, E, (b) > E_ > &. (a), since other assignment lg 2g lg 
schemes yield physically unrealistic (imaginary) values for B. The 

parameter A ? was calculated with the assumption C - 4B. ' The 

12.7, 18.5, and 21.3 kK bands found in the spectrum of [(MegCpKCo]* 
3 3 3 are assigned to the E_ (a), E_ , and £. (b) excited states, lg 2g lg 

respectively. By a similar analysis, the energy expressions for 

the spin-forbidden d-d transitions yield B - 680 cm and A. • 

13.9 kK, in good agreement with the values determined from the spin-

allowed transition's (Table XIII). Calculation of A 2 again requires 

knowledge of the parameter C. A reasonable agreement of the A^ 

parameters obtained from analysis of the spin-allowed and spin-

forbidden transitions is obtained with C - 4.0 (C/B - 5.8-6.3). 

Ligand field spectral data and the derived parameters for 
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Table XIII. Ligand field abaorptlon daca and parameters fox 18-electron mecallocenes and 

decanethylaiecallocanaa. 
b J> * 

Transition CPjFe (Me5Cp)2Fe (Cp2Co) t<KejCp)2Co] [(Me 3Cp) 2M] 

24.0(72) 30.5(160) 

•E. (a) 18.9(7) 

24.3(140) 23.8(330) 

26.4(120) 29.5(1430) 

33.3(1200) 40.0(1170) 

21.8(7) 12.7(0.2) 

18.5(0.8) 

21.3(8) 

7.2 14. l e 

24.4 24.1* 

0.40 0.63e 

2+ 

22.5(455) 

31.5(60,0OO)c 

42.5(7800)d 

values calculated assuming C/B - 4.0. 
b) Data and parameters from reference 40. Ferrocene spectrum measured In 2-mechylbutane 

solution; (Cp2Co)clO, spectrum measured In aqueous solution. 
c) Estimated energy of transition. 
d) Assignment uncertain. 

A 1. A, and B values cj 
Eorbidden cransiclons yirlds B • 0.68 kK and A, - 13.9 WC. 
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18-electron metallocenes and decamethylmetallocenes are compared 

in Table XIII. The A- parameter is approximately constant in the 

series of decamethylmetallocenes, but the A, and B values follow the 

expected order Ni(lV) > Co(III) > Fe(II), The L* values determined 

for (tte_Cp)2Fe and [(Me5Cp>,Co] are comparable to the values found 

for Cp 2Fe and [Cp.Co] , but A. is 4 to 5 JcK greater in the peralkylated 

systems. The parameter B also increases substantially upon 

periiiethylation of the Co(lII) complex. The B value for (Me-Cp^Fe is 

only slightly larger than that found for Cp ?Fe. However, B is very 

sensitive to the location of the A, ->• E. (b) transition. We 
lg lg 

have assumed a minimum energy for this band in the calculation of 

B for (Me,Cp)2Fe, so the true B value may be somewhat larger than 

that reported. 

The peak at 15.9 kK and shoulder at 18.5 kK in the spectrum of 
3 3 

(Me 5Cp) 2Ni (Figure 21) are assigned to the E_ (a) and E„ ligand 
field excited states, respectively. The third expected d-d band 
3 3 C A_ •* E. (b)) is apparently submerged under the charge transfer 

absorptions. Using the intensities of the observed d-d bands as a 

guide, we find that 25 kK is a reasonable estimate for the minimum 

energy of the hidden transition: that is, if it occurred below 25 kK 

it would be resolved at least as a shoulder. With this estimate, 
3 the transition energy expressions for A- metallocenes yield B and 

A. values comparable to those found for Cp.Ni, and a A. value 

that is 1.5 kK greater in the peralkylated derivative (Scheme I, 
3 3 Table XIV). .If the A 2 -*- E

l 2 0 > ) transition is located at a 

somewhat higher energy (26.5 WC)i similar conclusions result. The 

A_ and B parameters are increased relative to those of Cp Ni and 

A. is comparable for Che two complexes (Scheme II, Table XIV). The 
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Figure 21. Electronic absorption spectrum of (Me-CpJ-Ni in methyl-
cyclohexane solution. Arrow indicates location of 
shoulder assigned to a ligand field transition. 
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Table XiV. Ligand field spectral data and parameters for 20-electron metallocenes and 
decamethylmetallocenes. 

Transition Cp 2Mi b (Me 5Cp) 2Ni 

V \ g

< a ) 14.38(62) 15.9(99) 

*« 16.90(23) 18.5(58) 

* \ t i h i 23.45(26) 
I I I 

25.0(3250)° 26.5(3250) c 

a l 4.60 4. .8 4 .9 

A 2 13.92 15. .4 15.6 

B 0.57 0.58 0.69 
3 -1 

a) Energies in kK (10 cm ) . Extinction coefficients enclosed in parentheses. 

b) Data from reference 109 (measured in ri-heptane solution). Parameters from reference 35. 

c) Estimated values* 



net ligand field splitting (&T - Aj + A 2> is 1.5 to 2.0 kK greater 

in (Me5Cp)2Ni than in Cp.Ni. 

The absorption spectrum of (MejCpJjV (Figure 22) exhibits three 

lelatively weak features at 18.7, 20.6, and 28.2 kK that are assigned 

to the three spin-allowed ligand field transitions, A, •» E, (a), 
E 2 E * E 1 R ^ ) ' A ^Sand field analysis of these bands again shows 

that the energetic ordering E. (b) > E„ > E. (a) is the only lg 2g Ig 
one that gives a non-imaginary B value. The B and A 2

 v a i u e s 

41 calculated from the transition energy expressions are appreciably 

larger for (Me Cp) V than for Cp 2V, but A is somewhat smaller in the 

peralkylated compound (Table XV). The net ligand field splitting 

(A T * A + A 2) is about 1.1 kK greater for (Me5Cp)2V than Cp2V. 

The very weak bands observed in the (MecCpKV optical spectrum 

at 10.5 and 14.5 kK are due to spin-forbidden ligand field transitions. 

For A, ground state systems, five such transitions are expected to 

occur in the visible-near infrared region. The orbital occupations, 

symmetry labels, and transition energy expressions (including 

E2g 
2 configuration interaction between the two E_ levels) for these 

excited scates are given below. The 

V*2g *lg> - V * 2 g *!*> 3 C + 1 2 B 

* 2V*2g alg> 5 C + 4 B 

* \y2s

 aig> * + « 

- \ W ( a l g eJg> 4C + 2B + A x + X 

where x - UlOB - A ) 2 + (4B+C) 2 } 1 / 2 



113 

Figure 22. Electronic spectrum of (MecCpKV in raethylcyclohexane 

solution. Arrows indicate locations of shoulders 

assigned to spin-allowed ligand field transitions. 
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Table XV. Ligand f i e ld abiorpeion data and paraaa tara Eor 15-a lec t ron mctal 'ocenea and 
deeamethylmeeal locenes. a 

£Ht 5Cp) 2V CCp 2Cr) T [ (He 5 Cp) 2 Cr] ' r 

W- 17.33(56) 18.7(23) 17.86(270) 20.4(1386) 

' \ 20.24(66) 20.6(25) 21.98(210) 23.1(2450) 

* i E i s ( b ) 24.50(66) 28.2(1037) 27.03(630) 
1 H n A 

29.0(2400) 32.0(16,000) 

- \ 8.96(.09) 10.5(1.8) - -

- 2 v\ 13.00C.06) 14.5(5.7) - 15.4(0.50) 

~\s

w - - 25.0(480) 13.2(0 .4) 

*,.<» _ _ -_ _ 

b) DaCa from reference 110 (measured In d i e thy la the r and n-pentane s o l u t i o n s ) . Parameters 

from reference 35. 

c) Data from reference 87 (measured as I s a l t i n aqueous s o l u t i o n ) . Parameters from 

reference 35. 

d) Estimated value . 
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14.5 and 10.5 kK absorption bands can be reasonably well accounted 

for with B - 0.63 and C * 2.5 (̂ /B - 3.98) if the farmer is assigned 

to the A, , A- excited states (these are degenerate if C/B = 
lg 2g 

2 
4) and the latter is assigned to the E excited state. 

The A- •* E„ (a) transition is predicted to occur 2g 2g 
at 9.4 kK and this could account for the broadness of the 10.5 kK 

band. 

The shoulders at 20.4 and 23.1 kK in the [(MegCp) C r ] + 

4 4 4 
spectrum (Figure 23) are assigned to the A -*• E_ (a) , E„ 

4 4 transitions. The A. -* E. (b) transition is masked by the charge lg lg 
transfer bands, so we follow the procedure used for (MeeCp)?Ni, 

estimating a minimum (29.0 kK) and maximum (32.0 kK) energy for 

the absorption to evaluate the ligand field parameters. If the 
4 
E„ (b) excited state lies within this region, the transition 

energy expressions yield B values ranging from 0.55 to 0.76 (Table 

XV). While the smaller B value is more consistent with our analysis 

of the spin-forbidden transitions (vide infra), the larger value 

results in B[(MesCp2)Cr ] > B[(Me Cp) V], as expected. The ligand 

field splitting parameters are less sensitive to the location of the 
4 E (b) state. Both estimates give k^ ~ 5 kK (1.7 kK less than for 

(Cp 2Cr) +) and A 2 - 20 kK (3.5 kK greater than for (Cp 2Cr) +). The 

net ligand field splitting is again 1.4 to 2.1 kK larger in the 

peralkylated complex. 

Very weak absorptions are found in the f(Me_Cp)2Cr) spectrum 

at 15.4, 13.2, and 8.4 kK. As for [(Me,_Cp)2Co]+, th e 8.4 kK could 

not be accounted for in terms of a ligsvid field assignment, so the 

peak is probably a vibrational overtone. If the 15.4 kK band is 
4 2 2 2 

assigned to the A„ •* A 2 , A, transitions, the E n R ^ state 
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Figure 23. Electronic spectrum of [(MegCp)2Cr]PF, in acetonitrile 

solution. Arrows indicate the location of shoulders 

assigned to spin-allowed ligani field transitions. 
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is predicted to lie at 12,6 kK, with B * 0.55 and C - 2.9. No other 

assignments for these two bands yield reasonable values for B and C. 

The reader will note that the absorption bands ascribed to spin-

forbidden ligand field transitions in the ((Me^CpKCrl optical spectrum 

are sharper than those observed in the (Me 5C g)„V spectrum. These 

spin-forbidden transitions should be rather sharp since the ground 

state and excited state geometries are expected to be similar. For 

(Me_C_)_V, the apparent broadness of the 14.5kK shoulder may be a 

consequence of its proximity to the much more intense 20.6 kK 

absorption. As noted earlier, the breadth of the 10.4 kK band may 

be due to the near coincidence of another spin-forbidden transition, 

For the 15-, IS-, and 20-electron systems studied, the ligand 

field strength of the Cp ring is enhanced by complete raethylation. 

For the 18-electron complexes this effect is reflected in a 4000 to 

5000 cm" increase of the ligand field splitting parameter L. upon 

peraethylation. For Che 15- and 20-electron metallocenes. A- is 

only modestly affected by peralkylation, but A„ increases by 1500 to 

3000 cm - 1. 

All three spin-allowed d-d transitions are located in the 

electronic spectra of [(Me-Cp^Co] and (Me 5Cp) 2V. The B values 

obtained from a ligand field analysis of the spectra are about 

200 cm greater than those determined for the unsubstituted 

compounds. In the case of (MecCp^Fe, (MeeCp^Ni, and [(Me5Cp)2Cr] , 

the highest energy ligand field band cannot be located with certainty, 

but the proposed range of probable energies for the transitions also 

yields B values that are moderately to significantly increased 

relative to the unsubstltuted compounds. Electrochemical and UV-

photoelectron spectral data show that the decamethylmetallocenes 
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as a class, are more electron-rich than the corresponding raetallocenes. 

We conclude that the increased B values are a result of increased 

electron density at the metal center in the decamethylmetallocrmes. 

Summary and Conclusions 

The series of <Me 5Cp> 2M compounds (H - Mg,V,Cr,Mn,Fe,Co,Ni) 

have been prepared and characterized as decamethylmetallocenes. 

The transition metal derivatives are resist nt to hydrolysis and ring 

exchange reactions, but do undergo facile one-electron oxidation. 

The [(Me5Cp)2M] derivatives (M - Cr,Mn,Fe,Co,Ni) are isolable as 

crystalline PF, salts. These cations are also characterized as D 
o 5d 

or Dq n "sandwich" compounds. Oxidation of (Me5Cp)2V in donor 

solvents yields solvar.ed, monocationic derivatives of the form 

[(Me5Cp)2V(solvent)]PF6. A dicarbonyl derivative, [<Me-Cp),V(C0)2]i F 

can also be prepared, but the pure complex, [(Me_Cp)2V]PFff has 

not yet proven isolable. 

The decamethylmetallocenes and their cationic derivatives 

are, for the most part, closely related in a chemical and physical 

sense to their well-known metallocene and metallocene cation 

counterparts. There are, however, some notable exceptions to 
2 + this generalization. The decamethylnickelocene dication, [(Me-Cp),1-!] i 

can be prepared in aqueous solution and can be isolated as its PF. 

salt. Miclear magnetic resonance and UV-visible studies establish 

that [(Me5Cp)2NL]** is a dlamagnetic, 18-electron complex, 

isoelectronic with (Me^Op^Fe, E(Me5Cp),Co] , and [(Me5Cp)2Mh]~. 

Electrochemical studies have indicated that a dicationic derivative 

of Cp-NL has a fleeting existence, but to date there has been no 

report of either its isolation or characterization in solution. * 

The striking differences in the chemical, physical, and 
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structural properties of Cp2Mn and (Me.Cp^Mn were described in 
43 

Chapter 1. Manganocene is very sensitive to hydrolysis and under
goes rapid ring loss in the presence of FeCl.. It has no well 
characterized redox chemistry and possesses an abnormally long 
metal to ring bond. Decamethylmanganocene is rather inert to 
hydrolysis and ring loss, can be oxidized or redurad to che low-
spin 16- and 18-electron derivatives, [(Me5Cr>2Mn] and [(Me 5Cp) 2Mn]~ 
and exhibits a metal to ring carbon distance that is comparable to 
those found for other first transition series decamethyImetallocenes. 

2 possesses a low-spin, E„ , electronic configuration while Cp,Mn 

has a high spin, A. , ground state. Simple crystal field theory 

predicts that a low-spin manganocene will possess an enhanced thermo

dynamic and kinetic stability relative to a high-spin manganocene, 

as is observed. 

In Chapter 1 it was suggested that the low-spin nature of 

(Me-Cp^ffn is a consequence of the enhancement of the ligand field 

strength of the CC^Hg) ring by complete replacement of the hydrogens 

with electron-donating methyl groups. Using a number of physical 

chemical techniques, the other first transition series metallocenes 

and decamethylmetallocenes have been compared in order to more 

quantitatively determine the nature, scope, and magnitude of such 

an effect. 

Magnetic susceptibility and EPR studies of the (Me5Cp)2M 

(M =» V,Cr,Co,NU and [(Me.Cp> 2M] + (M - Cr,Fe, NL) compounds indicate 

that they are isoelectronic with their metallocene counterparts. 

The 16-, 17-, and 19-electron decamethylmetallocenes possess orbitally 

degenerate ground states. Consequently, the magnetic parameters of 

these systems are subject to the effects!of orbital contributions, 



covalency, and distortions from axial symmetry. Calculations 

utilizing the available EPR data for (Me_Cp>2Mn and t(Me_Cp)2Fe)PF6 

indicate that the covalency (and thus, the bonding character) of the 

le, molecular orbital is rather snail in the Fe derivative, but much 2g • . 
more substantial in the Mn compound. A related calculation based 

on EPR data for (MejC^V shows the le orbital exhibits a signifi

cant bonding character in this molecule as well and that the covalency 

is enhanced by ring peralkylation in this system. These results 

demonstrate the bonding character of the le, level is sensitive to 

changes in the metal ion. This result is not surprising since 

variations in the sizes and 3d-orbital energies in the first transi

tion series metal ions .may be'expected to result in changes in the 

metal-ligand le 2 orb:.tal overlap. 

Electrochemical studies show that the transition metal deca-

methylmetallocenes are much more easily oxidized than their 

corresponding metallocenes. This result reflects the enhanced 

electron-donor properties of the Me-Cp ligand and indicates that 

the peralkylmetallocenes are much more electron-rich 

than the metallocenes. 

For d , d , and d systems, the ligand field absorption bands 

occur at higher energy in the (Me_Cp)2M compounds than in the Cp 2M 

derivatives. A ligand field analysis of the spectra shows that the 

net ligand field splitting is larger in the peralkylated complexes 

than in the unsubstituted compounds. The effect is quite substantial 

in the d Fe(II) and Co(III) systems where A, increases by 4000 to 

5000 en upon peralkylation. The electron repulsion parameter, B, is 

greater in the peralkylated metallocenes as well. This is another 

indication that the metal centers are more electron-rich in the 

decamethylmetallocenes than in the corresponding metallocenes. 
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