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Abstract

Indenylsodium - N,N,N’,N'-tetramethyl-1,2-diaminoethane (1; NaCyH, - tmeda)
crystallizes in an infinitely aggregated chain structure. Unlike the known monomeric
structure of indenyllithium - tmeda, which favours n°-coordination, the sodium
cations in 1 are sandwiched between two indenyl units and, unexpectedly, exhibit
n'- and n*-bonding. This reduction in metal coordination to each indenyl unit is due
to the opportunities for interaction elsewhere, i.e. to the tmeda ligand and to a
second indenyl anion. The C(1) (benzylic) sites of each indenyl unit, in turn, are
coordinated in local D-,-type symmetry by two metal cations on opposite faces. The
structure and bonding in organosodium indenyl, fluorenyl, cyclopentadienyl, benzyl,
allylenyl and allyl compounds, and in related substances, are compared. The main
structure determining factors include cation radius (viz. the average cation coordina-
tion number), the charge distribution in the anion, the competition between m-delo-
calization due to resonance and charge localization due to the electrostatic influence
of the counter-ion, hapticity, solvation and aggregation.

* Dedicated to Colin Eaborn on the occasion of his 65th birthday.
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Introduction

How does the nature of the counter-ion influence the structures and the electron
distribution in organo-alkali metal compounds? Even though X-ray structures of
organolithium compounds have been widely investigated [1*], similar determina-
tions of organometallic compounds of the higher alkali elements are much more
limited [2*]. However, the knowledge about structures of selected organosodium
compounds improves our comprehension of bonding, and helps to elucidate struc-
ture determining factors in “carbanionic” compounds.

Indenylsodium - tmeda (1) deserves interest in relation to other compounds.
Stucky and Rhine investigated the lithrum analogue in 1974 [3]. Along with related
structures such as diindenylmagnesium [4], counter-ion effects may he compared.
From the structures of cyclopentadienylsodium - tmeda [5] or fluorenvipotassium -
tmeda [6], conclusions about the role of the #-delocalized carbanions can be drawn.
Finally, the largely ionic structure of I may be compared with the numerous
transition metal indenyl complexes [7.8] and their “ring-slippage™ chemistry [91

X-Ray analysis

Crystal dara. CsH,3;N,Na. M =254.454, orthorhombic, space group Phca
(DY), a 9.489(6). b 16.728(5). ¢ 18.852(5) A, ¥ 2992 A*, Z =28, D _1.129 g/cm’ at
117 K. Graphite monochromated Mo-K, radiation, A 0.71069 A.

Structure determination. A platelet of the dimensions 0.18 > 0.30 X 0.05 mm was
mounted in a glass capillary under argon. 117086 reflection profiles (2° < § < 25°)
were measured at 117 K on a NONIUS CAD-4 diffractometer. Averaging vielded a
unique set of 2623 structure factors, 1379 of which were stronger than 2o, The
structure was solved by direct methods (MULTAN 76 [10]) and refined on F- by
full matrix least-squares methods (X-RAY 76 [11]) using weights 1,0°(F 1. All
hydrogen atoms were introduced according to steric conditions and refined sotropi-
cally.

Two possible conformations with respect to the orientation of the CH,CH-.
bridge in the tmeda moiety are populated 60 and 40%. respectively. The atomic
positions within the bridge had therefore to be split up accordingly., while the
corresponding separations of the nitrogen and methyl group positions are not big
enough to be resolved, and thus remained incorporated in the “thermal™ ellipsoids
of these atoms. Since the separation direction of the CH-CH. bridge atoms is nearly
parallel to the crystallographic a™ direction, the vibration component [/,; of these
atoms had to be fixed in order 10 avoid correlation problems. For cach pair of split
positions, one value of I/, was chosen such that, after the refinement, the isotropic
equivalents of the two tensors were approximately equal. The thermal parameters
obtained in this way for the four CH, carbon positions were also used (after
multiplication by 1.2) for the hydrogen atoms bonded to the respective carbon
positions. Their positional parameters were refined and converged to approximately
sensible sites.

The final R values, based on the 1379 F > 20, reduced to R(F<}=0.080,
R (F~)=0.064. The highest peak and the lowest hole in the final difference map
are 0.67 and —0.77 ¢ A7, respectively.

* This and other references marked with an asterisk indicate notes occurring in the list of references.
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Fig. 1. Stereoscopic view (ORTEP [12]) of the crystal structure of indenylsodium-tmeda at 117 K,
showing three molecular units within an infinite chain. 30% probability ellipsoids are given, except for
hydrogen atoms which are represented by spheres of radius 0.1 A. The alternative atomic positions with
40% population are connected by broken stick bonds. The numbering system is different to that used in
discussing the theoretical calculations and the generalized structures.

The atomic parameters are given in Table 1. The stereoscopic view in Fig. 1
shows three molecular units within the infinite chain, to which they are linked
parallel a by a glide plane in the crystal. In the stereoplot in Fig. 2, the tmeda group
is viewed along its bonds towards sodium, in order to show more clearly the type of
disorder within that part of the structure. In the parallel projection in Fig. 3,
selected bond lengths and angles have been inserted.

Structure description

General. NaCyH,-tmeda aggregates into an infinite zig-zag chain structure
involving mono- and di-hapto bonding between cation and anion sites (Fig. 1). The
sodium cation is close to a glide plane, which produces an infinite planar sodium
chain with the angle Na””NaNa’ being 130.48(5)°, and the distance r(NaNa’) 5.225
A. The tmeda groups occupy the apex positions of the chain, with the bonding plane
N(13)-Na-N(14) almost perpendicular (85.2°) to the sodium plane (Fig. 2). Each
indenyl group is inserted between successive sodium atoms with its plane also nearly
perpendicular (89.2°) to the sodium plane. It intersects the line Na...Na’ almost in
the middle, but at an angle of only 74° (cf. Fig. 1). Thus, the bonding to Na and
Na’ is unsymmetrical. C(7), which is only 0.217 A off the line Na...Na’, has a
coordination of essentially D,,-type local symmetry with a short bond (2.579(6) A,
Fig. 3) to Na’ and a longer one to Na, at 2.664(6) A. C(8), which is 1.181 A of the
line Na...Na’, is only bonded to Na at 2.688(6) A, its distance to Na’ being
3.048(6) A. The sodium cations have a roughly capped-tetrahedral coordination,
composed of two tmeda nitrogen sites, an 7'- and an n>-bonded indenyl moiety
(coordination number five).

Indenyl group. The benzene ring is essentially planar (r.m.s.d. 0.0039 A), while
the five-membered ring is slightly deformed *, presumably due to the unsymmetri-

* The planes fitted to all nine carbon atoms and to the five-membered ring yield r.m.s.d.’s of 0.0111 and
0.0101 A,

(Continued on p. 24)
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Fig. 2. Stereoscopic plot (ORTEP [12]) of the tmeda group viewed towards its convex side at 117 K. 50%
probability ellipsoids are given, except for hydrogen atoms which are represented by spheres of radius 0.1
A. The alternative positions with 40% population arc connected bv broken sticks

cal bonding to the cations. The deformations can best be described by the devia-
tions from the plane fitted to the benzene ring. While C(7) is shifted 0.02 A towards
Na, C(8) and C(9) are shifted ()()2 and 0.03 A ruspu,meh towards Na'. Less
accurate are the shifts of H(71. 0.20 A, and H(8). 0.12 A. towards Na’.

The tmeda group. The tmeda group is severely disordered (Fig. 2% The end
carrying the methyl groups C{16) and C(15) is embedded between benzene rings.
whereas the five-membered rings leave a little more space for the other end carrving
the methyl groups C(11) and C(12) (cf. Fig. 1. This is probably the reason for the
large separation of 1.03(3) A of the alternative methvlene posttions {13} and
C(013), compared with 0.66 A in case of C(14) and C(014).

The two conformers of the tmeda group fit into the available space without
causing short contacts to neighbouring ligands. The indenvl atoms C(9)* -H(9)*
approach the convex side of the tmeda group. with H(9)* pointing into the central
gap between the methylene hydrogen positions H(132). H(0131), H(142). and
H(0141). Moreover, from a model of the structure, it can be seen that C(9y* - H(9»
should not even hinder the transition between the two alternative conformers of the
tmeda group.

Since the X-ray structure is averaged over time and crystal volume, a distinction
between a static (frozen) and a dynamic disorder {possibly coupled with lattice
vibrations) cannot be given. The fact that all hydrogen positions could be refined is
no proof for a static disorder because the time needed for the transitions between
the conformers is presumably short compared with the half life of the conformers. at
least at low temperature. One condition for the fact that both conformers fit into the
available space is a considerable mobility of the nitrogen atoms around the surface
of the sodium atom. This mobility is evident from the large anisotropy of the N
ellipsoids in Fig. 2. This is in contrast to most tmeda - Li organic structures. m
which the Li—N bonds seem to be much more rigid and usually are not involved in
the conformational disorder (see below).
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Fig. 3. Projection of the indenyl group, and the two tmeda-Na groups bonded to it. Hydrogen atoms are
omitted for clarity; selected bond lengths and angles are included (e.s.d.’s in parentheses). The alternative
positions with 40% population are connected by broken lines. The numbering system is different to that
used in discussing the theoretical calculation and the generalized structures.

Discussion

Structure determining factors. How can the structure of 1 be deduced from
general bonding considerations [2]? We first outline the main structure determining
factors and then develop our model by further comparisons with related systems.

The average coordination number of the alkali ion in essence is determined by
the cation radius. For sodium, five is the most commonly chosen organometallic
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coordination number [2], as in 1. Anion, ligand and neighbouring anion (aggrega-
tion) sites compete for the coordination available. The observed structure corre-
sponds to the most favourable of all these nucleophile-electrophile interactions. In
most cases, the cation—anion interaction is the most important. Since alkali metal
bonding is largely ionic [13}. the alkali cations interact with the carbon centres with
the highest charge density. As given by Hiickel MO [14] and by MNDO {15]
calculations, the highest charge density in the indeny! amon is at the benzyi-type
positions, C(1) and C(3}; the main interaction of the sodium cations in 1 s with one
of these symmetry-related sites. A close approach of a cation o a single site
polarizes the anionic charge distribution due to coulombic interaction. For w-de-
localized carbanions, this “charge localization” mechanism {16] restricts the
cation-—-anion interaction to one or two coordination sites in many organoalkali
compounds [1,2]. However, the “charge localization™ competes with =-delocaliza-
tion, which favours multihapto coordination and a more svmmetrical placement of
the counter-ion. The major energy term determines the resule: for highly symmetri-
cal systems with the largest =-delocalization energies (e.g. the aromanc cyclopenta-
dienyl anion), multihapto bonded structures are favoured. whereas in systems of
lower symmetry where localization of charge s easier (e.g. the benzyl anions),
coordination restricted to fewer sites is the rule. Partial charge localization at C(1)
of the indenyl anion is not very expensive energetically. and the #-resonance cnergy
in the benzene part and the allyl anion moiety of the molecule remains intact.

Additional anion sites (multihapto bonding), solvent molecules (ligand), and
aggregation (i.e. a second anion as a moderated ligand) compete with one another
for the remaining coordination available at the metal centre. Since alkali cation
solvation energies by neutral nitrogen nucleophiles are generally larger than those
by neutral carbon nucleophiles [17] *, tmeda chelation is preferenually included
into the sodium coordination sphere of 1. The halfway placement C{7). Na. .C(7")
and the short distances r(NaC) 2.6 A demonstrale strong aggregation among the jon
pairs. These interactions still leave one coordination site available at the sodium
centre. Additional aggregation or solvation would probably induce steric crowding.
and the coordination sphere is completed by moderate increase in hapticity (-
bridging of C(7") and C(8")) instead.

The n' /n*-attachment of the sodium cation to the indenyl moiety is unexpected.
and not in line with related structures such as indenyilithium - tmeda [3] and
cyclopentadienylsodium - tmeda 5] (see below). We therefore wish o describe
factors determining the hapticity of alkali cations. Qualitatively. the haptotropic
search [18] of the metal cation is controlled by charge localization. #-delocalization,
aggregation, and solvation. Solvation and aggregation are favoured over multihapto
bonding, if their interaction energies are larger than the energy differences for the
different haptomers. The ion-pair structure in turn aggregates into clusters or
chains, if both ligand and multihapto interaction do not effectively coordinate the
metal cation. Estimates of the magnitude of these contributions can be obtained via
appropriate model calculations.

Hapticity; MNDQO calculations.  Potential energy surfaces for metal cations
located above a delocalized anion often are quite flat [19,20]. Energv differences

* Here we constder the indenyl anionic charge as localized at the C(7) position. and compare the sodium
interaction with the m-system C{1y, . C(6).C&).CL9) vs. that with other " hgands”
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Table 2

Relative energies (kJ mol ') of indenyl species

Haptomer Point charge model [14] Indenyllithium, MNDO
7 0.0 0.0
7° 50.6° 15.9
7 61.57 48.1°
7* 64.0°
7°-OH, 0.0
7%-OH, 138
7'-OH, 45.6°
7°-OH, 59.0¢
715'(0H2)2 0.0
7°-(OH,), 113
7'-(OH,), 33.5¢
7%-(OH,), 40.6°
"15' (OH3); 0.0
7°-(OH,); 12.1
n'-(OH,); 18.0°
72-(0OH,), 33.57
715'(0H2)4 0.0
7% (OH,), 18.8
7'-(OH;), 5.9¢
7%-(OH,), 19.7°

¢ The structures are not minimal. They have been calculated by fixing the metal cation or the point
charge over the ring or in the position indicated.

among isomers of different hapticity generally decrease with increasing cation—an-
ion distance, and with increasing numbers of ligands bound to the cation.

Electrostatic calculations for a point charge above the indenyl anion give a single
minimum with the point charge located in the #’-position to the five-membered ring
[20]. However, further minima are created when additional point charges (ligands)
are included outside to the indenyl system [20b]. The n’-haptomer is the global
minimum for indenyllithium - (H,0), (0 £ x £4) by MNDO calculations [15]. In
the unsolvated system, the n®-haptomer is a second minimum, relatively destabilized
by 15.9 kJ mol " '. The n' and »* haptomers are not minima, and are 48.1 and 64.0
kJ mol ™! higher in energy. However, as the lithium cation is progressively solvated
with water, these become relatively stabilised. With additional solvent molecules, the
distance of closest cation—anion approach increases and the energy difference
between the haptomers is reduced, favouring the haptomers with lower coordination
to the anion (see Tables 2 and 3). For all systems, the average lithium-carbon
distance increases with increasing hapticity.

On solvation in the n’-haptomer, the lithium cation moves gradually away from
C(8) and C(9) towards C(2), in an attempt to redress the hapticity balance. With
three or four water ligands, the distances between the cation and C(8) and C(9)
increase dramatically, resulting in a pseudo #°-haptomer. This reduction in coordi-
nation agrees with the observed structure of indenyllithium in solution [3], and
parallels the transition metal ring-slippage chemistry [9]. In an analogous manner,
the lithium cation moves away from the central position above the six-membered
ring towards C(5) and C(6) when the n°-haptomer is progressively solvated. The
figures for the n'-haptomer demonstrate the increase in the cation—anion distance
caused by the stepwise solvation. The increase in the C(1)-C(2) and C(1)-C(8) bond
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Table 3
MNDO bond lengths (in A) for indenyilithium-(H 20y haptomers

Haptomer Li-C(1.3) Li-C(2) Li-C(8.9)
7 2.176 2182 1227
7°-(OH,) 2.202 2.202 1052

7 (OH, ), 2271 2.256 2310

7 (OH, ), 2332 2.302 2.427

7" -(OH,), 2.419 2.337 2.585
Haptomer Li-C(8,9) Li-C(4,7) Li-C5,6)
n° 2241 2276 2226

7% (OH,) 227 2.295 R
7°-(OH,), 2.340 2.371 2317

7" (OH, )4 2.440 2.431 1,390
7°-(OH, ), 2.584 2.530 2446
Haptomer Li-C(1) N

7' 1.957

n'-(OH,) 1.986

7'-(OH;), 2.027

7' (OH. ), 2.097

7'-(OH,), 2155

Haptomer Li-C(1.8)

7 2.054 ) o
n°-(OH,) 2.102

72 (OH,), 2,145

7 - (OH,), 2.235

7°-(OH.), 2.322

lengths relative to those in the %~ and n°-haptomers by ca. 0.04 A indicates the
partial localization of charge in the %' haptomer.

The case with four solvating water molecules probably reflects over-solvation of
the lithium cation, resulting in a somewhat unrealistic relative destabilisation of the
-, and especially the #°-haptomer. This would be less of a problem with the farger
sodium cation.

The 7-charges calculated for the free anion correlate better with the observed ' C
NMR shifts than those calculated for the solvated ion pairs. This would imply that
indenyllithium exists as solvent-separated ion pairs in THF solution {21}, The slope
of the least-squares function for the free anion has the value 161.7 (= 0.980;,
which agrees well with the value of 1563 ppm /unit charge predicted by ('Brien
[22].

Direct observation of equilibrating n°-°-(fluoreny)Cr(C'O) . L anions vielded a
net stabilization of 8-10 kJ mol ' of the %~ vs. the o -species [23], However. with
increasing electron-withdrawing ability of the chromium moctyv. the n -haptomer
becomes relatively stabilized.

Related structures. The homologous ion sequence.  Indenyllithium - tmeda, (2) 3]
crystallizes as an ion pair with 5 -attachment of the lithium cation to the indenv!
anion. Since the larger sodium cation requires further coordination, 1 aggregates
into an infinite chain with simultancous reduction of haptcity. Analogously cyelo-
pentadienyllithium compounds exhibit ion-pair structures [24]. whereus NaC . H. -
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tmeda (3) forms an aggregated chain structure [5], similar to 1. However, as the
large aromatization energy and D, symmetry of the cyclopentadienyl anion cannot
be overcome by the charge localizing influence of the metal cation, the n’-interac-
tion is maintained in the crystal structure of 3. There is a dilemma for 3, since an
ion-pair structure would not complete the sodium coordination, and the aggregated
chain structure induces an unusually large sodium coordination sphere. 1 evades this
dilemma by charge localization at the indenyl-C(1) position. The shortest distance
r(NaC)in 1, 2.58 A, is as short as r(NaC) in CH;Na [25], while the average distance
r(NaC) 2.92 Ain3is among the larger distances reported [2]. In the more restricted
coordination sphere of ethanoylcyclopentadienylsodium - THF [26] (one %°-cyclo-
pentadienyl unit, three oxygen sites), the average distance r(NaC) decreases to 2.83
A. Similarly, in Na(THF),[Sb,(C;H5) 4(C5H5)], three THF molecules coordinate to
the sodium catlon which is bonded 7° to a cyclopentadienyl unit at r(NaC)
2.70-2.84 A (2.78 A av.) [27]. K(C H,SiMe,) [28] forms a puckered chain structure
like 3. The distance r(KC) 3.03 A is only 0.12 A larger than r(NaC) in 3, even
though the average ion radius difference is Ar 0.4 A for both cations. Cyclopenta-
dienyl rings are bis-i’-coordinated to the metal in Mg(CsH;), [20]. By analogy to 3,
this type of coordination is retained in the puckered Lewis base adducts Mg(C;Hy),
-L,, with probable increase of Mg-C,H; distances [30]. However, in Be(CsHj),
(7, 7°) [31] and Ca(CsHj), (7°.7°,%%, ') [32], restricted hapticities have been
observed.

Dilithionaphthalene - (tmeda), [33] crystallizes as an ion-pair; the lithium cations
are n°-associated with the aromatic ring faces. In contrast, 1,8-dimethylnaphthyl-
sodium - tmeda [34] is ring-metallated and forms an infinite zig-zag puckered chain
structure with the sodium cations bis-n*-coordinated to the organic group.

Fluorenyllithium - bisquinuclidine (4) [35] forms an ion-pair structure with charge
localization at C(9) and C(1). The larger cation in fluorenylpotassium - tmeda
expands the charge localized coordination in 4 to multihapto bonding, residing at an
n°-coordinated site above two anion planes [6], forming a puckered chain in close
analogy to 1 and 3.

In conclusion, we elucidate a sequence for organoalkali compounds with 7-de-
localizable anions: ion pair with restricted cation—anion interaction, ion pair with
multihapto anion coordination, aggregated chain with restricted interaction, aggre-
gated chain with multihapto interaction, higher aggregated species. Depending on
the available coordination sites at the metal centre (i.e. the cation radius and
presence of additional ligands), one of these structure types will be chosen. The
homologous cation, due to its increase in ion size, adopts the next structure within
the sequence in general. Inclusion of additional solvent sites favours the reverse step
(Table 4) [36*).

Such considerations predict indenyllithium - pmdta (pmdta = 1,1,4,7,7-
pentamethyl-1,4,7-triazaheptane) to be an %'-bonded ion pair, while indenylsodium -
pmdta should be analogous to indenyllithium - tmeda. Experimental evidence arises
for indenylsodium, since the aggregates are believed to dissociate into ion pairs with
7°-bonding of the cation to the anion in pyridine solution [21c]. Similar findings
have been made in other solvents [21].

The zig-zag puckered chain. Zig-zag puckered chain structures are not only very
common among alkali cyclopentadienyl [5,28], indenyl, fluorenyl [35], benzyl [37,38]
(see below), and naphthyl [34] compounds. In isolobal analogy, TI(C;Hs) [39],
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In(CsHs) [40], Pb(CsHs), [41), T(CsMes) [42], TI{C,H,C,(CN),} [43], and
ZnMe(CsH,) [44] adopt a structure related to that of 3 with T1*, In*, Pb(C;Hs)™,
and ZnMe"* replacing the Na(tmeda) + fragment, respectively. Restricted n'-attach-
ment of the metal to the cyclopentadienyl unit is found in the chain structures of
Me, Al(p-n' @ n'-CsHs) [45], (n°-CsHj),Sc(p-n' : n'-CsHs) [46], and (n*-
CsHj),La(p-n’: 7°-CsHs) [47].

Finally, the transition metals are capable of forming related chain structures, e.g.
the low temperature modification of (CsH;)Mn(p-n': 9'-CsH;) [48] and Ni(p-
n°: 1°-Me,C,B,) [49].

n'-Bonding. n'-Bonding in largely ionic indenyl compounds has been found in
diindenylmagnesium [4]. Each metal centre is #°-coordinated to one indenyl moiety.
These C,H,Mg™* fragments are isolobal to sodium cations and build up a chain
structure related to 1 with 7'- and n*-coordination to the remaining indenyl units.
Samarium in Sm(CyH,); [7c] is #°-coordinated to the indenyl ring systems, with no
evidence for 7'-type coordination: in THF solution, NMR results indicate mono-
hapto bonding [50a,b].

From the disconnection of the indenyl anion into a benzene and an allylic part,
another analogy to 1 emerges, since lithium cations in allyllithium coordinate either
7' [51] or n* [52] to the allylic moiety. In 1,3-diphenylallyllithium - Et,O [53],
probably due to the increase in resonance energy of the organic moiety, the lithium
cation resides in the n*-position.

Transition metals usually are bound 4° [7] or % [8] to the indenyl unit. However,
there is spectroscopic evidence that 7'-attachment of the metal to the C(1) position
is feasible as well [7x,50]. Thus, in addition to the rare n°-bonding via the benzene
subunit [7ab,54], three different bonding sites are readily available at the indenyl C;
moiety. The existence of the related ionic compounds 1 and 2 in the very different
n'/n* and n’-coordinations suggests that energetic differences between the
haptomers are small in solution, where solvent molecules can easily replace vacant
coordination sites. The structures of 1 and 2 further support the “indenyl effect”
hypothesis [55], i.e. the lability of indenyl compounds in comparison to cyclopenta-
dienyl analogues [9]. Dearomatization of the cyclopentadienyl system in 7%, or
n'-haptomers is more costly, and cyclopentadienylalkali compounds generally re-
main 7°-coordinated. The chemistry of transition metal complexes finds analogies
among organoalkali structures.

The transition states of fluxional 7'-cyclopentadienyl compounds probably in-
volve n*-bonding to the hydrocarbon similar to that in 1 [56].

The indenyl unit. Since bond distances within the hydrocarbon moiety do not
vary much in indenylmetal compounds, it is justified to average published data (Fig.
4, [7D *. In general, bond lengths within the six-membered ring are shorter than
those of the five-membered ring (1.400 A vs. 1.423 A). This strongly suggests
enhanced electron density within the five-membered ring, as predicted by calcula-
tions for the free anion. The indenyl moiety thus represents a benzannelated
cyclopentadienyl structure. Variations in bond lengths within the benzene moiety
follow a consistent pattern: C(4)-C(5) and C(6)-C(7) are shorter, while C(4)-C(9),
C(5)-C(6) and C(7)-C(8) are slightly longer. The difference is ca. 0.04 A between

* 1°-Bonded compounds with considerable folding of the five-membered ring [8] have been excluded,
since they show large deviations for the five-membered ring parameters.



Fig. 4. Averaged carbon-carbon bond lengths (in A) of indenyimetal compounds {rom rel. 7: data for 1
are given in parentheses. The numbering system is different to that used in the structural determimation
of indenylsodium - tmeda.

these sets, as in 1. These numbers are reproduced by the MNDO calculations on
indenyllithium - (H,0) .. Cyclopentadieny! annelation favors a greater contribution
by one of the resonance structures of the benzene subunit [7b.7h.7;]. but the
transannular bond C(8)-C(9) is quite long (1.441 Ain 1.

Bond lengths within the cyclopentadienyl unit vary considerably for different
compounds with no clear cut correlation with any one resonance contributor. Due
to the 7' /n’-bonding mode of the sodium cation in 1. bonds connecting the metal
binding site C(1) are lengthened, reflecting the partial localization of the anion
charge.

The C-C distances in indenyllithium - tmeda 2 agree reascnably well with those
in 1, even though the symmetric 7 -position of the lithium cation produces a more
regular bond length pattern within the five-membered rning [3]. Due to the svmmetric
placement of both cations, the CyH, ring is lairly planar in 1. while C01) and C(3)
are slightly displaced towards the lithium cation in 2.

The tmeda ligand. Formation of tmeda chelates is very common for organo-
lithium compounds. Entropy, rather than enthalpy, provides the drniving force for
the coordination of the lithium cation by the bidentate ligand. From model
calculations [57], tmeda chelation of Li7 is endothermic compared to the solvation
by two independent amine molecules, but the entropy term is less unfavourable for
tmeda. An analysis of Li' /tmeda chelates suggests non-optimal interaction hetween
the metal cation and the ligand, since the average angle N-Li-N" 84° i5 consider-
ably smaller than tetrahedral. Nevertheless, Stucky derived the best lone-pair
orientation in tmeda chelates for N—metal-N’" — 85° ie. for lithium cations [6].

Table 5 contains a survey of the steric aspects of some tmeda chelates. The angles
M-E-N (= metal-N lone pair- N} show that the lone pairs do not point towards
the metal. The angles E-M-E are alwayvs greater than N-M-N, ¢ the chelate
bonds M--N are actually bent bonds with the lone pairs essentially within the plane
N-M-N but outside the triangle N-M-N. The bending of the chelate bonds
probably causes a strain on the angles N--(C' -C, which appear 1o be slightly widened
to about 112°, The widening of these angles should. on the other hand, lower the
energy barrier between the two conformers of the tmeda group. In the case of the
tmeda - Li chelates. the angles E-Li-E are not toe far from tetrahedral, which
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Table 5

Steric analysis of some tmeda chelates of lithium and sodium. Two lines per tmeda, starting with the
angles N-C-C, followed by the angles M—E-N, where E is the lone pair position at N. E is assumed to
be shifted 0.5 A from the N position perpendicular to a plane defined by unit vectors along the three
N-C bonds. Angles in degrees, e.s.d.’s in parentheses; for the (weighted) average values the r.m.s.d.’s are
given instead

Angles
N-C-C M-E-N E-M-E N-M-N’ Ref.
(PhCH),CO- {Li(tmeda)}, 111.1(1) 170.5(1) 100.7(2) 87.92(8) 58
111.4(1) 158.8(1)
PhCHCCCHPh- {Li(tmeda)}, 111.0(2) 168.02) 98.1(4) 86.7(2) 1,59
111.5(3) 166.6(3)
PhCHCgH - {Li(tmeda)}, 111.18(9) 163.1(1) 99.5(2) 87.51(8) 1, 59
111.3(1) 161.0(1)
112.0(1) 158.2(1) 102.4(2) 88.17(8)
111.691) 162.7(1)
(PhCH),C¢H - {Li(tmeda)}, 117.(1) 171.(1) 96.(2) 87.1(6) 60
120.(1) 170.(1)
116.(1) 164.(1) 102.(2) 89.5(6)
117.(1) 165.(1)
Ph(CH  Ph- {Li(tmeda)}, 111.0(2) 163.4(2) 99.8(3) 86.6(2) 61
111.4(2) 158.8(2)
(C¢H,),0- {Li(tmeda)}, 112.05(6) 158.06(6) 96.9(1) 85.10(5) 1,62
112.10(6) 158.06(6)
110.87(6) 168.72(6) 97.1(1) 86.95(5)
111.74(6) 160.09(6)
{PhC4H,- Li(tmeda)}, 113.6(4) 165.7(4) 89.8(6) 80.2(2) 1,62
112.3(3) 167.0(3)
Ph,C, {Li(tmeda)}, 111.1(5) 159.9(5) 91.%(7) 84.2(3) 1,59
111.3¢5) 175.4(5)
CsH 4-SiMe,Li-tmeda 84.9 24a
CyH,Li-tmeda 86.4 3
{PhLi-tmeda}, 84.3 63
Ph;CLi-tmeda 88.5 64
(PhCHCHPh)- { Li(tmeda)}, 86.1 65
Li-tmeda average (r.m.s.d.’s) 111.6(5) 163.(4) 98.(2) 86.(2)
1 110.1(9) 167.9(9) 80.(1) 74.6(1) this work
108.6(9) 176.7(9)
{PhCH,Na-tmeda}, 113.(1) 172.(1) 79.(2) 74.3(1) 38
111.(1) 174.(1)
113.2(9) 167.7(9) 80.(1) 74.5(1)
113.(1) 175.(1)
111.(1) 175.(1) 79.2) 74.5(1)
113.(1) 170.(1)
110.(1) 173.(1) 75.42) 72.9(1)
112.(1) 171.(1)
CsHsNa-tmeda 70.5 5
Ph;CNa-tmeda 76.6 66
Me;CC=CC(Me)C=C=CCMe,;Na
-(tmeda), 70.3 67
7.2
{(Ni,H(C,H,), }Na-(tmeda), 74.9 68
73.7
{CioHgNa-tmeda), 72.5(2) 34
Ph,LiNa;-(tmeda), 72.8(3) 34
72.3(3)

71.4(2)
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Table S (continued)

Angles
N-C-C  M-E-N  E-M-E  Ref
{2-CH,CoH,CH,Na-tmeda), B 4
{(4-CH,C4H ,CH, (NMe, 15 Na,
“(tmeda); }, LA 33
Na-tmeda average (r.m.s.d.’s) 124D 172(3 794 A0

CaHgK -tmeda bridging ligand 904 f

explains the observed rigidity of the N-Li~N chelate bond svstem.

For cations of greater size, the bonding situation becomes worse, as the cation
slips out of the “bite” of the tmeda ligand. The average angle N- Na-N reduces to
ca. 74° (Table 5). Since solvation energies decrease with increasing ion size, the
enthalpy difference between a chelated system and that solvated by two indepen-
dent ligands will not increase as much as expected from the inferior bite of the
tmeda chelate alone, and Na{tmeda) ™ chelates are still favoured due to entropy. The
price to be paid is seen from the crystal structures, since disorder of the ligand
methylene bridge is more severe in sodium than in lithium compounds. The less
satisfactory chelation, and the weaker Na-N interaction eaergics. pernut larger
conformational flexibility of the five-membered Na(imeda}  ring structures. For 1
even the coordinating nitrogen sites are subject to structural disorder {see above)

Finally, in fluorenylpotassium - tmeda [€], the ligand is no longer able to chelate
the potassium ion efficiently. and the cations are solvated by two bridging mono-
dentate ligands, instead. However. K7 /tmeda chelates might still ¢wust. g in
hexacoordinated 1ons.

D, carbon environment, the benzyvlsodium analogy. For [CH, AL model svs-
tems {A = Li, Na. or H). two isomers exist. For [CH5]" (A = H). the covalent
structure with a cyclic three-centre-two-electron bond is preferred by (452 kl
mol ™', MP4,/6-311G ** / /6-31G *) [69] over the Dy, structure. In contrast. the Dy,
geometry is preferred if A 1s Li or Na. i.e. an electropositive meial atom {69.70]. In
order to minimize electrostatic interactions between the meta) cations. they wish to
be separated from each other as far as possible. However, the energetic preference
for D,, over C, coordination is small (12.5-16.5 kJ mol ' MP4,/6-21G* - 6-31G *.
A = Na or Li). Hence, both structural types should be observable in organoalkali
chemistry, with preference for local D,, symmetryv. In the crvstal structure of
benzylsodium - tmeda (5). two sodium cations coordinate with cach of the benzylic
CH, positions to give just this local D., geometry [38]. Indenvisodivm - tmeda
crystallizes in close analogy to 5, with two sodium cations coordinating to the
pseudo-benzylic posttion (1) (local D, svmmetry. angle NaC{7)Na' 17057
Carbon-sodium bond distances are in the same range for both compounds (2.64 A
(5), and 2.58.2.67 and 2.69 A 1 1). The 7°-bridging of one of the sodium sites in 1
is paralleled by moderate bridging to the phenyl ipso carbon by two sodium sites in
5. There seems to be but one major difference between both structures: 8 crvstailizes
as a tetrameric aggregate, whereas 1 forms infinite chains. However, this difference
is not fundamental. For 5, the angle NaC(7)Na” angles ure alwavs oriented in the
same direction of rotation, leading to the formation of cyclic tetramers. In L these
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angles possess alternate directions, leading to the formation of a puckered, planar
chain. Thus 1 behaves as a benzyl, rather than as a cyclopentadienyl, derivative.

A structure quite analogous to that of 1is found for benzyllithium - OEt, (6) [37].
The decrease in available coordination space from Na™ to Li* is counterbalanced by
a decrease to one solvation site. In the monomeric ion pair (dabco=14-
diazabicyclof[2.2.2]octane) structure of benzyllithium - dabco [71], additional solva-
tion and increase in hapticity (n*) counterbalances the loss of aggregation.

Experimental

Yellow crystals of 1 were synthesized by the addition of hexane-soluble [72]
butylsodium - tmeda (2 cm’; ca. 1 M solution) containing a threefold excess of
tmeda to a petroleum ether solution (40 cm®) of indene (1.5 mmol) at 0° C, with the
usual precautions for air-sensitive materials. After standing at —15°C for one
month, crystals of sufficient size had formed.
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