A New Series of Organolanthanides:

3175
Ln(indenyl),”

M. Tsutsui'® and H. J. Gysling

Contribution from the Department of Chemistry, New York University,
Bronx, New York 10453. Received October 23, 1968

Abstract:

A new series of organolanthanides containing the indeny! group and having the general formula

Ln(CyH);-OC:Hs (Ln = La, Sm, Gd, Tb, Dy, and Yb) has been prepared by the reaction of the corresponding

anhydrous trichloride with sodium indenide in tetrahydrofuran solution.

The magnetic properties of these de-

rivatives have been studied, and in the cases of the diamagnetic La and the weakly paramagnetic Sm compounds
proton nmr spectra have been recorded. Evidence is presented for a covalent bonding mode in the Sm derivative.

Athough the coordination chemistry of the lantha-
nides has been an area of intense study,? only a
rather limited amount of work has been reported in the
field of organolanthanide chemistry. Indeed, the
only reported organolanthanide compounds involve
the cyclopentadienyl group, attempts to prepare alkyl
and aryl derivatives having been unsuccessful.?

All of the trivalent derivatives of the type Ln(CsH;);*
have been prepared with the exception of radioactive
promethium., The divalent derivatives, M(C;Hs:),,
have been isolated in the cases of Eu and Yb by the re-
action of a liquid ammonia solution of the metal with
cyclopentadiene.’* The divalent chemistry of these
two lanthanides is well known and in fact is the basis
of their isolation from the other lanthanides, for which
the trivalent state is most stable, in an early separation
method. In addition, mixed derivatives of the types
LDCI(C5H5)25 and LI'IC12(C5H5) .3THF® have also
been prepared in the cases of the heavier lanthanides.
These compounds are monomeric in THF, but the di-
(methylcyclopentadienyl)lanthanide chlorides of Gd,
Eu, and Yb,5 which have an enhanced solubility over
the unsubstituted compounds in benzene, have been
shown to be dimeric in that solvent. The postulated
chloride bridges are apparently relatively weak since
THF is a sufficiently strong base to effect the dissocia-
tion of the dimer through dissolution in that medium.

Although all of these compounds are quite reactive
hydrolytically and oxidatively, substitution of the chlo-
ride in the (C;H;).LnCl derivatives by phenoxide,
formate, acetate, or benzoate ions produces compounds
which are quite air stable.’ The methoxide and amide
analogs, however, closely resemble the parent chlorides.

An “ionic” bonding mode of the C;H; group to the
rare earth metal has been postulated for each of these
compounds on the basis of their chemical reactivity
and their magnetic moments, which are essentially
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those of the corresponding ‘““free’” ion.” However, re-
cent electronic spectral studies of Yb(C;H;);® and
Tm(C;H;);* by Fischer and Fischer suggest
that the metal-ring bonding in these cases is not ex-
clusively electrostatic. An unusually large nephel-
auxetic effect here indicates some 4f orbital interaction.

To date, however, no direct evidence has been re-
ported for a covalent metal-carbon bond for the lan-
thanides. We have sought, therefore, to study the
effect on the generally ionic bonding mode of the
tripositive lanthanide ions by the use of the indenyl
ligand which, unlike the resonance delocalized cyclo-
pentadienyl system, has a localization of charge den-
sity at the C-1 position. By the reaction of the anhy-
drous lanthanide trichloride with sodium indenide in
tetrahydrofuran solution, we have prepared the com-
pounds Ln(C¢H,);- THF where M = La, Sm, Gd, Tb,
Dy, and Yb. These compounds have been character-
ized by elemental analysis and magnetic susceptibility
measurements, and, in the cases of the diamagnetic La
derivative and weakly paramagnetic Sm analog, by
proton nmr spectroscopy. In the case of the Sm com-
pound, by analogy with the nmr spectrum of a covalent
indenyl compound reported by Cotton, et al., a co-
valent bonding mode is postulated.

Experimental Section

Physical Measurements. Electronic spectra were measured with
a Cary Model 14 spectrophotometer. Proton nmr spectra were
obtained by means of a Varian A-60 and in the case of Sm(C;H); -
OC.H; by a Varian HR-60 spectrophotometer. All chemical shifts
are reported relative to external tetramethylsilane.

Magnetic susceptibilities of the solids were measured by the
Gouy method using an Alpha Scientific Laboratory, Inc., Model
7500 electromagnet and Model Al-7500 power supply and current
regulator and a Mettler analytical balance with a sensitivity of 0.05
mg. The standard employed was HgCo(NCS),. Susceptibilities
in THF solution were measured by the nmr method. 1

Elemental analyses were carried out by Schwarzkopf Micro-
analytical Laboratories, Woodside, N. Y.

Materials. All operations were carried out under nitrogen by
use of a manifold setup and standard Schlenk tubes. The anhy-
drous lanthanide trichlorides were prepared from the hydrated salts
(Alfa Inorganics, Inc.) by refluxing with freshly distilled thionyl
chloride, !}

All the ethers were freshly distilled from LiAlH, and collected
under nitrogen. Pyridine was distilled under nitrogen from barium
oxide. Tetrahydrofuran-d; (Merck and Co., Inc.) was distilled
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Figure 1. The proton nmr spectrum of NaC,H; measured in
THF-d; at 25°.

from LiD directly into an nmr tube fitted with a Schlenk top and
containing the sample.

Tetrahydrofuran solutions of sodium indenide were prepared
by heating 60 ml of freshly distilled indene (Eastman Organic
Chemicals) and 200 ml of THF with 15 g of sodium under nitrogen
at 75° for 2 days. The exact normality of such solutions, ca.
2 N, was determined by back titration with NaOH of 30 ml of 0.1
N HCI solution to which 1 ml of the sodium indenide solution had
been added. The bright yellow solution is extremely air sensitive.

Preparation of the Triindenyl Compounds. All of the com-
pounds were prepared in a manner similar to that described below
in detail for the samarium derivative.

Sm(CsH7);- OC:Hs. To a suspension of 3.5 g (13.6 mmoles) of
SmCl; in 160 ml of THF at —78° in a flat bottom centrifuge tube
fitted with a Schlenk top was added 21 ml of 1.98 N NaC;Hj; solu-
tion (41.6 mmoles). The reaction solution immediately became
bright orange and after a few minutes it was removed from
the cold bath and allowed to come to room temperature.
As room temperature was approached the solution turned to a deep
wine red color. After further stirring for 3 hr the reaction solution
was centrifuged and the red solution was decanted off into another
Schlenk tube. The solid residue was then extracted twice with 100-
ml portions of THF, both of which were added to the original solu-
tion. This combined solution was concentrated to ca. 21 ml and
centrifuged. The supernatant liquid was decanted off and the
deep-red air-sensitive product was recrystallized from THF, mp
185-200° (turned to black at ~165-170°). Anal. Calcd for
Sm(C:H7);-OCH;: C, 65.56; H, 5.14; Sm, 26.49. Found: C,
65.04; H,4.95; Sm, 27.02.

Gd(CsHy);- OCyHs.  The reaction mixture of GdCl; and NaCsH;
was stirred 50 hr at room temperature resulting in a dark green
solution from which a pale green product was isolated. Arnal.
Caled for Gd(C:H7);-OC.H;s: C, 64.75; H, 5.09; Gd, 27.37.
Found: C,64.64; H, 4.94; Gd, 27.88.

Th(C:H);- OC:Hs. The reaction mixture of TbCl; and NayCH-
was stirred for 5 days at room temperature. A pale yellow product
was isolated from the reaction mixture. Anal. Calcd for Tb-
(C:Hy);-OCHs: C, 64.56; H, 507, Tb, 27.58. Found: C,
64.17; H,4.68; Tb, 27.15.

Dy(CsH7)s-OCHs. The reaction mixture of DyCl; and NaCqH»
was stirred for 2 days at room temperature and a pale tan solid was
isolated. A4nal. Caled for Dy(C¢Hp);-OCHs: C, 64.16; H,
5.39; Dy,28.08. Found: C,63.78; H, 5.53; Dy, 28.45.

Yb(CH:);-OC:Hs. A dark green product was isolated after re-
action of YbClz and NaCyH-for 15hr. Anal. Calcd for YB(CHy);s -
OCH;s: C, 63.02; H, 4.95; Yb, 29.32, Found: C, 62.77; H,
4.81; Yb, 29.57.

La(CHy);- OC,Hs.
a reaction time of 15 hr.
C, 6691, H, 5.25; La, 24.98.
24.49,

A very pale tan product was isolated after
Anal. Caled for La(CyHy)s-OCHs:
Found: C, 66.45; H, 5.21; La,

Results and Discussion

All the analogs of this series of organolanthanides
resemble the corresponding cyclopentadienide deriva-
tives in their magnetochemistry. The values of their
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Table I. Magnetic Data of Organolanthanides
#298€H) BM__———“
Ln(C;H7); - Theoretical®
OC4H3 Ln(Cr,Hs)a“ (Van VlCCk)
La%t 0 0 0
Sm3+ 1.55 1.54 1.55-1.65
Gd# 7.89 7.98 7.94
Tb3+ 9.43 o 9.7
Dys+ 9.95 10.0 10.6
Yb3+ 4.10 4.00 4.3

s References 4a and e. ? Reference 7.

magnetic moments, together with those of the cor-
responding cyclopentadienides, and the ‘“free” ion
values are listed in Table L.

The solution values, as measured by the nmr method*
in THF, are essentially the same as the solid-state
values. The similarity of the magnetic moments of
these indenyl derivatives with the free ion values is not
unexpected in view of the shielding of the 4f orbitals
from interaction with external forces by the outer
5s25p® orbitals. Indeed, with the exception of the
recently reported antiferromagnetism in the case of
Eu(bipy)s, 2 no example of spin pairing of 4f electrons
is reported. The magnetic data, however, can ul-
timately indicate only the extreme of covalent inter-
action, namely spin pairing.

Because of the large paramagnetism of most of the
trivalent lanthanides, structural elucidation by nmr
spectroscopy was precluded. However, in the cases of
the diamagnetic La and weakly paramagnetic Sm
derivatives, spectra were successfully recorded. The
proton nmr spectrum of a THF-d; solution of sodium
indenide (Figure 1) exhibits, in addition to the two
resonances, each of relative intensity 2, at = 2.75 and
3.62 due to the protons of the six-membered ring, an
A;X pattern for the three protons of the side ring (r
4.17 doublet, relative intensity 2; 7 6.80 triplet, rela-
tive intensity 1). The solid compound NaCyH,-
(OC,Hy), was isolated by concentration of a THF solu-
tion and recrystallization of the pale yellow solid so
obtained from THF followed by drying at room tem-
perature (0.1 mm) for 1 hr. The formulation of the
solid as the bistetrahydrofuranate was based on the
relative intensities of 3:8 for the Hy resonance (7 7.35)
compared to each of the two THF signals (+ 7.01 and
9.02) observed in pyridine solution. Such an A.X
pattern has been observed for m-bonded indenyl com-
pounds of Fei3!4 and Ru!? and would also be expected
for the ionic bonding mode of the indenide group.
Table II lists this nmr data.

The nmr spectrum of Sm(CyH,);-OC,Hs in THF-ds
(Figure 2) provides evidence for the assignment of a
covalent bonding mode between the Sm and indenyl
moiety. In addition to a complex band centered at 7
3.02 of relative intensity 4 and assigned to the four pro-
tons of the aromatic six-membered ring, three other
bands, each of relative intensity 1, are observed (=
3.33, doublet; 7 3.75, double doublet; 7 6.82, doublet).
Such an ABX pattern for the protons of the five-
membered ring is similar to that reported by Cotton,
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Figure 2. The nmr spectrum of Sm(CsHr); -OC:H;s in THF-d; at 25°.

et al., for the nonfluxional!® species (m-CsH;s)Fe(CO).-
(l-indenyl).’* Here a combination of spin de-
coupling and deuteration experiments were performed
to unambiguously assign the A, B, and X resonances.

One would expect that the indenyl group, in which
there is an enhanced electron density at the C-1 posi-
tion, would promote covalent bonding to the hard!®

Table II. Proton Nmr Data (cps) for Some Ionic and w-Bonded
Indenyl Derivatives

T T T T T
Compound (Hy) (Hy) (Hy) (Ho) (Vax)
4.17 6.80 3.62 2.75 2.5
doublet triplet
Hb
Fe c;\{ 5.39 5.95 3.09 3.09 2.5
c * doublet triplet
H, He
Hy,
Ru HC;I
H, 5 ¥ 5.11 5.41 3.39 334 2.5
H, “a doublet triplet
H
He A H;I
T 5.25 6.11  3.22 2.5 2.5
Fe doublet triplet

!
H H
e
s Reference 13. * Reference 14.
of the CsH; group appears at 7 6.38.

¢ The signal due to the protons

trivalent rare earth ions relative to the ‘“‘softer”!® cy-
clopentadienyl group in which there is complete charge
delocalization. The similarity of the nmr spectrum of
the side ring protons of the Sm compound with the cor-
responding pattern for the covalent compound (=-
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Figure 3.

C;H;)Fe(CO)(1-indenyl) supports an analogous bond-
ing mode for the indenyl group in the former case. In
contrast, the ionic bonding mode is characterized by an
A.X pattern for the protons of the five-membered ring.

Because of the similarity in analytical results for the
compounds Sm(C;H:);-»THF (n = 0, 1, 2, 3), the
formulation of the samarium derivative was confirmed
by integrating the resonances arising from Hx and co-
ordinated THF in pyridine solution. The intensity
ratio 3:4 for the Hx resonance relative to each of the
two THF resonances supports the formulation of the
compound as the monotetrahydrofuranate.

The removal of the coordinated THF is readily
effected by heating at 70° under vacuum (0.1 mm) for 1
hr as evidenced by the absence of the two THF signals
in the nmr spectrum of a pyridine solution of the re-
sulting deep red product. This behavior is similar to
that of the cyclopentadienyl derivatives which have
been isolated by sublimation at relatively high temper-
atures and have the general formula Ln(C;Hj;)s;.**®
However, dissolution in THF followed by removal of
the solvent and extraction with pentane for several days
results in the isolation of the monotetrahydrofuranate.
The europium tricyclopentadienide which cannot be
isolated by sublimation because of its thermal in-
stability is first isolated as the monotetrahydrofuranate
by a preparation similar to that employed here, and the
coordinated THF can be removed by pumping this
compound at 70° (0.1 mm).*®

The lability of the THF is further shown by its re-
placement by p-dioxane at room temperature by dis-
solution in that solvent and subsequent removal of the
solvent at 0.1 mm. The nmr spectrum of the resulting
solid in pyridine solution shows only a broadened sig-
nal at 7 6.42 due to p-dioxane. Triphenylphosphine
can similarly replace the THF if the monotetrahydro-
furanate is heated with an equimolar amount of the
ligand in benzene at 60°,

Further support for the structure shown in Figure 2
is found in the electronic spectrum of the compound in
hexane solution. Although the relatively weak f — f
transitions in the visible region (363, 375, and 402 mu),
which are observed in 0.1 M solution of the trichloride,
are masked by an intense charge-transfer band at 248
my, the shift of the latter absorption from its position
of 350 mu for NaCyH; supports a styrene-like chromo-
phore.

(20) E. O. Fischer and H. Fischer, J. Organometal. Chem., 6, 141
(1966).
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The spectral data therefore indicate that the indenyl
groups are covalently bound to the samarium, while the
magnetic susceptibility measurements show the absence
of spin pairing of the metal’s 4f electrons. Since the 5d
orbitals in the lanthanide ions are energetically similar
to the 4f orbitals, the former may thus be available for
bonding. The exact nature of the orbitals involved in
the bonding is as yet uncertain. Hopefully, Moss-
bauer and single-crystal X-ray studies will provide such
information.

The nmr spectrum of La(CyH:);-OC.Hs in THF-d;
solution resembles the ionic sodium derivative (Figure
3). Two low-field double doublets at 7 2.64 and 3.24,
each of relative intensity 2, are assigned to the protons
of the six-membered ring. The singlet at 7 4.52 has a
relative intensity of 2. The reason for its failure to
split into the expected doublet as observed in NaCgH;

Stereochemically Nonrigid Organometallic Molecules.

is unknown. It does, however, show a slight shoulder
on the low-field side. The triplet of relative intensity 1
at r 6.81 is assigned to Hx. The possibility of an in-
terpretation of the spectrum as an ABX pattern with
degenerate H, and Hpg signals, however, remains a
possibility.

The difference in bonding modes of the La and Sm
indenyls might be attributed to the lanthanide contrac-
tion. The smaller Sm ion being ‘“harder”!® would be
expected to promote charge localization in the indenyl
system. Mossbauer data, to be presented in a later
paper, will hopefully give more information on the
bonding in these indenyl derivatives.
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Abstract:
temperature from —41 to +68°.

The compound bis(indenyl)mercury has been prepared and its pmr spectrum studied as a function of
At the lowest temperatures a spectrum indicative of a bis(1-monohaptoindenyl)-

mercury molecule is observed. As the temperature is raised this spectrum changes in a manner indicative of in-
creasingly rapid occurrence of some process which exchanges the environments of the 1 and 3 protons of the indeny!
groups. Concentration independence of the spectrum in the temperature range of intermediate exchange rate rules
out a second-order intermolecular exchange. It is therefore suggested that the process is an intramolecular one
with an activated state (or very short-lived intermediate) in which the mercury atom lies over the face of the five-
membered ring forming a kind of delocalized bond to three or more of the carbon atoms. Mercury is able to par-
ticipate in such a transition state by utilizing additional 6p orbitals of its valence shell, whereas the iron atom of (#5-
CsH3)(41-C;H;)(CO).Fe has no comparable orbitals available and, therefore, this latter molecule is not fluxional, as
previously reported. Data reported here on chemical shifts for 1-indenyl compounds vitiate the argument used to
assign the spectrum of (C,;H;);PCu(4!-CsH;), and hence the question of whether 1,2 or 1,3 shifts predominate in that
case is very much open. Similarly, the proposal that 1,2 shifts predominate in (CsH;).Hg is also shown to lack

proof.

In a number of previous studies of fluxional organo-
metallic molecules*® containing conjugated cyclic
olefinic molecules (e.g., CsHs) or radicals (e.g., C;Hs,
C;H,) bonded to a metal atom, it has been shown that,
with the possible exception® of C;H;CuP(C,H;)s,
which we shall discuss later, the rearrangement path-
ways seem always to consist of a sequence of 1,2 shifts
of the metal atom(s) relative to the ring, accompanied,
of course, by concerted shifts of the 7 electrons of the
ring.

In a previous study’ from this laboratory advantage
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was taken of the special properties of the indenyl group
in order to confirm the assignment® of the limiting nmr
spectrum and the rearrangement pathway in the case of
(h3-CsHY(h*-CsH)(CO)Fe. Since the principles on
which this work was based would be applicable in other
cases as well, efforts to prepare and study indenyl
derivatives of other metals have been made. We de-
scribe here the preparation and nmr study of bis(li-
monohaptoindenyl)mercury, which is a new compound.

Before describing the results of the nmr study and
their significance, the considerations essential to the
design of the experiment will be presented.

The three structures involving a monohaptoindenyl-
metal system are shown as I, IT, and III. Structures I
and II are chemically equivalent (though enantiomor-
phous), and it is safe to assume that they are consider-
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