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Summary

The electron diffraction pattern of 1,1'-dimethyl-
manganocene has been recorded from s = 3.00 to 42.00 A-].
The gas is found to contain two geometrically distinct
species. The most abﬁndant species, mole fraction X = 0.62(4),
has a Mn~C bond distance R{Mn-C) = 2.433(8) A and vibrational
amplitude 2(Mn-C) = 0.111(8) A. By comparison with the structure
of the essentially high-spin complex (CSHS)Z Mn where R(Mn-C) =
2.38 A, it is concluded that the most abundant species is in the
high-spin, Gﬂ‘a, state. The less abundant species, x = 0.38(4),
has an Mn-C bo;d distance R(Mn-C) = 2.144(12) A and vibrational
amplitude ¢({Mn-C) = 0.160(16) A. This species is assumed

to be in a low-spin, 25 » state. The large Mn~C vibrational

2g
amplitude of the low-spin species is consistent with the
existence of a dynamic Jahn-Teller effect involving the ring

tilting modes.
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‘ The meta]iocenes of the f1rst row tran51t10n e]eménus
from vanadium to -nickel, CpZM »Cp = cycIopentad1enyl
:H = v Cr, Hn. Fe, Co and Ni, have all been 1nvest1gated by
'gas phaseaelec.ron diffraction [1-7]. - The M-C bond distances
'éqﬁnd are listed below with the electronic configurations of
the molecules iﬁ the gas phase as determined by photoelectron

spectroscopy by Evans et al. [8,9]:

Compound R(M-C)[A Electron configuration 'n
CpyFe 2.064(3) 'a, (3192. 5294) 0
tp,Co 2.119(3) _lg(a , 3294, elg‘) 1
Cp,er 2.169(4) 3529(a ‘, 3293) 2
cpMi 2.196(4) *apglargls epg 3192) 2
Cpév . 2.280(5) _zg(a ] gzgz) 3
cbzun 2.383(3) ®a1g(2a1g" s 22970 £1g0) 5

If one assumes the 234 and L molecular orbitals to be bonding
between the metal atom and the rings and the 814 orbital to be
antibonding, one can define the electron imbalance of each

comp]ex, n, as the number of electrons in the g]g orbital plus

the number of vacancies in the a and g2 orbitals [6]. The

=1
'M-C bond distances are then foundgto increase monotonically
wifh n from 2.06 A in chFe (n = 0) to 2.38 A in CpZHn {n = 5).
The photoelectron spectrum of CpZMn shows that fhe
compound is essentially high-spin (éﬂlg) in the gas phase near
room temperature. Only one "exceedingly weak®™ line indicated
the presence of small amounts of low spin species [9]. Gaseous
1,1'-dfméihylcyclopentadienylmangénese. (Hécp)znn._on the other
hand, was found to consist of high-spin (ﬁA]g) and low-spin

-species in comparable amounts. Low temperature ESR studies by
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Rettig and Ammeter and their coworkers [10,11] led to the
. s . . 2 2 3
identification of the lTow-spin species as EZg(ilg : 854 ).

Rettig and coworkers also studied the equilibrium
13-(Hecp)2Hn = hs-(Mecp),Mn
(s = low-spin, hs = high spin) in toluene over the temperature

range ~59 to 98 °c and determined the enthalpy and entropy of

v and 2s° = 24.3:2.5 d K 'mo17}

the reaction: aH® = 7.520.4 kJ mol~ mol

[103.
3

Low spin, 29,(Hecp)2Mn has an electron imbaiance
equal to one and is therefore expected to have a M-C bond
distance similar to CpZCo and considerably shorter than the
bond distance found in the essentially high-spin complex
CpZMn. In order to test this hypothesis we decided to study

(Hecp)ZHn by means of gas phase electron diffraction.

Experimental and data reduction

The sample of (Hecp)an was a gift from Dr. M.L.H.Green,
University of Oxford, and had been synthesized as described in
reference [12). It was purified by vacuum distillation at 90°
before use. The electron scattering pattern was recordéd on
the O0slo electron diffraction unit [13] with a nozzle temperature
of about 100 °c. Exposures were made with nozzle-to-~photographic
plate distances of about 48, 30 and 20 cm. The optical densities
of four plates from the first set, six from the second, and four
plates from the third were processed using the programs described
by Andersen gj_glftﬁ%he average modified molecular intensity
values were calculated for each set and covered the s-ranges
3 to 19, 5 to 30, and 12 to 42 A™! respectively. Finally these

average curves were scaled and connected. The resulting modi-

fied molecular intensity points are shown in Fig. 1.
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Fig. 1. Above: o: experimental modified molecular intensity

points for (Mecp),Mn from s = 3.00 to 42.00 A1, Below
s = IO.GO'A-] only every second point is shown. Full line:

aTheoretical intensity curve calculated for best models.

Below: Difference curve.

Choice ¢f model and structure refinement

A molecular model of (Hecp)Zanis shown in Fig. 2.

It was .assumed that:
i) The parent metallocene, CpoMn, has effective Dg, or Bgy
symmetry in . both the‘SAqg andvzgeg'states..

Our previous investigation of Cp,Mn, which is

essentially high spin, ‘has showh .that the electron diffraction

data are’ .consistent Hith models of . DSh and DSd symmetry with a_

'very low barr1er to rotation of the 1igand rings.a Low-spin
szHn has an orbital?y degenerate ground state- and suffers from

rra dynamic Jahn-TeIIer distortion invo]v1ng the ring tilting
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(C.HCH)Mn
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Fig. 2. Upper curve: experimental radial distribution curve
for (Hecp)ZHn. Lower curve: difference between the experimental
curve and a theoretical radial distribution curve calculated

for best models. Artificial damping constant k = 0.0013 AZ.

modes [15]. However, previous investigations of CpZCr [1]1 and
Cp2Co [6] which also have orbitally degenerate ground states,
showed that average models of QSh and 25d symmetry could be
brought into good agreement with the electron diffraction data.
Models for high- and low-spin (Mecp)ZMn were constructed
from the models of the parent meta11pcenes by removing a H atom
on each ring and replacing it with a methyl group at a different
C{Cp)-C(Me) bond distance and with a different angle between the

bond and the plane of the C5 ring. It was assumed that:

ii) Substitution of a H atom by a Me group leaves the geometry
of the fing 6therwise unchanged.

iii) ~Each Me grbyp hasrgsv symmetry with the threefold axis
coinciding with‘the’c(Cp)-c(Me) bond. The angle of
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Fig. 2. | ”
i&)»' The,stfuctﬁres of the iigandsrin,high- and low-spin

- lﬁdmplexes éreréqua1. 7
'?ﬁerégtidéture of the ligands is then determined
by seven -independent parameters; e. g. the C(Cp}-H,
C{Me)-H, C(Cp)-C(Cp) and C{Cp)-C(Me) bond distances, the valence
angle !p(tp)-c(ue)-u, and finally the angles between the
‘c(Cp)-h and c{Cp}-C{Me) bonds and the C; plane of the ligand
7 rings. These andTes are denoted by Lcs. H and £C5’C respectively
and were defined as positive when the bonds are bent towards the
the metal atom. .The /C-C-H valence angle could not be refined
and was fixed at 109.5°.
The structure of b§-(Mecp)2Hn is determined by the

six {remaining) ligand parameters plus 2 Mn-C{Cp) bond distance
and a dihedral angle - ¢ describing the relative orientation of
the two Mecp 1igands. This angle was defined as zero when the
rings are eclipsed and the Me groups syn. The structure of
zg-(Hecp)ZHn is determined by the same six ligand parameters
plus another Mn-C{Cp) bond distance and dihedral angle, ¢'.

A The electron scattering pattern contains very little
information about the dihedral angles ¢ and ¢': OFf the 36
distances between C atoms in different ligand rings, only one,
C(Me)}---C'(Me) depends on the value of ¢. It was therefore
assumed that ¢' = ¢, and least-squares refinements were carried
out for a series of values - of ¢ ranging from 0 to 180°.

The molecular structures of hs- and l§-(Mecp32Mn
and their mole fractipns as well as 14 of the most imp@rtant
root mean square vibrational amplitudes, £, were refined by
least-squares calculations on the connected intensity curve

with a diagonal weight-mafrix and under the constraints of
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geomefricaljy cqnéisfent r, structures and x  +x;. = 1.

The program used has been written by H.M. Seip. ;heoretica1
modified molecular intensity curves were calculated from eq. 11
in reference [14].

It was found that satisfactory agreement between
experimental and calculated intensities could be obtained for
all values of the dihedral angle ¢. In Table 1 we list the
parameter values obtained with ¢ = 180° since this value gave
a2 slightly better fit than the others. The estimated standard
deviations in the Table have been obtained from those calculated
by the program after multiplication by a factor of 2.0 to take
into account the additional uncertainty introduced by correlation
in the experimental intensity data [16] and the assumptions
outlined above,and expanded to take into account an estimated
uncertainty of 0.1 % in the electron wavelength. Refinements
with values of ¢ different from 180° converged to parameter
values that differed from those in the Table by less than 1.5
estimated standard deviation.

A modified molecular intensity curve calculated for
the best model is shown in Fig. 1. An experimental radial
distribution curve and the difference between this curve and

one calculated for the best model is shown in Fig. 2.

Discussion

In agreement with the photoelectron spectrum, it is
found that gaseous (Hecp)zﬁn'at about 100 °C contains two
geometrically distinct species, one with Mn-C(Cp) = 2.433(8) A,
the other with Mn-C{Cp) = 2.144(12) A. By comparison with the
essentially high-spin complex CpaMn. Mn-C = 2.38 A, we conclude
that the species with the larger Mn-C bond distance is in a
high-spin, 55,9. state, while the species with the shorter



 vibrationa1 amp]itudes (2) of high sp1n and low sp1n HecpZHn.
‘(Estimated standard dev1atlons in parenthes:s)

Tab]é I;A Bond distances, valence ang]es, and root mean square

RIA /A

R/A
High spin . - Ligand panameters
Mn-C(Cp) 2.433(8) 0.111(8) C(Cp)-H - 1.094(6)¢ 0.083(10)9
Mn---C(Me) 3.36(7) 0.16(5) - C(Me)-H 1.104(6)°¢ 0.083(10)d
Cy-==Cg 4.28(2) 0.19(6) c(cp)-c{Cp) 1.427(2) 0.050(2)¢
€y---C, 4.65¢{2) 0.16(4) C(Cp)-C(Me) 1.527(10) 0.056(2)°
€,---Cg 4.87(2)  0.43(25) Cy---C3 2.309(2) 0.055(2)
Cp---Cqy 2.630(8) 0.14(6)
Xns 0.62(4) €3---Cq4 3.787(10) 0.08(2)
/C-C~H 109.5° P
£Cg.H -14(8)°
Low spin £CgsC - 6(4)°
Mn-C(Cp) 2.144(12) 0.160(16)
Mn---C(Me) 3.18(6) 0.20(10)
¢,---Cg  3.61(3) 0.11(4)
€,---C4 4.04(3) 0.26(10)
€,-=-Cg  4.29(3) 0.a0b
X1e 0.38(4)

a

b Assumed value.

For numbering of the atoms consult Fig. 2. The distances are
given as r_. The angles have not been corrected for shrinkage.

a

€ These bond distances were assumed to differ by

0.01 .A. d These amplitudes were assumed equal. € These ampli-
tudes were assumed to differ by 0.006 A. ’
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Mn-C bond distance is in the low-spin, 2529, state. The mole
fractions of high- and Iow-spin species in the gas phase at
about>1QD ¢, Xps = 0.62(4) and Xe = 0.38(4) are then in good
agreement with ;;e mole fractions-;ound in toluene solution at
98 °c, x, = 0.605 and x,_ = 0.395 [10]. INDO self consistent
field mo;;cular orbital ;;1cu1ations on szMn by Clack yielded
equilibrium Mn-C bond distances equal to 2.07 A for the

2 6&

E, -~state and 2.16 A for the state [171, and are thus in

2g 1g
qualitative agreement with experiment.

If the estimated standard deviations are taken at
their face value. the Mn-C bond distance in g§-(Hecp)2Mn,
2.433(8) A, would appear to be significantly longer than in
bg-szHn,'2.383(3) A. The structure determination in reference
[2) was however carried out under the.assumption that CpZMn is
100 2 high-spin. The photoelectron spectrum [9] shows, however,
that a small amount of low-spin species probably must have been
present in the gas jet during the electron diffraction experiment.
New least squares refinements of szMn where this possibility is
taken into account, has been initiated and the results will be
published later.

As expected the M-C bond distance of 1§-(Mecp)2Mn.
2.144(12) A, is quite similar to that of Cp,Co, 2.119(4) A:
Both these complexes have an electron imbalance equal to one.
The large Mn-C vibrational amplitude of l§-(Mecp)2Mn, 0.160(16) A,
is in good agreement with the existence of a dynamic Jahn-Teller
effect involving the ring tilting modes as found by Ammeter and
coworkers [15].

Ammeter and coworkers have also measured the ESR
spectra of CpZHn doped into polycrystalline samples of szMg,
szFe and szRu [11]. The spectra at 4 K show the ground state
to be 6519 in CpZHg. but 2529 in FeCp2 and Rusz. Clearly the
lattice of szﬂg (Mg-C = 2.34 A [18,19]) can accomodate the large



» :_) or.szRufkRu co= 2 2o A [3 20])cannot, and in the latter
Aszﬂn is- forced to enter in- the Iess vo]um1nous 1ow spin state.;
o ,~};,¢; F1na11y, it is. noteworthy that- while the best. f1t was
’obta1ned w1th mode]s in wh1cn both the C(Cp) -H -and C(Cp) C(Me)

,bonds ‘are - bent out of the C5 plane of the ring .away from the metal

’atom, the est1mated standard deviations render the result 1ns1gn1f1-

‘cant. ne1ther a. p]anar model, . nor one in which the -honds are bent

-towa ds the metal atom by a- few degrees can be ruled out.
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