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Abstract

The reaction of {C,N-[Fe(h5-C5H5)(h5-C5H3(CH2NMe2)-2)]}Li, (FcN)Li, with zinc chloride affords the diorganozinc complex
(FcN)2Zn (1). In solution, 1 appears as a mixture of rac and meso diastereomers, whereas in the solid state it crystallizes solely
as a rac diastereomer. The ratio of rac/meso diastereomers in solution is solvent-, temperature- and concentration-dependent,
consistent with an intermolecular exchange between diastereomers. An intramolecular dynamic phenomenon involving dissocia-
tion and recoordination of Zn�N bonds was also observed. The reaction of 1 with zinc chloride yields the monoorganozinc
compound (FcN)ZnCl (2) as a slightly soluble yellow microcrystalline powder. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Chelates; Chirality; Crystal structure; Cyclovoltammetry; N,N-Dimethylaminomethylferrocenyl; Zinc

1. Introduction

Recent studies on the complexation behavior of the
N,N-dimethylaminomethylferrocenyl ligand (FcN)
dealt with molecules in which the FcN ligand is either
(C,N)-bidentate, C-monodentate, C-bridging or
m(C,N)-bridging [1]. Some of these compounds ex-
change between some of these bonding modes in solu-
tion, like (FcN)2Pb [2] and (FcN)2Mg(solv)

(solv=ether, THF) [3]. When two or more FcN ligands
are coordinated in the same molecule the formation of
diastereomers is possible, due to the chirality of the
FcN ligand [4]. Owing to this stereochemical marker,
we discovered an interesting intermolecular exchange
phenomenon between rac and meso diastereomers for
magnesium and lead compounds.

Initiated by known similarities of divalent states of
magnesium and zinc with respect to coordination chem-
istry, we decided to study the analogous chemistry of
FcN compounds of zinc. Another aspect of this re-
search is the fact that the organozinc compounds are,
just like those of magnesium, valuable precursors for
the synthesis of other transition metal complexes.
Therefore, it is important to elucidate their behavior in
solution. Thiele and coworkers did some preliminary
work, but general spectroscopic and structural data are
lacking [5].

2. Results and discussion

The reaction of zinc chloride with two equivalents of
(FcN)Li [6] in diethyl ether at room temperature yields
a solution of 1 (Scheme 1). The 1H- and 13C-NMR data
of 1 in toluene-d8 at 23°C (after taking a sample and

Scheme 1.
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Fig. 1. Molecular structure of 1 ((R,R) diastereomer) with thermal
ellipsoids at 50% probability level. H atoms are omitted for clarity.

155.54(8)° and N1�Zn�N2 bond angle of 115.28(8)°
illustrate the strong distortion of the molecule. They are
comparable with the C�Zn�C bond angle of 156.48(2)°
and the N�Zn�N angle of 109.7(1)° found in
[Me2NCH2CH2CH2]2Zn [7].

The Zn�C1 and Zn�C14 bond lengths are 1.948(2) A,
and 1.945(2) A, , respectively, which is slightly shorter
than the average Zn�C bond length in
[Me2NCH2CH2CH2]2Zn [7] of 1.9848(5) A, and the cor-
responding values found in Zn[CH(SiMe3)2]2·bipy,
(2.034(5) and 2.035(5) A, ) [8]. The Zn�N1 and Zn�N2
bonds of 2.3091(16) and 2.3622 (16) A, are extremely
long, which is to be expected owing to a strongly
widened C�Zn�C bond angle [9]. These bonds differ
significantly from each other and, therefore, might be
interpreted as a remnant of the intramolecular dynam-
ics present in solution (vide infra). The Zn�N1 bond is
comparable to the average Zn�N bond lengths of
2.307(4) A, found in [Me2NCH2CH2CH2]2Zn [7]. The
Zn�N bond lengths are also significantly longer than
the Zn�N bonds in [Zn(NH3)4]Cl2 of 2.03 A, [10], and
those of 2.131 A, found in Zn(en)2Cl2 [11], and can be
considered as labile bonds. Another example of a zinc
compound having Zn in a two-carbon–two-nitrogen
coordinate environment (albeit in a different chelate
configuration) is provided by Zn{NC5H4C(SiMe3)2-2}2

[12], in which the Zn�C distance is 2.07(0) A, and the
Zn�N distance 2.29(4) A, , which is similar to bond
distances found in 1.

The average C�C bond lengths in ferrocene cyclopen-
tadienyl rings are 1.424(8) A, and the average Fe�C(Cp)
distance is 2.042(2) A, , which is very similar to ferrocene
itself [13]. However, the Fe�C1 and Fe�C14 distances
of 2.0823(19) A, and 2.1005(19) A, respectively are some-
what longer than the other bond lengths, reflecting the
bonding of C1 and C14 to the zinc atom.

The small bite angle of the FcN ligands (C�Zn�N ca.
82°) causes distortions around the a-carbon atoms and
nitrogen atoms. For instance, although the C�N�C
angles have ideal values, the Zn�N1�C11 and
Zn�N2�C24 angles (105.04(11)° and 105.08(12)° respec-
tively) are smaller than the other Zn�N�C angles. Sim-
ilarly, the C2�C1�Zn and C15�C14�Zn (113.10(15)°
and 113.78(15)° respectively) are smaller than
C5�C1�Zn and C18�C14�Zn angles (141.01(15)° and
140.94(17)° respectively). Such a small bite angle is a
characteristic of FcN compounds, because similar val-
ues are found in (FcN)2Mg(OEt2) (78.89(7) and
78.69(7)°) [3], (FcN)2Mg(THF) (78.07(8) and 78.60(8)°)
[3] and (FcN)2Pb (71.5(1) and 71.3(1)° for C2/c poly-
morph; 70.8(2) and 71.8(2)° for P21/n polymorph) [2].
The difference depends solely on the radius of the
coordinated metal; the larger the metal radius, the
smaller the bite angle.

The 1H- and 13C-NMR data of 1 in both THF-d8 and
toluene-d8 at room temperature show only one set of

Table 1
Selected molecular bond lengths (A, ) and angles (°) in complex 1.
Estimated S.D. values are in parentheses

Zn�C1 1.6511Fe1�C(1m)a1.948(2)
1.6493Fe1�C(2m)1.945(2)Zn�C14

2.3091(16)Zn�N1 Fe2�C(3m) 1.6480
2.3622(16)Zn�N2 Fe2�C(4m) 1.6435

155.54(8)C1�Zn�C14 C2�C1�Zn 113.10(15)
113.78(15)115.25(6)N1�Zn�N2 C15�C14�Zn

82.02(7)C1�Zn�N1 C5�C1�Zn 141.01(15)
140.94(17)C14�Zn�N2 83.06(8) C18�C14�Zn

C11�N1�C12105.04(11) 111.09(18)Zn�N1�C11
C11�N1�C13116.62(16) 109.12(18)Zn�N1�C12

110.6(2)C12�N1�C13Zn�N1�C13 103.85(14)
C24�N2�C25105.08(12) 109.75(18)Zn�N2�C24

123.06(16)Zn�N2�C25 C24�N2�C26 110.98(19)
109.2(2)98.08(13) C25�N2�C26Zn�N2�C26

1.480(2)N1�C11 N2�C24 1.475(3)
1.457(3) N2�C25 1.465(3)N1�C12
1.461(3)N1�C13 N2�C26 1.459(3)

a The suffix ‘m’ denotes the centroid of a Cp ring.

removal of ether in vacuo) show that (FcN)2Zn appears
in solution as a mixture of diastereomers 1a and 1b
respectively in a ratio of 4:1. After cooling the solution,
only the major diastereomer 1a crystallizes in the form
of large orange prisms in 80% yield. The compound is
moderately air stable in the solid state, but in solution
it decomposes immediately when exposed to air. 1 is
readily soluble in both polar and non-polar solvents.

X-ray diffraction analysis revealed that compound 1
crystallizes completely as a rac diastereomer. The
diastereomer 1a possesses a set of (R,R)-configured (or
(S,S)) FcN ligands (rac diastereomer); therefore, it is
assumed that in diastereomer 1b one of the ligands is in
the R-configuration and the other in the S-configura-
tion (meso diastereomer). The molecular structure of 1a
is shown in Fig. 1; the most important molecular
dimensions are summarized in Table 1.

The zinc atom exhibits an extremely distorted tetra-
hedral coordination and binds two (C,N)-chelate-
bonded FcN ligands. The C1�Zn�C14 bond angle of
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signals for both FcN groups in each diastereomer
(Table 2). At −80°C in THF-d8 the signal of the
methyl groups of the main diastereomer 1a start to
broaden. In toluene-d8 the signal is already broadened
at −40°C and at −80°C there are two signals at 1.71
and 2.35 ppm. The signals for the methylene groups
appear as two doublets for the whole temperature range
studied. The appearance of two methyl signals and two
doublets for methylene protons indicates the equiva-
lency of both FcN ligands and is consistent with the C2

symmetry of the molecule. Therefore, it is concluded
that the main diastereomer 1a is indeed rac-(FcN)2Zn.
The signals of meso-(FcN)2Zn (1b) do not reach decoa-
lescence at −80°C in either toluene-d8 or THF-d8. The
temperature-dependent NMR data indicate intramolec-
ular dynamics and can be explained by a rapid dissoci-
ation and recoordination of the Zn�N bonds.

The ratio of diastereomers measured in different
solvents (THF-d8, toluene-d8) is temperature- and con-
centration-dependent (4.4 in THF-d8 at 30°C (c1=
0.1 mol dm−3), 4.9 in toluene-d8 at 23°C
(c2=0.3 mol dm−3) and 7.4 in toluene-d8 at 18°C (c3=
0.1 mol dm−3)) and suggests an intermolecular ex-
change between diastereomers.

The data in THF-d8 (c1=0.1 mol dm−3) show that
the proportion of rac diastereomer is higher at lower
temperatures. This observation is reminiscent of that
for the magnesium compound (FcN)2Mg [3]. The equi-
librium constant K (rac/meso) gradually changes from
4.1 at 30°C to 5.9 at −80°C. Plotting ln K against 1/T
(Van’t Hoff plot) gives a straight line from which the
thermodynamic parameters DH= −1.7 kJ mol−1 and
DS=6.3 J mol−1 K−1 for c1 were obtained (r=0.9948)
(Fig. 2). These parameters may be compared with those
calculated for the sample of (FcN)2Mg with similar
concentration (DH= −5.92 kJ mol−1 and DS= −
12.1 J mol−1 K−1) [3], indicating smaller temperature
dependence in the case of zinc.

The rac/meso ratio of a saturated (c2=
0.3 mol dm−3) and a diluted (c3=0.1 mol dm−3) sam-
ple in toluene-d8 was monitored at different
temperatures (Fig. 2). At room temperature rac-
(FcN)2Zn prevails; by heating the samples to 60°C its
proportion is lower, which is consistent with the ob-
served behavior in THF-d8. It can be seen that the
proportion of rac-(FcN)2Zn in the diluted sample is
higher than in the saturated sample for a measured
temperature interval. The equilibrium constant K (rac/

Table 2
1H-NMR data for 1 and 2a

NMe2 CH2N CpFe C5H3

30°C, THF-d8 2.42 (s, 12H) 4.14 (s, 2H)4.08 (s, 10H)rac-1 3.13 (d, 2H, J=15)
3.61 (d, 2H, J=15) 4.24 (s, 4H)

meso-1 3.96 (s, 2H)4.02 (s, 10H)3.12 (d, 2H, J=14)2.46 (s, 12H)
4.07(s, 2H)3.67 (d, 2H, J=14)
4.12 (s, 2H)

23°C, toluene-d8 rac-1 2.28 (s, 12H) 3.07 (d, 2H, J=15) 4.33 (s, 10H) 4.29 (s, 2H)
3.60 (d, 2H, J=15) 4.34 (s, 2H)

4.56 (s, 2H)
4.32 (s, 10H)3.08 (d, 2H, J=14) 4.22 (s, 2H)2.37 (s, 12H)meso-1

3.58 (d, 2H, J=14) 4.39 (s, 2H)
4.51 (s, 2H)

rac-1 2.45 (s, br)−80°C, THF-d8 3.17 (d, 2H, J=15) 4.08 (s, 10H) 4.12 (s, br, 2H)
3.56 (d, 2H, J=15) 4.21 (s, br, 2H)b

meso-1 –b 3.07 (d, 2H, J=14) 3.99 (s, 10H) 3.88 (s, br, 2H)
3.61 (d, 2H, J=14) 4.06 (s, br, 2H)

4.14 (s, br, 2H)

rac-1 1.72 (s, br, 6H) 2.84 (d, 2H, J=15) 4.30 (s, 10H) 4.28 (s, 4H)−80°C, toluene-d8

2.35 (s, br, 6H) 3.02 (d, 2H, J=15) 4.56 (s, 2H)b

meso-1 –b 2.76 (d, 2H, J=15) 4.17 (s, 10H) 4.35 (s, 2H)
3.19 (d, 2H, J=15) 4.49 (s, 2H)b

4.23 (s, 5H)3.23 (d, 1H, J=12)2.15 (s, 6H)225°C 4.20 (s, 1H)
4.45 (s, 1H)4.00 (d, 1H, J=12)
4.50 (s, 1H)

2 2.08 (s, 3H)−30°C 3.23(d, 1H, J=12) 4.21 (s, 1H)4.22 (s, 5H)
4.00 (d, 1H, J=12) 4.46 (s, 1H)2.21 (s, 3H)

4.50 (s, 1H)

a The spectra of 1 measured in THF-d8 and toluene-d8, 2 in pyridine-d5.
b Not all signals were observed, due to overlapping with other signals.
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Fig. 2. Van’t Hoff plots for 1 in THF-d8 and toluene-d8. (K=rac-
(FcN)2Zn/meso-(FcN)2Zn). Legend: (	) c2=0.1 mol/l in toluene-d8,
(
) c3=0.3 mol/l in toluene-d8, (�) c1=0.1 mol/l in THF-d8.

Fig. 3. Cyclic voltammograms recorded at a platinum electrode in
CH2Cl2 solution containing 1 (1.8×10−3 mol dm−3) and
[NBu4][PF6] (0.2 mol dm−3). Scan rates: (a) 0.05 V s−1; (b)
0.5 V s−1; (c) 2.00 V s−1.

meso) gradually changes from 7.9 at 0°C to 3.4 at 60°C
for c2 and from 7.1 at 18°C to 5.7 at 60°C for c3. By
lowering the temperature below 0°C it was observed
that the sample became turbid and the material precip-
itated from the solution; therefore, no further measure-
ments were done. Plotting ln K against 1/T (Van’t Hoff
plot) for each concentration (c2 and c3) gives straight
lines from which the thermodynamic parameters DH=
−10.3 (c2) and −4.9 kJ mol−1 (c3) and DS= −20.4
(c2) and −0.03 J mol−1 K−1 (c3) were obtained (r=
0.9971 and 0.9937 for c2 and c3 respectively). As ex-
pected, the slope of the Van’t Hoff curve is smaller for
c3 than c2, as the probability for an intermolecular
exchange process is lower at lower concentrations.
Therefore, the rac/meso equilibrium is less temperature-
dependent than for higher concentrations.

The mechanistic pathway for the observed inter-
molecular exchange most likely involves electron-defi-
cient three-center two-electron interactions (see Scheme
2). It invokes a concerted intermolecular migration of
two s-bonded FcN groups through an intermediate
with carbon-bridged FcN groups. This mechanism is
virtually identical to that proposed for (FcN)2Mg [3],
but it differs from that proposed for (FcN)2Pb [2] in
that exchange of FcN ligands seems to be preceded by
a Pb�Pb interaction. The similar pathways for zinc and
magnesium compounds are to be expected owing to the
similar chemical behavior of the metals.

The redox behavior of 1 was examined by electro-
chemical techniques (Fig. 3). At a low scan rate it
undergoes a single-stepped two-electron oxidation
(proved by controlled-potential coulometry at +0.8 V)
at E°%= +0.43 V that has features of transient chemi-
cal reversibility (at 0.05 V s−1: ipc/ipa=0.8; DEp=
68 mV). A progressive increase of the scan rate (Fig.

Scheme 2.
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3a–c) causes splitting of the oxidation process into two
separate anodic steps (at approximately E°%= +0.37
and +0.57 V). The occurrence of adsorption phenom-
ena can be discarded, in that the anodic peak current
increases linearly with the square root of the scan rate.
In agreement with this picture, cyclic voltammetric tests
performed upon the progressive two-electron oxidation
in macroelectrolysis reveal at intermediate times the
appearance of two new reversible systems at E°%= +
0.35 and +0.54 V; then any peak system completely
disappears. At the same time, the initially yellow solution
changes to a green–gray color, indicating the decompo-
sition of 1. It is assumed that formation of FcNH (E°%=
+0.38 V) is an intermediate step in the degradation
pathway.

The ligand distribution between (FcN)2Zn and ZnCl2
gave the monoorganozinc complex (FcN)ZnCl (2). As
for the equivalent magnesium compound (FcN)MgX [3],
2 cannot be obtained by a direct 1:1 reaction of ZnCl2
and (FcN)Li. Compound 2, m.p. 160°C, precipitated as
a yellow powder that could not be induced to crystallize.
It is insoluble in non-polar solvents (pentane), only
slightly soluble in polar solvents (ether, THF) and soluble
in pyridine. 2 was characterized by 1H- and 13C-NMR
spectroscopy and mass spectroscopy (m/z=341 at
70 eV). 1H- and 13C-NMR data of 2 at room temperature
in pyridine-d5 show that the methylene protons are
magnetically non-equivalent, but only one N-methyl
resonance is observed. At −30°C the methyl signal splits
in two singlets at 2.08 and 2.21 ppm, indicating the intra-
molecular dynamics caused by dissociation and reco-
ordination of Zn�N bonds, as found for 1.

3. Conclusions

Organozinc compounds 1 and 2 are both highly dy-
namic in solution. Although compound 1 crystallizes
solely as the (C,N)-bonded rac diastereomer, a mixture
of meso and rac diastereomers forms in solution. The
rac/meso ratio is solvent-, temperature- and concentra-
tion-dependent, consistent with an intermolecular ex-
change between diastereomers. In general, the
proportion of rac-(FcN)2Zn is higher at lower tempera-
tures. An intramolecular dynamic process of dissociation
and recoordination of Zn�N bonds is observed for both
1 and 2. For the organozinc compounds the behavior
observed is similar to that of the magnesium compounds,
owing to the similar chemical properties of the metals.

4. Experimental

4.1. General procedures

All manipulations were carried out by using standard
Schlenk techniques under an inert argon atmosphere. All

solvents were dried by standard procedures and distilled
under argon prior to use. (FcN)Li was prepared by a
previously described method [6]. ZnCl2 was purchased
commercially and used as received. Pyridine-d5 was dried
by distillation from CaH2. 1H- and 13C-NMR data were
recorded on a Varian 300 MHz and 500 MHz instrument
and referenced to the deuterated solvent. Mass spectra
were recorded on an AMD 402 by EI at 70 eV; m/z values
refer to 35Cl and 64Zn.

Materials and apparatus for electrochemistry have
been described elsewhere (three-electrode cell, platinum
disk as a working electrode, platinum spiral as a coun-
terelectrode) [14]. All potential values are referred to the
saturated calomel electrode (SCE). Under the present
experimental conditions (dichloromethane solution con-
taining [NBu4][PF6] as a supporting electrolyte
(0.2 mol dm−3) the one-electron oxidation of ferrocene
occurs at E°%= +0.38 V.

4.2. Synthesis of (FcN)2Zn (1)

A solution of (FcN)Li (5.92 g, 23.8 mmol) in diethyl
ether (50 ml) was added to a rapidly stirred solution of
ZnCl2 (1.62 g, 11.9 mmol) in diethyl ether (50 ml) with
cooling to ca. −78°C. The reaction mixture became an
orange color and was stirred for 1 h and then allowed to
warm up to room temperature (r.t.). After stirring for
24 h the diethyl ether was removed under reduced
pressure, and the orange residue extracted with toluene
(30 ml). After filtering, the orange solution was reduced
to incipient crystallization and stored at −30°C to give
orange crystals. Yield: 0.52 g, 80%. M.p. 113°C. Anal.

Table 3
Crystallographic data for 1

C26H32Fe2N2ZnEmpirical formula
Molecular mass 549.61

0.80×0.50×0.40Crystal dimensions (mm3)
monoclinicCrystal system
P21/cSpace group

a (A, ) 11.2622(15)
11.857(2)b (A, )
18.469(3)c (A, )
104.77(3)b (°)

V (A, 3) 2384.7(6)
4Z

dcalcd (g cm−3) 1.531
T (K) 173(2)

2.214m (mm−1)
26.1umax (°)

No. of reflections 18693
4652No. of unique reflections
Direct methodsStructure determination
on F2 in SHELXLRefinement

No. of parameters 408
0.0264R1[I\2s(I)]
0.0670wR2 (all data)
1.034Goodness-of-fit (on F2)
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Found: C, 56.35; H, 5.78; N, 5.06. Calc. for
C26H32Fe2N2Zn: C, 56.81; H, 5.87; N, 5.10%. 13C{1H}-
NMR data for 1a (for 1b in brackets): (toluene-d8, r.t.)
d 47.1 [46.5] (NMe2), 61.6 [62.2] (CH2N), 68.8 [68.4]
(C5H5), 71.6 [68.1] (C5H3), 73.7 [70.4] (C5H3), 74.3
[74.9] (C5H3�CH2NMe2), 95.8 [95.0] (C5H3�Zn).

4.3. Synthesis of (FcN)ZnCl (2)

A solution of 1 (3.11 g, 5.6 mmol) in diethyl ether
(50 ml) was added to a rapidly stirred solution of ZnCl2
(0.76 g, 5.6 mmol) in diethyl ether (50 ml) with cooling
to ca. −78°C. The reaction mixture became a yellow
color and was stirred for 1 h before being allowed to
warm up to r.t. After removing the solvent under
reduced pressure and filtration, the yellow residue was
extracted with pentane to give a yellow microcrystalline
powder. Yield: 1.53 g, 80%. M.p. 160°C (dec.). Anal.
Found: C, 44.02; H, 4.76; Cl, 10.62; N, 3.72. Calc. for
C13H16ClFeZn: C, 45.53; H, 4.70; Cl, 10.34; N, 4.08%.
13C{1H}-NMR data for 2: (pyridine-d5, r.t.) d 45.1
(NMe2), 62.2 (CH2N), 69.0 (C5H5), 70.7 (C5H3), 72.8
(C5H3), 77.4 (C5H3), 84.4 (C5H3�CH2NMe2), 92.6
(C5H3�Zn). MS m/z (%): 341 (M+, 49).

4.4. X-ray structure analysis of 1

Crystal and numerical data of the structure determi-
nation are given in Table 3. A single crystal was
covered with inert oil and mounted on a glass fiber, and
then transferred to the diffractometer in a stream of a
cold gas (Stoe STADI IV-Diffractometer). Monochro-
matic Mo–Ka radiation (l=71.073 pm) was used.
Data were corrected for Lorentz and polarization ef-
fects. The structures were solved by direct methods
using the SHELXS program and refined by full-matrix
least-squares against F2 with SHELXL-97 [15]. All non-
hydrogen atoms were refined with anisotropic thermal
parameters. All hydrogen atoms were found in the
difference Fourier map and refined isotropically.

5. Supplementary material

Crystallographic data (excluding structure factors)
for the reported structure have been deposited with the
Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC 114066. Copies of data
can be obtained free of charge on application to The
Director, CCDC, 12 Union Road, Cambridge CB2

1EZ, UK (fax: +44-1223-336093; e-mail: deposit@
ccdc.cam.ac.uk).
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