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Introduction 
Electrophilic substitution reactions have often been em

ployed in the synthesis of ferrocene derivatives.23 While many 
common electrophilic reactions, such as chlorination or ni
tration, have failed to yield the desired substitution product 
owing to the sensitivity of the iron atom to oxidation, alkali 
metal reagents have been used to resolve this problem. Ferro
cene is first converted to a metalated derivative, which then 
is reacted with the electrophile to give the desired substituted 
molecule. Several authors have reported l,l'-disubstituted 
ferrocenes prepared in this manner.2'3 Rausch and Ciappenelli4 

found that the l,l'-dilithio intermediate can be prepared in 
high yield, and with almost no accompanying monolithio by
product, using n-butyllithium jV,./V,yV',./V'-tetramethylethyl-
enediamine (TMED). 

Owing to our interest in the chemistry of interactions in
volving main group and transition metal organometallic 
compounds, we decided to further examine some of the prod
ucts resulting from metalation of ferrocene using n-butyl-
lithium. No infrared, nuclear magnetic resonance, or X-ray 
structural data had been reported for any metalated ferrocenes, 
nor had the degree of association been determined for these 
compounds. We selected the dilithiated compound for initial 
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study. Samples of dilithioferrocene-TMED were first prepared 
at the University of Massachusetts.4"6 Efforts to obtain suit
able single crystals from these samples, as well as other sam
ples, also prepared using /i-butyllithium-TMED at the Uni
versity of Illinois, were unsuccessful. Success was finally 
achieved by one of the authors (M. W.) using 1,1,4,7,7-pen-
tamethyldiethylenetriamine (PMDT) rather than TMED in 
the metalation reaction. We have previously found that the use 
of PMDT generally results in significantly more soluble 
products than does the base TMED. An air-sensitive, red-
orange, crystalline product was isolated from the reaction of 
«-butyllithium-PMDT and ferrocene, and it was demonstrated 
from a carbonation study that the compound contained two 
lithium atoms per iron atom. However, the NMR spectrum 
revealed that the compound contained only one PMDT per two 
lithium atoms. Since the structure could not be determined 
from these results, an X-ray structural investigation of di-
lithioferrocene-pentamethyldiethylenetriamine was under
taken. The results of that study are presented below. 

Our characterization of the dilithioferrocene-PMDT 
complex in solution by NMR also revealed some interesting 
molecular dynamic behavior and the results of this study are 
also included. 

Metalation of Ferrocene by «-Butyllithium-
Pentamethyldiethylenetriamine 
M. Walczak,la K. Walczak,la R. Mink,1" M. D. Rausch,lb and Galen Stucky*la 

Contribution from the Department of Chemistry and Materials Research Laboratory, 
University of Illinois, Urbana, Illinois 61801, and the Department of Chemistry, 
University of Massachusetts, Amherst, Massachusetts 01002. Received March 29, 1978 

Abstract: The reaction of ferrocene with fl-butyllithium-pentamethyidiethylenetriamine (1:3 molar ratio) results in a dilithiat
ed ferrocene derivative which upon carbonation and subsequent hydrolysis gives the dicarboxylic acid of ferrocene. The di-
lithium complex exhibits dynamic behavior in benzene or toluene with both cyclopentadienyl and base exchange being ob
served. The crystalline product obtained from a hexane-benzene solution in the presence of pentamethyldiethylenetriamine 
surprisingly contains only one triamine ligand per two lithium atoms and has the empirical formula (7j5-C5H4)2Fe(N3C9H23)-
Li2. The molecular_structure of this complex has been determined in the solid state and has been found to be dimeric, crystallo-
graphic symmetry 1, with the lithium atoms in two types of environments. All three pentamethyldiethylenetriamine nitrogen 
atoms are coordinated to one of the unique lithium atoms while the second unsolvated lithium atom bridges between one car
bon atom of a cyclopentadienyl ring from each ferrocene monomer to form the dimer. A four-center electron-deficient bridge 
group is consequently observed consisting of the two unsolvated lithium atoms and two carbon atoms from two different ferro-
cenyl groups. The lithium atom-iron atom distance is short, 2.667 (8) A, and is ascribed to bonding between the ferrocene eg 
molecular orbital and the unsolvated lithium atom. The compound crystallizes in the monoclinic space group, P2]/n, with lat
tice constants of a = 13.557(5) A, b = 10.437 (7) A, c = 15.50 (6) A, and 0 = 106.24 (2)°. The calculated density is 1.17Og 
cm-3 for two dimeric units per unit cell. The crystal structure was solved by diffractometer techniques using full-matrix least-
squares analysis on a total of 4331 observations. The final agreement factor was Ri = 0.061 for all data. 
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Experimental Section 
Reagents and Solvents. All procedures were carried out under an 

inert atmosphere using either Schlenk-ware techniques or a Vacuum 
Atmospheres inert box. 1,1,4,7,7-Pentamethyldiethylenetriamine was 
purchased from Eastman Organic Chemicals. Benzene and hexane 
were distilled from sodium benzophenone ketyl under nitrogen and 
stored under an inert atmosphere. 

Preparation of [(jj5-C5H4hFe(N3C9H23)Li2]2. Hexane (20 mL) was 
added to 3.90g (22.5 mmol) of 1,1,4,7,7-pentamethyldiethylenetri-
amine (PMDT). To this solution was added via syringe 15 mL of 1.5 
M (22.5 mmol) n-butyllithium in hexane, and the resulting solution 
was stirred for 15 min at room temperature. A solution of ferrocene 
(1.39 g, 7.5 mmol) in 80 mL of warm hexane (45-50 0C) was added 
to the stirred n-butyllithium-PMDT solution, whereupon it turned 
orange and stirring was discontinued. Within 1 h, clusters of orange 
needles appeared. These were isolated by filtration, washed with 
hexane, and dried under vacuum. Recrystallization from hot benzene 
produced an overall yield of 50-60% of product in the form of red-
orange plates. 

Formation of l,l'-Ferrocenedicarboxy!ic Acid from [(JJ'-CSH,^-
Fe(N3C9H23)Li2]2. A procedure analogous to that used by Rausch and 
Ciappeneili4 was employed. 

Physical Measurements. NMR samples were prepared using de
gassed toluene-rfg as a solvent and Me4Si as an internal standard. 1H 
NMR spectra were recorded on a Varian HA-100 spectrometer. 
Temperatures were measured with a copper-constantan thermocouple 
and are considered accurate to ±2 0C. 

Crystals of [(r)5-C5H4)2Fe(N3C9H23)Li2]2 for X-ray analysis were 
sealed in thin-walled glass capillaries. Preliminary precession pho
tographs showed the crystals to be monoclinic with systematic ab
sences on hOl for h + I = In + 1 and 0A:0 for k + 2« + 1, uniquely 
determining the space group as P2-[/n, a nonstandard setting for 
P2\/c. An irregularly shaped block of approximate dimensions 0.3 
X 0.5 X 0.6 mm was cleaved from a larger rectangular plate a_nd used 
for data collection. The crystal was mounted such that the [503] di
rection was coincident with the <t> axis of the diffractometer. Thirteen 
reflections centered on the diffractometer were used in a least-squares 
refinement of the lattice parameters and the following cell constants 
obtained: a = 13.557 (5) A, b = 10.437 (7) Kc = 15.507 (6) A, and 
8 = 106.24 (2)°. No experimental density was determined; the cal
culated density was 1.170 g/cm3 for two dimeric units per cell. 

Intensity data were measured using Mo Ka radiation on an auto
mated Picker four-circle diffractometer equipped with a graphite 
single-crystal monochromator. Data were collected using the 6-28 scan 
technique with a scan rate of 1.0°/min. Stationary crystal-stationary 
counter background counts of 10 s were taken at the beginning and 
end of each scan. A scan width of 2.0° and a takeoff angle of 1.6° were 
employed for data collection. Several a> scans showed the typical full 
peak width at half-height to be 0.17° or less, indicating that the mo-
saicity was acceptably low for data collection. Three standard re
flections were monitored after every 60 reflections to check crystal 
and counter stability. _ 

A full form of data (hkl and hkl) was measured to 20max = 51°, 
giving 4331 reflections, of which 3933 were unique and 2132 classified 
as observed using the criterion /0t,sd > 3<rc(/) where ac = [Tc + 0.25 
(tQ/tb)

2 (Bi + B2)]
 1^2. Tc is the total integrated counts, tc/tb is the 

ratio of the time spent counting the peak intensity to the time spent 
counting the background intensities, and B\ and B2 are the back
ground counts. Owing to the irregular crystal shape, no absorption 
correction was made (M = 7.40 cm-1)- The remainder of the data 
collection details are the same as previously reported.7 

The structure was solved using the heavy atom method. The coor
dinates of the iron atom were obtained from a Patterson map, giving 
an /?, = 2( |F0 | - |FC | ) /2 |F 0 | ofO.500. Positions for all ten cyclo-
pentadienyl ring carbon atoms, all three PMDT nitrogen atoms, and 
seven PMDT carbon atoms were found from the Fourier phased by 
the iron atom; inclusion of these atoms lowered R1 to 0.314. After 
location of all the remaining nonhydrogen atoms, except one lithium 
atom, several full-matrix least-squares cycles varying both positional 
and isotropic thermal parameters gave ?̂i = 0.142 at convergence. 
Another difference Fourier then revealed the position of the second 
lithium atom. Each hydrogen atom was then added using HYGEN at 
a calculated position 1.00 A from the carbon atom to which it was 
bonded, and given that carbon atom's isotropic thermal parameter. 
Continued refinement of all nonhydrogen atom positions and isotropic 
thermal parameters after changing to a counting statistics weighting 

Table I. Positional Parameters for the Nonhydrogen Atoms in 
Dilithioferrocene PMDT 

atom x y z_ 

scheme (k = 0.03) gave a value of R2 = [2w(\F0\ - | f c | ) 2 / 
SwIF0I]

1/2 = 0.137 at convergence. 
Anisotropic thermal parameters were then used for all nonhydrogen 

atoms and primary and secondary anomalous dispersion corrections 
were applied to the iron atom scattering factor. Further least-squares 
refinement, using observed reflections only, gave at final convergence 
R2 = 0.061 and ERF= [Zw(\F0\ - Fc |)2/(NO - NV)]'/2 = 2.24, 
where NO is the number of reflections used in refinement and NV is 
the number of parameters varied. A final difference Fourier showed 
four peaks between 0.30 and 0.35 e/A3; three were near the iron atom 
while the fourth was near C(17). A test of the weighting scheme 
showed no significant variation of w(F0 — Fc)

2 with the magnitude 
of the F0bsd or increasing sin 8/X. The scattering factors for C0, N0, 
Li0, and Fe0 were taken from the compilation of Hanson et al.8 and 
those for hydrogen are the best spherical form factors of Stewart et 
al.9 The anomalous dispersion correction factors for iron were those 
of Cromer and Liberman.10 

The final positional and thermal parameters for the nonhydrogen 
atoms are contained in Tables I and II, respectively. Table III gives 
the hydrogen atom positions and thermal parameters. Bond distances 
and angles are given in Tables IV and V. respectively. Structure factors 
are listed in Table Vl (microfilm edition). 

Discussion 

Molecular Geometry and Amine-Coordinated Lithium Atom. 
There are a number of unusual features associated with the 
structure of this molecule. These are (1) the presence of two 
distinct lithium atoms and the fact that even though the 
complex was obtained in the presence of excess base only one 
lithium atom is coordinated to the triamine ligand, (2) a 
four-center electron-deficient bridge, and (3) the relatively 
short lithium-iron atom-atom distance. The overall molecular 
geometry is shown in Figure 1. As shown in this figure, in the 
solid state dilithioferrocene pentamethyldiethylenetriamine 
exists as a dimer which is formed by two lithium atoms 
bridging between a single carbon atom from each of the two 
cyclopentadienyl rings. A crystallographic inversion center in 
the middle of the four-atom group which forms the bridge re
lates the monomeric units. The compound contains both un-
solvated lithium atoms (Li(2) and Li(2')) forming the bridge 
and solvated lithium atoms (Li(I) and Li(I ')). The latter are 
coordinated to three PMDT nitrogen atoms. Only two other 

Fe 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(Il) 
C(12) 
C(13) 
C(14) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
N(I) 
N(2) 
N(3) 
Li(I) 
Li(2) 

0.099 62 (6) 
-0.0208 (4) 
-0.0547 (4) 
-0.0253 (5) 
0.0304 (6) 
0.0314(5) 
0.1980(4) 
0.1600(5) 
0.1859(6) 
0.2479 (4) 
0.2413(5) 
0.1698(5) 
0.1667(6) 
0.0465 (7) 
0.0274(6) 
0.0702 (6) 
0.1230(7) 
0.2205(12) 
0.3123(6) 
0.3948 (9) 
0.1499(4) 
0.1017(4) 
0.2948 (4) 
0.2402 (6) 

-0.0782 (7) 

0.082 46 (8) 
0.1073(5) 
0.0689 (6) 
0.1572(9) 
0.2526 (7) 
0.2224 (6) 

-0.0524 (6) 
-0.0940 (6) 
-0.0049 (9) 
0.0658 (7) 
0.0941 (8) 
0.3059(7) 
0.5088(8) 
0.3510(14) 
0.2557(10) 
0.2979 (9) 
0.1008(12) 
0.0596(10) 
0.0482 (7) 
0.1139(8) 
0.3729 (6) 
0.2367 (6) 
0.1164(4) 
0.3118(8) 
0.0368 (9) 

0.343 27(5) 
0.4042 (4) 
0.3121 (4) 
0.2548 (4) 
0.3078 (6) 
0.3962 (4) 
0.4259 (4) 
0.3323(4) 
0.2739(5) 
0.4173(4) 
0.3252(6) 

-0.2323 (4) 
-0.1668 (5) 
-0.1495(6) 
-0.0962 (6) 
0.0597 (5) 
0.0066 (8) 
0.0235(11) 

-0.0824 (5) 
0.0629 (5) 

-0.1566(3) 
0.0111 (4) 

-0.0083 (3) 
-0.0277(5) 
0.5109(6) 
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Table II. Anisotropic Thermal Parameters for the Nonhydrogen Atoms in Dilithioferrocene PMDT 

atom 

Fe 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
C(Il) 
C(12) 
C(13) 
C(U) 
C(15) 
C(16) 
C(17) 
C(18) 
C(19) 
N(I) 
N(2) 
N(3) 
Li(I) 
Li(2) 

/3n° 

0.006 40 (5) 
0.0066 (4) 
0.0065 (4) 
0.0080 (5) 
0.0118(7) 
0.0130(6) 
0.0069 (4) 
0.0141 (6) 
0.0138(8) 
0.0065 (4) 
0.0065 (5) 
0.0157(8) 
0.0171 (8) 
0.0098 (7) 
0.0083 (6) 
0.0127 (7) 
0.0120(7) 
0.0334 (20) 
0.0174(8) 
0.0279(13) 
0.0078 (4) 
0.0070 (4) 
0.0124(5) 
0.0053 (6) 
0.0078 (7) 

/322 

0.011 85(9) 
0.0134(8) 
0.0191 (9) 
0.0280(13) 
0.0134(9) 
0.0135(8) 
0.0150(8) 
0.0154(8) 
0.0275 (14) 
0.0243(11) 
0.0265 (14) 
0.0214(11) 
0.0201 (12) 
0.0665(31) 
0.0400 (19) 
0.0404(18) 
0.0301 (20) 
0.0180(14) 
0.0211 (11) 
0.0215(14) 
0.0206 (8) 
0.0240(10) 
0.0121 (7) 
0.0114(11) 
0.0145(12) 

/333 

0.004 86 (4) 
0.0060 (3) 
0.0075 (4) 
0.0065 (4) 
0.0115(6) 
0.0079 (4) 
0.0062 (3) 
0.0063 (4) 
0.0081 (5) 
0.0086 (4) 
0.0116(6) 
0.0069 (4) 
0.0088 (5) 
0.0096 (6) 
0.0113 (6) 
0.0117(6) 
0.0163(8) 
0.0391 (19) 
0.0082 (4) 
0.0091 (5) 
0.0053 (3) 
0.0065 (3) 
0.0073 (3) 
0.0047 (4) 
0.0059 (5) 

012 

0.000 53 (7) 
0.0022 (5) 

-0.0007 (6) 
0.0033 (7) 
0.0028 (6) 
0.0011 (6) 
0.0032(5) 
0.0043 (6) 
0.0079 (8) 

-0.0001 (6) 
0.0004 (7) 

-0.0012(7) 
0.0068 (8) 
0.0018(12) 

-0.0031 (6) 
-0.0063 (9) 
-0.0098(11) 
0.0050(14) 
0.0044 (7) 
0.0085(10) 
0.0000 (5) 

-0.0025 (5) 
0.0007 (4) 

-0.0009 (6) 
0.0027 (7) 

/3l3 

0.002 16(3) 
0.0025 (3) 
0.0015(3) 
0.0027 (4) 
0.0057 (4) 
0.0045 (4) 
0.0030 (3) 
0.0050 (4) 
0.0071 (5) 
0.0010(3) 
0.0037 (4) 
0.0014 (4) 
0.0026 (5) 
0.0002 (5) 
0.0020 (5) 
0.0080 (5) 
0.0012(6) 
0.0268(18) 
0.0031 (5) 

-0.0010(7) 
0.0014(3) 
0.0017(3) 
0.0044 (3) 
0.0012(4) 
0.0036 (5) 

023 

0.002 17(6) 
0.0021 (4) 
0.0002 (6) 
0.0069 (6) 
0.0058 (6) 

-0.0001 (5) 
0.0033 (4) 
0.0025 (5) 
0.0068 (7) 
0.0066 (6) 
0.0101 (8) 
0.0001 (6) 
0.0027 (6) 
0.0119(11) 
0.0055 (9) 

-0.0010(9) 
0.0089 (10) 
0.0124(13) 

-0.0023 (6) 
-0.0003 (7) 
0.0021 (4) 
0.0029 ) (5) 
0.0005 (4) 
0.0000 (6) 
0.0029 (6) 

" The form of the anisotropic ellipsoid is exp[-(puh
2 + &nk2 + 0ul2 + 2/?i2M + 2$uhl + 2feW)]. 

Table III. Positional Parameters and Isotropic Thermal Parameters for the Hydrogen Atoms in Dilithioferrocene PMDT 

B" 

H(2) 
H(3) 
H(4) 
H(5) 
H(7) 
H(8) 
H(9) 
H(IO) 

-0.0946 
-0.0420 
0.0632 
0.0659 
0.1212 
0.1672 
0.2835 
0.2707 

-0.0113 
0.1511 
0.3284 
0.2775 

-0.1755 
-0.0122 
0.1215 
0.1710 

0.2908 
0.1879 
0.2875 
0.4488 
0.3124 
0.2068 
0.4690 
0.3027 

6.27 
6.67 
6.93 
7.06 
6.73 
7.70 
7.02 
6.92 

H(Ul) 
H(112) 
H(113) 
H(121) 
H(122) 
H(123) 
H(131) 
H(132) 
H(141) 
H(142) 
H(151) 
H(152) 
H(153) 
H(161) 
H(162) 
H(171) 
H(172) 
H(181) 
H(182) 
H(183) 
H(191) 
H(192) 
H(193) 

0.2416 
0.1609 
0.1203 
0.2385 
0.1167 
0.1574 
0.0030 
0.0224 

-0.0395 
0.0195 
0.1234 
0.0627 
0.0031 
0.0823 
0.0992 
0.2481 
0.2154 
0.3668 
0.3350 
0.2472 
0.4492 
0.3883 
0.4151 

0.3242 
0.2119 
0.3366 
0.5225 
0.5411 
0.5565 
0.3306 
0.4329 
0.2785 
0.1745 
0.2824 
0.3917 
0.2610 
0.0522 
0.0772 
0.0600 

-0.0309 
0.0926 

-0.0411 
0.0451 
0.1555 
0.1621 
0.0235 

-0.2342 
-0.2257 
-0.2894 
-0.1710 
-0.2228 
-0.1138 
-0.2125 
-0.1297 
-0.0833 
-0.1301 
0.1182 
0.1479 
0.0625 

-0.0472 
0.0599 
0.0905 
0.0013 

-0.1033 
-0.0633 
-0.1325 
0.0398 
0.1169 
0.0801 

8.24 
8.24 
8.24 
9.37 
9.37 
9.37 
12.90 
12.90 
10.36 
10.36 
10.43 
10.43 
10.43 
11.28 
11.28 
15.46 
15.46 
8.87 
8.87 
8.87 
11.64 
11.64 
11.64 

" The form of the isotropic thermal parameter is exp[-/3(sin2 d/X2)]. 

organolithium structures have shown lithium atoms in two 
distinctly different environments.1 l b ' 1 2 

The coordination sphere around Li(I) consists of the cy-
clopentadienyl carbon atom C(6) and the three tertiary amine 
nitrogen atoms from one PMDT molecule. The geometry 
around Li(I) is roughly tetrahedral. The L i ( I ) -N( I ) and 

Li( l ) -N(2) bond lengths of 2.130 (9) and 2.115 (9) A, re
spectively, differ by less than two standard deviations, and are 
only slightly shorter (~0.04 A) than the Li(l)-N(3) distance 
of 2.162 (9) A. A similar range of lithium-nitrogen atom dis
tances was observed in stilbene bis(lithium pentamethyldi-
ethylenetriamine),14 although all lithium-nitrogen atom dis-
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Table IV. Interatomic Distances (A) for the Nonhydrogen Atoms in Dilithioferrocene PMDT 

atoms distance atoms distance 

Fe-C(I) 
Fe-C(2) 
Fe-C(3) 
Fe-C(4) 
Fe-C(5) 
Fe-C(6) 
Fe-C(7) 
Fe-C(8) 
Fe-C(9) 
Fe-C(IO) 
C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(l)-C(5) 
C(6)-C(7) 
C(6)-C(9) 
C(7)-C(8) 
C(8)-C(10) 
C(9)-C(10) 

2.119(5)" 
2.017(5) 
2.014(6) 
2.012(6) 
2.022 (6) 
2.109(5) 
2.042 (6) 
2.015(7) 
2.024 (6) 
2.021 (6) 
1.431 (7) 
1.412(8) 
1.375(9) 
1.403(8) 
1.417(7) 
1.464(7) 
1.431 (8) 
1.409(8) 
1.389(9) 
1.437(9) 

Li(l)-C(6) 
Li(D-N(I) 
Li(l)-N(2) 
Li(l)-N(3) 
Li(2)-C(l) 
Li(2)-C(l) 
Li(2)-C(6) 
Li(2)-Li(2') 

Li(2)-Fe 
N(I)-C(Il) 
N(l)-C(12) 
N(l)-C(13) 
N(2)-C(14) 
N(2)-C(15) 
N(2)-C(16) 
N(3)-C(17) 
N(3)-C(18) 
N(3)-C(19) 
C(13)-C(14) 
C(16)-C(17) 

112(10) 
130(9) 
115(9) 
162(10) 
146(10) 
193(10) 
123(10) 

2.367(17) 
2.667(8) 
1.455(8) 
1.452(9) 
1.455(10) 
1.433(9) 
1.435(9) 
1.458(11) 
1.373(11) 
1.427(7) 
1.491 (9) 
1.363(12) 
1.344(13) 

" Errors in the lattice parameters are included in the estimated standard deviations. 

Table V. Bond Angles (deg) for the Nonhydrogen Atoms in Dilithioferrocene PMDT 

atoms angles atoms angles 

-C(2) 
-C(3) 
-C(4) 
-C(S) 
-C(4) 

C(5)-C(l)-
C(l)-C(2)-
C(2)-C(3)-
C(3)-C(4)-
C(l)-C(5)-
C(7)-C(6)-C(9) 
C(6)-C(7)-C(8) 
C(7)-C(8)-C(10) 
C(8)-C(10)-C(9) 
C(6)-C(9)-C(10) 
N(l)-Li(l)-N(2) 
N(2)-Li(l)-N(3) 
N(I)-Li(I)-NO) 
C(6)-Li(l)-N(l) 
C(6)-Li(l)-N(2) 
C(6)-Li(l)-N(3) 
C(l)-Li(2)-C(l') 
C(l')-Li(2)-C(6) 
C(l)-Li(2)-C(6) 
Li(2)-C(l)-C(6) 
C(l)-Li(2)-Fe 
C(6)-Li(2)-Fe 

100.3(5)" 
112.1 (6) 
107.6(6) 
105.9(6) 
114.1 (6) 
101.9(5) 
111.1 (6) 
108.4(6) 
106.8(6) 
111.8(6) 
85.9(3) 
85.1 (4) 

119.8(4) 
120.3(5) 
109.8(4) 
118.7(4) 
113.9(4) 
144.9(5) 
101.2(4) 
66.1 (4) 
50.6 (2) 
50.7(2) 

C(12)-N(l)-C(13) 
C(12)-N(l)-C(ll) 
C(ll)-N(l)-C(13) 
Li(I)-N(I)-C(Il) 
Li(l)-N(l)-C(12) 
Li(l)-N(l)-C(13) 
C(14)-N(2)-C(15) 
C(14)-N(2)-C(16) 
C(15)-N(2)-C(16) 
Li(l)-N(2)-C(14) 
Li(l)-N(2)-C(15) 
Li(l)-N(2)-C(l6) 
C(17)-N(3)-C(18) 
C(17)-N(3)-C(19) 
C(18)-N(3)-C(19) 
Li(l)-N(3)-C(17) 
Li(l)-N(3)-C(18) 
Li(l)-N(3)-C(19) 
N(l)-C(13)-C(14) 
C(13)-C(14)-N(2) 
N(2)-C(16)-C(17) 
C(16)-C(17)-N(3) 

110.2(7) 
108.2(5) 
112.7(6) 
115.2(5) 
109.1 (5) 
101.2(5) 
111.1 (6) 
111.0(7) 
112.0(7) 
104.8(5) 
113.1(5) 
104.3(5) 
112.2(8) 
109.4(9) 
105.4(6) 
101.6(6) 
119.1 (5) 
108.9(5) 
120.8(8) 
117.1 (7) 
118.7(8) 
124.8(10) 

" Errors in the lattice parameters are included in the estimated standard deviations. 

tances are shorter in dilithioferrocene-PMDT than in stilbene 
bis(lithium pentamethyldiethylenetriamine). The nitrogen-
lithium-nitrogen bond angles of 85.9 (3)° for N ( I ) - L i ( I ) -
N(2) and 85.1 (4)° for N(2)-Li( l ) -N(3) are similar to those 
previously found in complexes containing the lithium-TMED 
group.'3 

Lithium Atom (2) Geometry. Carbon atoms C(I) , C(6), and 
C( l ' ) are located 2.146 (10), 2.123 (10), and 2.193 (10) A, 
respectively, from Li(2) and are disposed in a roughly trigonal 
geometry about Li(2). The Li(2)-C(6) bond length is the 
second shortest known lithium-carbon distance. Li(2) and 
Li(2') are 2.367 (17) A apart; this is comparable to the lith
ium-lithium distances of 2.424 and 2.397 A found in ethylli-
thium'5 and cyclohexyllithium,16 respectively, and might 
suggest a direct lithium-lithium interaction in dilithioferro
cene-PMDT. However, based on previous N M R ' 7 and 
Raman18 studies, and the description of the bonding in cy
clohexyllithium,16 it is felt that there is little direct lithium-
lithium bonding present here. Li(2) can complete its coordi

nation sphere by utilizing its one remaining 2p orbital which 
is not involved in three-center electron-deficient bonding with 
the nearby cyclopentadienyl carbon atoms, to overlap with the 
nonbonding ferrocene eg molecular orbital. The Li(2)-Fe 
separation of 2.667 (8) A is comparable to the sum (2.68 A) 
of the covalent radii for each metal (1.34 A for lithium'9band 
1.34 A for iron20). 

Covalent metal-iron bonding has been found in two com-
pounds20'21 similar to dilithioferrocene-PMDT, while tran
sition metal-lithium bonding"'12-19 '22-25 has been observed 
in several complexes and appears to be important in helping 
to stabilize them. An iron-magnesium bond distance of 2.593 
(7) A is found in ( r ^ H s H d i p h o s J F e M g B r ^ ^ H g O ) , 2 ' 
while in ( V - C s H s ^ e ^ - C s H ^ A ^ t P P l ^ z ] + the iron-gold 
distance is 2.818 (9) A.20 A range of distances from 2.40 to 
2.79 A has been found in complexes containing transition 
metal-lithium atom bonding. In the T-dinitrogen-nickel-
lithium complex [(C6H5Li)6Ni2N2(C4H|oO)2]2," there are 
lithium atoms which bridge the nickel-nickel bond or are 
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Figure 1. Molecular structure of [(?j5-C5H4)2Fe(N3C9H23)Li2]2-

bonded to only one nickel atom. The nickel-lithium distances 
vary between 2.61 and 2.79 A. The existence of -K bonding of 
dinitrogen to nickel was attributed to the Lewis acid properties 
of Li+ enhancing back-bonding from the nickel atom to the 
nitrogen molecule. In [(775-C5Hs)2M(H)Li]4 (M = Mo or 
W),19 transition metal to lithium bonding gives rise to the 
formation of the eight-membered ring of alternating lithium 
and group 6 atoms. The average M-Li bond lengths found 
were 2.70 A for molybdenum and 2.69 A for tungsten. In each 
of the compounds Li4Cr2(CH3MC4H8O (I),23 

Li4Cr2(C4H8MC4Hi0O (II),24 and Li4Mo2(CH3MC4H8O 
(III),25 the carbon atoms of the M2C8 core (M = Cr or Mo) 
form a parallelepiped, with one lithium atom over the center 
of each vertical face. For each compound, it has been proposed 
that the four lithium atoms interact with the ir and 5 electrons 
in the M-M quadrupole bond, and in the chromium complexes, 
this interaction stabilizes these compounds. The M-Li dis
tances are 2.558 (28) A in I, 2.54 (5) to 2.71 (6) A in II, and 
approximately 2.7 A in III. The lithium to midpoint of the 
M-M bond distances are 2.388 (28) A in I, 2.398 (51) and 
2.486 (60) A in II, and approximately 2.5 A in III. Our results 
suggest that iron-lithium atom bonding is also present in 
[r)5-(CsH4)2Fe(N3C9H23)Li2]2 and that this bonding con
tributes to the stability of the dimeric structure which is ob
served. 

Ferrocenyl Group Geometry. The two cyclopentadienyl rings 
are nearly eclipsed, with C(l)-C(2)-C(3)-C(4)-C(5) (plane 
1) opposite C(6)-C(7)-C(8)-C(10)-C(9) (plane 2) (Figure 
2). The relative rotational orientation between the two rings, 
as defined by Churchill and Wormald,26 is approximately 4°. 
Palenik27 has noted that the preferred configuration of ferro
cene derivatives will be eclipsed, or nearly so. Here, however, 
bonding constraints involving Li(2) probably require an 
eclipsed or nearly eclipsed configuration. Within experimental 
error each ring is planar and the two rings are nearly parallel; 
the angle between planes is 2.0 (5)°. This angle is similar to 
that found in several other structures of substituted ferro-
cenes.26"29 C(4) and C(IO) show the smallest distance of 

Figure 2. View of Li4Fe2(C5H4)4 fragment of the structure showing the 
nearly coplanar configuration of the six metal atoms and the eclipsed 
configuration of the cyclopentadienyl rings. The PMDT fragments have 
been omitted for clarity. 

separation, while C(I) and C(6) show the greatest. These data, 
although at a marginal level of significance, suggest that the 
presence of Li(2) between C(I) and C(6) has caused the rings 
to tilt slightly. This is also reflected in the interatomic dis
tances. 

The average for all five iron-ring carbon atom distances to 
each ring is 2.037 (9) A for plane 1 and 2.042 (9) A for plane 
2, which compares favorably with the range of 2.03-2.06 A 
previously observed.26 However, the Fe-C(I) distance of 2.119 
(5) A and Fe-C(6) distance of 2.109 (5) A are considerably 
longer than the remaining four iron-ring carbon distances and 
when the Fe-C(I) and Fe-C(6) distances are excluded, the 
average iron-ring carbon atom distances become 2.016 (9) A 
for plane 1 and 2.026 (9) A for plane 2. 

The carbon-carbon bond lengths average 1.408 (12) A in 
plane 1 and 1.426 (12) A in plane 2. These values are within 
the range of distances previously reported.26-29 The longest 
and shortest distances in each ring are directly opposite each 
other; the C(l)-C(2) and C(6)-C(7) distances of 1.431 (7) 
and 1.464 (7) A, respectively, are the longest, while the 
C(3)-C(4) and C(8) and C(IO) distances of 1.375 (9) and 
1.389 (8) A, respectively, are the shortest. 

PMDT Molecule. There appears to be some disorder present 
in the PMDT molecule. The root mean square displacements 
of the nitrogen atoms indicate that these atoms are not disor
dered. Rather, the problem is the same as that previously ob
served in triphenylmethyllithium 7V,./V,/V,./V-tetramethyleth-
ylenediamine33 and bifluorenyl bis(lithium N,N,N,N-tetra-
methylethylenediamine).34 The distances for the two meth
ylene carbon-methylene carbon bonds—1.363 (12) A for 
C(13)-C(14)and 1.344 (13) A for C(16)-C( 17)—are shorter 
than expected. The nature of the disorder is probably the same 
in all three compounds. The nitrogen atom positions are fixed, 
but there are two possible configurations for the methylene 
atoms which rapidly interconvert. While the anisotropic 
thermal parameters alone probably adequately compensate 
for the motion of the PMDT methyl carbon atoms, both the 
anisotropic thermal parameters and positional parameters of 
the methylene carbon atoms have refined to best fit the ob
served electron density distribution, resulting in apparently 
short carbon-carbon bond lengths. 

NMR Spectroscopy. The ferrocenyllithium complex exhibits 
stereochemical nonrigidity. The observed 1H NMR spectra 
for the cyclopentadienyl rings and the PMDT base are shown 
in Figures 3, 4, and 5, respectively. The low-temperature 
limiting spectra can be explained on the basis of the solid-state 
structure. As shown in Figure 1, two nonequivalent cyclo
pentadienyl rings exist; a Li-PMDT moiety is bonded to one 
cyclopentadienyl ring while two unsolvated lithium atoms are 
bonded to the other. In solution a plane of symmetry is postu
lated containing all four lithium atoms and bisecting each 
PMDT and ferrocene moiety. This plane of symmetry is shown 
in Figure 2. Thus four nonequivalent cyclopentadienyl protons 
of equal intensity would be expected and are observed (Figure 
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Figure 4. Low-temperature 'H NMR spectra of PMDT ligand in [(r;5-
C5H4)2Fe(N3C9H23)Li2h- The quintet indicated by a Y is an impurity 
in toluene-rfg. The scale is in units of T. 

Figure 3. Temperature-dependent 1H NMR spectra of cyclopentadienyl 
rings in [(7j5-C5H4)2Fe(N3C9H23)Li2]2. The peak denoted by an X is a 
ferrocene impurity. Scale is in units of T. 

3) corresponding to the protons (using the numbering in Figure 
1) H2H5, H7H9, H3H4, and H8Hi0. The peak at T 6.03 (de
noted by an X) that remains a sharp singlet throughout the 
temperature range investigated is a ferrocene impurity. At —81 
0C the peaks at T 5.51 and 5.78 are assigned to the protons 
closest to the lithium atoms while the peaks at T 5.06 and 5.13 
are assigned to the cyclopentadienyl protons furthest from the 
lithium atoms, since it is assumed that they (protons H3H4 and 
HgHio) would be in a similar chemical environment and hence 
have similar chemical shifts. 

Raising the temperature causes the cyclopentadienyl peaks 
to coalesce until finally the high-temperature limiting spectrum 
at 28 0C consists of two triplets (J = 1.25 Hz) corresponding 
to the four protons closest to the lithium atoms and the four 
protons furthest away. These are actually AA'XX' patterns 
with |7Ax + J\x'\ = 1-25 Hz. Taking the spectral coalescence 
points to be 241 and 251 K with a chemical shift difference of 
6.5 and 27.5 Hz, respectively, we estimate AC?* at coalescence 
to be 12.7 ± 1.0 and 12.6 ± 1.0 kcal/mol, respectively,35 in
dicating that a single exchange process is equilibrating the 
cyclopentadienyl rings. 

The spectra for the PMDT is much more complicated. In 
accordance with the solid-state structure, the low-temperature 
limiting spectra (Figure 4) shows five proton resonances (the 
sharp quintet marked Y is an impurity in toluene-Js) corre
sponding to the three nonequivalent methyl groups and the two 
nonequivalent methylene protons. Increasing the temperature 
causes dramatic changes in the spectra until three proton 
resonances are observed for the high-temperature limiting 
spectra obtained at 75 0C (Figure 5). Based on the integration 
of the NMR spectrum, these resonances can be assigned to the 
methyl groups on the terminal nitrogen atoms, the methylene 
protons, and the methyl group on the middle nitrogen atom of 
the PMDT base, respectively. Although there are two distinct 
types of methylene protons, only a single peak is observed. This 
is probably due to the similarity of their chemical environ
ments, causing an overlap of two peaks. Throughout the region 
28-75 0C, the cyclopentadienyl triplets remain unchanged. 
This seems to suggest two exchange processes occurring, one 
involving the PMDT and cyclopentadienyl rings and the second 
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Figure 5. High-temperature 'H NMR spectra of PMDT ligand in [(?j5-
CsH4)2Fe(N3C9H23)Li2]2. The quintet indicated by a Y is an impurity 
in toluene-rfs- The scale is in units of T. 

involving the PMDT only. In a separate experiment, it is found 
that free PMDT exchanges with the coordinated PMDT in the 
ferrocenyllithium complex over a similar temperature 
range. 

The establishment of an exact mechanism is not possible 
owing to the complexity of the PMDT NMR spectra. How
ever, an attractive possibility involves the dissociation of the 
PMDT nitrogen atoms from the solvated lithium atom onto 
the unsolvated lithium atom with the simultaneous breaking 
of a Li(2)-carbon bond. This, followed by a rotation of a fer
rocene group, leads to a plane of symmetry that bisects the 
ferrocene moiety, thus equilibrating the two cyclopentadienyl 
rings. A possible transition state is shown below. At higher 
temperatures the PMDT completely dissociates where it is free 
to rotate and undergo rapid inversion. 
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We have attempted to investigate the 7Li NMR spectrum 
but could not obtain any signal at room temperature, although 
one resonance was observed at higher temperatures. The ab
sence of a signal at room temperature could be due to qua-
drupolar relaxation of the nitrogen atoms on the PMDT mol
ecule. 
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Nucleophilic Substitution at Phosphorus. The Effect 
of Ion Association on the Stereochemistry and Rate 
of Substitution at Phosphorus in a Six-Membered 
Ring Phosphate1 
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Abstract: The cis- and less stable rran.s-2-p-nitrophenyl-5-chloromethyl-5-methyl-2-oxo-l,3,2-dioxaphosphorinans undergo 
substitution with an oxy anion to give both inversion and retention products. The product isomer ratio is highly dependent upon 
the degree of anion-cation association which in turn is dependent upon the nature of the cation and solvent. A high degree of 
ion association favors the retention pathway. The results are interpreted by assuming a square pyramidal intermediate with 
the anion-cation complex spanning the phosphoryl oxygen bond. 

Nucleophilic substitution at tetravalent phosphorus, e.g., 
phosphate triesters, is presently discussed in terms of trigonal 
bipyramidal (TBP) transition states or intermediates.2 Hy
drolysis studies with ' 8 O have ruled out an addition-elimina
tion mechanism.3a_c A TBP intermediate has been invoked, 
however, to explain, by means of suitable pseudorotational 
permutations, retention at phosphorus,4a_d a route which often 
accompanies the assumed normal inversion path.5 

Difficulties arise in devising mechanisms which adhere to 

the principle of microscopic reversibility and meet the re
quirement that ligands prefer to enter and leave from apical 
positions. The choice between retention and inversion is as
sumed to rest with the relative apicophilicity of the ligands in 
the intermediate TBP phosphorane.6 However, recent variable 
temperature NMR studies7a~c indicate similar apicophilicities 
for groups which normally are displaced by different path
ways. 

Owing to its conformationally rigid ring, the 2-substituted 
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