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The transamination of 8-(tert-butyldimethylsilylamino)quin-
oline with (thf),Cr[N(SiMej),], yields monomeric bis[8-(tert-
butyldimethylsilylamido)quinoline|chromium(II) (1). Similar
reactions of M[N(SiMej3);], (M = Mn, Fe, Co) with 8-(trialkyl-
silylamino)quinoline lead to the formation of monomeric
bis[8-(trialkylsilylamido)quinoline|metal(Il) [M = Mn, SiR3 =
SiMe,tBu (2a), SiiPr3 (2b); M = Fe, SiR; = SiMe,tBu (3a),
SiiPr; (3b); M = Co, SiR3 = SiMe,tBu (4a), SiiPr; (4b)]. The
transamination of 8-aminoquinoline with M[N(SiMej),], (M
= Mn, Fe, Co) allows the isolation of the heteroleptic 1:1 and
homoleptic 2:1 products. The 1:1 complexes bis[8-amido-
quinoline metal(Il)bis(trimethylsilyl)amide] [M = Mn (5), Fe

(6), Co (7)] are dimeric with bridging 8-amidoquinoline moie-
ties. The 2:1 complexes of Mn and Fe, bis(8-amidoquinoline)-
manganese(ll) (8) and bis(8-amidoquinoline)iron(I) (9), form
hexamers with wheel-like molecular structures consisting of
metal-centered nitrogen octahedra interconnected by com-
mon N--N edges. The cobalt complex, bis(8-amidoquinol-
ine)cobalt(Il) (10), precipitates as a microcrystalline powder.
Investigations of the magnetic properties by DFT corroborate
the experimental data for the Mn derivative 8, where an anti-
feromagnetic coupling is observed. By contrast, calculations
on the Feg-wheel 9 yield very close-lying ferromagnetically
and antiferromagnetically coupled states.

Introduction

N-Trialkylsilyl-substituted 2-pyridylmethylamido ligands
form monomeric complexes with the late divalent 3d transi-
tion metals. The molecular structures are very similar for
Mg>*, Mn?*, Fe>*, Co?*, and Zn>" and depend solely on
the radius of the metal atom.[Y The related 8-(trialkylsilyl-
amido)quinoline complexes of Mg?*, Zn?>*, and Ni*>* show
similar molecular structures.”3 In all of these molecules,
the metal cations M>?* are in distorted tetrahedral environ-
ments. This behavior can be explained by the assumption
that the bulkiness of the trialkylsilyl groups only allows an
arrangement of the ligands as observed because of repulsive
steric forces. This conclusion is supported by the observa-
tion that unsubstituted 8-amidoquinoline complexes of
Zn?* show a distorted tetrahedral coordination sphere,
whereas Ni>" has a square-planar environment, which is
characteristic for a low-spin d® system.[*l In contrast to the
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complexes of the late 3d transition metals with neutral 8-
quinoline ligands,! there are nearly no investigations on
compounds with anionic 8-amidoquinoline groups.

It was observed earlier that the late transition metals
show a reluctance to form stable amides.[) Therefore, oli-
gonuclear wheel-shaped complexes of Fell (ferric wheels)
and Fe' (ferrous wheels) employ multidentate oxygen
bases.”l A large variety of ferric wheels is known,!® and
intense quantum chemical studies®™ in order to understand
the magnetic properties were undertaken. However, only a
rather limited number of reports on ferrous wheels have
been published as of yet. Compounds of the type [M(p-
X)(u-SSitBus)];, with M = Fe, Co, Ni and X = Cl, Br, |
show the formation of wheel-like molecules.['! Isoelectronic
to Fe'!, Mn'! often is also used in order to prepare high-
nuclearity, high-spin, wheel-shaped molecules employing li-
gands with oxygen donor atoms.''l Oligonuclear amido
and/or imido complexes of Mn!' often form cage com-
pounds rather than wheel-shaped molecules.'?! Because of
the fact that high-spin Mn!! exhibits the maximum number
of unpaired electrons, often large spin states are accessible
even though the maximum number of unpaired electrons is
not always realized.[!’]

On the basis of our investigations on 2-pyridylmeth-
ylamides!!! and related 8-amidoquinolines,! we were inter-
ested in the structure—property relationship with respect to
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the radius of M?" and the nature of the metal. Transition-
metal-mediated CH activation of 2-pyridylmethyl moieties
was observed earlier. Recent examples include the oxidative
dehydrogenation of 2-pyridylmethylamines at iron!'*! or co-
baltl!'>16] as well as of 2-pyridylmethylphosphanes.['”-°]
Even dimethylzinc is able to oxidize shielded (2-pyridyl-
methyl)(trialkylsilyl)amides to yield 1,2-bis(2-pyridyl)-1,2-
bis(trialkylsilylamido)bis(methylzinc) according to Equa-
tion (1).2%211 These side reactions can be avoided by em-
ploying the related 8-aminoquinoline, which allows the in-
vestigation of the coordination behavior of these ligands. In
addition, it can be expected that its deprotonated form, the
8-amidoquinoline ligand, also forms stable complexes with
the late transition metals.

]
Sy =\ 7N
/ \N % =N
R‘RZSi—T—Tn—Me +ZnMe, /
Me—Zn—N—SiR'R, -2 MeH RR SAK N—SiRR
I\/I -Zn : \/\ ’
X pa 20
| Me Me
> R, R' = alkyl
A & (1)

Polynuclear transition-metal clusters often exhibit mag-
netically coupled metal centers but because of the compli-
cated molecular structure, the interpretation of the experi-
mental data may not always be unambiguous. Quantum
chemical calculations of the different spin states and the
local spin distributions>231 are therefore necessary to shed
some light on potential spin—spin couplings.>*!

Results and Discussion

Syntheses

The transamination of manganese(II), iron(II), and co-
balt(IT) bis[bis(trimethylsilyl)amide] with 8-(trialkylsilyl-
amino)quinoline yielded bis[8-(trialkylsilylamido)quin-
olinejmanganese(Il) (2), -iron(II) (3), and -cobalt(I) (4),
respectively, according to Equation (2). Intermediates such
as the heteroleptic mono-transamination products were not
observed. An equimolar stoichiometry of the starting mate-
rials left half of the metal component unreacted in the reac-
tion mixture. Contrary to these observations, the metalla-
tion reaction of N-trialkylsilyl-8-amidoquinoline with
Zn[N(SiMes),], in a molar 1:1 ratio gave the heteroleptic
derivative with a three-coordinate zinc atom. Deproton-
ation of 8-(tert-butyldimethylsilylamido)quinoline with dis-
torted square-planar (thf),Cr[N(SiMes),], yielded bis[8-(tri-
alkylsilylamido)quinolineJchromium(II) (1). Similar struc-
tures were also found for the corresponding magne-
sium(II),?! zinc(I1)!?! and nickel(IT) complexes.!
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The metallation of 8-aminoquinoline with M[N-
(SiMes)>], (M = Mn, Fe, and Co) gave heteroleptic dimeric
8-amidoquinoline metal-bis(trimethylsilyl)amide [Mn (5),
Fe (6) and Co (7), Equation (3)], which crystallize iso-
morphously. The molecules are dimeric with the 8-amido-
quinoline groups in bridging positions. The basicity of the
trialkylsilyl-substituted amides is strongly reduced because
of an effective negative hyperconjugation and charge back-
donation from the p,(N) lone pair into 6*(Si—C) orbital of
the trialkylsilyl groups. Because of this fact, trialkylsilyl-
substituted amido groups avoid bridging positions, which
explains the observation that sterically shielded homoleptic
trialkylsilyl-substituted 8-amidoquinolines are favored over
heteroleptic compounds with three-coordinate metal atoms.

(Me; SN —
—N
X /M\ N\ //
| P +2 MR,
2 N NH HN
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2 R = N(SiMe,), \ /N—M\
N(SiMe,),

M = Mn (5), Fe (6), Co (7) 3)

A 2:1 stoichiometry of 8-aminoquinoline and
MI[N(SiMes),], (M = Mn, Fe, Co), respectively, in the trans-
amination reactions yielded the expected bis(8-amidoquin-
oline)metal(IT) complexes of manganese (8), iron (9) [Equa-
tion (4)], and cobalt (10) [Equation (5)]. The molecular
structures of 8 and 9 were confirmed by X-ray structural
investigations and show the crystallization of hexanuclear
wheel-shaped molecules, referred to as [Mg], whereas the
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crystals of 10 were not suitable for an X-ray structure deter-
mination and neither aggregation degree nor coordination
number of the cobalt atom are known.

=
N )
| + Co[N(SiMe,),], N
2 N/
-2 HN(SiMe),
H, N
H 2

10 (5)

Molecular Structures

The molecular structures of the bis[8-(trialkylsilyl-
amido)quinoline] complexes of chromium(Il) (1), manga-
nese(I1) (2), iron(IT) (3), and cobalt(Il) (4) are summarized
in Table 1 for those that contain a crystallographic C, axis
(monoclinic space groups) and in Table 2 for those without
this symmetry element (triclinic space groups). The molecu-
lar structures and numbering schemes of representative ex-
amples 1, 3a, and 3b are shown in Figures 1, 2, and 3,
respectively. The triisopropylsilyl group induces larger steric
strain than the fert-butyldimethylsilyl substituents. The size
of the bulky trialkylsilyl group has almost no influence on
the 8-(trialkylsilylamido)quinoline ligand: (i) the N-Si bond
lengths lie between 172.7(2) and 174.9(2) pm; (ii) the C-N-—
Si bond angles vary between 121.3(2)° and 127.1(2)°; (iii)
the bite angle is also indicative of the metal size — the intra-
ligand N-M-N angle decreases with increasing metal ra-
dius.

The M-N distances increase with increasing radii of the
metal cations. The chromium derivative 1 represents an ex-
ception, with short Cr—N bonds for a rather large radius of
the Cr?* cation. The properties and reactivity of starting
(thf),Cr[N(SiMe;),], also deviate strongly from those of the
derivatives of the later 3d transition metals. This chromium
derivative contains a metal atom in a distorted square-
planar environment with Cr—N bond lengths of
209(1) pm.[>3! This compound can easily be oxidized by io-
dine to yield [(Me;Si),N],Crl, with a tetrahedral Cr'V cen-
ter with Cr—N distances of 183.6(1) pm.?®! The manga-
nese(Il) complex (thf),Mn[N(SiMe;),], exhibits a tetrahe-
dral environment around the metal center with Mn—N bond
lengths of 203.3(5) and 204.8(5) pm.?”! The iron complex
crystallizes as the mono(thf) complex (thf)Fe[N(SiMes)],
with Fe-N values of 191.6(5) pm with a distorted trigonal-
planar iron atom.!”8! Whereas solvent-free M[N(SiMe;),]»
with M = Mn, Fe, Co is monomeric in the gaseous phasel*”!
and dimeric in the solid state,l?83%31] there are no reports
on the structure of the corresponding Cr derivative. In con-
trast to the short Cr—N bonds of 1, the manganese deriva-
tives 2a (Table 1) and 2b (Table 2) show longer Mn-N dis-
tances than expected with respect to the radius of the Mn?*
cation. The superposition of the molecules of 1 and 3a is
shown in Figure 4.
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Table 1. Selected structural data of bis[8-(trialkylsilylamido)quin-
olinemetal(I) complexes (bond lengths [A], bond angles [°]) that
crystallize in the monoclinic space group and display the same
numbering scheme.

Cr (1) Mn (2a) Fe (3a) Co (4b)
#(M?*) [pm] 87 80 71 72
FMpewa) [pm] 129 137 126 125
SiR"’, SiMe,/Bu  SiMe,/Bu SiMe,/Bu SiiPr;
Molecule A B
M-N1 207.2(2)  2159(Q22) 209.32) 204.1(2) 204.1(2)
M-N2 205.3(2)  206.12)  199.82)  198.1(2) 196.7(2)
N2-M-N2A 162.5(2)  160.52(9) 160.2(1)  133.24(9) 133.38(9)
N2-M-N1 80.91(9)  80.32(6)  8239(7)  83.96(7) 84.52(7)
N2M-NIA  106.109) 111.18(6) 109.22(8) 123.28(7) 122.63(7)
NI-M-NIA  13391)  110418) 1102(1)  112.0609) 111.79(9)
Si-N2 173.2(3) 172.7(2) 173.0(2) 174.02) 174.4(2)
Si-N2-M 121.9(1) 119.63(8)  120.5(1) 125.1(1)  126.7(1)
C8-N2-Si 12542)  127.1(1)  1268(2) 124.12) 1224(1)
C8-N2-M 112.12)  113.1(1)  11262)  110.1(1)  110.0(1)
NI1-ClI 13274)  1322(3) 132.03) 132.53) 132.7(3)
N1-C9 137.34)  136.8(2) 137.53) 136.93) 136.8(3)
N2-C8 1374(4) 137.6(2) 1384(3) 137.5(3) 138.2(3)
ClC2 139.84)  140.1(3)  1402(4)  139.83) 139.3(3)
C2-C3 136.1(5)  136.0(3) 13574)  1274(3) 136.9(3)
C3-C4 14105 14143) 141.14) 140.83) 141.6(3)
C4-C5 141.2(5)  140.6(3)  1413(4)  140.6(3) 141.1(3)
C4-C9 141.54)  142.3(3)  140.8(3)  1424(3) 141.9(3)
C5-C6 136.1(5)  136.3(3)  136.54)  136.73) 136.5(3)
C6-C7 140.6(5)  140.5(3)  140.1(4)  139.93) 140.5(3)
C7-C8 140.14)  1399(3) 139.1(3)  140.13) 139.6(3)
C8-C9 143.9(4)  144.8(3) 144.6(3) 1447(3) 144.7(3)

Table 2. Selected structural data of bis[8-(trialkylsilylamido)quin-
oline]metal(Il) complexes (bond lengths [A], bond angles [°]) that
crystallize in the triclinic space group Pl and display the same
numbering scheme.

Mn (2b) Fe (3b) Nil3®!
(M?*) [pm] 80 77 69
M) [pm] 137 126 124
SiR"’, SiiPrs SiiPrs SiiPrs
Molecule A B A B A B
M-N1 216.1(3) 215.8(3) 209.2(3) 209.6(2) 200.2(2) 200.5(2)
M-N2 207.6(3) 205.8(3) 200.6(2) 199.6(3) 197.7(2) 196.2(2)
N2-M-N1 8L.1(1) 8L.0(1) 83.2(1) 829(1) 84.11(8) 83.97(8)
M-N3 217.1(3) 216.7(3) 209.7(3) 209.5(3) 200.1(2) 200.3(2)
M-N4 206.3(3) 206.7(3) 199.9(2) 200.5(2) 195.5(2) 196.0(2)
N4-M-N3 80.9(1) 80.8(1) 82.8(1) 82.6(1) 84.63(9) 84.298(9)
N2-M-N4 149.2(1) 149.6(1) 150.3(1) 151.1(1) 148.43(9) 148.84(9)
N2-M-N3 111.9(1) 114.8(1) 110.00(9) 112.5(1) 109.199) 112.36(9)
NI-M-N3 98.3(1) 106.2(1) 96.7(1)  103.8(1) 98.12(9) 103.12(9)
Sil-N2 173.8(3) 173.8(3) 174.7(3) 174.1(3) 1754(2) 174.4(2)
Sil-N2-M 121.8(1) 123.2(1) 122.000) 123.5(1) 122.9(1) 124.1(1)
C8-N2-Sil 126.3(2) 124.2(2) 126.1(2) 1244(2) 1254(2) 124.02)
C8-N2-M 1114(2) 112.52) 111.52) 112.02) 111.32) 111.8(2)
Si2-N4 173.6(3) 173.5(3) 1749(2) 174.03) 175.52) 174.522)
Si2-N4-M 126.3(2) 122.1(1) 127.3(1) 122.4(1) 1284(1) 123.5(1)
C17-N4-Si2 122.1(2) 125.6(2) 121.3(2) 125.8(2) 1209(2) 125.02)
C17-N4-M 111.52) 112.2(2) 111.4(2) 111.7(2) 110.7(2) 111.4(2)

The size of the trialkylsilyl groups strongly influences the
N-M-N angles between the amido nitrogen atoms N2 and
N4; larger values of more than 160° are found for the deriv-
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Figure 1. Molecular structure and numbering scheme of 1. The el-
lipsoids are drawn at the 40% probability level. H atoms are omit-
ted for clarity. Symmetry-related atoms (—x, y, —z + 0.5) are marked
with an “A”.

Figure 2. Molecular structure and numbering scheme of 3a. The
ellipsoids are drawn at the 40% probability level. H Atoms are
omitted for clarity. Symmetry-related atoms (-x, y, —z + 0.5) are
marked with “A”.

atives 1, 2a, and 3a with SiMe,7Bu substituents. The larger
SiiPr; groups lead to smaller values of approximately 150°.
The cobalt derivative 3b (R = SiiPr3) exhibits very small
N2-Co-N2' bond angles of 133.3° (Tables 1 and 2). The
superposition of the molecules of 3b and 4b is shown in
Figure 5.

The molecular structure and numbering scheme of 6 are
shown in Figure 6. This complex represents a characteristic
example of this compound class of the type [(Me;Si),N—
M{u-N(H)CyNHg}], with M = Mn, Fe, and Co [N(H)-
CyNHj represents the 8-amidoquinoline ligand]. Structural
parameters are listed in Table 3. The corresponding chro-
mium complex was not accessible by this preparative pro-
cedure. For comparison reasons, the already-known Zn de-
rivative is included. In this row, the trend in the M-N
bond lengths follows the variation of the metal radii. The
smallest M—N bond lengths are observed for the terminally
bound bis(trimethylsilyl)amido group, because N3 has the
1780
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Figure 3. Molecular structure and numbering scheme of molecule
A of 3b. The ellipsoids are drawn at the 40% probability level. H
Atoms are omitted for clarity. The letters “A” and “B” are chosen
in order to distinguish between molecule A and molecule B (not
shown here).

Figure 4. Superposition of the molecules of 1 and 3a. The atoms
are drawn with arbitrary radii.

Figure 5. Superposition of the molecules of 3b and 4b. The atoms
are shown with arbitrary radii.

low coordination number of 3 and electrostatic attraction
between the (MesSi),N anion and the metal cation also
leads to a shortening of this bond. The anionic charge at

Eur. J. Inorg. Chem. 2010, 1777-1790
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N2 is delocalized within the quinoline =m-system, which

leads to a shortening of the N2-C8 bond relative to that of
[32]

free 8-aminoquinoline.

Figure 6. Molecular structure of 6. The ellipsoids are drawn at the
40% probability level. The hydrogen atoms, with the exception of
those of the amide groups, are omitted for clarity. Symmetry-equiv-
alent atoms (—x+2, —y + 1, —z + 1) are marked with “A”.

Table 3. Comparison of selected bond lengths [pm] and angles [°]
of heteroleptic bis(trimethylsilyl)amidometal(11) 8-amidoquinolines
of manganese (5), iron (6), cobalt (7), and zinc. Symmetry-related
atoms are marked with a prime.

M Mn (5) Fe (6) Co (7) Zni4

r(M2*) [pm] 80 77 72 74

M-N1 220.3(2) 214.5(2) 207.7(3) 210.8(2)
M-N2 213.9(2) 210.0(2) 203.6(3) 206.3(2)
M-N2/ 217.7(2) 208.6(2) 204.5(3) 208.9(2)
M-N3 201.3(2) 194.9(2) 193.8(3) 192.1(2)
N3-Sil 171.7(2) 171.2(2) 171.6(3) 171.9(2)
N3-Si2 170.7(2) 172.4(2) 171.4(3) 171.3(2)
N2 C8 140.1(3) 140.3(3) 139.3(5) 139.7(3)
NI-Cl 132.4(3) 132.13) 133.0(5) 132.4(3)
NI1-C9 137.93) 137.4(3) 137.0(5) 137.73)
MM 295.17(9)  284.28(6)  271.6(1) 286.98(4)
M-N3-Sil  113.8(1) 115.9809)  113.4(2) 113.08(9)
M-N3-Si2  115.7(1) 113.8109)  117.32) 117.0(1)
Sil-N3-Si2  125.7(1) 125.0(1) 124.92) 125.0(1)
N2 M N2’ 93.72(9) 94.44(6) 96.5(1) 92.56(7)

A strong dependency between the nature of the metal
and the molecular structure is observed for the bis(8-amido-
quinoline)metal complexes. Whereas a monomeric com-
pound with a distorted tetrahedrally coordinated metal
atom is observed for M = Zn,*! hexameric molecules form
for M = Mn and Fe. In these molecules, the metal atoms
are embedded in distorted octahedrons of nitrogen atoms.
These octahedrons are connected by common N---N edges,
and the hexanuclear molecule forms a wheel-like structure
as shown in Figure 7. The different molecular structures for
the late 3d metals (Mn, Fe: wheel-like, MNy octahedrons;
Zn: monomeric, MNy tetrahedrons; Ni: monomeric, square
planar) depend on the size of the metals: Mn?" and Fe?*
are large enough for octahedral environments whereas Zn*
prefers tetrahedral coordination spheres. For Ni**, ligand-
field splitting leads to square-planar coordination spheres.

Eur. J. Inorg. Chem. 2010, 1777-1790
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In contrast to low-spin Co and Ni complexes, the wheel-
shaped molecules contain high-spin manganese(Il) and
iron(IT). However, in the Fe compound a ferromagnetic
coupling is observed whereas the Mn derivative shows an
antiferromagnetic coupling.

oy

Figure 7. Connectivity of the MNg octahedrons.

The molecular structure of [Feg] (9) is shown in Figure 8.
The manganese complex [Mng] (8) crystallizes isotypically.
The metal atoms are in distorted octahedral environments

Figure 8. Molecular structure of 9. The ellipsoids are drawn at the
40% probability level. The hydrogen atoms, with the exception of
those of the amide moieties, are neglected for clarity. Symmetry-
related iron atoms (—x, y, —z + 0.5) are marked with “A”. The Mn!!
complex 8 crystallizes isotypically.

Table 4. Selected bond lengths [pm] and angles [°] of the isotypic
wheel-like molecules [Mng¢] (8) and [Feg] (9). The different 8-amido-
quinoline groups are distinguished by the letters A, B, C, D, E, and
F; symmetry-related atoms are marked with a prime.

[Mng] (8) [Fee] (9)
MI1-NIA 227.3(7) 219.5(3)
MI-N2A 216.6(7) 209.9(3)
M1 N2B 231.0(7) 228.4(3)
M2 N2A’ 237.7(7) 229.8(3)
M2 N1B 228.8(7) 224.1(3)
M2 N2B 218.7(6) 212.5(3)
M2 N1C 230.9(6) 227.8(3)
M2-N2C 217.7(7) 211.93)
M2 N2D 234.9(7) 228.7(3)
M3-N2C 234.2(6) 229.8(3)
M3-N1D 228.3(6) 219.8(3)
M3-N2D 216.1(7) 209.4(3)
M3-NIE 225.6(6) 219.0(3)
M3-N2E 213.5(7) 208.9(3)
M3-N2F' 234.5(6) 231.13)
M4-N2E 245.0(6) 239.5(3)
M4 NIF 227.4(7) 224.0(3)
M4-N2F 213.6(7) 210.0(3)
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in which the amido fragments are in bridging positions and
the pyridyl moieties are bound terminally. Therefore, all
metal atoms are coordinated by four amido ligands and two
pyridyl groups arranged in a cis manner. The octahedrons,
which are metal-centered, are interconnected by common
edges. This leads to large M++*M contacts of more than
300 pm. Because the metal atoms have a coordination
number of six, large Mn-N and Fe-N distances of
213.5(7)-245.0(6) and 209.4(3)-239.5(3) pm, respectively,
are observed. Table 4 contains selected structural data of
these wheel-like coordination compounds.

Magnetic Properties

The molecular structures of hexanuclear wheel-like [Mng]
and [Feg4] are very similar, but the magnetic behaviors differ
significantly. In contrast to the manganese derivative 8,
which shows an antiferromagnetic behavior, the magnetism
of the ferrous wheel 9 points to a ferromagnetic coupling
(Figure 9). However, in neither case were we able to derive
the coupling constants from these magnetic studies. Because
these compounds are very air and moisture sensitive, para-
magnetic impurities cannot be excluded. In order to shed
light onto the somewhat complex magnetic properties of
these wheel-shaped molecules, quantum chemical studies
were performed.

Density functional theory (DFT) calculations on the
hexanuclear complexes 8 and 9 were carried out in order to
investigate the different types of spin—spin couplings, which
are related to the energy differences between states of dif-
ferent spin. Since the splitting can be very sensitive to the
amount of exact exchange admixture in the density func-
tional,*3! both the pure BP86 and the hybrid B3LYP den-
sity functionals were employed for the [Feg] and [Mng] clus-
ters.

For the description of the magnetic behavior, the interac-
tion of the metal centers and, hence, their local spin config-
urations are of interest. Quantitative information on the
spin distribution can be extracted from the local expressions
for the expectation values of S, and S°. Note that <S>> is
the square of the length of the total spin vector, whereas
<S,> is the expectation value of the spin projected onto
the z axis.

In order to devise the local spin operators, the total spin
can be partitioned by using projection operators and as-
signed to atoms or groups of atoms. This may be ac-
complished by decomposition schemes according to Clark
and Davidson®? or according to Mayer.[*3! In Mayer’s ap-
proach, the local spin expectation values <S,?> can be
interpreted in terms of the local spin quantum number Sx
as Sa(Sa+1).1230]

Because local S, expectation values do not depend on
the decomposition scheme employed and, hence, yield the
same results in Mayer’s and in Clark and Davidson’s analy-
ses, we restrict ourselves to studying local <S,,> values. A
derivation of the decomposition of S, by using projection
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Figure 9. Temperature dependency of the susceptibility shown in a
plot of ¥ T vs. T for [Mng] (top) and of [Feg] (bottom) at applied
fields of 1 kOe (grey, only for [Mng]), 2 kOe (light grey), and 5 kOe
(black).

operators can be obtained as follows. The S, operator is
defined as the sum over one-electron operators s,, see Equa-
tion (6).

5.=) 8,0
i (6)
By introducing projection operators, pa, defined by
atom-centered basis functions, the cluster is divided into lo-
cal basins A. They do not change any total expectation
value because their sum equals the identity operator as
shown in Equation (7).

2@. =t )

With the help of projection operators, S, can be rewritten
as the sum of local operators defined on basins A [Equa-
tion (8)].

8= D 8,0 = ) PassD =) 8,4 = ) Sa
i Ai A A

1 ®)
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The expectation value <S,,> can be calculated as the
sum over one-electron integrals for the a- and B spin orbit-
als, denoted by |i> and |-i>, respectively [Equation (9)],
where the local <S,,> value is finally expressed in terms
of the number of a-electrons N“, and B-electrons NP, in
basin A. The local spins are hence equal to half of the a
spin electron excess on a given basin A.

N% NE

Bun) = Y (UPADS, 1D + Y @PADS,ID = 7 (V5 — M) o

The investigation of the local spin properties ensures that
the converged orbitals describe the desired spin state. For
our purpose, two spin states are of interest,**3¥ the high-
spin state, describing ferromagnetic coupling of the metal
centers, and the broken-symmetry state, which we refer to
as the antiferromagnetically coupled state. In order to con-
verge the determinant describing the desired local spin dis-
tribution, we employ our restrained optimization tool.?3 It
constrains local spins to ideal S. values, guides the optimi-
zation towards the region with the desired local properties,
and subsequently relaxes the constraints so that a determi-
nant corresponding to a true energy minimum is converged.

By considering the [Mng] cluster, both density function-
als predict an antiferromagnetically coupled (S = 0) ground
state for [Mng] with an energy difference to the ferromag-
netically coupled (S = 15) state of —37.7 kJmol! (BP86)
(A) and -19.4 kJmol! (B3LYP) (E) for single-point calcu-
lations on the X-ray crystal structure, which are from now
on denoted as BP86//crystal and B3LYP//crystal (see Fig-
ure 10).

BP86/RI BP86/RI BP86/RI B3LYP B3LYP B3LYP B3LYP

AE [ hSe—— 0.0 hS =— 00 hS —— 0.0/ hS — 00 hg = 0.0 hs — 00 hge— 00
KT mol— !
BS = -9.1

(BS—-11.4 BS=——11.1

BS=— 242 BS— -19.4

BS —-37.7 BS —-327

BP86//crystal BP86//BP86 B3LYP//BP86 B3LYP//crystal B3LYP/B3LYP

single point  single point isingle point single point single point
on crystal on hs i “onhs on crystal on hs
structure  structure OPT \_structure structure structure OPT
A B C D E F G

Figure 10. Relative energy splitting AE [kJ/mol] between the ferro-
magnetically coupled high-spin (hs) and the antiferromagnetically
coupled broken-symmetry (BS) state of [Mng] (8) for the BP86 den-
sity functional (A-C) and the B3LYP density functional (D-G). In
all calculations for [Mng], the antiferromagnetically coupled state
is favored.

If both structures (the high-spin and broken-symmetry
structures) are optimized with BP86, the relative stability of
the antiferromagnetically coupled state decreases to
—32.7 kJmol! (C) for the BP86 density functional and to
—11.1 kJmol! (G) for the B3LYP functional. Furthermore,
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single-point calculations performed on the BP86-optimized
high-spin state [denoted by (BP86//BP86) and (B3LYP//
BP86)] also favor the broken-symmetry state by
—24.2 kJmol! (B) and by —11.4 kImol! (D), respectively.
Even if a single-point calculation is performed on the
B3LYP-optimized high-spin state, the antiferromagnetically
coupled state is still more stable (F) by -9.1 kJmol .
From these calculations it can be seen that although both
density functionals predict the same magnetic coupling, the
energy splitting between the high-spin and the broken-sym-
metry state depends on the admixture of the exact Hartree—

BP86/BS 231.1pm
BP86/hs  229.4pm
B3LYP/BS 236.2pm
B3LYP/hs 235.2pm

BP86/BS 233.2p
BP86/hs  236.3pm

B3LYP/BS 240.0p
B3LYP/hs 241.4pm

BP86/BS  218.2pm
BP86/hs  221.5pm
B3LYP/BS 228.7pm
B3LYP/hs 222.3pm

®
BP86/BS 229.1pm{@
BP86/hs 230.1pm

B3LYP/BS236.7pm

Figure 11. Optimized structures of [Mng] (8) and [Fe4] (9). Selected
bond lengths [pm] to bridging and non-bridging nitrogen atoms are
given for the different optimized structure. BS denotes the antifer-
romagnetically coupled broken-symmetry state, whereas hs denotes
the ferromagnetically coupled high-spin state. Note that the inner
dotted lines are drawn to highlight the cage-like structure of the
clusters.
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Fock exchange energy in the density functional employed
as one would have expected.?*3]

All calculations are in agreement with experimental re-
sults, where an antiferromagnetic coupling is found. By
considering the local spin properties, S,vn values between
—-2.35 and 2.36 a.u. are found for the manganese atoms in
[Mng], which are close to the ideal values of £2.5a.u. and
correspond to local high-spin centers with 5 unpaired elec-
trons. These values indicate that spin delocalization is small
and that the correct high-spin and broken-symmetry Slater
determinants have been converged.

The BP86-optimized most-stable [Mng] broken-sym-
metry structure is presented in Figure 11, where selected
bond lengths are presented for the various structure optimi-
zations.

By considering all relevant bond lengths and angles, as
displayed in Table 5, it can be seen that both the optimized
high-spin and the broken-symmetry states are quite similar
and are in agreement with the experimental X-ray crystal
structure. The B3LYP-optimized structure has slightly
larger bond lengths. The high-spin as well as the broken-
symmetry state both contain local high-spin Mn centers.
Hence, bond lengths in both the broken-symmetry and the
high-spin structure are significantly larger than in the low-
spin case. In the simple picture of ligand-field theory, this
is due to the occupation of anti-bonding d orbitals.

The results for the [Fes] complex are less unambiguous.
Single-point calculations on the X-ray crystal structure
(BP86//crystal) yield an energy gap of —24.1 kJmol™! (A) in

favor of the antiferromagnetically coupled broken-sym-
metry state (S = 0) state when the BP86 density functional
is used and an energy gap of —11.0 kJmol ! (D) for the
B3LYP functional.

The BP86 structure optimization favors the ferromag-
netically coupled state by —5.7 kJmol ! (C). For the single-
point calculation on the BP86-optimized ferromagnetically
coupled high-spin (S = 12) state, the relative stability of the
ferromagnetically coupled state increases to —38.4 kJmol™!
(B), denoted by BP86//BP86 in Figure 12, relative to the
antiferromagnetically coupled broken-symmetry state. The
B3LYP calculations, on the other hand, all predict the anti-
ferromagnetically coupled (S = 0) spin state to be more
stable. The structure optimization yields a broken-sym-
metry state that is —5.3 kJmol !'(F) more stable than the
ferromagnetically coupled high-spin state, whereas the sin-
gle-point calculation on the optimized high-spin state
(B3LYP//B3LYP) (E) favors the antiferromagnetically cou-
pled state by —3.2 kImol'. However, the energy splittings
are quite small and may very well be the error of margin of
DFT.

The BP86 density functional calculation fails, however,
to reproduce the correct high-spin structure, and, instead,
it turns out to be very much distorted relative to the X-ray
crystal structure. This is illustrated when the relevant bond
lengths and angles between the optimized ferromagnetically
and antiferromagnetically coupled states are compared (see
Table 6). Notable differences can be seen for the BP86 cal-
culations. The wheel-like structure of the [Fes] high-spin

Table 5. Selected bond lengths [pm] and bond angles [°] of the [Mng] cluster (8) of the BP86-optimized antiferromagnetically coupled
broken-symmetry (BS) state with S = 0 and ferromagnetically coupled high-spin (hs) state with S = 15; the experimental values determined
by X-ray crystallography are included for comparison. Metal-ligand bonds to bridging nitrogen atoms are indicated by the index b,

whereas bonds to non-bridging ligands are marked by the suffix a.

BP86 B3LYP Exp.

BS <S:Mn> hs <SzMn> hs <SzMn> BS <S:Mn>
Mnl-Nla 231.1 2.23 229.4 2.28 235.2 2.35 236.2 2.34 227.3
Mnl-Nj, 233.2 236.3 241.4 240.0 231.0
Mn2-N2a 232.9 -2.28 229.9 2.31 234.5 2.36 235.5 -2.35 228.8
Mn2-N2b 219.1 219.6 220.5 220.4 211.7
Mn3-N3a 230.8 2.23 229.1 2.27 234.9 2.35 235.5 2.34 228.3
Mn3-N3b 234.6 239.1 243.1 241.2 234.5
Mn4-N4a 232.3 —2.28 229.4 2.31 2339 2.36 2347 -2.35 227.4
Mn4-N4a’ 232.1 229.4 233.9 234.6 227.4
Mn4-N3b’ 239.2 245.8 247.8 246.1 245.0
Mn4-N4b 238.7 243.8 247.8 246.5 245.0
Mn3A-N3Aa 230.5 2.23 228.8 2.27 234.5 2.35 235.3 2.34 228.2
Mn3A-N3Ab 232.8 235.7 241.1 239.1 234.2
Mn2A-N2Aa 232.3 —2.28 229.4 2.31 234.3 2.36 235.3 -2.35 228.8
Mn2A-N2Ab 236.1 239.5 244.5 2433 237.7
N1b-Mnl-N1b’ 91.3 89.1 88.5 89.4 90.8
N1b-Mn2-N1b' 89.3 87.1 87.1 88.0 88.5
N2b-Mn2-N2b' 89.2 87.1 90.4 88.0 89.6
N2b-Mn3-N2b' 91.3 89.2 88.5 89.4 90.2
N3b-Mn3-N3b’ 91.1 89.0 88.5 89.3 89.6
N3b-Mn4-N3b’ 88.7 86.2 86.7 87.5 86.8
N4b-Mn4-N4b' 91.5 86.4 86.7 87.5 86.8
N4b-Mn3A-N4b’ 91.3 89.2 88.4 89.3 89.6
N3Ab-Mn3A-N3Ab'  91.6 89.3 88.7 89.8 90.2
N3Ab-Mn2A-N3Ab' 89.4 87.2 87.3 88.2 89.6
N2Ab-Mn2A-N2Ab'  89.4 87.2 87.1 88.1 88.5
N2Ab-Mnl1-N2Ab’ 91.3 89.1 88.5 89.5 90.8
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Figure 12. Relative energy differences for the [Feq] cluster (9) per-
formed with the BP86 (A-C) and the B3LYP (C-F) density func-
tionals. Single-point calculations on the X-ray crystal structure
favor the antiferromagnetically coupled (S = 0) state [see (A) and
(D)] for both density functionals. For single-point calculations on
the optimized ferromagnetically coupled high-spin (S = 12) struc-
ture, BP86 favors a ferromagnetically coupled ground state (B),
whereas for the B3LYP functional, an antiferromagnetically cou-
pled state is slightly more stable for single-point calculations (E)
and structure optimization (F).

state is less regular than that of the broken-symmetry state.
Some Fe—N bond lengths of the high-spin structure, in par-
ticular Fe4-N4b, differ significantly from those of the
broken-symmetry and the X-ray crystal structures. The
B3LYP calculation solves this structural deficiency and
yields a more regular high-spin structure with bond lengths

Eur|IC
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and bond angles in good agreement with those of the exper-
imental structure (see also Table 6). The structure of the
[Feg] cluster as well as selected bond lengths for the BP86
and the B3LYP structure optimizations are displayed in
Figure 11. However, given the limited accuracy of the stan-
dard density functional calculations, it cannot be deter-
mined which of the two states is the magnetic ground state.
Also, the experimental measurements do not provide an un-
ambiguous picture of the magnetic coupling.

For [Feg] local spin, values between —1.84 and 1.85 a.u.
are found for the BP86 and B3LYP calculations that are
close to the ideal value of *2.0 a.u. (four unpaired elec-
trons), which indicates that spin delocalization as well as
spin pairing is small for both density functionals. This is in
agreement with ligand field theory, where the tendency for
spin pairing and the formation of low-spin complexes is less
pronounced for 3d transition metals in a low oxidation
state, such as Fe?* in [Fe], because of a weak d orbital
ligand field splitting.

Reaction Energies

Reaction energies for the structure-optimized clusters
[Mng] and [Feg] can be calculated from the compounds
shown in Equation (4) at 0 K without zero-point energy
corrections. The metal complex MR, was chosen to be in
the high-spin state with a spin state of S = 2.5a.u. for
MnR, and S = 2.0 a.u. for FeR,. All reactions are found
to be exothermic and reaction energies are of the same or-

Table 6. Selected bond lengths [pm] and bond angles [°] of [Feg] (9) for different spin states calculated for the BP86 and the B3LYP
density functionals, as well as those for the experimental structure determined by X-ray crystallography. The broken-symmetry (BS) state
with S = 0 describes antiferromagnetic coupling, whereas the high-spin (hs) state, where S = 12, describes ferromagnetic coupling.

BP86 B3LYP Exp.

BS SzFe hs SzFe hs SzFe BS SzFe
Fel-Nla 218.2 1.78 221.5 1.77 2223 1.85 228.7 1.84 2194
Fel-N1b 229.1 230.1 230.3 236.7 228.3
Fe2-N2a 228.1 -1.76 227.3 1.81 223.9 1.85 2323 -1.84 224.2
Fe2-N2b 212.1 212.8 212.4 214.4 211.9
Fe3-N3a 217.6 1.77 226.9 1.78 221.6 1.85 228.1 219.6
Fe3-N3b 230.8 219.6 2343 237.5 231.1
Fe4-N4a 227.8 -1.75 232.5 1.79 223.5 1.85 231.7 1.84 224.0
Fe4-N4a’ 228.0 218.7 223.8 231.6 224.0
Fe4-N3b’ 235.0 214.9 239.4 238.8 239.5
Fe4-N4b 235.7 314.4 239.4 238.9 239.5
Fe3A-N3Aa 217.4 1.77 216.0 1.80 221.5 1.85 228.2 -1.84 219.7
Fe3A-N3Ab 227.5 235.0 229.8 235.4 229.8
Fe2A-N2Aa 228.2 -1.76 223.0 1.80 223.8 1.85 2322 1.84 224.2
Fe2A-N2Ab 231.0 200.1 230.5 236.6 229.8
N1b-Fel-NI1b’ 90.0 90.1 88.0 88.1 89.3
N1b-Fe2-N1b’ 88.7 96.1 97.8 87.4 88.3
N2b-Fe2-N2b’ 89.2 84.8 87.0 87.5 88.8
N2b-Fe3-N2b’ 90.5 87.8 87.8 88.4 89.1
N3b-Fe3-N3b’ 89.9 102.1 88.7 88.0 89.7
N3b-Fe4-N3b’ 88.0 102.8 87.3 87.0 87.2
N4b-Fe4-N4b’ 87.8 75.4 87.3 87.0 87.2
N4b-Fe3A-N4b' 89.7 92.0 88.8 88.0 89.7
N3Ab-Fe3A-N3Ab’ 90.4 89.8 87.9 88.5 89.1
N3Ab-Fe2A-N3Ab’ 89.1 82.4 87.1 87.6 88.8
N2Ab-Fe2A-N2Ab’ 88.7 98.8 87.8 87.4 88.3
N2Ab-Fel-N2Ab’ 90.0 100.1 88.3 88.2 89.3
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der of magnitude for [Mng] and [Fe¢] for both the BP86 and
the B3LYP density functionals. For [Feg], a reaction energy
of —1031.9 kImol! is found for the BP86-optimized
broken-symmetry structure (BP86//BS), which corresponds
to reaction energies of —172.0 kJmol™' per (BP86//BS)
monomer. The B3LYP optimization of [Feg] yields a slightly
higher reaction energy of —1128.2 kJmol! for the forma-
tion of the high-spin structure (B3LYP//hs) and
~1133.5kJmol™! for the broken-symmetry structure
(B3LYP//BS), which corresponds to —188.0 kJmol™' per
(B3LYP//hs) monomer and —188.9 kJmol ' per (B3LYP//
BS) monomer. For the BP86 structure optimization of
[Mng], reaction energies of —1040.8 kImol™! for the high-
spin (BP86//hs) and —1073.5 kJmol™' for the broken-sym-
metry (BP86//BS) states are found, which correspond to
~173.5 kJmol™! (BP86//hs) and —178.9 kJ mol~! (BP86//BS)
per monomer. The B3LYP structure optimizations yield re-
action energies of -1224.0kJmol' (B3LYP//hs) and
—1235.1 kImol™' (B3LYP//BS), which give reaction energies
of —204.0 kJmol'! (B3LYP//hs) and —205.9 kJmol!
(B3LYP//BS) per monomer.

Conclusions

The transamination reaction of M[N(SiMes),], with aryl-
amines such as 8-aminoquinoline and 8-(trialkylsilyl-
amino)quinoline yields the corresponding amidoquinolines
with the metals manganese(II), iron(II), and cobalt(II). Tri-
alkylsilyl-substituted amido groups avoid bridging positions
between the two metal atoms because of a reduced basicity
of the N-centered lone pair. These amido groups favor ter-
minal positions, which allow a trigonal-planar geometry of
the sp>-hybridized amide function, stabilized by hypercon-
jugative backdonation of charge from the p,(N) orbital to
a o*(Si—C) orbital of the trialkylsilyl group. This fact might
be the reason that a 1:1 stoichiometry of M[N(SiMes),], (M
= Mn, Fe, and Co) and 8-(trialkylsilylamino)quinoline also
yields the 1:2 product, the bis[8-(trialkylsilylamido)quino-
linejmetal(II) complexes of these 3d transition metals,
which leaves half of the amount of M[N(SiMes),], unre-
acted. However, the lack of trialkylsilyl groups at the 8-
aminoquinoline group allows a stepwise transamination of
M[N(SiMes)>]» (M = Mn, Fe, and Co). The amido function
of the amidoquinoline ligand in bis[8-amidoquinoline met-
al(IT) bis(trimethylsilyl)amide] occupies the bridging posi-
tion between the metal atoms, which leads to coordination
numbers of 4 for the metal and the amido N atoms. The
transamination of (thf)Cr[N(SiMes),], with 8-aminoquin-
oline was not possible.

The molecular structures depend on the radius of the
metal cations. A striking difference was found for the
homoleptic bis(8-amidoquinoline)metal(IT) complexes. The
derivatives of zinc™ are monomeric and show metal atoms
in a distorted tetrahedral environment, the monomeric
nickel derivative shows a square-planar arrangement of the
Lewis bases as a result of strong ligand field stabilization.
In contrast to these complexes with tetracoordinate metal
1786
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atoms, the Mn and Fe complexes form hexamers with the
metals in a distorted octahedral environment. These hexa-
mers consist of metal-centered Ng octahedrons, which are
interconnected through common edges to form wheel-like
molecular structures.

The reaction energies per monomer are between —172.0
and —188.9 kJmol! for the formation of [Fes] and between
~173.4 and —205.9 kJmol! for [Mng]. The antiferromag-
netic coupling of [Mng] predicted by DFT calculations con-
firm the experimental data. The situation is less clear in the
case of [Fegs] because of the very close-lying ferromag-
netically and antiferromagnetically coupled states.

Experimental Section

All manipulations were performed in an argon atmosphere. Sol-
vents were dried and distilled according to common procedures.
The IR spectra were recorded as Nujol solutions between KBr win-
dows. Starting materials (thf),Cr[N(SiMes),],, M[N(SiMe3),], (M
= Mn, Fe, Co), 8-(triisopropylsilyl)quinoline, and 8-(zert-butyldi-
methylsilyl)quinoline were prepared according to literature pro-
cedures. For the interpretation of the mass spectra, the abbreviation
“ach” stands for the aminoquinolyl fragment CyN,H>.

Synthesis of Bis|[8-(terz-butyldimethylsilylamido)quinoline]chromi-
um(II) (1): A solution of (thf),Cr[N(SiMes),], (0.86 g, 1.70 mmol)
in ethyl ether (15 mL) was layered with a solution of N-tert-butyldi-
methylsilyl-8-aminoquinoline (0.86 g, 3.33 mmol) in ether (15 mL).
At the boundary layer, the color changed immediately to brown-—
violet. Diffusion within this unstirred reaction mixture led to the
precipitation of black needleshaped crystals of 1. The crystals were
collected, washed with diethyl ether, and dried in vacuo. Yield:
0.67 g (1.2 mmol, 71%). M.p. 296 °C. IR (Nujol): ¥ = 1557 (m),
1494 (s), 1421 (m), 1360 (m), 1311 (vs), 1278 (m), 1257 (m), 1247
(m), 1220 (m), 1113 (s), 1075 (w), 1041 (w), 1004 (w), 932 (m), 856
(m), 828 (br. s), 804 (m), 789 (s), 742 (m), 666 (m), 647 (w), 632
(w), 572 (w), 532 (m), 523 (m), 457 (w) cm'. MS (DEI): m/z (%)
=567 (2) [M*], 551 (2) [M — Me]*, 509 (2) [M - (Bu]*, 258 (75)
[achSiMe,/Bu]*, 200 (75) [achSiMe, — H]*, 171 (100) [achSi]*.
Magnetism: grr = 4.5 pp at 18.0 °C. C30H4,CrN,Si, (566.85): caled.
C 63.57, H 7.47, N 9.88; found C 62.70, H 7.56, N 9.72.

Synthesis of Bis|8-(terz-butyldimethylsilylamido)quinoline]manga-
nese(Il) (2a): A solution of Mn[N(SiMes),]> (0.26 g, 0.69 mmol) in
ethyl ether (15 mL) was cooled to —20 °C. N-tert-butyldimethylsilyl-
8-aminoquinoline (0.36 g, 1.39 mmol) was then added to the stirred
solution. After a few minutes, the reaction mixture turned dark
brown. At —-18°C, 0.21 g of yellow cuboids of 2a precipitated
(0.37 mmol, 54%). M.p. 210 °C. IR (Nujol): ¥ = 1568 (m), 1507
(m), 1496 (m), 1418 (w), 1361 (m), 1315 (s), 1280 (m), 1254 (m),
1230 (w), 1112 (s), 1096 (w), 1042 (w), 1006 (w), 934 (m), 914 (w),
835 (vs), 819 (m), 787 (s), 741 (m), 664 (m), 647 (w), 572 (w), 523
(w) cm™!. MS (DEI): m/z (%) = 569 (29) [M™], 554 (6) [M — Me]",
512 (76) [M — (Bu]* 258 (27) [achSiMe,rBu]*, 200 (100) [ach-
SiMe, — H]*, 171 (22) [achSi]*. Magnetism: s = 5.6 pg at 26.9 °C.
C30H4oMnN,Si, (569.79): caled. C 63.24, H 7.43, N 9.83; found C
61.36, H 7.18, N 9.70.

Synthesis of Bis|8-(triisopropylsilylamido)quinoline|manganese(II)

(2b): N-triisopropylsilyl-8-aminoquinoline (0.49 g, 1.62 mmol) was
added dropwise to a stirred solution of Mn[N(SiMes),], (0.30 g,
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0.81 mmol) in thf (§ mL) at —20 °C. Within a few days, 0.14 g of
orange-yellow crystals of 2b (0.22 mmol, 27%) precipitated from
this oily solution. M.p. 137 °C. IR (Nujol): ¥ = 1613 (w), 1573 (m),
1508 (s), 1416 (m), 1324 (s), 1231 (w), 1096 (m), 1015 (w), 912 (m),
882 (m), 819 (m), 807 (m), 789 (s), 741 (m), 727 (m), 675 (m), 571
(w), 502 (w) cm™'. MS (DEI): m/z (%) = 653 (2) [M*], 610 (5) [M —
iProp]*, 301 (47) [achiProps]*, 255 (34) [achiProp, — H]*, 172 (32)
[achSiH]", 43 (100) [{Prop]*. Magnetism: g = 5.65 pg at 27.0 °C.
C36H54MnN,Si, (653.95): caled. C 66.32, H 8.35, N 8.29; found C
65.70, H 8.59, N 8.43.

Synthesis of Bis|8-(zert-butyldimethylsilylamido)quinoline]iron(II)
(3a): Method A: A solution of [Fe{N(SiMes),},, (0.31 g,
0.41 mmol) in ethyl ether (5 mL) was cooled to —78 °C. A solution
of N-tert-butyldimethylsilyl-8-aminoquinoline (0.42 g, 1.64 mmol)
in ethyl ether (5 mL) was then added slowly. After complete ad-
dition, the reaction mixture was warmed to room temperature.
Thereafter, 0.35 g of red needles of 3a (0.62 mmol, 76%) precipi-
tated, which were isolated and dried in vacuo. Method B: A solu-
tion of [Fe{N(SiMes),},], (0.41 g, 0.60 mmol) in ether (5 mL) was
layered with a solution of N-tert-butyldimethylsilyl-8-aminoquino-
line (0.57 g, 2.20 mmol) in ether (8 mL). Diffusion led to formation
of red needleshaped crystals, which were collected, washed with
diethyl ether and dried in vacuo. Yield: 0.51 g (0.9 mmol, 81%).
M.p. 239 °C. IR (Nujol): ¥ = 1568 (m), 1494 (m), 1314 (s), 1278
(m), 1248 (m), 1112 (s), 1074 (w), 1040 (w), 1006 (w), 935 (m), 835
(br. m), 818 (m), 804 (w), 788 (s), 742 (m), 666 (m), 646 (w), 634
(w), 572 (w), 532 (w) cm!. MS (DEI): m/z (%) = 570 (5) [M*], 555
(2) [M — Me]*, 513 (7) [M - ¢Bu]* 258 (19) [achSiMe,/Bu]*, 201
(100) [achSiMe,]*, 171 (31) [achSi]". Magnetism: e = 4.75 pp at
21.0 °C. C;39Hy4FeN,Si, (570.70): caled. C 63.14, H 7.42, N 9.82;
found C 63.88, H 7.18, N 9.55.

Synthesis of Bis|[8-(triisopropylsilylamido)quinoline]iron(II) (3b): A
solution  of  N-triisopropylsilyl-8-aminoquinoline (0.59 g,
1.96 mmol) in ethyl ether (10 mL) was added dropwise to a solution
of [Fe{N(SiMes),}-»]» (0.36 g, 0.49 mmol) in Et,O (10 mL) that was
cooled to —78 °C. After complete addition, the reaction mixture
was warmed to room temperature and stirred for an additional
17 h. The volume of the solution was then reduced to half of the
original volume. The small red crystals of 1b (0.27 g, 0.42 mmol,
439%) that precipitated were isolated and dried in vacuo. M.p.
132°C. IR (Nujol): ¥ = 1563 (m), 1508 (w), 1495 (m), 1311 (s),
1274 (m), 1222 (w), 1111 (m), 1074 (w), 1041 (w), 1012 (w), 927
(m), 881 (m), 818 (s), 789 (m), 755 (m), 741 (m), 670 (br. w), 647
(w), 588 (w), 559 (w), 531 (w), 500 (w) cm™!. MS (DEI): m/z (%) =
654 (2) [M*], 611 (2) [M — iPr]*, 300 (28) [achiPr3]*, 257 (100)
[achiProp,]*, 171 (74) [achSi]*. C3sHs4FeNySi, (652.96): caled. C
66.22, H 8.34, N 8.27; found C 65.99, H 8.38, N 8.23.

Synthesis of Bis[8-(zert-butyldimethylsilylamido)quinoline]cobalt(IT)
(4a): A solution of [Co{N(SiMes),},], (0.62 g, 0.82 mmol) in tolu-
ene (4 mL) was cooled to —78 °C. A solution of N-tert-butyldi-
methylsilyl-8-aminoquinoline (0.73 g, 2.82 mmol) in toluene (4 mL)
was then added dropwise. After complete addition, the reaction
mixture was warmed to room temperature and stirred for an ad-
ditional hour. All volatile materials were then removed in vacuo.
The brown-orange residue was shaken with hexane. The insoluble
product was isolated by filtration. Yield: 0.61 g (1.07 mmol, 76%).
M.p. 186 °C. IR (Nujol): ¥ = 1562 (m), 1494 (m), 1456 (vs), 1316
(s), 1280 (m), 1248 (m), 1114 (s), 1041 (w), 1006 (w), 938 (m), 833
(br. m), 818 (m), 786 (s), 742 (m), 666 (w), 646 (w), 572 (w), 532
(w), 455 (w) cm™!. MS (DEI): m/z (%) = 574 (18) [M™], 559 (2)
[M — Me]*, 518 (27) [M - ¢Bu]*, 258 (100) [achSiMe,zBu]*, 201
(92) [achSiMe,]*, 171 (100) [achSi]". Magnetism: g = 4.26 pg at
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22°C. C3H4;CoN,Si, (573.79): caled. C 65.92, H 8.30, N 8.24;
found C 65.40, H 6.95, N 8.45.

Synthesis of Bis|8-(triisopropylsilylamido)quinoline]cobalt(II) (4b):
At -78°C, a solution of N-triisopropylsilyl-8-aminoquinoline
(0.71 g, 2.40 mmol) in Et,O (8 mL) was added dropwise to a solu-
tion of [Co{N(SiMes),}-], (0.46 g, 0.60 mmol) in ethyl ether
(10 mL). After complete addition, the brown-orange mixture was
stirred at room temperature for 3 h. During the reduction of the
volume of the solution, a brown microcrystalline powder precipi-
tated. The solution was filtered and from the filtrate another crop
of brown crystals formed. Yield: 0.35 g (0.54 mmol, 45%). M.p.
233 °C. IR (Nujol): ¥ = 1566 (m), 1495 (m), 1363 (m), 1312 (vs),
1275 (m), 1222 (w), 1112 (s), 1075 (w), 1011 (w), 931 (m), 880 (w),
855 (w), 825 (m), 815 (m), 785 (m), 755 (m), 737 (m), 675 (w), 649
(W), 629 (W), 553 (w), 528 (w), 492 (w) cm™!. MS (DEI): m/z (%) =
657 (11) [M™*], 614 (32) [M — iPr]*, 571 (4) [M — 2iPr]*, 357 (12)
[M — achiPr3]*, 300 (14) [achiPr3]*, 257 (91) [achiPr,]*, 171 (100)
[achSi]*. C36Hs4CoN,Si, (655.95): caled. C 62.80, H 7.38, N 9.76;
found C 60.97, H 7.23, N 9.68.

Synthesis of Bis[8-amidoquinoline manganese(II)bis(trimethylsilyl)-
amide] (5): Manganese bis[bis(trimethylsilyl)amide] (0.46 g,
1.22 mmol) was dissolved in ethyl ether (20 mL) and cooled to
-20 °C. Solid 8-aminoquinoline (0.18 g, 1.23 mmol) was added. Af-
ter 5 min, all solids were removed, and the mother liquor stored at
—18°C. Within 24 h, 0.20g of orange-yellow crystals of 5
(0.28 mmol, 45%) precipitated. This compound decomposed slowly
at room temperature. IR: ¥ = 3380 (vw), 3317 (vw), 3277 (vw), 1594
(m), 1565 (m), 1502 (s), 1330 (m), 1268 (w), 1249 (m), 1178 (w),
1096 (m), 1064 (w), 1034 (w), 997 (m), 931 (m), 874 (w), 818 (m),
785 (m), 749 (m), 681 (w), 611 (w), 503 (w) cm™!. Magnetism: pq
= 6.0 pup at 26.9 °C.

Synthesis of Bis[8-amidoquinoline iron(II)bis(trimethylsilyl)amide]
(6): A solution of [Fe{N(SiMe;),},]> (0.49 g, 0.66 mmol) in ethyl
ether (10 mL) was cooled to —78 °C and layered by a solution of 8-
aminoquinoline (0.19 g, 1.33 mmol) in Et,O (10 mL). The Schlenk
flask containing the two layers of the ether solutions was kept at
20 °C. Within 1 d, diffusion led to formation of 0.12 g of red need-
les of 6 (0.17 mmol, 25%) at the phase boundary. Decomposition
above 50 °C. IR (Nujol): ¥ = 3366 (w), 3300 (w), 3250 (w), 1594
(w), 1567 (m), 1502 (vs), 1427 (m), 1343 (m), 1328 (m), 1248 (br.
m), 1178 (w), 1103 (m), 1062 (w), 1034 (w), 980 (m), 931 (w), 872
(w), 818 (m), 804 (m), 785 (s), 680 (br. m), 643 (m), 520 (w) cm .
MS (DEI): m/z (o) = 146 (96) [HN(SiMe3)2 — Me]*, 117 (88) [ach —
C,H,]*. Magnetism: o = 5.3 pg at 26.9 °C. C;zoHsoFe;NgSiy
(718.79): caled. C 50.13, H 7.01, N 11.69; found C 51.50, H 6.26,
N 12.34.

Synthesis of Bis[8-amidoquinoline cobalt(II)bis(trimethylsilyl)amide]
(7): A solution of [Co{N(SiMe3),},], (0.59 g, 0.78 mmol) in ethyl
ether was cooled to —30 °C. A solution of 8-aminoquinoline (0.23 g,
1.60 mmol) was then added dropwise. Within one week, 0.35 g of
brown crystals of 5 (0.48 mmol, 62%) formed in this cooled solu-
tion. Decomposition above 50 °C. IR (Nujol): ¥ = 3364 (w), 1592
(m), 1564 (s), 1502 (s), 1344 (m), 1305 (w), 1256 (w), 1102 (m), 815
(m), 803 (m), 781 (m), 731 (m), 645 (w), 540 (w), 518 (w) cm ..
Magnetism: s = 4.3 pug at 26.9 °C. C;3yHs0Co,NgSiy (724.97):
caled. C 49.70, H 6.95, N 11.59; found C 49.85, H 6.79, N 11.02.

Synthesis of Hexakis|bis(8-amidoquinoline)manganese(Il)] (8): A
solution of 8-aminoquinoline (0.32 g, 2.25 mmol) in Et,O (10 mL)
was added dropwise to a solution of Mn[N(SiMes),], (0.40 g,
1.07 mmol) in Et,O (10 mL) at —20 °C. Storage of this mixture at
—~18 °C led to the formation of dark brown crystals of 4 (0.29 g,
0.14 mmol, 79%). Mp. 251 °C. IR: ¥ = 3297 (m), 3283 (m), 3042
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(m), 1596 (w), 1560 (s), 1502 (s), 1424 (m), 1362 (vs), 1333 (vs),
1275 (m), 1262 (m), 1216 (w), 1164 (w), 1099 (s), 1061 (w), 1037
(w), 868 (w), 817 (m), 804 (m), 789 (s), 754 (br. s), 717 (m), 700
(m), 653 (m), 592 (w), 552 (w), 487 (m) cm~'. Magnetism: gy =
11.4 pug at 26.9 °C. CipsHgsMngN,y (2047.65): caled. C 63.35, H
4.13, N 16.42; found C 63.18, H 4.12, N 16.37.

Synthesis of Hexakis[bis(8-amidoquinoline)iron(Il)] (9): A solution
of [Fe{N(SiMes),},]> (0.40 g, 0.53 mmol) in ethyl ether (8 mL) was
cooled to —78 °C. Very slowly, a solution of 8-aminoquinoline
(0.3 g, 2.1 mmol) in ethyl ether (10 mL) was then added. This reac-
tion mixture was stirred at —40 °C and then stored at 20 °C. Long
black needles were obtained within a few days. Yield: 0.22 g
(0.12 mmol, 60%). M.p. 168 °C. IR (Nujol): ¥ = 3472 (w), 3371
(w), 3323 (w), 3284 (m), 1595 (m), 1564 (s), 1501 (s), 1424 (m),
1331 (s), 1276 (m), 1212 (w), 1099 (m), 1063 (w), 1033 (w), 854 (w),
817 (m), 802 (m), 786 (s), 748 (br. m), 683 (w), 650 (w), 587 (w),
495 (m) cm™'. MS (DEI): m/z (%) = 144 (100) [ach]*, 117 (74)
[ach — C,H;]*. Magnetism: per = 9.8 pp at 26.9 °C, piorp = 18.9 pg
at —258.2 °C. C,psHgsFegNay (2053.05): caled. C 63.18, H 4.12, N
16.37; found C 61.78, H 4.04, N 15.99.

Synthesis of Bis(8-amidoquinoline)cobalt(Il) (10): 8-Aminoquin-
oline (0.33 g, 2.27 mmol) was dissolved in ethyl ether (5 mL) and
added to a solution of [Co{N(SiMe3),},], (0.43 g, 0.57 mmol) in
ethyl ether (10 mL) at —78 °C. After complete addition, the solution
was warmed to —20 °C and stored at this temperature. After 2 d,
0.30g of a brownish black microcrystalline powder of 9
(0.85 mmol, 75%) was collected and dried under vacuum. M.p.
275 °C (dec.). IR (Nujol): ¥ = 3364 (m), 1586 (m), 1599 (s), 1502
(vs), 1431 (m), 1343 (s), 1286 (w), 1223 (w), 1170 (w), 1111 (m),
1036 (w), 916 (w), 815 (m), 805 (m), 780 (m), 753 (m), 670 (m), 645
(m), 606 (w), 592 (m), 540 (m) cm™'. MS (DEI): m/z (%) = 345 (85)
[M]*, 202(15) [M - ach]®, 144 (100) [ach]*, 117 (100) [ach —

C,H;]*. Magnetism: peqr = 2.3 pg at 26.9 °C. CsH4,CoN, (345.26):
caled. C 62.60, H 4.07, N 16.23; found C 60.79, H 4.38, N 15.50.

Computational Methodology: All-electron DFT structure optimiza-
tions and local spin analyses were carried out with our local version
of the TURBOMOLE 5.1 program package.[*) The BP86P71 and
the B3LYPP®! density functionals were employed, in combination
with Ahlrichs’ triple-zeta basis set featuring one polarization func-
tion (TZVP) for the metal atoms and the split-valence basis set with
one polarization function on each non-hydrogen atom [SV(P)], for
the remaining atoms.*”! In order to investigate the local spin prop-
erties of the converged Kohn-Sham determinants, partial spins
<S,a> were calculated by using a modified Lowdin partitioning
scheme.[22-231

X-ray Crystal Structure Determinations: The intensity data for the
compounds were collected on a Nonius KappaCCD diffractometer
by using graphite-monochromated Mo-K,, radiation. Data were
corrected for Lorentz polarization effects and for absorption ef-
fects.[*0-42] The crystal structures were solved by direct methods
(SHELXSM3)) and refined by full-matrix least-squares techniques
against F,> (SHELXL-9744). Crystal data and refinement details
for the X-ray structure determinations are listed in Tables 7 and 8.
For compound 2a and for all amine groups, the hydrogen atoms at
N2 were located by difference Fourier synthesis and refined iso-
tropically. The other hydrogen atoms were included at calculated
positions with fixed thermal parameters. All non-disordered, non-
hydrogen atoms were refined anisotropically.* XP (SIEMENS
Analytical X-ray Instruments, Inc.) was used for structure represen-
tations. CCDC-680529 (1), -680530 (2a), -680531 (2b), -680532
(3a), -680533 (3b), -680534 (4b), -672193 (5), -672194 (6), -672195
(7), -672196 (8), and -672197 (9) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Table 7. Crystal data and refinement details for the X-ray structure determinations for 1-4.

1 2a 2b 3a 3b 4b
Formula C30H42CfN4Si2 C30H42MHN4Si2 C36H54MHN4Si2 C30H42F€N4Si2 C35H54F€N4Si2 C36H54CON4Si2
F, [gmol] 566.86 569.80 653.95 570.71 654.86 657.94
T[°C] -90(2) -90(2) -90(2) -90(2) -90(2) -90(2)
Crystal system monoclinic monoclinic triclinic monoclinic triclinic monoclinic
Space group C2c Qe Pl C2c Pl P2/n
a[A] 19.4479(9) 19.2086(8) 12.4264(4) 19.0702(12) 12.3592(6) 20.9401(8)
b[A] 7.7577(6) 8.1705(2) 17.8362(8) 8.1495(5) 17.7611(4) 8.8973(2)
¢ [A] 20.6124(9) 20.0331(8) 18.3219(9) 20.1018(10) 18.3606(7) 21.3944(9)
a [ 90.00 90.00 69.416(2) 90.00 69.129(2) 90.00
AN 104.565(4) 103.249(2) 71.012(2) 103.802(3) 71.648(2) 117.117(1)
7 [°] 90.00 90.00 85.492(3) 90.00 85.516(2) 90.00
v [A3) 3009.9(3) 3060.39(19) 3591.8(3) 3033.9(3) 3571.8(2) 3547.8(2)
Z 4 4 4 4 4 4
p[gem) 1.251 1.237 1.209 1.249 1.218 1.232
i [em™] 485 5.35 4.64 6.01 5.19 5.81
Measured data 9274 10495 24118 9942 23855 23357
Data with I>20(/) 2275 2818 9155 2503 9757 5583
Unique data/R;,, 3434/0.0678 3501/0.0443 15890/0.0586 3463/0.0758 15873/0.0455 8112/0.0569
WR, (all data, on FZ)& 0.1459 0.0947 0.1479 0.1237 0.1266 0.1076
R, [I>20(D)]™ 0.0540 0.0376 0.0627 0.0468 0.0563 0.0436
St 0.994 1.005 1.020 1.030 1.004 1.019
Residual density [eA ] 1.217/-0.471 0.409/-0.235 0.399/-0.462 0.314/-0.507 0.360/-0.339 0.316/-0.377
Absorption method multiscan multiscan multiscan multiscan multiscan multiscan
Absorption cort. Trinmax  0.9179/0.9556 0.8983/0.9522 0.9153/0.9700 0.8600/0.9570 0.9104/0.9388 0.9073/0.9377

[a] Definition of the R indices: R, = (Z||F,| — |[F)/Z|F,|, wRy = {Z[w(F,> — F2)?)/Z[w(F,>)?}"? with w! = 6%(F,?) + (aP)>. [b] s =

{Z[W(FOZ - Fcz)z]/(No - Np)} ]/2~
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Table 8. Crystal data and refinement details for the X-ray structure determinations for 5-9.

5 6 7 8 9

Formula C30H50MH2N(,Si4 C30H50F62N(,Si4 C30H50C02N63i4 C108H84MH6N24' C108H84F66N24'
5C4H,00 5C4H;00

F,, [gmol™! 717.00 718.82 724.98 2418.23 2423.69
T [°C] -90(2) -90(2) -90(2) -90(2) -90(2)
Crystal system triclinic triclinic triclinic monoclinic monoclinic
Space group P1 Pl P1 C2le C2/c¢
a [é] 8.7332(8) 8.7609(4) 8.7739(11) 14.1733(16) 14.2276(3)
b [A] 9.5691(7) 9.6500(5) 9.6400(8) 29.892(3) 29.8008(6)
c[A] 11.9411(8) 11.7060(5) 11.6137(14) 28.076(3) 27.8578(4)
a [°] 74.597(4) 74.826(3) 74.814(7) 90.00 90.00
LI°] 85.493(4) 85.188(3) 84.873(5) 100.027(7) 100.041(1)
7 [°] 72.647(4) 72.732(2) 72.893(7) 90.00 90.00
V [A3] 918.27(12) 912.08(7) 905.97(17) 11713(2) 11630.6(4)
zZ 1 1 1 4 4
p [gem™) 1.297 1.309 1.329 1.371 1.384
u [em™) 8.47 9.55 10.77 6.94 7.95
Measured data 6191 6260 6078 30975 37409
Data with 7>2c6(1) 2891 3312 2823 4674 8045
Unique data/R;,, 4073/0.0352 4054/0.0240 4048/0.0582 13277/0.1954 13275/0.0720
wR, (all data, on F2)¥ 0.1015 0.0906 0.1453 0.2673 0.1422
R, [I>2c(D)]8] 0.0453 0.0348 0.0560 0.1082 0.0554
S10] ) 1.027 1.033 1.000 1.019 0.988
Residual density [e A7) 0.326/-0.349 0.384/-0.449 0.540/-0.658 0.742/-0.457 1.103/-0.511
Absorption method multiscan multiscan multiscan multiscan multiscan
Absorption cort. Tiiymax  0.8712/0.8952 0.8258/0.866 0.7236/0.9587 0.8405/0.8838 0.8405/0.8838

[a] Definition of the R indices: R, = (Z||F,| — |FJ)E|F,|, wRy = {Z[w(F,2 — FAZ[w(F,2)?} Y2 with w! = 6X(F,?) + (aP)>. [b] s =

{E[W(Fo2 - Fcz)z]/(No - Np)} 1/2~
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