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Abstract: Alkyl substitution on metallocene rings generally has little effect on the chemical and magnetic properties of the 
metallocene. However, unlike the other first transition series metallocenes, manganocene ((7/-CsHs)2Mn, or MnCp2) and 
l.l'-dimethylmanganocene (Mn(Cp-CH3)^) have quite different properties. In dilute solution in hydrocarbon solvents the 
magnetic susceptibility of Mn(Cp-CH3)2 maximizes near 31O0K, while the susceptibility of magnetically dilute MnCp2 fol
lows the Curie law. The electron spin resonance spectrum of Mn(Cp-CH3J2 in hydrocarbon glasses indicates that the ground 
state of this d5 system at 4.2°K is 2E2g, the same ground state as observed for isoelectronic ferricenium-like ions. In contrast, 
the electron spin resonance spectrum of MnCp2 doped into MgCp2 at 4.20K is consistent with the high-spin 6A ig ground 
state. An equilibrium involving doublet and sextet states is proposed to account for the anomalous magnetic susceptibility of 
Mn(Cp-CH3)2. This is the first example of high spin-low spin equilibrium in d5 Mn(II). Nuclear magnetic resonance results 
(1H) for MnCp2 and Mn(Cp-CH3)2 are also presented and discussed. 

Manganocene ((77-CsHs)2Mn or MnCp2) is unique 
among the metallocene class of organometallic compounds 
in two respects: (1) the ground electronic configuration is 
high spin (6Aig),2 while all other known MCp2 compounds 
are low spin; and (2) crystalline MnCp2 and its 1,1'-dimeth
yl derivative, Mn(Cp-CHj)2 , behave antiferromagnetical-
Iy.2'3 Our interest in MnCp2 and Mn(Cp-CH3)2 was 
heightened when we made the unexpected observation that 
Mn(Cp-CH3J2 has some properties which are quite differ
ent from MnCp2. The most significant difference in the two 
compounds is in magnetic behavior; we have found that 
Mn(Cp-CH3J2 has a subnormal (for 5 = %) and tempera
ture dependent magnetic moment even in dilute hydrocar
bon solution, in contrast to the normal magnetic behavior of 
MnCp2 under similar conditions. We report here spectral 
and magnetic observations on these compounds which lead 
to the conclusion that Mn(Cp-CH3)2 is a x-sandwich mole
cule existing as an equilibrium mixture of doublet and sex
tet electronic states. After completion of this work Orchard 
and coworkers obtained independent evidence for high spin-
low spin equilibration in gaseous Mn(Cp-CH3J2 by means 
of photoelectron spectroscopy.4 This is the only known ex
ample of a high spin-low spin equilibrium for Mn(II). 

Results 

The magnetic susceptibility of Mn(Cp-CH3J2 was deter
mined in toluene solution as a function of temperature by 
the Evans- nmr method. The Mn(Cp-CH3J2 results for so
lutions 5.22 X 10~2, 2.42 X 10~2, and 1.62 X 10~2 M in 
toluene are presented in Table I. A plot of these data is pre
sented in Figure 1. Magnetic moments of 4.8 to 5.0 BM 
were also observed at 30-50° for Mn(Cp-CH3J2 solutions 
in benzene, cyclohexane, and mixtures of benzene and cy-
clohexane. 

Q-band (~35 GHz) epr spectra of Mn(Cp-CH3J2 were 
obtained at 4.2°K. The samples were studied as toluene or 
methylcyclohexane glasses at concentrations near 10_ l M. 
in either medium, the observed spectrum is characteristic 

of randomly oriented S = '/2 molecules having an axially 
symmetric g tensor. A typical spectrum is shown in Figure 
2. The observed g values are as follows: in methylcyclohex
ane g = 2.909 and g j_ = 1.893; in toluene g( = 2.887 
and g± = 1.900. 

Q-band epr spectra were also obtained for MnCp2 in var

ious media. In either toluene or methylcyclohexane (1O - 1 -
1O-2 M ), or as the neat solid, MnCp2 exhibits only a single 
resonance near g = 2, whose line width varies with temper
ature. Line widths between 80 and 1500 G were observed, 
the broader lines occurring at lower temperatures. The epr 
spectra of MnCp2 in glassy media were weak and feature
less, consisting only of a single broad signal near g = 2. We 
believe that MnCp2 crystallizes from these solvents and, be
cause of its known antiferromagnetic character, it exhibits a 
weak epr absorption at 1.5-4.2°K. MnCp2 doped (2%) into 
MgCp2 gave very complex spectra at Q band. At 4.20K 
there were four principal areas of absorption extending 
from 550 G (g ~ 43) to 14 kG (g ~ 1.7). The 770K 
MgCp 2 /MnCp 2 spectrum was similar to that at 4.20K. 

Proton nmr spectra of the manganese metallocenes were 
obtained in benzene-^6 and in cyclohexane-^ 12, at 100 
MHz and 31O0K. In benzene-d6, MnCp2 exhibits a single 
resonance, with an isotropic shift of —21.8 ± 0.5 ppm (to 
low field, referenced to FeCp2) and a line width of ca. 1500 
Hz. Also in benzene-c/6 the spectrum of Mn(Cp-CH3)2 

consists of two broad overlapping peaks with isotropic shifts 
of —137 ± 14 and —77 ± 4. ppm (referenced to Fe(Cp-
CH3)2); in cyclohexane-rf) 2 these isotropic shifts are —113 
± 8 and —66 ± 3 ppm. The uncertainties in the peak posi
tions are due to the extreme widths of about 7 and 6 kHz, 
respectively. In benzene-^, the lower field absorption for 
Mn(Cp-CH3)2 appeared partially resolved into two broad 
peaks, and the combined area of the partially resolved lower 
field absorptions was slightly greater than that at —77 ± 4 
ppm. These observations are consistent with the assignment 
of the lowest field absorption(s) to the Cp ring hydrogens, 
with the attached methyl occurring as the narrow resonance 
at ca. — 70 ppm. 

Discussion 

It has been known for many years that the magnetic 
properties of both MnCp2 and Mn(Cp-CH3)2 are distinctly 
anomalous.2'3 MnCp2 is antiferromagnetic as a crystalline 
solid but behaves as a normal S = 5/2 d

5 complex when mag
netically dilute (doped into MgCp2 or dissolved in ben
zene).2 Mn(Cp-CH3)2 also behaves antiferromagnetically 
both in the crystalline solid and in the melt, while its solu
tions in tetrahydrofuran have normal, temperature-indepen
dent moments appropriate for the S = 5/2 state.3 Wilkinson 
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Figure 1. Temperature dependence of XMcorr for Mn(Cp-CH3)2: D 
5.22 X 10"2 M; O 2.42 X IO"2 M; O 1.62 X 10"2 M. 

Table I. Temperature Dependence of the Magnetic 
Susceptibility of Mn(Cp-CH3)2 in Toluene 

[Mn(Cp-CHa)2]. 

M 

5.22 X 10-2 

2.42 X 10"J 

1.62 X 10-2 

5.22 X 10"2 

T, 
0K 

214 
235 
253 
285 
303 
310 
310 
331 
334 
366 
371 

1O6XJi00" afi 

5990 
6680 
6980 
7810 
7980 
7920 
7920 
7830 
7690 
7580 
7620 

Meff, 

BMC 

3.23 
3.55 
3.77 
4.23 
4.41 
4.44 
4.44 
4.58 
4.55 
4.73 
4.77 

0 XMcorr is XM corrected for ligand diamagnetism (for this correc
tion we used the diamagnetic susceptibility of FeCp2

6 as an approxi
mation: XM(FeCp2) = —125 X 10~6 cgs). b Estimated precision 
± 2 % . c Meff = 2.83 (XMCO" T)'''"-; estimated, ±0.05-0.1 BM. 

and coworkers suggested that the antiferromagnetism for 
both MnCp2 and Mn(Cp-CH3)2 arises intermolecularly,2'3 

and in the case of molten Mn(Cp-CH 3 ^ retention of some 
crystalline ordering even in the liquid was believed responsi
ble for the liquid antiferromagnetism.3 

Our observation of "antiferromagnetic" behavior for 
Mn(Cp-CH3)2 in dilute hydrocarbon solutions could possi
bly be accounted for by oligomerization equilibria. Oligom-
erization is ruled out, however, by the absence of concentra
tion dependence of the observed subnormal (for 5 = 5/2) 
moments, and the corresponding anomalous behavior of the 
susceptibility must therefore arise from intramolecular 
equilibration of electronic doublet and sextet states of 
Mn(Cp-CH3)2 .7"9 The high spin state is 6 A l g derived10 

from the configuration (e2g)2(aig)1(ei'g)2, and the potential 
low spin doublet states are 2E2g((e2g)3(aig)2) or 2Aig 

((e2g)4(aig)')-
At room temperature, our results indicate the presence of 

nearly equal amounts of the doublet and sextet forms of 
Mn(Cp-CH3)T. The room-temperature solution infrared 
spectrum of Mn(Cp-CH3)2 is very similar to that of Fe(Cp-
CH3)2 ; therefore major structural changes accompanying 
spin state changes are not indicated. Both high and low spin 
states of Mn(Cp-CH3)2 are thus believed to be "sandwich" 
species with pentahapto rings. This conclusion is reinforced 
by the observation of an epr ,spectrum of Mn(Cp-CH3)2 at 
4.2°K which is very similar to that observed for isoelectron-
ic -K sandwich" ferricenium-like ions.12-13 Further indica
tion of the intervention of a nonsextet state for Mn(Cp-

H11 
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Figure 2. Q-band epr spectrum of Mn(Cp-CF^h in glassy methylcy-
clohexaneat4.2°K. 

CH3)2 is found in the electronic spectrum, where the visible 
absorptions, which are presumed to be d-d bands, are six-
to tenfold stronger than those observed for MnCp2. All d-d 
transitions for MnCp2 are spin forbidden, a restriction 
which would not apply to a doublet state. 

The bulk susceptibility of dilute MnCp2 in MgCp2 has 
been determined down to 770K,2 and it is apparent from the 
bulk susceptibility of MnCp 2 /MgCp 2 that at 77°K there is 
no antiferromagnetism and the only populated state is 6Aig . 
Our 770K esr spectrum for MnCp2 in MgCp2 therefore 
must be the spectrum characteristic of the 6Aig state of 
MnCp2. Since there are transitions near zero field in the 
Q-band spectrum (~35 GHz), the value of D, the zero-field 
splitting parameter, must be substantially larger than those 
usually observed for manganous salts, perhaps as large as 
0.5 cm - 1 . The various peaks observed in the spectrum are 
allowed transitions among the Ms sublevels of 6Aig , but a 
complete assignment appears impossible without single-
crystal data. The spectrum is essentially of the same form 
down to 1.50K, with some band shifts believed to arise from 
a temperature dependence of D. 

Voitlander and coworkers14a,b have previously investi
gated the epr of MnCp2 at X band. The published experi
mental work l4a was limited to a temperature study of undi
luted single crystals with the briefest mention that the g 
values (2.01 and 1.99) are unchanged above 156° when 
MnCp2 is doped into MgCp2- A later theoretical interpreta
tion1413 dealt only with the single-crystal results. It was con
cluded that the observation of only one resonance near g = 
2 was the result of either (a) exchange averaging of the ex
pected fine and hyperfine structure or (b) observation of 
only the — V2 -* +'/2 transition due to a large zero-field split
ting combined with the limitations of X-band operation. 
Our magnetically dilute Q-band results for MnCp 2 /MgCp 2 

are in accord with expectations140 of a large zero-field split
ting. Thus Krieger and Voitlander14b obtained a theoretical 
value of Z) = 0.24 cm - 1 . The transition observed in the 
present work near zero field (actually ~550 G) could either 
be assigned to the allowed —3/2 -* -V2 (~2D) or to the al
lowed —5/2 —• —3/2 (~4£>) transition. This would place \D\ 
in the range 0.25-0.50 cm - 1 . 

Direct observation of doublet Mn(Cp-CH3)2 was accom
plished with Q-band epr measurements at 4.2°K. The spec
tra obtained in methylcyclohexane and toluene glasses (Fig
ure 2) are very similar to the spectra of 2Eig ferricenium-
like cations;12-13 further, the observed spectra are not at all 
consistent with expectations for a sextet state, as are the 
MnCp 2 /MgCp 2 results. The g anisotropy observed for 
Mn(Cp-CH3)2 is consistent only with the ground configura
tion . . . (e2 g)3 (a ] g ) 2 . . . , or 2E2g , and we may use the theo
ry developed by Maki and Berry12 to obtain bonding infor
mation from the g values. It was shown12 that if the crystal
line field affecting the metal in sandwich cations departs 
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from axial symmetry (measured by a parameter <5), then the 
g values for the 2E2g state are given by 

gn = 2 + 4A'(1 - a / ( l + £2) (1) 

gL = 4£/(l + J2) (2) 

In eq 1 and 2, f = (<5/£)/[l + |1 + (5/l)2)' /2] with £ = 
Ar'̂ o, where k' is the orbital reduction factor for the metal 
e2g

± orbitals and £o is the spin-orbit coupling constant for 
the gaseous bare metal ion. Using the experimental g values 
for Mn(Cp-CH3)2 in methylcyclohexane (gn = 2.909; g x = 
1.893) and setting £0

 = 305 cm -1 (appropriate15 for Mn+, 
3d54s'), we find that k' = 0.71 and |«| = 630 cm"1. For 
comparison, Prins13a finds k' = 0.83 and |5| = 500 cm -1 for 
Fe(Cp-CH3^+I3

- in glassy N1N- dimethylformamide; how
ever, Prins' results133 may have suffered from decomposi
tion of the cations and have been questioned1311 f (however, 
see ref 13g). Rowe and McCaffery131 found that |5| = 1043 
cm -1 and k! = 0.75 for [FeCp2]BF4 in methacrylic acid. 
Maki and Berry12 found ranges of 364-750 cm -1 (<5) and 
0.76-0.90 (k') for carborane analogs of FeCp2

+. The rela
tively large observed |5| for Mn(Cp-CH3)2 in the nonpolar 
medium suggests that the ring substituents can make a sub
stantial contribution to the lowering of the symmetry of the 
ligand field. It is interesting that the orbital reduction fac
tor for Mn(Cp-CHs)2 is smaller than any observed for iron 
sandwich species,12,13 which could indicate that the C28* 
metal orbitals of Mn are more involved in "back donation" 
to the Cp rings than is the case in the iron compounds. 
Since Mn is in the zero (formal) oxidation state compared 
to the +1 state for the iron compounds, greater back dona
tion for Mn is understandable. 

According to the theory, the 2E2g state is actually split 
into two Kramers' doublets in the iron compounds12 and 
therefore also in Mn(Cp-CH3)2. For Mn(Cp-CH3)2, the 
energy difference between these doublets is 2(£2 4- 52)1/2 or 
1340 cm -1. This may be compared to a splitting of 1200 
cm -1 observed for Fe(Cp-CHj)2

+,13a and 1043 cm"1 for 
FeCp2

+.13f The 1340-cm_1 splitting of the two Kramers' 
doublets in Mn(Cp-CH3)2 is too large to permit significant 
population of the higher energy doublet, even at our highest 
temperature for measurement of bulk susceptibility 
(3710K). At that temperature the population of the upper 
state would be only ca. 0.5% of the lower state. 

If we assume that at all temperatures we are dealing with 
thermal equilibration of only two electronic states, namely 
6Aig and 2E2g, then the data in Table I may be used for cal
culation of A//° and AS0 for the reaction 

Mn(Cp-CH3I2(
6A18) ^=^ Mn(Cp-CH3) 2(

2E2g) (3) 

The experimental magnetic moments (nexp) are related16 to 
the high and low spin moments by eq 4 where 

Mexp2 = M i s s i s + (1 - ^ I s W (4) 

/U|s and Mhs are the effective moments for the 2E2g and 6Aig 
states, respectively, while X\s and (1 - Xis) are the mole 
fractions of low and high spin states, respectively. Equation 
5 relates the experimental g values for the 2E2g state to JL*JS, 

Mls = {f t?„2 + 2Si2KS) (S + I )} ' 7 2 (5) 

and using methylcyclohexane g values, we find /ils = 1.98 
BM. Finally, we assume that ]̂1S — 5.92 BM, which is ap
propriate for the 6A ig state and close to the value obtained 
for MnCp2 when magnetically dilute.2 Equation 4 was 
solved for Xis and therefore ATeq = X]s/(l - Xls) at each 
temperature from 214-3710K, using the data in Table I for 
the 5.22 X 1O-2 M solution. The results are presented in 

Figure 3. Plots of log K vs. \/T for Mn(Cp-CH3J2 in toluene (O) and 
for neat liquid Mn(Cp-CH3J2 (D). 

Table II. Temperature Dependence of the 
Spin Equilibrium of Mn(Cp-CH3)2 

T, 0K 

214 
235 
253 
285 
303 
331 
334 
366 
371 

X1, 

0.791 
0.721 
0.669 
0.551 
0.501 
0.452 
0.461 
0.407 
0.395 

xha 
0.209 
0.279 
0.331 
0.449 
0.499 
0.548 
0.537 
0.593 
0.605 

K = X1JX 

3.78 
2.58 
2.02 
1.23 
1.00 
0.825 
0.855 
0.686 
0.653 

Table II, and a plot of log K vs. 1/7 is shown in Figure 3. 
The linearity of the log K vs. XjT plot supports our as
sumption of a two-state equilibration, as in eq 3. From the 
plot we find AH° = -1800 ± 100 cal/mol and AS0 = 
-5.8 ±0.6eu. 

It is of interest to compare our dilute solution results to 
those obtained by Reynolds and Wilkinson3 for neat molten 
Mn(Cp-CH3)2. Applying the same assumptions to that set 
of data as to our own, we find for the melt that A//° = 
-1900 ± 100 cal/mol and AS° = -6.5 ± 0.6 eu (see Fig
ure 3). Since the results for the melt are practically the 
same as for the dilute solution, we conclude that in both 
cases equilibration of doublet and sextet states is responsi
ble for the anomalous magnetic behavior. It was found in 
the earlier work3 that Mn(Cp-CH3)2 behaves as a normal S 
= 5/2 complex on dissolving in tetrahydrofuran. This in no 
way conflicts with our solution results, since it is known that 
MnCp2 (and presumably also Mn(Cp-CH3)2) is strongly 
solvated by tetrahydrofuran;2 this solvation probably dis
rupts the 7r-sandwich structure.17 

The observed nmr spectra of MnCp2 and Mn(Cp-CH3)2 
at 31O0K are quite different from one another, which be
havior is unprecedented, since methyl substitution has not 
previously been observed to significantly alter the net spin 
density at Cp hydrogens.18'19 However, as we have shown, 
at 310° there is a nearly equal population of doublet and 
sextet Mn(Cp-CH3)2 in solution; thus the unusually large 
isotropic shifts of Mn(Cp-CH3)2 compared to MnCp2 are 
initially not surprising. 

The relatively small isotropic shift of MnCp2 converts to 
a hyperfine coupling constant, A H, of +0.073 MHz.20 

Since there is no reason to expect a significant dipolar 
(pseudocontact) shift for the 6Aig state of MnCp2, the 

Rettig, et al. / Manganocene and I,l'-Dimethylmanganocene 



7672 

0.073-MHz coupling constant must be mainly Fermi con
tact in origin. The other paramagnetic first-row metallo-
cenes have been found18'19 to have electron-ring hydrogen 
An values as follows: VCp2 (2.33 MHz), CrCp2 (3.92 
MHz), CoCp2 ( -2 .39 MHz), and NiCp2 ( -3.53 MHz). It 
is apparent that the MnCp2 result is anomalously small, 
only 3% of the smallest A H for the other metallocenes. Per
haps such a finding is not surprising, in view of the long 
held notion that the bonding in MnCp2 is essentially "ionic" 
in nature.2,3 However, an alternative and more likely expla
nation for the very small MnCp2 coupling constant would 
involve cancellation of spin density at the Cp hydrogens, 
due to the combined effects of unpaired a and IT electron 
derealization. The ground configuration of MnCp2 is 
. . .(e2g)2 (aig)'(eig*)2 . . . , with five unpaired spins, based 
on earlier magnetic susceptibility data2 and our own epr re
sults. On the basis of previous work with VCp2 and 
CrCp2 '8 '1 9 as well as with FeCp2

+,133 '21-22 the unpaired e2g 

(dxy, d*2-^2) electrons are expected to have only a small ef
fect on observed proton contact shifts. However, the a ) g 

(dz2) and eig* (dxz,dyz) electrons may well have compara
ble contributions to Au, but of opposite sign.10'18'19 In prin
ciple, these contributions may be sorted out by means of 
methyl substitution, but in so doing, as has been shown 
above, the problem intensifies with the appearance of dou
blet as well as sextet Mn(Cp-CH3)2 . 

The nmr spectrum of Mn(Cp-CH3)2 is particularly curi
ous in view of the large observed isotropic shift of the Cp 
and CH-) hydrogens. The observed spectrum at 31O0K is 
presumably time averaged over nearly equal populations of 
doublet and sextet states, and methyl substitution is not ex
pected to significantly alter the spin-density distribution in 
the sextet state. Further, other things being equal, the dou
blet shifts should be only ca. 8.5% of the sextet shifts be
cause of the much weaker magnetization of doublet 
Mn(Cp-CH^)2.23 Clearly, the mode of electron derealiza
tion cannot be the same in doublet and sextet Mn(Cp-
CH 3 ) 2 ; the point is that whatever the mode of derealiza
tion in doublet Mn(Cp-CH3)2 , it must be highly efficient to 
produce such large isotropic shifts in an S = V2 system. If 
we assume (a) that our interpretation of the bulk suscepti
bility correctly implies that at 3100K the relative popula
tions of sextet and doublet Mn(Cp-CH3)2 are nearly equal 
and (b) that methyl substitution does not significantly alter 
the spin density at Cp hydrogens in the sextet state, then we 
find that the Cp hydrogen coupling constant in doublet 
Mn(Cp-CH3)2 is ca. 9 MHz. This coupling constant is two 
to four times larger than those observed for any other neu
tral metallocene,18'19 and it is about ten times larger than 
the largest possible Fermi contact coupling to Cp hydrogen 
in 2E2 g ferricenium ions.13a '21 '22 Both molecular orbital10 '19 

(MO) and experimental133 '18 '21 '22 results suggest that a 
2E2 g configuration is unlikely to produce a Cp hydrogen 
coupling constant of anything like +9 MHz. In fact, the 
MO results predict negative coupling via e2g d^-p^ back 
donation.10'19 The possibility of a large pseudocontact con
tribution to the 9-MHz coupling constant is unlikely. The 
Mn ring centroid distance in MnCp2 has been determined 
to be 2.05 A by electron diffraction.24 If we assume a slight 
shortening to 2.0 A in doublet Mn(Cp-CH3)2 and use our 
experimental g values along with Prins' geometric fac
tors,133 we find that the expected dipolar coupling would be 
approximately 0.30 and —0.16 MHz for the Cp ring hydro
gen and the methyl hydrogen, respectively. 

Previous nmr and epr studies of sandwich molecules and 
ions have shown that those systems having (at least) an un
paired electron in the a !g orbital exhibit large positive hy-
perfine coupling to the ring hydrogens (the a;g orbital is de
rived from dr2, which is directed along the principal sym

metry axis). For some such systems, the observed coupling 
constants are as follows: VCp2, 2.33 MHz;18 CrCp2, 3.92 
MHz;18 bis(?j-benzene)chromium(I), 9.69 MHz;253 bis(?j-
benzene)vanadium(O), 11.2 MHz;25b bis(?j-benzene)vanadi-
um(I), 3.16 MHz;25b (?7-cycloheptatrienyl)(?;-cyclopenta-
dienyl)vanadium(O), 5.0 MHz (C5H5) and 12.0 MHz 
(CyHv);26" (T)-benzene)(?j-cyclopentadienyl)chromium(0), 
6.58 MHz (C5H5) and 13.0 MHz (C6H6) ;2 6 b (?j-cyclopen-
tadienyl)(?7-cyclohexatrienyl)chromium(I), 6.05 MHz 
(C5H5) and 10.1 MHz (C7H7) .2 6" In all these systems, the 
positive hyperfine coupling indicates substantial direct d e r 
ealization of unpaired dz2 electron density to ring hydro
gens.I0-19 '25 '26 Our observation of a large positive hyperfine 
coupling in Mn(Cp-CH3)2 therefore suggests that at higher 
temperatures there is actually thermal equilibration among 
three states: 6Aig (from (e2 g)2(aig) '(etg)2); 2E2 g (from 
(e2g)3(atg)2), and 2 A ! g (from (e2 g)4(aig) ' ) . It is the last 
configuration which is expected to lead to a large positive 
A H, by analogy with the other sandwich systems above. 
None of the three configurations is expected to have large 
dipolar shifts, either because of favorable geometric factors 
(2E2g) or because of lack of g anisotropy (6Aig,14 2 A i g

1 2 ) . 

Thermal population of the 2 A l g state in ferricenium type 
ions has been suggested as one factor to consider in inter
preting the temperature dependence of ^eff for ferricenium 
cations.13c'27-28 However, Cowan and coworkers discount 
thermal population of 2A] g in their biferrocene cations, 
since no epr absorption attributable to the 2Ai 8 state was 
observed at high temperature, nor was there any significant 
deviation of the observed ^eff from expectations based on 
the low temperature (2E2g) g values.13c Both Cowan and 
coworkers130 and Prins133 used photoelectron results29 for 
FeCp2 to estimate that the 2Aig state in FeCp2

+ probably 
lies ~2800 c m - 1 above the 2E2g ground state, too high to 
affect strongly the magnetic results. These earlier estimates 
of A(2E28 — 2A ig) for FeCp2

+ are in agreement with more 
recent photoelectron spectroscopy results for FeCp2.30-31 

Hendrickson and coworkers28 computed similar separations 
between the 2Aig and 2E2 g levels from the magnetic suscep
tibility data for [FeCp2]I3 (2317 cm"1) and 
[FeCp 2J+DDQH- (3380 cm" ' ) (DDQH = 2,3-dichIoro-
5,6-dicyanobenzohydroquinone). Perhaps more closely re
lated to the present findings is the proposal30 that the elec
tronic ground state of gaseous MnCp2 is 2Aig .3 2 All these 
observations suggest the possibility that the 2A ig state in 
Mn(Cp-CH3)? may well lie quite near the ground 2E2 g 

state, and our high-temperature pmr data may therefore be 
reasonably explained. 

The intervention of a second doublet state (~A2g) at high
er temperatures should not seriously affect our earlier con
clusions from the XM VS. T data, since the expected mag
netic moment of the 2A2g state should be close to the spin 
only value of 1.73 BM, which is coincidentally similar to the 
value of 1.98 BM derived for the 2E2 g state.33 

Conclusion 

The magnetic susceptibility and epr results reported here 
are fully consistent with equilibration of high spin (S = -%) 
and low spin (S = V2) forms of the ^--sandwich molecule 
Mn(Cp-CH3)2 . There is no indication of any such equili
bration of MnCp2 either dissolved in organic solvents2 or 
doped into MgCp2, even down to 1.5°K. However, it seems 
likely that in the condensed phase MnCp2 (the only "high-
spin" metallocene) is itself close to a high spin-low spin 
crossover, since small perturbations such as volatiliza
tion30-32 or addition of two methyl groups lead to doublet 
ground states. Methyl groups are ordinarily considered to 
be electron releasing compared to hydrogen, and this evi
dently is important enough in Mn(Cp-CH3)2 to significant-
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Iy increase the donor character of the ligands and cause spin 
pairing. Evidence of increased ring electron density in 
Fe(Cp-CH3)2 compared to FeCp2 is found in their respec
tive behavior toward oxidation. Fe(Cp-CHs)2 is more readi
ly oxidized, presumably because of the electron-releasing 
character of the substituent methyl groups.2,34 

The pairing energies for d4, d5, and d6 are similar,9 and 
both the d4 (CrCp2) and d6 (FeCp2) metallocenes are low 
spin. Since MnCp2 seems very near a magnetic crossover 
point, we conclude that the overall d-orbital splittings in 
MnCp2 are similar to its neighbors, Thus, although MnCp2 

behaves ionically in that it reacts rapidly with ferrous salts,2 

dissociates to give conducting solutions,2 and exchanges 
rings instantaneously with LJC5D5,35 our results suggest 
that the overall degree of M-Cp orbital mixing is similar 
for Mn and for Fe, a conclusion which is not surprising 
since the electronegativities of Mn and Fe are practically 
the same, regardless of the scale used. In this connection we 
note that Orchard and coworkers,4 who have provided inde
pendent evidence supporting the high spin-low spin equili
bration in Mn(Cp-CHs)2 (from the photoelectron spec
trum), have observed that the ligand field splitting parame
ters deduced for FeCp2 should lead to a low-spin ground 
state for MnCp2, if such parameters were to be directly 
transferred. 

Finally, our results, together with the photoelectron re
sults for gaseous MnCp2,30 '32 raise the possibility that the 
crystalline antiferromagnetism of both MnCp2 and 
Mn(Cp-CH3), long believed to be intermolecular in origin, 
actually may arise intramolecularly. 

Experimental Section 

Instrumentation. Uv-visible spectra were recorded on a Cary 14 
spectrophotometer. Ir spectra were recorded on a Perkin-Elmer 
Model 621 grating spectrophotometer. A Varian HA-100 nmr 
spectrometer with an external Hewlett-Packard XY recorder was 
used to record the nmr spectra of the metallocenes; a Varian A-
6OD nmr spectrometer was used for the determination of the mag
netic moments. Epr spectra were recorded at Q band. The field 
was calibrated using an nmr gaussmeter employing a D2O sample. 
The frequency was measured with a Hewlett-Packard 5245L fre
quency counter. The sample and cavity were immersed directly in 
liquid He during measurements. Air-sensitive compounds were 
generally handled and stored in a Vacuum-Atmospheres Company 
Dri-Train dry box. 

Solvents. For syntheses and magnetic moment measurements, 
reagent-grade solvents were degassed with prepurified nitrogen 
and dried with Linde 3A or 5A molecular sieves. For infrared and 
nmr spectra, spectral grade solvents were treated similarly. Meth-
ylcyclohexane for the epr and uv-visible studies was stirred for sev
eral hours with sulfuric acid, washed with distilled water, and dis
tilled from BaO under nitrogen; toluene for the epr study was de
gassed with prepurified nitrogen and dried with Linde 3A molecu
lar sieves. 

Synthesis of Compounds. MnCp2 was prepared from MnBr2 and 
NaCp by the published method.2 MnCp2 was isolated by sublima
tion at 200° (0.5 mm) from the reaction vessel and freshly resub-
limed at 80° (0.5 mm) just before use. 

Mn(Cp-CHj)2 was prepared from Na(Cp-CHj) and MnBr2 in 
THF essentially by the method of Reynolds and Wilkinson.3 After 
removal of the solvent, the Mn(Cp-CHj)2 was extracted into pen-
tane. and the pentane was evaporated. If the product did not crys-
talize spontaneously, it was vacuum distilled at <200° (1 mm). 
Seeding reliably induced crystallization. The product was further 
purified by several sublimations at 40° (0.5 mm). A small amount 
of MnCp2 was always present in the Mn(Cp-CHj)2 prepared by 
this method. 

MgCp2. CpMgBr was prepared by the method of Jolly.36 After 
removal of benzene, conversion to MgCp2 was effected by heating 
the residue to 200° and removing the product by sublimation. 

Fe(Cp-CHj)2 was purchased from Alfa Inorganics and was sub
limed before use. 

Preparation of Samples for Spectra. Samples for the uv-visible 
study were prepared in volumetric flasks by mixing freshly resub-
limed metallocene with purified methylcyclohexane in the dry box. 
MnCp2 (1.47 X 10-2 M) and 3.87 X 10~2 M Mn(Cp-CHj)2 were 
used. For the infrared studies 0.469 M Fe(Cp-CHj)2 in benzene, 
0.347 M Fe(Cp-CH3)2 in cyclohexane, 0.3 M Mn(Cp-CHj)2 in 
benzene, and 0.349 M Mn(Cp-CHj)2 in cyclohexane were run vs. 
the corresponding solvent in 1.0 mm KBr solution cells; Fe(Cp-
CHj)2 was also run as a neat liquid between NaCl plates. 

Electronic spectra of both MnCp2 and Mn(Cp-CH3)2 dissolved 
in methylcyclohexane were recorded at room temperature with the 
following results: for MnCp2 (Xmax, nm (cmax, A/ - 1 cm-1)) 475 
sh (3.6), 390 sh'(50), 300 (1200), and very strong absorption below 
300 nm; for Mn(Cp-CHj)2 470 sh (31), 408 (316), 303 sh (610), 
and very strong absorption below 303 nm. 

Infrared spectra of Mn(Cp-CH3)2 and Fe(Cp-CH3J2 were de
termined at room temperature in solution in both cyclohexane and 
benzene. In the regions not blocked by strong solvent absorption, 
and above the M-C region, it was found that the spectra are very 
similar. The major absorptions are as follows (composites from the 
two solvents): for Fe(Cp-CH3)2 (emax in cm-1 (w = weak, m = 
medium, s = strong, vs = very strong)) 3915 (w), 3090 (s), 2910 
(s), 2870 (s), 2740 (w), 1750 (m), 1725 (m), 1680 (m), 1635 (m), 
1445 (m), 1370 (m), 1350 (m), 1235 (s), 1115 (m), 1010 (m), 935 
(s), 920 sh (m), 810 (s), 635 (m), 615 (m), 480 (s), 395 (w); and 
for Mn(Cp-CHj)2 3920 (w), 3080 (m), 2910 (s), 2860 (s), 2740 
(m), 1710 (w), 1660 (m), 1605 (m). 1550 (m), 1440 (m), 1370 
(m), 1340 (m), 1240 (m), 1060 (m), 1010 (m), 935 (s), 915 sh 
(m), 815 (vs), 760 (vs), 635 (s), 600 (s), 380 (s). 

For the nmr experiments freshly resublimed metallocenes were 
dissolved in dried, degassed deuterated solvents in the dry box. 
C6Df, and CeDj2 solutions 1 M in Mn(Cp-CHj)2 were used; since 
MnCp2 is much less soluble than Mn(Cp-CHj)2, only about a 0.1 
M solution in C6D6 could be obtained. 

Measurement of Magnetic Susceptibility. Solutions 0.369 M in 
NiCp2, 5.22 X 10'2A/ in Mn(Cp-CHj)2, and 8.08 X IO"2 M in 
Mn(Cp-CHj)2 were prepared in volumetric flasks in the dry box. 
The last solution was diluted to obtain 1.62 X 10~2 and 2.42 X 
10-2 M in Mn(Cp-CHj)2. The magnetic susceptibilities of these 
solutions were measured by a modification of Evans- nmr method. 
A solution of the paramagnetic substance in a thin-walled nmr 
tube was thermally equilibrated with the nmr probe and its spec
trum recorded; a spectrum of the pure solvent was then recorded 
immediately and the temperature was measured by the methanol 
or ethylene glycol shift method. This procedure was then repeated, 
and the spectrum of the pure solvent was recorded in the tube used 
for the solution; the results were generally reproducible and the 
solvent spectra in the two different tubes superimposible to within 
1%. To check the accuracy of the method, the susceptibility of 
0.369 M NiCp2 was measured at 313°K, with the following result: 
XMcorr = 3250 X 10"6 cgs; Meff = 2.86 ± 0.10 BM (lit.37 2.86 ± 
0.11 BM). 

Preparation of Samples for the Epr Experiments. In the dry box 
10_l M solutions of freshly resublimed metallocenes were pre
pared and transferred into flamed quartz sample holders; a new 
sample holder was used for each experiment. The samples were 
then sealed under vacuum and used immediately. MnCp2 was 
doped into MgCp2 by twice cosubliming the resublimed solids; the 
quartz sample holders for these experiments were also filled in the 
dry box. 
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reactions, olefin carbonylation reactions, and reaction 
mechanisms relating to the Rosenmund reduction.6 Fur
thermore, Maitlis and coworkers5 have reported on inter
esting chemistry of "lightly stabilized" organopalladium 
compounds (very weak donating ligands). In light of these 
works, we thought it would be quite interesting to produce 
and study "nonligand stabilized" organopalladium com
pounds (no donating ligands at all). 

In this paper we describe the synthesis, isolation, trap
ping and other studies of a series of nonligand stabilized 
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Abstract: Palladium atoms oxidatively insert aryl, alkyl, and acyl carbon-halogen bonds at low temperature to yield a new 
series of reactive intermediates ArPdX, RPdX, and RCOPdX. Efficiency of the insertion is in the order C-I > C-Br > C-
Cl. These species are formed in the absence of normal stabilizing ligands and their stabilities vary greatly depending on the 
organic group attached. For example CsFsPdBr is stable at room temperature in the air whereas CH3PdI decomposes at ex
tremely low temperature under vacuum. The stability order is C6Fs > CF3 ~ CF3CF2 ~ CF3CF2CF2 > Cf1Hs » CF2Br > 
(CFs)2CF ~ CH3 ~ CH3CH2. The ArPdX species decompose thermally to Ar-Ar, Pd, and PdBr2. Some of the RPdX 
species decompose free radically at low temperature. The RCOPdX species decompose by decarbonylation and have stabili
ties in the order of R = CF3CF2CF2 > CF3 > C6F5 > C6H5 > CH3 ~ CH3CH2CH2. These intermediates, ArPdX, RPdX, 
and RCOPdX, are highly coordinatively unsaturated and thus extremely reactive with phosphines. In fact many of these ma
terials can be readily trapped with tertiary phosphines to form the bisphosphine adducts (R3P)2Pd(Ar)X, =Pd(R)X, and in 
some cases =Pd(RCO)X. This serves as a rapid method of preparation of these complexes and in some cases quite high 
yields of these materials can be prepared by simultaneous deposition of palladium atoms, ArX, and Et3P at — 196°. 
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