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Triple- and multidecker sandwich complexes have been
discussed in the last decades for their unique electrical and
magnetic properties. The organic spacer between the metals
may facilitate intermetallic electronic communication, which
has a high potential for molecular electronics.”! A number of
one-dimensional organometallic sandwich molecular wires
(SMWs) have been extensively studied. Thus, the multilayer
vanadium-arene (Ar) organometallic complexes [V, (Ar),],
which can be produced in a molecular beam by laser
vaporization, are a class of one-dimensional molecular
magnets.”) Ferrocene-based molecular wires have been
synthesized in the gas phase and characterized by mass
spectroscopy.l’! It was calculated that these compounds have
half-metallic properties with 100 % negative spin polarization
near the Fermi level in the ground state.”! In contrast to this
investigation in the gas phase, studies on related organome-
tallic triple- and multidecker sandwich complexes containing
f-block elements (lanthanides or actinides) in condensed
phase remain rare;” studies were mostly on the cyclooctate-
traene ligand and its derivatives. The only rare-earth-element
triple-decker complex with heterocycles is the low-valent
scandium 1,3,5-triphosphabenzene complex (-
P,C,1Bu,)Sc),(u-1°:35-P5C5tBus)], which was obtained by co-
condensation of scandium vaporized in an electron beam with
an excess of the phosphaalkyne BuC=P!®! Apart from
organometallic compounds, triple- and multidecker sandwich
complexes of the 4f elements consisting of “salen” type Schiff
base ligands,” phthalocyanines, and porphyrins have been
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extensively studied because these compounds exhibit tunable
spectroscopic, electronic, and redox properties, and different
extents of intramolecular m—m interactions.®! Despite these
promising physical properties further investigations on 4f ele-
ments based triple- and multidecker sandwich complexes are
obviously hampered by the limited variety of ligands that
have been attached to the metal centers to date. Based on
these considerations, we present herein mixed d/f-block-metal
triple-decker complexes with a purely inorganic all-phospho-
rus middle deck.

In contrast to d-block chemistry, where purely inorganic
ring systems of Group 15 elements such as Ps and P, Asg,!
and Sby!"" are well-established, there is no analogy with the f-
block elements to date. On the other hand, it was shown only
recently that rare-earth elements can stabilize highly reactive
main-group species such as N,>~.')' Although some heavier
Group 15-lanthanide compounds, such as phosphides (Ln—
PR,),!" arsenides (Ln—AsR,),['?* stibides (Ln—Sb;),!! and
bismutides (Ln—Bi—Bi—Ln)!" are known, the first molecular
polyphosphide of the rare-earth elements, [(Cp*,Sm),Pg]
(Cp* =7°-CsMes), was recently synthesized."™ The structure
of the complex is very rare and can be described as a realgar-
type Pg*~ ligand trapped in a cage of four samarocenes. As no
triple-decker sandwich complex of the rare-earth elements
with a polyphosphide middle-deck bridging the metal centers
is known, we focused our interest on the cyclo-Ps ligand. The
structure and properties of this ligand are very similar to the
well-known cyclopentadienyl anion (Scheme 1) and could
therefore have many possible coordination modes.

cyclo—Pse CsHse

Scheme 1. Comparison of the cyclo-Ps and cyclopentadienyl ligands.

The coordination of cyclo-Ps ligand to an iron(II) center
was first discovered by Scherer and Briick;*" the structure!'”!
and coordination and redox properties of pentaphosphafer-
rocene, [Cp*Fe(3°-Ps)], have been studied intensively. Elec-
trochemistry studies by Geiger and Winter" suggested that
the redox properties of [Cp*Fe(#°-Ps)] were similar to those
of ferrocene, giving one-electron oxidation/reduction steps.
[Cp*Fe(5-Ps)] is an attractive complex ligand owing to the
possibility of using one or more of the lone pairs of electrons
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on the phosphorus atoms to coordinate additional metal—
ligand fragments to form spherical molecules,'” or to take
advantage of the aromatic m-electron system to coordinate a
second metal moiety.””! Thus, several examples of transition-
metal triple-decker complexes containing the #°-bonded
bridging cyclo-Ps building block have been synthesized in
which the cyclo-Ps unit maintains its pentagonal-planar
arrangement, even under harsh reaction conditions.”**! To
the best of our knowledge, neither rare-earth metal cyclo-P;
complexes nor polyphosphides bridging 4f- and 3d-metal
triple-decker complexes have been reported.

The reaction of the samarium(I) complex
[(DIP,pyr)SmI(thf);]*?  (DIP,pyr = 2,5-bis{N-(2,6-diisopro-
pylphenyl)iminomethyl}pyrrolyl) and [Cp*Fe(3°-Ps)] in tolu-
ene at elevated temperature resulted in a 1:1 mixture of the
first 3d/4f-cyclo-Ps sandwich complex [Cp*FePsSm-
(DIP,pyr)], (1) and the corresponding dimeric product
[(DIP,pyr)SmI,(thf)], (2) (Scheme 2).
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Scheme 2. Synthesis of compounds 1 and 2. The bonding situation is
simplified.

In the reaction, two equivalents of [(DIP,pyr)SmI(thf);]
each act as a one-electron reducing agent. One of the
resulting samarium(III) ions is coordinated to the cyclo-Ps
unit and the other one is isolated as complex 2. During the
redox reaction one iodine atom was transferred between the
two samarium atoms. As a result, the {(DIP,pyr)Sm} subunit,
which is coordinated to the cyclo-Ps ligand, does not bear any
iodine atom, whereas in compound 2 two iodine atoms are
coordinated to the metal center. Compounds 1 and 2 were
obtained as a mixture of crystals, which could be manually
separated by using a microscope and characterized by X-ray
single-crystal diffraction (Figure 1; Supporting Information,
Figure S1).

To study the formation of 1 and 2 and to obtain analyti-
cally pure products of 1 and 2, the two complexes were
prepared independently. Complex 2 was synthesized by the
reaction of Sml; and (DIP,pyr)K in THF. Compound 1 could
also be prepared by treatment of only one equivalent of
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Figure 1. Solid-state structure of 1. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] or angles [°]: P1-P2 2.2043(10), P1—
P5 2.1859(9), P2-P3 2.2158(10), P3—P4 2.1706(10), P4—P5 2.2216(11),
Sm—P1 2.8658(8), Sm—P2 3.3803(7), Sm—P3 2.9643(7), Sm-P4
3.0184(7), Sm'—P1 2.9920(7), Sm'—P2 2.8933(7), Sm-N1 2.876(2), Sm—
N2 2.338(2), Sm-N3 2.693(2), Fe—P2 2.2230(7), Fe-P3 2.3165(8), Fe—
P4 2.3162(8), Fe-P5 2.2667(8); P1-P2-P3 110.39(4), P2-P3-P4 97.15(4),
P3-P4-P5 100.33(4), P4-P5-P1 108.14(4), P5-P1-P2 80.79(3).

[(DIP,pyr)SmI(thf);] and [Cp*Fe(5’-Ps)] for 15 h at elevated
temperature in THF in the presence of potassium/naphtha-
lene (Scheme 3). The potassium/naphthalene acted as a
reductant and an iodine abstracting reagent. Single crystals
of the dimeric complex 1 could be obtained by recrystalliza-
tion from toluene and pentane. However, recrystallization of
the product from THF and toluene gave a new monomeric
samarium—iron cyclo-P; complex [Cp*FePsSm(DIP,pyr)-
(thf),] (3; Scheme 3). In complex 3, the two THF solvent
molecules coordinate to the samarium atom and thus block
the binding sites to prevent formation of the dimeric complex
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Scheme 3. Synthesis of compounds 1 and 3. The bonding situation is
simplified.
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1. Recrystallization of complex 3 is more accessible than that
of 1. Complex 3 is a more favorable and probable product
than 1, and is even formed sometimes in toluene/pentane
recrystallization. Thus, although we obtained compound 1 on
two independent reaction pathways and present a full
characterization, we consider this compound to be poorly
reproducible.

To support the suggested formation pathway of com-
pounds 1 and 3, the oxidation states of the samarium atoms
were determined by magnetic measurements (SQUID) and
NIR spectroscopy. A low paramagnetic susceptibility yu-
(290 K)=3649x 10 *cm’mol™! and magnetic moment
Uest () =2.91 for two samarium metal centers in 1 suggest
that the oxidation state of samarium is + 3. Similarly, the
paramagnetic susceptibility AM (290 K) =1232 x
1078 cm*mol™! and magnetic moment . (ug) = 1.69 of 3 are
comparable to the literature values for Sm*" complexes.!
Sm** complexes exhibit a characteristic absorption pattern in
the NIR even in the presence of a strong visible absorption.?*
The obtained spectra for compounds 1-3 show spectral
patterns that are comparable to Sm**/POClyZrCl,>! and
Sm**/SeOCl,/SnCl,.*%!

Complexes 1-3 were characterized by analytical and
spectroscopic methods and the solid-state structures were
analyzed by single-crystal X-ray diffraction (Figure 1,
Figure 2, and Supporting Information, S1). In the solid state,
complexes 1 and 3 form a pseudo triple-decker structure in
which the cyclo-Ps unit forms the central moiety between the
iron and the samarium atom. As a result of the twofold
reduction, the cyclo-Ps; unit adopts an envelope conforma-
tion.”” In the thus-obtained {Cp*FePs}*~ anion, the phospho-
rus ligand may be considered as a formally cyclo-Ps*~
polyphosphide anion, which can be understood in the
following way: One negative charge is localized on the
phosphorus atom, which is bent out of plane, whereas the

Figure 2. Solid-state structure of 3. Hydrogen atoms are omitted for
clarity. Selected bond lengths [A] or angles [°]: P1-P2 2.180(3), P1-P5
2.175(2), P2-P3 2.228(2), P3-P4 2.164(2), P4-P5 2.215(3), Sm—P1
2.847(2), Sm-P2 3.3385(15), Sm—P3 2.980(2), Sm-P4 3.0703(15), Sm—
N1 2.769(5), Sm—N2 2.385(4), Sm—N3 2.770(5), Sm-0O1 2.524(4),
Sm—02 2.496(4), Fe-P2 2.262(2), Fe—P3 2.291(1), Fe-P4 2.321(1), Fe—
P5 2.255(2); P1-P2-P3 110.27(9), P2-P3-P4 99.32(10), P3-P4-P5
99.21(9), P4-P5-P1 110.08(9), P5-P1-P2 82.82(9).
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remaining negative charges are delocalized over the other
four phosphorus atoms and the {Cp*Fe} fragment. Formally,
the cyclo-Ps unit binds in a n*-coordination mode to the iron
atom. The iron part of compounds 1 and 3 thus obey the
18 valence-electron rule. The P3—P4 bond (2.1706(10) A (1)
and 2.164(2) A (3)) is slightly shorter than the other P—P
bonds (2.1859(9)-2.2216(11) A (1) and 2.175(2)-2.228(2) A
(3)). P1 is bent out from the P, plane at an angle of 124.7° (1)
and 127.6° (3). The Sm—P distances vary within a wide range.
Three Sm—P distances in 1 and 3 are within the known
bonding distances reported in the literature.*'! They range
from 2.8658(8) to 3.0184(7)A (1) and 2.847(2) to
3.0703(15) A (3). Formally, the 5*-coordinated ligand binds
with the negative charged phosphorus atom P1, P3, and P4 to
the samarium center. In compound 1, an additional
n* coordination of the second cyclo-Ps unit is observed as a
result of the dimerization. These two coordination sites are
occupied by THF molecules in the monomeric compound 3.

To confirm the trivalent oxidation state of the samarium
centers in complexes 1 and 3, the Sm—N bonds were
compared to similar samarium complexes containing the
(DIP,pyr)~ ligand. For comparison we choose the divalent
compound [(DIP,pyr)SmI(thf);]?? and the trivalent com-
pound 2. The distances of the samarium atom to the pyrrolyl
nitrogen atom (Sm—N2) of compounds 1 (2.338(2) A) and 3
(2.385(4) A) are similar to the trivalent compound 2
(2.331(2) A) and differ significantly in comparison with
divalent [(DIP,pyr)SmI(thf);] (2.474(7) A).”? Thus, the data
is in agreement with the magnetic measurements and NIR
spectroscopy.

To gain a better insight into the bonding in these novel
monomeric triple-decker compounds, we performed quan-
tum-chemical DFT calculations on 3. The calculated structure
of 3 agrees well with its experimentally obtained parameters
(Supporting Information, Table S2), which shows that the use
of a special ECP and basis set for Sm*" was a good choice
(Supporting Information). In both 3 and the dianion [Cp*Fe-
(7°-P5)]*~,® the iron atom is connected to the P; ring in the
way that only four instead of five phosphorus atoms are
connected to iron owing to the bending of P1 out of the
resulting P, plane. The Fe—P distances are comparable. The
shape of the Ps unit is expected for the formal reduction of P5~
to Ps°~.?") However, the P—P distances in these anions differ
significantly from those found in 3, so that the formulation of
P; as trianion does not appear to be justified. A better (but not
completely satisfactory) agreement is found for the P—P
distances calculated for [Cp*Fe(1’-Ps)]*". The samarium atom
is threefold coordinated to the Psligand. The calculated Sm—P
distances agree well with the measured data. Based on
population analyses (Supporting Information), compound 3 is
best interpreted as a {Cp*FePsSm}* cation, which is basically
electrostatically connected to the DIP,pyr anion and two
THF molecules.

In summary, the dimeric and the corresponding mono-
meric compounds 1 and 3 have certain hitherto unknown
features. Compounds 1 and 3 can be considered as the first 3d/
4f-metal triple-decker complexes with a polyphosphide
bridging the metal centers. Both compounds are the first f-
block element compounds ligated by the cyclo-Ps unit. In both
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compounds reduction of the cyclo-Ps; unit leads to the
{Cp*FePs)*~ subunit in which the phosphorus ligand may be
considered as a formally cyclo-Ps>~ polyphosphide anion.
Mixed 3d/4f-element triple-decker complexes raise funda-
mental questions about the formation of polyphosphides and
other phosphorus derivatives®™ within the coordination
sphere of a metal center. Furthermore, they open new
possibilities towards a better comprehension of intermetallic
communication.

Experimental Section

1: THF (10 mL) was condensed at —78°C onto a mixture of
[(DIP,pyr)SmI(thf);] (185 mg, 0.20 mmol), [Cp*Fe(n’-Ps)] (70 mg,
0.20 mmol), potassium metal (8 mg, 0.20 mmol), and naphthalene
(30 mg, 0.24 mmol). The resulting reaction mixture was stirred for
16 h at 60°C. The solvent of the dark-colored solution was evaporated
to dryness. Toluene (5 mL) was condensed onto the dark residue to
give a dark brown solution. The solution was filtered off and layered
with pentane. Dark orange crystals and a pale precipitate were
obtained at ambient temperature after three days. Yield: 35 mg, 16 %
(single crystals). Magnetic susceptibility: yxy (290 K) =3649 x
1078 cm’mol™", peg (up) =2.91. MIR (KBr): #=2958 (m), 2902 (w),
1620 (s), 1587 (m), 1459 (m), 1439 (m), 1376 (m), 1309 (m), 1230 (m),
1155 (vs), 1022 (vs), 860 (m), 783 (s), 728 (s), 497 (W), 464 (s), 439 cm ™
(m). NIR (KBr): # = 9276 (°F,,), 8155 (°F;;,), 7308 (°Fsy5,), 6786 (°F5y),
6479 cm™  (°Fy,). Anal. caled (%) for Sm,Fe,P;;NyCeoHigg
(1873.91 gmol '): C51.28, H5.70, N 4.48; found: C51.16, H 5.82,
N 4.03.

2: THF (10 mL) was condensed at —78°C onto a mixture of Sml;,
(200 mg, 0.380 mmol) and (DIP,pyr)K (180 mg, 0.375 mmol). The
resulting reaction mixture was stirred for 16 h at 60 °C. The solvent of
the orange solution was evaporated to dryness. Toluene (5 mL) was
condensed onto the yellow residue to give yellow—orange solution and
a pale precipitate. The mixture was filtered off into a 2-section
ampoule to grow crystals by slow evaporation. Yellow crystals were
obtained at ambient temperature. Yield: 320 mg, 92.7%. '"H NMR
(300 MHz, C4Dg): 0 =0.60 (brs,4H, N =CH), 1.08 (d, 48H, J =7 Hz,
CH(CH,;),), 1.40 (brs, 8H, THF), 3.03 (sept, 8H, J=7Hz, CH-
(CHs),), 3.59 (brs, 8H, THF), 6.37 (s, 4H, 3,4-pyr), 7.01-10.37 ppm
(m, 12H, Ph). NIR (KBr): #=9211, (°Fyy,), 8021 (°F;,), 7148 (°Fsp,),
6360 (°F,;,), 6246 cm™' (°Hysp.). Anal. caled (%) for 1-(2 CsHsCH,),
Sm,I,N¢O,Cq,H s (2018.12 gmol™): C 48.80, H 5.39, N 4.16; found:
C48.54, H5.68, N 3.917.

3: THF (10 mL) was condensed at —78°C onto a mixture of
[(DIP,pyr)SmI(thf);] (375 mg, 0.40 mmol), [Cp*Fe(n°-Ps)] (140 mg,
0.40 mmol), potassium metal (19 mg, 0.49 mmol) and naphthalene
(55 mg, 0.43 mmol) in a Schlenk tube. The resulting reaction mixture
was stirred for 16 h at 60°C. After the solvent was removed, the dark
brown solid was washed with heptanes (20 mL) and dried under
vacuum. THF (10 mL) was condensed onto the solid and stirred for
1 h. The mixture was filtered into a 2-section ampoule. Toluene
(10 mL) was condensed to the filtrate to grow crystals in a 2-section
ampoule. The dark orange crystals were obtained at ambient temper-
ature after three days. Yield: 120 mg, 28 % (single crystals). Magnetic
susceptibility yy (290 K) =1232x 107 cm’mol ™!, ey (up) =1.69.
MIR (KBr): 7=2959 (vs), 2900 (m), 1623 (m), 1568 (vs), 1449 (s),
1371 (m), 1333 (s), 1250 (m), 1162 (s), 1099 (m), 1050 (s), 927 (m), 846
(s), 768 (m), 735 (s), 564 (m), 463 cm ™' (m). NIR (KBr): #=9216 (°F,
1), 7925 (°F;), 7218 (°Fsp,), 6631 (°Fy), 6430 (°Fyp), 6321 cm™' (*Hys
».). Anal. caled (%) for SmFePsN;0,C gHg, (1081.17 gmol '): C 53.32,
H 6.43, N 3.89; found: C 53.71, H 6.32, N 3.83.

Reaction of [(DIP,pyr)Sml (thf);] and [Cp*Fe(5*-Ps)]: Toluene
(10 mL) was condensed at —78°C onto a mixture of [(DIP,pyr)SmlI-
(thf);] (108 mg, 0.12 mmol) and [Cp*Fe(;>-Ps)] (20 mg, 0.058 mmol)
in one side of a 2-section ampoule. The resulting reaction mixture was
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stirred for 16 h at 60°C. Both bright yellow crystals of 2 and dark
orange crystals of 1 were obtained after the 2-section ampoule
technique procedure. The crystals could be differentiated and
separated under a microscope.

Crystal data for 1: CgH,sFe,NgP,,Sm,-3(C;Hg), M,=2150.21,
triclinic, a=13.8374(7), b=14.7963(10), c=14.8908(8) A, a=
65.526(4), B=70.167(4), y=68.100(5)°, V=25122(3) A3, T=
150(2) K, space group PI, Z=1, u(MoK,)=1.642mm™', 18967
reflections measured, 9037 independent reflections (R;, =0.0353).
The final R, values were 0.0258 (I >20(I)). The final wR(F?) values
were 0.0432 (all data). The goodness of fit on F? was 0.998.

2 CgHouNgO,Sm,2(C;Hg), M, =2022.08, triclinic, a=
15.1260(4), b=16.6343(5), ¢=18.9589(6) A, a=106.169(3), S=
90.251(3), y=110.110(2)°, V=4275.72) A’>, T=200(2) K, space
group P1,Z=2,u(MoK,) =2.849 mm™, 32012 reflections measured,
15115 independent reflections (R, =0.0350). The final R, values
were 0.0241 (I>20(I)). The final wR(F?) values were 0.0552 (all
data). The goodness of fit on F? was 1.003.

3: 2(CyHgFeN;O,PsSm)-3(C;Hg), M,=2438.63, triclinic, a=
12.8658(8), b=13.3175(9), ¢=19.6233(13), a=77.726(5), p=
71.236(5), y=66.402(5)°, V=2903.73) A>, T=150(2) K, space
group P1,Z=1,u(MoK,) = 1.432 mm™, 22189 reflections measured,
10330 independent reflections (R, =0.0844). The final R, values
were 0.0540 (I>20(I)). The final wR(F?) values were 0.1385 (all
data). The goodness of fit on F? was 1.005.

CCDC 822355 (1), CCDC 822356 > (2), and CCDC 822357(3)
contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.
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