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THE SYNTHESES AND ELECTRONIC

STRUCTURES OF DECAMETHYLMETALLOCENES

John Lawrence Robbins

ABSTRACT

The synthesis of decamethylmanganocene ((n—CS(dHJ)S)ZMn or
(Meij)ZMn) is described. Magnetic susceptibility and electron
paramagnetic resonance (EPR) studies show that (Me5Cp)2Mn is a
low-spin, l7-electron compound with an orbitally degenerate,
ZEZg [egg aig] ground state. This is to be contrasted with
szMn, which possesses a high-spin, 6Al [eg ai e2 ] electronic

g g leg 1g
configuration. An X-ray crystallographic study of (MeSCp)ZMn
shows that it is a monomeric, DSd decamethylmetallocene with
metal to ring carbon distances that are about 0.3 R 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,
[(MeSCp)ZMn]I’F6 and Na[(MeSCp)ZMn]. 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 serles decamethyl-

metallocenes support this conclusion. o
A\
A
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The syntheses of new (MeSCP)ZM (M = Mg,V,Cr,Co, and Ni) and
[(NeSCp)ZN]PF6 (M = Cr,Co, and Ni) compounds are described. In
addition, a preparative route to a novel, dicationic decamethyl-
metallocene, [(MeSCp)zNi](PFG)2 is reported. Infrared, nuclear
magnetic resonance, magnetic susceptihility, and/or X-ray
crystallographic studies indicate tnat all the above compounds are

D., or Dsh decamethylmetallocenes with low-spin electronic

5d
configurations. The decamethylvanadocene cation is apparently coordina-
tively unsaturated. A paramagnetic acetonitrile complex ([(NeSCp)2
V(NCCHa)]PFB) and a diamagnetic, dicarbonyl derivative ([(MeSCp)z
V(CO)Z]PFG) of the cation can be prepared, but the isolation of pure
[(MeSCp)ZV]PF6 has thus far proven elusive.

Cyclic voltammetry studies verify the reversibility and the
one-electron nature of the (MeSCp)Zn b [(MeSCp)ZM]+ M = Cr,Mn,Fe,
Co,N1), [(MegCp) Mnl™ I (Me Cp)Mn and [(MeSCp)ZNi]+ be [(Me5Cp)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 grougs.

Proton and carbon-13 NMR data are reported for the
diamagnetic Mg(II;, Mn(I), Fe(II), Co(III), and Ni(IV) decamethyl~
metallocenes and for [(MeSCp)ZV(CO)?]+. Magnetic susceptibility
and EPR studies indicate the following ground state assignments
for the paramagnetic decamethylmetallocenes: AAzg[egg aig] for
the 15-electron compcunds (MeSCp)ZV and [(MeSCp)ZCr]+;
3E2g[egg aig] for the l6-electron compounds (MESCp)ZCr and
[(MeSCp)zMn]+; ZEZg[egg aig] for the 17-electron compounds (Me5Cp)2Hn



4 2 1
1g[e2g alg elg] for the 19-electron compounds
4 2

. 3 2 _
(HeSCp)ZCo and [(MeSCp)ZNl] R A2g[e2g a13 elg] for the 20-electron

+ 2
and [(MeSCp)zFe] ;s °E

compound, (MESCp)ZNi.

The UV-visible absorption spectra cf the 15-, 18- and 20~
electron decamethylmetallocenes are also reported. Assigoment
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 Az and the Racah electron repulsion parameter,

1
B. A comparison of these parameters with those previously reported
for the isoelectronic CpZM compounds reveals that the net ligand
field splitting is larger in the permethylated compounds than in
the unsubstituted derivatives. The parameter B 1s also larger

in the peralkylated derivatives, indicating increased electron

density at the metal center.
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Introduction

Since the discovetyl and structural characterization2'3 of

ferrocene (ns—(CSHS)ZFe or szFe) 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
characterized.4’5’6 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-
pentadiene and alkyll:e':ramen:hylcyclopem::sdie!ruas.7—9 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 compound5.10_21 In
general, these differences can be attributed to the relative steric
bulk of the MeSCp- ligand or te its lack of a ring 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 (:51-15.‘22_26 For example, attempts to prepare szTi by
Na/Hg reduction of szTi CR, or by treatment of szTi(HE)2 with H,,

yield instead a fulvalene-bridged dimer (I).24 Other dimeric

&GO

(1)



and polymeric forms of titanocene are known,10 ber the monomeric
titanocene has not yet been igolnted. In contrast, Bercaw found
that (MeSCp)ZTi 3 obtained as a yellow-orange, crystalline solid
when solvenr is rem;ved under vacuum from hydrccarbon solutians of
tie Ny~bridged, dimeric complex, [(Me5Cp)zTi!§2.ll Infrared, NMR,
cryoscopic molecular weight. and magnetic susceptibilicy data for
(MESCp)ZTi were consistent with its formulation as a mono-
meric, Il4-electron decamethylmetallocene.

The sterlc effects of complete ring alkylation have proven
particularly infleential In the structurs and chemistry of uranium(IV)

and therium(IV) cyclopentadienyl derivacives. Monmounuclear complexes of
27,28

these metals.containing four Cp~ rimes (Cp4M; M=D,Th), three
Cp” vitgs (CpMCL; 1=0,m)2%* % and one cp” ring (Cprch,(1,2-dimethoxy-

e:hane»3l can be isolated, depending on reaction conditioms and
stoichivmetry. The missing member of this series, szuclz, dis~
proportionates to tris- and monocyclopentadienyl derivares in donor
solvent532 and an authentic szuclz specimen has not yet been iaalated.
With pentamethylcyclopentadienide or ethyltetramethy®<vclopenta-
dienide (E:He4Cp-), wmonomeric uranium(IV) and thorium(IV) compounds
containing one peralkylated ring, ((Me5Cp)ThC2.36,(EtHe4Cp)UCp2CE),33
and two peralkylated rings ((HeSCp)ZMCZZ;M=Th,U;18(EtMeACp)ZUCP.Z)17
have been prepared, but mononuclear compiexes containing three
peralkylated rings have proven elusive.6 Apparently, the steric
raquirements of two coordipated MeSCp‘ rings érevent the attachment
of & third ring in either a 0~ or a "~fashion and the disproportion-

acion route observed for szuckz 1s thus blocked.



A third possible consequence of complete alkylation of the
Cp~ ring is the effect.of such a subs;itution on the electron
donow /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 w-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 effecr throngh a systematic comparison of the chemistry
and electronic structures of the first transitioa series mecallocenes
and the decamethylmetalldcenes. {Note: in the following discussion,
the terms "metallocene” and "decamethylmetallocede" refer only to
those [(nS—C5R5)2H1+/O/_ compounds (R=H, Me) th&t possess effective
five-fold symmetry]. »

fhe isolation of the first transition series metallocenes,

/0 +/0 /0 +/0 34 has

+ :
R CPZMn, CPZFe . CPZCo , and szNl

CpyY, CpyCr
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 su%cepcibility,
electron paramagnetic resonance (EPR), nuclear magnetic resonance
(NMR), UV-visible spectroscopy, and UV—photoelectfon spectroscopy
(UV-PES).as’36 Thess studies reveal that the highest occupied

molecular orbitals of the 15~ through 20- electron metallocenes

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



37
Figure 1. The molecular orbital diagram for ferrocene.
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extended Hickel calculation, led Ballhausen and Gray to probrose the
ferrocene molecular orbital diagram depicted in Figure 1.37 The
construction of this diagram utilizes the following basic symmetry
considerations.

Under D5d symmetry, the metal 3d orbitals are split into three
irreducible representarions: alg(dzz), elg(dxz’dyz)’ and EZg(dxy’

d 2 2). Similarly, the metal 4s and 4p orbitals transform to the
X -y

18’ ®1u
combination of the ten ligand T-orbitals yields levels of alg’

a , and a,, representations. A symmetry adapted linear

A’ elg’ EZg’ and e symmetry. The primary metal-ring bonding
results from interaction of metal 3d and ring w-orbitals of elg
symmetry. This overlap generates strongly bonding (lelg) and strongly
antibonding (2218) molecular orbitals, The overlap of the other

metal 3d orbitals (ezg and alg) with ligand m-orbitals is much

weaker. Thus the molecular 231 and 1e25 levels retain a high degree

g
of metal character. According to this model, the Zalg level is
non~bonding and the le2g level weakly bonding between the metal
and rings. The eighteen valence electrons of ferrocene are acco-
modated by £111ing levels up to and including the Zalg level.

Ther reader is cautioned that the molecular orbital diagram
shown in Figure 1 represents the results of only one of many
calculations on the electronic structure of ferrocene.35’38 There
1s general agreewment that the principal metal-ring bonding in
ferrocene is a consequence of metal and ring elg orbital overlap.
Similarly, most calculations predict that the molecular 2a1g level

is essentially non-bonding. However, there remains some controversy

regarding the ordering of the zalg’ leZg levels and the bonding



character of the le2g orbital in ferrocene. 1In general, calculations

of the extended Hiickel type yileld the orbital energy ordering as
shown in Figure 1, zalg > leZg’ while self consistent field methods

give the opposite result, lezg > Zalg. In ithe following discussions

of metallocene and decamethylmetnllocene electronic structure, we

will use the ordering pattern Zal8 > le1g, primarily because it

provides the simplest interpretation of the d-d electronic transi-
tions in 15-, 38~, and 20-electron metallocenes (see Chapter 2).

The bonding characcer of the lezg orbital in ferrocene is

difficult ro 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 le2g molecular orbital. Thiz sugges-
tion has been challenged experimentally by Hendrickson and Duggan.48
Using a combination of infrared, Raman, Resonance Raman, and optical

spectroscopic methods, they have proposed assignments for the low

energy ring-metal-ring vibrational modes in ground state ferrocene
3

2. - 2.,
1), ground state ferricenium ion ( EZg'EZg
4

1 4
( Alg ezg alg
. : 1 3 2 .
an excited state of the ferricenium ion ( Elu(e1u e25 alg)]. Find-

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

2
{ alg 1), and

modes are insensitive to both the oxidation state of ferrocene and
the two different electronic configurations of the ferricenium ion,
they conclude that the le2g and lelu 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 enargies of the

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



studies of ferrocene and ferricenium ion reveal only a small difference
in the 57Fe isomer shift of the two species (AI.S, = 0.08 em sec_l)393
when compared to the more fonic Fe(II)/Fe(III) pair, Fe(SOA)Z'GHzo,
Fey(80,),°7H,0 (AL.S. = 0.88 mm sec .3 1his indicates that the
charge on the Fe nucleus in ferrocene and ferricenfium ion is very
nearly the same. The result implies that either the 1e2g orbital is

a ligand localized one or that the one-electron oxidation of ferro-
cene 1s accompanied a substantial transfer of negative charge from

the rings to the iren atom. The former conclusion is inconsistent
with EPR studies of the ferricenium ion, whick assign a high degree

of metal character ( ca. 90%) to the 1e28 molecular orbital.39c

The latter explanation is more reasonable and is supported by a number
of self consistent field calculations on ferrocene and ferricenium

ic“.BBa,c,d

These studies find that the ferricenium lelg level is
depressed in energy relative to the 1e1g level in ferrocene and that
the lezg orbital is more localized on the iron atom (and thus less
covalent) in ferricenium ion than in ferroceme. In other words, the
metal-ring T~bonding (e1g orbital overlap) in ferrocene is enhanced
by removal of an ezg electron, but the bonding character of the 1e28
orbital is Ziminished in the cation. So, although the results of
Hendrickson and Duggan suggest that the metal-ring bond orders in
ferrocene and ferricenium ion 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



metallocenes.35 Variations in the sizes and electronegativities
of the transition metal lons 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

> ~ = i £
E(2e1g) E(Zalg) E(lezg) (E=energy) and that all three of these
orbitals have substantizl metal character. The ligand field para-
meters Al and A2 are used to describe the separation of the 122g’
Zalg, and 2e1 molecular orbitals (Figure 2; in subsequent discus-
. 1 : ’
sions these levels will be referred to as the eZg‘ alg and elg

orbitals).

zelg(dxz‘dyz)
A2 = 2e1g - Zalg
2a, (d ,)
1g z2
Al = 2a1g - le2g

leye (dxy’dxz_yz)

Figure 2

Ur-photoelectron and UV-visible studies of first transition series
metallocenes have established that Al is on the order of 4 to
-1 40-42
m .

7% 103 cm-1 and A2 is approximately 17 - 20 x 103 [ Since

Al is significantly =maller than the spin pairing energy, l5-electron
: 4 21,
metallocenes such as Cp2V adopt a spin quartet ( Azg;[e2g alg 1)

rather than doublet (Zszg[ezgSJ) electronic configuration. AZ 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=1, 1/2, 0, and
1/2, respectively (Table I). The exceptiun to this rule is the 17-
electron complex manganocene, which has a high-spin, 6Alg, ground
state.l‘iI Manganocene is an anomally among the transition metal
metallocenes 1n several other respects. It is apolymeric solid at
Toom temperar.ure,44 is extraordinarily sensitive to air and water,
possesses no known redox chemistrwy, and undergoes ring exchange
reactions characteristic of predominantly ionic cyclopentadienides
(e.g., NaCp, szMg).43 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 decamethvlmetallo-

cenes of the other first transition series metals.

CHAPTER 1

Decamethylmanganocene Compounds

EXPERIMENTAL SECTION
General

Reagent grade tetrahydrofuran (THF) was predried with CaHz.
Hexane, pentane, toluene, 1,4~dioxane, 1,2-dimethoxyethane (DME),
and THF were purified by distillation from sodium benzophenone
ketyl and stored under argon. Acetone was purified by distillation
from anhydrous KZCD3 and stored under argon. Spectroscopic grade
acetonitrile was distilled from P205 and freeze~thaw degassed for

optical and electrochemical studies. For EPR studies, spectroscopic

grade toluene and methylcyclohexane were distilled from sodium and



Table I.

Ground state electronic configurations of the

first transition series metallocenes,?

Electronic Configuracionb

Compound Orbital Occupation
Cp,V eZgZ algl 4A2g
[CpZCr]+ ezgz algl 4A2g
CpZCr e233 algl 3EZg
Cp2Mn ezgz algl elgz 6Alg
[CpZFe]+ e253 algz ZEZg
CpZFe eng alg2 lAl8
[Cp2Co]+ e234 alg2 lAlg
CPZEO eZgA alg2 elgl 2E15
(op 1" e2g4 132 o zElg
8
CPZNi e2g4 algz elgZ 3A2g

%From reference 35.

bAssuming D

molecular symmetry.

12
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stored under argon. Deuterated solvents for NMR studies were vacuum
distilled from the appropriate dessicant (CaH2 for C6D6’ P205 for

CD,.CN, CaH2 for THF-dB), then freeze-thaw degassed and stored in

3

a dry box under argon.

1,2,3,4,5-pen:ame:hylcyclopen:adiene,7 sodium pentamethylcyclo-

34 and decamethylferrocene45 were prepared

by literature procedures. Chromous acetate, [Cr(OAc)Z]2 -2H20,46 and

pentadienide,lo NiBrz-ZDHE,

commercially available CoC12-6H20 were dehydrated by heating to 120°C
in vacuo. Ferricenium hexafluorophosphare was prepared according

to the procedure described by Pinsky.%b Ferricenium tetrafluoroborate
was prepared by adding solid NaBF4 (1 equilavent) to a filtered

aqueous solution of (szFe)FeCIA (Alfa). Upon coolisg (5°C),
crvstalline (szFe)BFA depusited. This was filtered in air,

washed with water (10 ml) then THF (2 x 10 ml) 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
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prepared as KBr pelets or mulls (Nujol or Kel-F) between Csl plates.
Proton NMR spectra and magnetic suceptibility measurements by the
Evans NMR method were recorded on a Varian A-60 spectrometer., Proton
decoupledlac 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(8) 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 HgCu(SCN)a
and equipped with a Janus Research Model 153 liquid helium dewar.
Field strength was monitored with a George Associates rotating coil
paussmeter. 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 specira of decamethylmetallocenes 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 lielitran cooling system
mounted in the Varilan room temperature cavity. The cavity frequency
was measured with a Hewlett-Packard transfer oscillator and fre-
quency counter, and the magnetic fleld 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/AgNO3 (CH3CN) 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-MS5 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.



16

Preparation of Complexes

Bis(pentamethylcyclopentadienyl)manganesa(IT},

1,2,3,4~pentamethylcyclopentadiene (2.05g, 15.1 mmol) in THF
(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 waiming to room temperature, white lithium penta-
methylcyclopentadienide precipitated from a bright yellow solutiorn.
The stirred suspensioa was cooled to -78°C and anhydrous MnCl2
(1.34g, 10.6 mmol) added against an Nz 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

3 torr)

vacuo and the crude orange-brown solid sublimed (100°C/10”
to yield the product as an ailr sensitive red-orange solid (1.87g,
76%). Crystallization from hexane gave orange prisms. Amal. Calcd.
for CZOHBOMn: C, 73.82; H, 9.29. Found: C, 73.96; H, 9.18.

c.p. 292°C. 1

H NMR (60 MHz, C6D6) § =~ 4.7(s). linewidth 200 Hz at
half height; 320 K. Infrared (Nujol, Halocarbon Mulls): 2980 m,

294G m, 2895 s, 2850 m, 2710 w, 1470 m, 1448 m, 14°2 m, 1373 ms,

1355 w, 1065 m, 1023 s, 722 w, 588 w, 445 m, 361 m cm L. 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), 1L7(7), 115(6), 108{10), 107(l1), 106(11), 105(51),
103(8), 94(6), 93(28), 91(41), B3(5), 81(6), 79(&), 78(7), 77(22),

71(6), 69(7), 65(12), 57(11), 55(16), 53(13), 51(9).
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Sodium bis(pentamethylcyclopentadienyl)manganate(I).
Naphthalene (0.53g, 4.12 mmol) in THF (30 mlL) was stirred over

freshly cut sodium (0.12g, 5.22 mmol) for 1 hour. The resulting
solution of sodium naphthalide was added rapidly through a cannula
to solid (MESCP)ZMn (1.34g, 4,12 mmol) producity a deep red solution.
After stirring at rcom temperature for 15 minutes, solvent was rrmoved
under reduced pressure and the resulting orange powder suspended in
hexane (40 mL), filtered, washed with hexane, (2 x 20 mL) and dried
in vacuc to vield Na[(MeSCp)zMn] as an orange pyrophoric powder
(1.36g, 95%). Recrystallizatlon from THEF/hexane afforded bright
orarge needles which disintegrated to an orange powder upon drying.
Anal. Calcd. for C20H30MnNa: Cc, 68.95; H, 8.68., Found: C, 68.19;
H, 8.72. ' WMR (60 Mz, THF-dg) § 1.87(s). {'H}'’C mm: (25 e,
IHF—dB) § 8.54(s), 72.4(s). Infrared (Nujol mull, F3r pellet):

2950 s, 2860 s, 2730 m, 2710 w, 1450 <, 1400 m, 1320 s, 1165 w,

1067 w, 1030 s, 722 m, 580 w, 498 s, 389 m, 285 5, 250 m cm L.

bis(pentamethylcyclopentadienvl)manganese(III) Hexafluorophosphate.

A mixcure of (MeSCp)ZH.n (l.41g, 4.3 mmol) and (cpzi‘e)l’}'6 (L.55g,
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 mil),
filtered and washed with additional hexane unril washings were color-
less (3 x 20 mL). Drying in vacuo yielded [(MeSCp)zﬂn}PFG as dark
red microcrystals (l.6g, B5%). Dark red prisms were obtained by
recrystallization from acetone/hexane. [(}‘IeSCp)zl‘in]I“l'-‘6 in acetomne

or acetonitrile solution is slowly hydrolyzed by water but the solid
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may be handled in alr for short periods of :ime; Anal. Calcd. for
C20H3anPF6: c, 51.07; H, 6.43; P, 6.58. Found: C, 51.21; H, 6.40;
P, 6.39. ' NMR (60 MHz (GD,),C0) & 3.13(s), linewidth = 18 Hz at
310K, Ianfrared (Nujol, Halocarbon mull): 2991:m, 2963 m, 2921 m,
1474 s, 1423 m, 1393 vs, 1069 m, 1022 s, 874 s,'B840 vs, 722 w, 589 w,

540 vs, 505 m, 439 m, 230 w cu .

Bis(pentamethyleyclopentadienyl)iron(II1) Hexafluorophosphate.

In air, FeCl3 (0.2g, 1.23 mmol) was added ;o a solution of
(Mescp)zFe (0.52g, 1.61 mmol) in THF (20 mL) to:give a blue-green
solution of [(Me5Cp)2Fe]+. After stirring for 30 minutes at room
temperature, solid NHAPFG (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 HZU (2 x 10 mL) then dried
in vacuo to yield [(MeSCp)zFe}PF6 as air stable blue-green micro-
crystals (0.52g, 90% based on Fecl3). Recrystallization from acetone
gave blue-green prisms. Anal. Caled. for C20H3OfePF6: C, 50.97;

H, 6.42, Found: €, 51.12; H, 6.43., Infrared (Nujol, Halocarbon
mulls) 2990 m, 2960 s, 2922 s, 2860 s, 1470 s, 1458 sh, 1420 n,

1390 s, 1380 s, 1072 w, 1023 s, 878 s, 843 vs, 778 w, 722 vw, 590 w,
558 vs, 532 m, 450 m, 348 m cm-l. These values are in agréement

with previously reported IR spectra of [(MeSCP)?Fe]PFs.48
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RESULTS AND DISCUSSION

Synthesis and Characterization

Decamethylmanganccene [(MeSCp)ZMnl was prepared in high yield
via the reactlon of anhydrous MnClZ with (MeSCp)Li in THF. The
crystalline solid decomposes in alr and solutions of the complex are
extremely oxygen sensitive. In THF solution, (MeSCp)zMn does not
react with FeCl2 znd 1s hydrolyzed only slowly (over a period of
hours) by water. This behavior is in marked contrast to that of
szMn and (MeCp)ZMn, both of which are pyrophoric solids, are
instantly hydrolyzed by water and react rapldly with FeCl2 in THF
to yield the corresponding ferrocenes.“'49

As both the thermodynamic and kinetic stability of a metal complex
is dependent on spin state, it is worth noting that szHn and (MeCp)zMn
possess thermally accessible high-spin (6Alg) electronic configurations,
while (MeSCp)ZMn exists solely in a low-spin (ZEZg) state (vide infra).
In contrast to the high-spin d5 case, the low-spin d5 configuration
possesses substantial crystal field stabilization50 with attendant in-
crease in ring-metal bond strength. The observation of shorter (by
nearly 0.3 X) metal to ring carbon distances in the low-spin mangano-
cenes,51’47c 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 d5 systems and accordingly, high-spin Mn(I1)
complexes, such as Mn(l,lO-phenanthroline)§+, are notoriously
lab:i.le.s2 In the low=-spin d5 case, a significant activation energy

prevvails and low-spin species such as Mn(CN)GA_ are relatively
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1nert.52'53 While (MeSCp)zMn is relatively inert towards ring
loss and hydrolysis, it does undergo reversible one-electron oxidation
as well as reduction to yield 1solable low-spin 16— and 18-electron
species in a fashion similar to l'ln(CN)Gl"-.SZ"55

Manganocene is unique among transition metal metallocenes in that
no cationic derivative has been isolated. Decamethylmanganocene, how=-
ever, is readily oxidized by (szFe)+ in acetone to yield the dark red
complex [(MeSCp)ZMn]+. The cyclic voltammogram of [(MeSCp)zMn]PF6
(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 mV56 because of its proximity to the cathodic wave
of CHBCN. Controlled potential coulometry on the first reduction es-
tablishes that n=0.98+.02 verifying the one-electron nature of the re-

duction. 1In acetone solution [(MeSCp)ZMn]+ is hydrolyzed slowly by

H20 but rapidly in the presence of strong acid (CF3C02H).

As the cyclic voltammogram in Figure 3 suggests, (MeSCp)ZMn may
also be reducéd by one electron to an anionic derivative. Treatment
of (MESCp)ZMn with scdium naphthalide in THF gives a solution of
Na[(MeSCp)ZMn],57 which is isolated as an orange, pyrophoric powder
soluble in THF, 1,2-dimethoxyethane, and N,N,N',N'-tetramethylethylene-
diamine, but insoluble in aromatic and aliphatic hydrocarbon solvents.
The difficulty in obtaining accurate analytical results for
Na[(Mescp)zMn] is probably related to extreme sensitivity to air.
The electrochemical reductions of CPZV’ CpZCr, CpZCo, and szNi have
been reported but the reduced species were neither isolated nor char-

acterized in solution.58 Therefore, Na[(MeSCp)ZMn] represents the



Figure 3.

Cyclic voltammogram of [(MeSCp)ZMn]PFG in CH,CN on Pt

disc electrode with 0.1M [(Erbucyl)AN]BFA electrolyte,

Scan rate = 100 mV secul
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first example of a stable, isolable metallocene anion. The anion
reacts with CHSCN‘ (CH3)ZCO, Mel, and H20 to give (MeSCp)ZMn in high
yield. There is no evidence (infrared) for the formation of (MeSCp)2—
MnH or (MeSCp)ZMnCH3 in these reactions. The complex also reacts
with FeCl2 in THF, again to give (MeSCp)zﬂn with no detectable amount
of (MeSCp)ZFe.
An Evans NMR method59 measurement shows that Na[(MESCp)ZMnl
is dlamagnetic in THF solution. The lH and proton decoupled 13C
NMR spectra of the anion are similar to those of other diamagnetic
MeSCp— compounds (see Chapter 2) so we conclude that the anion is
a planar 18-electron metallocene, iscelectronic with (HeSCp)zFe.
An X-ray crystallographic study has verified the planar
metallocene structure for (MeSCp)zM“c and [(Mest)ZM]PF66O
{M = Mn,Fe) in the solid state. Infrared spectra of the neutral
complexes (MeSCp)ZMn and (MeSCp)zFe ave superimposable in the

1 1 with characteristic absorptions

region 900 cm © to 4000 em
between 2800 and 3000 cm-l (4 bands), 1500 and 1350 e} (5 bands)
and 1000 to 1100 en”! (2 bands). Spectra of [(NesCp),MnlPF,,
[(MeSCp)zFe]PFs, and Na((MeSCp)zMn] are similar, but more poorly
resolved, These absorptions do not vary significantly in this
series of compounds s¢ they probably represent primarily ligand
vibrational modes For n ~bound MeSCp_. Similarly, the reversibility
observed in the cyclic voltammogram of (MeSCp)ZMn i1s consistent

with simple oxidation-reduction reactions in a series of complexes

retaining the D5d or D5h metallocene structure.
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Magnetic Susceptibility

The metallocene molecular orbital energy level diagram allows

: 2 I 2 32 s oo
the possibility of low-spin ( Alg‘“Zgalg]’ EZg[eZgalg]) and high
: (-] 2.1 2 5 .
spin ( Alg[ezgalgelg]) ground states for a d” system such as szMn.

Magnetic susceptibility studies have shown that the spin state of
manganocene is sensitive to temperature, environment, and methyl
substituents.

Solid szMn 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 szMn in
benzene or ether solution or diluted in CpZMg. Below the phase
transition temperature, however, the susceptibility of szMn shows
a temperature dependence suggestive of antiferromagnetism.

Bunder and Weiss's recent crystallographic study of the brown

form showed that 1t does not consist of discrete CpZMn molecules,
but rather exhibits a polymeric zig-zag chain structure.4
Crystalline (NeCp)zMn is also apparently anciferromagnetic.61
Tetrahydrofuran solutions of (MeCp)zMn obey the Curie-Weiss law for
an S = 5/2 syscem,61 but these data may pertain to the solvated

62

complex, (MeCp)zMn'ZTHF. Rettig and co-workers demonstrated that

the anomalous magnetic behavior of (MeCp)zMn in toluene solution

is due to & spin-state equilibirum with AH® = -1,8 + 0.1 kcal mole—1
and AS° = -5.8 + 0.6 e.u. for the high- to low-spin conversion in
toluene.62

The magnetic susceptibility measurements on solid (MeECp)zMn,
[(MeSCp)ZFe]PF6, and [(MeSCP)2M“]PF6 indicate Curie-Weiss behavior

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



Table II. Magnetic Susceptibility Data for Decamethylmetallocenes.

SOLID SOLUT?ON
Molecule Vogg? Temgzggzgre Vopg?® Temperatureb
(MecCp) ,Mn 2.17+ .1 4.2 to 117 1.97 ¢ .1 313°
[(MeCp) ,FelPFg 2.25: .1 4.2 to 70 2.40 1 .1 3104
[ (Me Cp) Mn]PF, 3.07 ¢ .1 4.2 to 65 2.90 & .1 3109

a) Values in Bohr magnetons.

b) Temperatures in degrees K.

e) Measured in tolunene solution.

d) Measured in acetone solution.

4
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the solution magnetic moments as determined by the Evans NMR method,59
are summarized in Table II. For solid (MeECp)ZMn our data reveal a
temperature independent moment of 2.17uB up to 117 K, in agreement
with the solution moment measurement at 313 K. These data are
consistent with the formulation of a low-spin doublet ground state

for (Me Cp)zMn; the temperature independence of the moment indicates

5
that thermal population of the 6A1g state 15 negligible up to 313K.
A recent UV-photoelectron study of (MeECp)ZHn 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 I(.63 A magnetic moment of
2.26uB is obtained for the isoelectronic molecule, [(MeSCp)zFe]PFG.
Both these values are close to the magnetic inoment of low-spin

(MeCp)zMn, (ueff = 1,98 B at 15K) calculated from EPR spectral

data.ez’64

The magnetic moments of the low-spin ds metallocenes are
significantly larger than the spin-only value for an S = 1/2
molecule (1.78uB). This suggests that the ground state of these
molecules is the orbitally degenerate zEzg configuration rather than
the nondegenerate 2Alg coniiguration. A spin-only moment is expected
(and found) for metallocenes with nondegenerate electronic configura-
tions.65 However, significant orbital contributions to the moment
are expected for metallocenes with an orbitally degenerate ground

state. For 2E ground state metallocenes, Warren's ligand field

2g
calculations anticipate that such contributions will result in

modestly temperature dependent magnetic moments ranging from 3.0
to 3.1|JB (30 to 30‘JK).65 The magnetic parameters of metallocenes

with orbitally degenerate ground states are also subject to thg



27

influence of low symmetry distortions from pure axial symmetry and
delocalization of the unpaired electron over ligand w-~orbitals.
Warren calculates that the effects of a static sz distortion and

an increase in the covalency of the eZg orbital will serve to quench
the orbital angular momentum and yield moments that approach the
spin-only value.65 Our magnetic susceptibility data for the 17-
electron decamethylmetallocenes are thus well within the range
expected for a ZEZg ground state assignment. This assignment is
confirmed by EPR and UV-PES studies of (MeSCp)Mn63 and

48,63

[(MeCp)zFe]PF6 (see below).

Like Cp2Cr, [(MeSCp)ZMn]PF6 is a lé-electron metallocene with

three pcssible ground state electronic configurations:

3 2 2 3. 3.1 5 2.1 1
Azg(ezgalg], Egg[ezgalg], and Elg[eZgalgelg]'

recently reported moments of 3,23 and 3.17uB for CpZCr and (HeCp)ZCr,

Warren and Gordon

. 66 : . s
respectively. These values were consistent with an S=1 spin system

(u = 2.83uB) with significant orbital contributions to the

spin only
moment. On the basis of this evidence and the results of UV-photo-
electron scudies,42b the orbitally degenerate 3EZg ground state has
been assigned to the chromocenes.66 Our magnetic data for
[(MeSCp)ZMn]PF6 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 8 = 1 system, hence it is not possible to assign
unambiguously either a 3E2g or 3Azg configuration from magnetic
susceptibility data. EFR spectroscopy does not assist us in this

choice of ground states: [(MeSCp)ZMn]PF6 diluted in [(MeSCp)ZCo)lPF6

gives no EPR signal at either 12 X or 298 K. However, Green's
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UV-photoelectron study of (MeSCp)zMn provides definitive proof that
the ground state of [(Me:,Cp)zMn]+ in the gas-phase is the orbitaily

degenerate 3E2g electronic configuration.63

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 CpZMg exhibits EPR spectra
62,64

characteristic of the high-spin 6A1g configuration. When

CpZMn is diluted in szFe, CpZRu, or szos spectra consistent with
the 2Ezg configuration found in ferricenium systems!‘8 are observed.“’68
As Ammeter has indicated, the ring to metal distance of szMg and
high~spin szMn are comparable so the high-spin form is easily
accommodated in such a lattice. The other metallocene hasts have

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

form of szMnGB (which is expected to have a distinctly shorter ring-
metal distance than the high-spin form). For (MeCp)zMn, spectra
characteristic of the 2E2g state are observed at 4.2 K in methyl-
cyclohexane or toluene glasses and in host lattices of (MeCp)zFe

and (MeCp)zng.M’68

We have measured the low-temperature EPR spectra of (Me5Cp)2Mn
both in toluene and methylcyclohexane glasses and diluted in
(He5Cp)2Fe. Our results together with earlier results on low-spin
manganocenes are listed in Table III. As has been found for ferri-

48,68 64,68

cenium derivatives and low-spin CpZMn and (MeCp)zMn, he

(MeSCp)zMn g-values are anisotvopic (g|| # %L)’ deviate sybstantially
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from 2.0, and are sensitive to changes in the diamagnetic host
s . 2 41
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
2=2 is expected (this expectation is realized in the case of the
. 6 + : 2
bis-arene complex [(n —C6H6)7Cr1 which possesses a Alg ground
15 P
state). Our spectra can, however, be analyzed within the frame-
work of the orbitally degenerate ZEZg electronic configuration.

As was noted in the magneric susceptibility section, the magne-
tic parameters of metallocenes with orbitally depenerate ground states
are subject to the effects of orbital angular momentum, deviations
from five-fold svmmetry, and delocalization of the unpaired electron
over ligand m~orbitals. Under pure axial symmetry, the g-values for

2 . ' 69 Lot
a E7g metallocene are given by gl=0, g,;=2(2k +1). Here, ¥' is
the orbital reduction factor, a measure of the delocalization of the
unpaired e, electron over ligand orbitals., 1In the 'imits of no

22
B “covalency", k'=1 and gi|=6. With increasing delocalization,
k' tends towards O and g“. approaches 2.0. These results are not
consistent with the observed spectra since they predict g;=0 for
L

any value of k'.

Maki and Berry have developed expressions for the g-values of
el
'Ezg metallocenes which take into account the effects of covalency

. c 6 .
and distortions fromaxial symmetry. ? According to their theory,
2
the g-values for the “Ezg state are given by:

g= 2+ k(L - hHra +¢h

4/ + th

It

&)



Table 111. EPR Results for the Law-~Spin Manganocene Type Compounds

CoMPOIND 9 e temly  qetten™ 2062 4 821 2 (ca” REFERENCE
{MaCpl Hn
3.261 .01 1.8t .02 .58 177 274 652 This work
in toluene glass 12°K
(HeCR) Hn
3.361 .01 1.422 .04 .48 147 148 a? Thia work
in mothyleyclohexane glass 12K
(""SC"" zﬂn b .
3.508 1 .004 1.171 .01 N 142 102 350 This wvork
in {eCp)Fe 129K
cp,Ha
2 3.519+ .004 1.222¢ .010 48 1467 n*® 169 63
in CpyFe at 4.2°K
CpHn
2 3.548 + .004 1,069 .020 45 1407 a8? 130 1]
in CpyRu at 4.2°K
CpMn
P2 1.534 ¢+ 004 126t a1 a6 1e? as? uz 68
in Cpy0s at 4.2°K
(Hhcp)zﬂn
2.887 1.300 7 27 659 1368 €2
in toluene glass at 4.2°k
{MeLpl Hn
* 2.909 1.893 .70 215 £30 1331 62
in methylcyclohcxane glass at 4.2°k
(HeCp) JHn a
B 3.00: .02 1.889 ¢ .002 .16 212“ (134 1412 63
in (MeCo) Mg at 4.2°K
(MeCp) Mn
2 3.06¢ .02 1.850 1 .002 .70 2 s18” 1120 63

in (HECP)ZYB at 4.2°%

a) Those values have been recaltulated using the Hak) and Derry theory.
55

43 ®un byperfine coupling observed. Ay = 61.9 ¢ .3+ 10 %cm™} i A not resolved.

XBL 791-8054

o€
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Here k' is the orbital reduction factor and & is introduced as a

low symmetry distortion parameter, a measure of the departure from
axial symmetry. Also, [ = k'CO where CO is the spin-orbit couplins
constant for the bare metal ion. Note that in the limit of no coval-
ency (k'=1) and pure axial symmetry (§=0 cm~1), glfo ang g”= 6, as
before. As the effects of geometric distortions from axial

svmmetrry and eZg electron delocalization become important (i.e. k' < 13
6 > 0) the g~values will tend towards 2. We have used the Maki and
Berry theory to calculate the k' and 3 parameter values for (MeSCp)zMn
and cther low-spin manganocene compounds (Taihle I11). The parameter
values are obtained explicitly from the equations using the experimen-
tal EPR data and an assumed value of ;0' We follow the suggestion

of Switzer, et. al. Us ag ;0 = 305 cm-l for the bare metal ion,
ﬂu+1.62

The k' and & values obtained for (Hesrp)ZMn and szMn in a
variety of hosts are quite similar but differ significantly from
those determined for (HeCp)ZNn. The parameter § is much larger
for (MeCp)an 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 delocalization of the unpaired
electron in (MeSCp)ZMn and CpZMn than in (MeCp)ZMn. The reduction
of k' can result from either increased covalency or dynamic Jahn-

Teller effects.68 The low k' values observed for szkm relative to

(MeCp)zbm were attributed to increased dynamic Jahn-Teller coupling
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in CpZMn.68 The crystal structure of (HeSCp)zMn revealed static
distortions involving metal-ring carbon and ring carbon-ring carbon
distances at room temperature, but no evidence was found for

I
dynamic Jahn-Teller distortions.47c If this result holds for
(MeSCp)zMn in the matrices employed in the EPR studies, then the low
%' values must result from increased covaleney in the (Mesép)zMn '
system.

It is interesting toa compare the EPR spectral data and derived
parameter values of (MeSCp)zMn with those of the isoelectronic
complex [(HeSCp)ZFeJ+. Hendrickson and Duggan have measured the EPR
spectra of neat samples of this cation both as the PFG- salt, (})
and as the trichloroacetate salt (with two trichloroacetic acid mole-
cules per cation in the unit cell, 3).48 The spectra of 1 and g
exhibit g":gl resonances at 4.433:1.350 and 4.37:1.#6, respectively
(X—band;'IZK). The ;l values are close to those found for
(MeSCp)zﬂn, but the gll values are substantially larger for the iron
complex. Calculation of the k' and § values using the Maki and
Berxry expressions (with to = 405 cm-1 for Fe(II)Gg)‘gives k' = 0.82;
§ =305 cm ! for L and k' = 0.76; § = 250 cm © for 2. The distortion
parameters are rather small and are in general similar to the values
f;und for (HeSCp)zMn. Hoggver,vthe k' values for [(Husépz)Fe]+vare
much larger than those determined for (MeSCP)ZMn' As was implied
earlier, the parameter k' is related to the percent metal character
of the orbital involved. If the latter quantity is defined as k,.

|
then the approximate relationship k' = k2 is expected.69 We thus

find that the e2g orbital is localized on the metal atom to an

extent of 70-75% jn (MegCplMn and 87-91% in I(He5Cp)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 thé EZg orbital has a
stronger bonding charac’.er in (MeSCp)ZMn than in [(BIeSCp)zFe]+.

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 catiomic

Fe derivative, affording better metal-ring e2g 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
crystallographic study of szMn showad that it is polymeric in
its low temperature brown form.44 At 432 K, szMn undergoes a
phase transition to a pink form which is isomorphous with the other
first transition series metallocenes (space group = le/C)' Mangano-
cene is presumably monomeric in this phase, but its high volatility
at such temperatures precluded a complete structure determination,
Haaland and co-workers have determined the str..ture of szMn
in the gas-phase by electron diffraction. Ir the vapor it is a
monomeric, DSh metallocene with an R(M-C) of 2,383(3) 2.70 Tuls
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 szMg, 2.339(14) R in the gas phase.7l

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

presence of two metallocene species in the vapor at 373 K, with
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2 Comparison of these

average R(M-C)a of 2.433(8) and 2.144(12) A.’
bond lengths with the bond length observed in the high-spin Cp,yMn
led to the conclusion that the former distance represents high-spin
(6Alg) and the latter, low spin (ZEZg) (MeCp)zMn. This assigoment
is supported by single crystal X-ray crystallography and gas phase

electron diffraction studies of the rigorously low-spin derivative,
(MGSCP)ZMn.47C’47d

Crystalline decamethylmanganocene (space group = C2/C) consists
of discrete (MeSCp)ZMn molecules whose rings are in a staggered
configuration (Figures 4 and 5). The average R(Mn-C) is 2.114(2) R,
about 0.3 ; shorter than the corresponding distance in high-spin
(MeCp)zMn and CpZMn. The value 1s, however, very close to that
determined for low-spin (MeCp)zMn. The contraction of the metal-
ring distance in low-spin manganocenes can be rationalized on the
basis of the molecular orbital diagram for high- and low-spin
metallocene d5 systems. In the 6Alg configuration, 3 electrons
occupy the bonding e2g and non-bonding alg levels and 2 electromns
occupy the antibonding e1g level. In the 2Ezg configuration, all
five 3d electrons reside in the e2g and alg levels, leaving the
antibonding e1g 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 eZg and a1g

levels are bonding between metal atom and rings while the elg
level is antibonding, Haaland defines the "metallocene electron

imbalance'", n, as the sum of the number of electrons in the e



Figure 4. Packing diagram of (MeSCp)ZMn with the
unit cell edges shown. b is horizontal, ¢ is vertical,

while a is into the paper.
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Figure 5. ORTEP drawing of (MaSCp)ZMn. 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 e2g and a1g levels. Thus
n = 0 for szFe, n =1 for CPZCO and lowrspin manganocenes, n = 2
for CpZCr and szNi. n =3 for CPZV' and n = 5 for high-spin szMn.
The R(M-C)'s of these complexes, as determined by electron diffraction,
are found to increase monotonically with n (Table IV).
The structures of (MeSCp)zFe, [(MeSCp)ZMn]PF6 and several other
first transition series decamethylmetallocenes (whose preparation
and electronic structures are described in Chapter 2} have been

47,60 All of the compounds ex-

determined by X-ray crystallography.
amined (Table V) are momomeric 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 s!ates are thermally populated.
In spite of the fact that MeSCp- is a mu .: bulkier ligand tian Cp ,
the metal-to-ring carbon distances in (Mescp)ZMn are about 0.3 Z,
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 (MeSCP)ZMn also
renders it inert towards ring displacement and hydrolysis, but the
complex does undergo reversible oxidation and reduction to give low-
=pin 16- and l8-electron derivatives for which no analogs exist in

other manganocenes.



Table IV.

Electronic configurations, electron imbalance
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values,

and average metal to carbon distances for first transition series

metallocenes.
Electronic Electron a
Compound configuration imbalance R(M-C) Reference
¢ l 2
sze [e28 lg] 0 2.064(3) 71, 74
2 2 1
Cp,yCo [eZg 1g lg] 1 2.119(3) 73, 75
2 2
(MeCp)ZNn [ezg lg] 1 2.114(12) 72
3 1
CpZCr [ezgalg] 2 2.169(4) 71
Cp,Ni 3 [ezg R 2 2,196(4) 76
Cp,V [ezg lg] 3 2.280(5) 77
2.1 2
Cp,Mn e\lg[ezgalg lg] 5 2,380(5) 70
2
(MeCp) Mn [e28 lg lg] 5 2.433(8) 72

a) Distances in A as determined by gas-phase electron diffraction.
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average metal to ring carbon distances for the first transition
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Electronic configurations, electron imbalance values and

series decaméthylmetallocenes.

Electronic Electron a
Compound configuration imbalance R(M-C) Reference
(e Cp) ,Fe™> 'a, [e;gaig] a 2.050(2) 47c
(e 5Cp) jFe® 1Alg[eggafg1 0 2.066(3) 78
(leCp) ,co>>¢ zElg[eggaigeig] 1 2.105(3) 60
(e ;Cp) M+ Zazg(eggaigl 1 2.112(3) a7c
(te4Cp) 252g [eggaig] 1 2.1304) 47d
[ (e Cp) CorPF > lAlg[e;gafgl 0 2.049(2) 60
[ (e ,Cp) Fe PP " 2Ezg[e;ga§g] 1 2.094(2) 60
{GtegCp) i1 pF T 352g [e;gaig] 2 2.130(2) 60
[(MeSCp)ZCr]PFGb’f AAzg[eggaig) 3 2,198(2) 60

a) Distances in A.

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

b)
c)
d)
e)

£)

Determined by single crystal X-ray diffractiog.
Determined by gas-phase electron diffraction.
Space group - CMCA

Space group - CZIC at 298K; CMCA at 100K.

Space group - P2
1/C
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These results indicate that the ligand field strength of the Cp~
ring 1s sigu-iicantly enhanced by the complete replacement of the
hydrogens with electrpn-donating methyl groups. To test this hypothesis,
the decamethylmetallocenes and decamethylmetallocene cations of the
other first transition series metals, VY, Cr, Fe, Co, and Ni have been
prepared., Magnetic susceptibility and EPR studies of these compounds
establish that they are isoelectronic with their metallocene counter-
parts. A comparison of the UV-visible spectra of the d3, d6, and
dB metallpcenes and decamethylmetallocenes is used to determine the
effect of complete ring alkylation on the ligand fleld parameters

Ay5 By, and B, These investigations are described in Chapter 2.

1°
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CHAPTER 2

Other First Transition Series Decamethylmetallocenes
EXPERIMENTAL SECTION

Preparation of Complexes

Pis{pentamethylcyclopentadienyl)Vanadium(IT:

A sugpensiou of Vclz'z'I'HF in THF (50 ml) was prepared from
Vcl3 (3.11 g; 19.8 mmol) and Zn dust (0.65g; 9.9 mmol) using the
method described by Kohler and PrSssdurf.79 The stirred suspension
was added through a cannula to a solution of MeSCpNa (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: product was heated under vacuum (60°C; 10‘3 torr) for 6 h
to remove oily contaminants. The residue was then ertracted with
pentane (50 mL), filtered, and washed with pentane until washings
were colorless (3 x 20 mL). Solvent was againm removed in vacuo to

3 torr),

give 2 red, microcrystalline solid. Sublimation (100°C; 107
followed by recrystallization frowm pentane gave (MeSCp)ZV as air-~

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

Acetonitrile bis(pentamethylcyclopentadienvl)Vanadium(IIT)

Hexafluorophosphate

Acetonitrile (40 mL) was added through 2 cannula to a mixture
of (MESCP)ZV (D.20g; 0.62 mmol) and (szFeJPF6 (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 mlL) to remove szFe, then dried under vacuum te



yield the crude product as an air-sensitive, dark green powder
(0.22g; 96%). Olive green needles weve obtained by crystallization

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

Dicarbonylbis(pentamethylcyclopentadienyl)Vanadium(III)
Hexafluorophosphate

Carbon monoxide was passed over a stirred solution of [(MeSCp)ZV

(NCCHB)]PF6 (0.40g; 0.79 mmol) in acetome (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 mL) 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)Chromium(II)

Solid Crz(OAc)4 (2.15g; 6.32 mmol) was added against an argon
counterstream to a solution of MeSCpNa (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-
<hromocene was isolated from this mixture as red air-sensitive
prisms (2.6g; 64%) following the procedure describedabove  for

(MESCP) ZV.

Bis(pentamethvlcyclopentadienyl)Chromium(IIT) Hexafluorophosphate

Tetrahydrofuran (40 mL) was added to a mixture of (HeSCp)ZCr

(0.94g; 2.92 mmol) and (Cp,Fe)PF, (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 visitle 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 [(MeSCp)ZCr]PF6 as orange-yellow

prisms.

Bis(pentamethylcyclopentadienyl)Cobalt(II1) Hexafluorophosphate

A solution of MeSCpH (8.00g; 58.7 mmol) in THF (200 mL)
was cooled to -78°C (dry-ice/ethanol) and treated with n-butyl-
lithium (24.5 mL; 2.4M in hexane). Upon warming to room temperature

(ca, 1 n) white Me . CplLi precipitated from a yellow solution. Solid

5
anhvdrous Cocl2 (3.8lg; 29.3 mmol) was added against an argon
counterstream and the mixture immediately turned brown. After
stirring at room temperature for 12 h, the dark brown solution was
treated with solid N'HAPF6 (5.00g; 30.7 mmol) resulting in a mildly
exothermic reaction and evolution of a gas. After stirring an
additicnal 12 h at room temperature,the mixture was filtered. The
resulting brown solid was washed with THF (3 x 20 mb) then HZO

{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 mlL) gave a
yellow precipiate which was filtered, washed with hexane (2 x 10 mlL)
and dried in air to yield [(MeSCp)ZCo]PF6 as a bright yellow air-
stable powder (3.8g; 2B%). Crystallization from a concentrated

acetone solution gave yellow prisms.
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Big(pentamethylcyclopentadienyl)Cobalt (I1)

Tetrahydrofuran (30 mL) was added to a mixture of [(MeSCp)zco]PF6
{2.75g; 5.80 mmol) and Ma/Hg amalgam (17.0g; .832 M; 6.4 mmol Ma).
Afver stirring for 12 h all of the Co(III) starting material had
reacted to give a clear, brown solution which waé decanted from the
Hg through a cannula into a Schlenk tube. Solvent was removed

s torr/100°C) then

in vacuo and the product was sublimed (10~
crystallized from hexane to yield (HeSCp)ZCo as dark brown, air-

sensitive prisms (1.60g; 84%).

Bis(pentamethylcyclopentadienyl) NMckel(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°C as described in the preparation of [(MeSCp)ZCo]PFG.

Solid h&BrZ-ZDMé (9.06g; 29.4 mwol) was added against an argon

counterstrean to the MeSCpLi suspension at room :gmperature and the

mixture was stirred for onme dat at room temperature to yield a dark
" brown solutifon. following the procedure described in the isolation

of (MeSCp)ZV, (MeSCp)zbl 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) Mckel (TIT) Hexafluocrophosphate

Decamethylnickelocene (1.40g; 4.25 mmol) and‘(CpZFe)PF6 (1.30g;
3.93 mmol) were allowed to react in THF in the maﬁnet described .above
in the preparation of [(MeSCp)ZCr]PF6 to give [(Mes(:p)zw.]PF6 as
a brown powder (1.67g; 90%). Crystallization from acetone afforded

dark brown prisms. The BFA— salt was prepared simflarly from
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[CpZFe]BF4 and (MeSCp)zNi.

Bis(pentamethylcyclopentadienyl)Nickel(IV) bis(Hexafluorophosphate)

Tetrahydrofuran (30 mL) was added to a mixture of solid
(MeCp) ,Ni (0.83g; 2.52 mmol) and solid HgCl, (0.68g; 2.51 omol).
The solids dissolved rapidly and an oramge 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 ve-yum. Subsequent reactions were performed in air.
The product (l.46g) was dissolved in 0.1 M aqueous HC1l (10 wl) to give
an orange solution and a metallic precipitate. The solution was
filtered then treated with solid N‘H{‘PF6 (1.5g). A yellow-brown
solid immediately precipitated. This was filtered, then extracted
with warm (40°C) 0.1 M acueous HC1 (10 x 30 mL). The solvent volume
was reduced under vacuum to ca.- 10 mwl and the product crystallized as
orange prisms which were collected on a fritted disc filter,
washed with cold HZO,(Z x 5 ml) and dried in air (0.60g; 38%).
Recrystallization from warm 0.1 M HCl gave an analytically pure
sample.

Solid [(MESCp)ZNi](PFs)2 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
(CH3)ZCO or CH3CN solution, but is stable for several days in acidic
aqueous solution. The PF6- salt was not sufficlently soluble in
aqueous solution to allow determination of the ring carbon chemical
shift in the 13C NMR spectrum although the methyl carbon atom

resonance was observed at § 9 ppm after 26,000 pulses. To determine
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the complete 130 NMR spectrum, a samplé of the orange precipitate
from the HgClzl(MeSCp)zNi reaction (0.3g) was dissolved in a
minimum volume of 0.1 M HC1 (1 mL), filtered, treated with a
deficlency (v 50%) of NHAPF6 to precipicate [(He5Cp)zNi]PF6 and
any paramagnetic impurities, then filtered again. The resulting
solution was diamagnetic, as determined by the Evans NMR method.59
The optical spectrum of a diluted aliquot of this solution was
identical to that of the pure PF6- salt. The concentrated
solution of [(MESCP)ZNi]Cl2 was then transferred to a coaxial NMR
tube with C6D6 in the inner capillary to provide a deuterium lock
and reference for the 13C chemical shifts.
Bis(pentamethyleyclopentadienyl)Magnesium(IT)

A solution of i-PrMgCl in THF (66 ml; 1.2 M; 79.2 mmol) was
transferred with a syringe into a flask containing He5CpH (10.0g;
73.4 mmol). Toluene (125 mL) was added through a cannula and the
mixture was stirred at 80°C for 6 h to give an orange solution.

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

Mgclz'l,é-dioxane, precipitated., The mixture was stirred at 80°C
for 36 h. During this time additional white solid precipitated.

The solution was cocled to roca temperacure, filtered, aund 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 (MESCP)ZHg was sublimed (90°C; 10_5
torr) as a white, crystalline, air-sensitive solid (4.45g; 41%).

Resublimation gave an analytically pure sample. The product
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crystallizes from 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 decamethylmetallocenes frequently requires
modifications of the commonly used routes to the metallocenes and
the 1,1'-dimethylmetallocenes. For example, the reaction
MCl, + 3 Na'RCp™ ~ (RCp) M + RCp- + 3 NaCL (R = H & Me) has been
used in the preparation of vanadocenes and chromocenes 43 where
one equivalent of cyclopentadienide serves to reduce the trivalent
metal salts, However, the hydrocarbon soluble products derived from
the reaction of three equivalents of MeSCpNa with VCl3 or CrCl3 in
THF are intractable olls containing only small amounts of the desired
products, The isolation of pure decamethylmetallocenes from these
reaction mixtures is complicated by the presence of the pentamethyl-
cyclopentadiene dimer,80 a colorless solid whose volgtility 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.

Kdhler and Prassdorf79 have reported the preparation of
(RCp)ZV (R = H or Me) from the reaction of VClZ'ZTHF, with two
equivalencs of Na+RCp- in THF. We find that (MeSCp)ZV may also
be prepared by this route. MeSCpLi may be subscituted for MeSCpNa,

but a significant reduction in yield results. We have also obtained
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Melting  Haes spectrum’ tafrared® Analysio
Compound point [a) Ceavly caled, {fd.}
(M’CP)ZV 299-300°C 321(100) 587(w), 463{m}, €, 74.74(74,90); H, 9.41(8.15)
6220w, 233¢w)
[(MagCp) VONCCHO IPFy = - 459(m), 442(v)s €, $2.07(52,24); H, 6.55(6.31)
Yoy = 2270(s) N, 2.76(2.75); Py 6.11(5.93)
[(egL2) V(COLIPE, - - 515(=), 354{w)
i Voo * 1983(s)s 1956(a), €, $0.58(50.69); Hy 3.79(5.84)
1975(w), 1502() P, 5.93(5.79)
(teCp) ,Cr 296-297°¢ 12201000 385(a), 418(s)s €, 76.49(74,34); H, 9.09(3.09)
235(0)
[ e CP 1 Cr)FF - - 523(a), w0t €, 5LI5(5L.50); H, 6.47(6.39)
43249 P, 6.63(6.69)
e €m) 500 294-296°C 120(100)  S86(m), 429(u), € 72.93023.0001 Hy 9. L8CI.1L)
320(w), 232()
[ (M gC9) 601 #F - - 550Mw), Lkd(a), €, 30.54(50,79)5 W, 6.37(6,35)
362(m), 255(v) P, 6.53(6.42)
(HogCrd N1 296-297°C 12801000 $87(w), 185(m), €, 72.98(73.03); H, 9.19(9.07)
320(w)
{(MeSCR, 1 IPF, - - 4720w, 2250w . €. 50.66(50.60)3 H, 6.18(6.27)
P, 6,53(6.68)
[ (egCp) 411 (PR} - - 468}, 632(m) s C, 28.40(38.63); M, .88(4.88)
328(a), 24B(m} P, 10.0L(5.81)
(.‘(Iscp)f’g 289-292 294(308) 587(u), 560¢a) C, B81.43(82.65); ¥, 10.26¢10.15)
517¢e), 427(m) +
832), 2L0(v)
a) 70 e¥. Only parent ion reported. /e (relative abundance).

%) Absorptions betwean 600 and 200 cm

raporced,

Batveen 4000 and 600 ca

1

infrared mpectra ai

auperimposadie

with characteristic absorptions at 2989(m), 2940(m), 2895(s), 2850(m}), 2750(2), 1670(m), lat8(m), L322(a),
1372¢n), 1385(v), 1065(o), 1023w}, 722w} en*. The PF.7 salts also shov bands ac 874(s), 845:s), 725(m),

552(a), 530(m) em 1
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nearly quantitative ylelds of (MeSCp)ZV from the reaction of
MesCla with VCL, (pyridine), in mr. 5

Kohler and Prdssdorf also describe the synthesis of (RCP)ZCr
from the reaction of a cyclopentadienide with CrClz'THF.79 We find
cthat readily available Crz(OAc)a reacts with four equivalents of
(HeSCp)Na in THF to afford (MeSCp)ZCr in good yield. Again,

M35CpLi may be substituted, but with reduction of yileld.

The modest yield obtained in the synthesis of [(MeSCp)ZCo]PF6
merits some comments. Both Cp,Co and (MeCp)ZCo are obtained in high
yields from the reaction of the cyclopen:a&ienide with Coclz.“’82
in THF, but anhydrous cobaltous salts (e.g., CoClz, CoBrz, and Co.(OAc)Z)
react with MeSCp- (as the Li+, Na+, or Mgz+ salts) in THF to give a
complex mixture of products, mosé of which are insoluble in non-
polar solven:s.83 Isolation of pure (MeSCp)ZCo from the crude
reaction mixture 1s complicated by the presence of other volatile

hydrocarbon soluble products, but oxidation of the reaction mixture

with NHAPFshaffords the alr-stable [(MeSCp)ZCo]PF6 as a yellow
precipitate in 28% yield. Subsequent reduction of the cation with

Na/Hg in THF gives (MeSCp)ZCo in high yield. Decamethylnickelocene
1s prepared via the reaction of NiBrz-ZDME with two equivalents of
MeSCpLi in THF. Koelle and Khouzami have recently reported that
(MeSCp)ZCo and (MeSCp)zNi are obtained in 80 to 90X yield from the
reaction of MBrz‘l,Z-dime:hoxye:hane (M= Co or Ni) with (HeSCp)Li in
a refluxing $1x:ure of THF and diethyl e:her.35 Although these
would appear to be the preferred routes to the nickel and coktalt
compounds, the authors do not state the THF/diethyl ether ratio

required to achieve such high yields, The disproportionation of
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(MeSCp)HgCI with 1,4~dioxane in toluene solution affords (MeSCp)ZMg.
Elemental carbon analvses for (HeSCp)ZMg proved consiscently high.
This may be due to its extreme air sensitivity.

The neutral decametuylmetallocenes are very soluble in aromatic
and aliphatic hydrocarbon solvents as well as THF, diethyl ether, and
dichloromethane, but are only slightly (ca. 10-'3 M) soluble in acetone
or ace:onitrile.86 They melt in the range 290 to 300°C and are
volatile, subliming at temperatures greater than 70°C (10-5 torr).

The neutral compounds are air-sensitive in solutjon. In THF solution,
(MeSCp)ZMg is instantly hydrolyzed by water and reacts with FeCl2 to
give (MeSCp)ZFe. In THF, the V, Cr, and Co compounds are oxidized to
thelr cationic derivatives by water. The neutral N1 and Fe compounds
are unaffected by water. The neutral V, Cr, Co, and Ni compounds
react with FeClz in THF to yield cationic decamethylmetallocenes but
no detectable amounts of (MESCP)ZFe' The CpZM compounds of V, Cr,

Fe and nickel do not react with water in THF, but Cp2Co 1s oxidized

to CpZCo+. Reactions of CpZCr ot Cp2V with Fecl2 yielded CpZFe.43
Cobaltocene is oxldized to Cp2Co+ and szNi is unaffected by FaCl2 in
THF.43

Like the first transition series metallocenes, the permethylated
compounds undergo facile one-electron oxidation to isolable mono-
cationic derivatives. The [(MeSCp)ZM]PF6 salts (M = Cr, Mn, Co, Ni)
are obtained in nearly quantitative yield via the reaction of
(MeSCp)ZM with one melar equivalent of (szFe)PF6 in THF. Decamethyl-
cobaltocene and decamethylchromocene are very strong reducing agents
(see Table VII): both are oxidized by proton sources such as HZO

+
and NH4+. In contrast, Cp2Cr has been prepared only by oxidation
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of CpZCr with allyl iadide87 or carbon tetrachloride.sa The reaction
of chromocene with (szFe)PF6 results in extensive decomposition.kﬁb

The [(MeSCp)ZH]PF6 compounds are very soluble in acetone,
acetonitrile, and dichloromethane, sparingly solu®le in THF and
diethyl ether, and insoluble in aromatic and al.iphatic hydrocarbon
solvents. The cationic .. Fe, Co, and Ni compounds are air stable
solids. The Cr(III) complex decomposes very slowly imn air. This
result is surprisi-g since the [CPZCr]; is reported to be very air
sensitive.87 The cationic Cr, Mn, and Ni compounds are air sensitive
in solution.

The cyclic voltammograms of [(MeECp)ZCr]PF6 (Figure 6),
[(MeSCp)ZCo]PF6 (Figure 7), and [(MeSCp)zNi]PF6 (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 procass.s6 The reduction potentials
of the decamethylmetallocene cations are as much as 500 mV more negative
than those of the unsubstituted compounds (Table VII). Along similar
lines, a UV-PES study of the (MeSCp)2 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 szﬁ compounds.63 The enhanced stability of the
decamethylmetallocene cations is attributed to the electron-donating
properties of the substituent methyl groups.

The cyclic voltammogram of [(MeSCp)ZNi]PF6 (Figure 8) consists
of two reversible one-electron steps at -0.65 and +0.31 V vs. SCE.

Since (MeSCpJZNi is unaffected by strong reducing agents such as



Figure 6. Cyelic voltammogram of [(HeSCp)ZCr]PF6 in CH3CN on Pt
disc electrode with 0.1 M [(g—buty1)4N]BF4 electrolyte.

Scan rate = 100 mV sec-l.
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Figure 7. Cyclic voltammogram of [(M25CP)ZC°]PF6 in CH.CN on Pt

3
disc electrode with 0.1 M [(_n_—bu:yl)AN]BFA electrolyte.

Scan rate = 100 mV sec-l.

56



__‘/
L

</

5
E vs. SCE

XBL 797-2326

57



Figure 8. Cyclic voltammogram of [(MeSCp)ZNi]PFE in CH3CN on Pt
disc electrode with 0.1 M [(&-butyl)éN]BFa electrolyte.

Scan rate = 100 mV sec-l.
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Table VII. Metallocene and Decamethylmetallocene electrochemical data.

a

a,b

Metallocenes E1/2 Reference Decawmethylmetallocenes E1/2 Reference
+ c +

(CPZCr) -0.55 89 [(HeSCp)ZCr] ~1.04 This work

(co,Fe)” +0.41  This work [(MegCp) jFel* -0.12  This work, 85
+ +

(CpZCo) -0.91 58a l(“eSCP)2C°] -1.47 This work
+ +

(szNi) ~0.09 90, 91 [(MeSCp)ZNL} ~0.65 This work
2+ 2+

(szNi) +0.77 90, 91 [(MeSCp)zNi] +0.31 This work

a) Half wave potentials for the reaction [(R—Cp)ZH]n+ +e 1z [(R-Cp)ZH](n-1)+

given in volts with reference to the saturated calomel electrode....

b) Determined by cyclic voltammetry in CH4CN solution with 0.1 M [(g—buty1)4!¢}BF4

electrolyte,

c) The reversibility of this wave in CH3CN solution is questionable, reference 89.

09
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M:/Hg or sodium naphthalide, these potenials must correspond to the
+ 24 + _
(HESCp)ZNl /(HeSCp)ZNI. and (MeSCp)zNi /(Hescp)zm redox couples.
Formally, this may be viewed as a MNM(II), M(IIT), NW(IV) system
2-/1=/0

analogous to the [(Bgczﬂn)zm] complexes isolated by

Hawthorne, e_tE];._go Van Duynegl and Hawthot‘nego have independently
reported electrochemical evidence for the existence of (sz Ni)2+ in
dry acetonitrile, but to date there has been no report of either its
isolation or characterization in solution.

In acetone or acetonitrile solution [(b‘leSCp)ZNl]PF6 reacts with
Ce(IV), . 02, Ag+. or H202 to give an amorphous, green, paramagnetic
solid., However, treatment of a THF solution of (MeSCp)ZNi with one
molar equivalent of chl2 results in immediate precipitation of an
orange solid. This dissolves in 0.1 M aqueous HCl to yield colloidal
Hg and a solution of [(MeSCp)ZNi]2+, which was subsequently isolated
as the crystalline. orange~brown PF6- salt. The infrared spectrum
of [(MesCp),N](PF,), in the range 4000 to 700 cm = is similar to
the spectra of the [(MeSCp) 2M]PF6 compeunds (see below). An Evans'
MR method n:leasuremem:'s9 shows that the complex is diamagnetic in
solution. We conclude that [(MeSCp)Zm]2+is a planar, l8-electron
decamethylmetallocene, isoelectronic with [(MeSCp) ZMn]-, (MeSCp)Z'Fe,
and [(MeSCp)ZCo]+.

The decametiivlnickelocene dication is a metastable complex. The
solid PF6_ salt slowly decomposes to a brown solid, even in the absence
of aix. 1In cold, acidic, aqueous solution the complex is stable for
several days, but in neutral or basic solution it is rapidly reduced to

the M. (I¥I) 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 (MeSCp)ZNi+ in nonaqueous solvents.

The cyclic voltammogram of (MeSCp)ZV in acetonitrile solution
is complex and exhibits no reversible one-electron waves. Decamethyl-
vanadocene is rapidly oxidized by (szFe)PF6 in THF, but the blue
product polymerizes the solvent. In acetone, acetonitrile, or
diethyl ether solution, (MESCP)ZV reacts with (szFe)PF6 to yleld
paramagnetic, solvated V(III) complexes corresponding to the formula-
tion [(MeSCp)ZVS]PF6 (S = solvent). Attempts to remove the solvent
from these compounds by heating under vacuum resulted in decomposition.
This behavior parallels that of (Cp2V)+, which 1s also isolated as
a solvated species in the absence of a coordinating anion (such as
€1~ or Br-),gz’93 and further demonstrates the coordinative
unsaturation of metallocenes with a l4-electron configuration.10 Like
(szv)+, the permethylated derivative reacts with CO (1 atm) to give
the diamagnetic 18-electron dicarbonyl complex, [(MeSCp)ZV(CO)ZIPFE.94
As Ring 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
(V€O = 1990, 1936 cm-l) than in the unsubstituted derivative (vCO =
2050, 2010 cm-l).95 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,
and weakening the C-0 bonds.45 .

The D5d metallocene structure has been established by X-ray
crystallography for (MecCp),M (M = Mn, Fe, Co) and [(MeSCp)ZM]PF6
47c, 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-l with characteristic absorptions found between 2800 and 3000
cn™! (4 bands), 1350 and 1500 e (5 bands), and 1000 and 1100 cu '
(2 bands). Infrared spectra of the cationic complexes are similar
but more poorly resolved. Since these bands are insensitive to
changes in metal ion, oxidation state, and even geometry (e.g., the
“bent" [(MeSCp)ZV(CO)ZJ++ and [(Mescp)zv(solvent)]+ complexes, they
must represent primarily ligand vibrational modes for the T-bound
MeSCp_ ligand. Below 600 cm-l, 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
V1.

A comparison of the lH and 136 NMR data for diamagnetic
MeSCp- compounds (Table VIII) shows that the chemical shift cf the
ring carbon atom is very sensitive to the electronic effects induced
by wariation of the metal ion. For the planar transition metal
compounds, the order of decreasing chemical shift, §(Ni) > §(Co) >

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

ring electron donation.

Magnetic Susceptibility and EPR

15 and 20-electron systems.

The magnetic properties of the metallocenes have been thoroughly
investigated, both from an experimental and a theoretical viewpoint.35’65’66
The simplest behavior is found for systems with orbitally nondegenerate
ground states, that is compounds with l5-electron 4Alg (szv and

3
CPZCr+) or 20-electron, AZg (szNi) configuractions. No orbital

contributions to the moment are expected and furthermore, species with
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Table VIII. 8 and 3¢ MM data for diagmagnetic HeSCp'
compounds .a
13cb

Compound 1!-1 ring C methyl C solvent
Me ;CpNa 2.01 105.1 11.8 THF-dg
(MeSCp) ZMg 1.93 110.1 9.6 CqDq
[(MegCp),V(CO), ]PF, 2.00 107.4 9.3 (Cp,) 500
Na[(Me5Cp)2Mn] 1.83 2.4 8.5 THF-dg
(MeSCp)zFe 1.70 78.4 9.6 C6D6
[(MeSCp)ZCo]PF6 1.78 . 93.4 6.3 (CD3)2CD
[ (e Cp) 1% 220 118.3°  9.4° D

a) All values in parts per million (§) vs. tetramethylsilame.

b) Proton decoupled.
¢) Values determined for the Cl~ salt in 0.1 M agueous 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 nickelocenes have
confirmed these expectations. The complexes obey the Curie-Weiss

law (xm = C/(T-8)) over a wide temperature range and moments within
experimental error of the spin-only values (2,87 Vg for s = 1; 3.89
Hy for § = 3/2)66 are found (Table IX).

Prins and co~workers observed that the szNi magnetic susceptibility
curve deviates from Curle-Weiss behavior below 70K, and the susceptibility
becomes essentially independent of temperature below BOK.lOO They
found thar 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-l)

was taken as conclusive evidence that the two unpaired electrons

reside in a molecular orbital which is substantially metal rather

: . . 3 4 2 2 ]
h -
than ligand in character, indicating a A2g [eZg alg elg] or AZu
4 2 2
[eZg alg elu] ground state forumulation. The former ground state

has been assigned on the basis of UV—visibleal and UV-PESQZb studies

of szNi. The existence of a large zero field splitting explains

why no EPR signal is observed for szNi.ml’m2
The xm-l ys. T curve for (HeSCp)ZNi (Figure 9) is very similar

to that determined for szNi by Prins, et al. (see Figure 1 of'

reference 1005. Above 20K, the curve is linear, yielding an effective

moment (2,93 # 0,1 “B) close to the spin-only value for an § = 1

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

(Table IX)., Below 25K, the curve flattens and xm-l becomes virtually
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Table IX. Magnetic susceptibility data for metallocenes and decamethylmerallocenes.

Solid . Solution
u b temp. u b-

Compound eff 6 range eff cemp - e Reference
(HESCF)ZV 3.69%0.1 0 5-64 3.7820.1 06 This work
CpZV 3.78+0.2 6.5 14-430 3.78 298 96,98
[(Hescp)th]PF6 3.7320.1 0 4.5-81 3.7420.1 304 This work
(szCr)I 3.87 90-296 - - a7
(HESCp)zcr 3.01%0.1 0 6-81 2.9¢¢0,1 304 This work
szcr 3.2020.16 17 90-295 3.10 298 97,98
(He5Cp)zCu 1.45%0.1 0 5-130 1.5620.1 304 This work
CpZCq 1. 75:2.0&d 83-298 1.76 298 66,98
[ (MegCp) N1 ]PFg 1.6720.% %28 5-75 1.4630.1 304 This work
{(MeCp) ,NLIBF, 1.62%0.1 0 6-57 - - This work
[CPZN“B(%HS)L 1.8220.15 %0-300 - - 99
(He Cp) it 2.93:0.1% =15 6-100 2.89:0.1 304 This work
Cp2N1 2,89:0.15° 6 70- 300 2.86 298 98,100

5
a) Measured in toluene or acetonitrile solution by the Evans NMR method.

b} Values in Bonr Magnetons.
¢) Tempemtures in degrees K.
d) B value uncertain because of curvature in )gn-l vs. T plot.

-1

e) Moments and S-values obtained from the linear portion of the Xy VS T curve.

f) Antiferr ic, Nee'l ture = 18K.




Figure 9. 1/xm (mole/emu) ys. T plot for crystalline (Me Cp),Ni.
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independent of temperature. Magnetizatien 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 Lemperatures,

As was found for szNi. the (Mq5Cp)zNi magnetic susceptibilicy
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 wolar susceptibility at high-
temperature (i.e., in the linear range of the xm-l T curve) is given

by equation 1, and at low temperature

2
n T 9 TR ‘B |
.
Chg? @
*m =3 My D

by equation 2 where N is Avogadro's number, By is the Bohr Magnetonm,
k is the Bolczmann constant, T 1s the temperature, and D is the

zero field splitting parameter in cm_l.100 Following Prins,

the free electron value (2,0023) is assumed for gil' Experimental
data then yield %L = 1.74 from equation 1 and D = 30.5 + 1.0 cm—1
from equation 2. The D- and ueff-values found for (MeSCp)zNi are
close to those obtained for szNi, so these compounds appear have the
same electronic ground state. No EPR signal is observed for
(MeSCp)ZNi in toluene solution either at 10K or 298K, presumably
becanse of the magnitude of the zero field splitting parameter.

Magnetic susceptibility and EPR studies of the l5-electron

metallocenes Cp,V and {(Cp Cr)+ indicate that they possess an orbitall
2 2 y
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nondegenerate aAzg [eig aig] ground state. The magnetic moments
of CPZV and (CpZCr)I are cloge to the spin-only value for an § = 3/2
system and are independent of temperature (Table IX). The EPR
spectra of Cp,V and (CpZCr)+ diluted in diamagnetic hosts consist
of resonance near g = 2 (gl‘; n_= -3/2 -+ o, = ~1/2) and g = 4
(%L; o= -3/2 - m = +1/2) (Table X). Vanadocene EPR spectra
exhibic 51V (I=7/2) hyperfine coupling on both resonances at low
temperacute.{‘l’ﬁe'lo3 Ammeter has shown that the g- and A-values
for Cp2V are essentially independent of the host matrix employed.68 This
situation is to be contrasted with that found for metallocenes with
orbitally degenerate ground states (e.g., cobaltocene and low-spin
manganocenes) whose EFR spectra show a pronounced host dependence.68

Bulk magnetic susceptibility measurements on (MeSCp)ZV and
[(MeSCp)ZCr]PF6 show simple Curie behavior (xm = C/T) in the temperature
range 3 to 70K. The magnetric 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 § = 3/2 molecules.
These data imply a 4AZg ground state, an assignment that is conflrmed
by EPR spectroscopy.

The EPR spectra of (MesCp),V and [(MeSCp)ZCr]+ (Figures 10-13} diluted in
diamagnetic host lattices exhibit resonances near g = 2 and g = 4
(Table X) and are quite similar to the spectra reported foGCév and
(CpZC:)+. 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 gl for the Cr derivative
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Table X. EPR data for I3-elecrran mecallocenes snd decamethylmetallacenes.
Campound Host unp.' g,i l.l.b A”: AIC Reiference
toluene 19 2.601(15  2.973(1)  26.0(0.2) 16.0(0.2) This work
(N6 Cp) 7 toluene 300 <g> = 1.985 <A> & 23.2(1.2) This work
(e sCo) g ) 2,008(2) 39911} 21.2(0.D) 17.i(0.0) This verk
:“‘“’1“"“‘ ” 1.990(2)  4.004(1)  36.7(1.0) 21.5(0.5) u
exane
13 2-nethyltetra- “ 1.988B(4)  4.0040(6)  36.3(0.2) 20.9(0.7) 08
- hydrofuran
PN 4 1.58B2(%)  4.002B(6)  36.3(0.2) 20.9(0.1) 68
[ (e Cod ,ColPF, 9 2.001(1)  4.02(1) 4 2532 This work
it SrFEL MegoppColeR, 300 2006 2.0X(D) d d This work
TimeCov ot T (He o) gt 17 1.99(1) 4.01(1) 4 4 This vork
e :
pacer” oM 4 2.002(2 3.9564(2) 4 ] 58
a) Temperatures in degrees

5) Inls 1s a "half{-field" resonance

one half of

NS
¢! In units of 10 cu

di Heperifne coupling not resolved.

tnose reported.

-1

corresponding to a

S =2
s

¢) Spectra of the neutral chromacenes cosubl:imed with sz.‘(s or (HGSCP)EHg.

transition. The true g1 vaiues are



Figure 10.

X-band EPR spectrum of (NESCP)ZV diluved in toluene

at 19K.
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Figure 11.

X~-band FPR spectrum of (MeSCp)ZV diluted in toluene

at 19K. Expansion of the g = 2.001 resonance.
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Figure 12. ZX-band EPR spectrum of (MeSCp)ZV diluted in toluene

at 19K. Expansion of the g = 3.973 resonance.
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Figure 13.

X-band EPR spectrum of [(MeSCp)ZCr]PF6 diluted in

[(MeSCp)ZCG]PF6 at 9K.
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( Fr, I = 3/2, 9.55% natural abundance), but is found on both gl
and gll for the vanadium compound ( V, I = 7/2, 99% natural
abundance) .

Prins and Van Voorst have derived expres.ions that allow
determination of the metal orbital mixing coefficients co2 (metal
Zg), and CJ2 (matal a, ) for 4AZg metallocenes

from the g- and A-values (see equation 2 of reference 41). Using

these expressians (with a minor modification suggested by Ammeterlog)

4s), Cé (metal e

we have calculated these parameters for CPZV and (MeSCp)ZV.

In both cases, the most reasonable (i.e., positive) sets of
parameters are obtained with the ascumption of negative values for
the hyperfine coupling constants. a comparison of the c:, Cg, and
Cg values for vanadocene and decamethylvanadocene (:able XI) shows
that C: and c; are essentially the same in both compounds. However,
Cg 1s substantially smaller in the peralkylated derivative, indicating
increased delocalization of the metal e2g eleccuons over the ligand
m-orbitals. Since the ligand EZS level is antibonding (with respect
to the rings) and unoccupled in the free ligand, this result

implies that MeSCp_ can act as a stronger W-acid than Cp- and the

covalency of the metal-ring bond is enhanced by complete alkylation

of the ring.

16- and 19-Electron Complexes

Magnetic susceptibility,65'66 EPR,35 and UV-photoelec:ron42b

studies have established tha. the 16-, low-spin 17-, and l9-electron

2

metallocenes possess orbltally degenera:e E [ezg alg EZg

1, and E [e a 1 electronic configura:xons,

[e 2g “1g 1g

2 lg



Table XI. Metal orbital mixing coefficients for vanadocene and

decamethylvanadocene.

chva 0.22 0.78 0.65

(uescP)zvb 0.25  0.75  0.53

a) Calculated from EPR data in reference 41.
b) cCalculated from (HeSCp)ZV in toluene

(19K) EPR spectrun.
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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.65 Warren's ligand

field calculations indicate that increased delocalization of the

unpaired (metal) electron over ligand T-orbitals (a decrease of

the orbital reduction factor, k') will serve to reduce the moments

towards the spin-only value.65 The systems under consideration

are also subject to Jahn-Teller distortions from pure axial

symmetry. Warren caiculates that a large static C,, distortion

of these metallocenes will result in temperature independent

moments that are close to the spin-only value.65
These theoretical considerations indicate thac magnetic moments

of orbitally degenerate meztallocenes 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 somewhat 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 l7-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

orbitally degenerate 2E2g configuration rather than the nondegenerate

2Als ground state (see Chapter 1).
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Twe low-spin ground states are also possible for l6-electron
metallocenes: the orbitally degenerate 3EZg [egg aig] configuration
and the nondegenerate 3A2g [e§z aig] configuration. Magnetic
susceptibility srudies of Cp,Cr and (MeCp)ZCr gave moments (ca.

3.2 Mg s Table IX) substantially larger than the spin-only value

for S=1 systems (2.87 uB) indicating a 3Ezg ground state assignmen:.66
This assignment has also been proposed from 3 UV-PES study of the
chromocenes.“Zb

In Chapter 1, it was noted that solid [(MESCP)ZMn]PFa obeys
the Curie-Weiss law with an effective moment of 3.07 # 0.1 Hp-

Bulk susceptibility measurements on (MeSCp)ZCr indicate simple

Curie behavior with Vogs ™ 3.01 £ 0.1 Hg up o B80K. 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
value, so the choice between 3A28 and 3E2g ground state assignments

is embiguous, However, a recent UV-photoelectron study of (MeSCp)ZCr
and [(MeSCp)ZMn]+ has established that these complexes possess

an qrbitally degenerata 3E23 ground state in the gas—phase.63

Like Cp2Cr, (HeSCp)ZCr and [(HeSCp)ZMn]+ are EPR silent. No
signal was observed for the neutral chromium compound in toluene
solution (10K or 298K). Samples of (MeSCp)ZCr cosublimed with
(He5Cp)2Mg do give strong EPR signals at liquid helium and room
temperature, but these are due to the fortuitous presence of the
oxidized derivative, [(HeSCp)ZCr}+ (see Table X).

Magnetic susceptibilicy measurements on the l17-electron

metallocenes Cp2Co and (szNi)+ have shown that they are low-spin
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complexes with one unpaired electron (Table IX). The most recent
measurements on CpZCo tevealed that the moment is temperature dependent
in the range B3 to 298K, in accord with an orbitally degenerate

ground state (vide sugra).66 EPR studies of CPZCo and (szNi)+

indicate that the unpaired electron resides in a molecular orbital
that is substantially metal in character, so the zElg 'egg afg eig]
ground state has been assigned.

The effects of static and dynamic Jahn-Teller distortions have
proven lmportant in the interpretation of the EPR spectra of the
19~¢lectron, 2Elg me:allocenes.sa’los-lDa Under pure axial symmetry,
the g-values are given by g = 2(k'+1), %l = 0 (k' is the orbital
reduction factor) and no gl signal is expecned.65 A theoretical

treatment which considered the effect of a statice C2v distortion

predicted the g-~values according to equations 3 and 4 where ¢ and

gll =g, = 2=4k'cs (3

%l Tg, "8 " Z(cz-sz) (4)

s are coefficients of the lowest Kramer's doublet: mt = c¢z B4 s¢§
(¢4 and ¢5 are the wavefunctions of the Ze1g orbi:al).lo6 Neicher
of these resusts proved satisfactory as the EPR spectra of Cp2Co

and (szNi)+ diluted in diamagnetic hosts consist of three resonance-
near g = 2 (Table XI1), clearly indicating that %l is anisotvipic

68,106 Ammeter and Swalen demonstrated that the anisotropy

of %l could result from dvnamic Jahn-Teller coupling.106 This

(g, # gy).

effect 1s a consequence of the breakdown of the Boru-Oppenheimer



Table KII.

EPR data for 19-electron metallocenes and decamethyimetallocenes ,

Compound Rost Temp.a gx gy gz Axb Ayb Azb Reference
toluene 14 giso=2'0 - - - This work
. methyl- - _ ~ -
(He5Cp)2Lo cyclohexane 15 Biso 1.8 This work
(Hesc;))zl-‘ec 9 1.693(3) 1.733(8) 1.754(1) <6 111¢3) 65(1) This work
Z-methyl THF 4 glfl.Bl 1.549 - - - 68
CPZCU szFe 4 1.755 1.847(3) 1.693(2) - -135 -85.6 108
szHg 4 1.637 1.627 1.638(3) -92.8 -111 -94.6 108
[(HeSCp)th]PF6 [(HeSCp)zCo]PF6 8 1.973(1) 2.014(1) 1.831(2) - - - This work
(CpZCo)FF6 4 1.972(1) 2.015(1) 1.800(8) - ~ - 68,108
(szNi)+ (CPZCO)BF4 4 1.865(1) 1.915(1) 1.744(2) - - - 68,108
(CpZCo)SbF6 4 1.642(5) 1.692(8) 1.700(8) - - - 68,108

a) Temperatures in degrees K.

4 -1

b) In unlts of 10 " cm
c) Calculated from Figure 11.

Includes second order shift

Signs for A~valves 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'),
a vibronic reduction factor (V), and o, a measure of the static
distortion from five-fold symmetry.106 Ammeter and co-workers have
subsequently demonstrated that the g-tensors of CpZCo and (CP2N1)+
(and A-tensor of CpZCD) 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 disvortions) by increasing asymmetry of the
guest molecule and/or host Jar.:ice.68’108
Solid (MeSCp)ZCo 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 un) that is significantly smaller than the
spin-only value for an § = 1/2 system (1.73 uB). The xm-l vs.
T :urve for [(MeSCp)zNi]PFG (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 Y. xm'l has a minimum at gbout 18K, then it
monotonically increases with decreasing temperature to 4.2K. In
contrast, the xm-l vs: T plot for the BFé- salt of [(HeSCp)zNi]+
(Figure 14) follows the Curie Law and yields a moment (1.62 uB) that
is strikingly close to that obtained from the linear range of the
[(MeSCp)zNi]PF6 xm-‘ vg. T plot. This result substantiates the

contention that the unusual magnetic behavior of the PF6 salt has

intermolecular rather than intramolecular origins,



Figure 14. 1/)(m (mole/emu) vs. T plot for solid [(MeSCp)ZNi]PF6

and [(MeSCp)zNi]BFA.
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The EPR spectya of (Mescﬁ)ZCo and [(HeSCp)zNi]+ are consistent
with a 2Elg ground state. At 9K, the spectrum of [(MeSCp)zNi]PF6
diluted in [(MeSCp)ZCo]PF6 (Figure 15) exhibits three resonances
near g=2 (Table XII). The g-values are close to those reportedlfor
(szNi)+ diluted in (Cp2Co)+ matrices and the spectrum is nearly
identical to that of (szNi)PF6 diluted in (Cp2Co)PF6, (see Figure
17 of reference 68). No EPR signal i: observed for (szNi)+ or
[(MeSCp)zNi]+ at room temperature. This result iIs not surprising
since molecules with orbitally degenerate ground states typically
possess very short relaxation times.

The EPR spectrum of (MESCp)2Co was measured in several
diamagnetic hosts. In toluene or methyleyclohexane glasses at 6K,
the spectrum exhibits a broad resonance centered near g=2 and
spread over a range of ca. 1200 gauss, with superimposed 59Co (1=7/2)
hyperfine coupling. The number of lines observed (> 10) requires
that the g-tensor be anisotropie, but the spectra are not sufficilently
well resolved to allow determination of the g- and A-values. Much
better resolution is cbtained in the EPR spectrum of (MeSCp)ZCo
diluted in (MeSCp)ZFe. 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 Ay > Az > Ax
for cobaltocenes. No EPR signal is observed for (MeSCp)ZCo in
any of these environments at room temperature. EPR data for
(MeSCp)ZCo and Cp2C0 in diamagnetic hosts are compared én 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 Cp2Co and (MeSCp)ZCo in matrices of



similar composition appea’r to be comparable.

The observation of an EPR signal for (MeSCp)ZCQ and [(HeSCp)ZNi]+
is evidence that the compounds are distorted from pura axial
symmetry. The sensitivity of the (M¢5Cp)2Co EPR spectrum to changes
in the host lattice reflects the influence of molecular environment
on the nature and magnitude of the distortiocus. In diamagnetic
decamethylmetallocene hosts both complexes exhibit anisotropic
g~tensors (gx o gy o gz). According to che srguments of Ammeter,
this is a consequence of Jahn-Teller distortions that are dynamic
in nature. In this context, it 13 noteworthy that the single
crystal X-ray diffraction study of (MeECp)ZCo provides evidenca
for a static distortion from DSd symmetry at toom :empera:ure.eo
The observed distortion is very similar to that reported for
(HeSCp)ZHn“c involving variation of ring carion-ring carbon
distances from 1.412(1) to 1.434(1) ﬂ. In the (MescP)zFe structure,
these distances remain constant at 1.419(1) R. 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 zhermal motion at room
temperature. Low temperature crysctallographic studies are planned
to test this notion., More detailed single crystal EPR studies of
these compounds diluted in an array of diamagnetic hoscs are now
underway in another labora:ory.lll These investigations should pro-
vide 2 more quancitavive assessment of the relative importance of

dynamic and static Jahn-Teller distortions in the orbitally degenerate

decamechylmecallocenes.
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Figure 15. X~-band EPR spettrum of [(MeSCp)ZNi]PFﬁ diluted in

[(MeSCp)ZCo]PFs Rt K.
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Figure 16. X-band EPR spectrum of (HeSCp)ZCo diluted in (MeSCp)ZFe

at 9K with 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 fileld spectrum can yield the
3d-orbital splitting parameters, (Al and AZ) 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 (HESCp)ZMn (viz a viz
the high.spin complexes CpZHn and (HeCp)ZMn) to a substantial increase

in the ligand field strength of the Cp- ring upon permethylatien.
Such an effect should be apparent from a comparison of the ligand

field parameters of iscelectronic metallocenes and decamethyl-
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-
electron, lAlg ground state.AO The one-electron tramsition Zalg
ZElg gives rise to a single excited state of lElg symmetry. The
one-electron transition 1228 -+ 251g yilelds two excited states of
lEl and 1E2g symmetries. In order to differentiate between the

two lElg states, we denote the former as lElg(a) and the latter,
lElg(h). 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 transirions (Table I of reference



40). With the energies of the three relatively weak (singlet)
absorption bands observed in che optical spectra of szFl, szRu,
and [CPZCOI+, they us.ed these expressions to calculate Al’ Az and
B with the assumption C = 4,0B (Table VIII).

The expectations for 1lS-electron (AAZE) and 20-electron (3A28)
metallocenes are similar. The one-electron transitions from the
Za\lg and lezg levels to the Zalg level yield three sp'in—allwed
excited scates of Elg(a) . EZg’ and Elg(b) sme:ﬁ.Al Prins and
Van Voorst"l found three relatively weak absorptionr bands in the
optical spectra of Cp2V and szNi. In accordance with a ligand
field assignment, these bands decreased in relative intensity and
shifted to higher energy at low teuperature. With consideration
of configuration interaction between the Elg(a) and Elg(b) states,
the authors derived transition energy exprassions for the excited
ligand field states and calculaced Al, Az, and B from the spectral
data (Tables XIV, XV). As Sohn and co-workers found for l8-electron
metallocenes, only one ligand field assignment scheme,hlg(b)> EZg >
Elg(a)’ yielded physically reasonable (non-imaginary) B-values. A
re-examination of the CpZV and szNi absorprion spectra by Pavlik,
Cerny, and Maxovamg’uo revealed addicional very weak absorptions
(e < 1) that were assigned to spin-forbidden d-d uranai:ions.35

Warren and Gordon have demonstrated that the 3E28’ ZEZg’ and
2513 electronic configuracions determined for low-spim 16-, 17-,
and 19-electron metallocenes give rise to a large number of spino-
allowed ligand field excited s:ates.66 Ligand field bands observed
in the spectra of CPZCr, [szFe]+, and Cp2Co were poorly resolved
35,40,66

~nd an unambiguous assignment was not possible. Ligand

field spectra of the analogous (HeSCp)ZM (M = Cr, Mn, Co) and
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[(MeSCp)ZM]+ (M = Mn, Fe, Ni) complexes ave also racher featyreless,
and they will not be discussed here.

The shoulders found at 23.8, 1229.5. and 40,0 kK (1 kK = 103 cm-l)
in the spectrum of [(Meﬁcp)243:::]1’1-‘6 (Figure 17) are assigned to the
three spin-allowed ligand field transitions, 1A18 - 1}:13(:‘),
1EZg’ 1Elg(b)' Spectra of concentrated solutioms or thick single
crystals of [(HeSCp)ZCo]Pre’ reveal three very weak absorptious at
12.7, 18.5 and 21,3 kK (Figure 18) which we assign to the three
spin-forbidden ligand field transitioms. A weak, but sharp, peak
is observed at 8.4 kK, This band 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 (MeSCp)zFe (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 kKneither 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 thera-
fore use 34.5 kK as a minimum estimate for the energy of the
lAlg b 1E28(b) transition in the calculation of ligand field
parameters for (MESCP)ZFe.

The spectrum of [(MeSCp)zNi]2+ (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 kK band is assigned to the lAlg d
1Elg(a) transition. If the shoulder at 42.5 kK is due to the highest
energy ligand field state (lEls(b)), then the intermediate lEZg

excited state must be masked by one of the intense charge transfer



Figure 17, Electronic spectrum of [(Me5Cp)2Co]PF6 in

acetonitrile solution.

98



99

5692-962 18X

([ WO 01X 4) JSgUnURADA

0¢ G¢ 0¢ e Ob Gh 0g
! - I T




Figure 18.

Electronic spectrum of a concentrated acetonitrile
solution of [(MeSCp)ZCo]PF6 and a thin single
crystal of [(MeSCP)2C°]PF6‘ 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)zFe in mechylcyclohexane

5

solution at room temperature.
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2
Figure 20. Electronic spectrum of [(MeSCp)zNil(PFs)2 in 0.10 M

aqueous HCl.



105

1692-862 189X

(, WO O] X 4) JoQUINUBADM,

0¢ ¢ % 6 0y Gb s
T _ T 1 T 0
B 0l
B 4
m
X
B A 0F @
N
- 0t
B Y
1 1 | L L |

09



106

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 lAlB decamethylmetallocenes,
[(MeSCp)ZMn]-'is too air-sensitive to allow an accurate determination
of its absorption spectrum. Spectra of Na[(MeSCp)ZMn] in THF solution
invariably exhibit peaks attributable to (HeSCp)ZMn.

For the lB8-electron decamethylmetallocenes, the assignment of
the observed ligand field bands follows the pattern estavlished for

d3, d6, and dB szM compounds.bo’él

The lowest energy singlet
absorption band corresponds to the Zalg hd 251g one~electron rransition
(lA1g - 1Elg(a)) and the highest energy band is assigned to the

L - lElg(b) transition. The parameters B and Al are then obtained

lg
from appropriate combinations of the transition energy expressioms
(Table XIII). This calculation confirms the energetic ordering of
1

R 1 .
>
the excited states, Elg(b) > E2g 1Elg(a), since other assignment

schemes yield physically unrealistic (imaginary) values for B. The
35,40

parameter A2 was calculated with the assumption C = 4B. The

12.7, 18.5, and 21.3 kK bands found in the spectrum of [(MESCP)ZCD]+
are assigned to the JElg(a). 3Ezg, and 3Elg(b) excited states,
respectively. By a similar analysis, the energy expressions for

the spin-forbidden d-d transitions yield B = 680 <:1:|:"1 and Al =

13.9 kK, in good agreement with the values determined from the spin-
allowed transitions (Table XIII). Calculation of A2 again requires
knowledge of the parameter C. A reasonable agreement of the 4,
parameters obtained from analysis of the spin-allowed and spin~

forbidden transitions is obtained with ¢ = 4.0 (C/B = 5.B8-6.3).

Ligand field spectral data and the derived parameters for
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Tabie XI1I. Ligand fleld absorption data and parameters for l@-electron metallocenes and

decamethylmecallocenes. .

b +P + 2+
Transition CpyFe (e Cp) Fe (szt:a) ((MSCP)ZCo) [(Me Cp) 1]
1A18»1518(B) 21.8(36) 23,5¢121) 24.3(140) 23.8(330) 22,5(455)
-1525 24.0(72) 30.5(180) 26.6(120) 29,5(1430) 31.5(60,000)°
'lElg(b) 30.8¢49) 34.5(2970)° 33.3{1200) 40,0¢1170) 42.5(7800)%
-Jslg(a) 18.9(7) - 21.8(7) 12,7¢0.2) -
3
ey - - - 18.5(0.8) -
PE ) - - - 21.3(8) -
1g °
8, 7.1 11.2 7.2 14.1% 19.0
1, 22.0 23.1 6.4 24.1° 21.5
B 0.39 0.42 0.40 0.63¢ 0.6

a)} All energies in kK (ID3 cm-l). Extinction coefficlents are enclosed in parentheses. Az

values calculated assuming C/B = 4.0.

b) bData and parameters from reference 40. Farrocene spectrum measured in 2-methylbutane
solucion; (szca)cmb spectrum measuted in aqueous selution.

¢) Estimated e¢nergy of transition.

d) Assignment uncertain,

e Al, Az and B values calculated from singlet absorption spectrum, Analysis of spin-

forbidden transitions yields B = 0.68 kK and .-11 = 13.9 kK.
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18-electron metallocenes and decamethylmetallocenes are compared
in Table XIXI. The Az parameter is approximately constant in the
series of decamethylmetallocenes, but the A1 and B values follow the
expected order Ni(IV) > Co(III) > Fe(II). The A2 values determined
for (HESCp)ZI-'e and [(HESCP)ZCD]+ are comparable to the values found
for szFe and [CPZCo]+, buc Al 1s 4 to 5 kK greater in the peralkylated
systems. The parameter B also increases substantially upon
permethylation of the Co(III) complex. The B value for (MeSCp)zFe is
only slighcly larger than that found for szl-'e. However, B is very
sensitive to the location of the lAlg > lElg(b) transition. We
have assumed a minimum energy for this band in the calculation of
B for (MeSCp)zFe, 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
(He5Cp)ZN1 (Figure 21) are assigned to the 3Elgka) and 3E2g ligand
field excited states, respectively. The third expected d-d band

(3A -+ 3E1g(b)) 1s apparently submerged under the charge transfer

2g
absorptions. Using the intensities of the observed d-d bands as a
guide, we find that 25 kK i3 a reasonable estimate for the minimum
energy of the hiddem transitiom: that is, i1f it occurred below 25 kK
it would be resolved at least as a.shculder. With this estimate,
the transition energy expressions for 3A28 metallocenes yield B and
Al values comparable to those found for szNi, and a A1 value
that is 1.5 kX greater in the peralkylated derivative (Scheme I,
Table XIV). If the 3A2z + 3Elg(b) transition is located at a
somewhat higher emergy (26.5 kK).similar conclusions result. The

A2 and B parameters are increased relative to those of chNi and
Al is comparable for the two complexes (Scheme II, Table XIV). The
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Figure 21. Electronic absorption spectrum of (MeSCp)zNﬂ in methyl-
cyclohexane solution. Arrow indicates location of

shoulder assigned to a ligand field tramsition.
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Table XiV. Ligand field spectral data and parameters for 2{-electron metallocenes and

decamethylmetallocenes.a

Transition CpZNIh (HeSCp)zNi
35, % (a) 14.38(62) 15.9(99)
2g lg "
+3zzg 16.90(23) 18.5(58)
3 I e 11
+78) () 23.45(26) 25.0(3250)°  26.5(3250) ¢
8, 4.60 4.8 4.9
8, 13.92 15.4 15.6
B 0.57 0.58 0.69

a) Energles in KK (107

_1). Extinction coefficlents enclosed in parentheses.

b) Data from reference 109 (measured in n—hepctane solution). Parameters from refereunce 35.

c) Estimated values.

1T
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net ligand field splitting (AT = Al + Az) 1s 1.5 to 2.0 kK greater
in (MeSCp)zNi than in CpZNi.

The absorption spectrum of (MeSCp)ZV (Figure 22) exhibits three
telatively weak features at 1B8.7, 20.6, and 2B.2 kK that are assigned

to the three spin-allowed ligand field transitiems, 4A

4

E, (a)
1 ’

4 8

2g
4
E, , El (b). A ligand field analysis of these bands again shows

2g
that the energetic ordering E (b) > 23 > AElg(a) is the only
one that gives a non-imaginary B value. The B and A2 values
calculated from the transition energy expressionsAl are appreciably
larger for (MeSCp)ZV than for CPZV’ but A is somewhat smaller in the
peralkylated compound (Table XV). The net ligand field splitting
(AT = Al +4,) 1s about 1.1 kK greater for (MeSCp)ZV than Cp,V.

The very weak bands observed in the (MeSCp)ZV optical spectrum
at 10.5 and 14.5 kK are due to spin-forbidden ligand field transitions.
For hAzg 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
configuration interaction between the two 2EZg levels) for these

excited states are given below.63 The

(Ezg 13 (228 lg) 3¢ + 128
2, .2 1
- Tay ] el 5C + 4B
he (eZg 18) 3C + 4B
+ %k (a) (e2) 40+ 2B+ 4, - X
2g 2g 1

2 2 1
EZg(b) (a18 elg) 4C + 2B + Al + ¥

¥

vhere x = {(108 - )% + (apecy P/



Figure 22.

Electronic spectrum of (MeSCp)ZV in methylcyclohexane
solution. Arrows indicate locations of shoulders

assigned to spin-allowed ligand field tranmsitionms.
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Table XV. Ligand field absorprion data and parameters for l5-alectron metsllocenes and

decavethylnetallocenes. ?

c
Traunsition szv" (HQSCp)zV (szc:)* [(HGSCP)ZC:]+
‘A,go‘glg(.) 17.33(58) 18.7(23) 17.86(270) 20.4(1386)
e 20.24(46) 20.6(25) 21.98(210) 23.1(2450)
. 1, o,
€ () 24.50(66) 28.2(1037) 27.03(630) 29.9¢20009  32.0(16,000)
2
L 8.96(.09) 10.5(1.8) - -
2.z
Ay ihyy  13.000.08) 14.5(5.7) - 15.4(0.50)
‘ZEz;(') - - 25,0(480) 13.2(0.4)
2
ey — - - -
8 w9 3.8 6.76 w9 5.2
8,  16.42 18.7 16.57 19.8 20.2
8 0.42 0.63 .51 0.54 0.76

a) Energies in k& (103 cn_]'). Extinction coefficients enclosed in parentheses.

b) Data from reference 110 (measured in diethylecher and n-pentane solutions). Parameters

from reference 35.

¢) Dacs from reference 87 (measured as I salt in aqueous soluction). Parameters from

reference 35.

d) Estimared 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 (C/B = 3.98) if the former is assigned

to the 2A 2A28 excited states (these are degenerate if C/B =

1g*
2
4) and the latter is assigned to the Elg excited state.
The 4A28 - 2Ezg(a) transition is predicted to¢ occur

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 [(MeSCp)ZCr]+

spectrum (Figure 23) are assigned to the QAlg - AElg(a) N 4E

2g

transitions. The 4Alg - QElg(b) transition is masked by the charge
transfer bands, so we follow the procedure used for (MeSCp)zﬂi,
estimaring a minimum (29.0 kK) and maximum (32.0 kK) energy for
the absorption to evaluate the ligand field parameters. If the
4Ezg(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 counsistent with our analysis
of the spin-forbidden transitions (vide infra), the larger value
results in B[(MeSsz)Cr+] > B[(HESCP)ZV], as expected, The ligand
field splitting parameters are less sensitive to the location of the
4Ezg(b) state. Both estimates give Al 2 5 kK (1.7 kK less than for
(CpZCr)+) and 4, ¥ 20 kK (3.5 KK greater than for (Cp,Cr)'). The
net ligand field splitrting is again 1.4 to 2.1 kK larger in the
peralkylated complex.

Very weak absorptions are found in the [(HeSCp)ZCr]+ spectrum
at 15.4, 13.2, and 8.4 kK. As for [(MesCp),Col®, the 8.4 k¥ could
nor be accounted faor in terms of a ligsnd field assignment, so the

peak is probably a vibrational overtome, If the 15.4 kK band is

4 2 2 s 2
amsigned to the AZg -+ AZg’ A1g transitions, the EZg(a) state



Figure 23.

Electronic spectrum of I(HeSCp)ZCr]PF6 in acetonitrile
solution. Arrows indicate the location of shoulders

assigned to spin-allowed ligand field transitions.
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is predicted to lie at 12,6 kK, with B = 0.55 and C = 2.9. No other
assigoments for these two bands yield reasonable values for B and C.

The reader will note that the aysorption bands ascribed to spin-
forbidden ligand field transitiomns in the [(HeSCp)ZCr]+ optical spectrum
are sharper than those observed in the (Mescs)zv spectrum. These
spin-forbidden tramsitions should be rather sharp since the ground
state and excited state geometries are expected to be similar. For
(Mescs)zv, the apparent broadness of the 14.5kK shoulder may be a
consequence of its proximity to the much more intemse 20.6 kK
absorption. As noted earlier, the breadth of the 10.4 kK band may
be due to the near coincldznce of another spin-forbidden tramsitiom,

4 2

Apg > gy

For the 15-, 18-, and 20-electron systems studied, the ligand

(a).

field strength of the Cp~ ring is enhanced by complete methylation.
For the 1B8-electron complexes this effect is reflected im a 4G00 to
5000 <:m-l increase of the ligand field splitting parameter Al upon
permethylation. For the 15~ and 20-electron merallocenes, Al is
only modestly afrected by peralkylation, but A2 increases by 1500 to

3000 cm L.

All three spin-allowed d~d transitions are located in the
electronic spectra of [(MeSCp)ZCo]+ and (MeSCp)ZV. The B values
obtained from a ligand field analysis of the spectra are about
200 cm_l greater than those determined for the unsubstitated
compounds. In the case of (HeSCp)ZFe, (MeSCp)zNi, and [(MeSCp)ZCr]t
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 unsubstituted compounds. Electrochemical and UV-

photoelectron spectral data63 show that ‘the decamethylmetallocenes
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as a class, are more electron-rich than the corresponding metallocenes.
We conclude that the increased B values are a result of increased

electron density at the metal center in the decamethylmetallocrnes.

Summary and Conclusions

The series of (Mes(:p)zld compounds (M = Mg,V,Cr,Mn,Fe,Co,Ni)
have been prepared and characterized as decamethylmetallocenes.
The transition metal derivatives are resist at to hydrolysis and ring
exchange reactions, but do undergo facile one-electron oxidation.
The [(MeSCp)ZM]+ derivatives (M = Cr,Mn,Fe,Co,Ni) are isolable as

crystalline PF6 salts., These cations are also characterized as DSd

or Dgy "sandwich' compounds. Oxidation of (MESCP)ZV in donor
solvents yields solvared, monocationic derivatives of the form
[(MeSCp)ZV'(solvent)]PF6. A dicarbonyl derivative, [(Me5Cp)2V(CO)2]} F& )
can also be prepared, but the pure complex, [(MESCp)zleFe has
not yet proven isoclable.

The decanmethylmetallocenes and their cariomic 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
this generalization. The decamethylnickelocene dication, [(Me5Cp)2"1L]2+.
can be prepared in aqueous solution and can be isolated as its PF6_
salt. DMuclear magnetic resonance and UV-visible studies establish
that [(MescP)ZM]2+is a diamagnetic, l8-electron complex,
isoelectronic with (MesCp),Fe, [(MeSCp)2Co]+. aad [(HeSCp)an]—.
Electrochemical studies have indicated that a dicationie derivacive
of sztl has a fleeting existence, but to date there has been no
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report of either its isolacion or characterization in selution.

The striking differences in the chemical, physical, and



121

structuzal properties of szHm and (HeSCp)an were described in
Chapter 1. Hanganocene43 is very sensitive to hydrolysis and under-
goes rapid ring loss in the presence of‘FeCIZ. It has no well
charactefized redox chemistry and possesses an abnormally long

metal to ring bond. Decamethylmanganocene is rather inért to
hydrolysis and ring loss, can be oxidized or redured to che low-

spin 16~ and l8-electron derivatives, [(HeSCr)ZMn]+ and [(MeSCp)ZHn]-,

and exhibits a metal to ring carbon distance that is comparable to

those found for ocher first transition series d hylmetallo .
These differences are related to the observation that (MeSCp)zMn
possesses a low-spin, ZEZg' electronic configuration while CpZMn

has a high spin, 6Als, ground state. Simple crystal field theory
predicts that a low-spin manganocene will possess an enhanced thermo-
dynamic and kinetic stability relative to a highespin manganocene,

as 1s observed.

In Chapter 1. it was suggested that the low-spin nature of
(MeSCp)z)h is a consequence of the enhancement of the ligand field
strength of the (CSHS)- 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 cowpared in order to more
quantitatively determine the nature, scope, and magnitude of such
an effect.

Magnetic susceptibility and EFPR studies of the (MeSCp)ZH
(M = V,Cr,Co, M) and [(MeSCP)ZH] * (M = Cr,Fe, M) compounds indicate
that they are isoelectronic with their metallocene counterparts.

The 16-, 17-, and 19-electron decamethylﬁetallocenes 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
atilizing the available EPR data for (HeSCp)ZMn and [(MeSCp)zFe]PF6
indicate that the covalency (azd thus, the bonding character) of the
lezg molecular orbital is rather smaii in the Fe derivétive, but much
more substantial in the Mn compound. A related calculation based

on EPR data for (He5C5)2V chows the 1e28 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 le28 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 le28 orb:.tal overlap.

Electrochemical studies show that the transition metal deca-
methylmetallocenes are much mora easily oxidized than their
corresponding metallocenes. This result reflects the enhanced
electron~donor properties of the HeSCp- ligand and indicates that
the peralkylmetallocenes are much more electron-rich
than the metallocenes.

For d3, d6, and d8 systems, the ligand f£ield absorption bands
occur at higher energy in the (MeSCp)ZH compounds than in the CPZM
derivatives., 4 ligand field analysis ofnche spectra shows that the
net ligand field splitting is larger in the peralkylated complexes
than in the unsubstituted compounds. The effect is qqite substantial
in the d6 Fe(II) and Co(III) systems where Al increases by 4000 to
5000 cn-l upon peralkylation. The electron repulsion parameter, B, is
greater in the peralkyla:ed m;tallocenes as well., This is another
indication that the metal centers -are more electron—rich in the

decameChylmetallocenes -than in the correspanding metallocenes.
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