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The dynamic behaviour of tetramethylethylene diamine (TMEDA) ligands in three organometallic
complexes, dimeric phenyllithium, [Li(tmeda)u-Ph], (1), lithium cyclopentadienide, [Li(tmeda)]CsH s
(2), and dilithium naphthalendiide, trans-[Li(tmeda)],C,,Hg (3), has been studied by CP/MAS 13C
and '°N as well as 'Li MAS NMR spectroscopy of powdered samples. Two dynamic processes with
free activation enthalpies of 40 and 68 kJ mol ™!, respectively, were detected for 1. The first one can
be assigned to ring inversion of the five-membered Li-TMEDA rings, while the second is caused by
a complete rotation of the TMEDA ligands or a ring inversion of the central four-membered
C-Li—C-Li metallacycle. Fast rotation of the ligands on the NMR time scale was found for 2, while
3 shows 180° ring flips of the Li-TMEDA groups, which are characterized by an energy barrier
AG*(317) of 64 kJ mol ™.
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Introduction

Alkali metal organic compounds are characterized
by aggregation and extensive coordination with ethe-
real solvent molecules or donor ligands like di- and
triamines [1]. In solution, the resulting aggregates are
dynamic and intra- as well as inter-aggregate ex-
change processes take place [2]. In addition, quite a
number of ligands may show internal rotation or ring
inversion [3], and during such processes coordinative
bonds between the donor atoms and the alkali metal
may be broken and reformed [4]. This type of dynamic
behaviour is thus also important with respect to the
reactivity of these systems, and quantitative data for
intra-aggregate dynamics as well as for bond breaking
and bond forming processes are of general interest.

In the solid, inter-aggregate exchange is absent,
however there is considerable evidence for intra-ag-
gregate dynamic behaviour even in crystalline com-
pounds [5—8]. In many of the X-ray investigations of
such systems large thermal anisotropy parameters
were found, e.g. for the nitrogen and for the methylene
carbon atoms of diamine ligands [1d, 9]. This points
to high mobility of these moieties also in the solid
phase. It is a unique feature of NMR spectroscopy
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that such dynamic processes can be traced in solids by
CP/MAS NMR experiments via lineshape changes
[10, 11], dipolar broadening [12], two-dimensional ex-
change spectroscopy [13, 14], or T, measurements
[15]. In the present communication we report NMR
results relevant for the dynamic behaviour in three
organolithium compounds, where the dynamic pro-
cesses involve in all cases the diamine ligand N,N,N'N’-
tetramethylethylenediamine (TMEDA). Specifically we
have studied dimeric phenyllithium, [Li(tmeda)u-Ph],
(1), a system with lithium-carbon ¢-bonds, and two
polyhapto-bound systems, lithiumcyclopentadienide,
[Li(tmeda)]CsHs (2), and dilithiumnaphthalenediide,
trans-[Li(tmeda)],C,,Hg (3), with n-bound lithium.
X-ray structures, which are important for the interpre-
tation of the NMR results are available for 1 [6] and
for 3 [5] as for trimethylsilyl derivatives of 2 [7, 8].
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Results and Discussion

1. Phenyllithium Dimer [Li(tmeda)u-Phj, (1)

The dimer 1 has already been investigated by solid
state NMR, however, at lower field strength and reso-
lution and without studying dynamic phenomena [16].
The !3C chemical shifts were found to resemble
closely those measured in solution. Later, a "Li NMR
study has appeared where the quadrupolar coupling
constants of lithium in various phenyllithium aggre-
gates were reported [17].

190 K CH3y 543k
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Our measurements were performed at 75.5 MHz for
13C, 30.4 MHz for '°N, and 116.6 MHz for "Li. Al-
ready at room temperature the 13C CP/MAS NMR
spectrum of 1 (Fig. 1) clearly indicates intra-aggregate
mobility: the methylene carbons of the TMEDA lig-
ands yield a strongly broadened signal (half width
approx. 600 Hz) at 57 ppm, while the remaining car-
bon resonances have linewidths around 100 Hz. Tem-
perature variation results in different lineshapes. A
spectrum which is compatible with the solid state
structure as determined by an X-ray investigation [6]
(see below) is recorded at 190 K. Here, all expected
13C resonances are detected, and the low symmetry of
the complex (C,) is reflected in the non-equivalences
found for the aromatic carbon resonances as well as
for those those of the TMEDA ligand. The '*C chem-
ical shifts measured at this temperature are collected
in Table 1, which also contains the solution data.

Further evidence for dynamic processes is obtained
from the >N CP/MAS spectrum of 1. At room tem-
perature (RT) it shows two lines, separated by 1.5 ppm
(Table 2), which coalesce at 326 K to a single reso-
nance (Figure 2).
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Fig. 1. 75.47 MHz '3C CP/MAS NMR spectrum of [Li(tmeda)u-Ph], (1) at different temperatures; spinning speed 6 kHz;

rotational side bands are marked (*).
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Fig. 2. 30.42 MHz N CP/MAS NMR spectrum of 1 at
different temperatures; spinning speed 2.5 kHz.

Table 1. Solid state **C NMR data® (ppm) for 1-3 (solution
data in parenthesis).

c-1 C2,6 C3,5 C4 CH, CH, T()

1 188.1 1449 125.6 573 493 190
143.7 124.2 55.5 447

(187.3 1449 1249 1234 569 463 173)®

2 1040 -— — — 565 467 343

(102.8° 56.2¢ 46.1° RT)

C1,4 C2,3 C-9,10

3 813 1126 164.0 571 444 297
84.5 115.1 455
482
438

(821 1132 163.7 58.5 46.6 293)°

: Indirectly referenced to ext. tetramethylsilane;
[18];

¢ [19];

4 Data for the 1,3-di-t.butyl compound from [20];

¢ [21].

Table 2. Solid state N

1 = 3 NMR* data for 1-3 at
290 K.
—358.2 -360.3 —357.9 .
—3507 —360.8 ? Indirectly referenced to

ext. nitromethane.

Apart from these lineshape changes, indirect evi-
dence for intra-aggregate dynamics comes from two
other observations. Firstly, a }3C CP/MAS experi-
ment with non-quaternary carbon suppression (NQS
experiment [22]) indicates that at a temperature above
310 K the dipolar couplings are strongly reduced.
Here, the signal of the methylene carbons is clearly
observed with practically unperturbed intensity even
after a dephasing delay of 40 ps. Secondly, the side-
band pattern oberved in the ’Li MAS NMR spectrum
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of 1 is temperature-dependent. As Fig. 3a shows, the
quadrupolar "Li nucleus with a spin quantum number
I =734 yields, aside from the central line for the
Y4 — — Y transition at 3.6 ppm rel. to LiBr (halfwidth
ca. 400 Hz), a number of spinning sidebands [23]. The
extent of the sideband pattern is a measure of the
quadrupolar interaction and reflects the magnitude of
the electric field gradient at the nucleus and the asym-
metry of the chemical environment, that is, the coordi-
nation sphere. Intra-molecular dynamic processes lead
to averaging of spacial positions resulting in an effec-
tive higher symmetry which reduces the width of the
sideband pattern, as nicely seen in Figure 3b.

An inspection of the temperature-dependent line-
shape changes in the !3C NMR spectrum (Fig. 1) sug-
gests at first sight a simple two-site exchange process
for the methylene carbons, where the doublet ob-
served at 190 K broadens and shows coalescence at
ca. 224 K. A closer look at the temperature-induced
spectral changes indicates, however, that a simple
two-site exchange process is not adequate to explain
the experimental observations. As Fig. 1 demon-
strates, after coalescence around 224 K, where line-
narrowing is expected, further broadening occurs for
the CH, signal which is nearly lost in the noise around
270 K. It is only at elevated temperatures (> 314 K)
that a singlet with reduced linewidth can be observed.
We ascribe this phenomenon to dipolar broadening
[12] which results from an increased transverse relax-
ation of the respective nuclei in a situation where the
power of the proton decoupler field B, matches the
exchange rate between non-equivalent positions. At
the point of largest linewidth, the condition

yB,=1/7, (1)

holds and the exchange rate k =1/7, can be deter-
mined if the power of the decoupling field is known. It
is interesting to note that the failure to observe the
CH, resonance in the earlier investigations [16], which
were performed at lower field strength, can now be
ascribed to this dipolar broadening effect.

In order to characterize the dynamic process associ-
ated with the described changes in the !3C NMR
spectrum more quantitatively, a lineshape simulation
based on a simple two-site exchange process [24] was
performed for spectra measured in the range between
190 K and 224 K. As can be seen from a comparison
of calculated and observed spectra given in Fig. 4, the
effect of dipolar broadening already contributes to the
linewidths at 214 and 224 K, and these data were thus
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Fig. 3. 116.64 MHz "Li MAS NMR spectrum of 1 at 297 K (above, a) and 340 K (below, b); spinning speed 4 kHz.

a) 190 K =51

b) 205 K =501

==

c) 214K k=100 s-1

=
S

d) 224 K k=167 s1

-
=~

60 55 60 55
~=— §("3C)/ppm —
Fig. 4. 13C NMR resonances of the methylene carbons of 1

at different temperatures: experimental (left) and calculated
(right); for exp. details see exp. part.

not included in the analysis. From the two calculated
rate constants of 5 and 50 s~ (cf. exp. part), observed
in a temperature region where the additional broaden-
ing effect due to proton decoupling should be negligi-
ble, one derives Eyring activation parameters AH” of
488 kJ mol~! and AS* of 28 Jmol™* K~!. On in-
cluding the information from the point of largest
dipolar broadening at 270 K, an additional rate
constant of 71.400 s~ ! is obtained on the basis of
(1) (cf. exp. part), and the energy barrier derived from
the three measurements is again 48.8 kJ mol~!, and
AS* =28 Jmol ! K™, in excellent agreement with
the data from the lineshape calculations alone (Fig-
ure 5).

For a quantitative analysis of the >N spectra, a
lineshape calculation was not successful. This is not
surprising, considering the small chemical shift differ-
ence, 0 v, the large natural linewidth, and the limited
temperature range for these spectral changes. How-
ever, at coalescence (T, = 326 K) a free energy of acti-
vation AG* (326) of 68 kJ mol ~* can be derived by the
well-known relation [25]

AG* = RT,[22.96 + In(T,/5v)]. ?)



W. Baumann et al. - Dynamic Behaviour of TMEDA Ligands

40 b ,
35 40 45 50 55

+x 103 (k1]

Fig. 5. Eyring plot of the kinetic data for the low-temperature
dynamic process observed for 1; o data obtained at 214 and
224 K and not included in the analysis.

According to these observations, two independent
dynamic processes are detected for 1, which are char-
acterized by energy barriers AG” (326) of 40 and
68 kJ mol !, respectively. In order to assign these bar-
riers to specific dynamic processes, we have to consult
the X-ray data [6]. The most important stereochemical
aspects relevant for our discussion are summarized in
Figure 6a. The non-equivalence of the two methylene
carbons is a result of the twisted conformation of the
five-membered ring composed of the metal atoms and
the TMEDA ligands, and the skew arrangement
found for the phenyl rings. In discussing the X-ray
results, it was already noted [6] that the ethylene
bridge is heavily twisted, and the large temperature
factors of the atoms involved pointed to a strong ther-
mal mobility in this part of the complex. It is, there-
fore, justified to assign the dynamic process with the
lower energy barrier to the ring inversion of the five-
membered ligand ring (Figure 6b). However, consid-
ering the non-equivalence of the two methylene car-
bons, which should remain due to the non-planarity of
the central four-membered ring composed of the two
lithium atoms and the two ipso-carbons of the aro-
matic units [C(1)—Li(1)-C(1")-Li(1"), Fig. 6], one must
conclude that this effect is most probably less pro-
nounced, or, what is more likely, masked by the dipo-
lar line-broadening observed for these signals.

As Fig. 6b demonstrates, the non-equivalence of
the nitrogens results from the non-planarity of the
central four-membered ring. The ring inversion pro-
cess discussed above for the Li*-TMEDA moiety
clearly does not affect the chemical environment of the
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Fig. 6. Stereochemistry of 1 (schematically) as determined by
X-ray analysis [6].

nitrogen atoms, and their equivalence above 326 K
must be a consequence of either the inversion of the
central four-membered C(1)-Li(1)-C(1")-Li(1") ring
or a complete rotation of the TMEDA ligand around
an axis which passes through the centre of the ethylene
CC bond and the lithium atom. The higher energy
barrier of 68 kJ mol~! is then assigned to one or the
other of these processes. A concerted action of both
movements is not possible since this would bring the
nitrogens in equivalent positions and leave the N
spectrum unchanged.

As is clearly seen from the '3C NMR spectra
(Fig. 1), increasing temperature (> 300 K) also leads
to reversible lineshape changes for the remaining
carbon signals, which indicates an averaging of spacial
positions due to increased intra-aggregate mobility
also for the other atoms. In particular the environ-
ment of the methyl carbons changes, and this leads to
a CH; singlet at elevated temperatures, a process
which parallels the changes observed in the !N NMR
spectrum. It is not clear, however, if a true coalescence
process is involved or if the changes are due to a
temperature dependence of the !3C chemical shifts. In
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any case, the chemical shift difference involved here is
ca. twice that in the N spectrum. An increased coa-
lescence temperature is thus to be expected because
the same dynamic process which averages the N
environment should average the environment of the
CH; groups.

2. Lithiumcyclopentadienide, [ Li(tmeda) ]CsHs (2)

Not unexpectedly, compound 2 shows a much sim-
pler behaviour than the complex 1. At RT the '3C
CP/MAS NMR spectrum yields only two lines (CH
and CHj carbons), with the resonance of the methylene
carbons missing (Figure 7a). Only at elevated temper-
atures (343 K) is this resonance seen as a broadened
signal (Fig. 7b and (Table 1), again indicating a dy-
namic process in the five-membered ring formed by
the central metal and the TMEDA ligand. In the same
direction points the observation that, in contrast to
the situation met for 1, only one CH,, signal is found
for 2. The large temperature factors reported in the
X-ray study of the tris-trimethylsilyl derivative of 2 [7]
support this interpretation. Again, as in the case of 1,
the 13C chemical shifts do not differ significantly from
the data determined in solution (Table 1). Only one
I5N signal is found for 2 (Table 2), and the "Li at
— 5.7 ppm (rel. to LiBr) shows the ring current effect
as in solution, where — 8.7 ppm was found [26]. It is
interesting to note that the solid state value agrees
very well with the Li shielding calculated by the IGLO
method (— 6.9 ppm) [27].

a) b)
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Fig. 7. 13C CP/MAS NMR spectra of [Li(tmeda)]C sH (2) at
different temperatures.
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Table 3. Shielding tensor elements for 2 and ferrocene as
calculated by the Herzfeld-Berger method [29] (A) and the
analysis of moments [30] (B).

22 ferrocene® ferro-
cene
A B A B
0,.,/PPM —103.9 —103.9 —69.5 —69.5 69
0y,-6,/ppm —458 —455 —312 —297 -25
Gyy—0iofppm  —239 —323 —194 —206 —25
Oys—0i/ppm 696 777 506 503 51
n 0.31 0.17 0.23 0.18 0
2 This work;
b [28].

It is reasonable to expect axial symmetry for 2 on
the NMR time scale at RT, in analogy to observations
made for ferrocene [28]. In line with the fast rotation
of the five-membered ring formed by the TMEDA
ligand and the metal around the effective C5 symme-
try axis of the compound is the presence of only one
13C signal for the carbocyclic ring. In addition, a NQS
experiment again allows detection of the resonances of
all protonated carbons (CH, CH,, CH,;) even with a
dephasing period of 70 ps. No attempts were made to
investigate low-temperature spectra of 2.

From an analysis of the sideband pattern shown in
Fig. 8, based on the Herzfeld-Berger method [29] and
the method of moments [30], it was possible to calcu-
late the chemical shift tensor components, g;;, and the
asymmetry parameter, #, for the methine carbons of
the five-membered cyclopentadienyl ring. The results
are shown in Table 3, together with those of a sample
calculation for ferrocene. In agreement with our ex-
pectations, the asymmetry parameter # is close to
zero, the deviation from the theoretical value zero
coming from inherent inaccuracies of the sideband
analysis.

A further documentation of the effective axial sym-
metry which governs the NMR spectra of 2 at RT
comes from the static "Li powder spectrum (Fig. 9),
which shows the typical satellite pattern characteristic
for first order quadrupolar interaction of a nucleus
with spin quantum number I = 34 with zero asymme-
try parameter [23b, 31]. From the satellite splitting
a quadrupolar coupling constant of ca. 150 kHz can
be derived, in good agreement with results for the
TMEDA complex of trimethylsilylcyclopentadienyl-
lithium (4) [32], where an effective axial symmetry of
the electric field gradient tensor at the metal was de-
tected.
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Fig. 8. Sideband pattern in the '*C CP/MAS NMR spectrum of 2 at RT.
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3. Dilithiumnaphthalenediide,
trans-[Li(tmeda) ] ,C,,Hg (3)

Finally we discuss results obtained for the TMEDA
complex of dilithiumnaphthalenediide (3), a com-
pound of considerable interest because of its applica-

b N s
100 50 0 -50 100 kHz
Fig. 9. Static ’Li MAS NMR spectrum of 2 at RT.

tion in various metallation reactions, most notably in
anionic polymerisations [33]. NMR data for 3 in solu-
tion are available [21], and the data found now for the
solid are again not significantly different (Table 1). The
carbocyclic ligand of 3 constitutes a paramagnetic
12 n dianion [21], and the X-ray structure [S] shows C;
symmetry for the complex where the two lithium
atoms are situated above and below the two six-mem-
bered rings of the naphthalene nucleus (3). The coordi-
nated TMEDA ligands are inclined to the axis which
connects carbons 1 and 4 as well as S and 8 by an angle
of ca. 70%, as is shown schematically in diagram 5.
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Fig. 10. 13C CP/MAS spectra of trans-[Li(tmeda)],C,

: oHs (3)
at different temperatures.
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Fig. 11. Temperature dependence of the :>N CP/MAS NMR
spectrum of 3.

The 3*C CP/MAS solid state NMR spectrum of 3
(Fig. 10) is in line with the structure of C; symmetry
and shows the expected five resonances for the carbo-
cyclic ringsystem, one somewhat broadened reso-
nance for the CH, carbons and four signals for the
CH,; groups (Table 1). The skewed arrangement of the
two TMEDA ligands is also documented by the !’N
CP/MAS NMR spectrum, which shows a RT two
resonances separated by 2.9 ppm (Table 2).

Except for nearly linear temperature-induced reso-
nance shifts, the !3C NMR spectrum is not much

W. Baumann et al. -
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Fig. 12. Two-dimensional natural abundance !N EXSY
spectrum of 3 at 292 K; spinning rate 2.5 kHz.

affected by temperature variations between 290 and
360 K. Specifically no coalescence phenomena are ob-
served. In contrast, the !°N resonance broadens at
elevated temperatures and finally coalesces into a sin-
gle line (Figure 11). Chemical exchange between the
two nitrogen sites is most clearly seen from the two-di-
mensional exchange spectrum shown in Fig. 12, which
was measured with a modified 90° — ¢, —90° —t,,—90°,
FID (t,) pulse experiment, the first 90° pulse being
replaced by the CP sequence [14]. At the coalescence
temperature (317 K) we derive, on the basis of (2), a
barrier AG* of 64 kJ mol~" for the dynamic process
which leads to the equivalence of the two nitrogen
atoms. We assign this process to a 180° rotation of the
TMEDA ligands (A == B=C). A simple oscillation of
the type D=E does not explain the experimental
observations because in this case coalescence of the
13C resonances for C-1 and C-4 as well as for C-2 and
C-3 should be observed. Furthermore, an oscillation
demands a concerted movement of both TMEDA lig-
ands, which is not required for the 180° rotation.
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Looking again at diagram 5, for a 180° rotation of
the Li*-TMEDA unit accompanied by ring inversion
one also expects lineshape changes for the CH, and
CH, resonances. There is indeed a specific broadening
effect for the CH, resonance, where the linewidth
changes from 171 to 117 Hz between 290 and 334 K.
The CH, signals, on the other hand, first merge to a
doublet (334 K) and later into a singlet (360 K). There
is no clear indication of a coalescence process because
the linewidth is apparently not much affected and part
of the signal merging is the result of the temperature-
dependent chemical shifts. Thus, the information from
the 13C spectrum alone does not allow to draw any
conclusions about the intra-aggregate dynamics of 3.

Conclusions

In comparing our results with those of related in-
vestigations performed on other TMEDA complexes
in solution, we find that similar barriers have been
reported for processes that lead to coalescence phe-
nomena in the *H and !3C NMR spectra [3, 34], but
an unambiguous assignment of these spectral changes
to either ring inversion or rotation of the TMEDA
ligands was not achieved. In addition, a third mecha-
nism which involves breaking of a nitrogen-lithium
bond and recombination was discussed [4]. On the
other hand, theoretical calculations on the MNDO
and ab initio level [34] led to the conclusion that a
composite of ring inversion and rotation might be
responsible for the observed NMR lineshape changes
and that both processes have similar activation barri-
ers. Our results now demonstrate for the solid that
ring inversion and full rotation are characterized by

two distinct energy barriers, where the free activation
enthalpy for the second process is considerably larger
than that for the first one. In solution, this difference
might indeed be smaller because, due to packing
forces, ring rotation in the solid is probably more
hindered than in solution. The calculated barrier of ca.
30 kJ mol ! [34] for the ring inversion process in the
gas phase compares favourably with our results for
solid 1. In addition, since the barrier found for Li*-
TMEDA rotation in 3 is close to that for the second
dynamic process in 1, the higher energy process oper-
ating in 1 is most likely also a Li*-TMEDA rotation.
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Experimental Part

Compounds and Sample Preparation

The synthesis of 1-3 followed the literature proce-
dures: 1 [6]; 2 [7], and 3 [S]. The samples used for the
NMR experiments were purified by recrystallization
under argon and did not show any NMR absorptions
due to impurities. For the NMR measurements, 4 mm
(*3C, "Li) or 7mm (*°N) o.d. ZrO, rotors were filled
under argon with 100-150 mg or 250-300 mg, re-
spectively, of the compounds and tightly locked with
Kel-F caps. This proved to be sufficient for keeping
the rotors air-tight during the measurements. Even
after storage for several months no decomposition of
organometallic material was detected by NMR-spec-
troscopy.

NMR Spectra

NMR spectra were measured with a Bruker
MSL 300 spectrometer, operating at 75.47 MHz for
13C, 30.42 MHz for **N, and 116.64 MHz for "Li, and
equipped with a variable temperature unit and 'H
decoupling channel. High-power CW proton decou-
pling was applied through all acquisitions. For 3C
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and !N CP/MAS measurements, typical contact
times were 1-2ms, with a 'H 90° pulse width of
3—6 ps. For the "Li MAS spectra, the 90° pulse width
was 3.6 us. Spectra of static samples were recorded
with the Quadecho sequence [35] with a delay of
150 ps. Chemical shifts were referenced externally
against adamantane (**C(CH,) ¢ 38.4 ppm rel. to
TMS), NH,Cl (}°N, 6 —341.3 ppm rel. to nitro-
methane), and LiBr (’Li, 6 =0). For the !N 2D
EXSY spectrum, measured at 295 K, the following
spectral parameters were used: spectral width 2 kHz,
contact time 2 ms, mixing time 1 s, 128 experiments in
t, (200 scans each), t, increment 250 ps, recycle delay
7s, phase-sensitive detection by the TPPI method
[36], total spectrometer time 54 hrs. The final data ma-
trix was 512(t,) x 256(t,), no window functions were
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