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Summ‘ary 

The capacity of cyclopentadienylsodium to form adducts with the following 
bases has been studied: diethyl ether, tetrahydrofuran, 1,2_dimethoxyethane, 
1,4-diosane, 1,3,5-triosane, benzo-l5-crown-5, triethylamine, tetramethyleth- 
ylenediamine, pyridine, 4-&methylaminopyridine, and 2,2’-bipyridyl. Most 
form extremely air- and moisture-sensitive 1 : 1 adducts Na(C5H5)L, where L = 
Lewis base. Similar adducts, Na(C5H,Me)L, of methylcyclopentadienylsodium 
have been prepared_ Their infrared and ‘H NMR spectra are consistent with 
q5 -coordination of the cyclopentadienyl groups. In the crystal, the tetrameth- 
ylethylenediamine adduct, Na(C5HS)TMEDA, adopts a puckered chain struc- 
ture, with v’-C5HS rings bridging Na(TMEDA) units. 

Introduction 

In organolithium chemistry, the capacity of lithium atoms (or cations) to 
coordinate strongly to the r-systems bf unsaturated hydrocarbon groups (or 
anions) has been amply illustrated during the past few years [1,2]. For 
example, X-ray crystallographic studies [ 21 have revealed the “~-complex” 
geometry of many organolithium compounds in which the lithium‘atoms, typi- 
cally coordinated by a chelating base such as tetramethylethylenediamine 
(TMEDA), are also bonded to three or more carbon atoms of such unsaturated 
groups or anions as benzyl [ 31, triphenylmethyl [ 41, fluorenyl [ 51, (naphtha- 
len&)“- 163, (bifluorenyl)2- [‘i] , indenyl [S], (anthracene)2- [9], and (hexatri- 
ene)2- [lo] _ In the indenofluorenide [ 111, LiC19H11, lithium atoms uncoordi- 
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nated by chelating nitrogen bases are sandwiched between two of the benzene 
rings of t.he ligands [ 111. Simikar strong interactions between the metal and 
various unsaturated organic ligands have been inferred from spectroscopic 
studies 112-161, and predicted (in the case of allyllithium) on theoretical 
grounds [ 17,lS-J. 

By contrast, organosodium systems, in which the metal-carbon bonding 
would be expected to be more ionic, have been much less fully studied, 
although r-type bondin g interactions between bis(tetrahydrofuran)sodium 
units, Na(THF),, and the benzene rings of complex organoaiuminate anions 
derived from naphthalene or anthracene have been fou1lcl by X-ray crystallo- 
graphic studies on the compounds [Na(THF)JZ[Me2A1C10H8]2 [19] and 
[Na(THF),],[Me,AlC,,H,,-J2 [20]_ In particular, before the present study no 
definitive structural work had been done on a sodium cyclopentadienide, even 
though cyclopentadienylsodium has been the subject of many vibrational and 
NMR spectroscopic studies [21--2’71 and is itself widely used as a reagent for 
the synthesis of transition metal cyclopentadienyl complexes [ 28,291. Indeed, 
no systematic attempt to isolate coordination complexes of alkali metal cyclo- 
pentadienides had to our knowledge been reported. We therefore set out to 
esplore the coordination chemistry of sodium cyclopentadienide, Na(CSH5), 
and of its methyl derivative, Na(&H,Me), with two objectives: firstly, to find a 
compound or compounds suitable for X-ray crystallographic study, and so to 
establish the mode of coordination of the cyclopentadienyl group to sodium in 
one or more specific complexes; and secondly, to find out whether the vibra- 
t.ional and ‘H NMR spectra of complexes Na(C5HS) - nL might indicate any. 
change in the mode of attachment of the cyclopentadienyl group to sodium as 
the number (n) and type of Lewis bases (L) were varied. By analogy with tran- 
sition meta! systems, decreasing hapticity of the cyclopentadienyl ligands with 
increasing n might have been expected if covalent metal--&H5 ring interactions 
were important, though not if the Na---C5HS bonding were essentially ionic. 

A preliminary account of the structure of the TMEDA complex Na(C5H5)- 
(TMEDA) has already been published [ 301. This paper gives further informa- 
tion about this compound, and describes a series of related coordination coin- 
pleves of cyclopentadienylsodium (I) and methylcyclopentadienylsodium (II)_ 

Results and discussion 

The normal method of preparation of cyclopentadienylsodium, which we 
have used in the present work, involves the reaction of the metal with cyclo- 
pentadiene in THF [28].. This affords a solution of Na(C5H5) in THF from 
which uncoordinated Na(C5H5) (I) can readily be obtained as a ‘white powder 
by pumping off the solvent, only gentle heating (40°C) being needed to drive 
off the residual solvent of crystallisation. The low affinity of the cyclopenta- 
dienide for THF indicates.it to have only feeble Lewis acidity, an indication 
supported by our study of its capacity to coordinate a range of ether and amine 
bases. 

The results of our studies are summarized in Tables 1 and 2. Table 1 shows 
which Lewis bases, L, were found capable of forming adducts Na(&H,R) - nL 
(R = H or Me) with Na(C5H5) or Na(GH,Me), and in what proportion (n, 



I 

II 

V 

VI 

VII 

VIII 

x 

SI 

XII 

XIII 

xv 

XVII 

XVIII 

ci(CjIIj) 

Na(CjEI~&) 

Xa(Cj ~fj)(1.2-ditncthosvrtilane) 

Na(CjHj)( I.&diosane) 

Na(CjHj)( 1.3.5triosane) 

Sa(Cg EI~)(bmlzo-l5-crorxl-5) 

Na(CjEIj )(TAIED..Z) 

xa(C5Hj )(ppridinc) 

Na(CjH5)(4-dimethvlanli,lopvridine) 

Na(CjHj)(2,2’-bipyriidyl) 

Na<Cj HjhIe)(TMEDA) 

Na(CjH4Me)(4-dimethvlaminopvridine) 

Na(C5HqhIe)(2.2’-bipyridyl) 

fii.7 

(Iii%.“) 

TO.1 

(70.6) 
59.9 

(60.7) 
61.8 

(61.4) 

s-i.7 
(51.0) 
62.5 

(64.0) 
6-t-O 

(fX.6) 
69.3 

(71.9) 
66.9 

(68.1) 

74.6 

(73.2) 
65.4 

(66.1) 

68.9 

(69.6) 
i3.2 

(74.4) 

‘i-1 

(5.7) 

i-0 
(G.9, 

i.S 

(K-1) 

7.5 

(7.4) 
7.3 

(G.“) 
7-R 

(7.0) 
9.6 

(10.3) 
9.1 

(GO) 
7.1 

(7.1) 

6.1 

(5.4) 
12.9 

(10.6) 
7.7 

(7.6) 
5.3 

(5.8) 

- 

- 
- 
- 
- 
- 
- 
- 

13.4 

(13.7) 
7.9 

(8.4) 
12.6 

(13.3) 

11.4 

(11.5) 
12.? 

(12.9) 

12.6 

(12.5) 

11.3 

(10.9) 

‘ifi. 
(Bfi.‘)) 

‘11 .I) 
(255) 

1X!) 
(, 2.9) 

11-F 
(13.1) 
12.9 

(12.9) 
6.1 

(6.5) 
11.7 

(11.3) 
12.6 

(13.7) 

10.8 
(11.0) 

9.3 

(9.4) 
10.2 

(10.6) 
10.9 

(10.3) 
8.5 

(8.9) 

which was invariably unity for the compounds that could be isolated and char- 
acterized)_ The melting temperatures, thermal stabilities and solubilities of the 
adducts are also indicated in Table 1, Table 2 gives analytical data for the com- 
pounds stable enough not to dissociate spontaneously at room temperature. 

Some of the Lewis bases studied, e.g. THF, diethyl ether and triethylamine, 
coordinated only feebly to Na(C5Hs) and Na(CsH,Me). Crystalline adducts of 
these bases, with the appearance given in Table 1, were apparently obtained by 
dissolving I or II in the base itself, and allowing the solutions to crystallise at 
low temperature (-40 to -78” C). When separated from the solvent and 
allowed to warm up under dry nitrogen, however, the crystals evolved base and 
crumbled to the powdery consistency characteristic of uncoordinated Na- 
(CsEf,R). Analyses of the products showed them to retain only small and vari- 
able proportions of base. 

Those bases that were found to form more stable adducts were added in 4- 
to Ei-fold excess to solutions of Na(C,H,R) in THF. These solutions were 
aIlowed to crystallize, and the crystals were separated, recrystallised twice from 
benzene, and then dried under vacuum. Although under these conditions the 
metal cyclopentadienide might have taken up two or more moles of base, the 
product was invariably the l/l adduct M(CsH,R) - L, whether L was mono-, bi- 
or poly-dentate- Nevertheless, in view of the various potential hapticities of the 
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Lewis ~xlses studied, these l/l adducts presumably have v~ious numbers of 
cool-dination sites on sodium occupied by atoms of the ligand L, rar-glllg from 
one site in the case of monodentate ligands like pyridine in compound XI to 
five sites in the case of the crown ether complex, compound VIII. It was 
thought that these various possible modes of attachment of L to the metal 
might in turn leaci to vario~~s modes of attachment of the cyclopentadienyl 
grouts to the metal. The infrared and ‘H NMR spectra of the adducts were 
recorded in a search for evidence of this, as the spectra of matzo-, tri- and 
PelztuJrapto coordinated cyclopentadienyl groups, and of cyclopentadienyl 
anions, are well documented [Zl-27]_ 

The frequencies of characteristic cyclopentadienyl group absorptions of 
selected adducts are given in Table 3, together with the frequencies of the 
corresponding bands in the spectra of the uncoordinated cyclopentadienides 
(which agree well with the literature values [ 22,24-27]_ Fritz [ 21,251 has 
pointed out that five frequency regions can be used to characterise cyclopenta- 
dienyl ligands, four of which are employed in Table 3: the C-H stretching 
absorption, v(C-H), at 3030-3080 cm-‘; the in-plane C-H bending mode, 
Fj(C-H), at about 1000 cm-‘; the out-of-plane C-H bending mode, y(C-H), at 
700-730 cm-‘; and a metal-ring stretching absorption at about 300-330 
cm-‘. 

This last absorption, at 327 cm-’ for I, 300 cm-’ for II, provided a useful 
guide to the degree of conversion of uncoordinated Na(&H,R.) into adduct Na- 
(C5H,R) * L, as it persisted, though with diminished intensity, in the spectra of 
adducts Na(C5H4R) - L contaminated by unreacted Na(&H,R) alongside the 
new band, characteristic of the adduct, at the higher frequencies listed in the 
final Coleman of Table 3. This new band is probably attributable to Na-L 
stretching vibrations, as the Na-CSHS interactions are expected to be weakened 
rather than strengthened by coordination of L to Na. Consistent with this, the 
new band occurs at ca. 460 cm-’ _ m the spectra of adducts of I with pyridine 
and 4-dimethylamiiiopyridine (both expected to be monodentate ligands), but 
at ca. 450 cm-’ in the spectra of the adducts with the bidentate chelating 
ligands TMEDA and bipyridyl. In the case of the crown ether complex (com- 
pound XI), if the sodium cation is surrounded, as seems likely, by the penta- 
dentate crown ether, the resultant shielding of the metal by the ether must 
leave room for negligible metal--CSHg ring bonding. The distinction between 
anionic C5 Hg- groups and ion-pairs incorporating such anions orientated pen ta- 
hcpto to the metal cations is slight, however, and the data in Table 3, while 
being consistent with q5 ligand geometry for both the parent cyclopentadien- 
ides and their adducts, do not allow further structural conclusions to be drawn. 
The greater complexity of the spectra of the methylcyclopentadienyl com- 
pounds arises from the lower symmetry of the &H,Me ring, and is not con- 
sidered to reflect a different metal-ring geometry. 

The ‘H NMR spectra of the adducts were also found to be consistent with 
pentahzpto coordination of the cyclopentadienyl rings, in that the absorption 
attributable to the ring protons was invariably a singlet, even at -9O”C, though 
the chemical shift of that singlet varied with the solvent and ligand. Table 4 
illustrates the extent of that variation for the ligands THF, triethylamine, p$r- 
idine and TlMEDA, using THF, benzene, acetonitrile and dimethylsulphoxide 
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CIiE1IIChL SIIIFTS (p.p.m.. REI.:\TIVE TO BENZENE AS INTERNAL REFERENCE) OF THE 
C’I-CLOPESTXDIENYL PROTOSS IN THE ‘II nmr SPECTRA OF Na(C5Hj) AND SOME OF ITS 

ADDUCTS Ka(CsFIg)L IX VARIOUS SOLVENTS 

Compouud number Ligand L - SolrYxlt 

THF Acetonitrik D&IS0 

I - 1.91 - 1.63 1.79 
VI THF 1.91 - 1.64 - 
XII Er3N 1.63 - - - 

XIII TJIEDX 1.56 1.19 1.67 1.81 
XIV Pvridine 1.62 1.32 - - 

(DMSO) as solvents. The data in Table 4 suggest that all three amine ligands do 
coordinate to Na(CSHS) in THF, even though the triethylamine adduct Na- 
(C&)NEt3 decomposed too readily at room temperature to be characterized. 
Moreover, they indicate that the anionic character of the C5H, group in the 
adducts Na(CSHs)L increases in the sequence L = THF < Et,N - pyridine < 
TMEDA. The strongly coordinating solvents acetonitrile and dimethylsulphox- 
ide, however, apparently displace THF, Ef,& and TMEDA from sodium when 
the adducts containing these bases are dissolved, since the chemical shifts of 
their solutions do not appear to vary significantly with the Lewis base. 

The NMR results do not rule out the possibility of less symmetrical (7’ or 
71~) but ffuxional coordination of the cyclopentadienyl groups to sodium in 
these adducts_ Fluxional behaviour may be expected in compounds such as 
these in which the degree of covalency, and so directed nature of the bonding, 
is slight_ 

The ‘H NMR spect.ra of the methylcyclopentadienylsodium adducts Na- 
(&H,Me)L were also consistent with pentahapto coordination. Methylcyclo- 
pentadienylsodium in THF gave only a single resonance due to the ring protons 
[23] and its adducts also gave singlets, even though the substituent methyl 
group lowers the ring symmetry and renders the ring protons non-equivalent, 
and might be expected to influence the activation energy of fluxional pro- 
cesses _ 

The one definite piece of structural information to emerge from our study is 
the crystal structure of compound X, Na(CSHS)TMEDA, a preliminary report 
of which has already been published [ 301. The crystals are otihorhombic, with 
a 1596.1, b S94.9, c 1840.8 pm, space group P,,,, with 8 formula units in the 
unit cell. The intensity data were collected on a Hilger and Watts four-circle dif- 
fractometer, using B-filtered MO radiation, to a limit of 6 = 20”. The structure 
was solved by the symbolic addition method, and refined by least squares 
methods to R 0.087 for the 771 reflections with net counts 2 (T. 

The structure is illustrated in Fig. 1. Table 5 gives the atomic coordinates, 
Table 6 the bond distances, and Table 7 the bond angles. The structure con- 
sists of puckered chains of sodium atoms, each with a chelating TMEDA mole- 
cule attached, linked by bridging pen tahapto cyclopentadienyl groups inclined 
at 88” to, and bisecting, the Na-Na axes, which are displaced 11 pm from the 
ring centres. This slippage from the ideal q5 geometry is attributable to non- 
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bonded repulsions between adjacent C5H5 rings. 
The -M(C5H5)M(CSH~)M(CSHS)- chain structure resembles those of 

+(C5H5) [31], T1(CsHS) [31] and Pb(C,H,), 1321. The degree of puckering of 
the chain (there are two crystallographically distinct Na-Na-Na angles of 128 
and 119”) reflects the distorted tetrahedral coordination of the metal atoms 
(in In(C5H5), the In-In-In angle is 137O [31] whereas in Pb(CsH5)*, the 
Pb-Pb-Pb angles are 118 and 121” [ 321). The chelating TMEDA groups have 
N-N distances of 308 and 305 pm, and both subtend an N-Na-N angle at 
the metal of only 72” illustrating the limited ‘<bite’.’ of this ligand and so 
underlining the importance of the size of the metal atom in determining 

TABLE 5 

ATOMIC COORDINATES OFN&C~H~)TIIEDA 

Atom s/a y/b Z/C 

N&l) IX2500 0.0000 0.1237(2) 
Na(2) 0.0000 0.3013<5) 0.2500 
N(1) O-3059(6) O-1366(9) O-0076(5) 

N(2) 0_0457<5) 0_5?%09<7) O-3224(4) 

C(1) O-1263(9) O-0724(14) O-2301(7) 

C(2) 0.0811(6) O-0798(16) O-1658(9) 
C(3) O-1056(7) 0.2077(15) O-1303(5) 
C(4) O-1661(7) O-2767(10) 0.1708<8) 

C(5) O-1782(7) 0_1934(17) O-2345(6) 
C(6) O-2535(12) 0.0798(12) -O-0524(5) 
C(7) O-2888(8) O-2966(15) 0.0108(7) 

C(8) O-3946(8) 0.1145(13) -0.0024(6) 
C(9) 0.0012(9) 0.6661(9) O-2888(5) 

C(10) 0.1360(7) O-5551(12) O-3184(6) 
C(11) O-0226(7) O-5363(11) 0.3992(6) 
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T.-XBLE G 

Bn_SD DISTANCES IS Na(CgHg)TVEDA 
- 

BWld Distance (pm) Bond Distance (pm) 

X,(l)---s(l) 261.8(9) 
Na(l)<(l) 285.6(15) 

S:n(l)-C(2) 289.4(10) 
xa(l)--C(3) 296.3(12) 
Na(l)--C(S) 29-1.6(10) 
Na(l)-C(6) 290_9(13) 
9(1)-C(G) 147.7(10) 
x-(1)-c(7) 145.9(9) 
X(1)-C(8) 144.2(15) 
C(6)-C(6II) 143.2(15) 

C(l)-C(2) 138.7<20) 

C(2)--C(3) 137_5(19) 

C(4)--a5) 140.2(18) 

Na(2)-X(2) 
N&2)--C(l) 

Xa(2)-C(2) 
Na(2)-c(3) 
Sa(2)--C(4) 
Xzl(2)X(5) 

N(2)--C(9) 
N(2)-alO) 
N(S)--C(ll) 
c(9)-C(9I~-) 
C(l)-C(5) 

C(3)--C(4) 

262.8(7) 
289.7(14) 

282.9(14) 
P89.8(11) 
303.3(12) 
301.7(11) 

146.3(12) 
144.9(13) 
146.0(13) 
l-&2.9(12) 
136X(19) 
137.6(19) 

whether TMEDA chelates (as in this case) or bridges (as in the potassium 
fluorenyl complex K&,H,(TMEDA) [ 21). The cyclopentadienyl rings of Na- 
(CsH5)TMEDA incidentally subtend an angle of only 47” at the metal (their 
carbon atoms lie on circles of radius 117 pm and are 292 pm from the metal 
atoms). 

This structure is consistent with an ionic model of the bonding in terms of 
Na(TMEDA)’ cations and C,H,- anions and may be contrasted with the struc- 
tures of [GaMe,(CSH,)],, [33] and [ ZnMe(CsHS)], [34], which also have 
-M(CSHS)M(CSH5)M(CSHs)- chain structures with, however, a greater degree 
of covalency in the metal-ring bonding as shown by the distortions from $- 
geometry in the gallium and zinc compounds_ The metal-carbon distances 
(average 292 pm) in X are nevertheless short enough to allow a degree of 
covalency similar to that in the Grignard complex Mg(CsHS)Br- 
(Et2NCH2CH,NEt2) [35], for which 1Mg-C is 255 pm and Mg-N 226 pm, dif- 
ference 29 pm (cf. Na-C 292 pm, Na-N 262 pm, difference 30 pm in X). The 
failure of X to take up a second T_MEDA molecule, to form Na(TMEDA),*- 
(C!,H,)-, indicates the strength of the metal-ring bonding. 

A further structural indication of the anionic character of the cyclopenta- 

TABLE 7 

BOND ANGLES IN Na<C5H5) TXlEDe4 

Anzk co) Angle (“) 

N(l)-_Na(l)-N<lI) 

C(6)-N<l)--c(7) 
C(7)-N<l)--c(S) 

C(lO)-N<2)+Xll) 

C(2)-C(l)-C(5) 
C(2)-C(3)--c(4) 

C(4)-C(5)-al) 
N(2)-C(9)-C(91V) 

70.5 
105.1<9) 
1@8.9(9) 
107.6(7) 
109.1(10) 
108.5<10) 

106.8(11) 

115.8(8) 

N<2)-Na<2)-N<31) 70.5 

c(6)-N<l)-C<8) 114.4(9) 

C(9)-N(2PC(lO) 113.2(7) 
C(9)-N<2)--c(ll) 107.9<7) 

C<l)-C(2)-C(3) 107.3(10) 

C<3)-c<4)-c(5) 108.2(11) 
N<l)--C(6~C(6II) 112.8(11) 
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dienyl groups in X is the ring C-C distance of 135 pm (avtwgej, shorter than is 
usual for metal c~:clopentaclienicles (cf. lr12.5 pm for various bcrylliui~i COm- 
pounds Be(C5H5)X [ 36-381, 143 pm for Fe(C5H5), [ 391 and Ni( C&l,), [:1-O] _ 

and 142 pm for Mg(CJ~,), [41]). 
Compound S probably dissolves as the monomer, Xa(Cr;HS)TMED-% in bell- 

zene, toluene and THF, though its soluhility in cold benzene was too 10~ to 
confirm this by cryoscopic measurement.s. In these solutions it probably retains 
apentafzapto ring geometry, though when coordinating to only one metal 
atom, the cyclopentadienyl go-oup may well foml somewhat shorter Na--C 
bonds than occur in the crystal_ The solutions ancl crystals of X, indeed of all 
the compounds in Table 1, are exceedingly sensiti:ve to air and moisture; crys- 
tals of X rapidly turn brown and then black on exposure to air. 

In conclusion, the extremely air- and moisture-sensitive adducts of Na(C&) 
and Na(GH&Ie) listed in Tables 1 and 2 have been isolated and charact.erised. 
Their infrared and ‘H NMR spectra ze consistent with pciz tahapto coordina- 
tion of their cyclopentadienyl groups_ In crystalline Na( C5H5)TMEDA, q’-Cjf-I 
groups bridge Na(TMEDA) units in a puckered chain structure. 

Esperimental 

Standard vacuum line or inert atmosphere (dry nitrogen) techniques were 
used for manipulations. The sodium cyclopentadienides I and II were prepared 
by thermal cracking of the cyclopentadiene dimers and reaction of the 
monomers, C5H6 and C5H5Me, with a dispersion of sodium in THF [23,28,29]. 
The resulting solutions were filtered and evaporated to dryness or treated with 
an excess of the base as appropriate. 

Carbon, hydrogen and nitrogen were determined by combustion analysis 
using a Perkin-Elmer Model 240 Elemental Analyzer. Sodium was determined 
using an atomic absorption spectrophotometer (Perkin-Elmer Model 403). 
Infrared spectra in the range 4000-600 cm-’ were recorded using Nujol mulls 
between KBr disks on a Perkin-Elmer 457 instrument, and in the range 600- 
200 cm-’ between Csl discs protected by polyethylene film on a Perkin-Elmer 
577 instrument. ‘H NMR spectra were recorded at 60 MHz on a Varian _456/ 
SOD spectrometer_ 

The bases and solvents used were rigorously dried and (where volatile).were 
vacuum-distilled before use. 
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