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MnR, [R = CH(SiMe;),] has been prepared from MnCl, and LiR in diethyl ether.
The compound is monomeric in pentane and in the gas phase. The magnetic
susceptibility from 5 to 240 K follows the Curie-Weiss law with p, = 5.49 B.M.,
indicating the presence of monomeric high-spin species. Gas electron diffraction
data are consistent with ZCMnC = 180° and Mn~C = 201(3) pm. The mean Si-C
bond distance, 186.9(2) pm, is significantly smaller, and the valence angle <SiCSi
= 130(2)° significantly larger than in H,C(SiMe,), or in the main group metal
analogues GeR, and SnR,. SCF MO calculations on high-spin *A; Mn(CHj),
yields an optimal bond distance of 213 pm and indicates that the net charge on Mn
is +1.40. The photoelectron spectrum of Mn(CH,CMe3), has been recorded and
assigned.

Dedicated to Professor Otto Bastiansen on his 70th birthday

The first homoleptic manganese(II) alkyls appear
5

and yielded the bond distance Mn—C = 210.4(6)

to have been synthesized by Wilkinson and co-
workers.! X-Ray diffraction studies have shown
that Mn(CH,SiMe;), forms a linear alkyl-bridged
polymer (like that of BeMe,?) in the solid phase,
Mn(CH,CMe,), forms a linear tetramer, and Mn
(CH,CMe,Ph), a dimer.! Dimesitylmanganese
forms a linear trimer in the crystalline phase,’
while Mn{C(SiMe,);}, is monomeric with
ZCMnC = 180° and the bond distance Mn-C =
210.2(4) pm.*

The gas electron diffraction pattern of Mn
(CH,CMe,), (= Mnnp,) recorded with a nozzle
temperature of ca. 140°C showed that under the
experimental conditions the gas was monomeric,
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pm.
Mn {C(SiMe,);}, has a magnetic moment of ca.
5.1 B.M. (determined by the Evans® method),*
and is thus predominantly if not exclusively high-
spin, § = %. The ESR spectra of Mn
(CH,CMe,Ph),, Mnnp,, and Mn(CH,SiMe;), in
hydrocarbon solvents were consistent with the
presence of oligomeric species with antiferromag-
netic coupling between high-spin Mn centers.!
In this article we describe (i) the synthesis and
characterization of Mn{CH(SiMe,),}, (= MnR,),
(ii) the magnetic susceptibility of MnR, measured
from 5 to 240 K, (iii) the molecular structure of
MnR, determined by gas electron diffraction, (iv)



the results of ab initio molecular orbital calcula-
tions on high-spin MnMe,, and (v) the photoelec-
tron spectrum of Mnnp,.

Experimental

Synthesis. All manipulations were performed in
an inert atmosphere using conventional Schlenk
techniques or a dry-box.

A solution of LiCH(SiMe;,),” (1.08 g, 6.5
mmol) in diethyl ether (50 cm®) was added to a
stirred suspension of MnCl, (0.45 g, 3.6 mmol) in
diethyl ether (20 cm®) at ca. 20°C. The pink
suspension was stirred for ca. 18 h at ca. 20°C.
After removal of volatile material from the fil-
trate, distillation furnished the pale yellow liquid
Mn{CH(SiMe;),}, (=MnR;), b.p. 100~
110°C/0.5 Torr; m.p. 8-10°C; mass spectrum
(m/z, z = 1) [assignment]: 373 [P]*, 358 [P-Me]*,
273, 230, 213, 73.

The molecular weight in pentane solution de-
termined by Signers method (essentially ebullio-
scopy) indicated monomeric species.

Gas electron diffraction. The electron diffraction
data for MnR, were recorded on a Balzers Eldi-
graph KDG-2 with reservoir and nozzle temper-
atures of ca. 120°C, corresponding to a vapor
pressure of about 1 Torr. Exposures were made
with nozzle-to-plate distances of 50 and 25 cm.
Two plates from the first set and three from the
last were subjected twice to photometry, and the
optical densities processed by standard proce-
dures. The molecular intensity curves obtained
for each distance were averaged and scaled, but

Fig. 1. Molecular model of Mn{CH(SiMe;)}, (= MnR,).
The model has a two-fold symmetry axis in the plane
of the paper and perpendicular to the linear CMnC
fragment. Methyl hydrogen atoms have been omitted
for clarity.
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Table 1. nteratomic distances, r.m.s. vibrational
amplitudes (/) and valence angles of MnR, [R =
CH(SiMe,),]. Estimated standard deviations in
parentheses in units of the last digit. Non-refined
parameters are listed in square brackets. C' = inner
(methine) C; C° = outer (methyl) C.

r/pm i/pm
Bond distances
Mn-Ci 201(3) 10(4)
Si-C(mean) 186.9(2)
Si-C' 187(3) 6.3(4)2
Si-C° 187(3) 6.3(4)2
C-H(mean) 109.5(5) 6.1(6)
Non-bonded distances
within SiMe, group
ce...Cc° 306(2) 12(2)°
Si-H 246(1) 13(2)
Within R = CH(SiMe,), ligand
Si---Si 339(4) 14(2)°
C-.-C° 305(2) 12(2)°
Si--C° 396(5) 28(10)¢
Si---C° 411(4) 28(10)¢
Si---C° 488(3) 24(10)¢
Distances involving Mn and interligand distances
Mn---Si 318(2) 14(2)°
Mn---C° 333(5) 29(15)°
Mn..-C° 350(5) 29(15)°
Mn-..C® 387(4) 16(2)’
Mn---C° 410(4) 16(2)"
Mn---C° 475(2) 10(2)!
Mn---C° 482(2) 10(2)’
Si---Si 535(8) 16(7)¢
Si---Si 580(12) 26(7)¢
Si---Si 617(8) 21(7)9
Valence angles/°
ZCMnC’ [180]
ZMnC'Si 110.3(10)
£ZMnCH [106]
£C'SiC° 110(2)
£SiC'Si 130(2)
£SiC°H 109.3(8)
Torsion angles/®
®[H'C'(Mn)CH] 128(1)
d(SiC'SiC?) 52(2)
®(C'SiC°H) [60]

#YIndicates groups of amplitudes refined with
constant differences.
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not connected. The curves extended from s =
15.00 to 145.00 nm™~! with increment AS = 1.25
nm~', and from s = 25.00 to 285.00 nm™! with
increment 2.50 nm™!.

Atomic scattering factors, f'(s), were taken
from Schifer et al.® The molecular intensities
were modified through multiplication with s/

vl [F'cl-

Structure refinement. Structure refinements by
least-squares calculations on the intensity data
were based on a molecular model of C, symmetry
as indicated in Fig. 1. In addition it was assumed
that:

(i) £CMnC' = 180°. (C' = inner — or methine -
C atom);

(ii) each MnC'HSi, fragment has C, symmetry.
ZMnCH was fixed at 106°;

(iii) each C'Si(C°H,), fragment has C;symmetry.
(C° = outer ~ or methyl — C atom);

(iv) each SiC°H; fragment has C; symmetry.
Ci-H and C°-H bond distances were assumed
equal; and

(v) each C(SiMe;), fragment has C, symmetry.

Nal AT

After these assumptions have been made, the
molecular structure is determined by ten inde-
pendent parameters, the Mn-C', C'-Si, Si-C° and
C-H bond distances, the valence angles
4MnCiSi, £SiCSi, £C'SiC° and £SiC°H, and
the  dihedral  angles  ®[HC(Mn)CH],
®(SiC'SiC°) and ®(C'SiC°H). The last refined to
values not significantly different from 60° (stag-
gered methyl groups) and was fixed at this value
in the final refinements.

The nine remaining parameters and eleven
root-mean-square amplitudes of vibration (I)
were refined under the constraints of a geometri-
cally consistent r, model. The best values ob-
tained are listed in Table 1. The quoted e.s.d.’s
have been multiplied by a factor of 3.0 to com-
pensate for uncertainty due to data correlation
and unrefined parameters. An experimental radi-
al distribution curve and a difference curve is
shown in Fig. 2.

Magnetic susceptibility studies. Magnetic suscepti-
bility measurements were made using a S.H.E.

model 905 superconducting magnetometer
(SQUID). Liquid MnR, was pipetted into one

MnR,

“IJ,I N ESTE | ll 1 I i L1

N

0.0 1.0 2.0 3.0 4.0

5.0 6.0 1.0 8.0
r-1073pm

Fig. 2. Experimental radial distribution curve and difference curves for MnR,. Artificial damping constant k =
20 pm?. Major interatomic distances are indicated by perpendicular bars.

556



90.00

MANGANESE ALKYLS

1/4&"/mol EMU-"
30.00 45,00 40.00 75.00

15.00

=
=

Fig. 3. 1/x%°" for MnR; as a function of T at 40
kGauss.
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half of a threaded KEL-F container in an argon
dry-box.

Magnetic susceptibilities were measured at 5
and 40 KG and from 5 to 280 K. The temperature
intervals were 3 K from 6 to 21 K, 5 K from 25 to
50 K, 10 K from 50 to 100 K, and 20 K from 100
to 240 K. Instrument problems gave rise to er-
ratic behaviour above 240 K, but this was in no
way related to the sample. Molar susceptibilities,
XM, were corrected for container and sample dia-
magnetism. A plot of x,, " against T is shown in
Fig. 3.

Observed 1/x\®" values were fitted to

e = (T-0)/C

using a program written by Dr. E. Gamp, and
effective magnetic moments calculated as p =
2.828 C'2.

The resulting values were p = 5.45 B.M. and 6
= -1K (at 5KG), and p = 5.53 B.M. and 0 =
-3 K (at 40 KG).

Table 2. lonization energies for Mn(CH,CMe,),.

Band .LE./eV Assignment
A 7.2 Mn 3do

B 79 0,(Mn-C)

c 9.6 04(Mn—C)
D 11.2 ligand

E 12.5 -

F 16.2 ="

G 17.6 ——

H 21.8 =

120.00 160.00 200.00 240.00 260,00 320,00

Photoelectron spectra. Bisneopentylmanganese =
Mnnp, was synthesized as described by Wilkinson
and coworkers.!

Table 3. Total energies, orbital energies and
population parameters obtained by SCF MO
calculations on high-spin (°A;) Mn(CHj),.

R(Mn—C)/ pm Total energy/a.u.
210 —1228.6314
213 —1228.6318
216 —1228.6313
R, = 213 pm
Orbital energies for R = 2.10 A

e/eV
Say’ o(Mn-C) —8.48
a; oMn-C) -10.73
‘e’ o(C—H) -13.65
%" o(C-H) -13.71
8a; Mn(do) -14.62
e Mn(dr) -16.29
3¢’ Mn(dd) —-16.70
Atomic orbital populations
Mn (4s) 0.63
Mn (dd) 1.00
Mn (dn) 1.00
Mn (do) 1.1

Net charges

Mn +1.40
C -1.19
H +0.16

37"
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He I and He II photoelectron spectra were
determined using a PES Laboratories 0078 PE
spectrometer interfaced with a Research Ma-
chines 380 Z microprocessor. The compound was
held at temperatures between 75 and 90 °C during
data aquisition. The spectrum was calibrated us-
ing N,, Xe and He.

Molecular orbital calculations. Ab initio molec-
ular orbital calculations on high-spin °A, Mn
(CH,), were carried out with the program
DISCO® with Gaussian-type basis. For Mn we
used a (12s, 6p, 4d) basis' contracted to <9s, 4p,
3d>, for C a (7s, 3p) basis'' contracted to <ds,
2p>, and for H a (3s) basis'? contracted to <2s>.

Calculations were carried out on a model of
Dy, symmetry, i.e. with ZCMnC = 180° and
eclipsed methyl groups. The C-H bond distance
was fixed at 109 pm, the angle ZMnCH at 109.5°,
and calculations carried out with Mn—C bond dis-
tances of 120, 213 and 216 pm. The resulting
energies are listed in Table 3. Interpolation yields
an optimal Mn—C distance of 213 pm.

Results and discussion

Alkylation of MnCl, with (LiR), [R = CH
(SiMe;),’] in diethyl ether followed by vacuum
distillation yields solvent-free MnR,, m.p. 8-
10°C. The molecular weight in pentane (M =
364) was consistent with monomeric species (M
= 373). The magnetic moment in C;Dy solution
at ca. 30°C measured by Evans’ method® was p
= 527 BM.

The magnetic susceptibility of liquid MnR,
showed Curie-Weiss behaviour from 5 to 240 K
with an average magnetic moment of 5.49 B.M.
This result demonstrates that the Mn centers are
high-spin, S = 5/2, and magnetically independ-
ent, which in turn indicates that the liquid (glass)
consists of monomeric species.

Mn(CH,SiMe,),, where each C, carries one
SiMe; group, forms a linear alkyl-bridge polymer
in the solid state.! The magnetic moment in ben-
zene solution at ambient temperature (ca. 3.0
B.M.) and ESR spectra in frozen toluene in-
dicated the presence of dimeric (or oligomeric)
species with antiferromagnetic coupling between
high-spin Mn centers.

Variable temperature (5-280 K) magnetic sus-
ceptibility studies have been completed for solid
Mn(CH,SiMe,), and show that the compound
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does not follow Curie-Weiss behaviour, consis-
tent with spin-pairing as a function of temper-
ature. The effective moment of 2.38 B.M. at 282
K and at 5 gauss is consistent with the solution
moment. These studies will be reported later.

Mn{C(SiMe,)},, where each C, carries three
SiMe; groups, is monomeric in the solid phase
and in solution;* association is presumably pre-
vented by the extreme bulk of the ligand. Our
results indicate that two SiMe; groups attached to
each C, in MnR, are sufficient to prevent associ-
ation.

The gas electron diffraction pattern of MnR,
was recorded with a nozzle temperature of ca.
120°C. Least-squares refinement of nine struc-
ture parameters and eleven root-mean-square
amplitudes of vibration yielded the values listed
in Table 1.

The Mn-C bond distance in MnR, is 201(3) pm
and thus significantly shorter than the Mn-C
bond distances in Mn{C(SiMe;),},, viz. 210.2(4)
pm,* and Mnnp,, 210.4(6) pm.° Inspection of the
RD curve for MnR, (Fig. 2) shows that the peak
representing the two Mn-C bond distances forms
a barely perceptible shoulder on the high-r side of
the much larger peak representing sixteen Si—C
distances. Under such circumstances it is difficult
to assess not only the best value for Mn—C but
also the proper error limits. However, after hav-
ing made several unsuccessful attempts to obtain
satisfactory agreement with a model of MnR,
with Mn-C near 210 pm, we are confident that
the above mentioned difference is real.

The molecular structures of HR [= H,C
(SiMe;),] and of the two main group metal dial-
kyls GeR, and SnR, have recently been deter-
mined by gas electron diffraction.”*'* Compari-
son shows that the replacement of an inner,
methylene H atom in HR with a high-spin Mn(1I)
atom leads to a significant increase of the ZSiC'Si
angle, from 123.2(9)° to 130(2)° and a slight but
significant decrease in the mean Si-C bond dis-
tance, from 187.8(1) pm to 186.9(2) pm.* Both

* The two Si~C bond distances Si~C' and Si~C° are
strongly correlated and cannot be determined with
sufficient accuracy to allow the determination of the
H to Mn substitution effect on each. It seems prob-
able that the major effect would be on the Si-C!
bonds; if the Si—C° bonds are assumed unaltered, the
observed decrease of the mean Si-C bond distance
indicates that Si~C' distances decrease by 4 pm on Mn
substitution.



changes are in the opposite direction to those
expected from steric considerations, and found in
GeR,; and SnR;: £SiC'Si = 113.0(5)° (Ge) and
114.0(3)° (Sn) and mean Si-C = 188.5(3) pm
(Ge) and 188.6(3) pm (Sn).

These differences prompted us to look for
agostic Mn---H interactions® in MnR,. This mol-

MANGANESE ALKYLS

ecule is too large to allow determination of the
position of individual H atoms; only a mean C-H
bond distance and a mean SiC°H angle have been
refined ; the H atoms are essentially in calculated
positions. All Mn to methyl H atom distances
are, however, greater than 290 pm, long enough
to rule out any significant interactions.

1.E. /aV
Counte 5.0 7.8 8.0 11.8 13.8 15.8 17.8
6900 e
D .
15.8 13.8 11.8 e.a 7.8 5.a 3.8
K.E. /eV
I.E. /aV
CounteB. 0 18.8 14.0 18.@ 22.9
552 = F.

33.0 28.8

25.8 21.9

K.E./aV¥
Fig. 4. He | and He |l photoelectron spectra of Mn(CH,CMe,), (= Mnnp,).
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Least-squares refinements were based on a
model in which the valence angle ZMnC'H' was
fixed at 106°, which yielded a calculated Mn---H'
distance of 253 pm. If ZMnC'H' is reduced to 75°,
Mn---H' is reduced to 220 pm, still significantly
longer than the agostic interaction in Mn(n-
C,HgMe) (CO),, where Mn---H = 184(1) pm.!¢

The molecular structure of CrR, has been de-

termined by X-ray crystallography.'” In this com-
pound £SiC'Si = 118.2(6)°, and the small value
compared to MnR, may be partly due to inter-
ligand repulsion. The difference between the
Cr—C and Mn-C bond distances [Cr—-C = 207(1)
pm'” and Mn~C = 201(3) pm] is of the magnitude
expected for neighbouring 3d elements.

When comparing the Mn-C bond distances in

1.E./aV
CounteB. B 7.8 8.8 8.8 19.0
4829
B8 c
A
15.2 14.2 13.2 12.2 11.2
K.E./7aV
1.E./aV
CounteB. @ 7.8 8‘. 2 9: a 18.08
1108

33.8

34.8

32.8

31.8 3.8

K.E./aV

Fig. 5. Low ionization energy regions of the spectra shown in Fig. 4.
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MnR,, Mnnp, and Mn{C(Si-Me,)}, it should be
kept in mind that the Mn-C root-mean-square
amplitudes of vibration obtained in the GED
studies of the first two, /(Mn-C) = 10(4) pm (R)
and 9.2(12) pm (np), indicate that the bond is
easily deformed: The Mn-C stretch force con-
stant obtained from the ab initio calculations on
MnMe, (see below) indicates that the energy re-
quired to increase the length by 9 pm is only
about 8 kJ mol™!. We believe the greater Mn—C
bond distance in Mn{C(SiMe;);}, to be at least
partly due to inter-ligand repulsion.* In this mole-
cule £SiCSi = 112.3(2)°, significantly smaller
than in HC'(SiMe,);,’* where «£SiC'Si =
116.3(8)°.

The longer Mn—-C bond distance in Mnnp,
may, again at least in part, be an electronic ef-
fect; the Group 4 metals Ti and Zr are known to
form significantly weaker bonds to CH,CMe,
than to CH,SiMe;,. ®

We now turn our attention to the results of MO
calculations on Mn(CH,;), and the photoelectron
spectra of Mnnp,. While these studies fail to
throw light on the Mn~C bond distance differ-
ences discussed above, they do provide general
information on metal-carbon bonding in Mn(II)
alkyls.

Since permutation of the five electrons be-
tween the 3d orbitals yield only one °A, state,
high-spin Mn(CH3), is expected to be adequately
described within the Hartree-Fock approxima-
tion. Ab initio MO calculations yield an optimal
Mn-C bond distance of 213 pm, in good agree-
ment with the bond distances in Mn{C(SiMe,),},
and Mnnp,, and 6 % greater than in MnR,. The
energies of the highest occupied MO’s and some
population parameters are listed in Table 3. The
net atomic charge on Mn appears to be quite high
(+1.40), as expected for high-spin Mn(II); the
net charge on Zn obtained in similar calculations
on Zn(CH,;), % is +0.92. Sine the population of
each 3dn orbital on Mn is 1.00, there appears to
be no back-donation of C-H bond pairs into
these orbitals. The population of the 3do = 3d,?
orbital is 1.11, indicating some interaction with
the Mn—C o-bonding system.

The photoelectron spectra of Mnnp, are shown
in Figs. 4 and 5. The points give the experimental
data, the solid lines represent least-squares fits to
these points.

In the region above 10 eV (Fig. 4) the spectral
profile is characteristic of the neopentyl ligand

MANGANESE ALKYLS

and may be compared to that found for neopen-
tane itself ' or Crnp,.? The resemblance is most
pronounced in the He II spectrum, indicating
that in the He I spectrum we are losing intensity
from the slow electron bands, presumably as a
result of contamination of the target chamber and
analyzer during the course of the run.

In the region below 10 eV (Fig. 5), three dis-
tinct ionization features are visible though the
first (A) is weaker than the other two (B and C).
A is, however, not of the correct kinetic energy
or intensity to be a shadow of the main band
caused by additional lines in the discharge
source, and its position in the spectrum is consis-
tent between the He I and He II regions. Its
intensity is greater in the He II spectrum, in-
dicating that it may be part of the 3d band mani-
fold.

In the PE spectrum of Crnp, a band at 7.25 eV
has been assigned to 3d ionization while a peak at
8.37 €V has been assigned to ionization from the
t, Cr-C bonding orbital. Mn(n-C;H;),, a
pseudo-linear high-spin Mn(I1I) compound, has
PE bands assigned to d ionizations at 6.91, 10.10
and 10.51 eV.? These d bands are broad, as
ionization of d electrons in high-spin molecules is
associated with significant changes in metal-li-
gand bond lengths; similar broad bands are com-
monly found for ionization of f-bands in lantha-
nide and actinide compounds (see for example
Ref. 24). We consequently assign band A to ion-
ization from the 3do orbital, which according to
our calculations on Mn(CH;), and ligand field
considerations should be the highest d orbital.
Bands B and C are assigned to the highest occu-
pied molecular orbitals of Mn(CH,),, the asym-
metric and symmetric Mn—C o-bonding orbitals.
Since ionization from the metal-centered 3do or-
bital is expected to be accompanied by greater
relaxation of the molecular ion, it is not unex-
pected that it will require less energy than in-
dicated by orbital energy considerations.
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