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Abstract

Structural data on over 90 bis(pentamethylcyclopentadienyl) lanthanide and yttrium complexes are
presented and analyzed to define trends in structural parameters. Comparative data useful in evaluat-
ing structural aspects of molecules to be crystallographically characterized in the future are presented.

Introduction

In recent years there has been a rapid expansion in the number of X-ray
structural determinations performed on organolanthanide and organoyttrium com-
plexes. There are several reasons why so many X-ray crystallographic studies have
been done on this particular class of complexes. First, since many of the metals are
paramagnetic [1], NMR characterization is often not definitive and cannot be used
as commonly as it is in transition metal chemistry. Second, since steric factors are
so important in determining the organometallic chemistry of these metals [2],
structural data are often essential to understand observed reactivity patterns.
Third, there are now numerous cases [3-14] in which the basic connectivity of the
atoms in the molecule was known without a crystaiiographic determination, but the
X-ray crystal study revealed an unexpected structural feature, e.g., an unusual
bond length, asymmetry, agostic interaction, efc., which often was one of the most
significant new aspects of the molecule! Wlthout the X—ray study, these important
features would have been missed.

So many new organolanthanide and organoyttrium structures have appeared in
the literature since the last structural reviews of this area were published [15
—18] that it is currently difficult to compare new structural data with published
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information. For example, the December 1980 compilation of structures in Com-
prehensive Organometallic Chemistry [19] listed only 21 yttrium and lanthanide
structures and only one complex which contained the CsMe; ligand. Indeed, it is
possible that some new structural data are not evaluated to the fullest extent
because a current compilation of relevant information is not available [20].

Accordingly, we have assembled structural data on complexes of this type in
order to enumerate known structures in an organized way and to identify present
trends in structural parameters. We have chosen to emphasize bis(pentamethyl-
cyclopentadienyl) complexes of the lanthanides and yttrium since this is the most
common class of crystallographically characterized complexes of these metals and
readily provides a large data base with which to determine ranges of structural
parameters.

Presentation of data

Table 1 presents the structural data on trivalent bis(pentamethylcyclopen-
tadiényl) complexes. The data are first grouped according to metal in decreasing
radial size. For each metal, complexes are arranged according to decreasing formal
coordination number. Within the formal coordination number sub-categories,
complexes with o-bound carbon donor atom ligands are listed first. Complexes in
which the third anionic ligand is a 7-bound carbon ligand are listed next, followed
by complexes with nitrogen, oxygen, and halide donor atoms. Ligands with donor
atoms congeneric with C, N, and O are listed with the C, N, and O categories,
respectively. Bimetallic complexes which contain metals with different coordina-
tion numbers are listed twice, once under each coordination number category.

Table 2 lists data for divalent complexes arranged in a similar order. For the
purposes of this review, cyclopentadienyl and allyl ligands are considered to occupy
three and two coordination positions, respectively (consistent with number of
donor electron pairs). Non-classical metal ligand interactions such as agostic
interactions are not included in the formal coordination number, but when such
interactions are discussed in the original paper, this is indicated by a footnote.

Discussion of data

Several general features on structurally characterized lanthanide complexes are
readily evident from Tables 1 and 2. The predominant coordination number found
in these crystalline systems is eight. Hence, for metals the size of the lanthanides, a
ligand set containing two C;Me, groups and two additional electron pair donor
ligands readily leads to crystallizable complexes. Despite this preference for
eight-coordination, coordination numbers can range from six to ten in these
systems.

Samarium is the metal which has the most crystallographic data in Table 1,
although it is unlikely that this arises from any special propensity of the
(CsMes),Sm unit to crystallize better than other (CsMes),Ln units. Instead, the
high reactivity of Sm', which provides synthetic pathways not available to the
other metals [2], and the paramagnetism of Sm" and Sm', which limits NMR
characterization compared with trivalent La, Y and Lu, are more likely reasons for
the large number of crystallographically characterized samarium complexes.
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Table 5
Variation in structural parameters as the metai changes in (CsMes), Ln[CH(SiMe,),] complexes
Formula Ln Ln-C(ring) Ln-C(alkyl) (Ring Refer-
(Cp* = CsMey) radius average A centroid)-  ence
A)e° distance (A) metal-(ring
centroid)
angle (deg)
Cp;Ce[CH(SiMe,),] 1.143 2.79(4) 2.535(5) - 12
2.78(4)
Cp;Nd[CH(SiMe;),] 1.109 2.76(3) 2.517(7) 134.4 14
CpiYICH(SiMe,),]  1.019 2.668(4) 2.468(7) 134.4 74
Ln-C(ring) Ln-C(alkyl)
Ln radius average minus minus Y-C(alkyl)
minus Y radius (A) Y radius (A)  (A)
Cp;Ce[CH(SiMe,),] 0.124 0.012 0.07
Cp;Nd[CH(SiMe,),] 0.090 0.09 0.05
? Ref. 25.

It is interesting to note, however, that currently available crystallographic data
suggest that the (CsMes),Sm unit is the most flexible of the (CsMes),Ln moieties.
No other single lanthanide has been found to exhibit the full, six to ten range of
coordination numbers. In addition, samarium is the only metal which has provided
pairs of closely related complexes of coordination number n and n + 1 both of
which crystallize,' e.g., seven-coordinate [(CsMe;),Sm],(u-n':7!-0,C,(H,o) and
eight-coordinate [(CsMe,),Sm(THF)],(u-n' : n'-0,C4H,y), seven-coordinate
[(CsMe,),Sm),(p-O) and eight-coordinate [(CsMes),Sm(CNCMe;)l,(1-0O), and
eight-coordinate (CsMe,),SmI(THF) and nine-coordinate (CsMe;),SmI(CH (N,)
[21]. Generally, just one preferred coordination number would be expected to
crystallize. For samarium, it is possible that the combination of its particular radial
_size with the steric bulk of two C;Me; ligands may not have a single preferred
coordination number compared with (CsMes),Ln units with lanthanides of other
sizes. More structural data on other lanthanides are needed before this possibility
can be fully established.

The data in Tables 1 and 2 are summarized and compared in Tables 3-6. In
order to get the best comparisons, these tables focus on categories which are most
common. Hence, Table 3 summarizes data on eight-coordinate complexes and
shows how the average Ln-C(C;Me; ring) distances decrease as the size of the
metal decreases. The last two columns of Table 3, show the data normalized to the
most common metal samarium. The similarity of the numbers in these two columns
shows that the average distances parallel the metal radius as expected [15,16,22].
The entries for ytterbium in Table 3 are the least consistent with the trend, but this
may be due to the particular set of eight-coordinate ytterbium complexes which
have been crystallographically reported. The next comparison described below
(Table 4) shows no anomaly for ytterbium. Obviously, when these tables are used
to evaluate a newly characterized complex, the best comparisons will involve the
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Table 6
Variation in structural parameters according to coordination number for (CsMes),Sm complexes
Coordination Metal Range of average Average of known Range of Average of
number radius (A) ¢ Ln—C(Cp* ring) Ln-O(Cp* ring)  Ln-O(THF) Ln~-O(THF)
distances (A) averages A) distances (A) distances (A)
Trivalent samarium complexes
10Cp3SmL, - 2.79(4) 2.79(4) - -
9Cp3SmL, 1.132 2.73(2)-2.77(2) 2.75(2) 2.53(1)-2.58(1)  2.56(2)
8Cp3;SmL, 1.079 2.68(1)-2.80(1) 2.73(3) 2.44(2)-2511(4) 2.48(2)
7Cp3SmL  1.02 2.68(1)-2.74(3) 2.71(2) - -
Divalent samarium complexes
8Cp3SmL, 1.27 2.82(3) -2.86(3) 2.84(2) 2.64(2) 2.64(2)
7Cp3SmL 1.22 2.812(4)-2.816(3) 2.814(2) - -
6 Cp3Sm - 2.7%1) 2.7%1) - -
“ Ref. 25.

specific metal with ligands with the most similar steric requirements [23] found in
Tables 1 or 2.

Comparisons of bond length changes as the metal changes are continued in
Tables 4 and 5. These tables use structural data for (CsMes),LnC(THF) and
(C5Me,),Ln[CH(SiMe,),], which are the two most common specific classes of
complexes in Table 1. In each case, the normalized data at the bottom of the table
show that the Ln—-C(ring) distances follow the trends expected on the basis of
radial size. However, the Ln—-O(THF), Ln-Cl, and Ln—C(alkyl) distances in Tables
4 and 5 do not follow the expected pattern as closely as the Ln—C(ring) distances.
This type of variation has been observed previously in the metal halide distances
[23,24].

Data on the effect of coordination number on Ln—C(CsMe; ring) and Ln-
O(THF) distances are summarized in Table 6 using samarium complexes. As
expected, the distances increase with increasing coordination number and the
increases are consistent with Shannon radii for metals with different coordination
numbers [25].

A comparison of trivalent and divalent Ln—C distances is also presented in
Table 6. For samarium complexes of the same coordination number, there is a
clear distinction between the ranges of distances for trivalent and divalent spemes
For example, for eight-coordinate systems, the trivalent range is 2. 68(1)-2.80(1) A
and the divalent range is 2.82(3)-2.86(3) A. In fact, the trivalent and divalent
distances nearly fall into two separate groups even if coordination number is not
considered: for mvalent complexes in Table 6, the Sm-C average lengths do not
exceed 2.80(1) A and for divalent complexes, the Sm—C distances are 2. 79(1) Aor
larger. The overlap occurs between the rare examples of ten-coordinate Sm>* and
six-coordinate Sm2*. As a result, Sm-C(CsMe;) distances for most samarium
complexes are indicative of the valence state of the metal for a given coordination
number. A similar situation obtains for ytterbium. Average Yb"-C(CsMes) dis-
tances range from 2.57(2)-2.66(4) A whereas for Yb!! the range is 2.65(1)-2.78(4)
A.

Trivalent-divalent comparisons are also evident from pairs of entries in Tables 1
and 2 which differ only in oxidation state. For example, [(CsMes),Sm(THF),]*
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and (C;Me,),Sm(THF), have average Sm-C(Cs;Me;) distances of 2.6%2) and
2.86(3) A, respectively. The Sm-O distances differ by a comparable amount,
2.46(1) and 2.64(2) A. Similarly, the trivalent and divalent metal centers of
Cp3Yb(u-F)YbCp; exhibit Yb-C(CsMe,) distances of 2.58(2) and 2.69(2) A,
respectively. In this case, the Yb—F distances have a larger difference, 2.084(2) and
2.317(2) A. These divalent-trivalent differences are in sharp contrast to differences
in transition metal complexes of different valence [22]. For example, the average
Fe-C distances found in (C;H,),Fe™ ions, 2.067-2.076 A, are actually larger than
those in ferrocene, 2.045 A [26].
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