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Abstract: The dinuclear mixed-valent
complex [(MeCsH,)(dmpe)MnC,Mn-
(dmpe)(CsH,Me)] * [(n*-MeCsH,);Mn]
[1]7[2]” (dmpe=1,2-bis(dimethylphos-
phanyl)ethane) was prepared by the re-
action of [Mn(MeCsH,),] with dmpe
and Me;SnC=CSnMe;. The reactions of
[1]*[2]” with K[PF,] and Na[BPh,]

the neutral form by reaction with Na/
Hg. The obtained complex [(MeCsH,)-
(dmpe)MnC,Mn(dmpe)(CsH,Me)] (1)
displays a triplet/singlet spin equilibri-
um in solution and in the solid state,
which was additionally studied by DFT
calculations. The diamagnetic dication-
ic species [(MeCsH,)(dmpe)MnC,Mn-

(dmpe)(CsH,Me)][PF¢], ([1][PFs],) was
obtained by oxidizing the mixed-valent
complex [1][PF,] with one equivalent
of [Fe(CsHs),][PF4]. Both redox pro-
cesses are fully reversible. The dinucle-
ar compounds were characterized by
NMR, IR, UV-visible, and Raman
spectroscopy, cyclic voltammetry, and

yielded the corresponding anion meta-
thesis products [(MeCsH,)(dmpe)Mn-
C;Mn(dmpe)(CsH,Me)][PF,] ([1][PF,])
and [(MeC;H,)(dmpe)MnC,Mn(dmpe)-
(CsH,Me)][BPh,] ([1][BPh,]). These
mixed-valent species can be reduced to

Introduction

The field of electronics using single-molecule components
has recently received much attention as a possible new path
for the continued miniaturization of electronics. Molecular
wires are conceptually the simplest components and basic
motifs of single electron devices.'"” Organometallic com-
plexes consisting of a cumulenic spacer and transition-metal
end groups were anticipated to appropriately serve the fun-
damental requirements for the wire function."** Related
polymers or oligomers consisting of dinuclear transition-
metal units spaced by —(C=C),— bridges were first reported
by Hagihara etal. in the late 1970s.® Even though this
earlier work has been joined by extensive preparative explo-
rations, there is still lack of knowledge on appropriate —
(L,M—C,—ML,,),— species and even on their L, M—C,—ML,,
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magnetic susceptibility measurements.
X-ray diffraction studies were per-
formed on [1][2], [1][PF,], [1][BPh,],
and [1][PF..

density

manganese -

monomers. In redox wires®¥ this electronic communication
between the remote ends is related to the capability to un-
dergo facile redox changes in conjunction with a strongly
bound and electronically delocalized spacer.l®’ Quite a few
cases!!®152532398 have been studied, but there is still
demand for further thorough explorations.

Redox-active metal centers combined with C, bridges are
expected to exhibit strong through-bridge interactions. How-
ever, such species have rarely been reported.”* We there-
fore initiated a search for C,-bridged species with prominent
redox and electron delocalization properties based on low-
energy work functions. These requirements were anticipated
to be well satisfied by half-sandwich molecular end groups
with manganese centers bearing electron-donating phos-
phane and cyclopentadienyl ligands. By analogy we were
able to access related redox-active dinuclear complexes of
the type [{Mn(dmpe),(X)},(p-C,)]" (X=1, C=CH, C=C—C=
CSiMe; and n=0-+2),1>673 byt the C,-bridged complex
with, for instance, X =1 could not be isolated.

Nevertheless, we then attempted the preparation of half-
sandwich complexes of the type [(MeCsH,)(dmpe)Mn—C=
C—Mn(dmpe)(MeCsH,)["t (n=0, 1, 2) starting from the
substituted manganocene [(MeCsH,),Mn],’>*! dmpe, and
Me;SnC=CSnMe;. The synthetic potential of manganocenes,
in particular with regard to Cp or MeCsH, replacement, has
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not been exploited appropriately, except for an earlier work
by us.l*”

Results and Discussion

Synthesis of the salt [(MeCsH,)(dmpe)MnC,Mn(dmpe)-
(CsHMe)] " [(m*-MeC;H,);Mn]~ ([1]7[2]): Treatment of
[(MeCsH,),Mn] with dmpe affords the pale yellow adduct
[(W*-MeCsH,)(n’-MeCsH,)Mn(dmpe)].®¥  The compound
was crystallized from diethyl ether/pentane at —30°C. The
X-ray crystal structure of this d° high-spin complex was de-
termined (Figure 1). Remarkably, one of the methylcyclo-
pentadienyl rings is coordinated to the metal center in an 1’
fashion, rather than in the 1’ mode suggested by Wilkinson
et al.® This is also in contrast to the structures of related
complexes [(n>-CsHs),Mn(dmpe)] (dmpe = 1,2-bis(dimethyl-
phosphino)ethane),® ! [(W’n!-CsHs),Mn(tmeda)]  and
[(m'M'-MeCsH,),Mn(tmeda)] (tmeda=N,N,N',N'-tetrameth-
yl 1,2-ethanediamine),®™ 7 in which other hapticities of the
Cp rings occur. It was not possible to provide evidence for
the hapticity of the cyclopentadienyl rings in solution, since
the '"H NMR spectrum shows strong line broadening due to
the paramagnetism of these species. The low hapticities of
the Cp rings, which we assumed to prevail also in solution,
may be supportive of the facile ring displacements exploited
in the following reactions.

The reaction of Me;SnC=CSnMe; with two equivalents of
[(W*-MeCsH,)(n*-MeCsH, )Mn(dmpe)] in THF at room tem-
perature did not yield the ex-
pected [(MeCsH,)(dmpe)Mn-
CMn(dmpe)(CsH,Me)]  (1);
instead, its oxidized mixed-
valent form [1]* was obtained
in combination with the trigo-
nally coordinated high-spin
anion [(n*-MeCsH,);sMn]~ (2),
which was described earlier by )
us.””! The brown paramagnetic
product [1]*[2]” was isolated
in a 67% theoretical yield
based on [(MeCsH,),Mn] and
the given stoichiometry of
Scheme 1. The formation of
this peculiar pair of complexes
can be rationalized on the Me,R
basis of strongly reducing
properties of neutral 1, which
may indeed form first. Subse- o
quent electron transfer occurs
from 1 to an intermediate
Mn" complex cation
[(MeG5H,)(dmpe)Mn(y'-dmpe)]
to form the very stable complex +
[{(MeCsH,)(dmpe)Mn},(p-dmpe)]

(3) and dmpe. Formation of Me,P
the intermediate cation can be
envisaged by ligand dispro-
portionation  starting from

Scheme 1.
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Figure 1. Molecular structure of [(n*-MeCsH,)(n’-MeCsH,)Mn(dmpe)]
(30% probability displacement ellipsoids). Selected bond lengths [A] and
angles [°]: Mn1—C9 2.374(2), Mnl—C10 2.409(2), Mnl-P1 2.6646(6),
Mnl1-P2 2.7153(6); C9-Mn1-C10 34.19(8), C9-Mnl-P1 128.92(6), C10-
Mn1-P1 108.78(7), C9-Mn1-P2 103.96(7), C10-Mn1-P2 131.54(6). Hydro-
gen atoms are omitted for clarity.

Me —
N + 2 Me;Sn c=c SnMe,
Me,
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[(*-MeCsH,)(n’-MeCsH,)Mn(dmpe)] [Eq. (1)], which also
makes 2 available.

2[(MeCsHy),Mn(dmpe)] = [(MeCsH4)(dmpe)Mn(nl-dmpe)}*(l

+ [(nz-MeCsH4)3Mn] -

In the 'HNMR spectrum of 3 the protons of the dmpe
ligand were observed at 1.1-1.7 ppm. The resonances for the
methylcyclopentadienyl ring appear as singlets at 3.6 and
3.8 ppm, and the methyl protons as a singlet at 2.2 ppm. The
'P NMR spectrum exhibits two broad resonances at 56.0
and 87.9 ppm. Compound 3 was crystallized from diethyl
ether at —30°C and was characterized by X-ray diffraction
(Figure 2).

Figure 2. Molecular structure of 3 (30% probability displacement ellipsoids). Selected bond lengths [A] and
angles [°]: Mn1-MeCp1(Cg) 2.132(3), Mn2—MeCp2(Cg) 2.132(3), Mnl-P1 2.1814(8), Mnl1—P2 2.1783(8),
Mn1-P3 2.2041(7), Mn2—P4 2.2090(8), Mn2—P5 2.2055(8), Mn2—P6 2.1948(8); P1-Mn1-P2 83.89(3), P2-Mnl-
P3 95.83(3), P5-Mn2-P6 84.20(3), P5-Mn2-P4 99.03(3), P6-Mn2-P4 95.30(3), Mn1-P3-C15 114.20(9). Hydrogen

atoms are omitted for clarity.

It was found earlier that the trigonal-planar tris(n*-meth-
ylcyclopentadienyl)manganate anion 2 is stable only in the
presence of large cations.”” Therefore its stability in the salt
[1][2] is assumed to be supported by the presence of the
bulky and relatively inert coun-
terion [1]*. The overall reaction
forming the complex [1][2] is
thus a complicated multistep
process involving electron and
ligand exchanges. The 'H NMR
spectrum of [1][2] shows broad
signals for the dmpe ligand at
—8.2 ppm and for the methylcy-
clopentadienyl protons at —7.20
and 1.1 ppm; this is expected
for a mixture of paramagnetic
d°/d* low-spin complexes with
chemical shifts in the upfield
region. In accord with related
investigations of Kohler
et al.,”** the proton signals of
the cationic part of [1][2] show
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a linear dependence of the chemical shifts on 1/7, which
stresses their Curie-Weiss behavior. Deep red plates of [1]
[2] were obtained by slow diffusion of diethyl ether into a
saturated solution of the complex in THF. The structure of
[1][2] was determined by X-ray diffraction (Figure 3).

Anion metathesis of [1]*[2] with [PF;]” and [BPh,] : Treat-
ment of the reaction mixture of [1][2] with an excess of
K[PF;] or Na[BPh,] respectively, gave the desired salts [1]*
A~ (A=PF;, BPh, ; Scheme 2); these have good solubility
in dichloromethane, while [1][2] is soluble in THF. The
"H NMR spectra of [1][PF4] and [1][BPh,] show single reso-
nances for the methyl group of the methylcyclopentadienyl
unit at 0.3 ppm and broad superimposed high-field reso-
nances for the dmpe and ring
protons at —7.9 ppm. Both
complexes were additionally
characterized by single-crystal
X-ray diffraction, which showed
that the ion [1]* has a stable
structure, grossly independent
of influences of the counterions.
Deep red single crystals of [1]*
[BPh,] suitable for X-ray stud-
ies (Figure 4) were obtained
from CH,CL/THF (1/1) at
—40°C.

Redox chemistry of [1][PF]
leading to 1 and [1][PF],: The
mixed-valent species [1][PF]
requires a strong reducing
agent for its transformation into
the neutral complex 1. Thus, re-
duction of [1][PF,] was carried
out with Na/Hg in THF at room
temperature for 5h and led to
the dark red neutral complex 1 (Scheme 2), which is soluble
in pentane. Compound 1 is very sensitive towards oxygen
and moisture and decomposes in solution within 24 h. Con-
centration of a solution of 1 and crystallization at —40°C

Figure 3. Molecular structure of [1][2] (30% probability displacement ellipsoids). Selected bond lengths [A]
and angles [°]: Mn4—C28 1.790(7), C27—C28 1.312(8), Mn4—P7 2.232(2), Mn4—P8 2.217(2); C27-C28-Mn4
173.8(5), C28-Mn4-P8 86.88(18), C28-Mn4-P7 94.8(2). Seven independent molecules are found in the unit cell,
of which only two are displayed for clarity. Hydrogen atoms are omitted for clarity.
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gave deep red crystals, for which an X-ray diffraction study
was performed (Figure 5).

The 'H NMR spectrum of 1 revealed an unusual paramag-
netic behavior from room temperature down to —90°C. At
room temperature the '"H NMR resonances for the methyl-
cyclopentadienyl ring protons were observed as two sharp
singlets at 4.95 and 6.67 ppm and those of the methyl pro-
tons at 2.47 ppm; both groups of resonances appeared in a
chemical shift range quite consistent with that of diamagnet-
ic compounds. However, the proton resonances for the
dmpe ligand were observed at room temperature in a para-
magnetically shifted range of —0.09 — 1.54 ppm. The high-
field P NMR resonance of 1 at around —21.6 ppm™ also
indicates paramagnetic influence. Variable-temperature
'HNMR studies revealed that the chemical shifts of the
methylcyclopentadienyl ligand were only weakly dependent
on temperature, whereas the signals of the phosphorus
donors exhibit a very strong temperature dependence. Vari-
able-temperature *'P NMR experiments in the range from
—90 to +50°C showed a steady shift of the signal to lower
field, which finally leveled off at —90°C.

This can be explained by assuming an equilibrium be-
tween a singlet ground state and a triplet state of 1, with the

Chem. Eur. J. 2004, 10, 4872 —4885 www.chemeurj.org
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latter at somewhat higher
energy (several kcalmol™, see
DFT calculations below). If
thermal equilibration according
to Equation (2) is fast on the
NMR timescale, this leads to
averaging of the signals of both
species.

In the  high-temperature
regime of Figure 6 the triplet
molecule thus prevails and
causes Curie—Weiss behavior of
the curve in the initial part of
the 1/T plot, while at low tem-
perature the singlet molecule is
dominant and leads to an ap-
proximately constant *'P NMR
chemical shift. Note that the
magnetic susceptibility mea-
surements in the solid state
(vide infra) support paramag-
netic behavior of 1 due to two
electrons at room temperature,
but also a spin equilibrium with
the singlet state, as the ground
state and the triplet state in
close energetic vicinity. Further-
more, the singlet state appears
energetically more preferred in
solution than in the solid state,
owing to significant extra stabi-
lization from a specific interac-
tion with the solvent. To pro-
vide support for this view of
equilibrating spin states in both
solution and the solid state,
DFT calculations were carried out on a model system (see
below).

[1][PF¢] could be oxidized with one equivalent of [Cp,Fe]
[PF,] in CH,Cl, over 24 h to [1][PF4], in quantitative yield.
Complex [1][PF], shows diamagnetic behavior. The
"H NMR of [1][PF,], reveals a broad resonance for the pro-
tons of the methylcyclopentadienyl ring at 6.2 ppm, and the
signal for the methyl protons appears at 2.1 ppm. The
3P NMR spectrum exhibits a broad resonance at 79.3 ppm
for the dmpe ligand and a septet for the [PF,]” ion at
144.8 ppm. The deep red-brown crystals of [1][PF], are only
soluble in polar solvents like CH;CN and CH;NO,. They
are stable in air, which contrasts with the behavior of the
complexes [1][PF,] and 1. Single crystals of [1][PF], were
obtained from CH;CN/CH,Cl/THF (2/1/1) at —40°C
(Figure 7).

€;

Me. P//\pM—‘+
2\ :\\
\
&

Me/

DFT calculations: DFT calculations on the neutral model
complex [(MeCsH,)(dHpe)MnC,Mn(dHpe)(CsH,Me)] (1-
H) in the gas phase revealed a paramagnetic ground state,
with a singlet state at somewhat higher energy. The energy
difference between the most stable conformations of the
two spin states of 1-H is only 4.5 kcalmol ™. This quite small
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Figure 4. Molecular structure of [1][BPh,] (30 % probability displacement
ellipsoids). Selected bond lengths [A] and angles [°]: Mn1—C1 1.8003(18),
C1—Cla 1.291(4), Mn1-MeCp(Cg) 2.165(2), Mn1-P1 2.2504(6) Mn1—P2
2.2201(6); Mnl-C1-Cla 178.2(2), C1-Mnl-P1 92.29(6), C1-Mnl-P2
88.48(6), P1-Mn1-P2 84.86(3). Hydrogen atoms are omitted for clarity.

Figure 5. Molecular structure of 1 (30% probability displacement ellipsoids). Selected bond lengths [A] and
angles [°]: Mnl1-C1 1.872(2), C1-Cla 1.271(4), Mnl-MeCp(Cg) 2.156(2), Mnl-P1 2.1871(7), Mnl-P2
2.1943(7); Mn1-C1-Cla 176.7(2), C1-Mn1-P1 87.62(7), C1-Mn1-P2 89.77(7), P1-Mn1-P2 83.66(2). Hydrogen

atoms are omitted for clarity.

difference is nevertheless in contrast to the experimental ob-
servations. To put this in perspective one should bear in
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mind that the calculations were carried out on the model
system 1-H, since replacement of the phosphane methyl
groups in 1 by H substituents®® might affect the relative
energies of HOMO and
LUMO, and therefore the ener-
gies of the triplet and singlet
states. Nevertheless it is clear
from the calculations that the
singlet and triplet states are
close in energy.

It was found that the mini-
mum energies of the structures
associated with the different
electronic states refer to differ-
ent rotamers of 1-H, character-
ized by dihedral angles « of the
pseudo mirror planes of the
(MeCsH,)(dHpe)Mn fragments
of 179.5° (transoid geometry)
for the triplet state T1 and for
the singlet state S1 and 89.9°
(gauche geometry) for the other
triplet state T2.

An analysis of MeCsH, rota-
tion was carried out on Mn—Mn
rotamers. The respective ener-
gies of the rotational isomers of
the CsH,Me rings are indicated
in Figure 8. The calculated
energy differences are rather
small; therefore, the C;H,Me ring rotation is not considered
further.

www.chemeurj.org Chem. Eur. J. 2004, 10, 4872 - 4885
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Figure 7. Molecular structure of [1][PF;], (30 % probability displacement
ellipsoids). Selected bond lengths [A] and angles [°]: Mn1—C1 1.733(2),
Mn1-MeCp(Cg) 2.164(2), Mn1—P1 2.2595(8), Mn1—P2 2.2818(7), C1—
Cla 1.325(5); Mnl1-C1-Cla 175.7(3), P1-Mn1-P2 85.28(3), P1-Mn1-C1
86.68(9), P2-Mn1-C1 94.59(8). Hydrogen atoms and the anions have been
omitted for clarity.

Energy kcal mol™
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Figure 8. Potential energy surfaces for singlet and triplet states of model
complex [(MeC;sH,)(dHpe)MnC,Mn(dHpe)(MeC;sH,)] (1-H) showing the
changes in relative energies with respect to the reaction coordinate a, de-
fined as the dihedral angle between the local pseudo mirror planes of the
two (MeCsH,)(dHpe)Mn fragments; distinct rotamers of the (MeCsH,)
rings are also taken into account (open symbols: partially optimized ge-
ometry; gray symbols: fully optimized geometry for the (MeCsH,) ring
with proximal methyl groups at 90° to the Mn—Mn axis; black symbols:
fully optimized geometry for (MeCsH,) with distal methyl groups at 90°
to the Mn—Mn axis.

Chem. Eur. J. 2004, 10, 4872 —4885 www.chemeurj.org

The two potential-energy curves displayed in Figure 8 for
the singlet and triplet states showed no crossing point along
the reaction coordinate. The triplet state of model complex
1-H is according to the calculations in all cases more stable
than the singlet state, but very small energy differences of
1.3-1.4 kcalmol ! are seen between the two states in the 0
and 180° conformations. It is also worth noting that the sin-
glet state is considerably destabilized in its 90° (or 270°) ge-
ometry, and this results in a large gap of 13.5 kcalmol " with
respect to the corresponding local triplet-state minima. It
should be emphasized once more that the triplet curve
being energetically below the singlet curve does not agree
with the experimental observations and presumably corre-
sponds to an artifact of the calculations. Nevertheless, the
general rule that reactions with a barrier of 21 kcalmol ™! or
less will proceed readily at room temperature® suggests
that facile rotation around the Mn—Mn vector can occur in
solution regardless of the electronic configuration. A hint
that the calculated order with T2 (a¢=90°) energetically
below T1 and S1 might not agree with reality comes from
the structure determination of 1, which suggests the real
ground state geometry to have a=180°, which is the case
for T1 or S1. However, even T1 lying energetically below S1
seems to be false according to the NMR data and of the
magnetic measurements. However, this situation should not
be stressed too much, since T1 and S1 were computed to be
very close and this allows one to conclude that both triplet
and singlet states could be real and might even coexist with
a very small energy difference.

A careful analysis of the frontier molecular orbitals of
three prominent structures from the potential-energy sur-
faces is shown in Figure 9. The quantitative energy diagrams
provide a comparison between the energy levels of selected
frontier molecular orbitals of the S1 molecule in its lowest
energy conformation (a=180°) and the triplet state mole-
cules T1 (a=180°) and T2 (a=90°). A relatively small
energy gap of 0.29 eV separates the HOMO and LUMO of
S1. These two perpendicular t orbitals have almost identical
shapes. Due to the low symmetry of CpML, fragments®
their v, and m orbitals are nondegenerate and in coplanar
dinuclear arrangements (=0 or 180°); this leads to nonde-
generate m,—, and m;—m; interactions. The HOMO and
LUMO of the S1 molecule are such a pair of &, - and 7 -de-
rived m interactions delocalized along the Mn—C—C—Mn
chain with Mn—C nodal planes.”™ This situation in which
one orbital of a closely related & set is unoccupied mirrors
the fact that 1 is not an electron-precise molecule. The ion
[1]*~ would be so; this would require filling the LUMO of 1
with two electrons and the bridging C, unit to be an acety-
lide ligand C,?". However, [1]*~ seems energetically unfavor-
able, since the out-of-phase Mn—C interactions in the
HOMO and LUMO of S1 (or the two HOMOs of a hypo-
thetical [1]*~ ion) are reminiscent of the m-donor properties
of the C,>~ ligand, which pushes both these orbitals to quite
high energies. The two “excess” electrons of [1]*~ are there-
fore highly reducing in character. The CV results (vide
infra) confirm this picture, in that reduction of 1 is just pos-
sible by one electron, and can occur only at very negative
potentials that are presumably not even synthetically accom-
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Figure 9. Energies of the main frontier orbitals for the selected molecules S1, T1, and T2.

plishable. It is a general feature of all the electronic states of
1 that their HOMOs and SOMOs are at very high absolute
energies and therefore have relatively high values of the or-
bital coefficients at the Mn and C atoms. However, this en-
hances the electron-delocalization properties of molecules
like 1 and also leads to their small work functions. Further-
more, the orbital diagram of S1 shows a set of four occupied
orbitals lying energetically below the HOMO, two of which
exhibit practically only metal d character, whereas the other
two are again a set of nondegenerate 7, and mx interactions
with Mn—C bonding and C—C antibonding character. Over-
all the picture of the perpendicular m sets of the Mn—C,—Mn
fragments is reminiscent of the orbitals of two four-centered
7t systems, in which the two m; orbitals bear only two elec-
trons and thus singlet- and triplet-type distributions result.

The triplet state in the geometry of T1 (a~180°) then
leads to a larger SOMO-LUMO separation than in S1
(0.41 eV). The two unpaired electrons of like spin a occupy
perpendicular orbitals of similar shape, which were HOMO
and LUMO of S1, and the other filled orbitals of T1 are
also very similar to those of S1. The geometry of the triplet
molecule T2 with a=90° shows a large increase in the
SOMO-LUMO gap, which now amounts to 0.90 eV. In the
spin-separated view the upper six singly occupied a spin or-
bitals can now form three doubly degenerate sets of &, -,
between the manganese centers, and the f orbitals accord-
ingly can form two sets.

The spin-separated orbital picture reveals that the energy
minima found for T2, S1, and T1 are the result of counterac-
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tion of electron-electron repulsions and the extent of anti-
bonding Mn—C interactions in the HOMO of S1 with re-
spect to the SOMOs of T1 and T2. The energetic balancing
of these factors with their small partial energy contributions
leads to the observed quite small total energy differences of
S1, T1, and T2. This indeed precludes qualitative arguments,
and, if the calculational procedures tend to overestimate
one or the other factor, then it is quite conceivable that they
might not fully reproduce reality.

The described electronic behavior of complex 1 in solu-
tion, in which its singlet state may even be enforced and
substantially lower in energy than the triplet state, was in-
tended to be mimicked in the calculations by a general sol-
vent effect, by using electrostatic model calculations, and
furthermore by a specific solvent effect in which 1-H is ap-
proached by a solvent molecule. Since 1 is a neutral species,
the effect of model solvation applying electrostatic fields in
the calculations was found to be minor and is therefore ap-
parently not significant.

However, according to a Mulliken charge analysis for the
S1 molecule, the atoms of the carbon spacer carry a positive
partial charge, whereas the metal centers have negative
charges. Thus, a directed interaction between a solvent mol-
ecule, that is, THF with its electron-rich donor atom, and
the carbon atoms could be expected. However, full geome-
try optimizations of model compound 1-H(THF), in which a
tetrahydrofuran molecule interacts with one carbon atom of
the C=C bridge, failed to converge for both spin states, ap-
parently because steric repulsion was too large.
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When the distance to THF was fixed at 2.6 A, there was
no clear-cut preference for a singlet or triplet ground state
of the molecule, and the singlet structure was more stable
by only 0.5 kcalmol '. This might indicate that electron-do-
nating solvent molecules could induce a preference for the
single state.

In conclusion, the gas-phase calculations suggested a trip-
let ground state of the neutral model complex
[(MeCsH,)(dHpe)MnC,Mn(dHpe)(CsH,Me)] (1-H), which
in fact might be artificial. Despite the inability to describe
the kind of ground state with certainty by DFT calculations,
these nevertheless made plausible the fact that the singlet/
triplet energy gap for such dinuclear compounds can be very
small, so that a singlet/triplet spin equilibrium is very likely
to exist for 1. In addition, the singlet state seems to be sup-
ported by solvent interactions.

Cyclic voltammetry (CV) studies, magnetic measurements,
UV-visible studies, and vibrational spectroscopy of 1, [1][2],
[1]1[PF,], and [1][PFl,: Complexes 1, [1][2], [1][PF¢], and
[1][PF¢], exhibit structural variations that are directly relat-
ed to the oxidation states of the manganese atoms. A similar
behavior was observed in complexes with longer carbon
chains between the metal centers.[**#-367 According to
the resonance forms of Equation (3) the Mn—C bonds short-
en with increasing degree of oxidation, while the internal
C—C bond elongates. This indicates that the cumulenic reso-
nance form is transformed into the bis-carbyne type with a
C—C single bond (Table 1).

Mn=C=C=Mn «~ Mn=C—-C=Mn (3)

Table 1. Structural features [A] of the Mn-C,-Mn units in [1], [1]*, and
[1]2+.

Mn—C c—C C-Mn
1 1.872(2) 1.271(4) 1.872(2)
[1][PF,] 1.792(3) 1.310(6) 1.792(3)
[1][BPh,] 1.8003(18) 1.291(4) 1.8003(18)
2] 1.817(7) 1.291(8) 1.760(6)

1.774(6) 1.312(8) 1.776(6)

1.780(6) 1.322(12) 1.780(6)
[1][PF,], 1.733(2) 1.325(5) 1.733(2)

These structural features are expected to be reflected in
appropriate physical properties of these complexes. For in-
stance in Raman spectra symmetric a,, stretching vibrations
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should appear as strong bands. Indeed the solid-state
Raman spectrum of [1][PF4] exhibits such an intense v(C—
C) band at 1564 cm™" with a shoulder at 1590 cm™'. A relat-
ed characteristic strong band was also observed for [1][PF],
at 1314 cm™', but for 1 no such bands were detectable even
when other wavelengths of the incident laser light were ap-
plied. The observed two-band pattern of [1][PF,] could cor-
roborate the existence of two rotamers. The emissions of
[1]** and [1]* indeed correspond to a,, vibrations of the C,
chain.>*! The observed shifts of the v(C,) band on going
from [1]* to [1]** indicate significant changes in the elec-
tronic configuration of the C, chain upon oxidation of the
metal center(s) in the direction suggested by the above reso-
nance forms. This behavior is typical of strongly electroni-
cally coupled systems. Similar structural features of the
MnC,Mn unit were detected in the [{Mn(dmpe),I},(u-C,)]"*
series (n=0, 1, 2).) In addition a Raman emission at
around 340 cm™! was assigned to the »(Mn—C) vibration for
all complexes,'™ and a band at around 270 cm™! was attrib-
uted to an a,, ¥(Mn—P) stretch."™ The IR spectra of 1, [1]
[PFq], and [1][PF,], revealed characteristic v(C—C) vibra-
tions for the methylcyclopentadienyl rings at 1629, 1689 (m),
and 1644 cm™ (w), respectively. The IR intensities of the
v(C=C) vibrations of the C, bridge were apparently too low
to be observed.

The cyclic voltammogram starting from [1]**[PFy], (CV,
20°C, NBu,[PF,]/CH;CN, gold electrode, vs Fc¢/Fc™*) displays
three fully reversible waves (Figure 10): at E,,=—0.847V
corresponding to the Mn"™-C,—Mn™ [1]**[PF,],/Mn"-C,—
Mn"" [1]**[PF,] redox couple (AE,=0.060V and i,/i,,~1
for scan rates of 0.100-0.700 Vs™'), at E,,=—1.835V due to
the Mn"'—C,—Mn" [1]*[PF;[/Mn"-C,~Mn" 1 couple, and at
E,,=-2.824 V due to Mn""-C,~Mn" 1/Mn"—C,—Mn' elec-
tron transfer. This species [(MeCsH,)(dmpe)MnC,Mn(dm-
pe)(MeCsH,)]~ is new and has not been generated in pre-
parative studies. However, the potential of this redox couple
may be too negative for reaching the anion by chemical
means. The difference of the values of the first two waves
(AE,,=0.988 V) establishes a comproportionation constant
of 8.6x10" [K.=exp(FAE,/RT)]."”! Incidentally, both po-
tential differences between the three redox processes have
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Figure 10. Cyclic voltammogram of [1][PFg, (10°m in CH,CN
nBu,[PF/THF, vs Fc/Fc*, gold electrode, 100 mVs™).
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the same large value, which emphasizes the existence of
strong interactions between the manganese centers transmit-
ted through the orbitals of the C, bridge. The K. value of
these complexes exceeds those of a series of complexes with
a C, bridge [{Mn(dmpe),(X)L,(p-C)]"* (X=1, 1.1x10"; C=
CH, 7.5x10°; C=CSiMe;, 2.2x10%; C,SiMe;, 1.8 x10)[*¢7-3
by several orders of magnitude.

The temperature-dependent magnetic susceptibility was
measured for 1 (Figure 11) and [1][PF,] (Figure 12) in the
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Figure 11. Temperature dependence of the molar magnetic susceptibility
for 1.
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Figure 12. Temperature dependence of the molar magnetic susceptibility
for [1]*[PF).

solid state in the temperature range 2-300 K. Complex [1]
[PF¢] has a magnetic moment of 1.67 yg at 5K and 1.04 p;
at 200 K. This is a manifestation of its one-electron para-
magnetism, as also suggested by the 'HNMR stud-
ies.[43‘48‘(’7‘g7]

For 1 the T value at 300 K drops from 0.94 emuK mol
(Uer=2.47 i) to 0.65emuKmol™ (u;=228pgz) at 2K.
From this we can conclude that for the 1 in the solid state
the triplet state exists at all temperatures. However, the ob-
served drop in magnetic moment at low temperatures is un-
expected for a genuine paramagnet. This might be caused
by antiferromagnetic coupling or by a singlet/triplet spin
equilibrium with the singlet form as the ground state. The
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latter explanation is preferred, since DFT calculations on
model molecules suggested the existence of singlet/triplet
equilibria. Furthermore a spin equilibrium for solid 1 would
parallel the observations found for this complex in solution,
albeit with a significantly higher energetic preference for the
singlet state in solution. Any respective quantification re-
garding the electronic states of 1 seemed to be theoretically
and experimentally difficult both in solution and in the solid
state.

The UV-visible spectra of the series of complexes 1, [1]*
[PFy], and [1]**[PF,], (Figure 13) are well-structured with an
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Figure 13. UV-visible spectra of 1, [1]*[PFy] and [1]**[PF,], (CH,Cl,, am-
bient temperature, 1x 107*m). [{CsH,CH;Mn(dmpe)},(u-C,)]"* n=2,

intense band and a shoulder for all complexes and one addi-
tional band of low intensity at shorter wavelength for 1 and
[1]*[PFs]. In comparison with the spectra of 1 and [1]**
[PF],, [1]T[PF4] did not reveal an extra broad absorption at
long wavelength that could be assigned to a mixed-valence
band,[®!"15:18:43.98.74.102-106] 45 expected for class II systems ac-
cording to the Robin-Day classification. In accord with the
CV results, this would allow one to conclude that the man-
ganese end groups of 1, [1]*[PFy], and [1]**[PF], are elec-
tronically strongly coupled and that these complexes belong
to class III. Furthermore, it is quite remarkable how strongly
the systems are affected by charge, since the two major tran-
sitions, which are expected to arise from the same types of
orbitals,"””! shift to shorter wavelengths on going from [1]
[PF,] to [1][PF4],. This is presumably due to the filled orbi-
tals in the HOMO region of [1][PF4], which are particularly
sensitive to positive charge and are therefore significantly
lowered in energy.

Conclusion

A series of half-sandwich Mn-C,-Mn complexes of the type
[(MeCsH,)(dmpe)MnC,Mn(dmpe)(CsH,Me)]"* (n=0, 1, 2)
was prepared. In solution and in the solid state, it is assumed
that the ground state of the neutral species 1 is diamagnetic,
but a triplet state is in close energetic vicinity, so that 1 is
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anticipated to exhibit the interesting phenomenon of a sin-
glet/triplet equilibrium. Density functional calculations sug-
gest a small energy gap between the two electronic states.
Several types of physical studies on the dinuclear com-
pounds stress the fact that the manganese centers have very
strong electronic coupling according to class III systems of
the Robin-Day classification. The interesting electronic
properties exhibited by these complexes makes them prom-
ising candidates for the purpose of molecular electronics.

Experimental Section

General: Reagent-grade benzene, toluene, hexane, pentane, diethyl
ether, and tetrahydrofuran were dried and distilled from sodium benzo-
phenone ketyl prior to use. Dichloromethane was distilled first from
P,0s, and then prior to use from CaH,. Literature procedures were used
to prepare the following compounds: 1,2-bis(dimethylphosphanyl)ethane
(dmpe),"®1 [(MeCsH,),Mn] 55 [(MeCsH,),Mn(dmpe)],®¥  and
[(CsHs),Fe] T [PFo]~.'" Me;SnC=CSnMe; was prepared by a modified lit-
erature procedure (see below). nBuLi (1.6M in hexane), MeLi-LiBr (1.5m
in diethyl ether), and Me;SnCl were used as received. All manipulations
were carried out under a nitrogen atmosphere using Schlenk techniques
or a dry box. IR spectra were obtained on a Bio-Rad FTS-45 instrument,
and near-IR spectra on a Perkin—-Elmer Lambda 19 UV-visible/near-IR
spectrometer. NMR spectra were measured on a Varian Gemini-300 at
300 MHz for 'H, 121.5 MHz for *'P{'H}, and 282.3 MHz for “F. All NMR
spectra of paramagnetic compounds were obtained from concentrated
solutions of analytically pure samples. The assignment of the '"H NMR
signals for paramagnetic signals was principally based on the investiga-
tions of Kohler et al.'® !l Chemical shifts for 'H, *'P, and “F are given
in ppm with respect to the signals for residual solvent protons ('H) of the
deuterated solvents. *'P{'H} NMR spectra are referenced to 98% exter-
nal H;PO,. Cyclic voltammograms were obtained with a BAS 100B/W in-
strument (107> in 0.1 M CH;CN/nBu,N[PF,].

Preparation of Me;SnC=CSnMe,: According to the literature proce-
durel™ acetylene (1 equiv) was introduced into a solution of nBuLi
(2.1 equiv, 1.6M) in hexane and diethyl ether at —70°C under nitrogen.
After stirring the resulting white suspension for 1h at this temperature,
Me;SnCl (2.1 equiv) in diethyl ether was added, and the reaction mixture
was stirred for 1h at room temperature. Then a saturated solution of
aqueous NH,Cl was added carefully and slowly to the solution. The or-
ganic layer was separated and dried over magnesium sulfate overnight.
Evaporation of the solvent gave pure Me;SnC=CSnMe; in good yield
(70-80%) based on Me;SnCl. Alternatively Me;SnC=CSnMe; can be
prepared in good yield (80-90%) by treating Me;SiC=CSiMe; with Me-
Li-LiBr (2.2 equiv) in THF, followed by addition of Me;SnCl (2.1 equiv)
and stirring for 1 h at room temperature. A saturated solution of aqueous
NH,CI was slowly added, and the organic layer was separated and dried
over magnesium sulfate. Evaporation of the solvent gave pure Me;SnC=
CSnMe; in good yield (70-80 %) based on Me;SnClL.
[Bis{[1,2-bis(dimethylphosphanyl)ethane](n5-methylcyclopentadienyl)-
manganese(nlm)}(u-CC)]-[tris(nz-methylcyclopentadienyl)manganate(n)]
[1]112]: [(MeCsH,),Mn(dmpe)] (363.4 mg, 1.00 mmol) was dissolved in
THF (20 mL). Me;SnC=CSnMe; (88 mg, 0.25 mmol) in THF (10 mL) was
added to the resulting yellow solution. The reaction mixture turned red
and then dark red-brown. The mixture was stirred for 72 h. The dark red-
brown solution was evaporated to dryness and washed with pentane, di-
ethyl ether, and benzene until the washings were colorless. After extrac-
tion of the red-brown oily residue with THF (5 mL), the solution was fil-
tered through Celite. Diethyl ether (15 mL) was added, and the mixture
was stored at —30°C. Red-brown crystals were obtained. Yield: 200 mg,
69 %; elemental analysis calcd (%) for CsHe;Mn;P, (864.5): C 64.54, H
6.72; found: C 64.43, H 6.59; '"H NMR ([Dg]THF, 300 MHz, 20°C): 0=
27.8 (s, 18H, (CH;CsH,);Mn"), 1.1 (s, 6H; CH;CsH,), —7.2 (s, 8H;
CH,CsH,), —82ppm (br, 32H; dmpe); *'P{'"H} NMR ([D]THF,
121.5 MHz, 40°C): 6=95.5 ppm (s, dmpe); IR (KBr, 20°C): 7=1689 (m,
br), 1644 (w), 1592 (w), 1568 (w), 1531 (w), 1486 (w) v(C=C), 1449 (w),
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1417 (m), 1377 (w), 1294 (w), 1278 (m), 1233 (w), 1178 (w, br), 1126 (m),
1081 (w), 1058 (w), 1027 (s), 938 cm ™ (s).

Complex [1]7[PF¢]: [(MeCsH,),Mn(dmpe)] (363.4 mg, 1.00 mmol) was
dissolved in THF (20 mL). Me;SnC=CSnMe; (88 mg, 0.25 mmol) in THF
(10 mL) was added to the resulting yellow solution. The reaction mixture
turned red and then dark red-brown. The mixture was stirred for 72 h.
After addition of K[PF,] (500 mg, 2.72 mmol) and stirring for 24 h the
dark red-brown solution was evaporated to dryness and washed with pen-
tane and diethyl ether until the washings were colorless. After extraction
of the brown solid residue with dichloromethane (5mL), the solution
was filtered through Celite. Diethyl ether (15 mL) was added and the
mixture was stored at —30°C. Black-brown crystals were obtained. Yield:
195 mg, 80 %; elemental analysis calcd (%) for C,sH,sFsMn,Ps (737.3): C
42.35, H 6.29; found: C 42.71, H 6.52; 'HNMR (CD,Cl,, 300 MHz,
20°C): 6=0.3 (s, 6H; CH;CsH,), —7.9 (br, 40H; CH,;CsH, and dmpe),
—8.2 ppm (br, 32H; dmpe); *'P{'H} NMR (CD,Cl,, 121.5 MHz, 20°C):
0=—145.7 ppm (sept, Jpr=719 Hz, [PF]7); IR (KBr, 20°C): #=1629 (w,
br), 1487 (w; C=C), 1454 (w), 1418 (m), 1375 (w), 1298 (w), 1280 (m),
1264 (w), 1236 (w), 1127 (m), 1080 (w), 1032 (w), 946 (s), 933 (s; C—P),
841 cm™' (vs; P—F); uoy=1.04 (220), 1.44 (100), 1.67 pg (5 K).

Complex [1]7[BPh,]: [(MeCsH,),Mn(dmpe)] (363.4 mg, 1.00 mmol) was
dissolved in THF (20 mL). Me;SnC=CSnMe; (88 mg, 0.25 mmol) in THF
(10 mL) was added to the resulting yellow solution. The reaction mixture
turned red and then dark red-brown. The mixture was stirred for 72 h.
After addition of Na[BPh,] (924 mg, 2.7 mmol) and stirring for 24 h, the
dark red-brown solution was evaporated to dryness and washed with pen-
tane and diethyl ether until the wash solution was colorless. After extrac-
tion of the red-brown solid residue with dichloromethane (5 mL), the so-
lution was filtered through Celite. Diethyl ether (15 mL) was added and
the mixture was stored at —30°C. Red-brown crystals were obtained.
Yield: 185 mg, 60.6%. Alternatively this complex can be obtained in
90 % yield by reaction of [1]*[PF,] and Na[BPh,] (1 equiv) in THF. Yield
(90%); elemental analysis calcd (%) for Cs)HgBMn,P, (911.41): C 65.87,
H 7.30; found: C 66.00, H 7.50; '"H NMR (CD,Cl,, 300 MHz, 25°C): 6 =
7.4 (br, 8H; 0-C¢Hs), 7.1 (br, 8H; m-C¢Hj), 6.9 (br, 4H; p-C¢Hj), 0.3 (br,
6H; CH,CsH,), —6.7 ppm (br, 40H; CH;C;H, and dmpe). *'P{'H} NMR
(CD,Cl,, 121.5MHz, 25°C): 6=48.6ppm (s, dmpe); "“C{'H} NMR
(CD,Cl,, 125 MHz, 25°C): 0=122.7 (s, p-C¢Hs), 126.9 (s, 0-C¢Hs), 137.2
(s, m-C¢Hs), 165.8 ppm (q, 'Jpc=50 Hz, BC,H;); IR (KBr, 20°C): 7=
1935 (vw), 1874 (vw), 1813 (vw), 938 cm ™' (s; C—P).
{Bis{[1,2-bis(dimethylphosphanyl)ethane](n’-methylcyclopentadienyl)-
manganese(/m)} (u-CC)} bis(hexafluorophosphate) [1]>*[PF],: A solu-
tion of [(CsHs),Fe][PFs] (33.1 mg, 0.1 mmol) in CH,Cl, (10 mL) was
added at room temperature to a solution of [1]*[PF] (73.7 mg,
0.1 mmol) in CH,Cl, (10 mL) and stirred overnight. After evaporation of
the solvent to 2 mL, diethyl ether (20 mL) was added. A dark brown pre-
cipitate was obtained, which was washed several times with diethyl ether
until the washings were colorless. Recrystallization from MeCN/diethyl
ether gave [1]**[PF],. Yield: 84 mg, 95%; elemental analysis calcd (%)
for CyHyeF,Mn,Pg: C 35.39, H 5.26; found: C 35.73, H 5.04. '"HNMR
(CD;NO,, 300 MHz, 30°C): 0=0.96 (s, 24H; P(CH,),), 1.4 (s, 8H;
PCH,), 2.1 (s, 6H; CH;CsH,), 6.2 ppm (br, 8H; CH;CsH,); *'P{'"H} NMR
(CD;NO,, 121.5MHz, 40°C): 6=79.3 (brs, dmpe), —144.8 ppm (sept,
Upr=715Hz; PFg); “C{'H} NMR (CD;NO,, 125MHz, 40°C): 6=
14.6 ppm (br; dmpe), 94.0 (s; MeCp); "FNMR (CD;NO,, 282.3 MHz,
30°C): 6=—74.1ppm (d, Jgp=714 Hz; PF,). IR (KBr, 20°C): #=2012
(w; C=C), 1638 (br, w), 1580 (br, w; C=C), 939 (s; C—P), 835 cm™! (vs, br;
P-F).
{Bis[[1,2-bis(dimethylphosphanyl)ethane](ns-methylcyclopentadienyl)-
manganese(D}(u-CC)} (1): [1]*[PFy] (73.7 mg, 0.1 mmol) in THF (20 mL)
was treated with Na/Hg (5% Na) in THF and stirred for 4 h. After filtra-
tion through Celite and evaporation of the solvent, the brown crude resi-
due was extracted with pentane (3x5 mL) and was filtered again through
Celite. Concentration of the solution and crystallization at —40°C gave
deep red crystals of 1. Yield: 48 mg, 81 %; elemental analysis calcd (%)
for C,sH,Mn,P,: C 52.71, H 7.83; found: C 52.80, H 7.52; 'H NMR
([Dg]toluene, 300 MHz, 20°C): 6=6.67 (s, 4H; CH,CsH,), 495 (s, 4H;
CH,;C;sH,), 239 (s, 6H; CH;CsH,), 1.54 (s, 4H; PCH,), 0.44 (s, 4H;
PCH,), 0.10 (s, 12H; PCH;), —0.09 ppm (s, 12H; PCH;); *'P NMR
([Dg]toluene, 125 MHz, 30°C): 6=-21.6 (s; dmpe); IR (KBr, 20°C): 7=
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1805 (w), 1626 (br, m), 1487 (w), 1450
(w), 1417 (m), 1378 (w), 932cm™" (s;
C-P); u.5=2.74 (300), 2.61 (200), 2.49
(100), 2.35 (10), 2.28 pg (2 K).
{Bis{[1,2-bis(dimethylphosphanyl)eth-
ane](n°-methylcyclopentadienyl)man-
ganese(1/1)}[n-(1,2-bis(dimethylphos-
phanyl)ethane)]} (3): [(MeCsH,),Mn-
(dmpe)] (363.4 mg, 1.00 mmol) was
dissolved in THF (20 mL). Me;SnC=
CSnMe; (88 mg, 0.25 mmol) in THF
(10mL) was added to the resulting
yellow solution. The reaction mixture
turned red and then dark red-brown.
The mixture was stirred for 72 h. The
dark red-brown solution was evaporat-
ed to dryness, and the residue extract-
ed with pentane and diethyl ether. The
solvent was evaporated to yield com-
pound 3. Compound 3 was crystallized
from diethyl ether at —30°C. Yield:
15 mg, 18%; elemental analysis calcd
(%) for C;,Hs,Mn,P4: C 50.15, H 8.70;
found: C 50.52, H 8.60; 'HNMR
(C¢Ds, 300 MHz, 30°C): 6=3.6, 3.8 (s,
8H; CH;C;H,), 2.2 (s, 6H; CH;CsH,),
1.1, 1.2, 1.3, 1.7 ppm (s, 48H; dmpe
and p-dmpe); *'P{'H} NMR (C,Ds,
125 MHz, 30°C): 6=56.0 (s, u-dmpe),
87.9 ppm (s; dmpe); "*C{'H} NMR
(C¢Dg, 125 MHz, 25°C): 6=83.6 (s;
ipso-C, CH;CsH,), 75.9 (s; CH;CsH,),
71.5 (s; CH;CsH,), 70.7 (s; CH;CsH,),
34.1 (m; PCH,), 32.4 (t, Jcp=20.6 Hz;
PCH,), 25.4 (m; PCH,), 24.9 (t, Jcp=
7Hz; p-PCH;), 239 (t, Jep=7Hz;
PCH,;), 22.6 (d, Jcp=15Hz; p-PCH,),
21.9 (d, Jep=14 Hz; PCH,), 15.2 ppm
(s, CH;GsH,).

X-ray crystal structure analyses: X-ray
diffraction data were collected at
183(1) K for compounds [(W’,n*-
MeCsH,),Mn(dmpe)], 3, [1][2], [1]
[BPh,], [1][PF,]. [1][PF,, and 1, by
using an imaging plate detector system
(Stoe IPDS) with graphite-monochro-
mated Mog, radiation. A total of 149,
167, 210, 263, 210, 164, and 167 images
were exposed at constant times of
5.00, 1.50, 8.00, 3.00, 1.80, 3.60, and
2.00 min per image for the seven struc-
tures, respectively. The crystal-to-
image distances were set to 54, 50, 70,
50, 50, 50, and 50 mm (6,,, range:
25.90° for [1][2] and 30.40° for [1]
[PF¢]). ¢ rotation (for 1, [1][PF;], and
3) and oscillation modes for the other
four compounds were used for the in-
crements of 1.2, 1.0, 1.2° and 1.3, 1.0,
0.8, and 1.4° per exposure in each
case. Total exposure times were 24, 16,
43,32, 16, 21, and 17 h. The intensities
were integrated by using a dynamic
peak profile analysis, and an estimated
mosaic spread (EMS) check was per-
formed to prevent overlapping intensi-

ties. For the cell parameter refinements 7997 to 8000 reflections were se-
lected from the whole limiting spheres with intensities />60([) for all

Table 2. Crystallograhic details of [(n’-MeCsH,)(n*-MeCsH,)Mn(dmpe)], 3, [1][2], [1][BPh,], 1, and [1][PF],.

[(nn*-MeCsHy), 3 (2]
Mn(dmpe)]
formula C,sH;3;)MnP, C3Hg,Mn2P; C3H,pMngPy,
color, habit light green plate orange block red plate
M, 363.30 718.50 2654.02
crystal size [mm] 0.06x0.20x0.28 0.56x0.55x0.37 0.15x0.25x0.31
T K] 183(2) 183(2) 183(2)
A(Moy,) [A] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic
space group P2,/n P2/c Pl
a[A] 8.5805(5) 16.2679(9) 16.3581(11)
b[A] 15.3024(12) 14.2086(10) 20.6494(14)
c[A] 14.8060(8) 17.2417(10) 23.6425(16)
al’] 90 90 112.426(8)
Al 95.771(7) 115.763(6) 107.625(8)
y [°] 90 90 93.828(8)
vV [AY 1934.2(2) 3589.2(4) 6883.4(8)
V4 4 4 2
Peatea [gem ] 1.248 1.330 1.281
u[mm™'] 0.841 0.990 0.980
F(000) 772 1528 2796
transmission range 0.9513-0.7986 0.7264-0.6545 0.8709-0.7589
6 range [°] 5.26<26>58.70 5.80<26>60.60 3.9<260>51.8
measured reflections 19988 41837 56773
unique reflections 5161 10544 24864
1>20([) reflections 2817 6818 6179
parameters 196 357 1352
GOF (for F*) 0.874 1.027 0.558
R, [1>20(D)}/R, (all data) 0.0301/0.0745 0.0399/0.0688 0.0498/0.2056
WwR, [I>20(I)|/wR, (all data)! 0.0442/0.0483 0.1068/0.1286 0.0768/0.1085
APmasimin 0.298/-0.370 1.014/-1.472 1.282/-0.400
(1](BPh,] 1 [1]**[PF],
formula Cs,H,,BMn,OP, CysHysMn,P, CysHyF1:Mn,Pg
color, habit red plate red block red-orange plate
M, 983.70 592.39 882.33
crystal size [mm] 0.06x0.18x0.30 0.24x0.30x0.32 0.07x0.15x0.19
T [K] 183(2) 183(2) 183(2)
A(Moy,) [A] 0.71073 0.71073 0.71073
crystal system monoclinic monoclinic triclinic
space group R/a P2,/n Pl
a[A] 15.3746(7) 9.1696(7) 8.27717(7)
b[A] 13.7405(6) 16.6636(9) 9.4492(9)
c[A] 25.1942(11) 9.9733(8) 12.1706(11)
al’] 90 90 79.031(11)
AN 102.277(5) 100.309(9) 78.057(10)
v [°] 90 90 89.678(10)
V[AY 5200.7(4) 1499.31(18) 913.77(14)
V4 4 2 1
Peatca [2em ] 1.256 1.312 1.603
u [mm™] 0.645 1.068 1.034
F(000) 2084 624 450
transmission range 0.8828-0.5867 0.7962-0.7150 0.9369-0.8644
0 range [°] 5.6<26>60.60 6.10<26>60.50 5.5<26>60.70
measured reflections 27350 17389 12387
unique reflections 7737 4440 4993
I>20(I) reflections 4267 2971 3311
parameters 283 150 213
GOF (for F) 0.996 1.038 1.006
R, [1>20(D)]/R, (all data)! 0.0401/0.0898 0.0365/0.0624 0.0364/0.0662
WR, [I>20(I)[/wR, (all data)!®! 0.0704/0.0764 0.0871/0.0977 0.0779/0.0930
APiaxmin 0.526/-0.519 1.368/—0.592 0.726/—1.059

[a] R,=%(F,—F.)/SF,; wR,=[Sw(F2—F*)*Sw(F2)*]"~

0.0452, 0.1543, 0.0631, 0.1046, 0.0554, and 0.0431). For the numerical ab-
sorption corrections!'? 12, 25, 10, 11, 11, 12, and 19 indexed crystal faces

structures. A total of 19988, 41387, 56773, 27350, 20631, 12387, and were used.

17389 reflections were collected, of which 5161, 10544, 24864, 7737,
4685, 4993, and 4440 were unique after data reduction (R;,=0.0719,
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All crystals were embedded in polybutene oil in a glove box. The crystal
quality was then examined by using a polarizing microscope. Sometimes,
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crystals with intrusions (holes or solvent) or with tiny intergrown pieces
had to be accepted for the X-ray experiment. Cutting crystals to a suit-
able size is always a procedure that can damage a crystal of good quality
because of different cleavage properties. Twins can be generated during
handling. In general, the structures were solved with an incomplete data
set (50% or less completeness) while the measurement was still being
performed, because the correct chemical formula cannot always be pre-
dicted when solvent molecules (e.g., for [1][BPh,]) co-crystallize with the
complex, or, as in the case of [1][2], a mixture of different complexes was
found (ratio 3:4 in the asymmetric unit of the cell, Z'=7). The corrected
formula was then used for the final absorption correction. All these pro-
cedures were calculated by using the Stoe IPDS software.'"!! The mea-
surement temperatures were controlled by an Oxford cryogenic system.

The structures were solved with the merged unique data set after check-
ing for correct space groups. The Patterson method was used to solve the
crystal structures by applying the software options of the program
SHELXS-97.1"" The structure refinements were performed with the pro-
gram SHELXL-97.1% The programs PLATON"# and PLUTON[!®!
were used to check the results of the X-ray analyses; they are helpful for
the interpretation of the initially determined structural models. They
were also used for the completion of the structure by checking the differ-
ence electron density calculations. Relevant crystallographic data are col-
lected in Table 2. All seven structures crystallize in centrosymmetric
space groups.

CCDC 218719-218725 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK;
fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).

Computational details: DFT calculations were performed with the TUR-
BOMOLE program package, version 5.5.") The Vosko-Wilk—Nusair!!!”!
local density approximation (LDA) and the generalized gradient approxi-
mation (GGA) with corrections for exchange and correlation according
to Becke!'"™ and Perdew!''"”! (BP86) were used for all calculations. The
TURBOMOLE approach to DFT GGA calculations is based on the use
of Gaussian-type orbitals (GTO) as basis functions. Geometries were
pre-optimized within the framework of the RI-J approximation!'*”! using
accurate triple-G valence basis sets augmented by one polarization func-
tion TZV(P)!'*'# for Mn and P, and slightly smaller polarized split-va-
lence SV(P)!"?"™ basis sets of double-{ size for the remaining elements. In
the final steps of the geometry optimizations, all elements were treated
with the accurate TZV(P) basis sets. The geometry optimizations, man-
aged mainly through the use of the modules RIDFT, RDGRAD, and
RELAX supplied with the TURBOMOLE program package, were con-
sidered converged when the change in total energy was less than
10~° Hartree and the norm of the Cartesian gradient was smaller than
107 (fully optimized geometry) or 5.107> Hartree A~' (constrained ge-
ometries).
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