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Synthesis and Structural Characterization of an Isomorphous Series of
Bis(imidazolin-2-imine) Metal Dichlorides Containing the First Row Transition
Metals Mn, Fe, Co, Ni, Cu, and Zn

Thomas Gloge'®, Dejan Petrovic™, Cristian G. Hrib'®, Constantin Daniliuc®®, Eberhardt
Herdtweck™, Peter G. Jones', Matthias Tamm*"™

Dedicated, in memoriam, to Prof. Dr. Herbert Schumann

Keywords: N Ligands; Chelates; Transition metals; Imidazolin-2-imines

The bis(imidazolin-2-imine) ligand N,N’-bis(1,3-diisopropyl-4,5-
dimethylimidazolin-2-ylidene)-1,2-ethanediamine (BLP" has been
used to synthesize a complete series of transition metal dichloride
complexes of the type [(BLiPr)MClz] with M = Mn, Fe, Co, Ni, Cu,
Zn. The molecular structure of each complex was established by X-

ray diffraction analysis; the complexes are isomorphous and

crystallize in the monoclinic space group C2/c, allowing a
comparison of their structural parameters in a constant packing
environment. The complexes exhibit distorted tetrahedral
geometries around the metal atoms with the dihedral angles
between the MN, and MCl, planes ranging from 53.9° (M = Cu)
to 75.5° (M =Zn).
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Hagenring 30, D-38106 Braunschweig, Germany
Fax: +49-251-391-5309
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[b] Department Chemie, Technische Universitdt Miinchen,
Lichtenbergstr. 4, D-85747, Garching, Germany
Supporting information for this article is available on the
WWW under http://www.eurjic.org/ or from the author.

Introduction

The coordination chemistry of poly(guanidine) ligands
is currently receiving considerable interest,!"! since these
ligands generally act as efficient electron-donor ligands
towards transition metals and are able to form particularly
strong  metal-nitrogen  bonds.****'  These unique
properties are attributable to the ability of the guanidine
CN; moiety to delocalize a positive charge, affordin
compounds with enhanced basicity and nucleophilicity.'”!
This tendency is even more pronounced in imidazolin-2-
imines, since the imidazole ring is particularly effective in
stabilizing a  positive  charge.”!  Accordingly,
poly(imidazolin-2-imine) ligands such as the bidentate
nitrogen donor ligand N,N’-bis(1,3-diisopropyl-4,5-
dimethylimidazolin-2-ylidene)-1,2-ethanediamine (BL™")
can be described by the limiting resonance structures A
and B (Scheme 1), with the contribution of the ylidic
form B increasing considerably upon metal coordination.
The resulting excellent donor properties of the ligands
BL® (R = Me, iPr) were documented by their ability to
stabilize coordinatively unsaturated 16-electron half-
sandwich complexes and by the preparation of highly
reactive copper(I) complexes.™”'” In addition, it was
demonstrated that the strong polarisation of the exocyclic
C=N bond in zinc complexes of the type [(BLMe)anz]
(X = (1, OAc) is beneficial for the observation of high

catalytic activity in ring-opening lactide
polymerisation.!""
R R
/ \
N N
N N
\ d |
R BL™, R=/Pr
BL™, R=Me
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N N
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N N
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Scheme 1. Resonance structures A and B for the bis(imidazolin-
2-imine) ligands BLR (R = iPr, Me).

In view of the large number of applications that have
been reported for 3d-metal complexes of related 1,4-
diaza-1,3-butadiene (a-diimine) ligands,"” e. g. the use of
iron, cobalt and nickel complexes as polymerization
catalysts,'"”)  we _became interested in studying the
reactivity of BL™ toward first row transition metal
dichlorides with the metal ranging from manganese to
zinc. We assumed that the diimine ligand BL™ is able to
stabilize four-coordinate metal complexes, since it should
provide enough electron density and, together with the
anionic chloride ligands, sufficient steric bulk to prevent
further coordination of a second BL™ equivalent or
additional ~ solvent molecules. Accordingly, the
preparation and structural characterization of a complete
series of transition metal complexes of the type
[((BL™)MCI,] (M = Mn, Fe, Co, Ni, Cu, Zn) is presented
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in this contribution. Because all the complexes
crystallized isomorphously, a detailed comparison of their
structural parameters can be undertaken without the need
to consider different packing effects.

Results and Discussion

The complexes [(BL™)MCL,] (M = Mn, 1; M = Fe, 2;
M =Co, 3; M =Ni, 4 M = Cu, 5; M = Zn, 6) were
prepared by the reaction of the diimine ligand BL™ with a
suitable metal(Il) chloride source (Scheme 2, see
experimental part). Addition of an excess of the BL"Pr
ligand leads neither to the coordination of a second BL™
equivalent nor to the replacement of chloride anions from
the inner coordination sphere, as was observed for CoCl,
complexes  containing  related  guanidine-hybrid
liganvds.[SbJ For all complexes, the composition
[(BL™ "YMCI,] was confirmed by elemental analysis. Since
complexes 1 - § are paramagnetic, only the diamagnetic
zinc complex 6 was additionally characterized by NMR
spectroscopy. Its 'H NMR spectrum in acetone-dg
exhibits one septet at 5.00 ppm together with one doublet
at 1.35 ppm, indicating that rotation around the exocyclic
C-N bonds is fast on the NMR time scale. In addition,
two singlets are observed at 3.40 ppm and 2.12 ppm,
which can be assigned to the C,H,-bridge and the methyl
groups at the C4/5 positions of the imidazoline rings,
respectively.

MCl»
/iPr iPr\
N * N
OV oe G
N N
\ i
iPr iPr

pr Cl Cl oy M = Mn, 1
/ </ \ Fe, 2

N M
7N Co, 3
| >*N\ /N:< | Ni, 4
'\{ /N Cu, 5
iPr iPr Zn, 6

Scheme 2. Synthesis of the metal complexes 1 - 6.

Re-crystallization by diffusion of n-hexane into THF
solutions of the complexes afforded colourless (1, 6),
beige (2), blue (3) and red (4) single crystals, whereas
brown crystals of the copper complex S were obtained by
diffusion of diethyl ether into an acetonitrile solution. The
crystal structures of 1 — 6 were determined by X-ray
diffraction analyses (Figure 1); 1 — 6 are isomorphous and
crystallize in the monoclinic space group C2/c with Z = 4.
All complexes display crystallographic C,-symmetry
about an axis passing through the metal atom and the
centre of the Cl-Cla bond, allowing a detailed
comparison of the structures without the need to consider
differences in packing. Related studies were published by
Leigh and Kubiak for complexes of metal(II) halides with
the ligands N,N,N’,N’-tetramethylpropyl-1,3-diamine
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(tmpn) and 6,6’-(2,4,6-triisopropylphenyl)-2,2’-
bipyridine (tripbipy).!"*'*! In both series, however, two
different space groups were observed for the complexes
[(tmpn)MCl,] (M = Mn — Cu) and [(tripbipy)MCL] (M =
Fe — Zn), respectively.

((Figure 1 here))

In the solid state, the [(BL"P “MCl,] moieties of the
complexes 1 — 6 are connected with four neighbouring
molecules by intermolecular C7-H7B---m contacts
between isopropyl methyl groups and the imidazole rings,
which is illustrated by the packing of compound 4 shown
in Figure 2. All metal atoms are four-coordinate and
display distorted tetrahedral geometries with the diimine
ligand forming a five-membered chelate ring. The N1-M-
N1’ bite angles range from 81.28(6)° (in 2) and 84.39(5)°
(in 6) and are thus significantly smaller than expected for
an ideal tetrahedral arrangement (109.5°). Accordingly,
expanded CI-M-CI’ angles between 113.95(3)° (in 3) and
118.84(3)° (in 1) are observed (Table 1); in the copper
complex 5, however, a relatively small Cl-Cu-Cl’ angle
of 104.35(3)° is found, which is in agreement with §
being most strongly distorted toward a square planar
geometry (vide infra). Since all complexes display C,-
symmetry in the solid state, the degree of distortion from
an ideal tetrahedron toward a square can be described by
the dihedral angle between the N1-M-N1" and CI-M-CI’
planes, respectively, which can adopt values between 90°
(tetrahedron) and 0° (square). In all cases (Table 1), these
angles deviate significantly from 90° and follow the order
6 (75.5°)>1 (74.5°) > 3 (72.8°) > 2 (72.2°) > 4 (68.6°) >
5(53.9°).

((Figure 2 here))

Another method for describing the distortion from ideal
geometries in four-coordinate complexes was proposed
by Houser,"® who introduced the geometry index T, =
[360° — (o + B)]/141°, where a and B represent the largest
angles in the four-coordinate species. The values of T4
will range from 1.0 for a perfect tetrahedron to zero for a
perfect square planar geometry. Intermediate structures,
including trigonal pyramidal and seesaw, will afford
values 0 < 14 < 1.0. In our series 1 — 6, the largest angles
are N1-M-Cl and N1°-M-CI’, which are identical because
of the crystallographic C,-symmetry (Table 1). The
calculated t4 follow almost the same order as the dihedral
angles mentioned above with 6 (0.82) ~ 1 (0.82) > 2
(0.79) > 3 (0.78) > 4 (0.75) > 5 (0.57). Again, the
manganese and zinc complexes 1 and 6 show the smallest
deviation from a tetrahedral geometry, whereas the
copper complex 5 exhibits the strongest distortion.
Similar 14 values have been established for the complexes
[(tripbipy)MCl,] (M = Fe — Zn),""™ and this trend is also
in accord with an increasing impact of Jahn-Teller
distortion, which should be absent for the ds-, d’- and d'°-
complexes 1, 3 and 6 and is expected to be most strongly
pronounced for the Cu(Il) d*-system 5."” Tt should be
noted that, in the related copper(Il)-hydroxo complex
[Cu"(u-OH)(BL™)],[PFsl,, the BL™" ligand has also
proved capable of stabilizing a square planar
environment.!*!

Partial charge separation and delocalization in the
coordinated BL™" ligand (Scheme 1) can be deduced from

2
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the observation of large M-N1-C2-N2 torsion angles of
about 60° in all complexes (Table 1), indicating a
perturbed m-interaction between the coordinated nitrogen
atoms and the imidazole rings. Consequently, the
exocyclic C2-N1 bonds are elongated and approach the
intra-ring C2-N2 and C2-N3 distances. The degree of
charge separation can be illustrated by the parameter p =
2a/(b+c), with a, b and c representing the exo- (a) and
endocychc (b, c) distances within the CN; guanidine
moiety.”>¥ The p values in all complexes are very
similar (p ~ 0.97) and indicate substantial charge
delocalization, albeit to a smaller extent than found for
cyclopentadienyl- and arene-ruthenium complexes.™!
Since the imidazole rings in 1 — 6 are not fully
perpendicular with the N1-M-N1" plane, the resultmg C>-
symmetric propeller-like conformation of the BL™" ligand
can also be held partly responsible for the observation of
distorted tetrahedral geometries (vide supra), which seem
to be a compromise between electronic and steric factors.

2,31 -
2,26 - . . .
2,21
2,16 -

bond length

2,11 4
2,06 A 4

2,01 - .
1,96 T T T T |

complex

Figure 3. M-N (A) and M-Cl (m) bond lengths [A] in
complexes 1 - 6.

The M-N1 bond lengths follow the expected trend as
predicted b?/ the ionic radii of the respective metal atoms
(Table 1),!" except for the copper complex 5, which
exhibits the shortest M-N [Cu-N1 = 1. 9709(12) A] and
M-Cl bond lengths [Cu-Cl = 2.2460(5) A], this behaviour
might be attributed to the fact that 5 exhibits a
significantly stronger distortion from a tetrahedral
geometry than the other complexes. The M-Cl bonds also
follow the same trend, even though the differences are
much less pronounced (Figure 3). Comparison with the
related series [(tripbipy)MCL] (M = Fe — Zn) shows a
similar trend for the M-N and M-CI bond lengths; in all
cases, however, shorter M-N bonds together with longer
M-CI1 bonds are observed for complexes 1 — 6, indicating
that the BL™ is a significantly stronger N-donor ligand
than the bipyridine ligand tripbipy.""*! The metal-nitrogen
bonds in 1 — 6 are also shorter than those found for
guanidine complexes containing a related ethylene-
bridged bis(imidazolidin-2-imine) ligand,"™> reveahnlg
that the presence of an unsaturated heterocycle in BL™"
affords a ligand with slightly enhanced donor properties,
presumably because of a stronger contribution from the
resonance structure B (Scheme 1).[7C] In contrast, the Zn-
N bonds in 6 [2.0342(9) A] are slightly longer than those
found for the complex [(BLMe)ZnClz] for Wthh two
different Zn-N distances of 2.019(1) and 2.032(1) A were
determined."!  Even shorter metal-nitrogen bond
distances were observed for a series of tetrahedral
complexes [(hppH),MCl,] (M = Mn, Fe, Co, Ni) with

hppH = 1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-
a]pyrimidine, in which the guanidine ligands bond to the
metal atoms with additional interaction between the
secondary NH groups and the metal-bound chlorides."”!

Conclusions

The ligand BL™ proved to be a suitable ligand for
controlling the coordination number and geometry of six
first row transition metals. Its reaction with metal(I)
chlorides (M = Mn, Fe, Co, Ni, Cu, Zn) afforded in all
cases mononuclear complexes with distorted tetrahedral
coordination environments, which seems to be the
strongly favoured coordination mode for the BL™ ligand
in comparison with the alternative square planar or
octahedral geometries. Particularly with regard to the
large number of applications that have been reported for
3d-metal complexes of related o-diimine ligands,"? the
potential use of complexes 1 — 6 as homogeneous
catalysts, e. g. for olefin polymerisation, can be envisaged.

Experimental Section

General: All operations were performed in an atmosphere of
dry argon by using Schlenk and vacuum techniques. All
solvents were purified by standard methods and distilled prior to
use. 'H and *C NMR spectra were recorded on a Bruker DPX
400 device. The chemical shifts are given in ppm relative to
TMS. The spin coupling patterns are indicated as s (singlet), d
(doublet) and sept (septet). Elemental analyses (C, H, N) were
performed on a Elementar Vario EL III CHNS elemental
analyzer. Mass spectrometry was performed with a Finnigan
MAT 90 device. CoCly(anhydr.), NiCl,(DME) were obtained
from Aldrich and CuCl, from Riedel-deHaén. FeCl,(THF), 3
and the BL™ ligand were synthesized according to published
procedures.** 8!

Synthesis of [(BL*)MnCl,] (1): A solution of BL*" (200.0 mg,
0.48 mmol) in THF (10 mL) was added to a suspension of
MnCl, (59.8 mg, 0.475 mmol) in THF (20 mL). The mixture
was stirred for 48 h. The volume was reduced to 5 mL and the
product was precipitated with n-hexane (30 mL). Filtration,
washing with n-hexane (2 x 10 mL) and drying in vacuo
afforded the product as a light yellow solid (yield: 213.7 mg,
82.1%). Found: C, 53.28; H, 8.11; N, 15.28. Calc. for
CysHyuNeMnCl,: C, 53.14; H, 8.18; N, 15.49%.

Synthesis of [(BL*")FeCl,] (2): A solution of BL*" (217 mg,
0.521 mmol) in THF (10 mL) was added to a solution of
FeCl,(THF);; (66 mg, 0.521 mmol) in THF (20 mL). The
mixture was stirred overnight. A white precipitate formed and
the product was fully precipitated with n-hexane (30 mL).
Filtration, washing with n-hexane (2 x 10 mL) and drying in
vacuo afforded the product as a beige solid (yield: 221 mg,
78%). Found: C, 53.29; H, 8.25; N, 15.32. Calc. for
CyHyyNgFeCly: C, 53.05; H, 8.16; N, 15.47%.

Synthesis of [(BLT")CoCl,] (3): A solution of BL™ (166.7 mg,
0.40 mmol) in THF (5 mL) was added to a suspension of CoCl,
(50.0 mg, 0.39 mmol) in THF (15 mL). The mixture was stirred
overnight. The volume was reduced to 5 mL and the product
was precipitated with n-hexane (30 mL). Filtration, washing
with n-hexane (2 x 5 mL) and drying in vacuo afforded the
product as a blue solid (yield: 97.4 mg, 45.6%). Found: C,
53.23; H, 8.38; N, 14.96. Calc. for C,4;H,uN4CoCl,: C, 52.75; H,
8.12; N, 15.38%. MS (EL 70 eV): m/z = 545 (M*), 208 (BL™"/2).
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Synthesis of [(BLT)NiCl,] (4): A solution of BL™ (263 mg,
0.63 mmol) in THF (10 mL) was added dropwise to a solution
of [Ni(DME)Cl,] (132 mg, 0.60 mmol) in THF (10 mL) at room
temperature. During addition of the ligand the color changes to
deep-red; the solution was stirred for 12 hours followed by
reduction of THF volume to 10 mL. The product was fully
precipitated upon addition of n-hexane (40 mL). Filtration,
washing with n-hexane (2 x 10 mL) and drying in vacuo
afforded the product as a deep-red solid (324 mg, 99%). Found:
C, 53.16; H, 8.28; N, 14.89. Calc. for C,4H44NeNiCl,: C, 52.77;
H, 8.12; N, 15.38%. MS (EL, 70 eV) m/z = 546 (M*), 511 (M* -
Cl, 20), 416 (BL™™).

Synthesis of [(BLT")CuCl,] (5): A solution of BL" (125.4 mg,
0.30 mmol) in acetonitrile (5 mL) was added to a suspension of
CuCl, (40.0 mg, 0.30 mmol) in acetonitrile (15 mL). The
mixture was stirred overnight. The acetonitrile was removed in
vacuo and the residue redissolved in THF (5 mL). The product
was precipitated with n-hexane (30 mL). Filtration, washing
with n-hexane (2 x 5 mL) and drying in vacuo afforded the
product as a blue solid (yield: 110.8 mg, 66.7%). Found: C,
53.23; H, 8.38; N, 15.32. Calc. for C,4H44NsCuCly: C, 52.31; H,
8.05; N, 15.25%.

Synthesis of [(BLT")ZnCl,] (6): A solution of BL™ (150.0 mg,
0.36 mmol) in THF (10 mL) was added to a solution of ZnCl,
(49.1 mg, 0.36 mmol) in THF (15 mL). The mixture was stirred
overnight, during which the product precipitated. The volume
was reduced to 5 mL and the product was completely
precipitated with n-hexane (30 mL). Filtration, washing with n-
hexane (2 x 5 mL) and drying in vacuo atforded the product as a
white solid (yield: 180.3 mg, 91.7%). Found: C, 52.28; H, 8.06;
N, 14.503. Calc. for C,JHuNgZnCly: C, 52.13; H, 8.02; N,
15.20%. MS (EI, 70 eV): m/z = 552 (M"), 208 (BLT/2). 'H-
NMR (400 MHz, acetone-dg, 25°C): & [ppm] = 5.00 (sept, 4H,
CH(CHj3),, °T =7.1 Hz), 3.40 (s, 4H, CH,), 2.12 (s, 12H, CCH3),
1.35 (d, 24H, CH(CH;),, °J = 7.1 Hz); "C-NMR (100 MHz,
acetone-dg, 25°C): 8 [ppm] = 155.9 (C2), 119.8 (CCH3;), 54.5
(CH,), 48.4 (NCH(CH3;),), 22.1 (CCHj3), 10.5 (NCH(CHs),).

X-ray Crystal Structure Determinations. Data were recorded
on area detectors (Nonius Diffraction for 2, otherwise Oxford
Diffraction) at low temperature. Absorption corrections were
performed on the basis of multi-scans. Structures were refined
anisotropically using the program SHELXL-97.%"" Hydrogen
atoms were included using rigid methyl groups or a riding
model. in Table 2.
Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-745604-9 for 1-6 respectively. Copies
of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax.:

Numerical details are summarized

(internat.) + 44 1223/336-033; e-mail: deposit@ccdc.cam.ac.uk].
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Figure 1. ORTEP diagram of the complexes [(BLiPr)MC12] M=Mn, 1;M=Fe,2; M=Co, 3; M=Ni,4; M =Cu, 5; M =Zn, 6) with
thermal displacement parameters drawn at 50% probability; selected bond lengths and angles are shown in Table 1.
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27 Figure 2. Packing of compound 4 showing the H7B--n contacts (2.69 A) as thick dashed bonds; The H7B-. The view direction is
28 perpendicular to the ab plane in the region z ca. 1/4.
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Table 1. Selected bond lengths [A] and angles [°] for 1, 2, 3, 4, 5 and 6 with estimated standard deviations in parentheses.

Page 8 of 10

1 (M =Mn) 2 (M =Fe) 3 (M =Co) 4 (M = Ni) 5 M =Cu) 6 (M =7Zn)
M-N1 2.1224(12) 2.0668(16) 2.0142(14) 1.9951(9) 1.9709(12) 2.0342(9)
M-C1 2.3356(5) 2.2795(7) 2.2585(5) 2.2502(4) 2.2460(5) 2.2500(4)
NI1-C2 1.3248(17) 1.330(2) 1.329(2) 1.3308(14) 1.3286(18) 1.3264(14)
N2-C21 1.3651(18) 1.364(2) 1.362(2) 1.3680(14) 1.3592(17) 1.3664(14)
N3-C21 1.3645(18) 1.367(2) 1.362(2) 1.3614(14) 1.3644(18) 1.3615(13)
NI1-M-N1’ 81.46(6) 81.28(6) 84.00(8) 83.58(5) 83.39(7) 84.39(5)
CI-M-CI’ 118.64(3) 118.05(3) 113.95(3) 114.64(3) 104.35(3) 115.46(2)
N1-M-Cl1 122.45(3) 124.14(5) 124.83(4) 127.38(3) 140.14(4) 122.54(3)
NI-M-CI’ 103.70(3) 102.70(5) 103.83(4) 101.43(3) 98.52(4) 104.67(3)
M-N-C-N 59.84 58.76 60.12 59.16 57.59 61.25
Angle between MCl, and

74.5 72.2 72.8 68.6 53.9 75.5
MN; planes
Angle sum around N1 357.0 357.7 357.3 357.7 358.6 356.7
p 0.971 0.974 0.976 0.975 0.976 0.972
T, 0.82 0.79 0.78 0.75 0.57 0.82
Angle between imidazole

67.1 66.0 66.1 66.6 64.8 66.2
planes
Tonic radii in A" 0.66 0.63 0.58 0.55 0.57 0.60

[a] T4 =[360° - (o0 + B)]/141°, where o and B represent the largest angles in four-coordinate species; here a. = 3, because of the crystallographic Cs-

symmetry of complexes 1 - 6.
[b] Effective ionic radii for tetrahedral complexes, see ref. [18].
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Table 2. Crystallographic data for 1, 2, 3,4, 5 and 6.

1 2 3 4 5 6
]fio‘;‘rfliurligal CoHuCLMnNg  CyHyCLFeNs  CoHuCLCoNs  CoHuCLNiNg  CoHuCLCuNe  CasHaClZnNe
a(A) 14.4058(4) 14.4589(2) 14.3819(6) 14.3552(2) 14.2387(4) 14.4222(11)
b (&) 11.2178(4) 11.2089(10) 11.1473(4) 11.1407(2) 11.0831(2) 11.1543(8)
cA) 17.4655(6) 17.5226(2) 17.4156(6) 17.4547(4) 17.5153(4) 17.4094(15)
a () 90 90 90 90 90 90
B 99.302(4) 99.6184(6) 99.463(6) 99.402(2) 98.623(2) 99.567(8)
7 90 90 90 90 90 90
Vv (R3) 2785.33(16) 2799.94(6) 2754.06(18) 2753.98(9) 2732.83(11) 2761.7(4)
z 4 4 4 4 4 4
formula weight 542.49 543.40 546.48 546.26 551.09 552.92
space group C2lc C2lc C2/c C2lc C2/c C2/c
T(°C) -173 -100 -173 -173 -173 -173
2 (&) 0.71073 0.71073 0.71073 0.71073 0.71073 0.71073
Deatea (g cm™) 1.294 1.289 1318 1317 1.339 1.330
g (mmhy 0.69 0.75 0.84 0.92 1.02 111
R(F,) 0.0306 0.0363 0.0341 0.0266 0.0290 0.0223
Ry(F.2) 0.0563 0.0948 0.0673 0.0744 0.0777 0.0607
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