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Spin Crossover ?

(BF5)2

Three de novo synthesized iron(Il) com-
plexes show markedly diverging thermal
and photonic spin behaviour in solution.
The substantial thermochromism of the
complexes in DMSO is due to a compe-
tition between ligand substitution and a
thermally induced spin crossover. Efficient
photonic low-spin to high-spin switching
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vents.
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CeO, thin films were synthesized on both
NiW and La,Zr,O;-buffered NiW by a no-
vel, aqueous citric acid based chemical
solution deposition (CSD) method. Suf-
ficient thickness was achieved in combi-
nation with good texture. The introduction
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dense materials with good morphology.
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The radical TEMPO reacts with SiCl, with
formation of the primary substitution
product TEMPO-SIiCl; besides several
chlorinated and protonated TEMPO de-
rivatives. This set of closely related com-
pounds has been characterized by X-ray

crystallography and spectroscopic tech-
niques (IR, NMR). DFT calculations
[B3LYP//6-311+G(d)] have been carried
out to understand the driving force behind
their formation.
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The formation of [Pd(diphosphane)-
(anion),] complexes was studied by using
'H- and 3'P-NMR spectroscopy. It was
found that, depending on the ligand struc-

why?

CF’\ /A
P’ A

or something else?
Rz

ture and the coordinating ability of the
anions, the P,PdA, complex is formed in-
stantaneously, via some intermediate or not
at all.
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% T/om’ mol' K
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binuclear methanol-bridged copper(I) com-
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imidazole (SRaaiNR') are interconvertible:
Cu'' is reduced by ascorbic acid, while Cu!
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TIK
complexes are oxidised by chlorine/water in
the presence of an excess amount of NaNs.
The tetranuclear Cu'' complex shows ferro-
magnetic and antiferromagnetic interac-
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Subvalent Organometallic Compounds of the Alkaline Earth Metals in Low
Oxidation States
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Alkaline earth metals (Ae) are regarded as redox-inactive,
and their chemistry is dominated by the oxidation state +2.
Nevertheless, in recent years several compound classes with
alkaline earth metals in low oxidation states were investi-
gated. Various concepts proved to be valid for the stabiliza-
tion of such compounds and are discussed in this review. In
the solid state, subvalency can be achieved by offering a ma-
trix that takes over the excess electrons as, for example, in
subnitrides. This fact leads to normal-valent alkaline earth
metals with electrons free to move between alkaline-earth-
metal-containing cages with or without a metal matrix. An-
other concept focuses on the synthesis of [Ae,]?* cations with
adequate substituents. The homodinuclear Ae—-Ae bonds ex-
hibit binding energies that should allow the synthesis of

molecules such as R-Ae-Ae-R. The synthesis of magnesium
derivatives succeeded by use of extremely bulky bidentate
ligands with a delocalized anionic charge. The heavier alka-
line earth metal derivatives are investigated by quantum
chemical methods. Another possibility takes advantage of
the fact that the first and second ionization potentials of the
alkaline earth metals are clearly separated. Therefore, an ar-
ene with an extended n-system having an energy level be-
tween the two ionization potentials should be able to over-
take only one electron, which leads to Ae* cations. Sophisti-
cated procedures allowed the synthesis of a calcium(I) deriv-
ative, [(thf)sCa(u-n®n®-CgHs-1,3,5-Phs)Ca(thf);], and such
structures are investigated by quantum chemical methods
also for the other alkaline earth metals.

Contents

1 Introduction: Concepts of Subvalence

2 Alkaline Earth Metal Subnitrides and Suboxides

3 Molecules of the Type (R-Ae),

3.1 Molecules R-Ae (n = 1)

3.2 Small Molecules with Ae-Ae Bonds (n = 2)

3.3 Stable Molecules R—Ae-Ae-R

4 Stabilization of Ae' Compounds by Extended n-Systems
4.1 Interaction of Ae"
4.2 Inverse Sandwich [(thf);Ca(p-n®n®CgH;Ph;)Ca(thf);]

4.3 Quantum Chemical Investigations of [Ae(u-n°n®CsHsPh3)Ae]

with Monocyclic Arenes

5 Conclusion and Perspective

1 Introduction: Concepts of Subvalence

A fundamental concept for determining the normal (ex-
pected) valency of main group elements (and also of the
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metals of the scandium and zinc groups) is based on the
octet rule and on the number of valence electrons. The ele-
ments can obey the octet rule by acceptance of electrons
(anion formation, reduction) or by release of electrons (cat-
ion formation, oxidation) until the element is isoelectronic
to the neighbouring noble gas. On the one hand, this ap-
proach explains the formation of anions X, X> and X3

of nonmetals such as halides, chalcogenides and pnictogen-
ides, respectively. On the other hand, the elements of the
early groups such as the alkali metals, alkaline earth metals
and the earth metals yield cations with noble gas configura-
tions M*, M?* and M3*, respectively. In these cases, normal
(expected) valency would correlate to the number of valence
electrons. Thus, BMe; and BCl; contain an electron-de-
ficient boron atom; however, this element would not be con-
sidered to be subvalent. Subvalency would mean that not
all valence electrons are used for the bonding situation,
which could lead to, for example, B>* and B* for ionic salts
or R,B and RB for covalent molecules [usually forming
oligomers such as R,B-BR, or (RB),]. In a way, the subval-
ency of R,B-BR, is only a consequence of the way chemists
identify the oxidation state (in R,B-BR, as well as in BMe;
the boron atom forms three covalent bonds, achieving an
electron sextet, even though the formal oxidation states are
+2 and +3, respectively). Even lower oxidation states as, for
example, in BgHe> (closo-boranates), can lead to a bonding
situation where the valence electrons stabilize clusters in a

,,,,,,,,,,,,,,,,,,,,,, 197
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way that all bonding MOs are occupied (see, for example,
the Wade-Mingos Rules).

The alkali metals can show an oxidation state of either
+1 or 0. Both numbers resemble an expected value for the
cation and the metal, respectively. Subvalency can result by
mixing of an alkali metal with these two oxidation states in
one compound. Prominent examples are the suboxides of
rubidium and caesium containing oxygen-centred metal oc-
tahedrons that are interconnected via common faces to
yield RbyO, and Cs;;0;. These compounds can be formu-
lated as [(RbgO,)>*+5€] and [(Cs;,03)>*+5¢], the electrons be-
ing free to move between the clusters. Additional metal
atoms can act as a matrix for these clusters, leading to
metal-richer solids such as, for example, RbsO, Cs,O and
Cs,0.11-61

This review is limited to subvalent compounds of the al-
kaline earth metals. Alkaline earth metals are very electro-
positive metals comparable to alkali metals (similar electro-
negativities). The heavy alkaline earth metal cations Ae"*

scandium group. Therefore, we will also include some as-
pects of subvalent compounds of scandium(Il) and scan-
dium(I), which are isoelectronic with calcium(I) and cal-
cium(0). Subvalency can be achieved for alkaline earth
metal compounds by several concepts: (i) Non-metal-
centred clusters can be embedded in a metal matrix, leading
to metal-rich oxides or nitrides. (ii) Monomeric compounds
of the type R—Ae are extremely reactive; however, quantum
chemical studies and sophisticated experimental procedures
offer insight into these systems. (iii) Molecules with Ae-Ae
bonds are considered to be subvalent on the basis of the
agreement on how to determine the oxidation state in coval-
ent molecules with element—element bonds. (iv) Formation
of molecules with monovalent Ae* ions is possible by pro-
viding an extended m-system whose electron affinity lies en-
ergetically between first and second ionization energies that
differ significantly.

The scope of this review is the discussion of concepts
which are employed in order to prepare and to understand

are isoelectronic with cations M®”*D* of the metals of the subvalency of strongly electropositive elements such as the
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alkaline earth metals, with the main focus on magnesium
and calcium. Therefore, a complete coverage of the litera-
ture is not intended. For nonmetals, the formation of ele-
ment-element single and even multiple bonds is the most
common way to achieve stable molecules in which the ele-
ments are in low oxidation states (e.g. H,N-NH, and
HN=NH with N in the oxidation states —2 and —1); how-
ever, these molecules would not be considered subvalent,
because the octet rule is fulfilled and subvalence is a conse-
quence of the way chemists determine the oxidation state.
Electron-deficient elements (boron group) with a weak elec-
tropositive character are able to form clusters such as the
boranates [BgHg+,]” in which all binding MOs are filled
(Wade-Mingos Rules). Sophisticated stabilization methods
and preparative procedures are mandatory in order to
achieve subvalency for the more electropositive metals.
Often, subvalency is deduced from the molecular formula,
and the bonding situation has to be analyzed in more detail.
This is shown for solid subnitrides and suboxides of the
alkaline earth metals.

2 Alkaline Earth Metal Subnitrides and
Suboxides

Subnitrides of the alkaline earth metals are only known
for the heavier ones, calcium, strontium and barium,?*”!
whereas beryllium and magnesium form nitrides of the for-
mula Ae;N,. The binary subnitrides Ca,N,[63-10]
Sr,NI6-10-11T and Ba,NI®19 can be described as [(Ae,N)*-e]
in similarity to the alkali metal suboxides. The structures
consist of a cubic close packing of the alkaline earth metal
atoms in which all octahedral gaps of every second layer are
occupied by nitrogen atoms (anti-CdCl, type). The excess
electrons are free to move between these [Ae,N] layers.
Metal-richer subnitrides contain condensed BagN octahe-
drons interconnected via common faces, as observed for Li-
Ba;N,['21 NaBa;N[I3! and NasBa;N,['¥ or even isolated
BagN octahedrons, as found in Na;¢BagN.['>! These solids
can be prepared from the reaction of nitrogen with barium
dissolved in liquid sodium. The free electrons of these com-
pounds are either delocalized between the barium subni-
tride substructures or overtaken by the alkali metal matrix,
leading to the metallic properties of these solids. This de-
scription implies that the alkaline earth metals are regarded
as normal-valent Ae’*, the excess electrons inducing a
negative charge to the alkali metal matrix.

Another group of subnitrides containing alkali and alka-
line earth metals is given by the formula Ba,;4CaN¢Na, with
x =17,8,14, 17, 21 and 22 (Figures 1 and 2).1 These solid
phases contain discrete clusters, [BagCaNg], with Ae?* and
N3~ ions, and the resulting cages contain six face-sharing
[AegN] octahedrons with a central calcium atom embedded
in a metallic BagNa, matrix. Such kinds of phases represent
a dispersion of a salt in a metallic environment and can be
seen as a salt in a sea of metal.'® Subnitrides of the alka-
line earth metals can also serve as hosts for less electroposi-
tive metals such as, for example, in [Ca;N4JM, where M

Eur. J. Inorg. Chem. 2010, 197-216

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

is Ag, Ga, In or TLI'I Edge- and corner-sharing [CagN]
octahedrons form the host, and linear M, metal chains are
guests in this framework.

Figure 1. Representation of the [Ba;4,CaNg] cluster formed from six
[AegN] octahedrons.[! (Central atom: Ca, black: N, grey: Ba; only
Ba-Ba contacts are outlined.) Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with permission.

Suboxides are far less common in alkaline earth metal
chemistry.!®) The structures also differ significantly from
those of alkali metal suboxides and alkaline earth metal
subnitrides. Crystalline [Ba,ONa] contains chains of trans
edge-sharing [Ba,O] tetrahedrons that are separated by so-
dium atoms.[8

In summary, subnitrides and oxides of the alkaline earth
metals, often in combination with alkali metals, show a spa-
tial separation of metallic and ionic bonding. The ionic
clusters contain nitrogen-centred [AesN] octahedrons or
oxygen-centred [Ae4O] tetrahedrons, which can be intercon-
nected via common corners, edges or faces to larger units.
These ionic moieties are embedded in a metal matrix often
consisting of an alkali metal or a mixture of alkali and alka-
line earth metals. Subvalence is deduced from the formula
by presuming that the nonmetal atoms form anions in
agreement with the octet rule (nitride or oxide), the elec-
trons being supplied by the alkaline earth metals. Use of an
excess amount of metal and embedding in a metallic matrix
lead to subvalency based on the molecular formula.

3 Molecules of the Type (R—Ae),,

For very electropositive metals, such as the alkali and
alkaline earth metals, subvalency and low oxidation state
are used as synonyms, because the octet rule is not a valid
concept for describing ionic compounds. Instead, cations
try to attract as many counteranions as possible (depending
on the size of the Lewis bases and on the distance between
the cation and the donor atoms) to occupy the coordination
sphere and to maximize electrostatic attractions. Coordina-
tion numbers larger than four are common, for example, in
[(thf)¢Ca]**, and subvalency is now directly related to a low
oxidation state. According to the octet rule, the release of
two electrons leads to expected Ae>* cations, whereas molec-
ules with Ae* and Ae? are considered as subvalent; never-
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Figure 2. Representation of the [Ba;4CaNg]Na, clusters: (a) x = 7, (b) x = 8, (c) x = 14, (d) x = 17, (e) x = 21, (f) x = 22.1 (Central
atom: Ca, black: N, grey: Ba, light grey: Na; only Ba-Ba contacts are outlined.) Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission.

theless, additional neutral coligands can sterically saturate
the coordination spheres of these very electropositive met-
als.

3.1 Molecules R-Ae (n = 1)

Low oxidation states at transition metals can be realized
in carbonyl complexes. Even anions, carbonyl metallates,
can be prepared and isolated with most of these compounds
obeying the 18 electron rule. For the s-block elements,
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carbonyl complexes are not stable. There are two main
reasons for this: On the one hand, there are strong repulsive
forces between the electron pair of the carbonyl ligand and
the s-electrons of the alkaline earth metals. On the other
hand, the reaction of, for example, magnesium with CO to
yield MgO and C is exothermic by at least —491 kJmol ™.
Increasing the positive charge on magnesium leads to in-
creasing Mg-C binding energies. For [Mg(CO)]" and
[Mg(CO)J**, values of 41.5 and approximately 200 kJ mol !,
respectively, were determined.['>2!1 The reaction of CO
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with the less electropositive beryllium in solid argon at 10 K
and subsequent sample warming to 30 K leads to the for-
mation of several carbonyl beryllium compounds such as
Be,,(CO), with m = 1 and n = 2, 3 as well as those with m
=2 and n = 2, 3, 4, the primary product [Be(CO)] being
unstable.l??!

The interaction of the empty n*-orbital of the carbonyl
ligand with filled metal d-orbitals by formation of back-
bonding is a well known feature for stabilization of low oxi-
dation states in transition metal complexes. In contrast, in
the case of s-block metals, CO is a relatively weakly bonded
ligand, because these kinds of metal ions are not able to
develop backbonding, and, in addition, the s-electrons in-
teract repulsively with the free valences of the carbonyl
group. Stabilization succeeds with harder c-donor ligands,
for example, ammonia. The structure of hexaaminecal-
cium(0) in [Ca(ND;)g] was determined by using powder
neutron diffraction!?3] measurements, including lattice con-
stants of [M(NH3)¢]?* (M = Ca, Sr, Ba), whereas a contra-
dictory model of distorted ammonia was described by Le-
clercq.??

The major tools for the investigation of monomeric alka-
line earth metal(I) compounds R—Ae are quantum chemical
methods. Synthesis of such compounds affords highly so-
phisticated preparative and trapping procedures, because
the atomization energies of the metals as well as the metal—
metal binding energies have to be invested (Table 1, values
taken from ref*®l). These values foreshadow that the mole-
cules R—Ae should exhibit an enormous reactivity, which
makes solution chemistry impossible.

Table 1. Comparison of selected physical data of the alkaline earth
metals and the metals of group 12 [EN: Allred—Rochow electroneg-
ativities, AE: atomization enthalpy, BE: bond energy of Ae,?",
#(MO): radii in metals with coordination number 12, r(M?"): radii
of hexacoordinate cations M>*].[2l

Metal EN  AE /kImol' BE /kJmol! r(M° /pm r(M?>*) /pm
Be 1.47 324.6 208 111.3 59

Mg 1.23 147.7 129 159.9 86.0

Ca 1.04 178.2 105 197.4 114

Sr 0.99 164.4 84 215.1 132

Ba 097 180 224 149

Zn 1.66 130.7 fal 133.5 88.0

Cd 1.46 112.0 fal 148.9 109

Hg 1.44 61.3 fal 162 133

[a] The force constants for [Zn,]**, [Cd,]** and [Hg,]>* are 0.6, 1.1
and 2.5 N cm™!, respectively.

Mononuclear Me-Ae can be prepared from the gas
phase reaction of calcium or strontium metal vapour with
HgMe, yielding the radicals Me-Ca or Me-Sr, respec-
tively.’l The transmetallation of SnMe, with Ba vapour
allowed the synthesis and characterization of Me-Ba.l?®!
Additional preparation procedures include the reaction of
laser-ablated metal atoms with methane, methyl halides or
acetone, which were co-condensed onto a cold noble gas
matrix.?*-33 Often, side products such as AeCH,, HAeCHj;
and others accompany the formation of Me-Ae.[**-3% An-
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other choice is the investigation of supersonic molecular
beam samples of alkaline earth metal monomethyl com-
pounds.3433]

Selected physical data obtained from high-resolution
electronic spectroscopy of Ae-CHj; are summarized in
Table 2. The Ae-C bond lengths agree well with data ob-
tained from ab initio calculations.™%#!l These structures al-
low the calculation of van der Waals radii for alkaline earth
metal(I) atoms. The bond dissociation energies (BE) are
rather small, with a surprisingly small value for the Mg—C
bond. Isoelectronic [Sc—-CH;]*" and [Y-CHj;]* show M-C
binding energies of more than 200 kJmol™!, the values of
the neutral molecules Sc-CH; and Y-CHj lie in the same
order of magnitude.[*?

Table 2. Structural data of the ground states of the monomethyl
alkaline earth metal compounds, Me-Ae, of Be, Mg, Ca, Sr and
Ba obtained from high-resolution electronic spectra.

Metal r,gw(Ae) BE Ae-C C-H HCH
fpm® /kJmol '] /pm /pm r°

Be 189.9 168.31 109.0l¢ 111.50d

Mg 210.5 85.8 210.2(2)fl 110.5 108.16(1)t

Ca 232.6 109.9 234.9(13)0 110(2)0 106(3)1
234 8l 110.21 105.314

Sr 248.2 248.3 (.51 110 104.7 1.2
248,714 110.44 105.81

Ba 256.4 256.4 0.7 1091 106 = 311

[a] van der Waals radii calculated from bond lengths of Ae-CH5.3!
[b] Calculated bond dissociation energies of the Ae-C bonds
(MP2).B7 [c] Calculated structural data (MP2).3¢ [d] Be-C-H an-
gle. [e] Taken from ref.3!] with fixed C-H bond length. [f] Taken
from ref.38 [g] Taken from ref.*?! [h] Taken from ref.?°! with fixed
C-H bond length. [i] Taken from ref.?8! with fixed C-H distance.

The reaction of Mg* and Ca* with the phenyl radical
(vielding normal-valent PhAe*) was also studied with
quantum chemical methods. If the unpaired spins on Ae*
and the phenyl radical are opposed, the formation of an
Ae-C o-bond is favoured, leading to closed-shell adducts
(singlet state) with Mg-C and Ca-C binding energies of
227.4 and 256.6 kJmol™!, respectively (B3LYP/6-311+G**).
In the case of aligned spins, the m-complex (giving a triplet-
state adduct) is lower in energy.[*}] The tendency of Ae* and
Ae®* cations to form strong m-complexes with arenes will
be discussed in section 4.

Stabilization by coordination of these molecules leads to
stable adducts if the coligand is able to overtake an electron
to form a radical anion. Thus, the reaction of diphenylmag-
nesium with 2,2'-bipyridine (bpy) leads to the elimination
of a phenyl radical and to the formation of radical [(bpy)-
MgPh] [Equation (1)], which can be understood as an ad-
duct of bpy to Ph-Mg. The chelate base is easily reduced,
yielding a radical anion. Kaim investigated a number of bpy
complexes and noticed that alkali metal complexes [(bpy)-
A] are mainly ionic, which leads to weak interactions be-
tween A and bpy ', whereas the covalent character of com-
plexes [(bpy)MPh] increases in the order Mg < Zn < Be.*4
The reaction of phenylmagnesium bromide with 2,2"-bipyr-
idine in THF in the presence of nickel(II) salts affords black
[(bpy)(thf)MgBr].+*]
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3.2 Small Molecules with Ae—Ae Bonds (n = 2)

The [Ae,]>* cation represents the simplest case of Ae—Ae
bond formation; similar cations are well-known for [Hg,]**
and even for [(L);Zn-Zn(L);]>*, where L is the neutral
Lewis base 4-dimethylaminopyridine (dmap).[®! The dinu-
clear cation with subvalent magnesium is known from sev-
eral ternary hydrides, such as MgyIrHs (Mg-Mg 275.4
pm)#7 and Mgz;RuH; (Mg-Mg 303.4 pm),“8l and from
magnesium boride “MgB,” (Mg-Mg 308.3 pm) in which
the boron atoms form a graphite-like layer structure.*!

The reaction of magnesium vapour, generated from
MgB, at 700 °C, with HCI yields MgCl, its dimer and
MgCl,, which were condensed with an excess amount of an
inert gas (Ar, N,) on a Cu surface at 10 K. From Raman
and IR spectroscopic investigations and from quantum
chemical calculations Mg-Cl distances of 223.2 and
221.0 pm were obtained for MgCl and linear CIMg-MgCl
(Mg-Mg 276.6 pm,P% 279.7 pmP!), respectively. The Mg—
Mg binding energy of 197 kJmol~! was also supported by
ab initio calculations.®® Even though the disproportiona-
tion into MgCl, and Mg is endothermic by +55.2 kJmol™!
(which is in agreement with earlier investigationst?),
Mg,Cl, disproportionates spontaneously with formation of
magnesium metal and MgCl, during warm-up of the noble
gas matrix.’% The reason for this disproportionation insta-
bility is the atomization energy (see Table 1), which is liber-
ated during metal precipitation.

The reaction of laser-ablated magnesium atoms with hy-
drogen yields a mixture of magnesium hydrides including
MgH, MgH,, Mg,H,, Mg,H; and Mg,H,.5334 Even the
insertion of Mg atoms into MgH, to yield H-Mg-Mg-H is
exothermic by 12kJmol !53] Insertion of magnesium
atoms into Grignard reagents Me-Mg—X is also exothermic
by 28 kJmol!.5¢1 All these reaction enthalpies have much
smaller values than the atomization energy of magnesium,
which has to be invested in all reactions.

In Table 3 selected data of alkaline earth metal(I) mole-
cules of the type R—Ae—Ae-R are summarized. The Ae-Ae
distances resemble the increasing size of the alkaline earth
metal atoms. The bond dissociation energies (BE) decrease
from Be to Mg and finally to Ca. Due to the fact that the
atomization energy (AE) of calcium is larger than that of
magnesium makes it even more difficult to prepare cal-
cium(I)—calcium(I) bonds. In Table 3 parameters of 2,6-
Ph,H;C4sCa-Ca-CgH3-2,6-Ph, are listed. This molecule
with a Ca-Ca bond (Figure3) is more stable by
14.5kJmol ! than the corresponding diaryl calcium and a
calcium atom.[®®! The tendency of the heavier alkaline earth
metals to form rather strong bonds to side-on-bound arenes
202

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(which will be discussed in section 4) leads to other dimers
with bridging phenyl substituents. The Ca—Ca bond dissoci-
ation energy of HsC¢—Ca—Ca—CgHs is 190.6 kJmol™!' (Ca—
Ca 386.7 pm); however, the dimer [Ca(pu-n',n%C¢Hs)], with
bridging phenyl groups (Figure 4) is energetically even more
favoured by 21.6 kJmol ! according to MP2/TZVP calcula-
tions as a result of rather strong interactions between the
calcium atoms and the phenyl n-systems.[®¥]

Table 3. Selected parameters of compounds of the type R—Ae-Ae—
R based on quantum chemical investigations.

R-Ae-Ae-R Be Mg Ca Method Ref.

H-Ae-Ae-H

Ae-Ae /pm 209.8 2884 384.7 BP86/TZ2P [57)
211.3 2884 379.7 BP86 158]
209.5 2862 3794 B3LYP 158]

Wiberg bond index  0.684 0.586 0.726 B3LYP 158]

NLMO/NPA bond

order 0.898 0.741 0914 B3LYP 58]

BE /kJmol ! 297.7 190.4 G3 159

Cl-Ae-Ae-Cl

Ae-Ae /pm 2059 278.8 3.714 BP86 58]
2047 2772 3717 B3LYP 58]

276.6 B3LYP/DZP [50.51]

Wiberg bond index ~ 0.850 0.818 0.921 B3LYP 58]

NLMO/NPA bond

order 0.920 0.901 0.958 B3LYP 58]

BE /kJmol™! -198.2 B3LYP/DZP (50,511

Cp-Ae-Ae-Cp

Ae-Ae /pm 207.7 2809 396.1 BP86/TZ2P 1571
206.6 278.6 3734 BP86 58]
2.057 2716 3740 B3LYP 58]

276.3 B3LYP/DZP (30,511

Wiberg bond index ~ 0.926 0912 0.934 B3LYP 58]

NLMO/NPA bond

order 0996 0.957 0.958 B3LYP 58]

BE /kJmol ! 200.6 B3LYP/DZP (30.51]

Ph2H3CfAe*Ae*C6H3Ph2

Ae-Ae /pm 283.878.3 BP86/RI/TZVP 160]

BE /kJmol™! 1754154 BP86/RI/TZVP (601

The structures of the diphenyl dialkaline earth metal(T)
compounds HsCgs-Ae-Ae-CgHs were investigated theore-
tically. Here we supplement our previous theoretical stud-
iesl® of Ca'-Ca' and Mg'-Mg' bonds by a systematic com-
parison comprising also the other alkaline earth metals.[!33]
BP86/RI/TZVPP structure optimization of these clusters in
their singlet states shows that all alkaline earth metals form
stable homodinuclear metal-metal bonds (Table 4). The
HOMOs of the corresponding metal-metal-bonded com-
plexes as well as the structure of diphenyldibarium(I) are
depicted in Figures 5 and 6, respectively.

While the lighter elements beryllium, magnesium and
calcium feature linear structures, the homologous strontium
and barium derivatives show trans bent arrangements,
which can be regarded as a characteristic property of these
metals {See the literature for detailed discussions of bent
structures of molecules with d° metals;(®!l in particular, con-
cepts of metal d orbital participation and importance of
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Figure 3. Energetically most favoured calculated structure of steri-
cally shielded [2,6-Ph,H;C¢-Ca—Ca—CgH;-2,6-Ph,Jl%  (central
atoms: Ca, dark grey: C, light grey: H).

Figure 4. The energetically most favoured isomer of dimeric phen-
ylcalcium [Ca(p-n',n%Ph)], (based on MP2/TZVP calculations)’]
(central atoms: Ca, dark grey: C, light grey: H).

Table 4. Selected parameters of compounds of the type [HsCy—
Ace], based on quantum chemical investigations (BP86/TZVPP, sin-
glet, C;: ipso-carbon atom, BE: binding energy of the Ae-Ae
bond).[33]

Metal  Ae-Ae/pm Ae-C;/pm Ae-Ae-C;/° BE /kImol!
Be 209.5 169.1 177.7 286

Mg 287.0 210.8 178.9 167

Ca 380.6 245.9 179.0 89

Sr 412.1 248.6 138.1 70

Ba 453.7 263.6 116.8

metal (n — 1)d orbitals vs. np orbitals,[*? and core polariza-
tion effects!®3! are discussed. A pseudopotential approach
like the one used here for strontium and barium describes
according to Kaupp et al.l®¥ linear CaH, and bent SrH, as
well as BaH,, whereas Gillespie et al.[®] predicted a bent
CaH, molecule. According to ab initio methods CaH,
should be bent with a very small linearization barrier of the
molecule,!®® and examinations of relativistic effects led to
linear CaH,, whereas SrH, and BaH, are bent.[67]}

The reaction for the general formation of HsCs—Ae—Ae—
C¢Hs by dimerization of HsCs—Ae [Equation (2)] is very
exothermic for the beryllium derivative (—286 kJmol !) and
less exothermic for Mg-Mg (-167 kJmol™') and Ca—Ca
bond formation (-89 kJmol™!). The Sr-Sr binding energy
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Figure 5. Representation of the highest occupied molecular orbitals

(HOMO:s) of (HsCs)Ae—Ae(CgHs) with metal-metal o-bonding in-
teractions (BP86/TZVPP, singlet).[33]

Figure 6. Energetically most favoured calculated structure of
[(C¢Hs)Ba], (BPS6/RI/TZVPP, singlet).[133]

(=70 kJmol!) is almost identical to that of the Ca—Ca
bond. Only the dimerization of phenylbarium is an endo-
thermic process by +93 kJmol'. If, however, the triplet
state of diphenyldibarium(I) HsCs—Ba—Ba—C¢Hjs is consid-
ered, this structure turns out to be thermoneutral relative
to the two singlet fragments; that is, triplet HsCs—Ba—Ba—
C¢Hs is more stable than the singlet species by —93 kJmol™'.

2HsCs-Ae — HsCysAe-AeCsHs )

This picture changes only slightly if we define the forma-
tion reaction as an insertion of the corresponding alkaline
earth metal Ae in a diphenyl alkaline earth metal(Il) com-
pound according to Equation (3): Now, the formation of
the diberyllium(I) compound H;CsBe-Be-C¢Hs is fav-
oured by —137 kJmol ™!, the formation of the homologous
magnesium compound only by —25 kJmol !, which is sim-
ilar to that of the strontium compound (-22 kJmol!). Di-
phenyldicalcium(I) HsCs—Ca—Ca—CgHs is more stable than
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diphenylcalcium(II) Ca(C¢Hs), and Ca by —48 kImol™!.
The reaction of barium with diphenylbarium is still endo-
thermic by +118 kJmol .

(HsCg-)rAe + Ae — HsCe—Ae—-Ae—CsHs 3)

3.3 Stable Molecules R—Ae-Ae-R

The chemical similarities between the elements of group
2 (d° metals) and group 12 (d'® metals) originate from the
oxidation states +2 and the lack of redox activity in com-
mon inorganic and organometallic chemistry, because com-
pletely filled d shells exhibit neither acceptor nor donor
character. Due to this fact, a brief discussion of the chemis-
try of subvalent metals of the zinc group is included.

For a long time, only salt-like species containing [Hg,]**
units (e.g. calomel, Hg,Cl,) and the rare example of
[Cd,J** in Cd5[AICL,], (C1-Cd-Cd-Cl stabilized with AICls
by formation of the Lewis adduct, AICl,") were known.*]
The surprising synthesis [Equation (4)] of stable deca-
methyldizincocene [Cp*Zn—ZnCp*] (Cp* = 1°-CsMes) with
a Zn-Zn bond by Carmona and co-workers®®! in 2004 re-
newed the interest in molecular compounds featuring
metal-metal bonds between group 12 metals (Figure 7).

5 THF, 20°C Zn
[Zn(n>-CsMes),] + ZnCl, + 2KH ———> | S .
-2KCl Zn

“

Figure 7. Molecular structure of [(1°-CsMes)Zn],/%®! (dark grey:
Zn, light grey: C; H atoms omitted for clarity).
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A variety of sterically demanding and/or chelating li-
gands R were employed for kinetic stabilization of the
metal-metal bonds in homoleptic R-M-M-R complexes
and are presented in Figure 8. Reduction of the nucleophi-
licity of the carbanionic ligands by extensive delocalization
of the negative charge supports the kinetic protection by
suppressing the disproportionation process into M° and
M™ compounds (M = Zn). Cp derivatives (R = n°-
CsMes, %81 1>-CsMe,Etl®), substituted B-diketiminate
species (nacnac) {R = [(2,6-iPr,C¢H3)N(Me)C],CHI"
(dippnacnac), [{(2,4,6-Me;CsH,)N(Me)C},CH] 7! (mes-
nacnac)}, o-diimine ligands {R = 1,2-bis[(diisopropyl-
phenyl)iminoJacenaphthenel’?! (dpp-bian), [(2,6-iPr,CcHj)-
N(Me)C], 131y and diamido ligands (R = Me,Si[N-(2,6-
iPr,C¢H3)L,I"4) are shown.

©
Aryl—| gl e —l o
N Rn

olra I

N —
Aryl Aryl
cyclopentadienide

B-diketiminate (nacnac) m-terphenyl

Aryl = 2,6-iPr,CgH3 (dippnacnac) R =Me (n=5) (Cp*
Aryl' = 2,4,6-Me;CgH, (mesnacnac) R=Me(n=4), Et(n=1)

Aryl—| 2© Twl—l ©
%, Ny < Y
Si RaN C
N\ w
| |
/!\ryl Al
bis(aza) donor guanidinate

Aryl = 2,6-Pr,CgH3; R = iPr (priso)
Aryl = 2,6-Pr,CgH3; R = cHex (giso)

Tryl—l o Awl—l 20/ e0©
(k- T
O N\ ) )
Aryl Aryl
a-diimine
Aryl = 2,6-iPr,CgH3 (dpp-bian) R =H; Me

Figure 8. Ligands of structurally characterized complexes contain-
ing discrete homodinuclear metal-metal bonds (Aryl = 2,6-
iPr2C6H3).

Organometallic homodinuclear complexes of the zinc
triad containing M—C bonds were prepared by the Power
group for M = Zn, Cd and Hg with m-terphenyl ligands [R
= CeH;3-2,6-(C4H3-2,6-iPr,),]7>7¢ shown in Equation (5)
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and Figure 9. In addition to the neutral species, anionic
complexes of the type [R-Zn-Zn-R]*>~ with a doubly re-
duced o-diimine ligand [(2,6-iPr,CcH3)N(Me)CJ, 77781 are
also characterized. Investigation of the substitution pattern
of the N-phenyl ring in the 2,6-position with respect to
complex stability indicates that isopropyl groups are essen-
tial for the stabilization of the Zn-Zn bond. Less bulky
methyl groups in [(2,6-Me,CsH3;)N(Me)C], and ethyl
groups in [(2,6-Et,CsH3)N(Me)C], yield mononuclear zinc
complexes of the type ZnR,.[”®! Recent studies by the
groups of Schulz and Krossing demonstrate another pos-
sibility for the stabilization of the dinuclear cation [Zn,]**
by coordination of the strong Lewis base dmap (4-dimethyl-
aminopyridine) leading to [(dmap);Zn—Zn(dmap);]>*.[46]

@ O Ar—-Zn-Zn-Ar
/ \ we!

Ar- Ar

W

/
7KN Ar—Cd-Cd-Ar

KCg / Et,0
— =

Ar-Hg-1 Ar—-Hg-Hg-Ar

Ar = CgH3-2,6-(CgH3-2,6-iPrp), )

Figure 9. Molecular structure of [{CgH;3-2,6(CsHs-2,6-iPr>),}-
Cd],!"® (central atoms: Cd, grey: C; H atoms omitted for clarity).

These contributions in the chemistry of zinc and cad-
mium as well as sophisticated synthetic strategies initiated
the research on subvalent alkaline earth metal complexes.
The breakthrough in the chemistry of monovalent alkaline
earth metal chemistry was achieved by Green et al.,[”” who
performed the synthesis and full characterization of the first

AryI Aryl

European Journal

Eur|IC
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stable molecular homodinuclear Mg! compounds.® Re-
duction of the organylmagnesium iodides [(priso)Mg(p-I),-
Mg(OEt,)(priso)] {priso = 2-diisopropyl-1,3-bis(2,6-diiso-
propylphenyl)guanidinate} and [(nacnac)Mgl(OEt,)] with
an excess amount of potassium in toluene led to colourless
[(priso)Mg], A [Equation (6)] and yellow [(nacnac)Mg], B

[Equation (7)].
ll\ryl Tryl Tryl
N N
C \ / K/ toluene ( //”’», y“\\\ )
2 / Mg—Mg
OEt2 T \T
Aryl Anyl Aryl

Aryl = CgH3-2,6-iPr,

@)

Both compounds A and B are sensitive toward moisture
and air and show an unexpected high thermal capacity, B
being stable up to 300 °C and sublimeable at 230 °C
(10 Torr). The Mg-Mg distances in A and B are
285.08(12) and 284.57(8) pm, respectively. These values
agree well with calculated metal-metal distances for R—-Mg—
Mg-R with R = n>-CsHs (280.9 pml®7), C¢H;-2,6-Ph,
(283.8 pml®®), F (284.1 pm®2) and H (288.4 pmP7)). In
comparison to elemental magnesium (320 pm), the dis-
tances are shortened and they are larger than the sum of
the covalent radii (272 pm) of the two corresponding
atoms.®") An important feature was the exclusion of
bridged hydrides forming a Mg(u-H),Mg unit and giving
Mg compounds, because a comparable structural frag-
ment was already found in [(nacnac)Ca(thf)(p-H)],1%83 by
Harder and co-workers. The multitude of the observations
support the absence of hydride ions: (i) In NMR spectra no
hydride species are present. (ii) Compound B is iso-
structural to the zinc complex [(nacnac)Zn],,’” and the
metallacycles C3N,Mg are in a nearly orthogonal orienta-
tion to each other, whereas in a hydrido complex a coplanar
arrangement was expected. (iii) X-ray diffraction studies re-
veal no significant residual electron density that would hint
at two hydride ions. (iv) High-resolution mass spectra al-
lowed the identification of the molecular ions correspond-
ing to the predicted constitution. Investigation of the bond-
ing situations by NBO analysis suggests a high s-character
of the covalent Mg-Mg bond. The bonds between the mag-
nesium atoms and the anionic bidentate aza bases are of
largely ionic nature, and for this reason the homodinuclear

Aryl Aryl

/Per—<C \Mg<> <)}N/Pr2 Ll LS Per—<C Mg—Mg )%N/Prz

Aryl Aryl
Aryl = C6H3-2,6-iPr2
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molecules can be regarded as [Mg,]*" stabilized by anionic
units,7%-%4 in accordance with the [Zn,]** moiety!*®) and the
R-Mg-Mg-R model systems.[® Formation of stable Lewis
adducts of B with redox-inert Lewis bases is shown in
Equation (8) and Figure 10.3%

Aryl Aryl Aryl Aryl
| | |+ |
Mg—Mg ) — ( Mg—Mg >
/ \T T/ T\T
Aryl Ar Aryl Anyl

Aryl = CgHg-2,6-iPr, L = THF, dioxane, DMAP, tBuPy

®)

These complexes are surprisingly stable towards dispro-
portionation processes, and under vacuum the ether com-
plexes are regenerated by loss of the weakly coordinated
THF or Dx (1,4-dioxane) ligands, respectively. In all cases
the Lewis bases are coordinated at both metal centres. In
contrast to this observation, bis[organozinc(I)] forms a ge-
minal bis(Lewis base) adduct as found for the addition reac-
tion of [(M°>-MesCs)Zn], with dmap, leading to [(n>-MesCs)-
Zn-Zn(dmap),(n>-CsMes)].B Interestingly B shows no
tendency to coordinate bidentate chelate ligands such as
1,2-dimethoxyethane (dme), 1,2-bis(dimethylamino)ethane
(tmeda) or quinuclidine. Structural investigations of the ad-
ducts show the reorientation of the (nacnac)Mg metalla-
cycles from an initial orthogonal orientation to a coplanar
orientation to each other. The Mg-Mg distances (Table 5)
are elongated by 7.4% in the THF complex and by 12.3%
in the dmap complex relative to B. The value of the elong-
ation of the metal-metal bond correlates to the strength of
the Lewis basicity and its steric demand. The Mg—donor
distances are significantly longer in all cases than those ob-
served for tetrahedrally coordinated Mg™ ions.

Hydrogenation reactions of B with dihydrogen at ele-
vated temperatures (80 °C) or under UV light irradiation
do not lead to the formation of the expected p-hydrido
complex [(nacnac)Mg(u-H)],, whereas DFT calculations

Figure 10. Molecular structure of [(dmap)(nacnac)Mg],®%! (grey: C,
turquoise: Mg, blue: N; H atoms omitted for clarity).

predict that the Mg-Mg bond should undergo hydrogena-
tion reactions to yield hydrido bridges by formation of the
thermodynamically more stable product, because the 3c—2e
bond in the {Mg(u-H),Mg"} unit is much stronger than
the 2c—2e binding mode in the Mg'-Mg' bond.®”! Accord-
ing to a procedure as employed for the synthesis of [(nac-
nac)Ca(thf)(u-H)],8>831 by treatment of [(nacnac)Mg(nBu)]
with phenylsilane (HsC4¢SiH3) in hexane, colourless [(nac-
nac)Mg(pu-H)], was prepared. Treatment with THF led to
the Lewis base adduct [(thf)(nacnac)Mg(u-H)J,.®1 When
THF adducts [(thf)(nacnac)Mg(u-H)], and B(thf) are com-
pared, the latter shows a significantly longer Mg—O(thf)
bond, which can be caused by a weaker attraction between
the base and the softer Mg' Lewis acid, whereas Mg'! is
notably harder. Reduction of unsaturated compounds such

Table 5. Comparison of selected bond lengths and angles of homodinuclear magnesium complexes.

Compound Mg-Mg /pm Mg—N(mean) /pm N-Mg-N /° Meg—Xgonor /pm
[(nacnac)Mg],l"*! 284.57(8) 206.0 91.78(5)

[(priso)Mg],[ 7! 285.08(12) 207.36(10) 65.54(5)

[(o-diimin)Mg],> [0 293.70(18) 204.7 138.61(8)

[(thf)(nacnac)Mg],#! 305.60(12) 2159 87.08(5) 217.33(13)
[(dx)(nacnac)Mg],!*! 314.99(18) 215.2 87.79(8) 224.38(18)
[(dmap)(nacnac)Mg],!*! 319.62(14) 217.8 86.11(6) 223.53(18)
[(1BuPy)(nacnac)Mg],[*! 312.60(15) 216.2 86.30(7) 222.87(18)
[(nacnac)Mg(p-H)[,%! 289.0(2) 206.4 93.14(9)

[(thf)(nacnac)Mg(p-H)],3 303.32(18) 214.3 93.14(9) 209.96(16)
[(n>-CsHs)Mg],*7 280.9

[(C¢H3-2,6-Ph,)Mg],10 283.8

[FMg],P? 284.1

[HMg],7 288.4
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as l-adamantylazide, azobenzene and diisopropylcarbodii-
mide led to the corresponding hydromagnesiation products.
The reactivity is identical to that of the transition metal
complex [{HC(tBuCNAr),}Fe(p-H)J,.38

Notwithstanding the steric protection (like encapsulation
in a protecting cage) and kinetic stabilization towards dis-
proportionation of the Mg-Mg bond by several types of
strongly coordinating bulky ligands, the two magnesium(I)
centres in the homodinuclear unit are able to act as a facile
and selective two-center/two-electron reductant. Treatment
of B with dicyclohexylcarbodiimide (CyNCNCy) led to the
formation of an unusual magnesium magnesioamidinate
[(nacnac)Mg{(NCy),C}Mg(nacnac)]”! [Equation (9)],
whereas the THF adduct B(thf) shows no similar reactiv-
ity This fact underlies that the first step of the reduction
is a precoordination of the carbodiimide on a Mg! centre,
which is blocked in B(thf) by solvent ligation. Unsaturated
substrates such as azobenzene (Ph-N=N-Ph) or 1,3,5,7-cy-
clooctatetraene (cot) gave the corresponding doubly re-
duced products, whereas tert-butylisocyanate (tBuNCO) or
l-adamantyl azide (AdNj3) led to reductive C—C and N-N
coupling reactions (Figure 11).397 The reaction of B with
the azide generated an unusual bis(magnesium)hexazenedi-
ide complex [Equation (9)], which shows an unexpected
thermal stability (Figure 12).

Analogous to the stabilization of Zn-Zn bonds by dou-
bly reduced a-diimine ligands,'””-7® a one-pot synthesis by
using a mixture of the ligand and magnesium dichloride
with an excess amount of potassium in THF led to the for-

European Journal
of Inorganic Chemistry

Figure 11. Molecular structure of the bis(magnesium)-p-nZ-cot
complex® (grey: C, turquoise: Mg, blue: N, red: O; H atoms omit-
ted for clarity).

mation of [(thf);K{(2,6-iPr,CsH3)N(Me)C}Mg], [Equa-
tion (10)] by reduction of the initial divalent Mg to
Mg! %] Interestingly, on the one hand, the use of an excess
amount of potassium does not lead to the reduction of the
[Mg,]** unit to Mg® by formation of the corresponding po-
tassium a-diiminate complex. On the other hand, B-diket-

}I\ryl Cy Aryl
|
N, N
C ;Mg << /Mé\ >
LT
CyNCNCy Aryl Gy Al
toluene
Tryl Tryl fl\ryl
N . M. .

il S 2O 7
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N
K (excess)
—_—
X MgCl, / THF
N

Figure 12. Molecular structure of the bis(magnesium)-p-n3-hexa-
azadiendiide complex!® (grey: C, turquoise: Mg, blue: N; H atoms
omitted for clarity).

iminate complex B forms stable Lewis adducts with THF,
whereas a synthesis in THF did not lead to complexation
of the Lewis base in the case of the o-diimine ligand. The
crystal structure shows a nearly coplanar arrangement of
the metallacycles and the Mg-Mg bond [293.70(18) pm] is
slightly longer than that in A and B but shorter than those
in the corresponding adducts (Table 4). NBO analysis of the
Mg-Mg bond yields 44.8% 3s and 55% 2p character,
whereas in A 93.2% s character was observed. In the a-
diimine complex, a five-membered metallacycle is formed
and bridges the gap between the four-membered ring in A
and the six-membered ring in B. A mononuclear Mg!! spe-
cies, [(thf)sMg{(2,4,6-Me;CsH,)N(Me)C},], formed by the
reduction of the PB-diketiminate ligand with magnesium
metal.°!]

4 Stabilization of Ae! Compounds by Extended
n-Systems

In an earlier section we have seen that ligands with ex-
tended m-systems such as 2,2’-bipyridine are able to accept
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electrons by forming a radical anion as in the 6 complex
[(bpy)MgR]. It was also noted earlier that the heavier alka-
line earth metals and their cations are in the position to
form quite strong interactions to side-on-bound arenes.
This kind of interactions attracted much attention when it
was found that the graphite intercalation compound CaCyg
shows superconductivity at rather high tempera-
tures.??2-92¢.931 Quantum chemical investigations show that
significant participation of d states at calcium is essential
for understanding the chemical bonding reflecting the ten-
dency of the calcium atoms in CaCgq to behave more as sd
metals rather than s or sp metals.”?! In addition, the expla-
nation of the structure of elemental calcium affords occupa-
tion of d states.’4

The wide field of endohedral complexes of alkaline earth
metal inclusion in fullerenes (forming fullerides such as, for
example, Ae@Cgp, AeCqr, Ae@C7s, Ae@Csyy, Ae@Cg, and
Ae@Cg,) will not be discussed in this review, even though
only a partial electron transfer from Ae to the fullerene oc-
curs (see, e.g., ref.P3%]) The interaction of electropositive
metals with fullerenes and carbon nanotubes is quite com-
plex, and we will limit this review to investigations of
smaller arenes with alkaline earth metals.

4.1 Interaction of Ae™ with Monocyclic Arenes

The alkaline earth metal cations form rather strong
bonds with m-systems of arenes, and these interactions
reach roughly half the value of an Ae-C o-bond.[*”] The
strength of a bond between an alkaline earth metal cation
and the m-system of an arene strongly depends on the
charge on the metal (Ae’, Ae* or Ae®"), on the
counteranion in case of cationic metals and on the substitu-
tion pattern of the arene.

Bond energies and distances between alkaline earth met-
als and m-systems of arenes are summarized in Table 6. The
interactions of benzene and naphthalene with neutral cal-
cium atoms are weak, thus leading to rather large metal-
arene distances. For the complex of calcium with peri-
naphthalene, the situation is different: The bond energy is
much larger, and the distance between the calcium atom
and the arene is much smaller.”””l Whereas the calcium atom
remains neutral in complexes with benzene and naphtha-
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lene, a charge of +0.98 for calcium was calculated for the
perinaphthalene adduct [according to the NBO method
based on MP2/6-31G(d,p) calculations] thus forming a sub-
valent complex. The bond energies between Ae* and ben-
zene or mesitylene decrease with the size of the metal atom
with slightly larger values for the mesitylene complexes. The
distances between Ca* and benzene are much smaller than
those calculated for neutral calcium. With increasing charge
at the metal atom, the binding energies increase as well,
because of an enhanced electrostatic attraction between
Ae?* and the arene m-systems. If a second anion is included
in these calculations, the binding energies drop to less than
half the value. As expected the bond lengths increase if fur-
ther metal-bound anions are included in the theoretical in-
vestigations. Coordination of water molecules to Ae>* also
leads to a reduction of the Ae*"—arene binding energies in
complexes of the type [(H,0),Ae(n’-C¢Hg)>*.['% For
[(H,0),Mg(n°-CcHg)** with n = 1 a value of 490.9 kJmol !
was calculated, additional water molecules lead to further
reduction of the Mg-benzene binding energies (n = 2, 3, 4:
405.5, 309.8 and 228.5kJmol"). For [(H,0),Ca(n®-
Ce¢Hg)?* comparable trends were calculated (331.1, 273.4,
224.7 and 173.2 kJmol™! for n = 1, 2, 3 and 4, respectively.
In all these compounds, the interactions between the alka-
line earth metal cation and the arene are mainly ionic, with
only small covalent contributions.!'?%

Another aspect concerns the binding of benzene in com-
parison to other Lewis bases. The benzene complexes of the
cations Mg* and Ca™ show binding energies of 129.7 and
111.2 kJmol! (Table 4). These values are only slightly
lower than the binding energies to rather strong Lewis bases
such as ammonia (Mg*: 157.9, Ca™: 134.6 kJmol!) and
water (Mg*: 131.5, Ca™: 119.9 kJmol!). The binding ener-
gies to ethyne (Mg*: 75.0, Ca*: 58.1 kJmol™!) and ethylene
(Mg*: 56.2, Ca™: 56.2 kJmol™!) are calculated to be roughly
half the values determined for the benzene complexes.

Kang investigated sandwich complexes of calcium(0)
with benzene and borazine ligands.['% For the exothermic
reaction of calcium atoms with two benzene molecules, a
reaction enthalpy of —134.1 kJmol ! was calculated. In this
sandwich complex the benzene molecules are coplanar with
distances of 226.5 pm between the metal atom and the
centres of the arenes. The calcium atom has an atomic
charge of +1.592 based on NBO analysis of B3LYP/6-
31G(d) calculations. Furthermore, the bonding involves d
orbitals at the calcium atom. In the isoelectronic borazine
complex of calcium, the planes of the borazine ligands in-
clude an angle of 75° with distances to the calcium atom of
219.4 pm, thus forming a bent sandwich structure. The
charge on the calcium atom increases to a value of +1.843.
In both complexes, the ligands form radical anions with
charges —0.796 and —0.922 for the benzene and borazine
ligands, respectively.[1%6]

In the [Ca,(benzene)] complex, the calcium atoms are lo-
cated at the same side of the ring with a Ca—Ca distance of
346.3 pm and a charge of +0.526 on each metal atom.”®!
This bonding leads to a strong C-C bond elongation and
to a break-up of the planarity of the C4 ring (dihedral C—
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Table 6. Bond energies (BA) and distances between alkaline earth
metals and side-on-bound arenes in compounds of the type [(n°-
arene)Ae]"* (X is the centroid of the arene).

Ae Arene BE /kJmol!' Ae-X /pm Method Ref.
Ae®

Ca benzene 1.30 5001 B3LYP 7
Ca benzene 328 378.5 B3LYP D8l
Ca naphthalene 0.38 5401 B3LYP 7
Ca perinaphthalene  8.00 2508 B3LYP 7
Aet

Mg* benzene 155.2 232 VTST®!H [100]
Mg* benzene 129.7 232.5 B3LYP I
Ca* benzene 111.2 263.6 B3LYP I
Ca* mesitylene 135.0 VTST®!H [100]
Sr* mesitylene 115.7 VTST®! [100]
Ae**

Be?* benzene 995.6 129.0 B3LYP [01
Be?t benzene 895.1 127.7 MP2 [0z
(BeH)*" benzene 361.7 146.5 MP2 [0z
(BeCH;)*  benzene 321.1 149.8 MP2 [0z
(BeCl)* benzene 365.1 147.8 MP2 [0z
Be** mesitylene 1138.0 127.8 B3LYP [03]
Be?* aniline 1073.2 B3LYP [103]
Mgt benzene 524.2 194.7 B3LYP [104
Mg benzene 4547 196.0 MP2 (102
Mg** mesitylene 621.3 192.0 B3LYP [01
Mg** aniline 578.7 B3LYP [03]
(MgH)"  benzene 198.5 212.9 MP2 [102]
(MgCH5)*"  benzene 177.1 215.1 MP2 [102]
(MgCl)*  benzene 2324 207.2 MP2 (102
Ca®* benzene 309.0 2472 MP2 (o2
Ca’* aniline 405.2 B3LYp [0
(CaH)* benzene 141.9 261.0 MP2 [102]
(CaCH;)*  benzene 133.1 262.2 MP2 [102]
(CaCl)*  benzene 160.4 255.1 MP2 (o2
SrCl benzene 151.3 VTST®! [100]
SrCl mesitylene 163.9 VTST®! [100]

[a] Estimated from a diagram given in ref.[*”) [b] Variational transi-
tion state theory VTST; VtSt-derived binding energies show an un-
certainty of approximately *+15%.

C=C-C angle of 40.0°). The Ca atoms are bound to the
1,4-positions of the arene, the shortest Ca—C bond lengths
being 265.2 pm.P’1

The normal-valent alkaline earth metal ions Ae?* are iso-
valent with the triply charged ions of the scandium group.
For this reason, the existence of subvalent compounds of
group 3 is an important feature for studies of structure—
property relationships between both groups. In the case of
scandium Sc'' (= Ae!l), two subvalent forms are known:
Sc!! (= Ae') and Sc! (= Ae®).l'7] Co-condensation of scan-
dium vapour in the presence of 1,3,5-tBusCgHj3 led to the
formation of substituted bis(n®-benzene)scandium(0), and,
by transformation, involving insertion, of a corresponding
scandium(I) compound [Equation (11)].'%81 A formally
monovalent scandium(]) as a triple decker with [(n>-arene)-
Sc(p,nb-arene)Sc(n’-arene)] arrangement is obtained by co-
condensation of scandium vapour with zerz-butylphospha-
ethyne under cyclization of the phosphaalkyne.['%]
209
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4.2 Inverse Sandwich [(thf);Ca(p-1°,n°-CsH3Phs)Ca(thf);]

Reduction of annulated benzene systems with alkaline
earth metals led in all known cases to the formation of di-
valent metal ions Ae’>* and reduced negatively charged ar-
enes. Bogdanovi¢ and co-workerst!!'%!1!1] gtudied the re-
duction of anthracene (C4H;q) with alkaline earth metals
for activation purposes of the corresponding metals by ther-
mal decomposition (in some cases room temperature is suf-
ficient) of the generated complexes.['!?! The direct synthesis
of the heavier alkaline earth metals with anthracene in THF
yields the corresponding singly or doubly reduced anthra-
cene complexes: [(thf)sMg(Ci4H,o)], [(thf)sCa(Cy4Hi)],
[(thD)sCa(Ci4H0)o],  [(thD),Sr(Ci4Hyp)] and  [(thf)Ba-
(C14H,()].l'131 Mechanistic studies by Lindow et al. show
the localization of the electrons only in the central ring of
anthracene.[''¥ Reduction of biphenyl (C,>H;,) in liquid
ammonia with calcium generates a doubly reduced biphenyl
complex, whereas both electrons are located on one phenyl
ring.[''%! Similar products were observed by metathesis reac-
tions of bis(lithium)anthracene or bis(lithium)biphenyl,
respectively, with anhydrous calcium dibromide.l'!3] The use
of more extended m-systems such as acenaphthene and

MesC
Meﬁ@ 3 CMe2
CMe;

Me;C
@cm% @Cma
. H

Me;C Sc

CMej;

(1

guaiazulenel! 117 results in derivatives of calcocene-type
structures with Ca—(p,n’-arene) interactions. Solvent sepa-
rated ion couples [(thf)sCa][C;¢H 0]»:2Ci6H ¢ form during
the reaction of fluoranthene (C;sH;o) with potassium and
calcium diiodide in THEI'!8]

The direct synthesis of activated magnesium (Rieke mag-
nesium) with 1-bromo-2.4,6-triphenylbenzene in THF led
to the formation of the expected Grignard reagent [(thf),-
(Br)Mg-C4H,-2,4,6-Ph;] (C), whereas a reaction of an ex-
cess amount of activated calcium powder with the bromoar-
ene in THF at —60 °C yields the unexpected product [(thf);-
Ca(u-n®n°CeHsPh;)Ca(thf)s] (E) [Equation (12)].111]
These two reactions show impressively the discrepancy be-
tween the reactivity of magnesium and its heavier homol-
ogue calcium.l'?%1211" Solutions of E show pronounced
thermochromic and solvatochromic behaviour, and in the
solid state E crystallizes as black, strongly opalescent and
pyrophoric cubes, which are extremely sensitive toward
moisture and air.

An important feature of the characterization of complex
E was the verification of the absence of hydride ions or
anions other than [1,3,5-C¢H;3-Ph;]> by several methods

thf,
Ca—thf
thf”
Ph <=—>
Ca*/ THF
2 <>
PhgceHzBr (cat.)
Ph Q Ca*/ THF
_thf
thf—Ca
“thf
E
Ph Ph ether cleavage
Ca*/ THF !t,r,].ft hf (cycloreversion) //—o\
Ph Br —m Ph Ca—thf Ca(thf),, e —— Ca(thf),
60°C : o H,C=CH, i
Br Br Br
Ph Ph
M D a-deprotonation l
gt
(Rieke) | THF l
Ph i "
Ithf CaO + CaBr,
Ph Mg~ thf
\
Br
Ph
(o3 (12)
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and derivatization reactions for manifestation of the oxi-
dation state of calcium: (i) No hydride ions were detected
in 'TH NMR spectroscopic experiments (both in solid-state
and solution measurements) and neither H, nor HD were
detected by GC-MS techniques after hydrolysis of crystal-
line E with D,O or [D4]methanol, respectively. (ii) Vinylate
anions (originating from the necessary ether scission reac-
tion) are not detected in NMR spectroscopic experiments;
treatment of E with chlorotrimethylsilane gave no vinyl tri-
methylsilyl ether according to GC-MS experiments,
whereas a validation of the applied method with [{(thf)-
Ca(O—CH=CH,),}4CaO-Cal,]l'*? gave the corresponding
derivative. In NMR spectroscopic experiments, vinylate and
ethene are detected in stoichiometric amounts in the mother
liquor but not in solid state. (iii) The structure determi-
nation and elemental analysis confirmed the absence of bro-
mide ions. (iv) Oxide anions can be excluded by X-ray
structural analysis, and generally such kind of hard Lewis
bases are surrounded by Lewis acids forming oxygen-
centred cage compounds.

The central structural element of E (Figure 13) consists
of a strictly planar doubly reduced triphenylbenzene moiety
with two (thf);Ca' units located on a Cs-like axis on oppo-
site sides of the arene plane leading to an inverse sandwich
arrangement. The distances between Ca—Ca’ [427.9(3) pm],
Ca—C [259.2(3) pm] and between the centre of the inner ar-
ene and calcium (214 pm) are quite small and smaller than
the values calculated for interactions between benzene and
Ca* or Ca®" (see Table 6 and ref.[*3]). In comparison to the
neutral 1,3,5-triphenylbenzenel'>3! (tpb) ligand with a pro-
peller-like structure, the C—C bonds in the central arene ring
are elongated (146.4 vs. 138.7 pm, tpb) and the ring-ring
distances are shortened (143.5 vs. 148.7 pm, tpb). These re-
sults are in accordance with the presence of a doubly re-
duced bridging ligand with pronounced electron delocaliza-
tion. 1]

EPR spectroscopic investigations suggest a triplet ground
state (S = 1, two unpaired electrons delocalized over the
1,3,5-triphenylbenezene moiety resulting in an organic n-
diradical) and the presence of the high symmetry in E both
in the solid state as well as in solution. Furthermore,
susceptibility measurements and quantum chemical investi-
gations are in agreement with a triplet ground state. The
bonding situation of the homodinuclear inverse sandwich E
could be explained with occupied molecular orbitals delo-
calized from one Ca centre over the bridging arene to the
second calcium centre with notable d-type orbital contri-
bution from the metal atomic orbitals. From each calcium
atom, one electron is transferred onto the 1,3,5-tri-
phenylbenzene ligand having acceptor orbitals lying at en-
ergy levels between the first and second ionization potential
of calcium. Additional population analysis shows a doubly
negative charge distribution over the arene plane and local-
ization of positive charge on the calcium fragments, which
results in the confirmation of a charge separation such as
{Ca*(u-tpb>)Ca™}.

The use of an excess amount of magnesium metal gener-
ates only the typical Grignard compound C, and under no
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Figure 13. Molecular structure of [(thf);Ca(p-n®n®CsH;Ph;)Ca-
(th);]'*°T (central atoms: Ca, light grey: C, dark grey: O; H atoms
omitted for clarity).

circumstance was a comparable system like E observed,
whereas the post-Grignard reagent D could not be isolated
in a similar way. The enormous reactivity of organocalcium
reagents hampers in some cases the discrete isolation of the
corresponding arylcalcium halide, but a variety of substitu-
ents on the phenyl ring of the halogenoarenes are able to
stabilize this type of compounds.['2!:124-1271° A" derivative
with the structural motif of E, [(thf);Ca(I)CsHs-2,6-Tol,], is
accessible by direct synthesis of I-C4H;-2,6-Tol, with acti-
vated calcium in THF (Figure 14).1>8] Treatment of calcium
with 1-bromo-2,3,5-triphenylbenzene in THF at strictly low
temperatures in a 1:1 stoichiometry yields a pale yellow
solution of E; upon addition of more than one equivalent
of calcium, the solution turns blue immediately. This result
suggests that the first step of formation of E is the genera-
tion of the heavier Grignard reagent D by insertion of Ca
into the C~halogen bond, followed by the reduction of the
arene system by cleavage of the ether solvent. This assump-
tion is supported by the necessity of the presence of a cata-
lytic amount of 1-bromo-2.4,6-triphenylbenzene for the
synthesis of E [Equation (12)], because no reaction takes
place by treatment of 1,3,5-triphenylbenzene with activated
calcium in THE.

Formation of multihapto binding modes as inverse sand-
wich complexes are known in rare examples for stabilization
of low oxidation states of group 13 metals as [M(u,n°’-
CsMes)MJ" (M = Ga,!?] In;[139-131 note that in both cases
the metal ions interact additionally with complex anions)
and for an actinide element in the case of a toluene-bridged
diuranium(Il) complex (u,n®-PhMe)[{(1Bu)(3,5-CsH3-Me,)-
N}, UJ,.[1321 The bonding situation in the latter one is quite
different of that in the inverse calcium(I) sandwich E, be-
cause strong d-backbonding from uranium(II) into the for-
mally uncharged arene stabilizes the inverse sandwich struc-
ture.
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Figure 14. Molecular structure of [(thf);Ca(I)C¢H3-2,6-Tol,]1?%]
(central atom: Ca, light grey: C, small dark grey spheres: O, large
dark grey sphere: I; H atoms omitted for clarity).

In the case of the [Mg,]**, [Zn,]*", [Cd,]** and [Hg,]**
complexes, the corresponding metal contains formal M!'
valency, but this subvalency is only a consequence of the
homodinuclear metal-metal bonding mode and the way to
determine the formal oxidation states in multinuclear com-
pounds. The magnesium, zinc, cadmium and mercury spe-
cies possess sterically shielded diamagnetic divalent homo-
dinuclear metal centres and therefore show binding situa-
tions that are fundamentally different from the intrinsically
stable paramagnetic calcium(I) inverse sandwich complex
without a discrete metal-metal bond. This inverse sandwich
complex is characterized by a bifacial multihapto interac-
tion of the calcium atoms with the bridging arene system
without a shielding periphery of additional Lewis bases.
The subvalent calcium(I) radical species represents a strong
reducing agent combined with a rather weak Lewis basicity,
which results from pronounced electron delocalization re-
ducing the nucleophilicity. Therefore, these inverse sand-
wich complexes exhibit no tendency to cleave ethers, which
is a common feature in the chemistry of common arylcal-
cium halides. This observation is in accordance with the
stable Lewis base adducts of B.

4.3 Quantum Chemical Investigations of [Ae(u-n®n°-
C6H3Ph3)Ae]

Whereas we have studied the inverse sandwich complex
with two Cal ions in previous work,!''°! we may now investi-
gate with B97-D/TZVPP calculations the stability of the
lighter and heavier homologous derivatives of this remark-
able complex.!'33 Structure optimizations show that all
compounds (Ae = Mg, Ca, Sr and Ba) are found to form
such inverse sandwich structures with the exception of the
beryllium derivative. The beryllium system generates no
structure like an inverse sandwich complex with a linear
Be-Be arrangement comparable to the heavier alkaline
earth metals. The inverse magnesium sandwich is presented
in Figure 15.
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Figure 15. Energetically most favoured calculated structure of the
inverse sandwich complex [Mg{u-n°n’-C¢H;sPh;}Mg] (B97-D/
TZVPP, triplet).l'33]

In analogy to the inverse Ca sandwich complex, all struc-
tures are considered in their triplet state. Interestingly, the
magnesium derivative possesses an endothermic structure
that is 150 kJmol™! higher in electronic energy than two
neutral and isolated Mg atoms and an isolated arene ligand.
According to our B97-D/TZVPP calculations (Table 7),['33
only the singlet state of the inverse sandwich is energetically
favoured by 30 kJmol™! when compared to the isolated
metal atoms and the arene (these fragments are, of course,
considered in their singlet states). The heavier homologous
compounds feature energetically favoured inverse sandwich
structures. While the dinuclear calcium complex is
—64 kJmol! more stable than two isolated Ca atoms and
the 1,3,5-triphenylbenzene ligand, the strontium homologue
is stabilized by only —26 kJmol™!, while the barium system
features the largest coordination energy, namely
-92 kJmol .

Table 7. Selected parameters of compounds of the type [Ae(p-
n°n®CsHsPh;)Ae] based on quantum chemical investigations
(B97-D/TZVPP, triplet, C carbon atoms of the inner arene
ring).[133]

Metal Ae-Ae /pm Ae-C /pm
Mg 553.7 252.5/373.5
Ca 432.6 260.1

Sr 492.2 288.7

Ba 506.5 292.7

In order to further evaluate the stability of the inverse
sandwich complexes with magnesium and calcium, we may
compare these structures with isomeric complexes in which
the two metal ions are bound on the same side of the aro-
matic ligand. For the sake of simplicity, we neglect solvation
effects and consider, as before, only the unsolvated generic
structures. Although solvation effects can be expected to
stabilize the sandwich complexes, their relative stability is
likely to be little affected. All complexes are studied in their
triplet states (B97-D/TZVPP).[133]

First of all, both metals, magnesium and calcium, form
complexes (which are isomeric in their constitution to the
inverse sandwich complexes) in which both metal ions are
coordinated on the same side of the arene ligand (represen-
tation in Figures 16 and 17). With magnesium, however,
the inverse sandwich [Mg(p-n°n°CeHsPhs)Mg] is
—49.4 kJmol™! more stable than the complex having both
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Mg! ions coordinated on the same side of the ligand. In
the case of calcium, the inverse sandwich is less stable by
+19.6 kJmol !. In view of the size of the error inherent to
present-day DFT methods, the two calcium isomers may
be considered thermoneutral at this level of approximation.
However, the inverse magnesium sandwich complex shows
two significantly different magnesium-arene distances. This
fact can be interpreted in the sense that we have an arene
complex with two differently charged magnesium ions. Ac-
cording to the population analyses, the magnesium atom
that is farther away from the bridging arene ligand is also
more positively charged in this triplet state.

B97-D/RI/TZVPP, triplet
(BP86/RI/TZVPP, triplet)

307.8 pm
(296.1 pm) . Mg( ¢ L
Mg @& ("(j _ 240.7 pm
310.8 pm ) = (239.4pm)
(3153 pm) ./ \

321.7 pm
(279.9 pm)

Figure 16. Energetically most favoured calculated structure of the
complex [Mg,{C¢HsPhs}] (triplet, bond lengths with B97-D/R1/
TZVPP and, in parentheses, BPS6/R1/TZVPP).[133]

B97-D/RI/TZVPP, triplet

(B86/RI/TZVPP, triplet) 259.7 pm

(253.4 pm) s

346.0 pm
(343.9 pm)

259.2 pm

———_250.0 pm
(253.2 pm) )

250.2 pm
(245.1 pm)

Figure 17. Energetically most favoured calculated structure of the
complex [Ca,{CsH;Phs}] (triplet, bond lengths with B97-D/R1/
TZVPP and, in parentheses, BPS6/R1/TZVPP).[33]

5 Conclusion and Perspective

Compounds with subvalent alkaline earth metals differ
strongly from those with subvalent p block elements. The
chemistry of low-oxidation-state elements of the p block is
rather common, leading to clusters with element—element
bonds and cages. For the more electropositive alkaline earth
metals Ae, sophisticated methods had to be developed in
order to stabilize low-oxidation-state metals such as Ae™.

Solid-state structures such as subnitrides can be regarded
as a close packing of the metal atoms with nitrogen atoms
in half of the octahedral holes. This arrangement leads to
compounds with a formula of [(Ae,N)*-¢], which crystallize
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in the anti-CdCl, type. The electrons freely move between
the Ae,N layers. These free electrons can also be delocalized
within a metallic matrix. A structural variation with the em-
bedment of electron-precise metal nitride cages in a metal
matrix also leads to subnitrides such as, for example, solids
like [BagCaNg]*BagNa, with x = 7, 8, 14, 17, 21 and 22.

Monomeric compounds of the type R—Ae are extremely
reactive and were investigated in the gaseous phase, in an
inert matrix of, for example, a frozen noble gas, or by quan-
tum chemical methods. Their dimers contain the fragment
[Ae,]** with subvalent alkaline earth metal atoms, which is
already well-known for [Hg,]** in calomel. Bidentate aza
ligands are able to stabilize [Mg,]** to yield R—-Mg-Mg-R
with an unexpected high thermal stability. Quantum chemi-
cal investigations show that the Ae—Ae bonds are stable and
exhibit rather large binding energies. However, the atomiza-
tion energies of the alkaline metals are larger than the bind-
ing energies and have to be invested during the synthesis of
compounds such as R—-Ae-Ae-R. The synthesis of these
molecules succeeds through the reduction of R-Mg-I with
potassium. If the electronegativity difference between the
reducing reagent and the alkaline earth metal becomes
smaller, the driving force of this reaction diminishes and
other pathways have to be developed.

A third concept utilizes the fact that the first and second
ionization energies of the alkaline earth metals show signifi-
cantly different values. If an arene with an extended w*-
system with an energy level between these two ionization
potentials is offered, it should be possible to form mono-
valent Ae* cations. Quantum chemical investigations show
that bonds between alkaline earth metal cations (Ae* and
Ae?*) and arenes are of comparable order of magnitude as
bonds between these cations and common Lewis bases such
as ethers and amines. In [(thf);Ca(u-n°n°CcH;Phs)Ca-
(thf)s] with a triplet ground state, the Ca atoms lic on a C;
axis on opposite sides of the planar triphenylbenzene ring.
According to quantum chemical investigations, also a coor-
dination of [Ae,]** moieties to an arene yields stable ad-
ducts. A transfer of these results to the heavier alkaline
earth metals strontium and barium represents a challenging
task, because also factors other than the potentials of the
n*-orbitals of the arenes play prominent roles, such as sol-
vation effects, which are hard to quantify.

The chemistry of subvalent alkaline earth metals requires
sophisticated preparative procedures because of their ex-
treme sensitivity towards moisture and air. Research on the
chemistry of these substances is still at the initial stage.
However, the use of these compounds as strong reducing
reagents can be expected. As an impressive example, azides
can be coupled by RMg-MgR to R-N=N-N=N-N=N-R,
which is reduced to the dianion at the same time and bound
between two Mg?" cations, yielding dinuclear [RMg-
(R-N=N-N-N-N=N-R)MgR]. First quantum chemical
investigations suggest that hard subvalent alkaline earth
metals may be best stabilized as dinuclear [Ae,]**, whereas
for the soft alkaline earth metals, extended soft m*-systems
might be the best choice for stabilization of Ae* cations.
The strong reducing power also limits the choice of sol-
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vents. Due to a rather low nucleophilicity as a consequence
of widely delocalized charge, ether cleavage is not a major
side reaction. However, the choice of solvents is limited to
those which are not easily reduced; it can probably be ex-
pected that aromatic solvents such as toluene may react
with these compounds. It seems to be challenging to tune
this enormous reactivity and to use it for reduction pro-
cesses. However, it is not hard to predict that many exciting
results will emerge in the near future.
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We report on the synthesis of ZnO colloidal nanocrystal clus-
ters with well-tunable particle size and high water solubility
by using a high-temperature solution-phase hydrolysis ap-
proach. The metal salt hydrolyzed after rapidly injecting a
solution of sodium hydroxide in diethylene glycol. Poly-
(acrylic acid) served as the capping agent to achieve the su-
perior water solubility without any further surface modifica-
tion. Strong UV emission in the photoluminescence (PL)

spectrum due to the existence of the secondary structures
despite a particle size reaching ca. 200 nm, and near absence
of oxygen vacancy in the sample as indicated by weak emis-
sion in the green region. This important feature makes our
highly water-soluble ZnO colloidal nanocrystal clusters a
promising candidate for potential applications in optoelec-
tronic and lasing devices.

Introduction

Highly monodisperse colloidal nanocrystals have been
intensively pursued as a result of their significance in basic
research and practical applications. Recent advances in this
research field appear to shift from the traditional prepara-
tion of high-quality nanocrystals with well-controlled size
or shape to the creation of secondary structures of nano-
crystals, either by self-assembly or through direct solution
growth.!!'>] This research trend has been evidenced by
plenty of interesting works published in the past several
years.["!1l Manipulation of the secondary structures of
nanocrystals leads to fine-tuned interactions between the
submits and enhances the possibility to tune collective
properties eventually. As one of the group II-VI semi-
conductors, ZnO has attracted increasing attention recently
owing to its nontoxicity and chemical stability towards air,
especially in its diverse optoelectronic applications. ZnO is
a direct-band gap semiconductor with a wide band gap of
3.37 eV and a large exciton binding energy of 60 meV. This
strong exciton binding energy can ensure the efficient UV
blue emission at room temperature. Many approaches have
been developed for the synthesis of ZnO nanostructures
with versatile morphologies, typically 1D or branched
structures owing to the intrinsic nature of polar hexagonal-
phase ZnO.['>18] Several studies have explored how poly-
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mer composition and concentration affect precipitation and
crystallization. For example, Wegner!'® and Taubert!>"! fab-
ricated various ZnO nanostructures in the presence of
water-soluble carbohydrates or copolymers and discussed
the kinetics and particle formation mechanism. More re-
cently, aggregation of ZnO nanocrystallites involving sec-
ondary structures were fabricated in nonpolar solvents or
polyol systems.[>!->?1 Despite the success in ZnO nanostruc-
ture synthesis, there are very few approaches capable of pro-
ducing superior water-soluble ZnO colloids without any
further surface modification. In this paper, we describe a
polyol-mediated process for the synthesis of highly water-
dispersible ZnO colloidal nanocrystal clusters (CNCs) with
uniform sizes ranging from about 60 nm to 180 nm, each of
which is composed of many single ZnO crystallites approxi-
mately 5 nm in size. The strong UV emission and very weak
emission in the green region in the photoluminescence (PL)
spectrum are a result of the existence of secondary struc-
tures. The weak green emission indicates nearly absence of
oxygen vacancy in our samples. It is a very important fea-
ture and difficult to achieve through other synthetic meth-
odologies.

Results and Discussion

Highly water-soluble ZnO CNCs with various sizes were
synthesized by means of high-temperature hydrolysis reac-
tion of Zn™ acetate (0.4 mmol) in 16 mL of diethylene
glycol solution (DEG, boiling point ca. 244-245 °C) with
poly(acrylic acid) (PAA) (6 mmol) as the surfactant. An
NaOH/DEG (2.5 mol/L, 2.05 mL) stock solution was in-
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jected rapidly into the hot mixture, and the temperature
dropped to about 200 °C instantly. The reaction solution
slowly turned turbid within 2 min and then was further
heated at 210 °C under nitrogen protection for 1 h. The
products were cooled to room temperature, cleaned three
times by precipitation with ethanol followed by centrifuga-
tion at 11000 rpm and finally dispersed in distilled water to
yield about 89 nm ZnO CNCs (shown in Figure 1a). DEG
could easily dissolve a variety of polar inorganic materials
owing to its high permittivity (¢ = 32).231 The key point in
our synthesis is to use PAA as the surfactant. It shows very
strong coordination of carboxylate groups with zinc cations
on ZnO surface, and the uncoordinated carboxylate groups
on the polymer chains extend into aqueous solution confer-
ring upon the particles a high degree of dispensability in
water (Figure 1b). An additional benefit of uncoordinated
carboxylate groups is to provide conjunction points for fur-
ther attachment of other materials. The purpose of intro-
ducing NaOH into the hot mixture was to produce water
molecules and to increase the alkalinity of the reaction sys-
tem. Both results favor the hydrolysis of Zn(OAc),.

Figure 1. (a) TEM image of ZnO CNCs (inset: photograph of col-
loidal crystals dispersed in water); (b) schematic illustration of
PAA-capped ZnO colloidal nanocrystal clusters. Scale bar: 500 nm.

The size of CNCs can be conveniently tuned from about
60 nm to about 180 nm by simply varying the amount of
NaOH without changing other reaction parameters (Fig-
ure 2). It has been noticed that more NaOH in the system
leads to higher H,O concentration, and stronger alkalinity
could accelerate the hydrolysis reaction and promote the
formation of larger-size clusters. As demonstrated in Fig-
ure 2a—e, amounts of NaOH/DEG stock solution of 2.0,
2.05, 2.10, 2.15, 2.20 mL lead to CNCs with average sizes
of 68 (sample 1), 89 (sample 2), 126 (sample 3), 152 (sample
4) and 180 nm (sample 5), respectively. More NaOH in this
218
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system would result in poor uniformity and wide size distri-
bution. The composition of the as-prepared CNCs was
characterized by X-ray diffraction (XRD). The XRD
pattern (Figure 2f) indicates that the product has a wurtzite
structure (JCPDS 79-2205).

f 101 Zno
100

= 0.

=

2 5

Q 110

E 102

10 20 30 40 50 60
2 theta

Figure 2. Representative TEM images of ZnO CNCs at the same
magnification. Average diameters of the CNCs, obtained by meas-
uring about 100 clusters for each sample, illustrated by sample 1
(a), sample 2 (b), sample 3 (c), sample 4 (d) and sample 5 (e). All
scale bars are 200 nm.

The well-documented two-stage growth model may also
be fit for the growth of ZnO colloidal nanocrystal clusters,
in which the primary ZnO nanocrystals first nucleate in the
supersaturated solution, and then under optimized condi-
tions, these nanocrystals spontancously aggregate into
larger flowerlike three-dimensional clusters.”*! Close in-
spection of the high-magnification TEM image of the
68 nm cluster (Figure 3a) confirms that the monodisperse
colloidal sphere consists of many small primary nanocrys-
tals. Its corresponding electron diffraction (ED) pattern is
shown in Figure 3b, revealing the single-crystal-like diffrac-
tion. The narrow diffraction arcs indicate slight misalign-
ments among the primary nanocrystals. The secondary
structure of the cluster can be clearly observed in a typical
HRTEM image (Figure 3c). The cluster is composed of
many primary nanocrystals with sizes of about 5nm.
Meanwhile, energy-dispersive X-ray (EDX) analysis further
confirms the local element composition of the ZnO CNCs
(Supporting Information S1).

Fourier transform infrared (FTIR) spectroscopy was per-
formed to characterize the stability of the PAA coating on
the surface of ZnO CNCs. The multiple bands between
1200 and 1600 cm™! shown in Figure 4a can be assigned to
various vibrational modes of PAA, and the strong adsorp-
tion band at ca. 1717 cm ! is characteristic of the C=0

Eur. J. Inorg. Chem. 2010, 217-220
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Figure 3. (a) High-magnification TEM image of a single ZnO CNC
of sample 1. (b) ED pattern of the cluster. (c) Typical HRTEM
image of a cluster of sample 1.

stretching mode for protonated carboxylate groups. For
comparison, in Figure 4b, the three peaks located at 1455,
1586 and 1415 cm ! can be attributed to the characteristic
bands of the carboxylate (COO") groups, corresponding to
the CH, bending mode, asymmetric and symmetric C-O
stretching modes of the COO~ group, respectively.[>>261 A
comparison of these two spectra shows clearly that many
carboxylate groups remain on the surface of nanocrystals
even after excessive washing.

The UV/Vis absorption spectra and the room-tempera-
ture PL spectrum of the ZnO CNCs are shown in Figure 5.
The onset of absorption is at around 360 nm, somewhat
blueshifted from that of bulk ZnO (373 nm). The fact that
almost no absorption tail at wavelengths longer than
380 nm could be observed indicates that no colloidal disper-
sion scattered light exists. The obtained ZnO CNCs show a
strong UV emission at around 377 nm, which is attributed
to the near band-edge emission coming from the recombi-
nation of excitons. The UV emission peak shows a similar
profile by changing the excitation wavelength, which is a
characteristic feature of bandedge emission. Slight redshift
from small ZnO CNCs to large ones was also observed
(Supporting Information S2). Weak emissions in the green
region, which originate from singly ionized oxygen vacan-
cies and other point defects, are detected (Figure 5).1?7 The
very weakness of the commonly encountered green emis-
sion in the PL spectrum indicates the near absence of oxy-
gen vacancy in our samples. In the previously reported ZnO
nanostructures, the UV emission of them is liable to be
quenched, and only defect emission in the Vis region is de-
tected. This deficiency hinders progress in the applications
of ZnO in optoelectronic and lasing devices. Therefore, our
highly water-soluble ZnO CNCs with strong UV emission
could be a promising candidate for potential applications
in optoelectronic and lasing devices.
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Figure 4. FT-IR spectrum of (a) pure PAA and (b) PAA carboxyl-
ate capped ZnO CNC.
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Figure 5. UV/Vis absorption and room-temperature PL spectra (4
=350 nm) of ZnO CNC (sample 1) dispersed in disionzied water.

Conclusions

We have reported here a polyol-mediated route for the
size-controlled production of highly water-soluble ZnO col-
loidal nanocrystal clusters composed of small primary
nanocrystals. The size of the ZnO CNCs can be conve-
niently tuned from about 60 nm to 180 nm by simply
changing the amount of NaOH. The high water solubility
is achieved by using PAA as the capping agent. The carbox-
ylate group partially binds to the surface of the CNCs and
partially extends into water. The CNCs show strong UV
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emission, and very weak defect emission in the Vis region
at room temperature, which could possibly be applied for
optoelectronic and lasing devices in the future.

Experimental Section

The CNCs were synthesized by means of high-temperature hydroly-
sis reactions. An NaOH/DEG stock solution was first prepared by
dissolving NaOH (50 mmol) in DEG (25 mL); this solution was
heated under nitrogen at 120 °C for 1 h, and kept at 70 °C in an
oven. In a typical synthesis, Zn'" acetate (0.4 mmol), DEG (16 mL)
and PAA (6 mmol) were mixed together, the mixture was heated to
210 °C under protective nitrogen. The NaOH/DEG (2.05 mL)
stock solution was injected rapidly into the hot mixture, and the
temperature dropped to about 200 °C instantly. The reaction solu-
tion slowly turned turbid within 2 min and then was further heated
at 210 °C for 1 h. The products were cooled to room temperature
to yield about 89 nm ZnO CNCs. The amount of NaOH/DEG
solution determines the size of CNCs. For instance, amounts of the
stock solution of 2.0, 2.05, 2.10, 2.15, 2.20 mL lead to CNCs with
average sizes of 68 (sample 1), 89 (sample 2), 126 (sample 3), 152
(sample 4) and 180 nm (sample 5), respectively. The final product
was cleaned three times by precipitation with ethanol followed by
centrifugation at 11000 rpm and finally dispersion in distilled
water. Powder X-ray diffraction (XRD) analysis was performed
with a Rigaku D/max-2500 diffractometer with a graphite mono-
chromator by using Cu-K, radiation operating at 200 mA and
40 kV. XRD data were collected over the range of 10-60° (26) with
a step interval of 0.02° and a preset time of 1.6 s per step at room
temperature. Transmission electron microscopy (TEM), high-reso-
lution transmission eletron microscopic (HRTEM) images and
EDX spectra were performed with a JEM-3010 electron micro-
scope equipped with an X-ray energy-dispersive spectroscopy sys-
tem. IR spectra were acquired with a Bruker IFS 66v/S FTIR spec-
trometer, whereas UV/Vis absorption spectra and the room-tem-
perature PL spectra of the CNC samples were performed with a
UV-2450 spectrophotometer (Shimadzu, Japan) and a Perkin—
Elmer LS55 fluorometer.

Supporting Information (see footnote on the first page of this arti-
cle): EDX, UV/Vis, and PL spectra for samples 1-5.
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On the Spin Behaviour of Iron(II)-Dipyridyltriazine Complexes and Their
Performance as Thermal and Photonic Spin Switches
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The temperature-dependent and photodynamic spin behav-
iour of three iron(Il) complexes with different 2,6-dipyridyl-
4-phenyltriazine ligands L1-L3 was investigated in the solid
state and in solution (DMSO). The ligands differ in the sub-
stituent R in the 4-position of the phenyl ring (L1: R = H; L2:
R = OCHg;; L3: R = SAc), which allows the electronic proper-
ties of the ligands to be finetuned. The magnetic data for the
complex [Fe(L3),](BF,), in the solid state indicate an incom-
plete spin transition to the high-spin form upon warming
from liquid helium temperature, reaching about 30 % at
400 K. There is circumstantial evidence for paramagnetic
contributions compatible with spin transitions, namely, tem-
perature-dependent NMR spectroscopic line shifts and line
broadening in solution (DMSO). However, an efficient ther-

mally induced spin crossover in solution is hindered by the
substitution lability of the complexes, as has been detected
and analyzed in an extended temperature-dependent UV/
Vis spectroscopic study. Essentially unaffected by thermally
induced substitution lability, the transient dynamics of the
iron(Il) complexes after nanosecond laser flash excitation of
their metal-to-ligand charge-transfer bands provide good
evidence for efficient photoinduced spin transitions in solu-
tion in all cases. The range of measured lifetimes of the high-
spin quintet states is in accord with previously published
data. Importantly, in our series of iron(II) complexes, the life-
times of the high-spin state reflect the electron-donating
character of the ligands.

Introduction

Iron(IT) complexes of the imine chelators 2,2'-bipyridine
(bpy), phenanthroline (phen) or 2,2":6',2"'-terpyridine
(trpy) and derivatives thereof have been studied in detail to
correlate ligand properties with the observed spin behav-
iour, both in solution and in the solid state.[':?) Depending
on the substitution patterns, the nature of the substituents
and modifications of the aromatic system, the resulting
[FeNg]** complexes can be low spin ('4;,/15,°), high spin
(*Taylt2g*e,?) or have a ligand field of intermediate strength
enabling thermal spin crossover [Equation (1)]. Iron(II)
complexes of the parent ligand 2,2":6",2"'-terpyridine are
low spin in the solid state, but photoexcitation of the per-
chlorate salt [in a matrix of the corresponding manga-
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nese(Il) complex] has been shown to produce a long-lived
(at T < 20 K) high-spin form.! Temperature- or pressure-
induced spin crossover in solution is documented for com-
plexes of suitably substituted trpy ligands [Equation (1)].

ATor hv

low spin

high spin (1)

We are currently working to derivatize bis(triimine)—
iron(IT) complexes in such a way as to make them attach-
able to gold surfaces in order to use their potential bistabi-
lity in switching devices. In an alternative approach, com-
posites of nanoparticulate titania and iron(IT) complexes
were reported to act as photoelectrochemical switches with
a possible application as chemical logic devices.’) Whereas
the latter approach involves physisorption of the iron(I1I)
complex, our approach uses chemisorption and requires the
modification of ligands with suitable anchor groups, such
as thiol,!! thiocyanatel”! or thioacetate.’! In pyridine-based
ligands, the most logical point for appending a linker is the
ligand apex, that is, the para position of the central ring.
Whereas any such derivatization of the trpy ligand is diffi-
cult, analogous ligands having a 1,3,5-triazine core may be
prepared in a modular fashion, with a potentially wide
range of substituents in the 4-position.[’! A study of the
effect of structural variations in such ligands on the spin
behaviour of their iron(IT) complexes has recently been re-
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ported.l'9 Parallel work on ruthenium complexes of such
ligands underscored the importance of the ligand-substitu-
tion pattern for the excited-state dynamics.!! It is in this
context that we have studied the iron complexes of the three
2,4-dipyridyltriazine ligands 1, 3 and 4 (Scheme 1), the
strongly electron-donating substituents of which, in the 4-
position of the phenyl ring, are expected to affect the spin
dynamics. We report aspects of ligand and complex synthe-
sis, as well as structural (X-ray diffraction), magnetic (su-
perconducting quantum interference device, or SQUID),
electrochemical (cyclic voltammetry) and spectroscopic
data (UV/Vis, NMR). Thermal and photonic excitation and
possible spin responses of complexes 5-7 (Scheme 2) were
investigated in solution by temperature-dependent spectro-
scopic techniques (UV/Vis and NMR spectroscopy) and
nanosecond-resolved transient absorption spectroscopy,
respectively. Our results show that, in contrast to iron(II)
complexes of terpyridine ligands, which are largely inert
towards dissociation, the potential of triazine-based iron(II)
complexes for thermal spin switching has to be discussed in
terms of their thermodynamic stability.

R
R
i) LiNMe,, abs. Et,O A\
I
1]
) 2 | X | X N? | N
CN N N~
N“eN Z
1R=H 0
2R =SCH;
3R =0CH, )J\s
R=SCH3
)
i) EtSK, abs. DMF, 16 h N\ ~N? 7S
if) CH,COCI |/N N 2
4

Scheme 1. Triazine-ring-forming reactions and cleavage of 2.

R
2
M(Il) salts, abs. EtOH, A
N N
|
oS
1R=H
3R =0CH; =
4R = SAc M=

Scheme 2. Synthesis of iron complexes 5-7 and of zinc complex 8.
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Results and Discussion

Synthesis

Ligands 1-3, with different substituents in the para posi-
tion of the phenyl ring, were synthesized according to the
procedure described by Polson et al.''l Addition of the re-
spective p-substituted benzonitrile to a solution of lithium
dimethylamide in anhydrous diethyl ether yields an amidine
intermediate, which subsequently reacts with 2-cyanopyr-
idine (2 equiv.) to afford the target ligand, with concomitant
loss of lithium dimethylamide.

Thioether 2 was cleaved with potassium ethanethiolate
in anhydrous DMF, and the resulting thiolate was treated
with acetyl chloride to give ligand 4 in good yield (70%
after recrystallization from acetone, Scheme 1).

We prepared three homoleptic iron(II) complexes (i.e., 5—
7) with ligands 1, 3 and 4, by treating the respective ligand
(2 equiv.) with Fe(BF,4),6H,O in ethanol at reflux
(Scheme 2; see the Experimental Section for details). The
complexes were obtained as purple solids in moderate yields
(typically 60%). Oft-white zinc complex 8 (yield 87%) was
synthesized as a “diamagnetic” but structurally related ref-
erence complex in an analogous manner.

Complexes 5-8 were characterized by elemental analysis,
IR spectroscopy, cyclic voltammetry, NMR spectroscopy,
SQUID magnetometry and single-crystal X-ray diffraction,
as applicable.

X-ray Structure Determination

Single crystals of compounds 5-8 were obtained by slow
diffusion of diethyl ether into a solution of the respective
complex in acetonitrile at room temperature. All complexes
crystallize in the triclinic space group PI. A summary of
selected bond lengths and angles is given in Table 1. The
asymmetric unit of the iron(I) complexes contains one
complete formula unit in each case, that is, the dicationic
iron(IT) complex, two tetrafluoroborate (or, in the case of 8,
perchlorate) counterions and one or two acetonitrile solvent
molecules. Complex 6 shows disorder (which was resolved)
in both thioacetate groups, one phenyl ring, one counterion
and two acetonitrile solvent molecules. Resolvable disorder

]2

(X2

5,6and 7: X = BF,
8: X =Clo,
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in complex 8 involves both perchlorate counterions and a
third solvent molecule (acetonitrile), which has 50% site oc-
cupancy.

Table 1. Selected bond lengths [A] and angles [°] for complexes 5—
8 (standard deviations in parentheses); M = Fe for 5-7 and M =
Zn for 8.

5 6 7 8
MI-NI1 1.990(3) 1.998(3)  2.001(3)  2.280(2)
M1-N2 1.864(2) 1.868(3)  1.880(1)  2.048(1)
MI1-N3 1.981(2) 1.998(3)  1.999(3)  2.236(1)
M1-N6 1.983(3) 1.9953)  2.005(2)  2.221(1)
M1-N7 1.870(2) 1.870(3)  1.875(1)  2.045(1)
MI1-N8 1.985(3) 2.001(3)  2.005(2)  2.250(1)
Cl0-C9-C8N5  136(3) 4.23(1)  3.853)  1.89(2)

CI5-Cl4-C7-N5 9.44(3) 6.12(4)  11.27Q2)  3.11(2)

N7-M1-N2 179.79(1) 178.56(2) 177.64(4)  169.72(5)
N6-M1-N8 160.10(1) 159.33(2) 159.17(2)  149.51(8)

(“bite” angle)

Complexes 5-7 have the iron ion in a pseudooctahedral
coordination environment, as set up by the two essentially
orthogonal tridentate nitrogen ligands [the angles between
the best planes containing the two dipyridyltriazine moie-
ties are within the range 1.36(2)-4.23(2)°]. Meridional coor-
dinating ligands of this type give rise to a systematic varia-
tion in metal-nitrogen bond lengths, which is reflected by
the set of values determined for prototypical complex 5
(Figure 1): Fe—N bonds to the “central” (i.e., triazine) nitro-
gen atoms are significantly shorter than the bonds connect-
ing the metal and the “lateral” (pyridine) N atoms [average
values: 1.87(2) vs. 1.98(3) A]. The Fe-N bond lengths are
typical of iron(IT) in the low-spin state. The phenyl rings
are twisted by an average of 8.9(3)° with respect to the cen-
tral triazine rings. This rather small value suggests exten-
sively delocalized © systems within the ligands. The influ-
ence of polypyridyl ligand geometries and electronics on the
photophysical properties of complexes of such ligands was
investigated theoretically.['”l The reported structural data
are in accord with those found in related iron(II) com-
plexes.!]

Figure 1. X-ray crystal structure of complex 5. Hydrogen atoms
and the BF,; counterions are omitted for clarity. Thermal ellipsoids
are at the 50% probability level.

As expected, compound 8 is isostructural with 5-7. The
zinc(II) centre is surrounded by two dipyridyltriazine moie-
ties, which provide a pseudooctahedral coordination envi-
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ronment. The apical Zn—-N bond lengths are shorter than
the basal ones (ca. 2.05 and ca. 2.26 A, respectively). The
Zn-N bond lengths are in the range of 2.05-2.28 A, similar
to the corresponding bond lengths previously reported for
related [ZnN¢]** coordination geometries.['>!41 The “bite”
angle N6-Znl-N8 is somewhat smaller than that in the
iron(IT) complexes, owing to Zn—-N bond lengths that are
on average some 10% greater than their counterparts in the
iron complexes.

Magnetic Susceptibility Measurements

The magnetic susceptibilities (yp7) of powder samples
of complexes 5-7 were measured in the temperature range
5-400 K by using a SQUID magnetometer (Figure 2). The
magnetization was recorded during warming and cooling
for each sample. All samples show reversible magnetization
with temperature, with no hysteresis. The molar magnetic
susceptibility of 6 increases with the temperature over the
whole range: yy T increases from 0.21 cm?mol™' K at 21 K,
characteristic of low-spin iron(I) (S = 0), to
0.99 cm®*mol ' K at 400 K. At 400 K, the conversion to the
high-spin state reaches about 30%. The sharp decrease in
the magnetic susceptibility of compound 6 below 20 K is
due to zero-field splitting. By contrast, complexes 5 and 7
are low spin over the whole temperature range (4-400 K).
A related iron(II) complex that has a bromophenyl-func-
tionalized triazine ligand was recently reported also to be
essentially diamagnetic.'”! In conclusion, greatly diverging
spin behaviour of triazine-based iron(II) complexes is ob-
served in the solid state. On the basis of the current data,
no correlation of the spin behaviour with the electronic
properties of the ligands can be extracted. The subtle geo-
metric and/or electronic effects of the ligands are likely
overlaid by crystal-packing effects.

1.0

Q
e
1

7, Tlem® mol" K]

Figure 2. Variable-temperature magnetic behaviour of complexes 5
(circles), 6 (filled squares) and 7 (half-filled triangles).

Electrochemistry

The Fe'"™ redox couples were characterized by cyclic
voltammetry in acetonitrile. Metal- and ligand-centred re-
dox potentials are summarized in Table 2, and a representa-
tive voltammogram is shown in Figure 3 (for 6 and 7, see
the Supporting Information). Complexes 5-7 all show qua-
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Table 2. Electrochemical data for complexes 5-8; M = Fe for 5-7 and M = Zn for 8.

Complex E;»(ox) MU/l E,»(red) triazinel?l
5 +1.41 (72 0.67 (56) 0.82 (59) _1.49 (58) ~1.76 (56)
6 +1.21 (64) —0.86 (55) ~0.99 (62) ~1.70 (73) ~1.91 (77)
7 +1.07 (120) ~1.02 (131) _1.21 (99) _1.87 (137) 2,15 (132)
8 - ~1.06 (50) ~1.28 (irr) ~1.86 (70)
[Fe(trpy),]2* +1.17 (60)le _1.25 (~61)l 1.40 (-55)!

[a] Potentials are in V versus Fc/Fc*. Solutions of the complexes in CH5CN (¢ = 1 X103 M, 0.1 M TBABF,). T = 298 K; scan rate =
200 mVs . [b] AEp in parentheses [mV]. [c] Measured with a rotating disc platinum electrode (DC). Data taken from ref.l'”); the original
value is referenced versus Ag/AgCl and was recalculated versus Fc/Fc*.I'81 [d] Slope in parentheses [mV].

sireversible redox waves, as judged on the basis of estab-
lished criteria (the oxidation/reduction peak separation ran-
ges from 64 to 120 mV; cf. AEp in Table 2).I'3 One irrevers-
ible and two quasireversible reduction processes are ob-
served for diamagnetic zinc(IT) complex 8.

115 pA

25-20-15-10-05 0.0 0.5 1.0 15 2.0
Potential [V]

Figure 3. Cyclic voltammogram (scan rate: 200 mVs™) of 5; sol-
vent: CH3CN (¢ = 1 X103 ™, 0.1 M TBABF,), T = 298 K.

In the series of iron(II) complexes, the Fe!"!!I redox po-
tential E;/»(ox) shifts to less positive values as the electron-
donating character of the R substituent increases, in the
order R = H (5) >> SAc (6) > OMe (7). We observed a
correlation between the electron-donating properties of the
R substituents and the chemical shifts (‘\H NMR spectra)
of the ortho H'® and H'® protons (see the X-ray structure in
Figure 1 for the numbering scheme): The most pronounced
high-field shifts of these protons are recorded for complex
7, which has the most strongly electron-donating substitu-
ent, with R = OCHj [0yj1e;ps = 8.10 (5), 7.93 (6), 7.44 ppm
(7)]. This trend may be taken to reflect the strength of the
donor—acceptor interaction between the iron(I) centre and
the ligand, which is attenuated by the R substituent. The R
= H substituent in complex 5 stabilizes Fe'' due to stronger
n back-donation, whereas the methoxy group in complex 7
reduces significantly the n-acceptor character in the ligand,
thereby facilitating oxidation of the metal centre, as re-
flected in a less positive redox potential. Further evidence
for the direct influence of the electronic structure of the
ligands on the redox properties can be derived from a com-
parison of dipyridyltriazine complex 5 and the structurally
related terpyridine complex [Fe(trpy),]*". Whereas the oxi-
dation of complex 5 (Fe'' — Fe') is observed at +1.41V,
the same process occurs at a significantly less positive po-
tential (+1.17 V) in the terpyridine-based complex, in ac-
cord with the greater rt deficiency of triazine relative to pyr-
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idine.'®! The ligand-based reduction potentials of com-
plexes 5-7 show similar behaviour.

The cathodic region reveals ligand-based reductions,
with two consecutive one-electron reductions per triazine
ligand.["”1 Within the series of iron(II)-triazine complexes
studied in this work, the reduction potentials shift to more
negative values in accord with the electron-donating charac-
ter of the R substituent. Importantly, the ligand reduction
potentials of zinc(II) complex 8 appear nearly at the same
peak position as in the respective iron(Il) complex 7, which
suggests that the nature of the metal ion has only a small
effect at best on the relative energies of the ligand-based
orbitals.

The cathodic shifts of the first reduction potentials and
of the oxidation potentials, for each R substituent, compen-
sate each other in the series of complexes 5-7. The modulus
of the potential difference, |Ejn(0x) — Ejp(red)], is
(2.08 £0.01) V in each case. Ideally, this potential difference
should be reflected by a photonic energy of 200 kJmol !
(AmLcr = 597 nm) necessary to excite the metal-to-ligand
charge-transfer (MLCT) band in the UV/Vis spectra.l?’]
The same potential difference has been reported for related
iron(IT) complexes that have a bromophenyl- and a tolyl-
functionalized triazine ligand, respectively.l'” As became
evident (see Figure 4), there is an almost ideal correlation
between the electrochemical data and the UV-spectroscopic
measurements for complexes 5-7.

1.0+
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064
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Figure 4. Electronic spectra of solutions of complexes 5 (solid line,
¢ = 1.4X10*m), 6 (dashed line, ¢ = 1.4X10* M) and 7 (dash-
dotted line, ¢ = 1.9 X 10 % M) in DMSO at 293 K.

Electronic Spectroscopy

Figure 4 shows the electronic absorption spectra of solu-
tions of 5-7 in DMSO at 293 K. There are no further ab-
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sorption bands up to 1200 nm. All complexes have strong
absorption bands in the UV region, attributed to ligand-
centred ©1 — n* and n — n* transitions. Complexes 6 and
7, which have an electron-donating substituent on the
phenyl ring, do not show a significant hypsochromic or ba-
thochromic shift in their bands below 320 nm compared
with complex 5 (R = H). Complex 7 has a distinctive peak
at 349 nm, which is observed only as a broad shoulder in
complexes 5 and 6.

For all three complexes, there are two moderate bands in
the visible region, characteristic of metal-to-ligand charge-
transfer ('MLCT) transitions. Calculations for iron(II)
complexes of bipyridine,?!! although somewhat dated, have
shown that the intense absorbance observed in the 500 nm
region is due to the charge-transfer transition of an electron
from the 3dn orbital (primarily metal-localized) to the
LUMO of the ligand. In view of the structures of the pres-
ent ligands, we assume this transition to give rise to the
maximum absorbance bands in the 598 to 602 nm region of
our UV/Vis spectra. The second MLCT band may be due
to a transition to a low-lying, triazine-based LUMO+1 in
the ligand.'% The absorption band maxima and corrected
extinction coefficients for the MLCT transitions are listed
in Table 3.

Table 3. Spectroscopic data obtained for solutions of 5-8 in DMSO
at 7 =293 K.

Complex Absorption, Ayay [nm] (e, M 'cm 1)l
5 288, 358 (sh.), 545 (sh.), 598 (15000)
6 289, 549 (sh.), 602 (25000)

7 288, 349, 551 (sh.), 602 (17000)

8 299, 357

[a] Extinction coefficients (¢) obtained from measurements of 5-7
in the presence of a 12-fold molar excess of ligand (see text).

Temperature-Dependent Electronic Spectra

Spin transitions of transition-metal complexes always
give rise to pronounced thermochromism, which, in the
case of iron(II) complexes, is often accompanied by bleach-
ing of the MLCT absorption bands.?>?3 Accordingly, our
complexes show extensive bleaching of the typical MLCT
absorption bands in the 500-600 nm spectral range at ele-
vated temperatures but full recovery upon return to the
starting temperature (293 K). Solutions of compounds 5-7
in DMSO reversibly cycle between blue at room tempera-
ture and almost colourless at 373 K. This is reflected in the
temperature-dependent (rising branch) UV/Vis spectra
(Figure 5, compound 7 in DMSO; see the Supporting Infor-
mation for 5 and 6). Besides the monotonous bleaching of
the MLCT transition, heating also causes significant spec-
tral dynamics below 400 nm (intraligand absorptions; Fig-
ure 5), which are characterized by well-defined isosbestic
points in all cases. The observation of isosbestic points in
the UV/Vis spectra of compounds undergoing a reaction
is generally considered a necessary feature for processes of
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defined stoichiometry. Thus, the spectroscopy discussed so
far is compatible with the presence of spin equilibria in
solution.?4

(@) (b)

free ligand
0.9 L0.9
< 293 K <
0.6 -0.6
0.34 0.3
0.0 = ; . 0.0
400 600 400 600
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Figure 5. (a) Temperature-dependent UV/Vis spectra of a solution
of 7 in DMSO (¢ = 1.4X 10 m; 10 K intervals between 293 and
373 K); broken line: UV/Vis spectrum of a solution of 3 in DMSO
at 293 K. (b) Temperature-dependent UV/Vis spectra of zinc com-
plex 8 (¢ = 2.1 X 104 M; 10 K intervals between 293 and 373 K).

However, several pieces of experimental evidence
strongly disfavour this conclusion. A first argument against
a causal connection between the observed spectral dynam-
ics of 5-7 and spin-state equilibria is provided by the UV/
Vis spectra of zinc analogue 8 of complex 7 (Figure 5,
right). Evidently, the appearance and the temperature de-
pendence of the intraligand transitions in the UV/Vis spec-
tra of 8 strongly resemble those of iron(IT) complex 7. In
particular, the isosbestic point at 324 nm is observed in
both cases. The strong spectral parallel between 7 and 8
favours the possibility of a common molecular origin of
the spectral dynamics but, at the same time, precludes spin
equilibria, as the zinc complex with its d'° electron configu-
ration cannot undergo spin crossover (SCO).

A second argument is provided by considerations con-
cerning the thermodynamics of the thermochromism. Al-
though a rigorous thermodynamic treatment is beyond the
scope of this study, the obtained results allow meaningful
mechanistic conclusions. On the basis of the assumption
that the thermochromism of the complexes is due to the
spin equilibrium given by Equation (1), the apparent
thermodynamic parameters can be extracted from the tem-
perature dependence of the UV/Vis spectroscopic data. This
procedure is demonstrated in Figure 6 for a solution of
complex 6 (R = SAc) in DMSO. The apparent equilibrium
constants (K2iP) were accessible through an analysis of the
MLCT peak absorbances around 600 nm. In particular, due
to the spectroscopic silence of the anticipated high-spin spe-
cies (Y) at this wavelength, the absorbance A(7) at the
temperature 7" is a direct measure of the concentration
[[FeL,]**](T) of original complexes 5-7 {Equations (2) and
(3), in which ¢, is the concentration of the regular [FeL,]**
species}. In an admittedly somewhat simplistic approach,
the limiting absorbances A, of pure complexes 5-7 were
estimated from plots of their temperature dependences (Fig-
ure 6a). The relative error of A, is estimated to be not
smaller than *£5%. The reliability of this latter value is cru-
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cial for the overall quality of the analysis. The equilibrium
constants were then computed from Equation (4). Vant
Hoff plots of InKgEP versus 1/7 [Equation (5), in which
Ar Hy, 1s the apparent reaction enthalpy, ArSy, is the appar-
ent reaction entropy and R is the gas constant] were linear

in all cases (e.g., for 6 see Figure 6b).

A(T)

FeL, " 1(T) = ¢,
[[FeL,]"1(T) = ¢ 109K )

A(T) A(T)
T=c, — = -
T =605 4,(293K) C"[ A0(293K)J 3)
g o I A4Q293K)
“ [[Fel, P X(T) A(T) 4)
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Figure 6. (a) Temperature dependence of the peak absorbance of
the MLCT band (at 600 nm) of a solution of 6 in DMSO (¢ =
1.4 X 10~* ™) in the absence (squares) and in the presence of a 12-
fold molar excess of ligand 4; lines have been drawn to guide the
eye. (b) Van't Hoff plot of the temperature dependence of the ap-
parent equilibrium constants, according to Equation (5) for a solu-
tion of complex 6 in DMSO; full line: linear regression of the data
according to Equation (5); broken line: Van’t Hoff plot of the tem-
perature dependence of a typical SCO equilibrium, computed with
ArH,, =20 kJmol ! and AgS,, = 50 Jmol ' K1.[2%]

From the slopes and the intercepts of the linear fits we
derived the apparent reaction enthalpy and the apparent
reaction entropy. The obtained thermodynamic parameters
allow a discussion of the molecular origin of the observed
thermochromism of 5-7. As we will show in the following,
the thermodynamic parameters are not in accord with SCO
behaviour. In a low-spin (LS) — high-spin (HS) transition,
the source of the reaction enthalpy, Agr H,,, would be the
Fe-N bond-length increase of the order of 0.15-0.20 A,126]
that is, a reorganization of the inner coordination sphere.
Reported values for relevant spin equilibria usually amount
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to approximately 20 kJ mol.2325271 Qur values for the ap-
parent Ag H,,, range from 30 to 42 kJmol™! and are thus not
in agreement with typical values of spin equilibria. The
same holds for the apparent values of AgS,,, which in our
case range from 100 to 125 Jmol ' K-'. Generally, the tran-
sition from the LS to the HS state is assumed to be driven
by the increase in molar entropy, AgS,,, amounting to ap-
proximately 50 Jmol ' K128 This deviation from the pa-
rameters of established SCO behaviour becomes most evi-
dent from a direct graphical comparison, as has been made
for complex 6 (see Figure 6b).

A final argument comes from the observed dependence
of the peak absorbances of the MLCT absorption bands of
5-7 in DMSO at 600 nm on the concentration of the respec-
tive free ligand. The addition of an excess amount of ligand
to solutions of 5-7 in DMSO causes significant increases in
the absorbance at 600 nm, which, in turn, points to an in-
crease in the concentration of the absorbing species. A spec-
troscopic titration of a solution of [Fe(4),](BF,), (6) in
DMSO with stoichiometric portions of the ligand 4 showed
saturation behaviour beyond a metal-to-ligand ratio of 1:9,
from which we could determine the limiting absorbances A
of the MLCT bands. By way of extension, it is reasonable
to assume similar behaviour for complexes 5 and 7, for
which no complete titration has been performed. In the lat-
ter cases, the absorbances measured at 600 nm in the pres-
ence of a 12-fold molar excess of the respective free ligand
were taken as measures of the limiting absorbances 4,. No-
tably, the thus-derived limiting absorbances are in good ac-
cord with those extracted graphically from the temperature
dependences as shown in Figure 6a. On the basis of these
data, the molar absorption coefficients of the MLCT ab-
sorption bands could be calculated (see Table 3).

Evidently, an excess amount of free ligands 1, 3 or 4
shifts the equilibrium between the [FeL,]** metal complexes
5-7 and a species of unknown structure (Y) to the side of
the complexes. Actually, the thermochromism of 6 is signifi-
cantly reduced in the presence of a 12-fold molar excess of
ligand 4 (Figure 6a, similar results were also obtained for 5
and 7). No such dependence can be expected for spin-state
equilibria. Instead, it is suggested that the observed spectral
behaviour is due to dynamic dissociation of ligands in 5-7
(and 8). In agreement with this suggestion, the high-tem-
perature UV/Vis spectra of complexes 5-8 clearly resemble
the spectrum of the respective free ligand in DMSO (see
Figure 5). Accordingly, ESI mass spectra that were ob-
tained for solutions of 5 (R = H) in DMSO that had been
heated in the presence of an 11-fold molar excess of ligand
3 reveal the complete thermally induced conversion to the
homoleptic complex 7 (R = OMe). In conclusion, solutions
of complexes 5-8 in DMSO predominantly undergo cleav-
age with formation of the respective free ligands at elevated
temperatures. It becomes clear that the thermodynamic la-
bility of triazine complexes 5-7 in DMSO will always ob-
scure the possible observation of spin equilibria in solution.
The interpretation of the thermochromism of iron(IT) com-
plexes in such cases should be accompanied by an assess-
ment of complex stability.
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This conclusion is somewhat at odds with the findings
reported for related systems. For instance, substitution la-
bility of iron(II) complexes in strongly coordinating sol-
vents (with a high donor number, like DMSO) is commonly
observed for bidentate ligands, like bpy,1*®! but appears quite
exceptional for tridentate ligands, like tpy.*) Examples for
the substitution lability of tridendate ligands have been re-
ported by Straul3 et al. for a 2,6-bis(benzimidazol-2'-yl)pyr-
idine—iron(IT) complex in methanol and DMSO, in which
the substitution lability of the ligand compromised the
analysis of the SCO behaviour.3!-3?!

NMR Spectroscopy

In accord with the above conclusions, most features of
the NMR spectra of complexes 5-7 suggest that the com-
pounds are diamagnetic. The resonances of the aromatic
protons appear in the range 6 = 7.5-9.5 ppm at room tem-
perature, typical of a diamagnetic (low-spin) species. The
signals of 5-7, and also those of the diamagnetic complex
8, are substantially broadened at room temperature with
respect to those of the free ligand. By way of example, the
H'/H"3 proton signal of free ligand 1 appears as a resolved
ddd-multiplet with a line width of 0.41 Hz, but as a sub-
stantially broadened pseudosinglet with a full width at half-
maximum (fwhm) of 30.7 Hz (solution in DMSO, room
temperature) for iron complex 5 at 0 = 7.47 ppm. Similar
line broadening, though less pronounced than that ob-
served for 5-7, is observed for diamagnetic zinc(II) complex
8 (fwhm = 7.25 Hz). It is appealing to attribute the line
broadening observed for 5-8 to the same fluxional/ex-
change processes that involve decoordination of the li-
gand,334 as discussed above as the origin of the observed
thermochromism of 5-7.

However, some diverging observations made at elevated
temperatures for 5-7 and 8, respectively, suggest the pres-
ence of two parallel sources for the line broadening. At ele-
vated temperatures, the resonances of the aromatic protons
of iron(II) complexes 5-7 experience a steadily increasing
line broadening, concomitant with significant downfield
shifts of the resonances. Both effects are most pronounced
for the protons closest to the iron centre, H'/H'3 and H?/
H'? (e.g., Adyyys = 4 ppm between 298 and 373 K), but
smaller for the protons H¥H!'"® (Adjj4y0 = 1 ppm between
298 and 373 K), which are farthest from the coordination
site (see the X-ray structure in Figure 1 for the numbering
scheme). These findings are in agreement with observations
made by Hanan and co-workers for the iron(I) complex of
a bromophenyl-functionalized triazine ligand.!'°]

In contrast, significant effects of the temperature on the
position of the NMR spectroscopic resonances are ob-
served neither for zinc complex 8 nor for respective free
ligand 3 at elevated temperatures. In addition, the line
widths for complex 8 decrease with increasing temperatures.
At 373 K, the coupling fine structure is partly resolved.

In conclusion, both the temperature-promoted downfield
shifts in the NMR spectra of iron(IT) complexes 5-7 and

Eur. J. Inorg. Chem. 2010, 221-232

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Inorganic Chemistry

the observed line broadening at elevated temperatures can-
not be associated with the ligand decoordination dynamics,
as suggested above on the basis of UV/Vis thermochro-
mism. Instead, the findings point to a paramagnetic contri-
bution (if small) in terms of the spin equilibrium in Equa-
tion (1) in addition to the dominant ligand-substitution dy-
namics. Thus, the suppression of the latter process in the
presence of an excess amount of the free ligand, as is evi-
dent from the UV/Vis studies (see above), is expected to
enhance the contribution of the spin equilibrium. This en-
hancement is actually observed for complex 5, for which
the temperature dependence of the chemical shifts has been
studied in the presence of one additional equivalent of free
ligand 1: The extent of the downfield shift at 373 K is al-
most doubled by the presence of free ligand; for example,
Adgyps = 7.3 ppm (between 298 and 373 K). Ligand disso-
ciation may, in principle, also be induced by thermal SCO.

Laser Flash Photolysis (LFP) Studies

The experimental evidence presented above disfavours
the possibility of efficient thermal spin crossover in solu-
tions of complexes 5-7 in DMSO. This is in marked con-
trast to the results obtained from nanosecond LFP experi-
ments after laser excitation to the 'MLCT state with
532 nm pulses, which are in good accord with photoinduced
LS — '"MLCT — HS — LS cycles. Interestingly, the dif-
ferent R substituents in the ligand peripheries of 5-7 have
significant effects on the transient spectral pattern and re-
laxation dynamics.

Representative transient absorption/bleaching spectra
that were recorded 60-400 ns after flashing a dilute solution
of 7 (R = OCH3) in DMSO are shown in Figure 7. The
spectra are dominated by the bleaching of the strong
MLCT absorption band around 600 nm. Very similar be-
haviour is observed for § and 6 (Supporting Information,
Figures S7 and S8). In contrast, the respective transient
spectra of 5-7 differ significantly in the spectral regime of
the intraligand absorption bands below 440 nm. Two isos-
bestic points, with A4 = 0, are obtained for 7, whereas only
a single isosbestic point at A > 300 nm is observed for 5
and 6. Characteristic data of the transient spectra are sum-
marized in Table 4. The positions of the absorption maxima
of the longest-lived excited states of 5-7 were taken from
their reconstructed absorption spectra. The latter have been
obtained from the sum of the lowest-temperature UV/Vis
spectrum (summarized in Figure 4) and the transient spec-
trum of each compound after normalizing the absorbance
at 600 nm.

The well-defined isosbestic points in the transient spectra
of 5-7 suggest processes of well-defined stoichiometry.
However, the photoinduced processes that give rise to isosb-
estic points certainly differ from the thermally induced ones
that have been discussed above. This becomes most evident
from a comparison of the difference absorption spectrum
of 7 (broken line in Figure 7; calculated from the UV/Vis
spectra of 7 in DMSO at 293 and 363 K, respectively) with

227

www.eurjic.org



FULL PAPER

G. Horner, A. Grohmann et al.

0.8 1

0.4+

-0.4-

T T T
600 700 800

A[nm]

T
500

Figure 7. Normalized transient absorption spectra observed after
laser flash photolysis of a dilute solution of 7 (2 X 10> M) in DMSO
at 532 nm (9 ns, 1 mJ per pulse); isosbestic points highlighted by
asterisks; broken line: difference absorption spectrum of 7 in
DMSO (computed from spectra displayed in Figure 5 for 7= 293
and 363 K); inset: representative absorption-decay and bleach-re-
covery profiles, observed at 370 and 600 nm; full lines correspond
to first-order fits to the experimental data with time constants of
(148 £ 5) ns.

Table 4. Summary of spectroscopic and kinetic results of the LFP
experiments.

/1n1ax[a] [nm] iiso[b] [nm] THS—LS [IlS]
5 <300 336 77=*5
6 <300 354 93+5
7 363 354, 428 148 =5

[a] Absorption maximum of the longest-lived excited-state species;
+3 nm. [b] Wavelength of the isosbestic points in the transient ab-
sorption spectra; *3 nm.

the transient spectra in the region of the intraligand transi-
tions below 440 nm: Whereas thermal activation causes an
overall blueshift of the near-UV absorption bands of 5-7,
photonic excitation gives rise to a significant redshift of the
absorption of 7 (less expressed in the case of 5-6). This
suggests that photonic excitation of 5-7 is not accompanied
by ligand dissociation. Because further evidence comes
from the discussion of the decay kinetics, we conclude that
the relaxation processes of 5-7 on the nanosecond timescale
are best discussed in terms of a high-spin/low-spin transi-
tion.

What is presumably a high-spin quintet state of 7 has a
lifetime of approximately 150 ns in DMSO at room tem-
perature, as indicated by nanosecond laser flash photolysis.
Typical time profiles of the transient absorption and of ble-
ach recovery are shown in the inset of Figure 7. Clean decay
of all signals to zero-absorption suggests largely reversible
processes following the excitation (see inset in Figure 7).
Well-defined first-order decays were observed throughout
the spectral range from 360 to 700 nm, which could be fit-
ted to monoexponential decay functions with a global de-
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cay rate constant of kyg_.rs = (6.8=0.2)X10°s™!, corre-
sponding to a HS state lifetime of (148 £ 5) ns. Significantly
reduced lifetimes of (77 =5) and (93 = 5) ns were observed
for complexes 5 and 6, respectively (Table 4). The lifetime
of the high-spin state appears to be correlated with the elec-
tron-donating character of the R substituent on the phenyl
ring of the ligands: The shortest lifetime is observed for
phenyl-substituted complex 5, whereas the strongly elec-
tron-releasing para-methoxy substituent in 7 doubles the
lifetime. Importantly, the obtained kinetic data compare
well with data available in the literature. Iron(II) complexes
with polypyridyl ligands consistently yield high spin, that is,
quintet-state lifetimes in the range of 40-200 ns at ambient
temperatures.[>435-40]

All the characteristics reported so far are in good agree-
ment with the established picture of a high-spin/low-spin
relaxation on the nanosecond timescale. The generation of
the high-spin state is well established to proceed on a much
shorter timescale and, as such, cannot be observed with
nanosecond-time-resolution techniques. The complex relax-
ation cascade that follows excitation to the charge-transfer
manifold involves two spin-inversion processes, that is, in-
tersystem crossings that finally yield the high-spin quintet
state. Insights into the subnanosecond relaxation dynamics
of the initially populated charge-transfer state are accessible
only by picosecond- and femtosecond-resolving optical
spectroscopy and X-ray absorption techniques.*'"*4 In
consequence, on the nanosecond timescale, both the
ground-state bleaching and the formation of excited-state
absorptions are usually laser-pulse-limited.

Actually, the bleaching of the ground-state absorptions
of 5-7 around 600 nm was observed with pulse-width-lim-
ited (ca. 10 ns) kinetics. However, as can be read from the
time profiles obtained below 440 nm (see inset in Figure 7),
the formation of the transient absorption maximum at
370 nm appears slightly but significantly delayed with re-
spect to the instant bleaching at 600 nm. At wavelengths
below 360 nm, the time profiles of all complexes, although
still dominated by the high-spin/low-spin relaxation, receive
contributions from a preceding, much faster process (not
shown). Finally, significant emission of light was observed
for 5-7 with an emission maximum wavelength A., >
830 nm. This short-lived but not laser-pulse-limited emis-
sion apparently shares the time constants with the fast-de-
cay component in the bleach recovery. Clearly, these find-
ings are in conflict with the common picture of ultrafast
MLCT — HS relaxation in iron(II)-polypyridyl complexes
and suggest the presence of (at least) one further intermedi-
ate on the nanosecond timescale. Further work is underway
to clarify the nature of this intermediate.

Conclusions

The following is a quote from a seminal review by
Gitlich and Goodwin: “Thermal spin transition is always
accompanied by a colour change (thermochromism) which
is frequently pronounced and visible”.[>3] Our study on the
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spin behaviour of three homoleptic iron(II) complexes of
triazine-based Nj ligands (which differ in the peripheral
substitution pattern) provides a salient example that the re-
versal of the above statement, that is, taking thermochro-
mism as the sole indicator of a thermal spin transition, is
unwarranted because of possible thermal substitution la-
bility of the complexes in strongly coordinating solvents.
In particular, the substantial temperature-dependent colour
change observed for solutions of complexes 5-7 in DMSO
is to be attributed mainly to decoordination of the ligands
at elevated temperatures. This behaviour is unusual, as sol-
vent-driven ligand substitution, although well established
for bidentate ligands, is usually not observed for tridentate
ligands. Apparently, simply exchanging the central pyridine
ring of the widely used terpyridine ligand for the electron-
poorer triazine unit is sufficient for the resulting iron(II)
complex to become substitution-labile. On the other hand,
this structural change, at least in part, eases the ligand-field
constraints that make terpyridine complexes low spin over
the whole range of temperatures. The presence of the high-
spin forms of 5-7 at elevated temperatures in solution at-
tests to their intrinsic ability to harbour SCO phenomena.
In accordance with this conclusion, partial thermally in-
duced spin crossover is observed in the solid state for com-
plex 6, whereas complexes 5-7 show efficient photoinduced
SCO even in DMSO at room temperature. Preliminary ex-
periments in acetonitrile and methanol, respectively, indi-
cate that the photoinduced SCO behaviour of 5-7 is largely
solvent-independent. In contrast, the thermally induced li-
gand substitution appears to be less effective in weaker sol-
vents.

Experimental Section

Materials and Instrumentation: Unless otherwise noted, all reac-
tions were carried out in dried solvents under dry dinitrogen, using
standard Schlenk techniques. Compound 1 was synthesized accord-
ing to a published procedure.l! All other chemicals were purchased
from Aldrich or Acros and used without further purification. IR
spectra were measured as KBr disks. Spectroscopic data were ob-
tained using the following instruments: IR spectroscopy: Nicolet
Magna System 750; NMR spectroscopy: Bruker ARX 200, ARX
400, ARX 500. The numbering scheme used for the assignment of
NMR spectroscopic data is based on that used in the crystal-struc-
ture analyses (also see the Supporting Information). Elemental
analysis (C, H, N, S) was carried out by combustion analysis using
a Thermo Finnigan EAGER 300 (Flash 1112) apparatus; EI: Fin-
nigan MATO9S5S; ESI: Orbitrap LTQ XL, Thermo Scientific. Solid-
state variable-temperature magnetic susceptibility measurements
were made using a Quantum Design MPMS-XL5 SQUID magne-
tometer operating at 0.1 T. Diamagnetic corrections for the sample
and the sample holder were applied. UV/Vis spectra were measured
with a Varian Cary 50 spectrometer equipped with a UV/Vis quartz
immersion probe (light path 1 mm, Hellma), a home-built measur-
ing cell, and an immersion thermometer. Every temperature setting
was allowed to equilibrate for 5 min. Cyclic voltammetry was per-
formed using a Princeton Applied Research model 263A potentios-
tat, platinum reference and counter electrodes, and a glassy carbon
working electrode (3 mm diameter). Ionic strengths were adjusted
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with tetrabutylammonium tetrafluoroborate (TBABF,; 0.10 m).
The measured potentials were referenced to a normal hydrogen
electrode (NHE) using ferrocene/ferrocenium as the internal stan-
dard (E[Fc/Fc*] = 0.19 Vi) The setup for laser flash photolysis
(LFP) has been described in detail.*®! LFP is based on the 532 nm
output of a Nd:YAG laser with a full width at half-maximum of
approximately 9 ns and a dose of 5-7 mJ per pulse. Neutral filters
were used for attenuation of the laser intensity to a dose of 1 mJ per
pulse. The absorbance of the solution of 5 was 0.1 at the excitation
wavelength, corresponding to approximately 2X10°M in dry
DMSO. Transient decay and bleach recovery were recorded at indi-
vidual wavelengths by the step-scan method with a step distance of
Snm in the range of 300 to 830 nm and obtained as the mean
signals of 6 to 16 pulses. Spectral resolution was in the range of
+3 nm. Samples for LFP were rigorously deoxygenated by flushing
them with analytical grade nitrogen for 20 min prior to and kept
under nitrogen during measurement in a circulating flow system
(5 X5 mm Suprasil quartz cell). LFP experiments were performed
at (295 = 1) K. DMSO for time-resolved spectroscopy was of ana-
lytical grade and used as received.

X-ray Crystallography: Crystal data and details concerning data
collection and refinement are given in Table 5. Additional represen-
tations of structures have been placed in the Supporting Infor-
mation. Data collection was performed with a Bruker Nonius Kap-
paCCD diffractometer using graphite-monochromated Mo-K, ra-
diation with A = 0.71073 A. The COLLECT suite”! was used for
data collection and integration. All structures were solved by direct
methods and refined by full-matrix least-squares procedures on F>
using the program SHELXTL NT 6.12.481 All non-hydrogen atoms
were refined anisotropically. Disorder and further structure details:
Compound 5 crystallizes with three molecules of acetonitrile per
formula unit. In compound 6 one ligand shows disorder in its
C,4Hs—SC(O)Me unit. The refinement of two alternative orienta-
tions gave a distribution of 69.9(4) and 30.1(4) % for the atoms S1,
Ol, C14-C21 and S1A, O1A, C14A-C21A, respectively. The sec-
ond ligand is disordered only in its SC(O)Me unit [56.6(6) and
42.4(6)% for S2, 02, C41, C42, and S2A, O2A, C41A, C42A,
respectively]. Both anions are disordered [75.9(6) and 24.1(6) %] for
the atoms B1-F14 and B1A-F14A, respectively, and 50.0(8)% for
each of the atom series F22-F24 and F22A-F24A. The compound
crystallizes with two molecules of acetonitrile per formula unit,
which are also disordered. Three orientations could be refined
separately for each molecule [49.0(9), 28.5(9), and 22.5(9)% for
atoms N100-C122; 51.8(8), 24.4(8), and 23.8(8) % for atoms N200—
C222]. SAME, ISOR, and SIMU restraints were used in the refine-
ment of the disorder. Compound 7: One of the BF, anions is dis-
ordered, and two alternative orientations were refined [86.5(5) and
13.5(5)%] for the atoms B2-F24 and B2A-F24A, respectively
(same restraints used as for 6). Compound 8: Disorder in both
ClO4 anions: 66(3) and 34(3)% occupation for atoms O12-0O14
and O12A-O14A, respectively; 81.8(4) and 18.2(4)% for atoms
CI2, 022-024 and CI2A, O22A-F24A, respectively. SIMU re-
straints were used in this refinement. The compound crystallizes
with 2.5 molecules of acetonitrile per formula unit. The half-mole-
cule is disordered and located on a crystallographic inversion cen-
tre; its hydrogen atoms were disregarded. All structures: The hydro-
gen atoms were placed in positions of optimized geometry, and
their isotropic displacement parameters were tied to those of the
corresponding carrier atoms by a factor of 1.2. CCDC-737477 (for
8), -737478 (for 6), -737479 (for 7) and -737480 (for 5) contain the
supplementary crystallographic 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.
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Table 5. Crystal data for complexes 5, 6, 7 and 8. The space group is P1 (triclinic) and the absorption correction was SADABSH in all
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cases.
5 6 7 8
T K] 150(2) 150(2) 150(2) 150(2)
Empirical formula C44H35B2F8F6N13 C46H36B2F8F6N120252 C44H35B2F8FCN1202 C45H37_5C12N12_501()Zn
Crystal size [mm] 0.25X0.14 x0.12 0.32X0.25X0.18 0.32X0.26 X0.23 0.36X0.20 X 0.14
Colour red purple purple yellow
a[A] 10.789(11) 13.758(2) 11.767(14) 11.3009(7)
b[A] 11.866(12) 13.857(17) 13.274(15) 15.3135(9)
¢ [A] 17.818(13) 14.438(15) 15.735(6) 15.3581(5)
] 73.970(7) 71.899(10) 89.763(7) 62.656(5)
BT 89.707(9) 77.272(9) 85.083(6) 80.092(4)
) 86.269(3) 84.983(13) 66.750(9) 80.597(6)
VA3 2187.5(4) 2551.5(6) 2248.8(4) 2314.8(2)
Peatea. [2em] 1.481 1.409 1.468 1.506
4 [mm-1] 0.430 0.457 0.422 0.719
Transmission range 0.878-0.950 0.813-0.920 0.854-0.910 0.740-0.900

Scan

¢ and o rotations with
1.9° and 190 s per frame

¢ and o rotations with
2.0° and 180 s per frame

¢ and o rotations with
2.0° and 70 s per frame

¢ and o rotations with
2.0° and 80 s per frame

20 range [°] 3.5-27.1 3.4-26.4 3.3-27.1 6.2-55.0
Measured reflections 50958 64641 81445 68085
Unique reflections 9625 10402 9887 11001

Obsd. reflections!®! 7702 7877 7925 8721
Refined parameters 616 984 672 709

wR, (all data) 0.0910 0.1997 0.1081 0.0954

Ry (observed data)l! 0.0385 0.0675 0.0401 0.0348

prin (Max./min.) [eA7]  0.579/-0.418 0.959/-0.464 0.582/-0.419 0.458/-0.496

Weighting schemel®!

k =0.0332/] = 1.8513 k =0.0817/1 = 6.0537

k =0.0407/1 = 2.3177

k =0.0455/1 = 1.0369

[a] SADABS 2.06, Bruker AXS, Inc., Madison, WI, U.S.A., 2002. [b] With F, = 4c(F). [c] wR2 = {S[w(F,? — F.22VE[w(F,2)*]} "2 [d] Rl
= 3||F,| - |F/EIF,| for F, = 4c(F). [e] w = 1/[cX(F,2) + (kP)*> + IP] and P = (F,> + 2F.2)/3.

Synthesis of Ligand 2: nBuLi (2 M in hexane, 11.4 mL, 22.7 mmol)
was added dropwise with stirring to a solution of HNMe, (2 M in
THE, 11.4 mL, 22.7 mmol) in anhydrous Et,O (200 mL). The mix-
ture was stirred until a white suspension had formed (20 min), and
4-(methylthio)benzonitrile (3.1 g, 20.6 mmol) was then added as a
solid. After stirring at room temperature for 30 min, 2-pyridinecar-
bonitrile (4.00 mL, 41.4 mmol) was added, producing an olive-
green suspension, which was stirred overnight. It was then diluted
with H,O/EtOH (1:1, 200 mL), and the solution was heated to re-
move Et,O. Subsequently, the solution was layered with hexane
(100 mL), and the beige precipitate thus formed was collected by
filtration and washed with hexane (2 X20 mL). The product was
filtered off and dried in vacuo to obtain 2 as a beige powder (10.1 g,
73%). '"H NMR (400 MHz, CD;0D): 6 = 8.89 (d, J = 8.1 Hz, 2 H,
H'“13), 8.79 [mc (= multiplet, centred), 2 H, H*'9], 8.71 (d, 3J =
8.7Hz, 2 H, H'>1°), 8.08 (dt, J = 7.7, 7.6, 1.7 Hz, 2 H, H>!!), 7.66
(ddd, 3J = 7.4, 4.8, 1.1 Hz, 2 H, H>!?), 7.34 (d, °J = 8.7 Hz, 2 H,
H!¢18), 3.0 (s, 3 H, H*®) ppm. '*C NMR (100 MHz, CD;0D): 6 =
174.1 (C, 2 C, C*%), 172.1 (C, 1 C, C7), 154.1 (C, 2 C, C>?), 150.8
(CH, 2 C, C'13),147.8 (C, 1 C, C'7), 139.3 (CH, 2 C, C>!1), 132.7
(C,1C, C"),130.9 (CH, 2 C, C'>19),128.3 (CH, 2 C, C*1?), 126.6
(CH, 2 C, C*19),126.1 (CH, 2 C, C'®1%), 14.6 (CH3, 1 C, C*°) ppm.
CyoH | 5NsS (357.43): caled. C 67.21, H 4.23, N 19.59, S 8.97; found
C 67.44, H 4.33, N 19.45, S 8.86. IR (KBr): v = 1565 (m), 1513
(s), 1372 (s), 778 (s), 668 (m) cm™'. MS (EI, 166 °C): m/z (%) = 357
(90) [M]™*, 310 (5) [M — CH,S]", 105 (100).

Synthesis of Ligand 3: Prepared according to a procedure closely
related to that of ligand 2. Colourless solid (350 mg, 47%).
'"H NMR (200 MHz, CDCls, 25°C): § = 8.95 (ddd, J = 4.7, 1.8,
0.9 Hz, 2 H, H"13), 8.83 (ddd, J = 7.9, 1.1 Hz, 2 H, H*!?), 8.80 (d,
3] =9.2Hz, 2 H, H'>!9), 7.96 (dt, J = 7.9, 7.7, 1.8 Hz, 2 H, H>!!),
7.52(ddd, J = 7.7, 4.7, 1.1 Hz, 2 H, H>!?), 7.07 (d, 3J = 9.2 Hz, 2
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H, H'®18) 3.93 (s, 3 H, H*’) ppm. '*C NMR (100 MHz, CD;0D,
25°C): 6 = 173.7(C, 2 C, C*%), 171.6 (C, 1 C, C7), 1653 (C, 1 C,
C!7), 153.9 (C, 2 C, C>), 150.5 (CH, 2 C, C"13), 139.1 (CH, 2 C,
C>11), 1324 (CH, 2 C, C'>19), 128.6 (C, 1 C, C'%), 128.0 (CH, 2
C, C>!12),126.3 (CH, 2 C, C*19), 114.9 (CH, 2 C, C'®18), 18.4 (CH3;,
1 C, C?°) ppm. CyH;sNsO (341.37): caled. C 70.37, H 4.43, N
20.52, S 8.32; found C 70.14, H 4.17, N 20.18, S 8.37. MS (EI,
166 °C): m/z (%) = 342 (100) [M]™, 105 [py — CN]. IR (KBr): v =
1532 (s), 1513 (s), 1265 (w), 1159 (m), 852 (m), 782 (s) cm '. HRMS
(ED): caled. for CoH;sNsO [M*] 341.1276; found 341.1273.

Synthesis of Ligand 4: A solution of potassium ethanethiolate
(0.90 g, 9.70 mmol) and 2 (1.40 g, 3.9 mmol) in anhydrous DMF
(35.0 mL) was warmed to 130 °C for 16 h. The dark red solution
was put on ice, and acetyl chloride (2.80 mL, 38.80 mmol) was
added dropwise using a syringe. The resulting beige suspension was
stirred at room temperature for 1h and diluted with CHCl;
(200 mL). The organic layer was washed with saturated brine
(2X 150 mL), the aqueous phase was extracted with CHCl;
(8 X 50 mL) and the combined organic phase was washed with satu-
rated aqueous NaHCO; (150 mL) and then dried with anhydrous
M¢gSO,. Removal of the organic phase under reduced pressure gave
a solid, which was recrystallized from acetone to afford a beige
powder (1.04 g, 70%). "H NMR (200 MHz, CDCl;, 25°C): § =
8.94 (ddd, J = 4.7, 1.7, 0.8 Hz, 2 H, H"!3), 8.89 (ddd, J = 7.9, 1.4,
0.9 Hz, 2 H, H*!9), 8.83 (d, 3J = 8.7 Hz, 2 H, H'>!%), 7.98 (dt, J
=179,7.7,1.8 Hz, 2 H, H>!), 7.54 (ddd, J = 7.6, 4.7, 1.2 Hz, 2 H,
H>12), 7.66 (d, 3J = 8.7 Hz, 2 H, H'®!8), 2.45 (s, 3 H, H?!) ppm.
13C NMR (100 MHz, CDCl3, 25 °C): 6 = 192.8 (C, 1 C, C?°), 172.1
(C,2C, C*®,171.6 (C, 1 C, C7), 153.1 (C, 2 C, C*>), 150.3 (CH,
2 C, Ch13),137.1 (CH, 2 C, C*1), 136.1 (C, 1 C, C'7), 134.2 (CH,
2C, CI519),133.5(C, 1 C, C'), 129.8 (CH, 2 C, C*!2), 126.4 (CH,
2 C, C*19), 1249 (CH, 2 C, C'®18), 227 (CH3, 1 C, C?!) ppm.
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Co H,sNsOS (385.44): caled. C 65.44, H 3.92, N 18.17, S 8.32;
found C 65.49, H 3.84, N 18.44, S 8.37. MS (EL, 153 °C): m/= (%)
= 385 (10) [M]™, 343 (100) [M + H — SAc]*, 105 (55).

General Procedure for the Synthesis of Fe!' Complexes 5-7: A solu-
tion of Fe(BF,4),:6H,O (163.03 mg, 0.48 mmol) in anhydrous etha-
nol (2.0mL) was added to a solution of the triazine ligand
(0.64 mmol) in anhydrous ethanol (6.0 mL) at room temperature.
The purple reaction mixture was heated to reflux for 30 min, during
which a purple microcrystalline precipitate was deposited. The
product was filtered off and washed with anhydrous ethanol
(3 X2 mL) and anhydrous diethyl ether (1 X 3 mL).

Complex 5: Purple solid (261 mg, 58%). '"H NMR (500 MHz, [Dg]-
DMSO, 25°C): 6 = 9.30 (br. s, 4 H, H*#*:10:10) 923 (br. 5, 4 H,
H15,15’,19,19’), 8.20 (br, s, 8 H, Hl1,11’,3.3’,16,16’,18,18’), 7.92 (br. s, 6 H,
H2,2’,12,IZ’,I7,17’)’ 7.47 (br s, 4 H, Hl,l',13,13’) ppm. 13C NMR
(125 MHz, [Dg]DMSO, 28 °C): § = 174.1 (C, 4 C, C>¢"88)) 172.6
(C,2C,C"7),156.9 (C, 4 C, C>%997),153.2 (CH, 4 C, C>2"12:12),
140.5 (CH, 2 C, C'717), 135.4 (CH, 4 C, C*3"1L11") 1350 (CH, 4
C, CI315519.19% 1132 0 (C, 2 C, C*14), 130.4 (CH, 4 C, CL1-13.13"),
130.1 (CH, 4 C, C+#.1010% 1284 (CH, 4 C, C!®16%1818) phom,
CsgHo6BoFgFeN (852.13): caled. C 53.56, H 3.08, N 16.44; found
C 53.30, H 3.19, N 16.62. IR (KBr): ¥ = 3443 (m), 1580 (s), 1560
(m), 1507 (m), 1407 (m), 1360 (s), 1054 (s), 770 (m) cm'. HRMS
(ESI): caled. for CsgHogFeN o [M]?* 339.0840; found 339.0833. MS
(ESI): m/z (%) = 339.08 (100) [M]**, 765.17 (13) [M + BF,]*.

Complex 6: Purple solid (60 mg, 58%). 'HNMR (200 MHz,
CD4CN, 25°C): § = 9.24 (d, 3J = 8.4 Hz, 4 H, H'S151919) 926
9.14 (br. m, 4 H, H*#10:10) '8 13 (br. mc, 4 H, H'-11"-3:3")7.93 (d,
3] = 8.6 Hz, 4 H, H'616%1818') 773 (br. mc, 4 H, H>2-1212), 7.35
(br. me, 4 H, HLI-1313 2,54 (s, 6 H, H??!) ppm. *C NMR
(100 MHz, [D¢]DMSO, 25°C): 6 = 192.5 (C, 2 C, C220), 173.7
(C, 4 C, CO6'88) 172.0 (C, 2 C, C77), 171.1 (C, 2 C, C5599"),
156.3 (CH, 4 C, C>2-1212)152.7 (C, 2 C, C'""17), 1433 (C, 2 C,
C'414) 139.9 (CH, 4 C, C>3"1111') 133.6 (CH, 4 C, C1515/19.19),
130.9 (CH, 4 C, CLI%1313) 1277 (CH, 4 C, C**-10.10% 1271
(CH, 4 C, C'6I1621818) 210 (CHy, 2 C, C22)ppm.
Cy4oH;30BFgFeN ;[ (0,S,-2H,0 (1036.37): caled. C 48.67, H 3.31, N
13.52, S 6.19; found C 48.81, H 3.00, N 13.84, S 5.91. HRMS (ESI):
caled. for CuaHiFeN 0058, [M]2* 413.0667; found 413.0663. MS
(ESI): mlz (%) = 413.07 (100) [M]2+, 913.14 (6) [M + BF,]*, 845.13
(4) [M + FT*.

Complex 7: Purple solid (247 mg, 62%) 'H NMR (400 MHz, [Dg]-
DMSO, 25°C): § = 9.36 (br. mc, 4 H, H**"19:19) 916 (d, 3J =
7.8 Hz, 4 H, H'%19%1515") '8 51 (br. mc, 4 H, H!L1133%) 821 (br.
mc, 4 H, H>2"1212)) 7,55 (br. mc, 4 H, HL 13139 744 (d, 37 =
7.9 Hz, 4 H, H'®16%1818%) 405 (s, 6 H, H?*?"") ppm. '3C NMR
(100 MHz, [Dg]DMSO, 25 °C): 6 = 172.6 (C, 4 C, C*0"88"),172.0
(C,2C, C"7),164.7 (C, 4 C, C*2'>),156.6 (CH, 4 C, C>2"12:12"),
151.6 (C, 2 C, C'717),139.6 (CH, 4 C, C>*"!111") 132.1 (CH, 8 C,
Cl,l’,13,13',15,15’,19,19’), 127.8 (CH, 4 C, C4,4’,10,10')’ 126.5 (C, 2 C,
C!%14) '114.8 (CH, 4 C, C'6:16%18.18") /55 8 (CH3, 2 C, C2°2°") ppm.
IR (KBr): ¥ = 1577 (vs), 1475 (s), 1407 (vs), 1209 (m), 1177 (vs),
1113 (m), 1055 (vs, BF,), 1034 (vs), 779 (vs)em.
C4oH;30B,FgFeN (O, H,O (930.20): caled. C 51.65, H 347, N
15.06; found C 51.31, H 3.79, N 14.86. HRMS (ESI): calcd. for
C4oH30FeN 00, [M]** 369.0938; found 369.0945. MS (ESI): m/z
(%) = 369.09 (100) [M]**, 825.19 (6) [M + BF,]*.

Complex 8: Compound 3 (0.29 mmol, 100 mg) was stirred in etha-
nol (3 mL) and added to a solution of Zn(ClO,4)-6H,O (0.18 mmol,
66 mg) in ethanol (3 mL). After heating to reflux for 45 min, the
off-white precipitate was filtered off and washed with ethanol
(4x1mL) and diethyl ether (1 X3 mL) to yield 8 as an off-white
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powder (148 mg, 87%). '"H NMR (400 MHz, [Dg]DMSO, 25 °C): §
=9.20 (m, 4 H, H**>1010 /9,07 (d, 3J = 8.4 Hz, 4 H, H!%19-1515"),
8.62 (m, 4 H, H*3"11.11) /839 (m, 4 H, H>?"1212") 7.75 (m, 4 H,
HULVI313Y 7738 (d, 3J = 8.7 Hz, 4 H, H'®161818 1402 (s, 6 H,
H292%) ppm. 3C NMR (100 MHz, [Dg]DMSO, 25 °C): § = 175.1
(C, 4 C, Co988) 165.5 (C, 2 C, C"7), 164.8 (C, 4 C, C*">"),
149.9 (CH, 4 C, C>%+1212) 1458 (C, 2 C, C!""7"), 141.8 (CH, 4 C,
C33WILIN 1329 (CH, 4 C, C!>I5%1919) 130.6 (CH, 4 C,
CLIMI313Y 1126.2 (C, 2 C, C'*14),124.9 (CH, 4 C, C+#-10:107) '115.2
(CH, 4 C, CloI6u818y 560 (CHs, 2 C, C?2)ppm.
CyoH30CLN 10O 19Zn (947.92): caled. C 50.73, H 3.19, N 14.79;
found C 50.32, H 3.01, N 14.61. HRMS (ESI): calcd. for
C4oH30N00-Zn [M]** 373.0917; found 373.0914. MS (ESI): m/z
(%) = 373.09 (100) [M]**, 845.13 [M + ClOg4]*.

Supporting Information (see footnote on the first page of this arti-
cle): Additional crystal structures, cyclic voltammograms and tran-
sient spectra.
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During the last decade the focus in superconductivity re-
search has shifted towards the manufacturing of easy-to-han-
dle superconductors, because of their high usability in elec-
tronic applications in comparison to bulky ceramics. This ar-
ticle reviews our recent progress made in the buffer-layer
architecture of such a coated conductor, focusing on CeO,
thin films prepared by an aqueous sol-gel method and de-
posited by dip-coating. Starting from water-soluble ce-
rium(Ill) nitrate precursors, we were able to deposit films
showing a very high degree of [002] orientation depending
on the film characteristics and synthesis conditions. The for-
mation and stability of the chemical complexes in the solu-

tion was studied by potentiometric titrations. The main pa-
rameters influencing the texture seem to be the ambient Ar-
(5%)H, atmosphere and the thickness of the synthesized
buffer layers. The microstructure of the thin films deposited
on metallic tapes was controlled by the incorporation of dop-
ing elements. This research allowed us to achieve a 50 nm
thick CeO, film, showing a very high degree of [002] orienta-
tion and exhibiting a low surface roughness. Subsequent
YBa,Cuz0O; synthesis by TFA-MOD resulted in promising
XRD and J. measurements. Our easy-to-use, environmen-
tally friendly strategy could contribute to the spreading of
the use of coated conductors in everyday applications.

Introduction

YBa,Cus0; is regarded as the main material explored
towards its superconducting characteristics. Excellent re-
sults in terms of critical temperature (7;.) and critical cur-
rent density (J.) have been established on single-crystal sub-
strates by various vacuum-deposition techniques such as
pulsed laser deposition or chemical vapor deposition. De-
position on SrTiO; single crystals results in good epitaxial
YBa,Cu;0; growth due to the limited lattice mismatch be-
tween SrTiO; (¢ = 3.905AMN) and YBa,Cu;0; (¢ =
3.818 A[). Restrictions towards several technological appli-
cations are found in both the cost of single-crystal sub-
strates and the necessity of energy consuming or material
inefficient deposition methods. Such strategies exclude an
easy transfer towards continuous production units.

In order to cope with these drawbacks, attention was
driven towards a low-cost deposition technique, i.e. chemi-
cal solution deposition on more flexible metallic tapes.[>#
In order to minimize chemical interactions and optimize
crystal growth, a buffer layer architecture of sufficient
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Fax: +32-92644983
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thickness is required to retain the best possible quality su-
perconducting YBa,Cu3;O, thin films. The buffer-layer
architecture consists of several thin films, e.g. a combina-
tion of CeO, (¢ = 5.411AP) and La,Zr,0, (@ =
10.804 Al or a single SrTiO; buffer layer. Recent research
into new generation high J. YBa,Cu;0-coated conductors
shows promising applicability in electrical power and elec-
tronic appliances.”!! We have explored a multi-layered
architecture consisting of both CeO, and La,Zr,O,. A sche-
matic cross-section of a coated conductor is given in Fig-
ure 1.

The synthesis method selected for these innovative mate-
rials combines optimal quality and minimal environmental
consequences by using mainly water-based compounds and
avoiding fluorine containing species. This article reviews the
chemistry and texture obtained in the aqueous citrate gel
method for synthesizing CeO, thin films by sol-gel chemis-
try. Besides the environmental benefits, the main advantage
of this aqueous chemical solution deposition (CSD) method
is the flexibility during the synthesis, which clears the path
towards a continuous production unit on industrial scale.
Research towards the incorporation of doping elements in
the film can proceed with high precision and without the
need for technological adaptations of the process. Specific
requirements for a buffer layer consist of a sufficient thick-
ness and smoothness, high crystallinity and epitaxial YBa,-
Cu;30; growth.
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Figure 1. Coated conductor.

The precursor solutions were prepared by dissolving
stable, cost-effective and widely available inorganic salts in
an aqueous solution of coordinating ligands. As a result,
solvation by water molecules is discouraged and neither ex-
tensive hydrolysis nor precipitation is likely to take place,
resulting in extremely homogeneous materials. In addition,
the sol-gel process involves the development of inorganic
networks starting from the formation of a colloidal suspen-
sion (sol) and continued by gelation of the sol into a metal-
based network in a continuous liquid phase (gel). From a
chemical point of view sol-gel chemistry is based on the
hydrolysis and condensation of metal complexes.>->-13l In
the aqueous method described in this work, the metal salts
are dissolved in water with formation of unstable metal
aqua complexes. Hydrolysis of these species leads to pre-
cipitation of metal hydroxides. Thus hydrolysis speed needs
to be controlled by adding complexing agents, in this case
citric acid (CA), leading to the formation of metal chelates
and thus, stabilisation of the precursor solution. Con-
trolling several complex formation parameters, e.g. pH and
metal-to-ligand ratio, not only results in an extended sta-
bility of the system, but can drive the system towards ap-
propriate 3D-networks as well.

Results and Discussion

Potentiometric Results

In order to obtain homogeneous buffer layers after the
sol-gel transition and thermal treatment it is necessary to
control and have knowledge of the occurring species in an
aqueous metal precursor solution. For this reason a
potentiometric analysis has been conducted on an aqueous
Ce’*-containing system. The distribution of different com-
plexes present in the precursor solution are determined by
the computer program “Superquad” through simulations
using the stability constants of the different chemical spe-
cies present.'3131 For each of the significant chemical spe-
cies M,L,H,, following expression of the formation con-
stant describes its equilibrium (charges were omitted to im-
prove legibility):

5 o ML
7 MPLIHY
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M = metal, with p the number of metal elements linked in
one complex structure;

L = ligand, with ¢ the number of ligands surrounding the
metals in one complex structure;

H = deprotonation factor of the ligands, with » the number
of deprotonations (positive) or dehydroxylations (negative)
on every ligand in one complex structure.

Although the thermodynamic definition of a formation
constant utilizes activities instead of concentrations, as
given above, the quotient of the activity coefficients was as-
sumed to remain constant by performing the experiments
in a medium of constant ionic strength by adding potas-
sium nitrate. The stability constants of several aqueous spe-
cies were calculated by Superquad using a numerical simu-
lation of all experimental titration data by testing a number
of chemically acceptable complexation models. These mod-
els consist of metal ion-ligand complexes (M, L H, with r =
0), together with some protonated complexes (+ > 0) and
hydroxocomplexes (r < 0). After successive attempts the
best models were selected according to agreement between
observed and calculated data by means of an accurate sta-
tistic analysis of the global o-value for the refinement, by
goodness of fit (y?) and by the standard deviation of each
formation constant as calculated by Superquad. The simu-
lated titration curves and species distribution diagrams for
each given set of aqueous species were computed from the
equilibrium constants with the program Equil.['%]

Cerium(III) ions will interact with citric acid, forming
complexes with this multidentate ligand.['” Hancock and
Martell listed a chemical model for this metal ion, using the
protonation constants of citric acid determined by Martell
et al.l'"® Unfortunately no hydroxo complex species were de-
fined. Therefore a more accurate determination of the sta-
bility constants over the whole pH region was necessary for
this study. A first series of titrations were performed using
Ce'l and citric acid in a 1:1, 1:2 and 1:3 molar ratio. The
experiments were carried out with an excess of nitric acid.
The titration in a 1:1 molar ratio leads to the formation of
the insoluble cerium hydroxide, which reveals the formation
of M\L, (y > x) complex species. Further research shows
that the potentiometric equilibrium curve for the 1:2 and
1:3 Ce™ to citric acid titration possesses a sharp inflection
point at @ = 3 (¢ = molOH /mol Ligand), matching the for-
mation of the complex species Ce(CA),. Both curves gave
a second inflection at 3.67 (1:2 molar ratio) and 3.44 (1:3

Eur. J. Inorg. Chem. 2010, 233-241
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Figure 2. Experimental titration curves in a 1:2 and 1:3 metal/ligand molar ratio, combined with simulated curves formed by the addition

of a polynuclear complex 340.

molar ratio). These inflection points could be perfectly sim-
ulated by adding polynuclear species to the chemical model.
By means of calculations, we were able to identify the poly-
nuclear complex as M;L,H_,. The theoretical calculation of
the « value using the polynuclear hydroxo complex
M;L4H 4 perfectly corresponds with the experimental a
value of the second inflection point found in both the 1:2
and the 1:3 titration. The use of this polynuclear species
leads to a perfect fit between the experimental and the sim-
ulated curve as shown in Figure 2.
1 to 2 titration

3Ce + 6H3L — CesL, + 2L + 18H
CesLy—xH — Ce;L,H. + xH

x|123456

a |3.17 333 350 3.67 383 4.00

1 to 3 titration

3Ce + 9H3L — Cesly + SL + 27H
CesLy —xH — CesLyH  +xH

x| 2 3 4 5 6
a 311 322 333 344 356 367

The confirmation for the presence of the polynuclear spe-
cies M3L4H 4 in the solution was given by a second series
of titrations in a 2:3 and 3:4 metal-to-ligand molar ratio.
The 2:3 titration curve gave rise to a second inflection at
= 3.89, while the 3:4 titration curve lead to an inflection at
a = 4.00.

2 to 3 titration

3Ce + 4.5H;L — CesLs + 0.5L + 13.5H
CesLy —4H — Ce;L4H 4 +4H

a=3.89
3 to 4 titration
3Ce + 4H;L — CesLy + 5L + 12H
Ce;Ls —4H — CesLsH 4 + 4H
a=4

The results of these two supplementary titrations gave
extra support to the proposed existence of this polynuclear
hydroxo complex. The chemical model was therefore refined

Eur. J. Inorg. Chem. 2010, 233-241
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with a series of these polynuclear complexes and the calcu-
lations were based on the experimental data of the 1:2 and
1:3 titration. The formation constants of the complex spe-
cies are given in Table 1.

Table 1. Overall formation constants () (Ce'"! — CA) for the inter-
action of Ce!! with CA (M = Ce**, CA = citric acid, H = H*, I =
0.10 m KNO3;, 25 °C).

Stoichiometry log B Stepwise constant K log K
CA H

1 1 572 [HCAJ/[H][CA] 5.72

1 2 10.10  [H2CAJ[HJHCA]  4.38

1 3 13.05  [H3CAJ[H]H2CA]  2.95

[a] Estimated error = = 0.02.

It is apparent from the species distribution diagram in
Figure 3 that the mononuclear Ce'! species begin to form
at a pH lower than 3.

It is interesting to note that a protonated metal complex
was first found in the theoretically accepted model and was
transformed into the ML (“110” in Figure 3) and MsL4
(“340” in Figure 3) species. With further increasing pH
these complexes gave rise to a Ce!'l complex of type ML,
(“120” in Figure 3) which is the main species in the pH
region between 5 and 8. At higher pH the polynuclear hy-
droxo complex M;L4H 4 (“34-4” in Figure 3) is being
formed and is the dominating species at higher pH (8.5 <
pH < 10.5). At a pH of 7 the main species is the ML,
(“120” in Figure 3) and no hydroxo complex is formed.
From potentiometric point of view the main complex at a
pH ranging from 6 to 7 exists of a Ce''' atom surrounded
by two neutral citric acid molecules, which can be seen as
the starting material for a three-dimensional network. Dur-
ing the gelation in a thermal oven at 60 °C, water and am-
monia will evaporate, which can lead to an increase of the
acidity of the solution and as shown in Figure 3 to a higher
distribution percentage of the polynuclear species MsL,
(“340” in Figure 3). This pH evolution and concurring de-
velopment of mononuclear into polynuclear species can be

www.eurjic.org 235
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Figure 3. Species distribution diagram showing the species formed as a function of pH when citric acid (3.36 X 10 m) and Ce!!

(1.12X 1073 m) are equilibrated at 25 °C and 7 = 0.10 M (KNO3).

seen as a direct confirmation for the formation of three-
dimensional networks that are known to induce the forma-
tion of stable gels.

Experimental proof of a stable sol to gel transition at a
metal-to-ligand ratio of 1:3 and a pH between 6 and 7 was
found.

Thin-Film Formation

Research towards deposition and synthesis of CeO,
buffer layers started from previously attained experience, as
published before.l'*2!1 Starting from the thermal process in
Figure 4, we mainly focused on the sintering step (at ap-
proximately 1050 °C) and its according ambient Ar-(5%)H,
atmosphere.

A coating starting from the further described precursor
solution A (0.2M — 1.5¢cP), resulted in 15 to 20 nm thick
CeO, films for dip-coating withdrawal speeds up to
170 mm/min. We examined the influence of both sintering
time and temperature on the texture (Figure 5) by X-ray
diffraction, focusing on both the undesired [111] and pre-
ferred [002] orientations.

It is clear that acceptable texture occurs from 1000 °C
onwards. There is a sharp increase in [002] crystal growth
with time. These films, with thicknesses lower than 20 nm,
showed no observable [111] crystal growth. The increase in
peak intensities with sintering time could indicate towards

900
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700 [0\02]
7600 l|
Q
S 500 o A
o Oo vl
Ea0 { 53 (A
SO, A
20 16887 el L
:DOP ________ __,’ \ —~———
200 LOF --------------- P I
100 {% i,
0

1400 A Ar/H, gas flow (F)
F1 F2 F3
1200 1€ >< 5 >< >
Synthesis Conditions 1
1000 1 & F1 = F2 = F3 = 200 ml/min
O 800 - Synthesis Conditions 2
299 F1=F3= 7Q ml/min
~ 600 A F2 =0 ml/min
400 A
Synthesis Conditions 1 and 2
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0 urflmn __ §=20mip
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Time (h:min)

Figure 4. Thermal process.

enlarged crystallite sizes, while the increase of peak inten-
sities with sintering temperature could indicate towards a
larger amount of crystalline material. According to these
remarks both parameters should be as high as feasible. For
films in this order of thickness “synthesis conditions 17
(Figure 4) are very appropriate. The good XRD texture was
confirmed by electron backscatter diffraction and pole fig-
ures on a sample synthesized at a chosen sintering time of
30min and a sintering temperature of 1100 °C. These
analyses revealed a very high degree of [002] crystal growth
(97.9%) with a very small amount of misorientation, as can
be seen in Figure 6.

33 35 37

31
26()

27 1 33 35 37 27
26()
Figure 5. Influence of sintering temperature (left) and time (right) on crystal growth.
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Figure 6. EBSD and pole figures.

FE-SEM images (Figure 7) allowed us to observe smooth
surfaces for all experiments using short dwell times, which
should be beneficial in the further synthesis of a coated con-
ductor. Therefore a compromise has to be reached for at-
taining both acceptable XRD texture and surface struc-
tures.

Figure 7. Influence of sintering time on surface morphology (left:
0 min; right: 45 min); sintering temperature: 1050 °C.

As mentioned before, one of the highly desired require-
ments of a CeO, buffer layer in coated conductors is a de-
sired thickness of at least 50 nm, what was not yet ac-
complished during this stage of the research. Adjusting sev-
eral parameters occurring in the Landau-Levich equation
allows us to control the thickness of thin films. Among
these parameters the viscosity of the precursor solution and
the dip-coating withdrawal speed are the most straightfor-
ward. The use of precursor solution B (0.45M — 3 cP) re-
sulting in an optimized wettability of our substrates and
thicknesses up to several hundredths of nanometer with our
dip-coating device. This severe change in film thicknesses in
comparison to the previous synthesis however had a huge
influence on the achieved texture. Figure 8 shows a heavily
decreasing XRD texture with increasing thickness.

There are 2 possible explanations for this observed phe-
nomenon. First of all crystal growth will not reach a 100%
growth in the desired [002] direction because of slight differ-

Eur. J. Inorg. Chem. 2010, 233-241
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Figure 8. Influence of thickness on the texture; gasflow of ambient
Ar/5%-H, atmosphere: 70 mL/min.

ences in cell parameters between the substrate and the CeO,
crystals. Some of the crystals will only show a small differ-
ence, while others might be forced to grow in the direction
of the more stable [111] orientation, making further [002]
crystal growth impossible in subsequent crystal layers.[?]
Some material could even remain as an amorphous phase.
Every subsequent growing layer of crystals will follow the
same trend, which makes it obvious that more and more of
the material will develop into the [111] orientation with an
increasing number of crystal layers or with increasing thick-
ness.

Another trend that can be seen on the X-ray diffractog-
rams is the behavior of the peak intensities. One would ex-
pect the intensity of the [002] orientation to increase, re-
gardless of the further development of the [111] orientation.
This opposite trend could be explained by posing either that
the material becomes less crystalline with an increasing film
thickness or by posing that once a certain thickness is ex-
ceeded, the remainder of the material develops into
amorphous CeO,, what could be explained by the crystal
growth behavior in the previous paragraph. That makes
both the increasing trend in [111] crystal growth and in
amorphous material in subsequent crystal layers obvious.
At a certain moment the amorphous material might prevent
any further growth of crystalline material, resulting in stable
peak intensities.

In order to avoid the deteriorating texture of thicker
films, the synthesis procedure had to be adapted. Optimiz-
ing the flow rate of the ambient Ar-(5%)H, atmosphere
seemed to be most effective. A first set of experiments ex-
amined the difference between low and high flow rates, kept
at a constant level during the whole synthesis process. On
Figure 9 (left) a remarkably improved texture in case of
decreasing flow rates can be seen.

A minimum flow rate of 70 mL/min over longer periods
was required in order to avoid substrate oxidation. There-
fore a second set of experiments examined the effect of a
varying flow rate during the synthesis process (Figure 9 —
right). This way a more thorough decrease could proceed
during a limited amount of time, i.e. during the relatively
short period where crystal growth occurs. During these ex-
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periments other parameters, such as the synthesis tempera-
tures were kept constant. X-ray diffraction on these thicker
samples reveals that “synthesis conditions 2” (Figure 4) are
very appropriate.

The fact that the diffractograms in Figure 9 (left) show a
better [002] to [111] ratio than in Figure 9 (right) is solely
caused by a difference in thickness. Coatings used in the
first set are approximately 30 nm thick, while those used in
the second set are close to 90 nm. Combining the synthesis
atmospheres of the second set of experiments with more
moderate thicknesses will lead to a more thorough inhibi-
tion of the [111] crystal growth. An explanation could be
found in the varying oxygen partial pressure between the
different synthesizes as there is a variable overpressure in-
side the furnace in function of the applied Ar-(5%)H, flow-
ing rate, allowing limited diffusion of oxygen inside the fur-
nace. Earlier research has confirmed a clear influence from
oxygen partial pressure on the final texture of CeQ,.[?3-24
Another possibility to be investigated follows from the sta-
bility of the two occurring crystal orientations, with the
[002] orientation being the most unstable one in comparison
to the [111] orientation. The texture of the substrate bene-
fices [002] crystal growth, while higher temperatures and a
more turbulent atmosphere might accelerate the transition
towards the most stable orientation. Increasing the thick-
ness will decrease the beneficial [002] growth effect induced
by the substrate, which explains the increasing occurrence
of the [111] orientation in thicker films.

Our conducted experiments confirmed the possibility to
make thick, well-oriented CeO, buffer layers. We expected,
however, that the increasing thickness might cause a de-
grading microstructure, which was confirmed by secondary
electron microscopy in Figure 10 (left).

The appearance of microcracks indicates the existence of
stress throughout the material, caused by differences in
thermal expansion between the CeO, material and the sub-
strate or differences in lattice parameters between the CeO,
material and the substrate.

It is clear that the induced stress by thermal expansion
increases as the thickness of the films gets higher. In order
to decrease the stress, we have focused on the lattice mis-
match between the CeO, (5.411 A) and the NiW (3.6 A)
material. Attempting to incorporate doping metal elements
can create relaxation spots throughout the material.>>! We
investigated the effect of four different doping elements (M
238
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Figure 10. Surface morphology of a 70 nm thick CeO, film (left:
non-doped; right: 5% Yb-doped).

= Co?*, Gd**, Yb** and Bi*") in two different concentra-
tions, i.e. 5 and 10%, on both microstructure and texture
of Ce; MO, films. From FE-SEM images the effect of
doping on the microstructure seemed beneficial for every
combination. Stress can be released whenever a change in
cell parameter, positive or negative, occurs. A Typical FE-
SEM image is shown in figurelO (right).

Optimal results concerning microstructure were estab-
lished using the 5% doped solutions. Introducing several
doping elements completely inhibited the growth of micro-
cracks in the material for film thicknesses up to at least
80 nm. The observed holes throughout all coatings are most
likely caused by a typical redox reaction for metal nitrates
and citric acid containing solutions:

18 HNO5(aq.) + 5 (CeHgO,-H,0)(ag.) —
34 H,O + 9 N, 1 + 30 CO, 7

Comparison between the left and right image shows an
increasing trend in the number of holes as a function of
increasing doping level. Regarding the limited amount of
extra NO;~ — groups introduced, it seems unlikely that this
is the only cause of the increasing amount of holes.

Since lattices will be locally deformed due to substitu-
tion, an influence on the crystal growth was expected.
Based on X-ray diffraction analysis (Figure 11) we found a
decrease in [002] to [111] ratio in all cases.

As summarized in Table 2, we examined the influence of
both elements with bigger and smaller ionic radii than ce-
rium.”?°l On the basis of this experimental setup, we can
conclude that there is not a generally acceptable trend
towards either optimal dopant concentration or dopant
ionic radius. For gadolinium and ytterbium a low concen-
tration seems to be beneficial, while the opposite can be

Eur. J. Inorg. Chem. 2010, 233-241
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Figure 11. X-ray diffraction analysis; doped vs. non-doped.

concluded in case of cobalt and bismuth. The chemical na-
ture of the elements seems to be less relevant than its physi-
cal presence. A local element disorder or lattice deformation
seems to suppress epitaxial growth, with development of
the more stable [111] orientation as a result.

Table 2. Radii of doping elements in eightfold coordination.

Element Tonic radius [A] Crystal radius [A]
Co** 0.90 1.04
Ce** 0.97 1.11
Yb3 0.99 1.13
Gd** 1.05 1.19
Ce’* 1.14 1.28
Bi’* 1.17 1.31

As a coated conductor actually consists of a stacked
architecture of subsequent La,Zr,O; and CeO, layers, we
combined the experiences from previous paragraphs and
deposited an undoped CeO, layer on available NiW-
La,Zr,0 tape, as supplied by Zenergy Power GmbH. The
applied synthesis followed the before mentioned “synthesis
conditions 2”7, as shown in Figure 4, while the thicknesses
of the La,Zr,O; and the CeO, are respectively charac-
terized as 170 and 70 nm. The resulting X-ray diffractogram
in Figure 12 reveals an excellent texture with a complete
absence of any [111] orientation.
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Figure 12. X-ray diffraction of a single (NiW-CeO,) and double
(NiW-La,Zr,05-Ce0,) buffer structure.
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The underlying buffer layer seems to exhibit a positive
influence on the characteristics of the synthesized CeO,
layer. A very substantial gain in intensity between the NiW-
La,Zr,O, film and the NiW-La,Zr,0,-CeO, film is ob-
served. The improved match in cell parameters between
La,Zr,0; (+/-10.8 A) and CeO, (+/-5.41 A) than between
NiW (+/-3.6 A) and CeO, will probably be the major factor
in the occurring suppression of [111] growth.

A final synthesis of a 500 nm thick YBa,Cus05 thin film
on top of the previous buffer structure was performed by
the TFA-MOD method (Figure 13).27) X-ray diffraction
analysis mainly revealed c-axis growth of the YBCO layer.
A minor reflection of the [200] orientation can be seen as
well. Also there is no notice of large amounts of barium
cerate compounds in the sample, what indicates that the

YBCO __ [004] [005] [006][200] [007]
CeO, [111] __ [002]
LZO [222] [004]
, Niw [002]
1 . :
4000 -
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g ]
= 2000 -
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24 30 40 50
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Figure 13. X-ray diffraction of a complete coated conductor struc-
ture.
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Figure 14. Inductive J. measurement.
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buffer structure exhibits an appropriate surface smoothness
for synthesis of a superconducting layer and thus that a
slightly porous morphology, as was shown in Figure 10
(right), does not eliminate chances towards successful c-axis
growth.

Inductive J. measurements result in an average J. value
of 0.4 MA/cm?, with maxima up to 0.8 MA/cm?, for a
500 nm thick YBa,Cus05 film (Figure 14).

Conclusions

This article reviews both the chemistry of and thin-film
synthesis by a cerium-containing citrate gel. Cerium(III) ni-
trate and citric acid were used as precursors for the exam-
ined solution. Sufficiently thick and well-textured CeO,
buffer layers were synthesized by starting from this aqueous
sol-gel system.

A potentiometric study characterized the different chemi-
cal species present in the solution. Focusing on the actual
buffer layer synthesis, there are several parameters influenc-
ing the texture and surface morphology of CeO, buffer lay-
ers on NiW biaxially textured substrates. Synthesis condi-
tions were optimized for CeO, films of varying thickness,
where the main focus was drawn towards the sintering
period. The microstructure of the resulting buffer layers was
optimized by the introduction of several doping elements.

A first attempt in creating a coated conductor was suc-
cessfully accomplished, resulting in promising supercon-
ducting properties.

Experimental Section

Precursor Solution: The chosen metal source was cerium(I11) nitrate
hexahydrate (99 %, Aldrich) dissolved in deionised H,O in a 0.2 M
concentration. Citric acid monohydrate (= 98 %, Aldrich) was used
as complexant (molar ratio of metal-to-ligand: 3). The pH was ad-
justed to a value of approximately 6 by adding ammonia (25 wt.-
%, Chem-Lab), based on theoretical calculations of complex sta-
bility, as described in a following section. Subsequent refluxing at
70 °C for 3 h leaded to the formation of the desired complexes and
a slight decrease in pH, which was adjusted to 6 by adding extra
ammonia. Complexation was supposed to be completed when a
stable yellow colour was attained. The yellow-colored stock solu-
tion showed a viscosity of approximately 1.5 cP and was indicated
as precursor solution A throughout this work. Thicker films were
synthesized starting from precursor solution B, which had a higher
concentration and viscosity (0.45 M and 3 cP).

Alternatively, a set of experiments was conducted to examine other
possible ligands, such as malic acid, acetylacetonate, malonic acid,
succinic acid, tartaric acid, a mixture of tri- and diethanolamine
and a mixture of EDTA and ethylene glycol. All solutions were
prepared using the same procedure and relative quantities as the
described Ce(NO3); citrate gel method. In comparison to the alter-
native systems, the citrate gel method seemed the optimal choice,
resulting in both an extended stability of the precursor solution of
several months and a possible formation of clear and stable gel
structures, a combination which was not accomplished using the
alternative complexants.
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Gel Formation: Gels were prepared by subjecting 9 mL of stock
precursor solution for several hours at 60 °C in order to initiate the
condensation reactions towards a gel structure. A set of tests was
conducted with different pH values and metal-to-ligand ratios in
order to obtain very homogeneous and stable gels, prone to result
in buffer layers of optimal quality.

Substrate Preparation: A commonly chosen metal substrate for
coated conductors is the biaxially textured Ni-(5%)W tape, fabri-
cated by the RABITS (Rolling Assisted Biaxially Textured Sub-
strates) process as explained elsewhere.l”8! A thorough cleaning was
performed before the synthesis of thin films. The cleaning process
involved both a thermal and a chemical cleaning.!'”] The substrates
were heated to 800 °C under ambient Ar-(5%)H, atmosphere fol-
lowed by a chemical cleaning consisting of a degreasing and decon-
taminating phase, respectively in trichloroethylene, acetone, meth-
anol and water. An etching phase, in a 1:1 mixture of formic acid
and hydrogen peroxide, was subsequently applied in order to in-
crease the wettability of the substrate due to deformations of the
grain boundaries and smoother surfaces.

Film Synthesis: Thin film depositions were performed by dip-coat-
ing, using a computer-controlled dip-coating unit (KSV Instru-
ments) in a clean-room facility (class 100000). Prior to the thermal
treatment, the sol-gel transition proceeded in a conventional dry-
furnace at 60 °C during 1 h. The high-temperature synthesis was
performed in a quartz-tube furnace with controlled atmosphere
(Carbolite Furnaces, length: 1 m, inner tube diameter: 6 cm).

Characterization: Characterization of the texture and phase compo-
sition was performed by X-ray diffraction (Siemens D5000) and
EBSD measurements (JEOL JSM 6400F - EBSD-Camera HKL
Nordlys). Structural characterization was carried out using a FE-
SEM microscope (FEI Quanta 200F), while spectroscopic ellipso-
metry (JA Woollam Alpha-SE) allowed us to determine the thick-
ness of the thin films. Thermal analysis (TA Instruments,
SDT2960) of the starting products was performed in order to deter-
mine the exact water content and purity of the precursors as well
as to follow the decomposition process from precursor solution to
solid material. J. measurements were performed by cryoscan map-
pings (Theva-Tapestar).

Potentiometric Measurements: All reagents for potentiometric
analysis were of analytical grade and used as received. Distilled
and deionised water (Milli-Q quality, specific conductance
< 0.05 uScm™!) was used for all solutions. Titrisol ampoules were
used to obtain carbonate-free potassium hydroxide solutions
(= 0.2 M). The metal ion stock solution was prepared from metal
nitrates, i.e. Ce(NOj3);, and was standardized by titration with the
disodium salt of ethylenediaminetetraacetic acid (EDTA) in the
presence of a small amount of the Hg(EDTA) complex using ap-
propriate conditions and electrodes (mercury and calomel).”*! All
final solutions for the potentiometric and spectrophotometric ti-
trations were made up to an ionic strength of 0.1 M with KNOs;.

The potentiometric measurements were performed with standard
dilute KOH using a Schott® pH-meter and a 5 mL Schott® glass T-
burette. The pH-meter was connected with a Schott® H2680 glass
electrode and a Schott® B3410 calomel electrode with a second
salt bridge filled with 0.1 m KNOs. Each aqueous system under
consideration was measured in a 100 mL jacketed cel thermostatted
at 25°C=0.1°C by a refrigerated circulated water bath. All sys-
tems were studied under anaerobic conditions, established by a
stream of presaturated nitrogen, obtained by sending the inert gas
through a 0.1 M KNOj; solution. The ionic strength was adjusted
to 0.10 M by the addition of KNO; as supporting electrolyte. The
concentrations of all the experimental ligand solutions were in the
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range of 1.0 X 1073 M. The program Titrate, slightly modified, was
used to monitor the titration.?% The titration data were processed
using Gran’s method in order to calculate the standard cell poten-
tial (E°), the dissociation constant of water (K,,), together with the
correction terms for changes in the liquid junction potential in
strong acid medium, a; (-log[H*] < 2.5), and for the non-linear
electrode response in a strong alkaline medium, b; (-log[H*] >
11.5) as described previously.?'l Experimental runs were performed
by adding increments of standard base to a ligand solution contain-
ing an excess of HNOs (¢ = molOH /mol Ligand).
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Paper

Water-soluble-doped ZnS quantum dots were synthesised
and formulated for inkjet printing. The quantum dots were
then inkjet-printed onto a variety of substrates, including
photo quality inkjet paper, cotton fabric, PET film, and glass.
Of these substrates, only inkjet printing of doped ZnS quan-
tum dots on photo-quality inkjet paper and cotton fabric pro-
duced a photoluminescent print. The materials were charac-

terised using a number of methods, including profilometer
measurements, photoluminescence spectroscopy (PL), scan-
ning electron microscopy (SEM), transmission electron mi-
croscopy (TEM) and viscosity measurements. On excitation
with UV light, a photoluminescence emission of approxi-
mately 600 nm was observed.

Introduction

In recent years, inkjet printing has become an attractive
method for microscale patterning on a variety of surfaces.
The main advantages of inkjet printing are its ease of use,
the increased number of substrates available for printing,
and the fact that it is an additive approach generating little
in the way of waste. Inkjet printing has been used in the
fabrication of a number of devices, including light-emitting
diodes (LED?’s), solar cells, and field-effect transistors.!!~¢]

Zinc sulfide (ZnS) is a well-known semi-conductor mate-
rial with a band gap of about E, = 3.6 eV which corre-
sponds to the energy range of UV light. ZnS in the form of
nanocrystalline particles are referred to as quantum dots.
When the ZnS quantum-dot lattice is doped with transi-
tion-metal ions and excited by UV light, it exhibits photolu-
minescence in the visible region with the colour depending
on the nature and level of the transition-metal-ion dopant.
ZnS quantum dots doped with Mn>* ions exhibit a red-
orange colour at a wavelength of about 600 nm and when
doped with Cu®* ions they exhibit a green-blue colour at a
wavelength of about 530 nm, when excited by UV light. In
ambient light they are invisible. The dopants act as recom-
bination centres for the excited electron-hole pairs, resulting
in strong and characteristic photoluminescence.[’! The size
of the quantum dots does have an effect on the fluorescence
quantum yield (@) of the doped quantum dots, given by:

[a] School of Chemical and Physical Sciences, Victoria University
of Wellington,
P. O. Box 600, Wellington, New Zealand

[b] The MacDiarmid Institute for Advanced Materials and Nano-
technology,
P. O. Box 600, Wellington, New Zealand

[c] CSIRO Materials Science and Engineering,
Private Bag 10, Clayton South VIC 3169, Australia

242

vvvvvvvvvvvvvvvvvvvvvv

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1
A BD?

Where D is the diameter of the quantum dot and f is the
ratio of the non-radiative and radiative decay lifetimes.!®!
This shows that the smaller the particle size, the larger the
fluorescence or photoluminescence yield. Doped ZnS quan-
tum dots are typically up to about 10 nm in size.

A stable colloid of doped ZnS quantum dots is colourless
as the particles are too small to scatter light in the visible
region but exhibits the sharply defined characteristic photo-
luminescence colour in the visible region due to the particu-
lar transition metal ion dopant, when viewed under UV
light. Colloid stability is usually achieved by the use of cap-
ping agents that coat the individual quantum-dot nanocrys-
tals and prevent agglomeration. The ability to form stable
colloids of photoluminescent quantum dots opens up the
exciting possibility for their use as photoluminescent inks
in security documents and labels in both single colour and
full colour characters and images, and also in novel flexible
photoluminescent displays and advertising.

This paper presents the results of a study where Mn?*-
and Cu?*-doped ZnS quantum dots have been formulated
into an ink-jet ink and images printed onto paper using a
2811 Dimatix Materials printer. A number of methods have
been made to inkjet print quantum-dot suspensions,’?! how-
ever, we believe this is the first report of the inkjet printing
of doped ZnS quantum dots on cellulosic materials.

Methods

Mn?*- and Cu?*-doped ZnS quantum dots were synthe-
sised using a chemical precipitation method.l! All reagents
used were AR grade and double distilled water was used
for all solutions.
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Inkjet Printing of Water “Soluble” Doped ZnS Quantum Dots

In a typical synthesis of Mn?"-doped ZnS, 10 cm® of
1.0 M ZnCl,, 10 cm? of 0.01 M MnCl, and 10 cm? of 0.5 M
sodium citrate solution were mixed and stirred for 10 min.
From a burette, 10 cm® of 1 M Na,S solution was added
dropwise. A white precipitate of ZnS:Mn>* quantum dots
was formed and the resulting suspension was centrifuged
and washed with distilled water and redispersed in 40 cm?
of distilled water to provide a colloidal suspension. Several
experiments were conducted using different concentrations
of Mn?* ranging from 1-10 mol-% to determine the opti-
mum photoluminescence yield.!!

Similarly, in a typical synthesis of Cu?*-doped ZnS quan-
tum dots, 10 cm? of 1.0 M ZnCl,, 10 cm? of 0.01 M Cu(CHj.
COO0),, 10 cm? of 0.5 M sodium citrate and 10 cm? of 0.5 M
sodium thiosulfate solution were mixed and stirred for
10 min. The procedure was then the same as that for Mn?*-
doped ZnS quantum dots and a colloidal suspension was
similarly formed. The dopant concentrations were adjusted
from 0.2-1 mol-% to determine the optimum photolumi-
nescence yield.[]

The photoluminescent spectra of the doped ZnS quan-
tum-dot colloids were measured with a Perkin—Elmer LS-
55 Photoluminescence Spectrometer using an excitation
wavelength of 335 nm and over a range of 300-800 nm with
a filter to remove the excitation line from the emission spec-
tra.

The quantum-dot colloids were incorporated into an ink-
jet formulation and ink-jet-printed onto paper and textile
substrates using a 2811Dimatix Materials digital printer.
The requirements for the ink-jet formulation that needed to
be matched as close as possible are shown in Table 1.

Table 1. Summary of fluid properties for inkjet printing.

Value

10-12 centipoise at 60 °C
28-33 dynes at 60 °C
boiling points < 100 °C
specific gravity > 1 gem™
filtered to 0.2 pm

Property

Viscosity
Surface tension
Low volatility
Density
Filtration

In order to approximately match these requirements and
to ensure stability of the ink formulation, mercaptosuccinic
acid (MSA) in a mole ratio of MSA/Zn = 8:1 for Mn?*-
doped ZnS and 4:1 for Cu**-doped ZnS was used. At 60 °C,
a viscosity value of 4.1 centipoise was obtained, slightly be-
low that of the specified printer requirements. The boiling
point of the “ink” was approximately 100 °C and the spe-
cific gravity was 1.09 gcm . Surface tension was not mea-
sured. A 1.5-cm® DMC-11610 (10 picolitre nominal drop
volume) cartridge was used and the solution printed with
a 15 micron drop spacing and 30 °C reservoir temperature.
These settings gave an acceptable balance between print
uniformity and edge resolution on most substrates. Sub-
strates were taped down onto the platen using masking
tape. The number of “passes” of the printhead over the sub-
strate was set at 1, 2 or 3.

Eur. J. Inorg. Chem. 2010, 242-247

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

Results and Discussion

The printing of doped ZnS quantum-dot “inks” on vari-
ety of substrates was attempted. These include photo-
graphic-quality inkjet paper, photocopy paper, cotton fab-
ric, PET film, ITO-coated PET film, silicon wafer and
wool.

The photoluminescence spectrum of Mn>*-doped ZnS is
shown in Figure 1. A photoluminescence peak is observable
in the visible range at about 600 nm which gives rise to the
red-orange colour. This is due to the presence of Mn?* in
the host ZnS lattice which produces localised energy levels
(*T,-°4,). Incident UV light with energy greater than the
band gap promotes an electron from the valence band to
the conduction band. This then decays back to the valance
band via a pathway involving a transition from the interme-
diate 4T to the °4, energy levels and hence the emission of
light in the visible region (red-orange colour).®! The emis-
sion at about 400 nm is due to S?>° vacancies in the ZnS
lattice.[1?]
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Figure 1. Photoluminescence emission spectrum of ZnS:Mn?* and
ZnS:Cu”* quantum dots (AFX = 335 nm).

A similar mechanism takes place for Cu?*-doped ZnS
(Figure 1) where the transition is between the 2E-2T energy
levels and the emission occurs at about 530 nm giving rise
to the blue-green colour.''l The emission from the S* va-
cancies is not observable in this case as there are fewer S?
ions available due to the use of S,05” in the reaction.

The photoluminescence emission spectrum of MSA-
capped ZnS:Mn”* quantum dots is shown in Figure 2. The
large peak at approximately 600 nm is present, as in un-
capped ZnS:Mn?*. An interesting point to note is that the
peak at 600 nm is larger than that of uncapped ZnS:Mn?*
quantum dots (Figure 1), indicating that the MSA cap has
actually improved the luminescence of the quantum dots. A
possible reason for this is that the capping agent has re-
duced the number of surface defects present on the mate-
rial. This would mean that there is a greater chance of a
photogenerated electron-hole pair recombining at a lumi-
nescent centre, rather than at the site of a defect, which
leads to an increase in photoluminescence efficiency.

The photoluminescence spectrum of MSA-capped
ZnS:Cu?* quantum dots is also shown in Figure 2. The
characteristic emission at approximately 530 nm is visible,
although unlike the MSA-capped ZnS:Mn?* variety, the
capping agent does not seem to increase the luminescence
of the material.
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Figure 2. Photoluminescence emission spectrum of MSA-capped
ZnS:Mn?* and ZnS:Cu?* quantum dots (AEX = 335 nm).

The photoluminescence emission spectrum for MSA-
capped ZnS:Cu?* quantum dots is also markedly different
to that of the precursor ZnS:Cu?* quantum dots (Figure 1),
whereas the photoluminescence emission spectra of MSA-
capped ZnS:Mn?* quantum dots and the precursor
ZnS:Mn>* quantum dots are very similar — the only differ-
ence being the increase in relative peak heights of the
4T1—%4, emission (ca. 600 nm) and the S?>~ vacancy emission
(ca. 430 nm).

Figure 3 shows the surface of the ZnS quantum dots
capped with MSA. The stabilising agent is presumably
bound through interaction between the sulfur groups on
the surface of the quantum dot, and the thiol group of the
MSA.I2l MSA is not a large molecule, and stabilisation
must therefore occur electrostatically, rather than sterically.

Figure 3. Schematic showing the binding of MSA to the ZnS quan-
tum-dot surface.

The IR spectra of both MSA and MSA-capped
ZnS:Mn2* are shown in Figure 4. On comparison between
the two spectra, their difference is clear. Therefore, it can
be deduced that a change in bonding is occurring. This is
most likely associated with the thiol group present in the
MSA, as the thiol stretch at approximately 2550—2600 cm!
has diminished on bonding to the ZnS:Mn?" quantum dots.
The spectra also differ in both the area of a disulfide stretch
(400-550 cm™!) and in the fingerprint region (400-
1000 cm™!), further indication that a change in bonding has
occurred. In particular, the disulfide area is broadened,
which suggests the vibrations of the MSA molecules have
been changed considerably due to bonding of the MSA
with the ZnS:Mn?* quantum dots through the S.
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Figure4. IR spectrum of MSA (below) and MSA-capped

ZnS:Mn?* (above).

On printing these quantum-dot “inks” onto the various
substrates, the characteristic = luminescence peaks
(ca. 600 nm for ZnS:Mn?* and ca. 530 nm for ZnS:Cu?*)
are observed, indicating the substrate has not altered the
chemistry of the quantum dots. The photoluminescence
emission spectrum for ZnS:Mn?* quantum dots inkjet-
printed onto photographic-quality inkjet paper are shown
in Figure 5, which shows the photoluminescence emission
spectrum for one and two layers of ZnS:Mn?* quantum
dots. The greater peak height at 600 nm is indicative of the
increased brightness arising from the printing of two layers
(as observed visually in the photograph shown in Fig-
ure 10).
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Figure 5. Photoluminescence emission spectrum for ZnS:Mn?**
quantum dots printed onto photographic-quality inkjet paper
(AE* = 335 nm).

The photoluminescence emission spectrum of two layers
of ZnS:Mn?* quantum dots inkjet-printed onto cotton fab-
ric is shown in Figure 6. Again, the characteristic emission
at approximately 600 nm can be seen, indicating that the
cotton has not changed the chemistry of the quantum dots.

Merino wool was also used as a substrate for inkjet print-
ing ZnS:Mn?* quantum dots onto. Figure 6 shows the pho-
toluminescence emission spectrum of two layers of
ZnS:Mn?* quantum dots inkjet-printed onto merino wool
fabric. Again the characteristic emission at approximately
600 nm can be seen, along with the emission arising from
the S>~ vacancy and the luminescence characteristics of the
wool substrate — different from those of cotton fabric, and
photographic-quality inkjet paper (already shown in Fig-
ure 5).

Eur. J. Inorg. Chem. 2010, 242-247
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Figure 6. Photoluminescence emission spectrum for two layers of
ZnS:Mn?* quantum dots printed onto cotton fabric and merino
wool (AEX = 335 nm).

The photoluminescence emission spectrum of ZnS:Cu?*
quantum dots inkjet-printed onto photographic-quality
inkjet paper is shown in Figure 7. Although the characteris-
tic emission at approximately 530 nm can be seen visually in
Figure 11, it seems to be masked in the photoluminescence
spectrum by the luminescence of the inkjet-paper substrate
of photographic quality.
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Figure 7. Photoluminescence emission spectrum for two layers of
ZnS:Cu?* quantum dots printed on photographic-quality inkjet
paper (LF* = 330 nm).

The images in Figure 8 show first pieces of photographic
paper printed with a strip of ZnS:Mn?* quantum dots. On
the left is the photographic paper under normal light, while
on the right, is the same sheet of paper under UV light
conditions. The above success was followed by the success-
ful printing of detailed images, as shown by the photo-
graphs in Figures 9 and 10 of a printed circuit-board tem-
plate and the Victoria University of Wellington logo.

Figure 8. Photographic-quality inkjet paper with a strip of
ZnS:Mn?* quantum dots printed on the surface. Under normal
light conditions (a), and under UV light conditions (b).

Several parameters of the printer may be adjusted to im-
prove the print quality and brightness, and include drop
spacing and the number of layers printed. A lower drop
spacing gives more “ink” per unit area (or a higher “ink”
loading), and would result in an increase in print quality
and brightness. At a drop spacing of 10 pm, however, the

Eur. J. Inorg. Chem. 2010, 242-247
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Figure 9. A detailed inkjet-printed image of a printed circuit board
template on photo quality inkjet paper using ZnS:Mn>* quantum
dots.

Figure 10. Comparison between images printed using 1 layer (a)
and 2 layers (b) of ZnS:Mn?* quantum dots.

substrate (photographic-quality inkjet paper) could not ab-
sorb all the “ink”, resulting in smearing of the print. There-
fore, a drop spacing of 15 pum was used throughout this
study. Another way to increase brightness is by changing
the number of passes made (or layers printed) by the print-
head over the substrate. In this study, the number of passes
was set at either 1, 2 or 3, in order to obtain the best print.
Figure 10 shows the difference between 1 and 2 layers. The
image printed with 2 layers of ZnS:Mn>* quantum dots is
noticeably brighter. On printing three layers, however, the
print began to smear, and the printing cycle was cancelled
in order to maintain the cleanliness of the printhead.
ZnS:Cu?* quantum dots were also inkjet-printed onto
photographic-quality inkjet paper. The copper-doped vari-
ety was unstable in the MSA surfactant, however, and as a
result the ZnS:Cu®>*" quantum-dot “ink” had to be prepared
only a few hours before printing in order to obtain a stable
and printable “ink” containing no solids. Once formulated,
however, the ZnS:Cu®>* quantum dots posed no problems
during the inkjet printing process. Figure 11 shows

Figure 11. A detailed inkjet-printed image of the Victoria Univer-
sity of Wellington logo on photographic-quality inkjet paper using
ZnS:Cu”* quantum dots (a), and on cotton fabric using ZnS:Mn>*
quantum dots (b).
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ZnS:Cu?* quantum dots inkjet-printed on photographic-
quality inkjet paper and illuminated with UV light, giving
a green luminescence.

Cotton fabric also performed well in print tests, although
whiteners present in the cotton fabric produced a blue-col-
oured background, making it difficult to photograph the
emission under UV light. An image of ZnS:Mn?* quantum
dots printed on cotton fabric is shown in Figure 11.

Other substrates did not perform as well during the print
tests as the photographic-quality inkjet paper. Patterns
printed on PET film, PEDOT-coated PET film and silicon
wafer were unable to be seen under UV illumination, even
though the pattern was visible to the naked eye under nor-
mal light conditions, and is confirmed to be present by con-
tact profilometer measurements (Figure 14).

For silicon, this lack of photoluminescence is probably
due to the fact that silicon is a semiconductor. At 1.1 eV,
the band energy of silicon is lower than that of ZnS. Hence,
when an electron-hole pair is generated by the absorption
of a photon of light, the charge carrier is conducted away
from the luminescent centres in the doped ZnS lattice, and
the electron-hole pair cannot recombine to produce lumi-
nescence. Instead it relaxes back to the ground state
through a non-radiative transition, with no photolumines-
cence. As the surface of PEDOT-coated PET is also a con-
ductor due to PEDOT, the same effect could be occurring
in PEDOT-coated PET as well.

PET film on its own is not a conductor, however so a
possibility is that the substrates are quenching the photolu-
minescence emission through functional groups present
near the surface, such as the C=0O groups that are present
in PET. Silicon Wafer, PET and PEDOT-coated PET are
“flat” surfaces also, and perhaps an interesting phenome-
non is occurring whereby light is reflected away from the
surface, and in the process interfering with the visibility of
the quantum dots luminescent properties. Photocopy paper
is only a filled paper with a rough absorbent surface, and
its poor performance in printing tests can be attributed to
the “spreading” of the quantum-dot “ink” throughout the
fibre matrix as it comes into contact with the paper struc-
ture.

Cross-sectional SEM images of two layers of ZnS:Mn?*
quantum dots inkjet-printed onto photographic-quality
inkjet paper are shown in Figure 12 at different magnifica-
tions. The print pattern is visible as a series of lines on the

Coating | Pulp fibres

A

500 um

surface of the photographic-quality inkjet paper that com-
prise part of the “V” in the Victoria University of Welling-
ton logo. The cross section shows the structure of the paper,
containing the pulp fibres sandwiched between two layers
of a coating, most likely polyethylene. The receptor layer of
the silicon ink sits on the surface of the paper, and is itself
isolated from the paper. At higher magnifications, the uni-
form structure of the paper is even more apparent, and
there is no evidence of any migration of the ZnS:Mn2*
quantum dots in the z-direction — important for print qual-
ity. The only evidence of the ZnS:Mn?* quantum-dot “ink”
can be seen at the highest magnification, whereby the “ink”
can be seen as a thin bright line on the surface of the ink
receptor layer. These results suggest that the quantum dots
remained printed on the surface and have not penetrated
the substrate in the z-direction, giving rise to the maximum
luminescence.

Transmission-electron microscopy was used to assess the
particle size of the ZnS:Mn?* quantum dots. From the
TEM image shown in Figure 13, spherical particles approx-
imately 40-80 nm in diameter can be seen. Although, there
is a distinct lack of any visible crystal lattice fringes in these
images (probably due to the presence of the MSA capping
layer interfering with imaging), the quantum dots are still
crystalline, as in order to produce a photoluminescence
emission, the dopant must be included in a lattice.

50 (um
s 5610

Figure 13. TEM image of MSA-capped ZnS:Mn>* quantum dots.

Contact Profilometer measurements of one layer of
ZnS:Mn?* quantum dots printed on a silicon wafer are
shown in Figure 14. Due to the contact angle of the drop-
lets on the hydrophobic surface, the droplets have remained
as isolated droplets, rather than merging to form a con-

p————— 50 um

Figure 12. Cross sectional SEM images of photographic-quality inkjet paper printed with two layers of ZnS:Mn”* quantum dots. Note:

no evidence of z-migration in high magnification image (b).
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Figure 14. 2D and 3D images of contact profilometer measurements of the letter “r”

printed by with ZnS:Mn?" quantum dots.

tinuous film. As a result, the droplets appear as a series of
individual peaks, ranging in height from 0.5-4 um. The
drop spacing of 15 pm can also be seen from the images.

Conclusions

Doped ZnS quantum-dot inks were successfully formu-
lated and inkjet-printed onto various substrates, including
photographic-quality inkjet paper, photocopy paper, cotton
fabric, PET film, ITO-coated PET film, silicon wafer and
wool.

A number of surfactants were tested initially in order to
“solubilise” doped ZnS quantum dots for inkjet printing.
The most satisfactory of these was mercaptosuccinic acid
(MSA), and stable MSA-capped ZnS:Mn?* quantum dots
were obtained. MSA-capped ZnS:Cu?* quantum dots were
unstable as the sodium thiosulfate used to complex Cu?*
ions during synthesis was reduced to elemental sulfur by the
MSA, destroying any photoluminescence as a consequence.

The fluid properties of the quantum-dot “ink” were suffi-
ciently close to those specified by the manufacturer of the
inkjet printer, and the quantum-dot “ink” was successfully
printed.

Best results were obtained by using photographic-quality
inkjet paper or cotton fabric. One, two, or three passes were
made over the substrate by the printhead (number of layers
printed). For photographic-quality inkjet paper, the opti-
mum number of passes was found to be two, before the
capacity of the substrate was exceeded and the print was
smudged. For cotton fabric, this was found to be three. Best
results were also obtained for all substrates with a drop
spacing of 15 um and a reservoir temperature of 30 °C.

The doped ZnS quantum-dot “inks” and the printed
substrates were characterised by a number of techniques in-

Eur. J. Inorg. Chem. 2010, 242-247
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in the Victoria University of Wellington logo,

cluding Contact Profilometer measurements, PL Spec-
troscopy, SEM and TEM.

The photoluminescent qualities of the precursor-doped
ZnS quantum dots were retained when “solubilised” ZnS
quantum dots were obtained. The substrates exhibited pho-
toluminescence emission at approximately 600 nm and
530 nm, when printed with MSA-capped ZnS:Mn?* and
MSA-capped ZnS:Cu?* quantum dots, respectively.

Such materials have potential application in the upcom-
ing “smart” packaging industry for advertising and as secu-
rity papers. As doped ZnS is also an electroluminescent ma-
terial, this work represents the early stages of a printable
electroluminescent display based on cellulose substrates.
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The present work is aimed towards the synthesis of C-H acti-
vation products of various group 3 and lanthanoid metals
bearing a bulky aminopyridinato ligand, (2,6-diiso-
propylphenyl)[6-(2,6-dimethylphenyl)pyridin-2-yl]lamine (1,
Ap'H). Deprotonation of 1 using KH leads to polymeric
[Ap'K], (2), which undergoes clean salt metathesis reaction
with MX3 [M = Sc, Nd and Sm, and X = Cl or M = La and X
= Br] forming mono thf adducts [Ap’,ScCl(thf)] (3),
[Ap’,LaBr(thf)] (4), [Ap’,NdCl(thf)] (5), and [Ap',SmCl(thf)]
(6). However, reacting 2 with LuCl; leads to mono- as well
as bis(aminopyridinato)lutetium complexes [Ap’'LuCl,(thf),]
(7) and [Ap’,LuCl(thf)] (8), respectively, while the analogous
reaction with LaCl; at 50 °C produces the tris(aminopyridin-
ato)lanthanum complex [Ap’sLa] (9). For the selective syn-
thesis of 8 in good yield amine elimination route was
adopted. X-ray diffraction studies revealed a distorted octa-
hedral coordination for the bis(aminopyridinato) complexes
3, 4 and 6, despite the differences in their ionic radii. Alky-
lation of the bis(aminopyridinato) monohalide complexes

with equimolar amounts of LiCH,SiMe; in hexane allowed
the isolation of the corresponding alkyl derivatives. For the
smaller metals like Sc and Lu affording [Ap’',ScCH,-
SiMes;(thf)] (10) and [Ap’,LuCH,SiMes;(thf)] (11), respec-
tively. However, lanthanoids with large ionic radii such as La
and Nd resulted in the formation of methyl group C-H bond
activation products [Ap’'(Ap’'_g)La(thf),] (12) and [Ap’-
(Ap’_)Nd(thf)] (13), respectively. Most likely an alkyl species
was formed which then undergoes intramolecular C-H acti-
vation and C-H activation runs fast with regard to the rate
of alkyl complex formation. The alkylation of 6 (Sm) with
LiCH,SiMe; did not give a clear product. The reaction of 11
with PhSiH; (Ph = phenyl) led via intramolecular C-H bond
activation to [Ap’(Ap’_u)Lu(thf)] (14). In this case most likely
a hydride species was formed which then undergoes rapid
C-H activation. The alkyl complex 10 (Sc) did not react with
PhSiH3. The molecular structures of 11, 12 and 13 have been
confirmed by X-ray crystal structure analysis.

Introduction

The activation of C-H bonds and in particular the acti-
vation of the C—H bonds of inert alkyls by transition metal
and lanthanoid complexes is a reaction of general interest
due to its relevance for the functionalization of organic
molecules.l'! The chemistry of lanthanoid metals is charac-
terized by their high electrophilicity, their tendency to high
coordination numbers and their unique feature of varying
the sizes of the rare earth atom® with a nearly identical
coordination chemical behavior. Complexes of these metals
are strong Lewis acids which may attack the electron den-
sity of C—H bonds, thus forming agostict®! interactions and
activate C—H bonds. Watson has even shown that methane,
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95440 Bayreuth, Germany
Fax: +49-921552157
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Russian Academy of Sciences,
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itself, could be activated by lanthanocene complexes such
as (Cp*),LuCHj; (Cp* = pentamethylcyclopentadienyl).[!
Consequently, intermolecular alkyl group C-H activation
of spectator ligands of lanthanoid complexes has been ob-
served for a variety of ligands, for instance, for methyl
groups of the Cp* ligand.[! Similar alkyl group C-H acti-
vation reactions have been described for non-metallocene
lanthanoid complexes.[®]

Aminopyridinato ligands”l have been used successfully
for the stabilization of early transition metals and lanthano-
ids and we started recently a research program to investi-
gate the reactivity of metal complexes coordinated by very
bulky aminopyridinates.®! In the course of these studies we
observed that alkyl and hydrido yttrium complexes sup-
ported by the aminopyridinato ligand Ap’ {Ap'H =
(2,6-diisopropylphenyl)[6-(2,6-dimethylphenyl)pyridin-2-yl]-
amine, Figure 1} undergo methyl group C—H activation of
one of the methyl groups of the 2,6-dimethylphenly moiety
of the Ap’ ligand.[®!

The alkyl complex [Ap’,YCH,SiMe;] undergoes this C—
H activation rather slowly and the corresponding hydride
does it more than 500 times faster.
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Figure 1. Used aminopyridine.

Since yttrium mimics the size of the late lanthanoids
quite well we became interested in how this ligand metalla-
tion proceeds for early lanthanoids as well as for Lu and
Sc. Herein we report on synthesis and characterization of
lanthanoid monohalide complexes stabilized by bulky Ap’
ligands, their alkylation with LiCH,SiMe; which leads — de-
pending on the size of the lanthanoid ion — to C-H acti-
vation products or to (rather) stable alkyl complexes
(Scheme 1).

"Ap o YH(thf)" s, -
—_—
p2 N /N\ p

slow = thf
[Ap’oYCH,SiMej(thf)] —

Scheme 1. Ligand metallation (methyl group C-H activation) reac-
tion of Ap’,Y-alkyl and -hydride complexes.

Results and Discussion

Polymeric 2 was prepared according to the literature re-
ported procedure.® Two equivalents of 2 were treated with
MX;3[M = Sc, Nd, and Sm,and X =Clor M = La and X =
Br] in a salt metathesis reaction to afford the corresponding
bis(aminopyridinato) complexes [Ap’,ScCl(thf)] (3),
[Ap/,LaBr(thf)] (4), [Ap’,NdCI(thD)]®® (5), and
[Ap’>SmCI(thf)] (6) in good yields (Scheme 2).

M =Sc, X=CI (3) M=Nd, X=CI(5)
M =La, X =Br(4) M=Sm, X=CI(6)

M= Lu, X=CI(8)
Scheme 2. Synthesis of bis(aminopyridinato) halide complexes.

However, in case of Lu both mono- as well as bis(amino-
pyridinato)lutetium complexes [Ap’LuCl,(thf),] (7) and
[Ap’>LuCl(thf)] (8) were observed, respectively. Due to the
poor solubility of 8 in hexane 7 can be separated easily in
24% yield if extracted with hexane. Residue 8 was extracted
with toluene in a yield of 20%. Due to the poor yield of 8
we became interested in using an amine elimination route.

Eur. J. Inorg. Chem. 2010, 248-257
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Compound 8 was synthesized in (90%) yield by reacting
four equivalents of 1 with [(R,N),LuCl(thf)], where R =
diisopropyl (Scheme 3).

L -
QO_LKC:)L {7

7

l four equiv. of 1

;Z cl §_>
2 N\Llu/N\ / 4HNJ_
/ N NG +
N7 | SN j—

— thf

Z—cT2Z

8
Scheme 3. Amine elimination synthesis of 8.

The thf ligand is labile and a thf-free derivative of com-
pound 3 was isolated after work up in toluene. However,
crystals suitable for X-ray analysis were grown from con-
centrated toluene solution after adding a few drops of thf
which coordinates to the vacant site of the metal centre.
Compound 4 is isolated as yellow crystalline material from
hexane in moderate yield. Compound 6 and 8 were isolated
as yellow crystals by slow diffusion of hexane or toluene
into a saturated thf solution of these complexes. This series
of compounds is a rare example of lanthanoid complexes
with the same ligand environment for which the same coor-
dination number is observed despite their different ionic ra-
dii. The coordination of the bis(aminopyridinato)-
lanthanoid halide complexes is best described as a distorted
octahedron arising from the two bidentate aminopyrid-
inates, the chloro/bromo as well the thf ligand, as shown in
Figures 2, 3, 4, and 5. Crystallographic details of all struc-
tures are listed in Tables 1 and 2. It has been observed that
in all cases the aminopyridinato ligands induce distortion
from the ideal octahedral symmetry. NpyidineM—
Namido angles of 60.21, 52.98, 55.16 and 57.7° in 3, 4, 6
and 8, respectively, were observed and are comparable to
previously published 5 [54.5°].8") The longer M~N,ysidine
bond lengths compared to M—N,,iqo bond length is indica-
tive of the localization of the anionic function of the ligand
at the amido N-atoms."!

The compound 7 is dimeric in solid state and the coordi-
nation around each Lu can be best described as distorted
pentagonal bipyramid (Figure 6). The two chloro ligands,
the pair of nitrogen atoms and one thf ligand form the pen-
tagonal (equatorial) plane and the remaining chloro and thf
ligands occupy the axial positions of the polyhedron. The
distortion is caused by the small N-Lu-N angle of 56.5(2)°
due to the strained binding mode of the ligand. It leads to
a situation in which all other angles in the pentagonal plane
are over 72°. The N1-Lu-CI2 and O2-Lu-CI2 cis angles
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Figure 2. Molecular structure of 3; selected bond lengths [A] and
angles [°]: N1-Scl 2.109(5), N2-Scl 2.403(6), N3-Scl 2.151(6),
N4-Scl 2.314(5), O1-Scl 2.190(5) CI2-Scl 2.365(2); N1-Scl-N3
105.9(2), N1-Sc1-01 101.61(19), N3-Sc1-O1 149.00(18), N1-Sc1-
N4 160.4(2), N3-Sc1-N4 60.57(19), O1-Scl-N4 89.09(19), N1-
Sc1-CI2 92.25(16), N3-Sc1-CI2 101.97(16), O1-Sc1-CI2 90.88(15),
N4-Sc1-CI2  104.05(16), NI-Scl-N2 59.85(19), N3-Scl-N2
94.0(2), O1-Scl-N2 87.57(19), N4-Sc1-N2 104.89(19), Cl2-Scl-
N2 150.99(14).

Figure 3. Molecular structure of 4; selected bond lengths [A] and
angles [°]: N1-Lal 2.418(3), N2-Lal 2.650(4), N3-Lal 2.639(3),
N4-Lal 2.433(3), Ol-Lal 2.525(3), Brl-Lal 2.8625(6); N1-Lal—
N4 104.46(11), N1-Lal-O1 110.29(11), N4-Lal-O1 144.13(11),
NI1-Lal-N3 151.20(11), N4-Lal-N3 53.04(11), Ol-Lal-N3
91.22(10), NI1-Lal-N2 52.92(12), N4-Lal-N2 102.77(11), Ol-
Lal-N2 91.42(10), N3-Lal-N2 109.73(11), N1-Lal-Brl 89.59(9),
N4-Lal-Brl 103.33(8), Ol-Lal-Brl 85.80(7), N3-Lal-Brl
111.59(8), N2-Lal-Brl 138.63(8).

are 77.13(18) and 72.66(15)°. The N2-Lu-O2 angle is the
widest [81.5(2)°] of all. The Ol,Lu-02., and Cl,—Lu-
02,, angles are 80.63(18) and 90.05(14)°, respectively.
Although structurally very similar, complexes 3 and 4
demonstrated different dynamic behaviour in solution. We
essentially attribute this to the different radii of the lan-
thanoid ions. In 3 the signals of the two methyl groups are
well separated as two sharp peaks at room temperature. At
330 K a very slow exchange between two methyl groups is
observed. The exchange becomes faster at 350 K but the
signals still remain inequivalent. The '"H NMR spectrum of
compound 4 at room temperature consists of one broad
signal corresponding to methyl group. The cooling of the
250
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Figure 4. Molecular structure of 6; selected bond lengths [A] and
angles [°: N1-Sm1 2.334(2), N2-Sm1 2.572(2), N3-Sml 2.352(2),
N4-Sm1 2.519(2), O1-Sm1 2.4064(18), Cl1-Sm1 2.5681(6); N1—
Sm1-N4 156.85(7), N1-Sm1-O1 103.58(7), N4-Sm1-O1 89.57(7),
NI1-SmI-N3 107.83(7), N4-Sm1-N3 55.63(7), OI1-SmI1-N3
144.80(7), N1-Sm1-N2 54.69(6), N4-Sm1-N2 107.57(6), O1-Sm1-
N2 88.88(6), N3-Sm1-N2 96.43(7), N1-Sm1-Cl1 89.50(5), N4-
Sm1-CI1 109.53(5), O1-Sm1-Cl1 90.98(5), N3-Sm1-ClI1 104.61(5),
N2-Sm1-CI1 142.90(5).

Figure 5. Molecular structure of 8; selected bond lengths [A] and
angles [°]: [A°] and angles [°]: N1-Lul 2.248(7), N2-Lul-2.422(8),
N3-Lul 2.246(8), N4-Lul 2.462(10), O1-Lul 2.297(6), Cl1-Lul
2.479(3); N1-Lul-N4 95.0(3), N1-Lul-O1 147.8(3), N4-Lul-Ol
88.5(4), N1-Lul-N3 105.8(3), N4-Lul-N3 56.7(3), Ol-Lul-N3
102.8(3), N1-Lul-N2 58.7(2), N4-Lul-N2 107.1(3), O1-Lul-N2
89.7(3), N3-Lul-N2 158.6(3), N1-Lul-Cl1 102.8(3), N4-Lul-Cl1
146.8(19), O1-Lul-Cl1 90.9(2), N3-Lul-Cl1 91.3(2), N2-Lul-Cll
106.1(2).

[Dg]toluene solution to 273 K afforded the splitting of the
above signal into two broad resonances. Further cooling
resulted first in sharpening of these signals (253 K) and
then again into the broadening and splitting of each of
them to a new pair of signals (233 K). Most likely, two dy-
namic processes are present, first the exchange of the posi-
tions of the two Ap ligand and secondly the freezing out of
the rotation of the 2,6-dimethylphenyl substituent Figure 7.

Reacting two equivalents of 2 with LaCls in thf at 65 °C
without stirring it at room temperature leads to a homolep-
tic complex, [Ap’;La] (9) in overall yield of 37%
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Table 1. Details of the X-ray crystal structure analyses.
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3 4 - 1/2(C¢Hya) 6
Crystal system triclinic triclinic triclinic
Space group Pl Pl Pl
a[A] 12.6930(11) 12.2880(7) 12.8440(7)
b [A] 14.030(12) 12.3570(7) 13.9910(8)
c[A] 14.1790(12) 19.3060(11) 14.2110(8)
a [°] 73.880(10) 99.975(5) 104.986(4)
LI 79.920(10) 90.309(5) 99.473(4)
y[° 88.820(5) 113.791 90.957(4)
V [A3] 2391.2(4) 2632.8(3) 2428.5(2)
Crystal size [mm] 0.22X0.17X0.15 0.21X0.20X0.19 0.49 X 0.36 X 0.22
Peated [CM3] 1.205 1.322 1.330
# [mm~'] (Mo-K,) 0.252 1.611 1.305
T [K] 191(2) 191(2) 133(2)
0 range [°] 1.55 to 25.69 1.82 to 24.69 1.51 to 25.75
Number of reflections unique 3681 6434 8251
Number of reflections obsd. [/ > 2a(/)] 22008 28979 31719
Number of parameters 550 562 562
wR, (all data) 0.222 0.080 0.071
R value [I > 26(1)] 0.087 0.042 0.027
Table 2. Details of the X-ray crystal structure analyses.

7 8 9
Crystal system monoclinic triclinic monoclinic
Space group P2,/n Pl P2i/n
a[A] 10.222(5) 12.7414(9) 13.7710(4)
b [A] 18.663(5) 13.9751(13) 22.5550(8)
¢ [A] 17.437(5) 14.1997(10) 20.1650(7)
a [°] 105.467(7)
L1 93.047(5) 99.750(7) 91.11(3)
AN 90.090(7)
V [A3] 3322(2) 2898.8(3) 6262.2(4)
Crystal size [mm] 0.17%0.08 X 0.07 0.23X0.20%x0.18 0.59x0.50 X 0.35
Peated [gCM ] 1.495 1.381 1.285
u [mm~'] (Mo-K,) 0.71 2.155 0.73
T [K] 193(2) 133(2) 191(2)
0 range [°] 1.60 to 26.15 1.51 to 25.70 1. 35t0 25.7
Number of reflections obsd. [/ > 25([)] 2790 4437 10335
Number of reflections 6538 6249 81811
Number of parameters 361 544 881
wR, (all data) 0.064 0.139 0.076
R value [I > 2o(1)] 0.033 0.057 0.030

(Scheme 4). Crystals of 9 suitable for X-ray analysis (crys-
tallographic details are listed in Table 2) were grown by slow
condensation of hexane into a saturated thf solution of 9.
The coordination around La can best be described as dis-
torted trigonal prism as shown in Figure 8. The slightly
elongated La—N,yigine bond length in 9 (2.745 A, averaged
value) indicates some steric overcrowding. The averaged
La-pyridine distance is 2.703 (47 values taken from the
CSD version 5.30).

As we have previously shown for yttrium!®! that such bis-
(aminopyridinato)lanthanoid halide complexes can be suc-
cessfully alkylated using LiCH,SiMes;. The reaction of these
alkyls with PhSiH; to form the intramolecular C—H bond
activation products is fast compared to the slow decomposi-
tion of the parent alkyls (Scheme 1). In order to investigate
the role of the size of the used metal to form such intramo-
lecular C-H bond activation products we extended our

Eur. J. Inorg. Chem. 2010, 248-257

studies to various other lanthanoids. We observed that 3
and 8 comprised of smaller lanthanoids like Sc and Lu can
be alkylated successfully by reacting them with one equiva-
lent of LiCH,SiMe; in hexane to give the corresponding
alkyl complexes [Ap’,ScCH,SiMe;] (10) and [Ap’,LuCH,-
SiMes(thf)] (11) in good yields of 62% and 86%, respec-
tively (Scheme 5).

In the '"H NMR spectrum of complex 10 we observed a
singlet at 0 = 0.13 ppm for the protons of the —-SiMe; group
and a broad singlet at 6 = 0.22 ppm for the methylene pro-
tons. In the '3C NMR we observed a sharp signal for the —
SiMe; group at 6 = 3.62 ppm, however a signal for methyl-
ene carbon could not be observed since the carbon signals
of scandium alkyls are usually broad due to the 7/2 spin of
Sc. Complex 10 is quite stable in solution and doesn’t show
any detectable decomposition when its C4Dg solution was
monitored for several weeks. Compound 11 (Figure 9) was
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Figure 6. Molecular structure of 7; selected bond lengths [A] and
angles [°]: Lul-N1 2.283(5), Lul-O1 2.341(5), Lul-02 2.375(5),
Lul-N2 2.474(6), Lul-CIl 2.516(2), Lul-CI2 2.675(2), Lul-CI2
2.718(2), 3.556; N1-Lul-O1 86.21(17), O1-Lul-02 80.63(18), N1-
Lul-N2 56.5(2), O1-Lul-N2 85.93(17), O2-Lul-N2 81.5(2), N1-
Lul-CIl  98.79(12), Ol1-Lul-Cll 170.23(13), O2-Lul-Cll
90.05(14), N2-Lul-CIl 89.83(14), N1-Lul-CI2 77.13(18), Ol-
Lul-CI2 94.14(12), O2-Lul-CI2 144.41(14), Cll-Lul-CI2
95.16(7), O1-Lul-CI2 85.57(12), O2-Lul-CI2 72.66(15), N2-Lul—
CI2 153.81(14), Cl1-Lul-CI2 94.48(7), C12-Lul-CI2 71.85(7).

318K ——— |
o
273Kk -
X
263k ——
253K — ——
0
233 K A |

SH 25 20 15 1.0

Figure 7. Variable-temperature '"H NMR of 4 in C;Ds.
7N

w2 NP
Loy e

Scheme 4. Synthesis of tris(aminopyridinato)lanthanum complex 9.

crystallized by slow cooling of its concentrated hexane solu-
tion when layered with thf to —20 °C. X-ray analysis show
one thf molecule per molecule of [Ap’,LuCH,SiMe;(thf)]

252 www.eurjic.org
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Figure 8. Molecular structure of 9; selected bond lengths [A] and
angles [°]: NIl-La 2.7249(17), N2-La 2.4446(18), N3-La
2.7302(17), N4-La 2.4478(19), N5-La 2.7815(17), N6-La
2.4365(18), N4-La-N2 96.75(6), N4-La-N6 98.69(6), N2-La-N6
100.64(6), N4-La-N1 144.11(6), N2-La-N1 52.31(6), N6-La-N1
104.22(6) N4-La-N3 52.24(5), N2-La-N3 103.74(6), N6-La-N3
143.72(6), N1-La-N3 111.92(5), N4-La-N5 105.61(6), N2-La-N5
146.32(6), N6-La-N5 51.84(6), N1-La-N5 110.25(5), N3-La-N5

109.84(5).
1 equiv. QA/ R —
LiCH,SiMes NN 7
3;7 — T,

10/11

Scheme 5. Synthesis of 10 and 11 [10: M = (Sc, X = no thf); 11:
M = (Lu, X = thf), (R = CH,SiMe3)].

in the crystal. The structure refinement data are listed in
Table 3. The coordination sphere of the lutetium atom is set
up by four nitrogen atoms of two aminopyridinato ligands,
one carbon atom of the alkyl group and one oxygen atom
of the thf molecule resulting in the coordination number
of six. The Lu—~C bond length of 2.323(14) A is slightly
shorter than the values reported for related anilido phos-
phinimino (2.370 A), 4,4,4"'-tri-tert-butyl-2,2":6",2"'-terpyr-
idine (2.378 A) and P-ketoiminato (2.402 A) ligand com-
plexes.[1%]

In the '"H NMR spectrum of complex 11 the hydrogen
atoms of the methylene group attached to the lutetium atom
appear as a broad singlet at 6 = —0.65 ppm whereas in the
13C NMR the appropriate carbon appears at § = 47.8 ppm.
Similarly in the 'H NMR spectrum the nine protons of the
SiMes group appear as a singlet at 6 = 0.15 ppm. It is note-
worthy that the signal sets corresponding to the aminopyr-
idinate fragments in the 'H NMR spectrum of 11 is quite
different from its parent chloro complex 7. In the latter pro-
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Figure 9. Molecular structure of 11; selected bond lengths [A] and
angles [°]: N1-Lul 2.536(9), N2-Lul 2.242(9), N3-Lul 2.426(9),
N4-Lul 2.310(10), O1-Lul 2.294(9), C1-Lul 2.323(14); N1-Lul-
N4 94.1(3), N1-Lul-O1 84.3(3), N4-Lul-O1 148.2(3), N1-Lul-
N3 108.3(3), N4-Lul-N3 56.8(3), O1-Lul-N3 93.5(3), N1-Lul-
N2 58.2(3), N4-Lul-N2 101.3(3), O1-Lul-N2 104.6(3), N3-Lul-
N2 155.3(3), NI-Lul-Cl1 154.2(4), N4-Lul-C1 100.1(4), Sil-Lul-
Cl1 149.8(7), O1-Lul-Cl1 94.4(4), N3-Lul-C1 97.5(4), N2-Lul—
Cl1 97.7(4).

tons of the methyl substituents appear as a singlet at 6 =
2.90 ppm whereas the same group of protons in 11 gives
two individual singlets at 6 = 1.46 and 2.46 ppm. This dif-
ferent behavior can be explained in terms of the steric bulk
of the alkyl group introduced that slows down the ligand
exchange process due to increased hindrance to rotation.
Complex 11 does not coordinate thf during the course of
the reaction and results in the thf adduct if a few drops of
thf are added during crystallization process. Compound 11
can be stored in solid state without decomposition at
-20 °C while in solution it decomposes quite slowly at room
temperature compared to its yttrium analogue eliminating
SiMe, 181l

Table 3. Details of the X-ray crystal structure analyses.

Eur|IC

In contrast to Sc and Lu the alkylation of the chloro
complexes 4 and 5 comprised of the larger lanthanoids La
and Nd with one equivalent of LiCH,SiMe; did not yield
the desired alkyl complexes and led directly to the intramo-
lecular C-H bond activated products [Ap’(Ap_g’)La(thf)]
(12) and [Ap'(Ap_y')Nd(thf)] (13), in good yields of 61%
and 63 %, respectively (Scheme 6).

European Journal
of Inorganic Chemistry

10
PhSlHa
noreactlon
s 1 equiv. LiCH,SiMes N\ / \ /
/ \ / \
(thf)n PhS|H3 1
12 13 and 14

Scheme 6. Synthesis of C-H activation products [12: M = La, n =
2;13: M=Nd,n=1;14 M = Lu, n = 1].

Orange crystals of 12 were grown by slow cooling of a
concentrated thf/hexane (1:2) solution to —20 °C whereas
brown crystals of 13 suitable for X-ray analysis were grown
from a mixture of thf/pentane (1:10) at low temperature.
The molecular structures of 12 and 13 are depicted in Fig-
ures 10 and 11, respectively. In 12 one extra thf coordi-
nates to the La compared to the parent 4 increasing the
coordination number to seven. Complex 13 shows strongly
distorted octahedral coordination. The bond lengths of
2.601(4) and 2.519 (10) A in 12 and 13, respectively, be-
tween the corresponding metal (lanthanum/neodymium)
and the “benzylic” carbon are elongated as expected com-
pared to previously reported Y-C bond [2.420(11) A].181 In
comparison to the averaged bond length of La—C bonds
which is 2.797 A (averaged from 48 La--methyl distances,
CSD version 5.30) and the corresponding Nd distance
2.649 A (average of 55 distances, CSD version 5.30) the Ln—
C bond lengths in 12 and 13 are a little shorter. Unlike the

11 - C4HgO 12 13
Crystal system triclinic monoclinic monoclinic
Space group Pl P2,/c P2(1)
a [A] 12.5940(10) 12.2350(5) 9.7600(6)
b [A] 12.6940(13) 23.4280(11) 20.8890(12)
c[A] 18.972(2) 18.6550(8) 12.2070(7)
a [°] 75.789(8)
N 89.453(5) 103.847(3) 107.083(4)
7 [°] 83.858(7)
v [A3 2922.9(5) 5191.9(4) 2378.9(2)
Crystal size [mm] 0.14%0.11 X 0.06 0.28 X0.25%x0.23 0.15%0.15%0.11
Pealed [gCM 3] 1.274 1.276 1.299
u [mm~'] (Mo-K,) 1.753 0.87 1.13
T [K] 133(2) 133(2) 173(2)
0 range [°] 1.63 to 25.7 1.42 to 25.6 1.75 to 25.7
Number of reflections obsd. [/ > 2c(])] 5084 6999 6044
Number of reflections 9976 61178 25156
Number of parameters 638 588 522
WR, (all data) 0.154 0.087 0.110
R value [I > 20(1)] 0.071 0.038 0.062
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chloro compounds 4 and 5, in complexes 12 and 13 one
aminopyridinato ligand is bidentate, while the second one
becomes tridentate due to metallation of the methyl group
of one of the Me,CgHj5 fragments and formation of the new
M-C o-bond. The interesting features of 12 and 13 are the
different ways of coordination of the aminopyridinato li-
gands. We have observed in the chloro complexes that both
of the ligands have amidopyridine binding modes. The type
of coordination of the bidentate Ap’ ligand is similar to
that observed in chloro complexes: one short M—N bond
with amido nitrogen atom [Lal-N1 2.489(3) and Nd1-N4
2.416(6)] A and one long with the nitrogen atom of pyridine
fragment [Lal-N2 2.700(7) and Nd1-N3 2.556(8) A]. In the
tridentate Ap_y' ligand formation of the M—C bond influ-
ences dramatically the bonding situation: the covalent bond
between metal and amido nitrogen atom [Lal-N4 2.565(3)
and NdI-N1 2.499(7) A] becomes longer than the coordi-
nation bond between metal and pyridine nitrogen atom
[Lal-N3 2.528(3) and Nd1-N2 2.448(7) A] which means a
switch from the amidopyridine to the aminopyridinato
form is observed.”!

Figure 10. Molecular structure of 12; selected bond lengths [A] and
angles [°]: N1-Lal 2.489(3), N2-Lal 2.700(3), N3-Lal 2.528(3),
N4-Lal 2.565(3), Ol-Lal 2.554(2), O2-Lal 2.609(2), Cl-Lal
2.601(4); La—C1-C2 117.4(2), N1-Lal-N4 107.81(9), N1-Lal-Ol
90.44(9), N4-Lal-O1 155.45(9), N1-Lal-N3 119.46(9), N4-Lal—
N3 52.97(8), O1-Lal-N3 131.32(8), N1-Lal-N2 51.83(9), N4-
Lal-N2 99.29(8), Ol-Lal-N2 78.87(8), N3-Lal-N2 149.74(8),
NI-Lal-C1 70.5(3), N4-Lal-Cl 112.37(10), Ol-Lal-Cl1
87.36(10), N3-Lal-C1 66.43(10), N2-Lal-C1 125.78(10), N1-
Lal-02 159.17(9), N4-Lal-O2 88.91(9), O2-Lal-N3 80.39(11),
02-Lal-N2 114.44(8), O1-Lal-C1 117.7(3), O1-Lal-02 70.21(8),
Cl-Lal-02 109.18(10).

We observe a broad singlet at & = 1.35 ppm for the La—
CH, protons in the '"H NMR spectrum that coincides with
the signal of coordinated thf. However the respective signals
were observed as a singlet at § = 68.9 ppm in the '*C NMR
spectrum. In case of 13 the paramagnetic nature of the
complex excludes the observations of this resonance.

We know from our previous studies that such C-H acti-
vated products are accessible if the parent alkyl is reacted
with equimolar amount of PhSiH; therefore for smaller
scandium and lutetium the o-bond metathesis reactions of
alkyl complexes 10 and 11 with phenylsilane were employed
254
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Figure 11. Molecular structure of 13; selected bond lengths [A] and
angles [°]: N1-Nd1 2.499(7), N2-Nd1 2.448(7), N3-Ndl 2.556(8),
N4-Nd1 2.416(6), O1-Nd1 2.462(6), C1-Nd1 2.519(10); N1-Nd1-
N4 107.8(2), NI-Nd1-O1 91.3(2), N4-Nd1-O1 127.8(2), N1-Nd1-
N3 147.6(2), N4-Nd1-N3 54.4(2), O1-Nd1-N3 83.7(2), N1-Nd1-
N2 53.8(2), N4-Nd1-N2 148.9(2), O1-Nd1-N2 81.0(2), N3-Nd1-
N2 154.1(2), N1-Nd1-C1 107.9(3), N4-Nd1-C1 99.8(3), O1-Nd1-
C1 120.2(3), N3-Nd1-C1 102.3(3), N2-Nd1-C1 68.6(3).

as a synthetic approach to bis(aminopyridinato)lanthanoid
hydrides or intramolecular C—H bond activation products.
We observed that 10 was quite inert towards phenylsilane
and did not undergo any observable change when the reac-
tion was monitored by 'H NMR spectroscopy. However
stirring of 11 in toluene with phenylsilane for three days at
room temperature and then cooling to —20 °C allowed the
isolation of complex [Ap'(Ap_y")Lu(thf)] (14) in 60% yield
(Scheme 6).

In order to understand the role of the size of the used
lanthanoid we studied the formation of complex 14 on
NMR scale in [Dg]benzene at 296 K in the presence of
phenylsilane. We observed that for lutetium the rate of for-
mation of the C—H activation product is about twenty times
slower than for the comparatively larger yttrium based on
half-times.[®! The '"H NMR spectrum did not indicate the
presence of a hydride specie in the reaction mixture.

Conclusions

Several conclusions can be made from this study. The
bulky aminopyridinato ligand Ap’ affords isostructural bis-
aminopyridinate monohalide complexes from La to Sc de-
spite of the large difference in the ionic radii of the metals.
The corresponding alkyl complexes, synthesized via salt me-
tathesis starting from the monohalides, can be unstable and
can undergo intramolecular methyl group C-H activation
depending on the size of the lanthanoids used. For larger
lanthanoids the rate of decomposition of the parent alkyl
at room temperature is fast and precludes the isolation of
these alkyls. Gradual decrease of the metal size enables the
isolation of stable alkyl complexes which may undergo in-
tramolecular C—H activation via a transient hydride species
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at reasonable rates at room temperature. C-H activation of
2,6-dimethylphenyl moicties can be avoided by using 2,6-
dichlorophenyl instead.!!]

Experimental Section

General Procedures: All reactions and manipulations with air-sensi-
tive compounds were performed under dry argon, using standard
Schlenk and glovebox techniques. Non halogenated solvents were
distilled from sodium benzophenone ketyl and halogenated sol-
vents from P,Os. Deuterated solvents were obtained from Cam-
bridge Isotope Laboratories and were degassed, dried and distilled
prior to use. All chemicals were purchased from commercial ven-
dors and wused without further purification. Compound
[Ap’>NdCI(thf)] (5) was prepared according to previously pub-
lished procedure.®® NMR spectra were obtained using either a
Bruker ARX 250 or Varian Inova Unity 400 spectrometer. Chemi-
cal shifts are reported in ppm relative to the deuterated solvent; an
atom numbering scheme for signal assignments is given in Scheme
7. X-ray crystal structure analyses were performed by using a
STOE-IPDS I or II equipped with an Oxford Cryostream low-tem-
perature unit. Structure solution and refinement were accomplished
using SIR97,['21 SHELXL-9"3! and WinGX.['¥l Crystallographic
details are summarized in Tables 1, 2 and 3. Elemental analyses
were carried out by means of a Vario elementar EL III or Leco
CHN-932 elemental analyser.

Scheme 7. Numbering scheme for NMR labelling.

Synthesis of Lanthanoid Complexes

Synthesis of 3: thf (40 mL) was added to ScCl; (0.302 g, 2.00 mmol)
and 2 (1.586 g, 4.00 mmol) in a Schlenk flask. The resulting bright
yellow coloured reaction mixture was stirred overnight. The solvent
was evaporated under vacuum and the product was extracted with
toluene (30 mL). Toluene was fully evaporated and the resulting
product was washed with hexane; yield (0.9 g, 52%). Crystals suit-
able for X-ray analysis were grown by adding a few drops of thf to
a concentrated toluene solution. Cs4HgsCIN4OSc (867.5): caled. for
thf coordinated crystals C 74.76, H 7.67, N 6.46; found. C 74.26,
H 8.01, N 6.46. 'TH NMR (250 MHz, C4Dg, 298 K): § = 0.81-1.26
[m, 24 H, H?3:242520) 1,47 [s, 6 H, H'>14], 2.34 [s, 6 H, H'>4], 3.28
[sept, 4 H, H2-22],5.60 [d, J = 8.4 Hz, 2 H, H?], 5.68 [d, J/ = 7.2 Hz,
2 H, H%, 6.67 [dd, 2 H, H%, 7.02-7.18 [m, 12 H, H®!0:11.17.18.19]
ppm. *C NMR (C¢Dg, 298 K): § = 19.2 [C13:14], 24,7 [C?3-24:25.26],
29.9 [C'314], 104.8 [C37], 110.6 [C?7], 124.1 [C'7:19], 124.4 [C*11],
129.2 [C'%18], 135.7 [C®12], 137.3 [C7], 141.6 [C'®20], 144.0 [CH],
144.5 [C19], 156.1 [C®], 168.7 [C?] ppm.

Synthesis of 4: thf (40 mL) was added to LaBr; (0.757 g,
2.00 mmol) and 2 (1.58 g, 4.00 mmol) in a Schlenk flask. The re-
sulting bright yellow colour reaction mixture was stirred overnight.
The solvent was removed under vacuum and the product was ex-
tracted with hexane (30 mL). The filtrate was concentrated to af-
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ford bright yellow crystals suitable for X-ray analysis after 48 h at
room temperature; yield (1.066g, 53%). CssHgeBrLaN,O
(1005.94): caled. C 64.47, H 6.61, N 5.57; found C 64.60, H 7.07,
N 5.10. '"H NMR (250 MHz, C¢Dg, 298 K): 6 = 0.96-1.39 [m, 28
H, (4 H, B-CH,, thf), 24 H, H?3-242526], 2,12 [br., s, 12 H, H!314],
3.32 [br., s, 4 H, a-CH,, thf], 3.45 [sept, 4 H, H>"?], 5.57 [d, 2 H,
J =85Hz H3, 5.75[d, 2 H, J = 7.0 Hz, H?), 6.70 [dd, 2 H, H¥],
6.88-7.21 [m,12 H, H?10:1LI718.19) pym 13C NMR (CeDy, 298 K):
6 = 20.6 [C'>14], 25.0 [C?3242526] 25 3 [B-CH.,, thf], 28.7 [C21??],
70.1 [0-CH,, thf], 107.7 [C*3], 109.8 [C33], 124.2 [C'7-19], 124.9
[C>11], 127.8 [CI0:18], 136.3 [C®12], 139.5 [C7], 140.3 [C*], 144.0
[C'6-29], 144.8 [C'3], 155.8 [CF], 170.4 [C?] ppm.

Synthesis of 6: A solution of 2 (0.34 g, 0.86 mmol) in thf (30 mL)
was added to a suspension of SmCl; (0.11 g, 0.43 mmol) in thf
(5 mL) and the reaction mixture was stirred for 7 h at 50 °C. After
cooling to the room temperature thf was evaporated in vacuo and
the remaining residue was extracted with toluene (30 mL). The ex-
tracts were filtered and the solvent was removed under vacuum and
the resulting yellow solid was redissolved in thf. Slow condensation
of hexane into concentrated thf solution afforded complex 6 as
yellow crystals. The crystals were washed with cold hexane and
dried in vacuo at room temperature; yield (0.33g, 81%).
Cs4HgCIN,OSm (972.94): caled. C 66.66, H 6.84, N 5.76; found
C 66.11, H 6.88, N 5.64.

Synthesis of 7 and 8: thf (40 mL) was added to LuCl; (0.562 g,
2.00 mmol) and 2, (1.58 g, 4.00 mmol) in a Schlenk flask. The re-
sulting yellow colour reaction mixture was stirred overnight. The
solvent was removed under vacuum and hexane (30 mL) was
added. The yellow reaction mixture was filtered and on standing
at room temperature for 48 h, yellow crystals (suitable for X-ray
analysis) of the title compound 7 were formed; yield (0.37 g, 24%).
Co6HooClLu,N4O, (1495.19): caled. C 53.02, H 6.07, N 3.75;
found C 52.85, H 5.96, N 3.74. 'TH NMR (250 MHz, C¢Ds, 298 K):
6 =0.50-1.09 [br. m, 24 H, 24 H, H?3242526] 122 [br. s, 16 H, (4
H, B-CH,, thf) H'>!4], 2.40 [br. s, 12 H, H'>!4], 3.76 [br. s, 16 H,
a-CH,, thf], 4.09 [sept, 4 H, H?>"??], 5.82 [br. d, 4 H, H*?], 6.87-
7.25 [m,14 H, H4%10.1L17.18.19] o 13C NMR (CgDg, 298 K): 6 =
23.83 [C!314], 24.88 [C?3:2425:26] 252 and 25.4 [B-CH., thf], 28.7
[C?122], 71.9 [a-CH,, thf], 106.7 [C*7], 107.5 [C?7], 124.1 [C!7:1],
125.2 [C11], 127.4 [C'18], 128.2 [C®12], 139.9 [C7], 140.8 [CH],
143.1 [C'®2], 145.8 [C'7], 155.1[C°], 168.1 [C?] ppm.

Toluene (30 mL) was added to the residue of the reaction. The
mixture was filtered and the filtrate was concentrated. A few drops
of thf were added to afford bright yellow crystals of 8 suitable for
X-ray analysis after 24 h at room temperature; yield (0.200 g, 20%).
Cs4HgCILUN4O (997.55): caled. C 65.02, H 6.67, N 5.62; found C
64.15, H 6.80, N 5.33. 'H NMR (400 MHz, C;Dg, 298 K): J =
0.88-1.11 [m, 28 H, (4 H, B-CH,, thf), 24 H, H?3-242526], 2.92 [s,
12 H, H!*14), 3.28-3.59 [br., sept, 8 H, (4 H, u-CH,, thf, 4 H,
H?'22)], 5.79 [br. d, 4 H, H*7], 6.74-7.19 [m,14 H, H*%:10:11.17.18.19]
ppm. 3C NMR (C;Dyg, 298 K): § = 20.4 [C!3:14], 21.3 [C?3:24:25:26],
23.8 and 24.9 [B-CH,, thf], 28.1 [C?"??], 72.7 [a-CH,, thf], 104.2
[C37], 109.9 [C37], 124.2 [C!7:19], 125.2 [C*11], 129.2 [C!:18], 135.9
[C312],139.5 [C7], 141.3 [C?], 144.3 [C!62], 148.0 [C!3], 156.4 [CF],
157.4 [C?] ppm.

Selective Synthesis of 8: {[(R,N),LuCl (thf)],} (R = diisopropyl;
0.539 g, 1.11 mmol) and 1 (0.800 g, 2.23 mmol) were loaded to-
gether into a Schlenk flask in glove box. Toluene (40 mL) was
added to the yellow reaction mixture. The mixture was stirred over-
night. Toluene was fully removed in vacuo to yield 8. The product
was washed with hexane; yield (1.00 g, 90%).
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Synthesis of 9: A solution of 2 (0.49 g, 1.24 mmol) in thf (30 mL)
of was added to a suspension of LaCl; (0.152 g, 0.61 mmol) in thf
(5 mL) and the reaction mixture was stirred for 20 h at 65 °C. After
cooling to the room temperature thf was evaporated in vacuo and
the remaining residue was extracted with toluene (30 mL). The sol-
vent was removed under vacuum and the resulting solid residue
was redissolved in thf. Slow condensation of hexane into concen-
trated thf solution afforded complex 9 as brown crystals. The crys-
tals were washed with cold hexane and dried in vacuo at room
temperature; yield (0.12 g, 32%). C;sHg,LaNg (1211.44): caled. C
74.36, H 7.24, N 6.94; found C 73.81, H 7.42, N 7.10. '"H NMR
(250 MHz, C¢Dg, 298 K): 6 = 0.57-1.16 [br. m, 36 H, H?3:2425.26],
1.59 [br. s, 6 H, H'314], 2.24 [br. s, 6 H, H'>4], 2.34 [br. s, 6 H,
H!314], 2.83 [sept, J = 6.7 Hz, 2 H, H?!??], 3.33 [sept, J = 6.7 Hz,
4 H, H?*?], 5,57 [d, J = 8.7Hz, 3 H, H?], 5.78 [d, J/ = 7.0 Hz, 3
H, H3], 6.61 [dd, J = 8.7, J = 7.1 Hz, 3 H, H*], 6.82-7.23 [m,18 H,
HOOILIZI8I9 hpm, 13C NMR (CeDg, 298 K): § = 20.5 [C!3:14];
24.7, 265, 26.7 [C?>*242326]; 288, 29.1 [C?'??], 109.0
[C?3], 112.0 [C?3], 124.5 [C'7-1], 125.0 [C>11], 125.3 [C!0:18], 138.1
[C312], 140.9 [C7], 144.0 [C4, 145.7 [C'®27], 145.9 [C!3], 156.0 [CC],
171.0 [C?] ppm.

Synthesis of 10: LiCH,SiMe; (0.105g, 1.11 mmol) in hexane
(30 mL) was added to a stirred suspension of 3 (0.886g,
1.11 mmol) in hexane and the reaction mixture was stirred for 24 h.
The mixture was filtered and volume of the filtrate was reduced
under vacuum. A light yellow crystalline material deposited at
-25°C after standing overnight; yield (0.572g, 62%).
Cs4HgoN,ScSi (847.19): caled. C 76.56, H 8.21, N 6.61; found C
77.25, H 7.82, N 6.72. '"H NMR (250 MHz, C¢Ds, 298 K): 6 = 0.13
[s, 9 H, CH,Si(CH;);], 0.22 [s, 2 H, CH,Si(CH3);], 0.81-1.27 [m,
24 H, H2324.25:26] 145 [s, 6 H, H'314], 2.18 [s, 6 H, H!>14], 3.18-
3.44 [sept, 4 H, H?'?2], 5.62 [br., dd, 4 H, H*7], 6.65 [br., dd, 2 H,
H4, 7.01-7.37 [m, 12 H, H*I®1L17.1819] pom  13C NMR (C¢Ds,
298 K): ¢ = 3.62 [Si(CH3)3], 21.26 [C'314], 23.66 [C'314], 24.7 and
24.8 [C?3:2425:26] 251 and 25.4 [C?12?], 29.2 [C?!?7], 105.5 [C37],
110.4 [C33], 1244 [C'71°], 125.9 [C>!], 128.4 [C'®!8], 136.3
[C312],139.4 [C7], 142.8 [C!620], 144.1 [C4], 144.1 [C'3], 144.5 [C9],
169.2 [C?] ppm. (CH, signal could not be observed).

Synthesis of 11: LiCH,SiMe; (0.094 g, 1.00 mmol) in hexane
(30 mL) was added to a stirred suspension of 8 (1.0 g, 1.00 mmol)
in hexane and the reaction mixture was stirred for 24 h. The mix-
ture was filtered and yellow crystals of 11 suitable for X-ray analy-
sis were obtained by slow cooling of the concentrated mixture thf/
hexane (1:5). The crystals were dried under vacuum for two hours
for elemental analysis; yield (0.900 g, 86%). CsgH,7LuN4OSi
(1049.31): caled. C 66.39, H 7.40, N 5.34; found C 66.73, H 7.29,
N 5.71. 'H NMR (250 MHz, C¢Dg, 298 K): 6 = —0.65 [s, 2 H,
CH,Si(CH3);], 0.15 [s, 9 H, CH,Si(CH3)3], 0.92-1.22 [m, 24 H,
H23:242526] 1,40 [br. s, 4 H, -CH,, thf], 1.46 [s, 6 H, H!*!4], 2.16
[s, 6 H, H'>14], 3.29 [sept, J = 6.8 Hz, 4 H, H?'??], 3.59 [thf, 4 H,
B-CH,], 5.62 [d, J = 8.4Hz, 2 H, H*?], 5.67 [d, J = 6.9 Hz, 2
H, H¥3], 6.70 [br., H* J = 7.9 Hz, 2 H, dd], 6.96-7.22 [m, 12 H,
HO10ILIT18.19] ppm  13C NMR (CgDg, 298 K): 6 = 4.34 [Si(CH3);],
19.5 [C13’14], 21.1 [C13’14], 24.1[C23’24’25’26], 24.7[C23’24‘25’26]
25.0[C?3:2425:26] 257 [B-CH,, thf], 28.0 [C?!??], 29.3 [C?!27],
47.8[CH,], 68.4 [B-CH., thf], 106.3 [C>?], 109.8 [C*7], 124.1 [C'719],
124.4 [C'7:19], 125.4 [C*11], 127.8 [C*-11],128.5 [C'*18], 135.7 [C3:17],
136.2 [C312], 139.4 [C7], 140.8 [C#], 144.1 [C!7], 144.2 [C'®29], 156.0
[C], 168.0 [C?] ppm.

Synthesis of 12: A toluene solution of LiCH,SiMe; (0.043 g,
0.46 mmol) in (30 mL) was added to a suspension of 4 (0.46 g,
0.46 mmol) in toluene (5 mL) and then reaction mixture was stirred
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for 30 min at room temperature and for 1 h at 50 °C. After cooling
to room temperature the mixture was filtered and toluene was re-
moved in vacuo. The solid residue was dissolved in thf/hexane mix-
ture (= 1:2). Slow cooling of the concentrated solution of complex
12 to 20 °C afforded brown crystals of 12. The crystals were sepa-
rated from the mother liquor by decantation, washed with cold
hexane and dried in vacuo at room temperature (30 min); yield
(0.28 g, 61%). CsgH73LaN4O, (997.1): caled. C 69.86, H 7.38, N
5.62; found C 69.73, H 7.81, N 5.66. 'H NMR (400 MHz, C¢Ds,
25°C): 6 = 1.03, 1.21, 1.27 [d, J = 6.8 Hz, 24 H, H,>3?42526], 1.35
[br. s together, 10 H, B-CH,, thf, CH,La], 2.27, 2.42 [s, 9 H, H!>14,
3.33 [br. s, 2 H, H?!?2], 3.48 [m, 2 H, H?!2%], 3.51 [br. s, 8 H, a-
CH.,, thf], 5.79, 5.81 [d, J = 8.4 Hz, 2 H, H?], 5.94, 6.46 [d, J =
7.2 Hz, 2 H, H3], 6.56-7.35 [m, 14 H, H*>101LI71819] npm 13C
NMR (100 MHz, C¢Dg, 25 °C): § = 20.4, 22.4 [C'>14], 24.1, 25.1
[C?3:24.25.26] /252 [B-CH,, thf], 28.4, 28.5 [C?!:??], 68.8[a-CH.,, thf],
68.9 [s, CH,], 106.4, 108.4 [C3], 108.0, 109.0 [C7], 118.2, 122.8,
123.6, 123.8, 124.0, 127.4, 127.5, 127.6, 128.1 [C%I10-1LI7.18,19]
138.4, 139.3 [C4, 134.3, 136.0, 141.7, 143.2, 143.6, 146.4, 147.1,
153.1 [C7:8:12:15.16201 /1537 155.8 [CC], 166.7, 170.4 [C?] ppm.

Synthesis of 13: A solution of LiCH,SiMej; (0.045 g, 0.48 mmol) in
(30 mL) hexane was added to a suspension of 5 (0.464 g,
0.48 mmol) in hexane (20 mL) and the reaction mixture was stirred
for 1 h. The mixture was filtered and hexane was removed in vacuo.
The solid residue was dissolved in a thf/pentane mixture (= 1:10).
Slow cooling of the concentrated solution of complex 13 to —20 °C
afforded brown crystals of 13. The crystals were separated from the
mother liquor by decantation, washed with cold hexane and dried
in vacuo at room temperature; yield (0.29 g, 63%). Cs;HgsN4NdO
(930.36): calcd. C 69.71, H 7.04, N 6.02; found C 69.05, H 7.44, N
6.04.

Synthesis of 14: A solution of PhSiH; (0.061 g, 0.57 mmol) in tolu-
ene solution (3 mL) was added to a solution of 11 (0.600 g,
0.57 mmol) in toluene (30 mL) at room temperature and the reac-
tion mixture was stirred for 72 h. The solution was concentrated
to small volume and cooled to -25 °C affording yellow crystalline
material; yield (0.319 g, 60%). Cs4HgsLuN,O (961.09): caled. C
67.48, H 6.82, N 5.83; found C 67.28, H 7.20, N 5.99. '"H NMR
(400 MHz, C;Dg, 298 K): 6 = 0.80-1.58 [m, together 32 H,
H23:242526 B8.CH,, thf, CH,Lu],1.78-2.33 [m,together 9 H, H!>14],
3.19-3.45 [br., sept, 8 H, (4 H, u-CH., thf) (4 H, H?"??)], 5.64 [m,
4 H, H¥, 6.63-7.27 [m,14 H, H*%101LI1718.19] pom  13C NMR
(C;/Dyg, 298 K): 6 = 20.3, 20.5 [C!314], 23.0, 25.0 [C?3:2425:26], 25 2
[B-CH,, thf], 28.1,28.6 [C?"??], 68.6 [0-CH,, thf], 72.1 [s,CH,],
103.7, 108.8 [C¥3], 110.1, 114.5 [C?7], 124.2, 124.3, 124.8, 125.0,
127.5, 127.7, 128.5, 129.7 [C>-10:1L.17.18.19] 11347, 135.2 [C4], 135.9,
136.0, 138.9, 139.5, 140.8, 141.8, 144.4 [C7:3:12:15.16.201 11480, 156.3
[C], 159.3, 159.9 [C?] ppm.

CCDC-740977 (for 7), -740978 (for 4), -740979 (for 13),
-740980 (for 11), -740981 (for 3), -740982 (for 9), -740983 (for 6),
-740984 (for 12) and -741180 (for 8) contain the supplementary
Crystallographic details for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data centre
via: www.ccde.cam.ac.uk/conts/retrieving.html.
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Alkaline earth metal derivatives of the diphosphanyldisilox-
ane O(SiiPr,PH,), (1) were obtained by reactions of 1 with
MgBu, and M{N(SiMej3),}, (M = Ca, Sr, Ba), respectively. The
metal complexes formed were characterised by elemental
analysis, NMR spectroscopy, and IR spectroscopy as well as
by single-crystal structure analysis. The solid-state structures
depend on the metal ion involved. The magnesium deriva-
tive crystallizes from thf as a trimer and exhibits a six-mem-

bered Mgs;P; ring. In contrast, the Ca und Sr derivatives
show a dimeric structure via formation of M,P, rings (M =
Ca, Sr). Eventually, the Ba derivative forms a dimeric struc-
ture with an octahedral P,Ba, moiety. Quantum chemical in-
vestigations indicate that the structural variety is a conse-
quence of accessibility and spatial extent of the d-orbitals of
the alkaline earth metal atoms.

Introduction

Phosphanides of the heavy alkaline earth metals have
been investigated for nearly 15 years.l'l A simple approach
to synthesize these compounds is the metathesis reaction of
alkaline earth metal silazanides with primary or secondary
phosphanes. In this manner, one obtains alkaline earth
metal phoshanides with a variety of structures depending
on the substituent as well as the solvent used. For example
in donor solvents such as thf and with sterically demanding
substituents, one can isolate colourless solids with mono-
mer structures (Type I).2J In some cases, equilibria are es-
tablished in solution between the monomer and dimeric
species which contain two or three bridging phosphorus
atoms (see types II and III in Figure 1).l'-3] Hartree—Fock
calculations for [M(PH,),], show that bicyclic structures
(Type III) are favoured for M = Ca or Sr, whereas for Ba,
the tricyclic structure seems to be the most stable form
(Type 1V).I4 According to the best of our knowledge, only
the monomeric (I) as well as the dimeric, double (II) and
threefold (IIT) bridged structures were isolated in solid state,
whereas a type IV structure was not reported up to date.

As we could show in previous work, the conjunction of
primary silylphosphanes via oxygen atoms between the silyl
groups, in other words the use of diphosphanylsiloxanes has
a considerable influence on the structure and on the degree
of oligomerisation of metal derivatives of such phosphanes.
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Figure 1. Molecular structures of the alkaline earth metal phos-
phanides [(L),M(PRR'),], (x = 1, 2).

For example, the reaction of 1,1,3,3-tetraisopropyl-1,3-di-
phosphanyldisiloxane (1) with AlEt; or GaEt; yields six-
teen-membered rings, where as aluminium or gallium phos-
phanides usually show four or six-membered ring struc-
tures.[!

In this work we report on reactions of alkaline earth
metal silazanides M{N(SiMes),}, (M = Ca, Sr, Ba), as well
as MgBu,, with 1. We have succeeded in isolating com-
pounds which have not been previously observed, but which
were theoretically predicted structural motifs. The reasons
for the preference of different structure types for different
alkaline earth metals have been investigated by quantum
chemical calculations.

Synthesis and Characterisation

The reactions of 1 with MgBu, or the silazanides of cal-
cium, strontium and barium, respectively, lead to the poly-
cyclic products 2, 3, 4 und 5 as shown in Figure 2.
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Figure 2. Synthesis of the compounds 2-5.

The trimeric compound 2 crystallizes in the triclinic
space group PI (Figure 3). The dianionic [O(iPr,SiPH),]*>
entities act as bidentate ligands, coordinating each to mag-
nesium to form six-membered rings. In addition, one of the
phosphorus atoms of these rings binds to another Mg atom
of a vicinal MgP,Si,0 ring, so that a central, six-membered
Mg;P; ring is formed. Due to the coordination of one thf
molecule to each magnesium atom, the latter achieves a co-
ordination number four. These three thf ligands show a cis,
trans,trans orientation. The Mg;P3 ring is slight folded
towards a boat conformation, the three MgP,Si,O rings are
slightly twisted. Within these MgP,Si,O rings the two PH
groups are in a trans position to each other. The Mg-P
distances are between 255.7 and 259.3 pm within the six-
membered Mg;P; ring, while the remaining three external
Mg-P-bonds are slightly shorter with values between 249.5
and 250.9 pm. This can be traced back to the different coor-
dination numbers of the phosphorus atoms (four in the in-
ner ring and three outside the inner ring). Similar bond
lengths could also be found in other magnesium phosphan-
ides; for example for the bicyclic species [Mgz{P(SiMes),}¢]
the distances are between 245 and 262 pm.[®l Compound 2
is not soluble in non- or weakly polar solvents (e.g. hexane,
benzene or ethyl ether) but is soluble in thf. The 3'P NMR
spectrum of 2 in [Dg]thf shows only one doublet at & =
—-320.5 ppm, which is maybe the result of the formation of
solvated monomers in thf or of dynamic behaviour in solu-
tion. Monomeric complexes were obtained from the reac-
tions of MgBu, with 1 in the presence of the bidentate li-
gands tmeda or dme. From this reactions, the products
[O(SiiPr,PH),Mg(tmeda)] (2a) and [O(SiiPr,)>Mg(dme),]
(2b) were isolated. 2a shows a strongly twisted ring with a
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trans orientation of the PH groups, whereas compound 2b
exhibits a almost planar ring with the PH groups in cis
configuration (see Figure 4).

Figure 3. Molecular structure of 2, thermal ellipsoids represent a
50% probability level, hydrogen of the organic groups are not
shown. Selected atom distances/pm and angles/°: Mgl-P1 257.1(2),
Mgl-P2 249.5(2), Mgl-P3 255.7(2), Mg2-P3 256.1(2), Mg2-P4
250.0(2), Mg2-P5 259.3(2), Mg3-P1 258.2(2), Mg3-P5 257.7(2),
Mg3-P6 250.9(2), Si-P 221.1(2) - 224.6(2); Mgl-P1-Mg3
127.76(5), Mgl-P3-Mg2 128.98(5), Mg2-P5-Mg3 131.02(5), P-
Mg—P 99.45(5) — 123.44(6).

The reaction of calcium silazanide with 1 follows a sim-
ilar path as described for the reaction with MgBu,. One
observes a twofold deprotonation of the diphosphanyldisil-
259
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Figure 4. Molecular structure of the compounds 2a (left) und 2b (right), thermal ellipsoids represent a 50% probability level, hydrogen

of the organic groups are not shown.

oxane, and the solid compound [Ca(thf);{O(SiiPr,PH),}],
(3) forms, and in contrast to compound 2, contains dimers
with a central planar four-membered Ca,P, ring. Com-
pound 3 crystallizes in the space group P1 with two nonco-
ordinated thf molecules per unit cell. As in 2, the
[O(iPr,SiPH),]*> unit acts as a bidentate ligand and builds
a six-membered almost planar OSi,P,Ca ring with the P—
H protons in a cis configuration (Figure 5). The distorted
octahedral sphere of the calcium atom is completed by
three neutral thf molecules and by one phosphorus atom of
the second ring. The phosphorus atom, and one oxygen
atom of a thf ligand lie in the plane of the planar four-
membered ring. Two other oxygen atoms of thf ligands oc-
cupy the apical positions of the octahedron with an O-Ca-—
O angle of 165.0°. The bonds between the calcium and the
phosphorus atoms in the six-membered ring are between
293.7 and 296.6 pm long. The distance of the two mono-
meric units to each other amounts to 300.9 pm. Westerhau-

Figure 5. Molecular structure of 3, thermal ellipsoids represent a
50% probability level, hydrogen atoms are not shown. Selected
atom distances/pm and angles/°: P1-Ca 301.9(1), P2'-Ca 294.8(1),
P1'-Ca 295.9(1), Sil-P1 221.1(1), Si2-P2 219.6(1), Ca-O 239.5(2) -
241.3(2); Sil-P1-Ca 144.41(4), Sil-P1-Ca’ 103.47(3), Cal-P1-
Cal’ 103.47(3), Si2-P2-Ca’ 109.90(4), O-Ca-O 164.96(7),
79.84(8), 85.45(8), P2-Ca’'-P1 102.52(3), P2-Ca’-P1’ 178.03(3),
P1-Cal-P1’ 76.53(3).
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sen et al. synthesized a Ca,P, ring compound [(Me;Si),-
NCa(dme)(u-PHSiiPr3)],, with similar Ca-P bond lengths
of 300.0 and 300.5 pm.[I

The [Dg]toluene solution of 3 shows a 3!P NMR spec-
trum with only one multiplet signal of higher order at 6 =
—253 ppm. A monomer in solution can be excluded due to
the fact, that the multiplet in the 3'P NMR is definitely not
the AA’ part of an AA’XX’ sin system (max. ten lines). In
fact the spectrum indicates dynamic behaviour which leads
to four equivalent PH groups (AA’A"A""'XX'X"'X""" spin
system), see Figure 6. Similar behaviour has been observed
for several phosphanides of strontium and barium.>¢7”!
Low-temperature NMR experiments at —50 °C show no sig-
nificant change in the spectra. Accordingly, the >°Si{'H}
NMR spectrum shows also only one signal at 6 = 19.6 ppm.
The '"H NMR spectrum of 3 shows, in addition to the sig-
nals of the isopropyl groups, a multiplet at —0.05 ppm,
which corresponds to the protons which are bonded to the
phosphorus atoms (XX'X''X""" part).

AJJ | UJUL ﬁ W

-250.0

252.0 -254.0 -256.0

ppm

Figure 6. 3'P NMR spectrum of compound 3 in [Dg]toluene.

The reactions of strontium or barium silazanide with di-
phosphanylsiloxane 1 are fast, and the products can be ob-
tained in good yields up to 85%. In thf after only 10 min,
fine and colourless precipitates appear, which are insoluble,
even at temperatures up to 60 °C. Single crystals, suitable
for X-ray structure analyses, were grown from dme. The
compound 4, see Figure 7, crystallizes in the monoclinic
space group P2,/n. The molecular structure is similar to
that of 3, but the strontium atom is in a distorted, pentago-
nal bipyramidal coordination sphere as a consequence of
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the coordination of two dme molecules. The bidentate
[O(iPr,SiPH),]*~ ligand occupies an apical and a basal posi-
tion. The four remaining basal positions are occupied by
the oxygen atoms of the two dme molecules, the second
apical position of the pyramid is occupied by a third phos-
phorus atom due to the dimerisation. The Sr-P bonds
within the OSi,P,Sr rings range between 309.8 and
3149 pm. The Sr-P bond lengths between these rings
amount to 316.7 pm. So in 4 the Sr—P bonds are slightly
longer than in other known strontium phosphanides (300.6
to 308.9pm), such as [Sr{P(SiMes),},(thf),] and
[Sr{P(SiMe,iPr),}(thp)4] (thp = tetrahydropyran), in which

the metal atoms show a coordination number of only
six.[20:2¢]

Figure 7. Molecular structure of 4, thermal ellipsoids represent a
50% probability level, hydrogen atoms of the organic groups are
not shown. Selected atom distances/pm and angles/°: P1-Srl
309.8(1), P2-Srl 314.9(1), P2'-Sr1 316.7(1), Sil-P1 219.8(1), Si2—
P2 221.1(1), Sr-O 264.1(2)-269.3(2); Sil-P1-Srl1 106.08(3), Si2-
P2-Srl’ 143.80(3), Si2-P2-Sr1 108.54(3), Sr1-P2-Srl1’ 105.27(3),
P2-Sr1-P1 101.28(3), P1-Sr1-P2’ 176.01(2), P2-Sr1-P2" 74.73(3).

The NMR spectra of compound 4 are similar to the
NMR spectra of compound 3; the PH-groups are observed
in the '"H NMR spectrum at § = —0.07 ppm, and the
3P NMR spectrum shows a multiplet at § = —=250.3 ppm.

From the reaction of barium silazanide with 1, com-
pound 5 was isolated as colourless crystals (Figure 8). It
crystallises in the monoclinic space group P2/n. In contrast
to the calcium and strontium compounds which dimerize
by formation of M,P, rings, compound 5 exists as a binu-
clear species with all four phosphorus atoms of the [O(Si-
iPr,PH)]>" ligands in bridging positions. This leads to a cen-
tral Ba,P4 octahedron with barium in the apical and phos-
phorus in the basal positions. The coordination sphere of
each barium atom is completed by two dme molecules each,
giving a coordination number of eight. This structural motif
(Type IV in Figure 1) has not been observed before, al-
though ab initio SCF calculation predicted this molecular
structure as the energetically most favoured isomer for bar-
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ium hydrides and barium phosphanides.!¥l The Ba-P
bonds in 5 are on average 331.5 pm long, this corresponds
to values which are known for other barium phosphanides.

Figure 8. Molecular structure of 5. Thermal ellipsoids represent a
50% probability level, hydrogen atoms of the organic groups are
not shown. Selected atom distances/pm and angles/>: Bal-P1
330.2(1), Bal-P1’ 330.0(1), Bal-P2 333.4(1), Bal-P2" 332.1.(1),
Sil-P1 220.5(1), Si2-P2 220.9(1), Ba-O 277.7(2)-295.2(2); P1-
Bal-P1' 101.23(2), P1-Bal-P2 61.31(2), P1-Bal P2’ 71.41(2),
P1'-Bal-P2" 61.47(3), Pl'-Bal-P2 71.28(3), P2-Bal-P2’
101.99(2), P1-Bal-P1’ 101.23(2), Bal-P1-Bal’ 78.77(2), Bal-P2—
Bal’ 78.01(2), Sil-O-Si2 144.33(1).

The 3'P NMR spectrum of the compound 5 shows a
broad doublet with a coupling constant of approximately
180 Hz at 6 = 220 ppm, which is shifted about 30 ppm to
lower field compared to the calcium and strontium com-
pounds 3 and 4. The '"H NMR spectrum shows the typical
signals for isopropyl groups and dme molecules as well as
the expected doublet for the PH groups at 6 = 0.07 ppm
(/=180 Hz).

Quantum Chemical Investigations

Quantum chemical calculations with TURBOMOLE!
were carried out in order to rationalize the correlation of
preferred topology and type of the alkaline earth metal ion,
in particular the preference of the ring-type topology for Sr
and the octahedral topology for Ba. Both the Sr and the
Ba compound were calculated in both topologies including
the four dme molecules in each case. Structure parameters
were optimized by means of density functional (BP-86[°))
theory, DFT, with def2-SV(P)!! basis sets for C and H and
def2-TZVPP! bases for the other elements. The RI-J
approximation was employed with the respective auxiliary
basis sets.[!''l For Ba (Sr) effective core potentials were used,
which cover the inner 46(28) electrons.'? As a check for
DFT we also did Hartree-Fock and MP2 calculations (with
the same basis and for the structure parameters obtained
with DFT). Calculated energy differences between octahe-
dral and ring structures for the Sr and the Ba compound
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are presented in Table 1. We note that for both Sr and Ba,
at all levels of theory, the octahedral structure is predicted
to be more stable than the ring structure. This is not in line
with the experiment, where for Sr the latter is preferred. On
the other hand, all methods indicate a more pronounced
preference (by ca. 30 kJ/mol) of the octahedral structure for
Ba than for Sr, so at least the trend is reflected correctly.
Moreover for DFT and HF, the preference of the octahe-
dral structure in the case of strontium is only a few kJ/mol,
which is less than the accuracy of these methods. We note,
that these results are in line with the results of previous
studies carried out at a lower level of theory.*l Here, we
rationalize these trends and we discuss, why for Mg a mo-
nomeric complex has been formed with dme as donor sol-
vent (compound 2b).

Table 1. Calculated energy differences, AE, between octahedral and
ring structure for M = Sr, Ba in kJ/mol. Positive values indicate a
preference of the octahedral structure.

Method AE(St) AE (Ba)
DFT 7 36
HF 2 35
MP2 43 79

At first glance, the compounds presented here might be
described in an ionic way: repulsive forces between the two
M?* jons and also between the two [O(iPr,SiPH),]> units
which are overcompensated by attractive forces between the
M?2* jons and the [O(iPr,SiPH),]*" units. On the other
hand, it has been known for many years, that for the 6s
elements in particular, the 5d orbitals (which are unoccu-
pied in the atomic ground state) play an important rolel!3]
and cause unusual bond situations.!!4 !5

Analysis of the high-lying occupied molecular orbitals
(HOMOs) shows that a purely ionic description is not ade-
quate. To show this, we first calculated the MOs of the
[O(iPr,SiPH),],* framework and then investigated the in-
teraction of the M?* orbitals with the MOs of the frame-
work. In Figure 9, the four HOMOs of the [O(iPr,Si-
PH),],* framework are plotted, for octahedral as well as
for ring-topology. They were obtained from the optimized
structures for the Ba compound by removal of Ba?*. The
conductor-like screening model, COSMO,!'® was used to
compensate for the negative charge and to obtain negative
energies for occupied orbitals. As is evident from Figure 9,
the four HOMOs are (linear combinations of) p-orbitals at
the P atoms, which are perpendicular to the plane spanned
by the respective P atom and its bond partners (Si and H,
see also Figures 7 and 8). In the case of the ring structure
(left part), they are parallel to the plane spanned by the
four P atoms, for the octahedral structure (right part) they
are perpendicular to this plane. This is a consequence from
the fact that the H atoms are perpendicular to this plane in
the first case, but in plane in the second case.

The HOMOs of the entire system are plotted in Fig-
ure 10 for the ring compound and in Figure 11 for the octa-
hedral compound for M = Ba (for M = Sr they have very
similar shape). All orbitals can be regarded as combinations
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Figure 9. Energy and shape of the four HOMOs of the
[O(iPr,SiPH),],* framework being part of the in ring-type top-
ology, left-hand side (see also Figure 7), and being part of the octa-
hedral topology, right-hand side (see also Figure §). Contour plots
are drawn at 0.04 (electrons/bohr?)"/2,

of the HOMOs of the [O(iPr,SiPH),],* frameworks and
mainly the d-, but also the s- and p orbitals of the metal
ion, in this way forming a (polarized) covalent bond. The
contributions of s- p- and d orbitals of the metal centre
were calculated by a Mulliken population analysis and are
also shown in Figures 10 and 11. Obviously, for both the
octahedral and ring structures a necessary precondition is
the easy availability of (unoccupied) d-orbitals. So, these
structure types are favourable only for Ca, Sr or Ba, but not
for Mg (or Li).['"! Indeed, the corresponding Mg compound
shows a completely different structure (see above).
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Figure 10. Energy (scale on the left in eV) and shape of the four
HOMOs of M,[O(iPr,SiPH),], (M = Sr, Ba) in ring-type topology.
The numbers at the left-hand side refer to the MO labels in Fig-
ure 9. The diagrams on the right-hand side show the contributions
of s- p- and d orbitals of each Sr/Ba centre (Mulliken population
analysis). For all diagrams the maximum value of the abscissa is
0.1 electrons. Contour plots (middle) are drawn at 0.02 (electrons/
bohr?)!2. Non-relevant C and H atoms as well as solvent molecules
are omitted in the plot for clarity.
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HOMOs of M,[O(iPr,SiPH),], (M = Sr, Ba) in octahedral top-
ology. For details see Figure 9.

In order to rationalize the more pronounced preference
of the octahedral structure for Ba we take a closer look at
the MOs shown in Figures 10 and 11. For the ring struc-
ture, Figure 10, the contributions from the metal ion are
largest for the two highest occupied MOs of the respective
anionic fragment, left-hand side of Figure 9: the HOMO of
the anionic fragment is stabilized mainly by the d.. orbital
of the metal ion, the HOMO-1 by the d.. and the s orbital.
Note that for this topology the relevant orbitals of the an-
ionic framework and the metal centres are in the same
plane, so significant overlap of orbitals of the metal atoms
and the P atoms of the anionic fragment is feasible even for
comparably large distances between the two M centres. For
the octahedral compound, Figure 11, effects are largest for
the HOMO of the anionic fragment, which is stabilized by
the d,, orbital of the metal ion. For Ba this effect is large
enough to cause a change in the energetic sequence of the
two HOMOs, for Sr this is not the case. For all HOMOs,
contributions from the metal centre are higher for M = Ba
than for M = Sr. The main reason probably is, that reason-
able overlap of orbitals between metal ions and the anionic
framework results in comparably short M—M distances (Ba:
424 pm, Sr: 401 pm), which on the other hand leads to
larger Coulomb repulsion between the metal ions. This situ-
ation is favourable rather for larger ions (Ba) than for
smaller (Sr or Ca), as for the former significant orbital over-
lap is possible also for comparatively larger M—M distances.

Conclusions

Alkaline earth metal derivatives of primary phosphanes
show versatile structural chemistry. We have described de-
rivatives of the diphosphanylsiloxane O(SiiPr,PH,), with
the metals Mg, Ca, Sr and Ba. Three principal molecular
structural motifs were observed even for identical donor
solvents and elemental formulas (compound 2b, 4 and 5).
The Ba,P4-octahedron (compound 5), which was theoretic-
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ally predicted several year ago, was observed for the first
time. Detailed quantum chemical investigations show, that
the structural variety mainly is a consequence of the ener-
getic and spatial properties of the d-orbitals of the metal
atoms (which are unoccupied in their atomic ground state).
Structure types II and IV (as well as III) thus can be real-
ized only by Ca, Sr, Ba. Structure type IV is preferred rather
for larger alkaline earth metals, as due to relative orienta-
tion of metal atom orbitals and orbitals of the respective
[O(iPr,SiPH),],* frameworks a concurrence between over-
lap of these orbitals and Coulomb repulsion of the posi-
tively charged metal centres emerges.

Experimental Section

General: All operations were carried out under an oxygen and
water-free nitrogen atmosphere by using standard Schlenk tech-
niques. Solvents were rigorously dried and distilled under nitrogen
by standard methods. All air and moisture sensitive substances
were stored and handled in a glove-box under argon atmosphere.
The starting compounds [M{N(SiMes),},(thf),] (M = Ca, Ba),
[Sr{N(SiMes),}»(dme),]I'81 and O(SiiPr,PH,),®! were prepared by
reported methods. The metals calcium and strontium (99.9 %), were
purchased at Sigma-Aldrich. Barium was purchased at Alfa Aesar
in form of bars (99.7%). NMR spectra were recorded on a Bruker
DPX Avance 300. The structural analyses were carried out with
appropriate single crystals on an automatic diffractometer. The
structures were solved and refined with SHELLXTL and
Xstep32!'! (Table 2). The vibrational spectra were gathered with a
Perkin-Elmer GX spectrometer and the microanalyses were made
with the model “elementar vario MICRO CUBE”.

[Mg{(P(H)SiiPr,),0}(thf)]5 (2): To a solution of 350 uL (1.0 mmol)
of 1 in 10 mL thf 1.0 mL of a 1.0 m solution of MgBu, in hexane
was added dropwise. The resulting solution was stirred for 62 h
at ambient temperature and afterwards all volatile contents were
removed under reduced pressure. The residue was solved in 3 mL
toluene and the solution was stored at —35°C. Over two days
colourless crystals of 2 were formed with a yield of 53%.
CysH114Mg304P6Sis (M = 1214.70 g/mol): caled. C 47.46, H 9.46;
found C 47.57, H 9.29. '"H NMR ([Dg]thf): 6 = —-1.35 (d, 2Jpu =
153 Hz, 2 H, PH), 0.91 (sept, 3J(H,H) = 7.2 Hz, 4 H, CH(CH3),),
1.04 [d, 3J(H,H) = 7.2 Hz, 12 H, CH(CH5>),], 1.06 [d, 3J(H.H) =
7.2 Hz, 12 H, CH(CHS;),], 1.80 (m, thf), 3.65 (m, thf) ppm. 3C
NMR ([Dg]thf): § = 17.6 [d, 2J(P,C) = 11.3 Hz, CH(CH3),], 18.0
[br. s, CH(CH3)], 25.4 (s, thf), 67.2 (s, thf) ppm. 3'P NMR ([Dg]-
thf): 6 = -320.5 (d, "Jpy = 153, PH, Si satellites: 'Jpg; = 57.5 Hz)
ppm. IR (KBr): ¥ = 3161 (w), 2941 (vs), 2888 (vs), 2862 (vs), 2616
(W), 2560 (w), 2286 (8), 2263 (s), 1462 (vs), 1382 (s), 1362 (m), 1345
(w), 1260 (m), 1236 (m), 1159 (w), 1035 (vs), 987 (vs), 918 (s), 881
(vs), 808 (w), 674 (m), 591 (vs), 495 (s), 461 (m), 421 (m) cm™'.

[Ca{(P(H)SiiPr,),0}(thf)s], (3): 260 mg (0.5 mmol) of [Ca{N-
(SiMes),} »(thf),] were dissolved In 4 mL thf. Subsequently 175 pL
(0.5 mmol) of 1 were added. After 12 h stirring at room tempera-
ture the obtained solution was stored at —32 °C. During two days
colourless crystals of 3 were formed with a yield of 56.8%.
CysH06Ca,05P,Siy (M = 1127.76 g/mol): caled. C 51.12, H 9.47;
found C 50.91, H 9.35. "H NMR ([Ds]toluene): 6 = —0.05 (m, 4 H,
PH), 1.29 [sept, *J(H,H) = 7.2Hz, 8 H, CH(CHs),], 1.46 [d,
3J(H,H) = 7.2 Hz, 24 H, CH(CHs),], 1.47 [d, 3J(H,H) = 7.2 Hz, 24
H, CH(CHs),], 1.59 (m, 24 H,thf), 3.90 (m, 24 H,thf) ppm. 3C{'H}
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Table 2. Crystallographic data of 2-5.[')

P. Kopecky, C. von Hénisch, F. Weigend, A. Kracke

Compound 2 2a 2b

Formula C;lng 14Mg306P()Si6 C18H46MgN20P25i2 C2_0H50MgO5PZSi2
Space group P1 P2\/n P1

Formula units 2 4 2

Temperature 180 K 180 K 190 K

Lattice constants

Volume

density

20 range

Reflections measured

Independent reflections
Ind. reflections with F, > 4o(F,)

a =1217.8(2) pm
b =1390.6(3) pm
¢ =2211.6(4) pm
a = 100.52(3)°

B =97.72(3)°

y = 98.31(3)°
3593.9(12) A3
1.115 g/em?
3-46°

18790

9510 (Riy = 0.0327)
8057

a =1016.3(2) pm
b = 1464.8(3) pm
¢ =1913.3(4) pm
a = 90°

p =104.51°
y=90°
2757.509) A3
1.082 g/cm?
3.5-52

14624

5149 (R;, = 0.0256)
4747

a = 1098.0(2) pm
b =1108.9(2) pm
¢ =1242.1(3) pm
a = 96.76(3)°

£ =91.33(3)°

7 =93.33(3)°
1498.7(5) A3
1.137 g/em?
3-47°

7641

4214 (R;y, = 0.0248)
3391

Parameter 644 241 279

u(Mo-K,) 0.313mm™! 0.277 mm™! 0.271 mm™!

R1 0.0443 0.0348 0.0312

wR2 (all data) 0.1295 0.0960 0.0778

Residual electron density 0.782 /A3 0.729 /A3 0.277 e/A3
Compound 3 4 5

Formula C40H100010P4Si4Sr2 C40H|00B3.20|0P4Si4

Space group
Formula units
Temperature
Lattice constants

Volume

density

20 range

Reflections measured

Independent reflections
Ind. reflections with F, > 4c(F,)

CﬁngogCa208P4Si4 -2 C4Hgo
Pl

1
190 K

a = 1211.6(2) pm

b = 1240.2(3) pm

¢ =1395.0(3) pm

a = 77.10(3)°

B = 69.35(3)°

7 = 70.86(3)°
1839.2(6) A3

1.147 g/em?

3.5-51°

12810

6500 (Rin = 0.0502)
5202

P2]/”

2

190 K

a = 1527.0(3) pm
b = 1202.02) pm
¢ = 1698.6(3) pm
a = 90°

S = 101.96(3)°

a = 90°
3050.1(11) A3
1.255 g/em?
3.5-51°

20710

5761 (Rin, = 0.0412)
5113

271

1.975 mm™!
0.0326

0.1043

0.493 ¢/A3

P21/f2

2

180 K

a = 1301.03) pm
b = 1379.7(3) pm
¢ =1777.3(4) pm
y = 90°

B = 102.94(3)°

y =90°
3109.2(11) A3
1.337 g/em?
4-51°

10732

5306 (Rin, = 0.0342)
4257

279

1.481 mm™!
0.0263

0.0524

0.294 ¢/A3

Parameter 318
u(Mo-K,) 0.354 mm!
R1 0.0560
wR2 (all data) 0.1689
Residual electron density 0.734 e/A3

NMR ([DgJtoluene): & = 18.2 [s, CH(CHa)a], 19.2 [s, CH(CHs),],
19.6 [s, CH(CHs)s], 25.1 (s, thf), 69.5 (s, thf) ppm. Si'H] NMR
([Dg]toluene): & = 19.6 (br) ppm. 3'P{'H} NMR ([Dg]toluene): § =
253.1 (s) ppm. IR (KBr): v = 2944 (vs), 2894 (m), 2867 (vs), 2300
(m), 1462 (s), 1083 (vs), 1053 (vs), 987 (s), 882 (s) cm™ .

[Sr{(P(H)SiiPr;),0}(dme),], (4): 294 mg (0.5 mmol) [Sr{N-
(SiMes),},'(dme),] were dissolved In 4 mL dme. Subsequently
175 uL (0.5 mmol) of 1 were added. After 18 h stirring at room
temperature the obtained solution was stored at —32 °C. During
two days colourless crystals of 4 were formed with a yield of 65.2%.
C40H100010P4S14Sr; (M = 1152.71 g/mol): caled. C 41.68, H 8.74;
found C 41.52, H 8.54. '"H NMR ([Ds]toluene): 6 = -0.07 (m, 4 H,
PH), 1.34 [sept, 3J(H,H) = 7.2Hz, 8 H, CH(CHs),], 1.50 [d,
3J(H,H) = 7.2 Hz, 24 H, CH(CH3),], 1.5 [d, 3J(H,H) = 7.2 Hz, 24
H, CH(CHs;),], 3.10 (s, 16 H, dme-CH,), 3.38 (s, 24 H, dme-CH3)
ppm. PC{'H} NMR ([Dsg]toluene): 6 = 18.45 [s, CH(CHs),], 19.60
[s, CH(CHj;),], 19.64 [s, CH(CH3),], 59.73 (s, dme), 70.44 (s, dme)
ppm. 2°Si['H] NMR ([Dg]toluene): 6 = 19.6 (br) ppm. 3'P{'H}
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NMR ([Dgltoluene): 0 = -250.4 (s) ppm. IR (KBr): ¥ = 2946 (vs),
2898 (s), 2868 (vs), 2303 (m), 1464 (vs), 1386 (m), 1083 (vs), 1053
(vs), 987 (s), 883 (vs), 696 (s), 598 (m), 470 (m) cm™'.

[Ba{(P(H)SiiPr,),0}(dme),], (5): 602mg (0.5mmol) of
[Ba{N(SiMes),}»(thf),] were dissolved In 10 mL dme. Subsequently
175 uL (0.5 mmol) of 1 were added. After 1.5 h stirring at room
temperature fine colourless needles precipitated. This suspension
was stirred for 16 h and afterwards the precipitate was recrys-
tallized warming the suspension up to 40 °C and slowly cooling to
5°C. 5 was obtained as colourless crystals with a yield of 85%.
Cy4oH 00Ba>01gP4Siy (M = 1252.15 g/mol): calcd. C 38.37, H 8.05;
found C 38.32, H 7.74. '"H NMR ([Dg]toluene): § = 0.07 [br. d,
"Jen = 178 Hz, 4 H, PH], 1.00 [m, 8 H, CH(CH3),], 1.48 [m, 48
H, CH(CHs),], 3.15 (s), 3.23 (s, dme) ppm. 3'P NMR ([Dg]toluene):
8 =-220.1 [br. d, "Jipyy, = 178 Hz, PH] ppm. IR (KBr): v = 2944
(vs), 2891 (s), 2866 (vs), 2299 (m), 1463 (s), 1385 (m), 1365 (w),
1260 (w), 1240 (w), 1160 (w), 1082 (vs), 1051 (vs), 990 (s), 919 (w),
882 (s), 808 (m), 680 (m), 644 (m), 604 (m), 497 (m) cm .
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Ethene Polymerization Behavior of MAQO-Activated Dichloridotitanium
Complexes Bearing Bi- and Tetradentate Salicylaldimine Derivatives

Antti Pirssinen,?l Tommi Luhtanen,™ Tapani Pakkanen,® Markku Leskeli,?! and
Timo Repo*!!

Keywords: Titanium / Polymerization / Homogeneous catalysis / Molecular modeling / N,O ligands

New chiral bridged tetradentate (N,O,)Ti'VCl,-type com-
plexes bearing dimethylbiphenyl (1-Ti-3-Ti) and previously
published binaphthyl-bridged (4-Ti) complex were synthe-
sized with high yields. This was achieved by treating the cor-
responding Schiff-base ligand (H,L) precursors with
Ti(NMe,),, followed by conversion of these diamido com-
plexes to LTiCl, derivatives by the addition of excess of Mes-
SiCl. A series of unbridged titanium complexes 5-Ti-8-Ti
with similar substituents at the phenoxy group were studied
and their polymerization properties, after methylalumin-

oxane (MAO) activation, compared with the above bridged
complexes. It was found that the catalysts bearing chiral
tetradentate biaryl-bridged salicylaldimine ligands produce
multimodal polyethylene (PE) with low activity [below 10
kgpg/(molyhbar)] while their unbridged analogues provide
activities that are 10-1000 times greater under similar reac-
tion conditions. The reasons for this dramatic difference in
polymerization activities are discussed based on the stabili-
ties of the different cationic species configurations.

Introduction

Group 4 metal-based bis(salicylaldiminato) dichlorido
complexes are known for their high activities in ethene
polymerisation upon activation with MAO.[Y In highly
active titanium and zirconium complexes fluorinated-[1 or
alkylphenyl®! groups at the imine nitrogen and /Bu or cum-
yl substituents at the 3-position adjacent to the phenoxy
oxygen are distinctive features. These highly active catalysts
polymerize ethene with narrow polydispersity values typical
for single-site catalysts. However, considerable number of
bis(salicylaldiminato)Ti catalysts have low polymerization
activities and tend to give multimodal polyethylene. Ac-
cording to our previous results, various active species in po-
lymerization is linked to simultaneous presence of different
structural isomers of catalysts.l]

As shown before, substituents on the salicylaldiminato
ligands have an effect on the geometry of the dichlorido
complexes. Three different octahedral configurations have
been determined by X-ray structure analysis.*>! In these
solid-state structures, the imine nitrogen atoms as well as
the phenoxy oxygens have either cis, ciscis or trans orienta-
tion towards each other while the chlorides adopt a cis ori-
entation (Scheme 1).

[a] Department of Chemistry, Laboratory of Inorganic Chemistry,
P. O. Box 55, 00014 University of Helsinki, Finland
Fax: +358-9-19150198
E-mail: timo.repo@helsinki.fi

[b] Department of Chemistry, University of Joensuu,
P. O. Box 111, 80101 Joensuu, Finland

Supporting information for this article is available on the
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266

vvvvvvvvvvvvvvvvvvvvvv

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o N /N
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Scheme 1. Octahedral configurations for bis(salicylaldiminato)-
TiCl, complexes wherein chlorides occupy cis orientation. R can
be any aromatic or aliphatic substituent. cis (cis-N, trans-O and cis-
Cl, G, symmetry), ciscis (cis-N, cis-O and cis-Cl, C; symmetry) and
trans (trans-N, cis-O and cis-Cl, C, symmetry) abbreviations are
related to the orientation of imine nitrogen atoms in the complexes.

In solution, the dichloride complexes can have mixture
of different coordination geometries and their relative ratios
are dependent upon salicylaldiminato ligand substitu-
ents.>67]

Besides of substituents in salicylaldiminato ligands also
co-ligands have an influence for the coordination geome-
tries of the complexes and their relative ratios. This phe-
nomenon is clearly observable when converting bis(salicyl-
aldiminato)Ti amido complexes to corresponding chloride
analogues.>”! According to the recent calculation results
the coordination geometries can further change when di-
chloride complexes are activated with MAO. The relative
stabilization energies of the cationic Ti isomers do not nec-
essarily follow the same pattern as their corresponding neu-
tral chloride analogues.”l The change in geometry subse-
quent to activation and the magnitude of the change is de-
pendent upon the ligand substituents as well as the applied
reaction conditions. As a consequence solid-state structures
of dichlorido complexes cannot be used to predict their po-
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lymerization behavior. In fact, our previous results have
demonstrated that the most active bis(salicylaldiminato)
catalysts bearing alkyl®! and aromatic® imino substituents
are those complexes which tend to change the relative orien-
tation of their imine nitrogen atoms from cis to trans upon
activation (Scheme 2).

G000

N, ‘ W Cl Om,

Ti —_— o, 1 ® B Orm,,,,. @
N~ Ti Ti
N/ ] cl N ‘ N o / e
U k/o
/N
cis ciscis trans

Scheme 2. Schematic representation of the plausible cis to trans
change in complex configuration during the activation procedure.
cis and trans abbreviations are related to the orientation of imine
nitrogen atoms in complexes.

To further attest the benefit of the cis to trans change on
catalytic activity, a series of biphenyl bridged (1-Ti-3-Ti,
Scheme 3), binaphthyl bridged (4-Ti, Scheme 4) and un-
bridged Ti complexes (5-Ti-8-Ti, see Schemes 5 and 6) were
studied to compare their polymerization properties after
MAO activation. The bridging in 1-Ti-4-Ti prevents any
possible cis to trans isomerisation of the imino nitrogen
atoms.

R’

RZ

R2

cis ciscis

Scheme 3. The dimethylbiphenyl bridged titanium dichloride com-
plexes (1-Ti-3-Ti) possess the cis or ciscis configuration or their
combinations at room temp. in solution. 1-Ti (R! = R? = H, cis
and ciscis configurations in ratio of 1:4), 2-Ti (R! = tert-butyl, R?
= H, ciscis configuration) and 3-Ti (R! = R? = cumyl, cis configu-
ration).

The basic salen-type ligands, having an ethylene linkage
between the imino nitrogen atoms, favour planar coordina-
tion with Group 4 metals which results in the chlorides be-
ing forced to adopt a trans (= 180°) orientation. These types
of conformers are known to have low activities in a-olefin
polymerisation.®!

Therefore our interest was drawn towards the study of
chiral tetradentate biaryl-iminophenolate ligand systems
wherein the rigid biaryl bridge forces both the chlorides and

Eur. J. Inorg. Chem. 2010, 266-274
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ciscis

Scheme 4. The binaphthyl-bridged titanium dichloride complex 4-
Ti possesses the ciscis configuration in solution.

cis ciscis

Scheme 5. In solution the unbridged complex 5-Ti (R! =
CH,CH,Ph) possesses both the cis and the ciscis configurations in
ratio of 1:2 while complex 6-Ti (R' = Ph) possesses ciscis configura-

tion.
% ) %\C}{/

N, Ti' ...... Nllm
‘N \CI \CI
7-Ti 8-Ti

Scheme 6. Schematic presentation of complexes 7-Ti and 8-Ti.

imino nitrogen atoms to occupy cis coordination sites in C;
and C,-symmetric complexes.->!% Intriguingly, despite of
the attractive octahedral symmetry and similar substitution
pattern with the most active bis(salicylaldiminato) catalysts
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those with tetradentate ligands have only low activity in po-
lymerization. It is also worth to notice, that in ciscis-type
complexes the Ti-O, Ti-N, and Ti—Cl bond lengths and
even O-Ti-O and CI-Ti-Cl bond angles for bidentate and
tetradentate phenoxy-iminotitanium(IV) complexes are
very close to each other and therefore do not explain the
dramatic difference in catalytic activity in ethene polymeri-
zation.[>]

Results and Discussion

Preparation of Ligands and Complexes

As shown previously with N-(salicylidene)anilines,?! the
Schiff base condensation reaction occurs efficiently when
carried out in toluene solution in round-bottomed flask at
temperature above 100 °C. By this method three 6,6'-di-
methylbiphenyl (1-3) and previously published binaphthyl-
bridged ligand precursors (4) (Scheme 7) as well as 2-phen-
ylethyl-N-(3,5-dicumylsalicylaldimine) (5) and phenyl-N-
(3,5-dicumylsalicylaldimine) (6) (Scheme 8) were obtained
with very high yields from their corresponding salicylalde-
hydes and amines.

R2

HO

l N
I N N

Scheme 7. Schematic representation of the biaryl-bridged salicyl-
aldimine ligand precursors 1-4. 1: X =1, R' =R?>=H; 2: X =1,
R! = tert-butyl, R> = H; 3: X = 1, R! = R? = CMe,Ph; 4: X = 2,
R! = tert-butyl, R> = H.

Direct metallation of the ligand precursors with
Ti(NMe,),, followed by chlorination of the formed bis(di-
methyl)amido titanium complexes using an excess of chlo-
rotrimethylsilane, proved to be a highly selective and simple
method of synthesis for complexes (1-Ti-3-Ti) bearing the
6,6'-dimethylbiphenyl moiety and for complex 4-Ti with a
binaphthyl bridge between the salicylaldimine moieties (see
Schemes 3 and 4).°! However, this method was not directly
suitable for the synthesis of complex 5-Ti (Scheme 5) as the
chlorination procedure resulted in the formation of an
amino salt which could not been completely removed under
vacuum and lead to a 5-6% deficit in the carbon pro-
portion. However, the amino salt was nearly completely re-
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R1
OH N

R3

Scheme 8. Schematic representation of the bidentate ligand precur-

sors 5-8. 5: R!' = CH,CH,Ph, R> = R? = CMe,Ph; 6: R! = Ph, R?
= R3 = CMe,Ph; 7: R! = Ph, R? = R? = H; 8 R! = Ph, R? = tert-
butyl, R? = H.

moved by the addition of a slight excess of triethylamine
which led to the pure complex being obtained with 90%
yield.[

Attempts to prepare complex 6-Ti by direct metallation
were not successful. Although treatment of compound 6
with Ti(NMe,), resulted in formation of the desired tita-
nium amido complex intermediate, the chlorination pro-
cedure was unselective. After chlorination, substantial
amounts of amido signals (NMe,) including an additional
sharp signal at 8.5 ppm were detected by 'H NMR spec-
troscopy. The peak at 8.5 ppm indicates the presence of non
coordinating imine. Therefore, the preparation of complex
6-Ti required the use of the traditional route via lithium
salt followed by complexation with TiCl,. By heating the
lithium salt together with TiCl, at 85 °C for two days the
complex was obtained with nearly quantitative yield. Com-
plex 6-Ti was discovered to be very sensitive and hence all
NMR samples were prepared in a glovebox under argon
atmosphere. Even traces of moisture can lead to the detach-
ment of the phenoxy imine ligand, as testified by the ap-
pearance of two new sharp resonances at 0 = 8.52 ppm and
8.62 ppm in '"H NMR indicating the presence of uncoordi-
nated imines.

Configurations of Amido and Chlorido Complexes

The amido derivative of complex 1-Ti possesses indistin-
guishable imino and amido proton signals in its 'H-NMR
spectrum possibly caused by presence of cis and ciscis iso-
mers and hindered rotation of ligands. When the NMe, li-
gands of 1-Ti are replaced by chlorides, three slightly broad
imine proton signals appears, a singlet from the cis isomer
together with two separate singlets from the ciscis isomer,
the ratio being 1:4. In order to gain insight into the possible
fluxional behaviour of 1-Ti in its dichloride form, dynamic
'H NMR (C¢Dg) measurements were carried out. The re-
sults of this study revealed that both of the isomers seem
to be stable even at 67 °C as no changes in ratio or in the
positions of the imine signals were observed.[”

For complex 2-Ti which bears a fert-butyl group at the
phenoxy moiety, both the amido and dichloro derivatives
adopt the ciscis geometry while both the amido and
dichloro derivatives of cumyl-substituted complex 3-Ti

Eur. J. Inorg. Chem. 2010, 266-274
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adopt the cis geometry exclusively. In the case of the amido
derivative of complex 4-Ti, one sharp singlet from the imino
protons (0 = 7.82 ppm) is observed indicating the presence
of the cis isomer. Upon subsequent chlorination two sharp
resonances is observed indicating conversion of the complex
from cis to the ciscis isomeric form.’) A similar phenome-
non was previously observed by Scott et al. for a compar-
able, 6,6'-dimethylbiphenyl-bridged bis(3,5-di-zert-butylsal-
icylaldimino)TiCl, complex.[”]

As for the bridged complex 4-Ti, the unbridged com-
plexes are prone to configurational changes upon chlorina-
tion. The amido derivative of complex 6-Ti revealed a sharp
singlet in 'H NMR indicating a possible C,-symmetric cis
configuration while the corresponding dichlorido complex
adopts a Cj-symmetric ciscis structure resolved from its
HSQC spectra (Scheme 5).

Due to overlapping signals arising from different iso-
mers, the "H-NMR spectrum of amido derivative 5-Ti was
ambiguous. The configuration of the corresponding dichlo-
ride complex was resolved using 3C-NMR revealing three
imino signals arising from cis and ciscis isomers in the esti-
mated ratio of 1:2 (see Supporting Information). It can be
concluded that the geometries of studied complexes can
vary and their configurations are dependent upon the sub-
stituents at the phenoxy ortho position as well as on the
anionic monodentate co-ligands present (Cl and NMe,).

Ethene Polymerization

The bridged Ti complexes 1-Ti-4-Ti were activated with
an excess of methylaluminoxane (MAO) (Al/Ti ratio 2000)
and used in ethene polymerisation. The structure of precat-
alysts of 2-Ti/MAO and 4-Ti/MAO are similar, the only dif-
ference being the chiral backbone (see Schemes 3 and 4). In
fact, this structural difference has only a minor influence
on polymerisation behavior. Regardless of the applied poly-
merisation temperature and monomer pressure, polymerisa-
tion activities of both 2-Ti/MAO and 4-Ti/MAO were very
low [1-6 kgpg/(molp;hbar)] and they produced, in general,
PE with unimodal but slightly broadened distribution
curves (Table 1). Interestingly, at certain polymerisation
conditions (6 bar, 40 °C) both catalysts exhibited bimodal
behavior, particularly 2-Ti/MAO which produced PE with
two clearly distinguishable distribution curves. The highest
molar mass polymers were achieved either at low tempera-
tures or low pressures (Table 1).

Catalyst 1-Ti/MAO, although missing ortho tert-butyl
groups and therefore having reduced steric bulkiness
around the active center, has comparable activity with 2-
Ti/MAO and 4-Ti/MAOU® (Table 1). The major difference
between these three catalysts is that 1-Ti/MAO tends to
form bimodal PE at all polymerization conditions. Curi-
ously, 1-Ti/MAO produced clearly unimodal PE at 4 bar
and 60 °C. Catalyst 3-Ti/MAO, bearing sterically bulky
cumyl substituents, differs from the other bridged catalysts
in that it has slightly increased activity [10-20 kgpg/
(molp;hbar)] and the ability to produce trimodal PE under
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Table 1. Ethene polymerisation results with complexes (1-Ti—6-Ti).
Reaction conditions: runs 1-20 [Al}/[Ti] = 2000, time 40 min; run
21 [AIJ/[Ti] = 2000, time 141 s; runs 22-24 [Al)/[Ti] = 5000, time
500 s; run 25 [Al)/[Ti] = 5000, time 134 s; run 26 [Al)/[Ti] = 5000,
time 200 s; run 27 [Al)/[Ti] = 5000, time 300 s.

Run Complex Yield Cat. 7@ pbl  Actll M, MM,
[e]  [wmol] [°)C] [bar] [kg/mol]

1 1-Ti 0.48 20 60 4 9 930 39

2 1-Ti 0.24 20 40 6 4 620 39

3 1-Ti 0.40 20 60 6 5 900 6.5

4 1-Ti 0.72 20 80 6 9 320 52

5 1-Ti 0.75 20 60 8§ 7 560 12.8

6 2-Ti 0.21 20 60 4 4 1020 3.6

7 2-Ti 0.08 20 40 6 1 580 9.2

8 2-Ti 0.08 20 60 6 1 970 3.6

9 2-Ti 0.08 20 80 6 1 490 33

10 2-Ti 0.32 20 60 8 3 180 2.3

11 3-Ti 0.64 20 60 4 12 1060/30/3 1.5

12 3-Ti 0.80 20 40 6 10 1090/34/1 1.5

13 3-Ti 1.76 20 60 6 22 1040/34/3 1.5

14 3-Ti 0.96 20 80 6 12 1250/32/1 1.5

15 3-Ti 1.60 20 60 8 15 890/30/3 1.5

16 4-Ti 0.21 20 60 4 4 570 39

17 4-Ti 0.40 20 40 6 5 600 7.6

18 4-Ti 0.40 20 60 6 5 360 3.7

19 4-Ti 0.08 20 80 6 1 330 3.7

20 4-Ti 0.64 20 60 8 6 390 22

21 5-Ti 7.30 60 4 6210 110 2.1

2 5-Ti 2.63 2 40 4 2360 120 2.1

23 5-Ti 5.17 2 60 4 4650 110 2

24 5-Ti 3.46 2 80 4 3110 110 1.9

25 6-Ti 6.70 2 60 4 22500 370 2

26 6-Ti 1.86 2 60 2 8370 380 2.1

27 6-Ti 1.55 2 40 4 4650 380 2

28 6-Ti 0.54 2 80 4 2460 635 33

29 7-Til8) - 20 80 5 143 520 35

30 8-Til'4! 3.14 5 75 0.1 380000 44k =2

[a] Polymerisation temperature. [b] Monomer pressure. [c] Activity
in (kg PE)/(moly;hbar). [d] PDI values were between 1-2. Exact
values can’t be given due to overlapping of molecular mass areas.
[e] Molecular mass value is given as a viscosity average molecular
mass M,

all polymerisation conditions (Figure 1). For example, the
molecular mass distribution curve (MMD) of PE at 80 °C
consists of three separate, almost equal molecular mass
areas with each having narrow PDI values (1.5-2.0). The
molecular mass of the polymer in the high M,-region is
close to 1000 kg/mol. In the middle region the molecular
mass is around 30 kg/mol while in the low region it is only
few kg/mol. The relative sizes of these molecular mass areas
are dependent on the polymerisation temperatures. At
60 °C the MMD curve consists mostly of high and average
M,, areas while at 40 °C the average M,, area is favored. It
is worth noting that 3-Ti/MAO produces comparable tri-
modal PE to a similarly substituted unbridged bis(salicyl-
aldiminato) zirconium catalyst, although the latter is more
active.l%! This phenomenon is discussed in more detail in the
following section.

For the bridged Ti complexes 1-Ti-4-Ti/MAO, ethene
consumption during 40 min polymerization reactions is
stable. Thus, the observed average low activities and various
modalities of PE cannot be explained by deactivation of
the catalyst during the polymerisation. Based on the low
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Figure 1. Molecular mass distribution curve of trimodal PE poly-
merized with MAO activated complex 3-Ti at different tempera-
tures.

polymerisation activities recorded for the series of bridged
catalysts, it can be summarized that neither the cis nor ciscis
geometry provides a Ti-center of high activity. Alternative
explanation for low activity was presented by e.g. Scott et
al. who proposed that during complex activation process
one of the imino groups is replaced with amido one.!”!

In order to identify the influence of bridging on catalytic
properties, a series of unbridged complexes were chosen for
study under similar polymerization conditions. This series
included a new non-bridged complex (5-Ti/MAO) and the
previously reported 6-Ti/MAO,!'! 7-Ti/MAOP# and 8-Ti/
MAOI!!?l (see Scheme 5 and 6). This series of unbridged
complexes covers the same range of o-substitution patterns
as present in the series of bridged complexes studied above.
These selected unbridged complexes also have cis and/or
ciscis orientation of their imine nitrogen atoms in the
dichloro form as was the case for the bridged complexes.

Catalyst 5-Ti/MAO bearing a cumyl substituent in the o-
position and an ethylphenyl group at imino nitrogen had
high catalytic activity 6,000 kgpg/(molr;hbar) at 60 °C and
4 bar ethylene (Table 1). This catalyst also had appreciable
thermal stability as is evident from its activity at 80 °C
which was 70% of that achieved at 60 °C. The polymeriza-
tion properties of the catalyst resemble those typical for sin-
gle center catalysts e.g. metallocenes. Typical polydispersity
values were 2 and the obtained molecular masses were
100 kg/mol. At 80 °C traces of high M, PE were obtained.

At 60 °C and 4 bar ethylene, the activity of 6-Ti/MAO
(having a phenyl group at imino nitrogen) is remarkably
high over very short polymerization times. During a short
two minute polymerization run, the activity was over 20,000
kgpe/(molr;hbar); however after three minutes the activity
decreased to 8,000 kgpg/(mol;hbar) which is close to the
literature reported values.'¥) 5-Ti/MAO and 6-Ti/MAO
produce PE with narrow PDI values indicating the presence
of one active catalytic centre.

At the highest temperature studied (80 °C) the activity of
6-Ti/MAO was clearly reduced and PE with broad PDI was
obtained. Accordingly, 6-Ti/MAO appears to have lower
thermal stability than 5-Ti/MAO.
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Under similar polymerization conditions the previously
published 7-Ti/MAO having a phenyl group at imino nitro-
gen and H at ortho-position has low activity and produces
PE with a slightly broadened PDI of 3.5.131 Conversely, very
high activities have been reported for 8-Ti/MAO bearing
ortho tert-butyl groups and a phenyl group at imino nitro-
gen. 8-Ti/MAO produces PE with narrow PDI (=2)l!!]
(Scheme 6).

Correlation between Complex Structure and Polymerisation
Behaviour

In order to find a correlation between the structure of the
bridged and the unbridged complexes 1-Ti-8-Ti and their
polymerisation properties, all complexes were subjected to
ab initio calculations. Unfortunately the ab initio calcula-
tions failed with complexes 3-Ti, 5-Ti and 6-Ti due to their
large and freely rotating cumyl groups. Despite this setback,
the data-set produced from the remaining complexes pro-
vides an interesting insight into the polymerisation behav-
iour of these catalysts.

The calculations concerning relative stabilisation energies
of the bridged dichlorido complexes 1-Ti, 2-Ti and 4-Ti are
in accordance with the experimental results. In these com-
plexes the relative stabilisation energies of cis and ciscis con-
formers are very close to each other (Table 2). Therefore,
depending on the conditions it follows that both conform-
ers may be present in solution. Similarly, when activated,
both isomers of the cationic species have the same stability.
Thus under certain polymerisation conditions, bimodal PE
or unimodal with slightly broadened distribution curves is
expected.

Table 2. The relative stabilisation energies (Ere = kJ/mol) for dif-
ferent isomeric structures of dichloro as well as cationic derivatives
of 1-Ti, 2-Ti, 4-Ti, 7-Ti and 8-Ti Er(Cl,) and Er.(Ti*), respec-
tively. In these calculations, the cis isomer has been chosen as a
point of reference for the bridged and the trans isomer for the non-
bridged complexes. For the complexes 1-Ti—4-Ti stability energies
of trans isomers were left out of table due to high values (<+200 kj/
mol). Egq(Ti*) stands for the methylated cationic form of the tita-
nium dichloride complex (Scheme 2).

Complex Era(Cly) Eg(Ti*)
1-Ti_cis 0.9 0.0
1-Ti_ciscis 0 0.0
2-Ti_cis 0 0.0
2-Ti_ciscis 0.1 0.0
4-Ti_cis 1.6 0.0
4-Ti_ciscis 0 0.0
7-Ti_cis -21 0.0
7-Ti_ciscis -8 0.0
7-Ti_trans 0 0.0
8-Ti_cis 2.6 26.4
8-Ti_ciscis 0.0 5.4
8-Ti_trans 18.8 0.0

In our earlier studies with a series of non-bridged bis-
(phenoxyimine)titanium catalysts, we found that the highest
activities in ethene polymerisation are achieved with com-
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plexes which are, according to calculations, prone to adopt
the trans orientation of the imino nitrogen atoms upon acti-
vation.[>3! This orientation brings the imine substituents
into the frontal position and thus steric shielding of the
active centre increases. As shown below, this appears to be
crucial for catalytic activity.

The bridged 1-Ti and unbridged 7-Ti have otherwise sim-
ilar ligand environments, both of which consist of unsubsti-
tuted phenoxy and imino phenyl groups. However, the poly-
merisation activity of the unbridged complex is ten times
higher. Ab initio calculations concerning the cationic 7-Ti
revealed that all three isomers (cis, ciscis and trans) have
similar stabilisation energies and so are equally likely to be
present. This decreases the fraction of the highly active
trans isomer present and hence the increase in activity is
limited to ten-fold only.®! The presence of various isomers
of the active species is also reflected in the relatively broad
PDI (= 3.5).

Both the bridged 2-Ti and unbridged 8-Ti have ortho
tert-butyl substituents that in the case of latter one has been
shown previously to increase the catalytic activity of these
types of complexes.['”) This tert-butyl substituent effect is
not evident in the case of the bridged 2-Ti as its activity
shows no further increase from that of 1-Ti. Conversely,
however, the unbridged 8-Ti has an activity superior than
that of 7-Ti (Table 1) which demonstrates that the rert-butyl
substituent effect is operational for the unbridged type com-
plexes.

These findings were once again supported by the calcula-
tions which showed that the trans geometry is clearly fa-
voured for the cationic form of 8-Ti which explains it high
activity. This isomeric form cannot exist for 2-Ti due to
bridging which results in this complex having low activity
which is not enhanced by the presence of zerz-butyl substit-
uents. As the trans form of the cationic 8-Ti is preferable,
only one active centre is present in polymerization and uni-
modal PE with very high activity is observed.['” The differ-
ence between the bridged and the unbridged catalysts in
polymerisation activity is 10,000-fold.

The cumyl-substituted, bridged 3-Ti and unbridged 6-Ti
complexes make up the third catalytic pair studied. The un-
bridged 6-Ti polymerizes ethene with high activity [8000 kg
PE/(moly;hbar)] and produces unimodal PE (PDI = 2.0).
3-Ti has the highest activity in the series of the bridged
complexes [up to 20 kg PE/(moly;hbar)] and produces tri-
modal PE. It must be noted, however, that the activity of
the bridged 3-Ti is 400 times lower than the activity of the
unbridged 6-Ti.

Since the existence of the frans geometry in 3-Ti is pre-
vented by bridging, possible cis and ciscis conformers leads
to catalytic species with low activities. As 6-Ti is highly
active and produce PE with unimodal, narrow PDI it can
be concluded that the trans geometry of the catalytically
active 6-Ti is prevalent. It is worth to notice that the un-
bridged 6-Ti was prone to changes in the coordination ge-
ometry when amido ligands are changed to chlorines.

The observation that the cumyl-substituted, bridged 3-Ti
produce trimodal PE is interesting. As the third isomer
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(trans) is missing in 3-Ti, the explanation for the trimodality
can arise from interaction of the bulky cumyl substituents
with the cationic metal center. In our previous studies con-
cerning bis(salicylaldiminato) catalysts bearing bulky ben-
zyl substituents, which are sterically quite similar to the cor-
responding cumyl ones used herein, we observed that in-
creased proximity of these substituents to the active site re-
sults in dramatic decreases in polymerization activity and
leads to the formation of multimodal PE.[?! The freely rotat-
ing aromatic ring may form a temporary steric blockade
preventing polymer chain growth and hence causing the
formation of low molecular mass PE.

Conclusions

Titanium complexes can undergo changes in geometry
during their synthesis. The direction and magnitude of these
changes are dependent on both the co-ligands present and
the ortho substituents of the phenoxy group. According to
ab initio calculations the same structural isomerization re-
mains present when the catalytically active species are gen-
erated. This finding underlines the fact that the isomeric
form present in the solid-state structure of such dichlorido
complexes is not necessarily the same isomer that is respon-
sible for catalytic activity in ethene polymerization.

After MAO activation, the differences in catalytic activi-
ties between non-bridged bis(salicylaldiminato)TiCl, and
their bridged, chiral tetradentate analogues are at best
10,000-fold, the former being more active. As demonstrated
in this study using the series of catalysts, this significant
difference in catalytic activity arises from the bridging itself
rather than the ortho ligand substituents. We previously re-
ported that structural isomerisation can be a significant fac-
tor in the generation of active species with high catalytic
activity. These observations are now further supported by
the obtained results.

The bridged complexes 1-Ti, 2-Ti and 4-Ti have two pos-
sible structural isomers (cis and ciscis), which based on ab
initio calculations, have similar stabilization energies. As
shown, neither of these two isomers is capable of providing
high polymerization activity. This finding helps to answer
the question of why titanium dichlorido complexes bearing
tetradentate biaryl-bridged salicylaldimine ligands have low
activity in ethene polymerizations after MAO activation.
Additionally, the relatively equal stabilization energies of
the two isomers lead to the generation of polymers with
bimodal distribution. Bridging in these complexes prevent
the presence of the trans isomer, which appears to be the
most active isomeric form. For example, according to the
calculations the cation of non-bridged 8-Ti prefers the trans
isomer. The consequence of this is a 10,000 fold increase in
activity from its bridged analogue 2-Ti, which as a result of
its constricted isomeric freedom exists in its cis and/or ciscis
forms only. frans orientation of the imine nitrogen atoms
brings the imine substituents into the frontal position and
thus steric shielding of the active centre increases. This ap-
pears to be crucial for catalytic activity.
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Experimental Section

General: All manipulations of air- and water-sensitive compounds
were carried out under dry argon using standard Schlenk tech-
niques. HPLC-grade toluene was dried and purified by refluxing
over sodium followed by distillation under argon. Benzophenone
was used to detect the absence of water. Toluene was stored over
sodium under argon. Salicylaldehyde (Fluka), 3-zert-butylsalicyl-
aldehyde (Aldrich), 2,4-bis(a,0’-dimethylbenzyl)phenol (Aldrich),
2,2'-diamino-6,6’-dimethylbiphenyl (MCAT), 2,2'-diaminobi-
naphthyl (Aldrich), chlorotrimethylsilane (98%) (Aldrich) and
tetrakis(dimethylamino)titanium (Aldrich) were used as received,
methylaluminoxane (MAO, 30 wt.-% solution in toluene) was pur-
chased from Borealis Polymers Oy. 'H and '*C NMR spectra were
collected on a Varian Gemini 2000 (200 MHz). Chemical shifts are
referenced with respect to CHCl;. For the complexes 1-Ti-6-Ti
complete list of 3C resonances are presented in ESI. Dynamic
NMR measurements were carried out with a Varian spectrometer
(500 MHz), deuterated benzene was used as solvent, the tempera-
ture scan area was from 27-67 °C. Mass spectra (EI) were acquired
by JEOL-SX102. DSC measurements (melting point) were per-
formed on a Perkin—Elmer DSC-2, calibrated with indium (tem-
perature scanning 20 °C/min). The scan area was from 25-232 °C.
Mass average molecular weights (M,,), number average molecular
weights (M,) and molecular weight distribution (MWD, M /M,)
of the polyethylene samples were determined by GPC (Waters Al-
liance GPCV 2000, high temperature gel chromatographic device).
GPC had HMW7, 2*HMWGE and HMW2 Waters Styrogel col-
umns. Measurements were carried out in 1,2,4-trichlrobentzene
(TCB) at 160 °C relative to polystyrene (PS) standards. 2,6-Di-zert-
butyl-4-methylphenol was used as a stabilizer. For the earlier pub-
lished but differently synthesized ligand precursors (1,4) and com-
plexes (4-Ti) only selected experimental information was included.
All the synthezied ligand precursors and complexes precipitated
out of solution as yellow powder and as dark red powder respec-
tively.

Synthesis of Ligand Precursors 1-6

2,2'-Bis|(2-hydroxybenzylidene)amino]-6,6'-dimethyl-1,1'-biphenyl
(1):"1 A 50 mL round-bottomed flask was charged with salicylal-
dehyde (1.00 mL, 9.42 mmol) and 2,2'-diamino-6,6'-dimethylbi-
phenyl (1.0 g, 4.71 mmol) The reactants were dissolved in 20 mL
of toluene and heated at 110 °C for overnight. The raw product
(yellow powder) was recrystallized from 2-propanol (yield 1.94 g,
98%). 'H NMR (200 MHz, CDCls, 29 °C): dy = 12.33 (s, 2 H,
2XOH), 8.54 (s, 2 H, 2X NCH), 7.45-6.68 (m, 14 H, aromatic),
2.09 (s, 6 H, 2 X CHj3) ppm.

2,2’-Bis|(3-tert-butyl-2-hydroxybenzylidene)amino]-6,6'-dimethyl-
1,1'-biphenyl (2) was prepared by a similar method as described
for 1. 3-tert-Butylsalicylaldehyde (1.61 mL, 9.42 mmol) and 2,2'-
diamino-6,6'-dimethylbiphenyl (1.0 g, 4.71 mmol) were used (yield
2.25 g, 90%, yellow powder). C35H4oN-O; (532.7): caled. C 81.17,
H 7.57, N 5.26; found C 81.30, H 7.28, N 5.52. 'H NMR
(200 MHz, CDCl3, 29 °C): oy = 13.11 (s, 2 H, 2 X OH), 8.46 (s, 2
H, 2XNCH), 7.40-6.74 (m, 12 H, Ar), 2.10 (s, 6 H, 2 X CH3), 1.33
(s, 18 H, CH3) ppm. *C{'H} NMR (50.3 MHz, CDCl;, 29 °C): 6
=162.1 (CN), 160.8 (CO), 146.9, 137.4, 130.5, 130.0, 128.6, 119.2,
117.9, 115.4 (Ar), 35.0 (CMe3), 29.4 (CH3), 20.0 (Ar-CH;) ppm.
MS (EI), m/z: 532-534 [with appropriate isotope ratio for
(C36H4oN20,7)].

2,2'-Bis{[3,5-bis(o,a’-dimethylbenzyl)-2-hydroxybenzylidene|amino} -
6,6'-dimethyl-1,1"-biphenyl (3) was prepared by a similar method as
described above for 1. 3,5-Bis(a,0’-dimethylbenzyl)salicylalde-
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hydes!'® (0.5 g, 1.40 mmol) and 2,2’-diamino-6,6’-dimethylbi-
phenyl (0.15 g, 0.70 mmol) were used. The product was recrys-
tallized from 2-propanol (yield 0.56 g, 90%). CssHesN-O5 (893.2):
caled. C 86.06, H 7.22, N 3.14; found C 85.87, H 7.12, N 2.62. 'H
NMR (200 MHz, CDCl3, 29 °C): oy = 12.51 (s, 2 H, 2 X OH), 8.09
(s, 2 H, 2X NCH), 7.33-6.96 (m, 6 H, Ar), 6.83 and 6.79 (both s,
each 1 H, Ar) 1.91 (s, 6 H, 2 X Ar-CH3), 1.69 (s, 12 H, 4 X CH3),
1.55 and 1.52 (12 H, 4 X CH3) ppm. MS (EI), m/z: 892-894 [with
appropriate isotope ratio for (CgsHgsN,O5™)].

2,2'-Bis|(3-tert-butyl-2-hydroxybenzylidene)amino]-1,1’'-binaphthyl
(4):1°! Preparation by a similar method as described above for 1,
starting from 3-zerz-butylsalicylaldehyde (1.61 mL, 9.42 mmol) and
2,2'-diaminobinaphthyl (1.34 g, 4.71 mmol) (yield 2.78 g, 98 %). 'H
NMR (200 MHz, CDCl;, 29 °C): o = 12.94 (s, 2 H, 2 X OH), 8.62
(s, 2 H, 2XNCH), 8.08 (d, 2 H, Ar), 7.98 (d, 2 H, Ar), 7.63-7.18
(m, 10 H, Ar), 7.03 (d, 2 H, Ar), 6.70 (t, 2 H, Ar), 1.22 (s, 18 H,
6 X CH;) ppm.

1-{|3,5-Bis(a,0’-dimethylbenzyl)-2-hydroxybenzylidene]Jamino}-2-
phenylethane (5): Preparation by a similar method as described
above for 1, starting from 2-phenylethylamine (0.2 mL, 1.59 mmol)
and 3,5-bis(a,0’-dimethylbenzyl)salicylaldehyde (0.57 g,
1.59 mmol). C33H;35NO (461.6): caled. C 85.86, H 7.64, N 3.03;
found C 85.79, H 7.85, N 2.84. 'H NMR (200 MHz, CDCls;,
29 °C): oy = 13.44 (s, 1 H, OH), 8.15 (s, 1 H, CNH), 7.35-7.14 (m,
16 H, Ar-H), 6.97, 6.96 (d, 1 H, Ar-H), 3.68 (t, 2 H, NCH,), 2.88
(t, 2 H, Ar-CH,), 1.70 and 1.68 (both s, each 6 H, CH3) ppm.
13C{'H} NMR (50.3 MHz, CDCls, 29 °C): 5 = 165.8 (CN), 158.0
(CO), 151.0, 150.9, 139.6, 139.5, 136.3, 129.0, 129.0, 128.6, 128.2,
128.0, 126.9, 126.5, 125.8, 125.2, 118.1, 61.2 (NCH,), 42.6 (CMe,),
42.3 (CMe,), 37.7 (Ar-CH,), 31.1 (CHj3), 29.6 (CH3) ppm. MS (ED),
miz: 461 with appropriate isotope ratio for (C33H3sNO™).

{13,5-Bis(a,0.'-dimethylbenzyl)-2-hydroxybenzylidene]Jamino}benzene
(6): Preparation by a similar method as described above for 1, start-
ing from aniline (0.254 mL, 2.79 mmol) and 3,5-bis(a,a’-dimeth-
ylbenzyl)salicylaldehyde (0.57 g, 2.79 mmol) (yield 80 %, 0.96 g).
C3;H3;NO (433.6): calcd. C 85.87, H 7.21, N 3.23; found C 85.87,
H 7.22, N 3.24. '"H NMR (200 MHz, CDCls, 29 °C): 6y = 13.33
(s, 1 H, OH), 8.53 (s, 1 H, CNH), 7.47-7.16 (m, 17 H, H-Ar),
1.78 and 1.74 (both s, each 6 H, 2X CH;3) ppm. *C{'H} NMR
(50.3 MHz, CDCls, 29 °C): dc = 163.5 (CN), 158.0 (CO), 150.7,
148.8, 140.3, 136.6, 130.0, 129.4, 129.0, 128.3, 128.1, 126.9, 126.7,
125.9, 125.8, 125.4, 121.3, 118.7, 42.7 (CMe,), 42.4 (CMe,), 31.1
(CHs;), 29.6 (CH3) ppm. MS (EI), m/z: 433 with appropriate isotope
ratio for (C3;H3;NO™).

Synthesis of Ti Complexes

1-Ti: Compound 1 (0.79 g, 1.88 mmol) was poured into precooled
toluene (60 mL) solution of Ti(NMe,),4 (0.44 mL, 1.88 mmol). The
reaction mixture was warmed to ambient temperature and stirred
overnight. Quantitative formation of complex LTi(NMe,), was ob-
served. The reaction was continued by decreasing the amount of
solution to 20 mL followed by addition of trimethylsilyl chloride
(5 mL, 20 mmol) at room temperature. Reaction mixture was
stirred overnight followed by removal of solvent and side products
at 70 °C in vacuo (yield 0.99 g, 98%): C,3H»,CI,N,O,Ti (537.3):
caled. C 62.60, H 4.13, N 5.21; found C 62.16, H 4.35, N 5.28. 'H
NMR [200 MHz, CDCls, 29 °C, mixture of two isomers in solu-
tion, 25% C, isomer (cis)]: oy = 8.49 (s, 2 H, NCH, cis), 8.34 and
8.20 (both s, each 1 H, NCH, ciscis), 7.59—-6.63 (m, 14 H, aromatic),
2.17 (s, 3 H, CH3), 1.99 (s, 3 H, CH3) ppm. '3C{'H} NMR
(50.3 MHz, CDCls, 29 °C): dc = 167.1, 166.8, 165.5 (CN), 164.2,
164.0, 163.7 (CO), 151.5, 150.3, 150.0, 137.5-116.6 (m, Ar), 20.2,
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20.0, 19.96 (Ar-CH3) ppm. MS (EI) m/z: 537-539 with appropriate
isotope ratio for (C,3H,,CI,N,O,Ti*).

2-Ti was prepared by a similar method as described below for 1-
Ti. Compound 2 (1.0 g, 1.87 mmol) and Ti(NMe,), (0.44 mL,
1.87 mmol) were used (yield 1.19 g, 98%). C36H33CI,N,O,Ti
(649.5): caled. C 66.57, H 5.90, N 4.31; found C 66.59, H 5.77, N
4.10. 'H NMR (CDCly): § = 8.34 (s, 1 H, NCH), 8.17 (s, 1 H,
NCH), 7.68-6.88 (m, 10 H, Ar), 6.56-6.52 (2 H, Ar), 2.16 (s, 3 H,
CHs), 1.98 (s, 3 H, CH3), 1.52 (s, 9 H, CH3), 1.39 (s, 9 H, CHj)
ppm. 3C{'H} NMR (50.3 MHz, CDCl3;, 29 °C): 6c = 167.3
(CNH), 165.9 (CNH), 163.4 (CO), 163.2 (CO), 151.6, 150.3, 138.1-
121.8 (m, Ar), 35.8, 35.3, 35.2 (CMe3), 29.9, 29.7 (CCH3), 20.1,
20.0 (Ar-CH;3) ppm. MS (EI) m/z: 649-651 with appropriate iso-
tope ratio for (C3sHsg N-O,Ti).

3-Ti was prepared by a similar method as described above for 1-
Ti. Compound 3 (0.84 g, 0.94 mmol) and Ti(NMe,), (0.22 mL,
0.94 mmol) were used. Pure complex 3-Ti with traces of amino salt
was obtained (yield 0.93 g, 98%): Cs4Hs,C1,N,0,Ti (1010.0):
caled. C 76.11, H 6.19, N 2.77; found C 75.63, H 6.91, N 3.27. 'H
NMR (200 MHz, CDCl;, 29 °C): 0y = 7.86 (s, 2 H, 2XNCH),
7.55-6.61 (m, 28 H, Ar), 4.99 (s, 1 H, Ar), 495 (s, | H, Ar), 2.08
(s, 6 H, 2X Ar-CHy), 1.85 (s, 3 H, CH3), 1.72 and 1.71 (both s,
each 3 H, 2 X CH3), 1.65 (s, 6 H, 2 X CH3), 1.62 (s, 3 H, CH3), 1.50
(s, 3 H, CH3), 1.34 (s, 3 H, CH3) ppm. *C{'"H} NMR (50.3 MHz,
CDCl;, 29 °C): oc = 167.5 (CNH), 165.4 (CNH), 160.9 (CO), 160.8
(CO), 151.4, 150.6, 150.3, 150.3, 149.7, 143.6, 143.4, 138.1-121.7
(m, Ar), 42.9, 41.8, 33.2, 32.0, 31.1, 31.0, 30.8, 27.1, 21.7, 20.1,
19.9 ppm. MS (EI) m/z: 1010-1012 with appropriate isotope ratio
for (Ce4HgrCLN,O,Ti).

4-Ti”! was prepared by a similar method as described above for
1-Ti. Compound 4 (1.14 g, 1.88 mmol) and Ti(NMe,), (0.44 mL,
1.88 mmol) were used (yield 0.99 g, 98%). '"H NMR (200 MHz,
CDCls, 29 °C): 6y = 8.42 (s, | H, NCH), 8.16 (s, 1 H, NCH), 8.05-
6.88 (m, 16 H, Ar), 6.80 (t, 2 H, Ar), 1.54 (s, 9 H, 3 X CH;), 1.42
(s, 9 H, 3 X CH3) ppm.

5-Ti: Compound 5 (0.83 g, 1.88 mmol) was poured into precooled
toluene (60 mL) solution of Ti(NMe,), (0.44 mL, 1.88 mmol). The
reaction mixture was warmed to ambient temperature and stirred
overnight. The reaction was continued by decreasing the amount
of solution to 20 mL followed by addition of trimethylsilyl chloride
(5 mL, 20 mmol) at room temperature. Reaction mixture was
stirred overnight followed by removal of solvent and side products
at 70 °C in vacuo. The purification process was continued by solvat-
ing chlorinated complex to 40 mL of toluene and dry triethylamine
(0.39 mL, 2.8 mmol) followed by several hours of stirring. There-
after the formed amino salt was allowed to precipitate and removed
from the main solution. Solvent and residual triethylamine were
removed at 70 °C in vacuo and pure complex with traces of amino
salt was obtained (1.20 g, 90%). CgsHgsClLN,O,Ti (1040.0): caled.
C 76.22, H 6.59, N 2.69; found C 75.62, H 5.86, N 2.67. '"H NMR
[20 MHz, CDCls, 29 °C, mixture of two isomers in solution, 33%
C, isomer (cis)]: oy = 7.78-6.68 (m, Ar-H), 6.60-6.30 (m, Ar-H),
3.80-2.70 (m, CH,), 2.17-1.27 (m, CHj; region) ppm. *C{'H}
NMR (50.3 MHz, CDCl;, 29 °C): 6c = 168.3 (CNH), 165.9
(CNH), 164.4 (CNH), 159.6 (CO), 159.5 (CO), 159.4 (CO), 150.5
(Ar), 150.1-125.4 (m, Ar), 124.3, 124.2, 123.2, 65.0 (NCH,), 60.8
(NCH,), 59.6 (NCH,), 43.0-41.8 (m, CCH; and Ar-CH,), 33.5—
26.0 (m, CH;) ppm. MS (EI), m/z: 1040 with appropriate isotope
ratio for (CgcH7oCl, N,O,Ti").

6-Ti: n-Butyllithium (1.6 M in hexanes, 1.31 mL, 2.1 mmol) was
added dropwise to a solution of ligand precursor 6 (0.86 g,
2.0 mmol) in toluene (40 mL) at —78 °C. The solution was warmed
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to room temperature and stirred for 2 h and then added dropwise
via cannula to a solution of TiCl, (0.11 mL, 1.00 mmol) in toluene
(20 mL) at —78 °C. The resulting solution was warmed up to 85 °C
and stirred under nitrogen for 48 h. The reaction mixture was fil-
tered through Celite followed by removal of the solvent in vacuo.
The complex was pure as such (99%, 0.98 g). C4,HgoCIl,N,O,Ti
(983.9): caled. C 75.68, H 6.15, N 2.85; found C 75.71, H 6.69, N
2.60. "TH NMR (200 MHz, CDCls, 29 °C): 6y = 7.68 and 7.34 (s, 2
H, 2XNCH), 7.85-6.20 (m, 34 H, Ar-H), 2.16-1.25 (m, 24 H,
8 X CH3) ppm. PC{'H} NMR (50.3 MHz, CDCls, 29 °C): ¢ =
169.0 (CNH), 165.6 (CNH), 160.4 (CO), 159.5 (CO), 155.6, 151.3,
150.2, 149.3, 149.2, 144.2, 144.1, 137.1, 136.8, 133.5, 132.1, 131.8,
131.7, 129.4-121.2, (m, Ar), 43.0, 42.8, 42.0 (m, CCHs), 32.7-26.5
(m, CMe) ppm. MS (EI), m/z: 982 with appropriate isotope ratio
for (Ce.HgoCl, N,O,Ti").

Polymerization Experiments

Polymerizations were performed in a 1.0 L Biichi stainless steel au-
toclave equipped with Julabo ATS-3 and Lauda RK 20 tempera-
ture controlling units. Toluene (200 mL) and the co-catalyst (MAO)
were introduced to the argon-purged autoclave reactor. Once the
polymerization temperature was reached, the reactor was charged
with ethylene to the appropriate pressure. Polymerizations were ini-
tiated by injecting 20 mL of the catalyst precursor solution (2—
20 pmol solution in toluene) into the reactor. Mechanical stirring
was applied at a speed of 800 r.p.m. During the polymerizations the
partial pressure of ethylene and the temperature were maintained
constant. Ethylene consumption was measured using a calibrated
mass flow meter and monitored together with the autoclave tem-
perature and pressure. The polymerization reaction was terminated
by pouring the contents of the reactor into methanol, which was
then acidified with a small amount of concentrated hydrochloride
acid. The solid polyethylene was collected by filtration, washed
with methanol and dried overnight at 70 °C.

Theoretical Calculations

Geometry optimizations were performed at the HF/3-21G* level,
which has been shown to provide reliable structures for Group 4
transition metal complexes, especially for titanium based com-
plexes.l'®!7] Based on earlier studies, neither increasing the size of
the basis set nor inclusion of electron correlation at the MP2 level
has a significant influence on the geometries; however, these would
certainly increase calculation times. Single point MP2 calculations
were performed to confirm the relative stabilization order of con-
formations of the studied titanium complexes. For single point cal-
culations, the basis set 6-31G* for C, H, O and N and a generated
basis set of equal level for Ti were used. The stabilizations orders
produced by both methods were generally in good agreement with
each other. Geometry minima were confirmed by frequency calcu-
lations. All calculations were carried out by the Gaussian 03 pro-
gram package.

Supporting Information (see also the footnote on the first page of
this article): selected 'H and '*C NMR spectra of the titanium
complexes 1-Ti to 6-Ti, dynamic NMR spectrum of 1-Ti, HSQC
spectrum of 6-Ti, all of the '*C NMR resonances of the titanium
complexes 1-Ti to 3-Ti, 5-Ti and 6-Ti and '"H NMR resonances of
the complexes 5-Ti and 6-Ti.
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A series of nickelacyclic carboxylates of the general formula
[Ni(CH,CH,COO)(L,)] with p-substituted pyridine ligands
(2: L = 4-picoline; 3: L = 4-MeO,C-C,H;N; 4: 4-Me,N-
C,H,N) was synthesized and characterized by NMR spec-
troscopy. A correlation between the shift of the CH, groups
of the nickelacycle in the 'H NMR spectra and basicity of
the used pyridine ligand was observed. Furthermore, amino-
substituted pyridine derivatives were used in ligand-ex-

change reactions leading to supramolecular assemblies via
H-bond formation between the amino function and the car-
boxylate group. Depending on the ligand used, discrete di-
mers [5: L, = (tBu)(Me),Si-aminomethylpyridine], chains [6:
L, = 2-(aminomethyl)pyridine] or layers (7: L = 4-H,N-
C,H N) were observed. The molecular structures of all new
compounds 2-7 were determined by X-ray measurement.

Introduction

Saturated nickelacyclic carboxylates are a well-known
group of compounds which have been synthesized by dif-
ferent synthetic approaches,!] among them the oxidative
addition of cyclic anhydrides to zero-valent nickel com-
pounds followed by decarbonylation as developed by Uhlig
and co-workers.*! Particularly interesting is their prepara-
tion by oxidative coupling of CO, and simple alkenes at the
nickel centre,>~"1 which can be considered as the initial step
of so far not realized catalytic reactions using CO, as a C1
building block.®®! Some of those complexes are valuable
starting compounds in organic synthesis, for example for
the preparation of carboxylic acids or their derivatives.['%1%
Furthermore, some nickelacycles can be used as precursors
for oligo-nuclear coordination compounds of nickel.[*]

We recently reported the preparation of pyridine-stabi-
lized nickelacyclic carboxylates, which proved to be useful
starting compounds for ligand-exchange reactions.'¥! By
utilizing these complexes it was possible to greatly enhance
the ligand pool available for stabilizing nickelacyclic carb-
oxylates. Besides N-heterocyclic carbenes!!” and 1,2-di-
iminoethane derivatives,!'® monodentate phosphane li-

[a] Institute of Inorganic and Analytical Chemistry,
Friedrich-Schiller-University Jena,
Am Steiger 3, Haus 4, 07743 Jena, Germany
E-mail: j.langer@uni-jena.de
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gands can be introduced in nickelacyclic carboxylates, re-
sulting in the ligand-driven self-assembly to oligomeric de-
rivatives by formation of Ni-O—C=0-Ni or Ni-O-Ni brid-
ges.l7]

These interesting results encouraged us to undertake fur-
ther investigations in the field of supramolecular organome-
tallic chemistry.'8! Although the construction of supra-
molecular aggregates from well-defined monomeric organo-
metallic compounds is generally a challenging goal, no fur-
ther investigations with nickelacyclic carboxylates have been
reported so far. Modern supramolecular chemistry knows
of many connectivities between monomers, among them
dative bonds, m-interactions, secondary bonds or hydrogen
bonds. The last-mentioned seemed to be a suitable tool to
generate supramolecular aggregates using nickelacyclic
carboxylates, since there are different alcohol adducts
known.l'®!7-11 In addition, the introduction of hydrogen-
bond donors into the neutral ligand may enhance the reac-
tivity and selectivity of such nickelacycles in organic synthe-
sis via substrate recognition and pre-coordination.

In this paper, we describe the preparation and characteri-
zation of new monomeric nickelacyclic carboxylates con-
taining different pyridine derivatives as neutral ligands.
From these discrete molecules different supramolecular as-
semblies can be derived, if NH functionalities are intro-
duced into the ligands. Depending on the ligand used, 1- or
2-dimensional hydrogen-bond networks are found.

,,,,,,,,,,,,,,,,,,,,,, 275
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Results and Discussion

Synthesis of Monomeric Nickelacyclic Carboxylates

Similar to the recently reported synthesis of [Ni(C,Hy-
COO)(py),]' it is possible to derive the corresponding 4-
picoline complex by evaporating a solution of [Ni(C,H,-
COO)(tmeda)] (1) in 4-picoline to dryness. The remain-
ing residue was identified as [Ni(C,H4COO)(4-Me-py),] (2)
by NMR measurement and elemental analysis. Addition-
ally, the molecular structure was determined by X-ray dif-
fraction (Figure 1). This simple strategy failed to yield the
desired derivatives, if less basic pyridine derivatives were ap-
plied to this reaction.

Figure 1. Molecular structure of 2. Selected bond lengths [A] and
angles [°]: Ni-C(1) 1.915(3), Ni-O(1) 1.860(3), Ni-N(1) 1.895(3),
Ni-N(2) 1.992(3), N(1)-Ni-N(2) 92.49(12), C(1)-Ni-O(1)
85.68(13), N(2)-Ni-O(1) 89.96(11), C(1)-Ni-N(1) 92.46(14).

For instance, isonicotinic acid methyl ester was not cap-
able of replacing tmeda, even if used as solvent. Only crys-
tals of [Ni(C,H4COO)(tmeda)]-4-MeO,C-py (Figure 2)
were obtained from the reaction mixture. In order to isolate
the desired compound it was necessary to employ [Ni(C,H,-
COO)(py),] as the starting compound underlining its supe-
riority in ligand-exchange reactions (Scheme 1).

Figure 2. Molecular structure of 1-4-CH;0,C-py. Selected bond
lengths [A] and angles [°]: Ni-C(1) 1.9220(17), Ni-O(1) 1.8553(12),
Ni-N(1) 1.9565(15), Ni-N(2) 2.0246(14), N(1)-Ni-N(2) 87.63(6),
C(1)-Ni-O(1) 87.08(7), N(2)-Ni-O(1) 89.76(5), C(1)-Ni-N(1)
95.52(7).

The molecular structure of [Ni(C,H,COO)(4-MeO,C-
py)-] (3) was determined by X-ray diffraction (Figure 3). In

order to elucidate the influence of the basicity of the used
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Scheme 1. Formation of 3.

pyridine derivative on measurable values like bond angles,
bond lengths or NMR shifts, a nickelacyclic carboxylate
with 4-Me,N-py (4) was also prepared and its molecular
structure was determined by X-ray diffraction experiments
as well (Figure 5). When compared to the molecular struc-
tures of 2, 3 and [Ni(C,H4COO)(py),], almost no changes
in bond lengths were found. Although the Ni-O1 bond is
elongated from 1.852(4) A in 3, containing the least-basic
pyridine ligand, to 1.867(2) A in 4 with the most basic one,
this does not seem to be a general trend since the observed
values of 1.8655(13)A of [Ni(C,H,COO)(py),] and
1.860(3) A of 2 do not fit into the scheme.

Figure 3. Molecular structure of 3 (cocrystallized THF omitted).
Selected bond lengths [A] and angles [°]: Ni-N1 1.873(4), Ni-N2
1.998(5), Ni-C1 1.926(6), Ni-O1 1.852(4), C1-C2 1.522(8), C2-C3
1.513(8), C3-0O1 1.302(7), C3-02 1.220(7), N1-Ni-N2 92.43(19),
NI1-Ni—C1 92.3(2), N2-Ni-O1 89.03(18), CI-Ni-O1 86.5(2).

While there is no distinct correlation between the basicity
of the pyridine derivatives used and structural features of
the corresponding nickelacyclic carboxylates, such a corre-
lation was found for the '"H NMR shift of the CH, groups
of the nickelalactones. The pK, values of the corresponding
pyridinium ions in water were taken as values for the basic-
ity of the pyridine derivatives.”!! Although those values are
not correct for DMF as solvent, the order and the differ-
ences between the ligands should be similar.

As shown in Figure 4, an increase of the pK, value of
the ligand leads to a high-field shift of both CH, groups
within the nickelalactone moiety. As expected, this shift is
stronger for the Ni-CH, group. A similar influence of the
ligand to the '3C NMR signals should be expected, but even
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though nickelacyclic carboxylates with more basic ligands
tend to have lower values for J(Ni-C), no rigid correlation
to pK, values was found.

A A A A
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Figure 4. Linear correlation of the ligand basicity (pK, values of
the corresponding pyridinium ions were used) and the 'H NMR
shift of the CH, groups of the resulting complexes.

Supramolecular Structures Derived from Nickelacyclic
Carboxylates

The carboxylate functionality of nickelalactones is a po-
tential H-bond acceptor as proven by the isolation and
structural characterization of several alcohol ad-
ducts.'®!7-1%1 Depending on the neutral ligands used, the
endocyclic as well as the exocyclic oxygen was involved in
hydrogen-bond formation. In order to obtain more complex
supramolecular structures, H-bond donor groups (-NH
or —OH) should be introduced into the neutral ligand. Che-
lating ligands were used in initial experiments to enhance
the stability of the nickelacyclic carboxylates formed. A
group of ligands, which meets these requirements, are 2-
aminomethylpyridines which can form a rigid five-mem-
bered chelate ring at metal centres and bear additional NH
functionalities to form H-bridges.

The nickelacycle 5 with N-[(1Bu)(Me),Si-aminomethyl]-
pyridine as chelating ligand was prepared by ligand ex-
change starting with [Ni(C,H4COO)(py),] and was charac-
terized by NMR measurements. From a solution in THF
green crystals were obtained and the solid-state structure of
5 was determined by X-ray measurements (Figure 5). Fig-
ure 6 shows that the compound [Ni{(zBu)(Me),Si-ampy}-
(C,H4COO0)] (5) is a typical nickelacyclic carboxylate with
a nickel centre in an essentially square-planar environment.
The nitrogen donor atom of the pyridine ring is in trans
position to the oxygen atom of the carboxylate group, and
the coordinated amine nitrogen atom is in frans position to
the carbon atom. Compound 5 shows planar chirality and
in the crystal a racemic mixture of enantiomers is found.
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Each enantiomer forms a dimeric unit with its opposite by
hydrogen bonding between the NH group of the ligand and
the endocyclic oxygen of the carboxylate group.

Figure 5. Molecular structure of 4 (cocrystallized DMF omitted).
Selected bond lengths [A] and angles [°]: Ni-N1 1.890(2), Ni-N3
2.012(2), Ni-C1 1.920(3), Ni-O1 1.867(2), C1-C2 1.529(4), C2-C3
1.509(4), C3-01 1.299(4), C3-02 1.234(4), N1-Ni-N3 93.56(10),
NI1-Ni—C1 90.22(12), N3-Ni-O1 89.81(9), C1-Ni-O1 86.37(11).

Figure 6. Molecular structure of 5 (left) and dimeric unit (right);
(cocrystallized THF is omitted for clarity). Selected bond lengths
[A] and angles [°]: NiA-NI1A 1.889(3), NiA-N2A 2.027(3), NiA—
CIA 1.921(4), NiA-O1A 1.859(2), CIA-C2A 1.519(6), C2A-C3A
1.512(6), C3A-O1A 1.298(5), C3A-O2A 1.224(5), SiA-N2A
1.797(4), N1A-NiA-N3A 86.43(13), N1A-NiA-CIA 96.80(16),
N2A-NiA-O1A 90.88(12), CIA-NiA-O1A 86.13(14).

A larger hydrogen-bond system was found when the un-
substituted 2-aminomethylpyridine (ampy) was applied to
ligand-exchange reactions. In this case the corresponding
compound [Ni(ampy)(C,H,COO)] (6) is insoluble in com-
mon aprotic solvents and was characterized by single-crys-
tal X-ray diffraction and elemental analysis (Figure 7).

Compared with its silylated analogue, 6 shows some dif-
ferences in its molecular as well as crystal structure. While
the complex is still square planar, the ligand arrangement
around the nickel centre has changed. The nitrogen atom
of the pyridine ring is now found in trans position to the
coordinated carbon atom while the amine nitrogen occupies
the position trans to the oxygen atom. This change could
be the result of the different basicity of the amine nitrogen
277
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Figure 7. Molecular structure of 6 (top) and formed double chain (bottom). Selected bond lengths [A] and angles [°]: Ni-N1 1.961(2),
Ni-N2 1.990(2), Ni-C1 1.910(3), Ni-O1 1.8635(16), C1-C2 1.520(4), C2-C3 1.523(3), C3-0O1 1.301(3), C3-02 1.231(3), N1-Ni-N2
84.85(9), N2-Ni-C1 92.51(10), N1-Ni-O1 94.90(7), C1-Ni-O1 87.69(9).

in ampy and its silylated form. Another driving force for
this structural change may be the formation of a different
supramolecular architecture as was found for 6. Instead of
discrete dimers a chain is formed in which the molecules are
linked by a hydrogen bridge between the exocyclic oxygen of
the carboxylate function and the NH, group. In solid state
another short contact between the endocyclic oxygen and a
NH, group of a neighbouring chain is found leading to
double chains in the crystal.

The larger number of potential H-bond donors results
in this case in an increase of dimensionality of the formed
network. In order to further enhance the ratio of H-bond
donors to H-bond acceptors it is necessary to introduce a
second NH, group into the neutral ligands. Since the Ni-C
bond has proven to be stable against NH functionalities so
far, the simplest way to do this is to switch back to mono-
dentate pyridine ligands as described above.

By using 4-H,N-py as ligand the compound [Ni(C,Hy-
COO)(4-H,N-py),] 7 was prepared by addition of two
equivalents of the ligand to a solution of [Ni(C,H,-
COO)(py),] in DMF. The resulting green precipitate was
identified by NMR measurements as 7. Initial attempts to
obtain crystals from DMF failed but recrystallization from
a DMF/THF mixture resulted in suitable crystals for X-ray
measurement. The determined molecular structure is sim-
ilar to those of compounds 2-4 (Figure 8). However, com-
pound 7 forms a 2-dimensional hydrogen-bond network in
the crystal.

As shown in Figure 8 the smallest subunit found within
this hydrogen-bond network is a dimer, which is connected
via H-bonds between the exocyclic oxygen of the carboxyl-
ate group and the NH, group of the ligand in cis position
to the carboxylate function of the neighbouring molecule.
These dimers form folded double chains in the crystal as
can be seen in Figure 9.

In a next step a layer is formed by connecting the double
chains in a stair-like orientation by hydrogen bonding (Fig-
ure 10). Above and below the layer DMF molecules are at-
tached by H-bonds between the remaining unused NH
functions and the carbonyl function of DMEFE. There is no
bonding between different layers. The rest of the space is
filled with cocrystallized THF. Overall, a discreet sequence
of solvent layers and layers of the organometallic com-
pound is found in the crystal.
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Figure 8. Molecular structure of 7 (cocrystallized THF and DMF
omitted) (left); dimeric unit (right). Selected bond lengths [A] and
angles [°]: Ni-N1 1.885(3), Ni-N3 1.999(3), Ni-C1 1.915(3), Ni-Ol
1.882(2), C1-C2 1.505(5), C2-C3 1.504(5), C3-O1 1.281(4), C3-02
1.244(4), N1-Ni-N3 92.57(10), N1-Ni-CI 90.15(13), N3-Ni-Ol
90.86(9), C1-Ni-O1 86.42(12).

Figure 9. Hydrogen-bond network of 7, double chain (top); view
along h-axis (bottom).

In the above-described H-bond network the more basic
endocyclic oxygen is not used as the H-bond acceptor at all.
Compared to alcohol adducts of nickelacyclic carboxylates,
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Figure 10. Hydrogen-bond network of 7 (layer, view along b-axis).

where increased steric pressure of the ligand in cis position
of the carboxylate function seems to prevent H-bond for-
mation to the endocyclic oxygen (the H-bond is established
to the exocyclic oxygen instead), in the case of 7 the forma-
tion of an extensive network seems to be the driving force.
The exclusive formation of hydrogen bonds towards the
exocyclic oxygen atom of the carboxylate function also re-
sults in detectable changes of the bond lengths when com-
pared to 4.

The Ni-O1 bond in 7 is lengthened to 1.882(2) A [4:
1.867(2) A]. In addition the value observed for the 02-C3
bond length of 1.244(4) A is also slightly enhanced [4:
1.234(4) A] while the O1-C3 bond of 1.281(4) A tends to
be shorter than in 4 [1.299(3) A]. All together these changes
can be interpreted as an increased contribution of the reso-
nance structure B (see Scheme 2) to the real bonding situa-

tion.
s e O
\@\4 \G\I\ /N\4
/Nl*/j\ = /Ni/j\ = Moz
= =
H,N " HN" H,N B

Scheme 2. Resonance structures of 7.

o

Conclusions

The systematic variation of the ligand basicity as investi-
gated here using para-substituted pyridine derivatives, did
not lead to systematic differences of bond angles and
lengths of the synthesized nickelacyclic carboxylates. How-
ever, a correlation with the chemical shift of the CH, groups
of those compounds was observed. The introduction of NH
groups into the ligands resulted in the formation of dif-
ferent supramolecular aggregates (dimers, double chains or
layers), depending on the ligand geometry and the ratio of
hydrogen-bond donors to hydrogen-bond acceptors. As ex-
pected the increase of this ratio by incorporation of further
NH functions led to a higher dimensionality of the formed
network. In the case of 7 containing two 4-amino pyridine
ligands a 3-dimensional network should be expected, but
by use of DMF, a competitive H-bond acceptor was intro-
duced into the system resulting in a layered structure. Since
nickelacyclic carboxylates can be easily thermally activated
for further reactions these compounds are interesting start-
ing materials for the synthesis of new coordination com-
pounds of nickel(IT). Depending on the ligand used, B-
hydride elimination or reductive decoupling of the nickela-
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cycle are possible initial steps of such a thermally activated
reaction.'®) The combination of pre-organization by hydro-
gen bonding and fine tuning of the stability and reactivity
of the nickelacycle by variation of the ligand set offers an
interesting approach towards new oligo- and polynuclear
nickel compounds via thermally induced solid-state reac-
tions. Additionally, these amino-substituted nickelacyclic
carboxylates should allow pre-coordination of organic sub-
strates containing hydrogen-bond acceptors like carbonyl
functions and therefore may offer enhanced reactivity or
selectivity of such organonickel compounds in organic syn-
thesis.

Experimental Section

General Remarks: Infrared spectra were recorded with a Perkin—
Elmer 2000 FT-IR. '"H NMR spectra were recorded with a Bruker
400 MHz/200 MHz spectrophotometer.

All manipulations were carried out using modified Schlenk tech-
niques under argon. Prior to use, THF, benzene and diethyl ether
were dried with potassium hydroxide and distilled from sodium/
benzophenone. DMF, 4-picoline and isonicotinic acid methyl ester
were dried with CaH,.

Caution: DMF may decompose explosively when heated with
strong bases. Do not heat DMF over CaH,!

[(tmeda)Ni(C,H4COO)] and [(py).Ni(C,H4COO)] were prepared
according to literature procedures.?%!4  [(1Bu)(Me),Si-ami-
nomethyl]pyridine was prepared in analogy to a known procedure
but further purified by distillation in a vacuum to remove residual
LiCLP2

4-(Dimethylamino)pyridine and 4-aminopyridine were purchased
from Aldrich and used without further purification.

[Ni(C,H4,COO0)(4-Me-py),] (2): Green [Ni(C,H4COO)(tmeda)]
(0.23 g, 0.93 mmol) was suspended in 4-picoline (5 mL) and stirred
for 15 min. Afterwards the reaction mixture was evaporated to dry-
ness in vacuo. The formed crude product was recrystallized from
4-picoline. The saturated solution was cooled from room temp. to
20 °C resulting in the formation of green crystals of 2 suitable for
X-ray measurements. The product was isolated by filtration and
dried in vacuo; yield 0.16 g (54%). C;sHgsN,NiO, (317.0): caled.
C 56.83, H 5.72, N 8.84; found C 56.54, H 5.88, N 9.03. 'H NMR
(200 MHz, [D7]DMF, 25 °C): 6 = 0.66 [t, *J 7 ;7 = 7.5 Hz, 2 H, Ni-
CH,], 1.83 (t, 3Jy i = 7.5 Hz, 2 H, CH,-COO), 2.33 (s, 6 H, CH3),
7.26 (m, 4 H, CH py), 8.24 (br., 2 H, CH py), 8.79 (br., 2 H, CH
py) ppm. BC{'H} NMR (50 MHz, [D;]DMF): § = 1.7 (br., Ni-
CH,), 20.81 (CHs), 20.9 (CH3), 38.3 (CH,-COO), 126.0 (m-CH,
py), 126.7 (m-CH, py), 150.0 (o-CH, py), 150.1 (o-CH, py), 152.1
(p-C, py), 187.0 (COO) ppm. IR (Nujol): %(C=0) = 1617 cm™! (s).

[Ni(C,H4CO0)(4-MeO,C-py),] (3): Green [Ni(C,H,COO)(py)s,]
(0.64 g, 2.21 mmol) was dissolved in isonicotinic acid methyl ester
(6 mL). The uncoordinated pyridine formed was removed by distil-
lation in vacuo. The resulting red solution was filtered, layered with
diethyl ether (10 mL) and stored at —20 °C for 2 days. Afterwards
the formed microcrystalline precipitate was isolated by filtration,
washed with diethyl ether (3 mL) and dried in vacuo; yield 0.65 g
(54%) red 3-4-CH;00C-py. C,4H,7N;3NiOg (544.2): caled. C 52.97,
H 5.00, N 7.72; found C 52.59, H 4.65, N 7.67. 'H NMR
(200 MHz, [D;]DMEF, 25 °C): 6 = 0.77 (t, 3*Jz » = 7.6 Hz, 2 H, Ni-
CH,), 1.86 (t, 3J;z ;7 = 7.6 Hz, 2 H, CH,-COO0), 3.95 (s, 9 H, 3 X O-
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CHs), 7.82 (m, 2 H, 2 X m-CH py), 7.90 (br., 4 H, m-CH py), 8.81
(br., 4 H, 0-CH py), 9.21 (m, 2 H, 0-CH py) ppm. 3C{'H} NMR
(50 MHz, [D,JDMF): § = 3.7 (Ni-CH,), 38.2 (CH,-COO), 53.1
(2X CH;-0), 53.4 (CH;-0), 123.7 (br., 4X CH), 124.3 (2 X CH),
138.0 (3 X i-C-COO-), 151.4 (br.,, 4 X CH), 153.7 (2X CH), 165.0
(CO0), 165.9 (br., 2X COO0), 186.2 (Ni-OOC) ppm. IR (Nujol):
V(C=0gger) = 1735 ecm™! (vs), V(C=Oni_oco) = 1643 cm™! (vs).

Crystals of 3-THF suitable for X-ray diffraction experiments were
obtained from a saturated solution in THF at -20 °C.

[Ni(C,H4COO)(4-Me,N-py),]  (4):  4-(Dimethylamino)pyridine
(0.60 g, 4.91 mmol) was added to a stirred suspension of green
[Ni(C,H4COO)(py),] (0.71 g, 2.46 mmol) in THF (20 mL). The re-
sulting reaction mixture was stirred for 30 min. Afterwards the
formed product was isolated by filtration, washed with THF
(5mL) and dried in vacuo; yield 0.92 g (92%) green 4-0.5THF. 'H
NMR (200 MHz, [D;]DMF, 25 °C): 6 = 0.56 (t, 3J;; ;; = 7.4 Hz, 2
H, Ni-CH,), 1.79 (br., 4 H, CH,-COO + CH, THF), 3.02 (s, 12 H,
4 X CH3), 3.62 (br., 2 H, O-CH, THF), 6.4-6.7 (br., 2 H, m-CH
py), 6.61 (d, J = 6.2 Hz, 2 H, m-CH py), 7.63 (br., 2 H, 0o-CH py),
8.27 (d, J = 6.2 Hz, 2 H, 0-CH py) ppm. *C{'H} NMR (50 MHz,
[D;IDMF): 6 = 1.6 (br, Ni-CH,), 26.0 (CH, THF), 38.2
(CH,COO0), 39.0 (4 X CH3), 67.9 (O-CH, THF), 107.2 (br., 2 X m-
CH py), 108.2 (2xXm-CH py), 149.4 (br., 2X0-CH py), 151.1
(2X0-CH py), 154.7 (i-C py), 155.1 (i-C py), 187.1 (COO) ppm.
IR (Nujol): %(C=0) = 1626 cm™! (vs). Crystals of 4DMF suitable
for X-ray diffraction experiments were obtained by cooling a satu-
rated solution of 4-0.5THF in DMF from room temp. to 5 °C.

[Ni{(rBu)(Me),Si-ampy}(C,H,COO)] (5): N-[(Dimethyl-zert-bu-
tylsilyl)aminomethyl]pyridine (0.16 g, 0.72 mmol) was added to a
stirred suspension of green [Ni(C,H4COO)(py),] (0.20 g,
0.69 mmol) in THF (8 mL). The resulting reaction mixture was
stirred for 1 h. Afterwards the microcrystalline solid formed was
isolated by filtration, washed with diethyl ether (5 mL) and dried

in vacuo; yield 0.15g (51%) green 5*THE. 3C{'H} NMR
(50 MHz, [Dg]THF): 6 = 4.0 (br., 2 C, Si-CHs), 2.4 (s, 1 C, Ni-
CH,), 19.4 (s, 1 C, Si-C), 27.3 (s, 3 C, CH3), 36.7 (s, 1 C, CH,COO),
49.7 (s, 1 C, CH,-N), 121.7 (s, 1 C, CH py), 123.8 (s, | C, CH py),
137.2 (s, 1 C, CH py), 148.5 (s, 1 C, CH py), 167.7 (s, 1 C, C py),
186.4 (s, 1 C, COO) ppm.

Crystals of 5°THF suitable for X-ray diffraction experiments were
obtained by cooling a saturated solution in THF from room temp.
to 20 °C.

[Ni(C,H,COO)(ampy)](6): (Aminomethyl)pyridine was added to a
stirred solution of green [Ni(C,H4COO)(py),] (0.16 g, 0.55 mmol)
in DMF (5 mL) resulting in almost immediate precipitation of a
green microcrystalline solid. The reaction mixture was stirred for
an additional 30 min. Afterwards the solid was isolated by fil-
tration, washed with THF (5 mL) and dried in vacuo; yield 0.12 g
(91%). CoH|,N,NiO, (238.9): caled. C 45.25, H 5.06, N 11.73;
found C 45.14, H 4.92, N 11.77.

Crystals of 6 suitable for X-ray diffraction experiments were ob-
tained directly from the reaction mixture.

INi(C;H,COO)(@-NH5-py)2l  (7):  4-Aminopyridine  (0.39 g,
4.14 mmol) was added to a stirred solution of green [Ni(C,Hy-
COO)(py)»] (0.59 g, 2.04 mmol) in DMF (20 mL). The resulting
solution was stirred for 30 min. Afterwards the reaction mixture
was evaporated to dryness; yield quantitative (crude product, con-
tains a small amount of uncoordinated 4-aminopyridine). '"H NMR
(200 MHz, [D,]DME, 25 °C): § = 0.49 (br., 2 H, Ni-CH,), 1.75 (br.,
2 H, CH,-COO), 6.45-6.63 (m, 8 H, CH py + NH,), 7.47 (br., 2
H, CH py), 8.10 (br., 2 H, CH py) ppm. '*C{'H} NMR (50 MHz,
[D;,]IDMF): 6 = 8.4 (Ni-CH,), 38.2 (CH,-COO), 110.5 (4 X m-CH,
py), 151.6 (4 X 0-CH, py), 156.0 (2 X i-C, py), 194.4 (COO) ppm.
IR (Nujol): ¥(NH5) = 3340 cm™' (m) + 3200 cm ! (m); v(C=0) =
1619 cm™! (s).

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

Compound 1-C;H;NO, 2 3 4 5 6 7

Formula CoHy)NLNiOy  CisH gNoNiO,  C7H jgNLNiOg C7HoNyNIiOs:  CsHogN,NiOSSis CoHjpN,NiO,  C3H gN4NiOy
C;H,NO, C,HgO C;H;NO C,4HO C4HgO-C;H,NO

Fw [gmol '] 384.12 317.02 477.15 44821 425.28 238.92 464.21

T [K] -90(2) -90(2) -90(2) -90(2) -90(2) -90(2) -90(2)

Crystal system monoclinic monoclinic triclinic triclinic triclinic monoclinic triclinic

Space group P2/n P2/c PI Pl PI P2)/c Pi

a Al 13.6990(4) 6.7981(2) 7.5858(6) 9.3138(3) 10.5065(7) 9.7809(5) 9.2506(2)

bA] 8.0903(3) 10.0785(4) 11.3934(7) 9.6236(3) 11.1870(5) 13.5576(9) 10.6596(3)

c[A] 17.0800(5) 21.2740(8) 13.3860(9) 13.1854(4) 19.8033(9) 7.2050(7) 13.5731(4)

al] 90 90 107.720(4) 110.967(1) 94.435(4) 90 103.161(1)

B 106.251(2) 93.629(3) 93.365(3) 96.150(1) 95.870(4) 103.861(4) 106.167(1)

7 [°] 90 90 90.591(3) 97.137(1) 111.675(4) 90 108.491(1)

VA 1817.33(10) 1454.66(9) 1099.65(13) 1080.28(5) 2134.9(2) 927.60(12) 1143.40(5)

VA 4 4 2 2 4 4 2

p [gem 3] 1.404 1.448 1.441 1.378 1.323 1.711 1.348

u [mm] 10.92 13.36 9.27 9.28 9.85 20.63 8.83

Measured data 7832 5911 7269 7530 14383 6310 8211

Data with 7 > 20(]) 3474 2338 3569 3842 5268 1707 4145

Unique data (Ry,,) 4142/0.0230 3297/0.0483 4798/0.0626 4893/0.0289 9401/0.0600 2110/0.0368 5181/0.0216

WR, (all data, on F)&  0.0852 0.1146 0.2666 0.1147 0.1539 0.0834 0.1591

R, [I > 20(D]& 0.0309 0.0440 0.0947 0.0425 0.0614 0.0334 0.0554

Stl 1.011 0.937 1.064 0.871 1.014 1.027 1.016

Resid. dens. [eA 3] 0.522/-0.343 0.325/-0.325 0.686/-0.767 0.309/-0.388 0.624/-0.580 0.337/-0.494 0.647/-0.688

Absorption corr. none none none none none none none

CCDC number 745120 745121 745122 745123 745124 745125 745126

[a] Definition of the R indices: R, = (Z||Fo| — |Fi||)/Z|F,|; Ry = {Z[w(F,> — F.2)?)/Z[w(F,>)*]} V2 with w! = 6%(F,?) + (aP)> + bP; P = [2F?

+ max(F,2))3. [b] s = {E[w(F,2 — F2)2Y(N, — Ny}
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Suitable crystals for X-ray diffraction experiments were obtained
by cooling a saturated solution of 7 in a mixture of DMF and THF
from room temperature to —20 °C.

X-Ray Crystallographic Study: The intensity data for the com-
pounds were collected with a Nonius Kappa CCD diffractometer
using graphite-monochromated Mo-K,, radiation. Data were cor-
rected for Lorentz and polarization effects but not for absorption
effects.?>?4l The structures were solved by direct methods
(SHELXSP) and refined by full-matrix least-squares techniques
against F,> (SHELXL-97%). All hydrogen atoms for 6 and the
hydrogen atoms for the amine-groups of 5 and 7 were located by
difference Fourier synthesis and refined isotropically. All other hy-
drogen atoms were included at calculated positions with fixed ther-
mal parameters. All nondisordered, non-hydrogen atoms were re-
fined anisotropically.??! Crystallographic data as well as structure
solution and refinement details are summarized in Table 1. XP (SI-
EMENS Analytical X-ray Instruments, Inc.) was used for structure
representations.

CCDC-745120 to -745126 (for assignments to compounds see
Table 1) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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We investigate here the consequence on light-induced and
thermally induced spin-crossover (SCO) properties with par-
ticle size reduction from the macroscopic to microscale to
nanoscale domains. Three samples with distinct particle sizes
of the SCO coordination polymer [Fe(NCS),(bpe),] [bpe =
1,2-bis(4’-pyridyl)ethane] have been prepared by water-in-
oil reverse micelle methods. Comparison of the magnetic
properties with particle size reduction of these and the origi-
nal macroscale slow-grown crystals revealed that the spin
transition becomes more gradual, more incomplete and con-
comitantly the transition temperature (T,,,) decreases — much

like what is observed in metal dilution studies. Importantly,
here, in the first photoinduced magnetic studies on a nano-
particle SCO system, we see that even on the nanoscale pho-
toconversion of the low spin species to a metastable high-
spin state is possible. Furthermore, particle size reduction ap-
pears to have little effect on the temperature at which the
stored photomagnetic information is erased. These results
highlight that light-induced SCO properties are governed by
direct metal coordination environment (i.e., on the molecular
scale), whereas, thermally induced magnetic properties rely
more on crystal packing and ligand field effects.

Introduction

The ability to control the physical properties (i.e., super-
paramagnetism, spin crossover, photomagnetism and lumi-
nescence) of advanced materials on the molecular level is
an important goal for the eventual realization of functional
devices.['3l Materials that show magnetic switching, such
as spin crossover (SCO) where multiple electronic states can
be accessed through variation in external stimuli such as
temperature, pressure and light, have been identified as a
viable class of materials for incorporation into such devices
(i.e., information storage, sensing or display devices) — in
particular, when they show properties that can be accessed
at room temperature.>* The current challenge in this field
is to control the cluster size towards the levels required for
the achievement of nanoscale devices, whilst retaining the
magnetic/cooperative properties.’ To this end, it has re-
cently been demonstrated that monodispersed nanoscale
particles of SCO coordination polymers® ' can be fabri-
cated by exploiting the established micelle techniques uti-
lized for Prussian Blue analogues!'!! (i.e., the “bottom-up”
approach). This is an important step for emerging nano-
scale technologies, as the alternate approach for miniaturiz-
ing particle size through mechanical processing into smaller
particles (i.e., the “top-down” approach) results in gradual,
diminished or even nonexistent SCO characteristics.['>!3]
Although in an alternate top-down approach, micrometer-
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and nanometer-sized patterns of SCO materials have been
successfully achieved through a combination of lift-off and
multilayer steps.['4]

With regard to the bottom-up approach, classically this
has been achieved by well-established step-by-step combi-
nation of reactants and, indeed, has resulted in many mo-
nonuclear, dinuclear and polynuclear materials with inter-
esting magnetic properties — including those features re-
quired for potential integration into devices (i.e., room-tem-
perature transitions, hysteresis loops).l'>1 More recently,
with the identified requirement for control of particle size,
the elaboration of nanoparticles of SCO materials by re-
verse micelle techniques was developed by Létard et
al.>7-1% In this way, through variation of the reaction con-
ditions, such as oil/water ratio and reactant concentration,
the size of the particles can be tailored/controlled. Overall
at this stage, in this and further reports by other groups, it
appears that with particle size reduction the spin transition
nature becomes more gradual, the hysteresis loop size is di-
minished and the transition temperature decreases, but im-
portantly, the SCO nature is retained in the nanoscale do-
main.[>1% These trends were nicely depicted in a recent sys-
tematic study of a series of six different particle-sized ana-
logues of [Fe(NH,trz);]Br,-nH>O (covering macro- to nano-
meter), highlighting the possibility to tune the size of a hys-
teresis loop to that required for application through particle
size control.[>1

A further question concerns the effect on the photomag-
netic response upon particle size reduction, as photocontrol
of magnetic properties at the molecular scale opens new
perspectives in information storage.['®! The photomagnetic
effect on the molecular scale is an extremely active field of
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research in regards to magnetically ordering systems such
as Prussian Blue analogues!!-3! but has yet to be investigated
for SCO coordination materials. Of particular interest is
that for bulk SCO materials: whereas thermally induced
magnetic properties are largely governed by solid-state com-
municative effects, light-induced properties are influenced
more by the direct metal coordination environment. Thus,
with particle size reduction to the nanoscale, whereby the
metal coordination environment is unchanged, it should
still be possible to observe a photomagnetic response.
Furthermore, taking into consideration the well-established
relationship at the macroscopic scale between the light-in-
duced excited spin state trapping effect (LIESST) and the
transition temperature (7,,), that is, T(LIESST) = T, —
0.3(T)»), whereby T(LIESST) is defined as the temperature
at which the light-induced stored information is erased!!”-'#!
and Ty is a parameter related fundamentally to the rigidity
of the metal coordination environment,'”°! w might ex-
pect that at the nanoscopic scale any change in T, will
effect the T(LIESST) value.

Thus, here we examine the consequence of particle size
reduction on the thermal and light-induced magnetic prop-
erties of the SCO coordination polymer [Fe(NCS),(bpe),]:
n(solvent) [bpe = 1,2-bis(4'-pyridyl)ethane], which has pre-
viously been reported to exhibit both light-induced and
thermally induced SCO when macroscale slow-grown crys-
tals are prepared.’”! Here, using water-in-oil reverse micelle
techniques three further samples with analogous structures
have been prepared such that the microscopic to nanoscale
particle size domains are encompassed, as evidenced by
transmission electron microscopy. The occurrence of ther-
mal spin transition and LIESST effects have been examined
through both optical and susceptibility measurements. This
is the first such study on the particle size reduction effect
on LIESST activity.

Results and Discussion

Synthesis and Physical Characterization

The water-in-oil emulsion method has been shown to be
effective for the formation of nanoparticles of a number
of polymeric materials.['>!!] By this method, the resultant
particle volume is defined by the size of the water droplet
within the emulsion. The most effective way to control the
water droplet size is to vary the relative ratio of water-to-
oil, such that smaller droplets are formed when the amount
of oil is increased.['”) To precisely control the particle size
in this study, the reactant concentration was kept constant
(0.05 m) and only the mass of the nonionic polyoxyethylenic
surfactant Ifralan D0205 was varied (25, 78 and 85%). In
other reports of nanoparticle preparation, different sized
particles were obtained through varying the solution metal
concentration,®” and we found that the strategy of keeping
the concentration constant and varying the oil/water ratio
allowed the size to be varied more precisely.

Commonly, the water-in-oil emulsion method utilized for
polymer formation consists of the preparation of two sepa-
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rate emulsions (i.e., one containing the metal salt and one
containing the ligand), and their subsequent combining re-
sults in contents exchange between the two emulsions with
eventual formation of the polymer.[”l Here, the bpe ligand
is only slightly soluble in aqueous media and thus a slightly
modified procedure was used, whereby an emulsion of the
metal salt [i.e., Fe(BF,4),:6H,O + KNCS] was prepared and
the bpe ligand was directly added as a powder. This results
in the bpe being incorporated into the water droplets over
time. Upon addition of the bpe ligand to the metal salt
emulsion a striking colour change is observed from clear to
bright yellow as the coordination polymer is formed.[?% It
was noted that with particle size reduction the resultant
product showed a less-intense yellow colour — such par-
ticle-size-dependent hypochromic effects have been ob-
served previously for nanoparticles of Cu(AOT), and more
recently for [Fe(NH,trz);]Br,-nH,O.[10-21]

Comparison of the powder X-ray diffraction patterns of
the previously reported analogue [Fe(NCS),(bpe),]:
3(acetone), prepared as large crystals by slow diffusion
techniques,?” and the materials prepared here by the water-
in-oil emulsion technique, revealed the same overall coordi-
nation polymer is formed by both methods (Figure 1). As
the framework topologies are the same, with the change in
solvation between the two differently prepared materials we
expect only subtle variation in the powder diffraction pat-
terns, in particular at high angle, related to the position of
the solvent within the pores. Furthermore, with the re-
duction in particle size the peaks become broader as ex-
pected, because the number of coherent domains decreases
within individual particles (Figure 1). Interestingly,
attempts to synthesize a macroscopic powder in water, but
in the absence of Ifralan D0205 [i.e., through direct addition
of bpe to a solution of Fe(NCS), in water] resulted only in
the formation of the previously reported material [Fe(NCS),-
(bpe),], consisting of linear chains — this material does not
undergo a spin transition.??!

crystal

25%

78 %

5 10 15 20 25 30

Figure 1. Powder X-ray diffraction comparison of [Fe(NCS),(bpe)]:
3(acetone), [Fe(NCS),(bpe),]_25% and _78% confirming the over-
all structural topology.

The particle size of each material was measured by using
transmission electron microscopy (TEM). For [Fe(NCS),-
(bpe),]_25%, rod-like crystallites within the macroscopic
range were observed (1-4 um, Figure 2). For [Fe(NCS),-
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(bpe),]_78% rod-like yellow crystals were also observed but
with the reduced size towards the nanoscale (0.5-1.5 pm).
For [Fe(NCS),(bpe),]_85 %, spherical particles in the nano-
scale range (30-80 nm, Figure 2) were observed. Thermo-
gravimetric analysis revealed a weight loss of 18% at room
temperature under a constant flow of argon, with no fur-
ther weight loss with heating until 150 °C when decomposi-
tion begins. The weight loss at room temperature is consis-
tent with the loss of surface and pore solvent (here, likely a
mixture of water and diethyl ether) and agrees with that
previously reported for [Fe(NCS),(bpe),]-3(acetone).?!

‘ i

N
S

Particles

S

2 3
Size / pm

75 100
Size / nm

Figure 2. Representative TEM images of [Fe(NCS),(bpe),] 25%
(1-4 pm) and Fe(NCS),(bpe),_85% (30-80 nm) including size dis-
tribution histograms.

Thermally induced and Light-Induced Magnetic Properties

Magnetic susceptibility measurements on each of the
particle sizes were carried out and revealed gradual one-
step spin transitions for each. Figure 3 compares the mag-
netic susceptibility versus temperature data of the original
bulk slow-grown crystals and the three micellar produced
materials. The most noticeable variation is that the micellar
grown materials do not display the two-step nature ob-
served in the macroscale crystalline material. Additionally,
at high temperature, with cooling the onset temperature of
the spin transition from high spin (HS) — low spin (LS) is
shifted to lower temperatures with smaller particle size (ca.
180, 160 and 150 K, respectively). With further cooling, the
xmT values decrease gradually for the three micellar-grown
materials until 60 K, such that the y,,7 values at this tem-
perature (1.9, 2.6 and 2.8 cm®Kmol ™!, respectively) indicate
55, 70 and 78% retention of the HS state, for [Fe(NCS),-
(bpe),]_25%, [Fe(NCS),(bpe),]_78% and [Fe(NCS),-
(bpe),]_85%. The original material, [Fe(NCS),(bpe),]_bulk,
shows less than 10% retention of HS character at low tem-
perature. For each sample below 10 K a further small de-
crease in the y,,T values is observed, which is attributed to
284
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zero-field splitting effects of the HS species. Thus, overall
we find that the transition temperature, 7, shifts system-
atically with particle size reduction (7, = [Fe(NCS),-
(bpe),]_25%: 120 K, [Fe(NCS),(bpe),]_78%: 110K, [Fe-
(NCS),(bpe),]_85%: 90 K). The T}, values were calculated
as the minimum of the d(y,,7)/0T curve. The magnetic
properties for each sample are summarized in Table 1.

3.5
Himi e ESN R T
SIO_T(LIESST):IlmIt. aet “‘M

.,-~-~-7-%I’:\,A‘ g
T ] AAAaAt o ¢
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Figure 3. Plot of yuT vs. temperature for [Fe(NCS),(bpe),]_bulk
(¢, Ty» = 80/133 K) [Fe(NCS),(bpe),]_25% (@, Ty = 120 K),
[Fe(NCS),(bpe),]_78% (A, Ty, = 110 K), [Fe(NCS),(bpe),]_85%
(., TI/Z =90 K)

Table 1. Summary of physical and magnetic characteristics of
[Fe(NCS)a(bpe),].

Particle size HS residual SCO range T,  T(LIESST)
[7] K] K] K]
bulk 0.2-0.4 mm <10 165-60 80/133 52
25% 1-3 pm 55 180-60 120 52
78% 0.5-1.5 um 70 160-60 110 50
85% 30-80 nm 78 150-60 90 50

The changes at the sample surface associated with a tran-
sition from HS to LS states were monitored for the micro-
and nanoscale materials by optical reflectivity measure-
ments over the temperature range 280-10 K. Data were col-
lected for each sample both over the entire spectral range
500-900 nm and at single wavelengths (550 and 830 nm).
Figure 4 shows a comparison of the reflectivity signal ver-
sus temperature recorded at 530 nm for each, which corre-
sponds to the d-d transition of the LS state. In other words,
along the thermal HS — LS transition, the d-d absorption
band of the LS state is increased, and consequently, the
reflectivity signal recorded at 530 nm is decreased. The re-
sponse at the surface of the samples match well with that
observed by thermally induced magnetic susceptibility such
that the onset temperature from HS to LS is decreased with
particle size reduction and the minimum LS state is attained
at 60 K for each.

For the entire optical reflectivity measurements, the sam-
ples were kept under constant irradiation with white light
such that the changes at low temperature associated with a
photoinduced response could be monitored. For each sam-
ple, below 60 K the signal intensity increases, which is in-
dicative of a light-induced spin conversion from LS to a
metastable HS state (Figure 4). The intensity for each par-
ticle size relative to the full HS state (ca. 200 K) is indicative
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light-induced  thermally induced

Intensity /a.u.

150

50 100
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Figure 4. Optical reflectivity signal vs. temperature at 550 nm for
[Fe(NCS),(bpe),]_25%, [Fe(NCS),(bpe),]_78% and [Fe(NCS),-
(bpe),]_85%, showing the variation over the thermally induced and
light-induced regions.

of nonquantitative LIESST activity even at the surface of
the sample — as was reported for the original bulk mate-
rial.l?%

Subsequently, light-induced magnetic susceptibility mea-
surements of each sample were carried out and revealed
that at 10 K with irradiation (4 = 530.2 nm) a light-induced
excitation of the LS state to a metastable HS state is ob-
served, irrespective of the size of the particles (Figure 5).
Whatever our efforts of tuning the wavelength and increas-
ing the intensity, and as observed from optical reflectivity
measurements (where even at the surface only partial con-
version was obtained), a nonquantitative conversion was
observed. For each sample, when the photostationary limit
was reached, that is, typically after one hour, the light was
switched off and the magnetic response was recorded by
increasing the temperature at 3 Kmin !, following the pro-
cedure for comparing 7T(LIESST) temperatures in the al-
ready existing database.l'” '] A comparison of the light-in-
duced magnetic behaviours of the original bulk material
and the micellar prepared materials are in Figure 5 (note:
the LIESST plot of [Fe(NCS),(bpe),]_78% has been omit-
ted from this figure for clarity; however, the results are sum-

T(LIESST) limit o R
30)’\ P

T(LIESST) -

# O e TEssT)

100 150

T/K

Figure 5. Plot of y,,T vs. temperature for the thermally induced
and light-induced SCO of [Fe(NCS),(bpe),]_bulk (macroscale par-
ticles, ), [Fe(NCS),(bpe),]_25% (microscale particles, @) and
[Fe(NCS),(bpe),]_85% (nanoscale particles, H). Inset: Plot of
Oy mTIOT vs. T indicating the T(LIESST) values (Table 1).
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marized in Table 1). In the absence of irradiation, for each
material, between 10 and 25 K an increase in the y,,7 val-
ues is observed and reflects the zero-field splitting within
the spin quintet HS state observed for the thermally in-
duced SCO. Over the range 25-60 K the y,,T values for
each gradually decrease to equal that of the thermally in-
duced spin transition at the same temperature. The tem-
perature at which the light-induced stored information is
erased, defined as the T(LIESST) value (inset Figure 5), are
approximately equivalent for each of the particle sizes (i.e.,
[Fe(NCS),(bpe),]_bulk: 52K, [Fe(NCS),(bpe),]_25%:
52 K, [Fe(NCS),(bpe),]_78%: 50 K and [Fe(NCS),(bpe),]_
85%: 50 K, Figure 5 insets). The 7(LIESST) values were
calculated as the minimum of the d(y,7)/0T curve.

Discussion

Being the first such investigation on the effect of particle
size reduction on the light-induced magnetic properties of
a SCO coordination polymer, our aim here was not to an-
swer the many questions that are evident about nanoparti-
cle chemical and physical behaviour but more importantly
to see if the photomagnetic SCO effect can be translated
from the macroscopic to the microscopic to the nanoscale
domains. Furthermore, with the new-found ability to con-
trol particle size of SCO coordination polymers comes the
possibility to increase our understanding of the relationship
between light-induced and thermally induced magnetic
properties towards achieving the higher 7(LIESST) values
required for device implementation.!

Firstly, in regard to the thermally induced magnetic be-
haviour with particle size reduction observed here, we see
that: (1) the two-step nature of the spin transition is lost,
(2) the spin transition becomes more gradual, (3) the resid-
ual HS fraction increases systematically and (4) the transi-
tion temperature (79,,) decreases (Table 1). With particle
size reduction, from a physical perspective it is obvious that
surface chemistry has greater importance as the surface
area to volume ratio is increased dramatically, that is, by a
factor of 20 over the micro- to nanometer scales observed
here. Thus, with a greater relative surface area there is in-
creased potential for defects to be introduced, for example,
as the outer coordination environments may not be com-
plete or contain bound solvents. Such defects are known to
result in more gradual SCO natures as well as resulting in
increased HS residual fractions at low temperature, as com-
monly observed in past reports on the effect of grinding
SCO materials into finer particles and for metal dilution
studies.['>?3 Indeed, a more gradual SCO nature has also
been observed in nanoparticle preparations of the poly-
meric system Fe(pyrazine){Pt(CN),} and in this report it
was suggested that this is caused by the peripheral iron(II)
sites not undergoing SCO.["®1 These effects would also con-
tribute to the observed loss of two-step nature.

Furthermore, we would like to note that each of the
trends we observe here are remarkably similar to that ob-
served previously in metal dilution studies on SCO materi-
285
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als, potentially indicating that with particle size reduction
the samples are effectively being diluted in respect to the
thermal spin transition properties (however many more
such studies would need to be made before this can be con-
firmed).[>>-2% In Figure 6 we show purely for comparative
purposes the results of a previously reported metal dilution
study on the material [Fe,Mn;_.(bpp),](NCSe), [bpp = 2,6-
bis(pyrazol-3-yl)pyridine] to highlight the similarities with
the current micellar preparation study. Of particular note is
the more gradual spin transition, greater residual HS frac-
tion and decreased transition temperatures with increasing
SCO metal dilution.?* Indeed, as thermally induced SCO
properties are known to be largely controlled by thermody-
namics and the degree of cooperative interactions available,
with particle size reduction it is obvious that surface chem-
istry has greater importance as the surface area to volume
ratio is increased dramatically. With a greater relative sur-
face area there is increased potential for defects to be intro-
duced, for example, as the outer coordination environments
may not be complete or contain bound solvents. Conse-
quently, with the particle size reduction the potential SCO
sites available to propagate are decreased significantly and
the spin transition may effectively become “diluted”.

T(LIESST) limit

T T T T T
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Figure 6. Representative example of a metal dilution study for com-
parison to particle size reduction in [Fe(NCS),(bpe),]. Top: HS
fraction vs. T for [Fe,.Mn,_(bpp)-](NCSe), showing a T(LIESST)
limit. Bottom: y,,7T vs. T for x = 0.47 (0) and x = 0.2 ((J) showing
the variation over the thermal (open symbol) and light-induced
(closed symbol) regions.[*4]

Concerning now the photomagnetic properties of our
series of miniaturized particles, overall, we observed that
quantitatively the degree of conversion from the LS to
metastable HS state in the presence of irradiation is not
affected by the particle size. Additionally, we see that tem-
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perature at which the metastable state is retained with par-
ticle size variation, that is, the 7(LIESST) value (Table 1),
is largely unaffected by the particle size. We note again that
as with the thermally induced SCO properties discussed
above, the photomagnetic properties observed here mimic
that observed in metal dilution studies. This is highlighted
in the example in Figure 6 where the degree of photosatura-
tion at low temperature and the 7(LIESST) values remain
unchanged upon SCO metal dilution. Indeed, because pho-
tomagnetic properties are thought to be largely governed
on the molecular scale,['”-18->4 with particle size reduction
where the local geometry of the SCO centres are unaltered
we could expect little change to the photomagnetic proper-
ties. If this is indeed true, after further studies on other ma-
terials, this property would prove useful for the use of pho-
tomagnetically active nanoparticles in working devices — as
opposed to thermal magnetically active nanoparticles where
the key SCO features, such as hysteresis, have been seen to
diminish with miniaturization.

Additionally, looking at the relationship established for
bulk materials between the transition temperature (7,)
and the temperature at which the light-induced information
is erased [T(LIESST) = T, — 0.3(T,»)],/'" with particle size
reduction, as the metal coordination sphere is not being
modified, we can see that the T(LIESST) values should re-
main essentially unchanged, and if anything increase mini-
mally with any decrease observed in 7y, character
(Table 1). Here, the T, is seen to decrease with particle size
reduction but with no apparent effect on the 7(LIESST)
values, and this indicates that the molecular environment on
the SCO centre plays the largest role in the photomagnetic
behaviour.

With respect to the systematic increase in paramagnetic
residual species at low temperatures with particle miniatur-
ization it appears that there is a limiting temperature at
which the thermal transition is inhibited. Interestingly, this
temperature is approximately the same for each of the par-
ticle sizes and corresponds to the 7(LIESST) limit. More-
over, we can again note that such an effect has been ob-
served for metal dilution studies (Figures 3 and 6). Let us
recall that the existence of the LIESST effect at low tem-
peratures indicates that the potential energy surface displays
two minima, corresponding to the LS and HS states, sepa-
rated by activation energy. With the approach of the ther-
modynamically stable HS region (i.e., 7},) towards the
metastable HS region [i.e.,, T(LIESST)] the HS state be-
comes infinitely long owing to the activation barrier that
slows down the HS — LS process (i.e., less kinetically
favourable).”*! Thus, with the combined reduction of T,
values and more gradual nature observed with particle size
reduction, higher residual fractions are seen overall with
particle size reduction. Along this line, it suggests that for
photomagnetic (and indeed thermally induced) SCO prop-
erties to be observed on very small particle sizes there must
be a large gap between T, and T(LIESST) for the macro-
scale material to restrict the 7, becoming lower than
T(LIESST) upon miniaturisation, hence resulting in a total
HS state and no photomagnetic properties.
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Conclusions

Overall, at this time it is a complicated matter to have a
clear view of the global effect of particle size reduction on
both the thermal and photoinduced magnetic properties
due to the very small number of reports in this field. At
this stage we can suggest, firstly, that for each family there
may be one critical size lower limit where we will first ob-
serve the influence of surface defects, that is, through in-
creased residual HS fractions. Secondly, for each system one
must also consider the effect of merging 77, and
T(LIESST), which also results in HS residual fractions in
some materials. Indeed, in a given material it is possible
that a combination of both of these factors may syner-
gistically affect the HS residual fraction to some degree.
Thus, many more such studies will need to be carried out
to have a more clear view of the relative importance of these
factors to a given material with particle size reduction.

One of the most important aspects of this study is re-
garding the retention of the light-induced magnetic effect
from the macro- to micro- to nanoscales (ca. 30-80 nm par-
ticles), opening new perspectives in photoinduced infor-
mation storage on the nanoscale. In this study, we confirm
that the thermally induced and light-induced SCO processes
are governed by different factors, as globally, the thermally
induced transition temperature is systematically lowered
with particle size reduction but the photoinduced limiting
temperature is not affected. Thus, whereas the thermal SCO
regime is governed by solid-state cooperative interactions
(which decrease with particle size miniaturization), the pho-
toinduced SCO properties are governed on the molecular
scale (which are unaffected by particle size reduction). Im-
portantly, this highlights that for the future of nanoscale
SCO materials in active devices, exploiting photoinduced
properties may be more feasible, as the important magnetic
features are retained at this level.

Experimental Section

Synthesis: Three samples of Fe(NCS),(bpe), were prepared by the
general method of water-in-oil emulsions, whereby the particle size
was controlled by varying the weight percent ratio of oil/water over
the range 25-85% ([Fe(NCS),(bpe),]_25%, [Fe(NCS),(bpe),]_78%
and [Fe(NCS),(bpe),]_85%).

General Procedure for the Preparation of the Fe(NCS),(bpe), Sam-
ples: A solution of Fe(BF,),:6H,0 (0.0674 g, 0.2 mmol) and KNCS
(0.0388 g, 0.4 mmol) in water (4 mL) plus a small amount of ascor-
bic acid was prepared [overall concentration based on iron(II) was
0.05 m]. Then, Ifralan D0205 [1.4 (25%), 14.8 (78%) and 23.6 g
(85%)] was added, and the emulsion was stirred for 5 min. The bpe
ligand (0.0736 g, 0.4 mmol) was then directly added as a powder,
and the resulting bright-yellow emulsion was stirred for 15 min.
The powder was then removed from the surfactant environment
through a series of washing, centrifuging and decanting steps with
diethyl ether (4X) and a small amount of ethanol for the first wash-
ing. [Fe(NCS),(bpe),]_25% yield: 100 mg (92%). IR (KBr): v =
2050.3 (s), 1610.9 (s), 1559.7 (m), 1499.6 (m), 1422.7 (m), 1223.6
(m), 1013.5 (m), 827.3 (w), 521.5 (m) cm!. Fe(NCS),(bpe),_78%
yield: 82 mg (85%). IR (KBr): ¥ = 2051.1 (s), 1611.4 (s), 1559.5
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(m), 1499.8 (m), 1423.1 (m), 1223.8 (m), 1014.2 (m), 827.9 (w),
521.4 (m) cm!. Fe(NCS),(bpe),_85% vyield: 55mg (51%), IR
(KBr): ¥ = 2051.1 (s), 1611.3 (s), 1559.7 (m), 1499.4 (m), 1422.9
(m), 1223.9 (m), 1014.0 (m), 827.5 (w), 521.5 (m) cm .

Physical Measurements

Transmission Electron Microscopy (TEM) Analysis: The size and
morphology of each sample was investigated by using a JEOL,
JEM-2000FX (resolution 2-3 nm) equipped with an electronic gun
(a filament of monocrystalline LaBg), magnetic lenses and a system
of electron detectors under a vacuum of 10~7 mbar for the detector
CDD to 10! mbar for the source electrons. Samples were pre-
pared on copper grids by dispersion in ethanol.

Thermogravimetric Analysis (TGA): Measurements were carried
out with a TAG 24 device whereby the sample was kept at room
temperature under a constant flow of argon until the weight loss
stabilized. The sample was then heated at a rate of 2 Kmin ™' up to
250 °C. The sample was then maintained at this temperature for
2 h before returning to room temperature.

Powder X-ray Diffraction: Patterns were recorded by using a Pana-
lytical X'pert diffractometer (Cu-K, radiation and X'Celerator de-
tector) within the range 26 = 6-80° by using 60 s exposures with a
0.02° step size.

Optical Reflectivity: Reflectivity was investigated on all samples by
using a home-built set-up coupled with a SM240 spectrometer (Op-
ton Laser International), which allows both the reflectivity spectra
to be collected in the 450-950 nm range at a given temperature and
the temperature dependence of the signal at a selected wavelength
(*£2.5 nm) between 5 and 290 K to be followed. Samples were irra-
diated with light over the entire temperature range of measurement.
The diffuse reflected signal was calibrated by using activated char-
coal (Merck) as a black standard and barium sulfate (BaSO,,
DINS50533, Merck) as a white standard. The source of the white
light consisted of a halogen lamp emitting between 350-2400 nm.
This analysis was performed directly on a thin layer of a powdered
sample without any dispersion in a matrix.

Thermally Induced and Light-Induced Magnetic Susceptibility:
Thermal magnetic susceptibility data on bulk samples (5-10 mg)
were collected by using a MPMS-55 Quantum Design SQUID
magnetometer operating at 1 T over the temperature range 290 to
10 to 290 K. Photomagnetic characterization of each material was
performed by using a Kr* laser coupled through an optical fibre
into the cavity of the MPMS-55 Quantum Design SQUID magne-
tometer operating at 2 T. Samples were prepared as a thin layer
(=0.1 mg) to promote maximal penetration of the irradiated light.
Sample weights were obtained by comparing their thermal SCO
behaviour with a larger, accurately weighed sample.l'”l Samples
were first slow-cooled to 10 K to ensure that trapping of HS species
at low temperatures did not occur and irradiated at A = 530.2 nm
at 6 mW cm 2 until photosaturation was reached. In the absence of
irradiation, the temperature was then increased in 1K steps to
100 K to determine the 7(LIESST) values, and at 3 K steps over
the range 100 to 290 to 10 K to follow the thermal SCO. The ex-
treme of the dy,,T/0T vs. T plot gave the T(LIESST) values, defined
as the temperature for which the light-induced HS information is
erased.!'”]
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A Radical Approach to Hydroxylaminotrichlorosilanes: Synthesis, Reactivity,
and Crystal Structure of TEMPO-SiCl; (TEMPO =
2,2,6,6-Tetramethylpiperidine-/V-oxyl)

Spirk Stefan,!?! Ferdinand Belaj,! Tobias Madl,”! and Rudolf Pietschnig*!!

Keywords: Silicon / Radicals / X-ray diffraction / Reaction mechanisms / Computational chemistry

The reaction of the nitroxy radical 2,2,6,6-tetramethylpiper-
idine-N-oxyl (TEMPO) with SiCl, has been investigated in
detail. One silicon-containing product, TEMPO-SiCl; (1),
could be isolated in crystalline form, and its crystal structure
was determined. The structural parameters have been com-
pared with the related hydroxylaminotrichlorosilane known

from the literature and with DFT calculations. According to
the calculations, the formation of 1 follows an Sy2 mecha-
nism, which is thermodynamically favored over an Sy1 path-
way. Upon hydrolysis, 1 decomposes and yields several
TEMPO-containing species. These were all characterized
crystallographically.

Introduction

2,2,6,6-Tetramethylpiperidine-N-oxyl (TEMPO), a stable
organic nitroxy radical,/! and its derivatives have been used
for numerous purposes over the past decades.>®! In recent
years, the unpaired electron situated at the oxygen atom was
used to perform spin labeling of biomolecules such as pep-
tides or proteins to gain structural information of, for ex-
ample, the surface topology of the protein, which can be
obtained by the determination of pseudocontact shifts
(PCS).®!

We became interested in the relaxation enhancement
properties of TEMPO because of its high solubility in a
wide variety of organic solvents as well as its volatility,
which facilitates the separation of the enhancer and sample
after the NMR spectroscopic measurement. Recently, we
described a study involving TEMPO as a relaxation en-
hancer in 2°Si NMR spectroscopy, which takes advantage
of these favorable properties.'7 Although we found that
TEMPO is a good alternative to other known relaxation
enhancers in 2°Si NMR spectroscopy, we also realized that
very sensitive compounds may react with TEMPO. For or-
ganosilicon compounds, it is known from literature that
silylenest! 14 and H-silanes!>3>¢ are oxidized in the pres-
ence of TEMPO under certain conditions. It is also known
that hypervalent silicon—porphyrin complexes can react
with TEMPO upon irradiation with UV light.[®] By con-
trast, the most reactive compound used in our relaxation-
enhancement studies was SiCl,, and it seemed that this
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compound also reacts slowly with TEMPO at higher con-
centrations. To clarify this observation, we performed a de-
tailed investigation of the reactivity of SiCl, with TEMPO,
the results of which are presented in this manuscript.

Results and Discussion

In the course of the previously mentioned investigation
of TEMPO as relaxation enhancer in 2°Si NMR spec-
troscopy, we observed that the red NMR spectroscopic
samples containing TEMPO and SiCl; decolorize after
standing for some days. We assumed the formation of
TEMPO-containing chlorosilanes with formation of ther-
modynamically favored silicon—oxygen bonds owing to a
lack of steric protection at the silicon center. Unfortunately,
the high SiCl,/TEMPO ratio in these measurements did not
allow a characterization of the TEMPO-containing silanes
by 2°Si NMR spectroscopy because of the low concentra-
tion of these compounds in the presence of a large excess
amount of SiCly. To avoid this problem, we performed the
reaction on a larger scale with equimolar concentrations of
TEMPO and SiCl,.

The reaction of both components was followed by
2981 NMR spectroscopy. Initially only the resonance of un-
reacted SiCly could be observed. Whereas in our relaxation
studies the highest TEMPO concentration used was
0.26 mol/L and no significant line broadening or signal
shifting was observed, the much higher TEMPO concentra-
tion of the upscaled reaction (3.52 mol/L) resulted in a low-
field shift of more than 2 ppm for the SiCl, signal. In ad-
dition, the high concentration of TEMPO also caused sig-
nificant line broadening [v(SiCly);» = 25Hz] in the
2981 NMR spectrum. In contrast, the “silicon grease” signal
at 0 = -21.8 ppm, which may be used as an internal refer-
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ence, showed a narrow line (v, = 1.5 Hz) and was nearly
unaffected by high TEMPO concentrations, thereby indicat-
ing no interactions with the TEMPO molecule.

After some hours, an additional signal at —30.6 ppm
could be observed in the >?Si NMR spectra that can be as-
signed to trichlorosilane 1. An indication that TEMPO is
consumed during the formation of 1 stems from the signal
of SiCly, which gets sharper again with reduced line shift-
ing. After 72 h, the chemical shift and the half-line widths
reached their starting values before TEMPO addition.
Along with the slightly yellow color of the solution, this
indicates that all TEMPO has been consumed. After re-
moval of the volatiles and sublimation under a stationary
vacuum, colorless crystals of 1 suitable for X-ray diffraction
purposes were obtained (Figure 1).

Figure 1. Crystal structure of 1 showing the atomic numbering
scheme. Hydrogen atoms are omitted for clarity. Ellipsoids are
drawn at the 50% probability level.

For the characteristic N-O-SiCl; functionality in 1, the
Si~O and N-O bond lengths are 1.619(1) and 1.485(2) A,
respectively, and the Si-Cl bond lengths vary between
2.016(1) and 2.028(1) A. The geometric parameters of 1 can
be compared with the only structurally characterized hy-
droxylaminotrichlorosilane in the literature, that is, N,N-di-
methylhydroxylaminotrichlorosilane (2).['3) Generally, the
bond lengths for both compounds are very similar
(Table 1); however, the angles involving silicon show signifi-
cant differences. Whereas the geometry at the silicon atom
in 1 can be described as tetrahedral with O-Si—Cl angles of
109.2(1)° (CI2, CI2’) and 114.3(1)°, the geometry in 2 is
more distorted with values ranging from 104.2(1)° to
113.5(1)°. Perhaps the most significant difference concerns
the Si-O-N angle, which is 119.5(1)° for 1 and therefore
much larger than that in 2 [103.4(1)°], thus leading to a
smaller distance between the silicon and the geminal nitro-
gen atom of 2.441 A for the latter. This short distance is
smaller than the Bartell’s radiil'®!”! of silicon and nitrogen
(2.69 A) and indicates a weak interaction between the sili-
con and nitrogen atoms in the case of 2. By contrast, this
Si-N distance is 2.683(1) A for 1, which suggests no such
interaction for this compound. DFT calculations [B3LYP//
6-311+g(d)] on 1 that describe a single molecule in the gas
phase yield similar values (Si-N: 2.748 A; Si-O-N: 124.3°).
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The difference between the calculated and experimental val-
ues of the Si-O-N angle may be a consequence of the shal-
low vibrational potential of the Si-O-N fragment, which is
comparable to the situation present in siloxanes.

Table 1. Comparison of bond lengths [A] and angles [°] of 1 and 2.

1 1 2
(X-ray) B3LYP/6-311+g* (X-ray) ref.l13]
Si-0 1.619(1) 1.638 1.618(2)
Si—Cl1 2.016(1) 2.048 2.018(1)
Si-CI2 2.028(1) 2.056 2.015(1)
Si-CI3 2.028(1) 2.056 2.013(1)
N-O 1.485(2) 1.469 1.491(2)
N-C1 1.495(1) 1.500 1.462(4)
N-C2 1.495(1) 1.500 1.455(4)
Si-O-N 119.5(1) 124.3 103.4(1)
0-Si-Cll 114.3(1) 113.9 104.2(1)
0-Si-CI2  109.2(1) 108.7 113.5(1)
0-Si-CI3 109.2(1) 108.7 113.3(1)
O-N-C1 106.1(1) 106.9 104.2(2)
O-N-C2 106.1(1) 106.9 104.5(2)

A further aspect of the crystal structure of 1 is the fact
that the Si—Cl bond lying in the N-O-Si—Cl plane is slightly
shorter [Si-Cll: 2.016(1) A] than the two other ones
[2.028(1) A]. Again this trend is reproduced by the DFT
calculations (Table 1). A possible explanation is negative hy-
perconjugation through an n(O) — o*(Si—Cl2) interaction
as observed in related cases.['820]

As mentioned initially, the formation of 1 proceeds from
the reaction of TEMPO with SiCly. In principle, the re-
placement of a chlorine radical from SiCl; may occur by
TEMPO accompanied by the liberation of elemental chlo-
rine. However, we found evidence that besides 1 a further
product is formed that contains no silicon at all. This by-
product was identified as TEMPO™CI™ (3). It was possible
to isolate 3 in crystalline form and its crystal structure was
determined (Figure 2).

Figure 2. Molecular structure of 3. Ellipsoids are drawn at the 50%
probability level.

The N-O bond has a length of 1.237(3) A and is much
shorter than that in TEMPO but is longer than that in the
two other known corresponding oxopiperidinium com-
pounds in which perchlorate (1.194 A) and 2.3.4,5-tetra-
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fluoro-6,6,7,7-quinodimethanate (DQM) (1.195 A) act as
counteranions.”!-?2l The nitrogen atom shows a pyrami-
dalization of about 10° out of the C2-O1-C2’ plane, which
is very unusual for N-O doubly bonded systems. By con-
trast, in the other above-mentioned oxopiperidinium com-
pounds near planarity around the N-O bond is observed
with deviations of 0.73° (ClO4 ) and 3.56° (DQM) from the
least-squares plane C2-O1-C2’. TEMPO™*CI has been de-
scribed in the literature before, but no crystal structure has
been reported yet. It can be prepared directly from TEMPO
and Cl, and has been employed as an oxidation reagent in
organic synthesis.[32¢l

Mechanism of Formation

Although the formation of 1 (Scheme 1) proceeds
cleanly, we were interested in gaining insight into the
mechanism of its formation. The obvious alternatives are
that the reaction of TEMPO with tetrachlorosilane follows
either an Sy1 or an S\2 pathway. The Sy1 pathway would
lead to the formation of TEMPO*CI™ (3), and the SiCls
radical, which then can react with a second equivalent of
TEMPO to give 1 (Scheme 2). By contrast, pentavalent sili-
con species 4 would be involved if the reaction proceeds
along an Sy2 pathway. Intermediate 4 would then be able
to eliminate a chlorine radical with formation of 1. The
chlorine radicals may react further with TEMPO directly
(formation of 3) or recombine to elemental chlorine in the
closed reaction vessel (Scheme 3). Although silicon com-
pounds with pentavalent coordination geometry at silicon
can be quite stable, intermediate 4 could not be isolated or
observed spectroscopically.

a
a. a
€]
N—O + >s< - N—0-si—i + N=0 CI
a’ a &
1 3

Scheme 1. Formation of 1.

Quantum chemical calculations were performed to assess
the relative energies of the intermediates involved in both
mechanisms. At the B3LYP/6-311+g* level of theory, the
Sn1 reaction that leads to the trichlorosilyl radical and 3 is

3 +-SiCl;+ TEMPO
AE

[keal/
mol] Syl

2 TEMPO+SiCl,

Eumpmn joumal

of Inorganic Chemistry

CE o S CEO o s. TEMPO_ |

Scheme 2. Reaction of TEMPO with SiCl, following an Sy1 path-

way.
o _SiClL C'\ / ! TEmPO_
N <o 1+3
N

Scheme 3. Reaction of TEMPO with SiCl, following an S\2 path-
way.

about 69.4 kcal/mol higher in energy than TEMPO and
SiCly (Figure 3). In contrast, the formation of adduct 4 is
only 14.9 kcal/mol higher in energy than the starting mate-
rials. Although the transition states and the corresponding
activation energies have not been calculated so far, the Sy1
mechanism seems to be quite unlikely because of the high
energy difference of about 54 kcal/mol between the initial
intermediates of the Sy1 and Sn2 pathways in the reaction
cascade.

By just looking at the product side, the final product 1
plus a chlorine radical is 30 kcal/mol higher in energy than
the starting materials. This energy is reduced to 6.2 kcal/
mol by recombination of the chlorine radicals to Cl,. The
reaction energy is further decreased when the reaction of
Cl, with additional TEMPO is admitted but is still endo-
thermic by 4.2 kcal/mol with respect to the starting materi-
als QTEMPO + SiCly).

Room-temperature corrections to AG?>*®X lead to an even
higher preference for the starting materials with energy dif-
ferences of 13.5 kcal/mol and 18.0 kcal/mol, respectively
(Figure 1).

The corresponding equilibrium constants (K) of
1.4X 107! and 6.3 X 10°'* illustrate that TEMPO + SiCl,
is the thermodynamically favored side of the equilibrium,
which is also the grounds for the suitability of TEMPO as
a relaxation enhancer. In turn, however, the equilibrium

A(;:‘)Sk
A(;z‘)ﬂ}{ |
140.5 CL+ TEMPO—— |
i
62 180 |

reaction coordinate

Figure 3. Relative energies [B3LYP//6-311+g(d)] of intermediates in the formation of 1.
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may be shifted by high SiCl; concentrations, higher tem-
perature, and solvents in which ionic 3 is insoluble. Further-
more, the lattice energy of 3 is not included in the calcula-
tions and can be expected to favor the product side even
further. It seems that the formation of byproduct 3 is one
of the relevant driving forces in the preparation of 1 (Fig-
ure 3).

Stability

When exposed to ambient atmosphere, 1 decomposes by
reacting with traces of water, which leads to undefined sili-
con-containing products and eventually silica. Nevertheless,
some TEMPO-containing species could be isolated, and
recrystallization from dichloromethane yielded single crys-
tals suitable for diffraction experiments. Initially, it seemed
that the isolated crystals had the same identity as 3 as indi-
cated by very similar cell constants after unit-cell determi-
nation. Nevertheless, it turned out that different com-
pounds were obtained, namely, TEMPOH-HCI (5) and
TEMPO-HCI (6).

These compounds are presumably formed by hydrolysis
of 1 concomitant with the formation of HCI. This may pro-
ceed through a pentavalent transition state (Scheme 4) sta-
bilized by the formation of hydrogen bonds, which is more
likely than hydrolysis of the silicon—chlorine bonds, and
which should then lead to a cleavage of the Si-O(N) frag-
ment. A similar mechanism was described by Waymouth et
al. when hydrolyzing TEMPO-containing titanium chloride
derivatives.’” Although compounds 5 and 6 have been re-
ported based on proton NMR and IR spectroscopy, no
crystal structures are available for these compounds.[*+28

Compounds 3, 5, and 6 crystallize in the orthorhombic
space system and are members of the space group Cmc2;.
For a comparison of the tiny differences of the cell con-
stants see Table 3. For the underlying set of compounds it
is very illustrative to see the increase in the N-O bond
length, which is dependent on the number of hydrogen
atoms present at the N-O fragment. Radical 6, for instance,

a
N—0—si—Cl —— N—on HY, Ni—ou®a
Heg)  -SICLOH
ool
H
5
® .o
N—o0 -HCL, NH—0 I

6

Scheme 4. Hydrolytic decomposition of 1.

shows a N-O bond length of 1.358(4) A, whereas in 5 the
N-O bond length was found to be 1.427(2) A, which is in
the range of N-O single bonds.[*’!

As summarized in Table 2, the experimental values for
the N-O bond length of TEMPO and compounds 1, 3, 5,
and 6 in the solid state correspond well with calculated ones
for the gas phase at the DFT B3LYP//6-311+G(d) level of
theory. The changing character of the N-O unit in these
compounds is also reflected by the v(NO) band in the IR
spectra.

The experimental values are in good agreement with cal-
culated ones. Correction factors range from 1.08 for 5 to
1.16 for TEMPO. A survey of the v(NO) stretching fre-
quencies of 1, 3, 5, and 6 is included in Table 2.

These compounds show some other interesting features
besides their N-O unit. In 6 the hydrogen atom is located
at the nitrogen atom, which forms a hydrogen bond to a
symmetry-related chlorine atom CI1' (1 —x, 1 —y, z + 2)
with D-A distances of 3.197(3) A and a DHA angle of
172.2°, thereby indicating a strong interaction according to
Steiner.*% In 5, in which two hydrogen atoms are present,
one is bonded to the oxygen atom and the other one is
located at the nitrogen atom, thereby forming hydrogen
bonds to CIl and CI1" (1 — x, 1 — 3, z — '5). The DA
distances are 3.022(1) (D=0) and 3.130(1) A (D=N) with
DHA angles of 156.1 and 175.6°, which indicates here, too,
the presence of strong hydrogen bonds that result in the
formation a hydrogen-bonded network (Figure 4). The oxy-

Table 2. Stretch frequencies and relevant structural features of the N-O unit in TEMPO and its derivatives 1, 3, 5, and 6.

Unit TEMPO TEMPO-SiCl; TEMPO*Cl- TEMPOH-HCI  TEMPO-HCI
1 3 5 6

v(NO) cm! 1467 1068 1614 1031 1020
Vv(NO) (calcd.)® cm™! 1268 959 1465 959 927
v(exp)/v(caled.) - 1.16 1.11 1.10 1.08 1.10
N1-01 A 1.296(3) 1.485(2) 1.237(3) 1.424(2) 1.358(4)
N1-O1 (calcd. )™ A 1.280 1.469 1.231 1.416 1.367
NI-C2 A 1.498(2) 1.495(1) 1.531(2) 1.545(1) 1.533(3)
Ol1-Cll A - - 3.187(2) 3.022(1) 3.036(3)
N1---Cl1! A - - 3.297(2) 3.130(1) 3.197(3)
N1-O1--Cll ° - - 114.3(2) 126.9(1) 122.4(2)
O1-Cl1-N1k ° - - 117.5(5) 118.5(1) 118.8(1)
O1-N1--Cl1! ° - - 86.4(1) 100.7(1) 94.9(2)
O1-N1-C2 (=ay) ° 115.6(2) 106.1(1) 117.1(1) 111.8(1) 114.5(1)
C2-N1-C2P (=q,) ° 125.1(2) 119.1(1) 123.3(1) 119.9(1) 121.5(2)
2 a + ay) ° 356.3 331.3 357.5 343.5 350.5

[a] Calculated at the B3LYP//6-311+G(d) level of theory. [b] Symmetry transformations used to generate equivalent atoms: 1 — x, 1 — y,
z — Y. [c] Symmetry transformations used to generate equivalent atoms: 1 —x, 1 —y, z + V5.
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gen—chlorine distances of these compounds are significantly
shorter (3.022 and 3.036 A) than those of 3, which reflects
the ionic nature of this TEMPO derivative. Similarly the
nitrogen—chlorine distances are shorter in 5 and 6 than in
3. There are some parameters that seem to be surprisingly
similar for all compounds, for example, the angle O1-Cl1-
NI' (1 —x, 1 —y, z + '») with values ranging from 117.5 in
3 to 118.8° in 6, or the N1-C2 bond length with values
ranging from 1.531(2) to 1.545(1) A.

ﬂdﬂl@

»»J

}M’} »% w%””

Figure 4. Hydrogen-bonded network in 5.

It makes sense to compare the geometric parameters ob-
tained for the various TEMPO derivatives mentioned above
to TEMPO itself. In the literature, several crystallographic
studies of TEMPO have been reported; however, all of them
exhibit very poor R values and/or disorder. The N-O bond
lengths found in these studies are 1.269, 1.270, and
1.295 A.B133 In the course of our investigations we have
been able to obtain crystals of TEMPO by sublimation with
excellent quality for X-ray diffraction. The structure could
be solved and refined with an R, value of 3.8% and no
disordered atoms. The N-O bond length in this crystal
structure has been determined to be 1.296(3) A, which is
just between the range of N-O double bonds (ca. 1.20 A)
and single bonds (ca. 1.45 A). A survey of all relevant geo-
metric parameters of the TEMPO-containing compounds
investigated by us can be found in Table 2.

In an inert argon atmosphere, 1 also decomposes slowly.
Over several weeks we monitored its slow decomposition
by 2°Si NMR spectroscopy in solution. Over the course of
the reaction, molecules of 1 exchanged TEMPO units,
which may generate the disubstituted derivative 7 in ad-
dition to SiCl (Scheme 5).

Multiply substituted products from TEMPO and SiCly
can also be obtained directly by increasing the relative
amount of TEMPO. The resulting orange solid was investi-
gated by solid-state magic angle spinning (MAS) 2°Si NMR
spectroscopy to avoid additional reactions with the solvent.
Besides 1, which resonates at 6 = —30.8 ppm, several other
signals were observed that can be assigned to (TEMPO),-
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Scheme 5. Nonhydrolytic decomposition of 1 with formation of 7.

SiCl, (6 = -57.8 ppm), (TEMPO);SiCl (6 = -70.4 ppm), and
(TEMPO),Si (0 = -96.8 ppm) based on gauge-including
atomic orbital (GIAO) shift calculations [B3LYP//6-
311+g(d)] and their characteristic SiO,,Cl,, (n + m = 4) sub-
stitution pattern. In addition, minor amounts of hydrolysis
and condensation products (6 = —46 and —84 ppm) are de-
tected as a consequence of short exposure to air during the
sample transfer into the rotor. However, it was not possible
to isolate these compounds in a pure form. A further inves-
tigation by means of mass spectrometry, for example, was
not successful and showed only the presence of the TEMPO
moiety at m/z = 156. In addition, it seems worth noting that
according to the solid-state NMR spectroscopic data some
silicon tetrachloride is still present in the solid (6 =
—18.6 ppm) despite thorough evacuation of the solid to re-
move unreacted SiCly. It seems possible that also in the so-
lid state a decomposition as in solution (Scheme 5) may
slowly take place that regenerates SiCly.

Conclusion

We have shown that the reaction between TEMPO and
SiCly, for which the free reaction enthalpy is >0 at room
temperature, may nevertheless take place at high concentra-
tions in organic solvents owing to the insolubility of the
inherent byproduct TEMPO*CI™ (3). The primary reaction
product is TEMPO-SiCl; (1), which is formed via pentaco-
ordinate intermediate 4 rather than by direct radical ab-
straction according to our results. Compound 1 slowly un-
dergoes substituent scrambling with formation of
(TEMPO),SiCl, (7). In the presence of air and moisture
hydrolysis takes place, which results in the formation of pro-
tonated compounds like TEMPOH-HCI (5) and
TEMPO-HCI (6).

All compounds involved in the formation of 1 and its
decomposition have been characterized by single-crystal X-
ray diffraction and show a continuous transition between
N-O double and single bonds, which is accurately repro-
duced by DFT calculations and IR stretch frequencies.

Compound 1 is only the second example of a structurally
characterized molecule with an N-O-SiCl; functionality,
which differs from the previously published N,N-dimethyl-
hydroxylaminotrichlorosilane not only structurally but also
by the completely different synthetic access.

The crystal structure of TEMPO itself also has been rein-
vestigated, and a satisfying structure solution (R; = 3.8 %)
could be obtained. At 1.296(3) A, the N-O bond length is
at the higher end of the range reported before (1.269-
1.295 A).

293

www.eurjic.org



FULL PAPER

R. Pietschnig et al.

In summary, TEMPO shows a unique reactivity towards
SiCly through formal radical exchange reactions that follow
an associative pathway. It is clear that this chemistry can be
extended also to other main-group halides, which will be
explored in the future.

Experimental Section

General: All manipulations were carried out under strict exclusion
of moisture and air in an inert argon atmosphere. C¢Dg was dried
with potassium and distilled prior to use. Tetrachlorosilane was
purchased from Sigma and distilled prior to use. TEMPO (99%)
was obtained from Sigma and used without further purification.
'H, 13C, and ?°Si NMR spectra were recorded with a Bruker Av-
ance III at a Larmor frequency of 300 MHz for 'H using TMS as
reference and C¢Dg as solvent. Solid-state 2°Si NMR spectra were
recorded at a frequency of 500 MHz and at a rotation frequency
of 15kHz. DFT calculations were performed using the program
Gaussian 0384 at the high-performance computing center of the
University of Graz. Mass spectra were recorded with an Agilent
5975C using a direct insertion of the sample into the ionization
source. Voltage was set to 70 eV using a starting temperature of
50 °C, followed by subsequent heating to 350 °C (20 °C/min).

Synthesis of 1: TEMPO (0.55 g, 3.5 mmol) was placed in a 5mL
Schlenk tube and was dissolved in C¢Dg (1 mL). SiCly (0.60 g,
3.5 mmol) was added slowly with a syringe. The solution decolo-
rized after some hours and was stirred for 72 h (longer stirring
leads to byproducts as can be followed by 2°Si NMR spectroscopy).
Then all volatiles were removed in vacuo (1 mbar) and the residue
was subjected to sublimation. After approximately 3 h, very moist-
ure-sensitive, colorless crystals suitable for X-ray diffraction pur-
poses were obtained in 23% yield based on TEMPO, which could
be identified as 1. M.p. 101-103 °C (dec). '"H NMR (300 MHz,
C¢Dg, TMS, 298 K): 6 = 1.43 (s, 6 H, CH3), 1.65 (s, 6 H, CHs),
1.80-1.89 [m, 3J(H,.H,) = 13.1 Hz, 2 H, CH,], 2.01-2.11 [m,
3J(HuHyy) = 13.1 Hz, 4 H, CH,] ppm. '3C NMR (75.435 MHz,
C¢Dg, TMS, 298 K): 6 = 17.96 (CH,), 21.37 (CH3), 27.70 (CHs;),
41.05 (CH,), 62.44 (Cy) ppm. ?SiNMR (59.602 MHz, C¢Ds,
TMS, 298 K): 6 = -30.6 ppm. MS (EL, 70 eV): m/z (%) = 156 (15)
[M* — OSiCl;], 141 (100) [M* — OSiCl;-CH3], 126 (12), 69 (73)
[C,H,N™], 55 (50) [C3HsN']. CoH gCL3.NOSIi (290.68): caled. C
37.19, H 6.24; found C 37.77, H 6.81.

Isolation of 3

Method A: The sublimation residue obtained in the synthesis of 1
was recrystallized from dry CH,Cl, at room temperature. By this
route, however, only a few crystals were obtained.

Method B: Similar to the synthesis of 1 described above, SiCly
(6.0 g, 35 mmol) was added slowly with a syringe to TEMPO
(0.55 g, 3.5 mmol). Due to the insolubility of TEMPO™CI in SiCly,
3 precipitated as an orange-yellow solid and was collected by fil-
tration. Isolated yield: 0.25 g (1.4 mmol, 82% based on TEMPO).

Synthesis of 5: Compound 5 was obtained in small amounts in
the hydrolysis of 1. Alternatively, 5 was obtained according to the
following procedure. 2-Propanol (10 mL) containing 10% water
was added to a solution of 1 (0.10 g, 0.3 mmol) dissolved in C¢Dg
(2mL). The formation of a white precipitate (SiO,) immediately
occurred, and this precipitate was filtered off. The resulting red-
brown solution was allowed to stir for one day, and after standing
for seven days, white crystals of 5 were obtained. Yield: 51 mg
(77%). 'TH NMR (CDCl;, 300 MHz, 300 K): 6 = 1.33 (s, 6 H, CH3),
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1.61 (s, 6 H, CHs), 1.67-1.76 [m, 3J(H,,H,,) = 13.9 Hz, 4 H, CH,],
2.23-2.33 [m, *J(H,,H,,) = 13.9 Hz, 2 H, CH,], 11.33 (s, 1 H, HCI)
ppm; NH not visible. 3C NMR (CDCl;, 300 MHz, 300 K): 6 =
16.26 (CHs), 20.60 (CHs), 28.46 (CHs), 36.67 (CH,), 68.79 (C,)
ppm. MS (EL 70 eV): mlz (%) = 157 (12) [M* — HCI], 142 (100)
[M* — HCI — CHs], 69 (25) [C4H,N*], 36/38 (5) [HCI].

Spectroscopic Data for 6: Compound 6 was obtained in small
amounts in the hydrolysis of 1. Alternatively, 6 was obtained ac-
cording to a published procedure.”®! '"H NMR (CDCls, 300 MHz,
300 K): 0 = 1.40 (s, 6 H, CH3), 1.65 (s, 6 H, CH3), 1.76-1.86 [m,
3J(H.,H.) = 15.6 Hz, 4 H, CH,], 2.16-2.25 [m, 3J(H,,H,,) =
15.6 Hz, 2 H, CH>], 11.15 (s, 1 H, HCI) ppm. 3C NMR (CDCl;,
300 MHz, 300 K): ¢ = 15.65 (CH,), 20.06 (CH3), 27.89 (CHj),
36.06 (CHy»), 68.25 (C,) ppm. MS (EI, 70 eV): m/z (%) = 156 (30)
[M* — HCI], 141 (20) [M* — HCI — CH3;], 69 (100) [C,H;N"], 36/
38 (35) [HCI].

13C NMR Spectroscopic Data for 7: The assignments made for 7
are based on intensity ratios obtained from 2°Si NMR spectra, in
which the ratio of 7 to 1 is 1:3, which corresponds to a ratio of 2:3
in the *C NMR spectra. '*C NMR (75.435 MHz, C¢Dg, TMS,
298 K): 0 = 16.74 (CH,), 20.38 (CH3), 28.32 (CH3), 36.57 (CH,),
68.70 (Cy) ppm.

Crystallographic Section

Details of the data acquisition for the single-crystal X-ray diffrac-
tion experiments of TEMPO, TEMPOCI (3), TEMPO-HCI (5),
TEMPOH-HCI (6), and TEMPOSICl; (1) are summarized in
Table 3.

Structure Solution and Refinement for TEMPO: A total of 815 re-
flections were collected (O ,.x = 30.0°), from which 704 were unique
(Rine = 0.0291), with 594 having I > 2a([). The structure was solved
by direct methods (SHELXS-97)1*3 and refined by full-matrix le-
ast-squares techniques against /> (SHELXL-97).3%] The non-hy-
drogen atoms were refined with anisotropic displacement param-
eters without any constraints. The H atoms of the CH, groups were
refined with common isotropic displacement parameters for the H
atoms of the same group and idealized geometry with approxi-
mately tetrahedral angles and C—H bond lengths of 0.99 A. The H
atoms of the methyl groups were refined with common isotropic
displacement parameters for the H atoms of the same group and
idealized geometry with tetrahedral angles, thereby enabling rota-
tion around the X-C bond, and C-H bond lengths of 0.98 A. Due
to the absence of heavier elements, the absolute structure of the
chiral molecules could not be determined reliably. For 61 param-
eters final R indices of R1 = 0.0387 and wR, = 0.0977 (GOF =
1.052) were obtained. The largest peak in a difference Fourier map
was 0.199 e/A3.

Structure Solution and Refinement for TEMPO-SiCl; (1): A total
of 2818 reflections were collected (@,,.x = 30.0°), from which 2077
were unique (R, = 0.0203), with 1825 having I > 2g(/). The struc-
ture was solved by direct methods (SHELXS-97)5%! and refined by
full-matrix least-squares techniques against F> (SHELXL-97).13¢
The non-hydrogen atoms were refined with anisotropic displace-
ment parameters without any constraints. The H atoms of the CH,
groups were refined with common isotropic displacement param-
eters for the H atoms of the same group and idealized geometry
with approximately tetrahedral angles and C-H bond lengths of
0.99 A. The H atoms of the methyl groups were refined with com-
mon isotropic displacement parameters for the H atoms of the
same group and idealized geometry with tetrahedral angles, en-
abling rotation around the X-—C bond, and C-H bond lengths of
0.98 A. For 82 parameters final R indices of R1 = 0.0281 and wR,
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Table 3. Crystallographic details for TEMPO, 1, 3, 5, and 6.4
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Identification code TEMPO TEMPO*CI* TEMPO-HCI TEMPOH-HCI1 TEMPO-SiCl,
3 5 6 1

Empirical formula CoH ;gsNO CyH 3CINO CoH;9CINO CoH,,CINO CoH;3C3NOSI

M, [g/mol] 156.24 191.69 192.70 193.71 290.68

Crystal description block, red needle, orange needle, yellow block, yellow block, colorless

Crystal sizel*¥l 0.32X0.26 X0.24 0.34x0.30x0.28 0.35%0.08 X0.07 0.30xX0.24 X0.24 0.35%x0.30x0.22

Crystal system monoclinic orthorhombic orthorhombic orthorhombic orthorhombic

Space group Cm Cmc2, Cmc2, Cmc2, Prnma

aA] 6.399(3) 9.4010(5) 9.4948(8) 9.5361(2) 11.5717(16)

bA] 14.243(4) 11.3012(6) 11.2351(9) 11.1841(3) 12.6397(16)

c[A] 5.757(2) 9.9064(5) 9.8937(8) 9.9748(2) 9.3742(12)

al 90 90 90 90 90

AN 117.043) 90 90 90 90

7 [ 90 90 90 90 90

VA% 467.3(3) 1052.48(10) 1055.41(15) 1063.84(4) 1371.1(3)

VA 2 4 4 4 4

Deuiea. [Mg/m?] 1.110 1210 1213 1.209 1.408

F000) 174 416 420 424 608

4 [mm] 0.071 0.321 0.320 0.318 0.733

Unit cell determination [°] 583 <O <1830 282< O <2593 281 <O <2593 28 <6 <300 1791 < @ < 19.75

T K] 95 100 100 100 95

Diffractometer Stoe Bruker APEX-II CCD  Bruker APEX-II CCD Bruker APEX-II CCD  Stoe

Scan type -0 scans ¢ and o scans ¢ and o scans ¢ and o scans  scans

0 range for data collection [°] 2.86 to 30.00 2.82 t0 26.02 2.81 to 26.00 2.81 to 30.00 2.71 to 30.00

Index ranges 8=h=8, “11=h=1], I9=h=1l, -B=h=12, -16 = h =16,
20 =k =13, -13=k=13, -13=k=12, -4 =k=15 S=k=17,
3=1=8 -10=/=11 “ll=l=11 -13=/=14 2=[=13

Reflections collected/unique 815/704 4066/1015 3892/1019 6716/1505 2818/2077

Significant unique reflections [/ > 2a(1)] 594 996 1004 1489 1825

R(int), R(sigma) 0.0291, 0.0584 0.0182, 0.0166 0.0209, 0.0195 0.0369, 0.0255 0.0203, 0.0397

Completeness to @ = 26.0° [%] 99.6 98.6 98.8 99.2 99.7

Data/parameters/restraints 704/61/2 1015/67/1 1019/68/1 1505/69/1 2077/82/0

Goodness-of-fit on F> 1.052 1.175 1.093 1.143 1.074

Final R indices R, = 0.0387, R, = 0.0277, R, =0.0352, R, =0.0235, R, = 0.0281,

[1 > 2a(D)] wR, = 0.0889 wR, = 0.0715 wR, = 0.0840 wRy = 0.0648 wR, = 0.0628

R indices R; = 0.0529, R, = 0.0286, R; = 0.0355, R, =0.0238, R; = 0.0353,

(all data) wR, = 0.0977 wR, = 0.0719 wR, = 0.0842 wR, = 0.0650 wR, = 0.0658

Largest difference peak 0.199 and 0.303 and 0.877 and 0.548 and 0.301 and

and hole [e/A] -0.180 -0.121 -0.290 -0.111 -0.260

[a] For all compounds, Mo-K, radiation (1 = 0.71073 A) with a graphite monochromator was used and the refinement method was full-

matrix least-squares on F2.

= 0.0658 (GOF = 1.074) were obtained. The largest peak in a dif-
ference Fourier map was 0.301 ¢/A3.

Structure Solution and Refinement for TEMPOCI (3): A total of
4066 reflections were collected (O ,,x = 26.0°), from which 1015
were unique (R, = 0.0182), with 996 having I > 20(I). The struc-
ture was solved by direct methods (SHELXS-97)133 and refined by
full-matrix least-squares techniques against F> (SHELXL-97).130]
The non-hydrogen atoms were refined with anisotropic displace-
ment parameters without any constraints. The H atoms of the CH,
groups were refined with common isotropic displacement param-
eters for the H atoms of the same group and idealized geometry
with approximately tetrahedral angles and C-H bond lengths of
0.99 A. The H atoms of the methyl groups were refined with com-
mon isotropic displacement parameters for the H atoms of the
same group and idealized geometry with tetrahedral angles, thereby
enabling rotation around the X-C bond, and C-H bond lengths of
0.98 A. The absolute configuration was established by anomalous
dispersion effects in diffraction measurements on the crystal. For
67 parameters final R indices of Rl = 0.0277 and wR, = 0.0719
(GOF = 1.175) were obtained. The largest peak in a difference
Fourier map was 0.303 e/A3.
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Structure Solution and Refinement for TEMPO-HCI (5): A total of
3892 reflections were collected (@ = 26.0°), from which 1019
were unique (R, = 0.0209), with 1004 having I > 2¢([/). The struc-
ture was solved by direct methods (SHELXS-97)13] and refined by
full-matrix least-squares techniques against /> (SHELXL-97).13¢]
The non-hydrogen atoms were refined with anisotropic displace-
ment parameters without any constraints. The H atom of the N—
H group was refined with an individual isotropic displacement pa-
rameter, and all X-N-H angles equal at a N-H distance of 0.93 A.
The H atoms of the CH, groups were refined with common iso-
tropic displacement parameters for the H atoms of the same group
and idealized geometry with approximately tetrahedral angles and
C-H bond lengths of 0.99 A. The H atoms of the methyl groups
were refined with common isotropic displacement parameters for
the H atoms of the same group and idealized geometry with tetra-
hedral angles, thereby enabling rotation around the X—C bond, and
C-H bond lengths of 0.98 A. The absolute configuration was estab-
lished by anomalous dispersion effects in diffraction measurements
on the crystal. For 68 parameters final R indices of R1 = 0.0352
and wR, = 0.0842 (GOF = 1.093) were obtained. The largest peak
in a difference Fourier map was 0.877 /A3,
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Structure Solution and Refinement for TEMPOH-HCI (6): A total
of 6716 reflections were collected (O,,,.x = 30.0°), from which 1505
were unique (R, = 0.0369), with 1489 having 7 > 2g([/). The struc-
ture was solved by direct methods (SHELXS-97)1** and refined by
full-matrix least-squares techniques against F> (SHELXL-97).13¢
The non-hydrogen atoms were refined with anisotropic displace-
ment parameters without any constraints. The H atom of the O-H
group was refined with an individual isotropic displacement param-
eter, and a tetrahedral angle X-O-H at an O—H distance of 0.84 A.
The H atom of the N-H group was refined with an individual iso-
tropic displacement parameter, and all X-N-H angles equal at a
N-H distance of 0.93 A. The H atoms of the CH, groups were
refined with common isotropic displacement parameters for the H
atoms of the same group and idealized geometry with approxi-
mately tetrahedral angles and C—H bond lengths of 0.99 A. The H
atoms of the methyl groups were refined with common isotropic
displacement parameters for the H atoms of the same group and
idealized geometry with tetrahedral angles, thereby enabling rota-
tion around the X-C bond, and C-H bond lengths of 0.98 A. The
absolute configuration was established by anomalous dispersion ef-
fects in diffraction measurements on the crystal. For 69 parameters
final R indices of R1 = 0.0235 and wR, = 0.0650 (GOF = 1.143)
were obtained. The largest peak in a difference Fourier map was
0.548 e/A3.

CCDC-737221 (TEMPO), -737331 (1), -737222 (3), -737223 (5),
and -737224 (6) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Computational Details: Quantum chemical calculations were car-
ried out using the Gaussian 03 suite of programs?®¥ employing a
6-311+G(d) basis set?74%1 on the DFT(B3LYP) level.[41421 All re-
ported geometries have been optimized starting from C; symmetry
on the B3LYP level. Stationary points were confirmed as minima
on the potential surface by second-derivative calculations. The re-
ported AG¢ values of TEMPO and compounds 1, 3, 5, and 6 have
been calculated at the DFT level using a 6-311+G(d) basis set and
were corrected for 298.15 K and 1 bar.

Supporting Information (see footnote on the first page of this arti-
cle): Output summaries for TEMPO and compounds 1, 3, 5, and
6, including complete data of harmonic vibrational frequencies at
the B3LYP level [6-311+G(d) basis set], optimized geometries, and
total energies (E, in hartree).
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The synthetic pathways towards Pd" complexes of function-
alized bidentate diphenylphosphane ligands of the type
[Pd(ligand)(anion),] and [Pd(ligand),](anion), have been in-
vestigated. Eighteen different ligands have been used in
combination with strongly (acetate, OAc™) or weakly (tosyl-
ate, OTs") coordinating anions. The solid-state structure of
some representative complexes was determined with X-ray
crystallography. It is shown that the solid-state structures are
fully retained in solution. The formation of [Pd(ligand)-

(anion),]-type complexes was studied in detail by 'H- and
31P-NMR spectroscopy. Depending on the ligand structure,
the complex is formed instantaneously, via a polynuclear in-
termediate or is not formed at all. Complex formation is dem-
onstrated to depend on the length and rigidity of the ligand
backbone and on the steric bulk at the ortho position of the
phenyl rings on phosphorus. It was also found that the coor-
dinating ability of the anions can alter the structure of the
kinetic and/or thermodynamic product.

Introduction

For some decades, Pd"-diphosphane catalytic systems
have enjoyed much attention, both from academia and in-
dustry. Especially the copolymerization of CO and ethene
has been widely studied!’? and applied [Carilon®(Shell)
and Ketonex® (BP)] using such catalytic systems. A reac-
tion, in which these palladium catalysts are relatively po-
orly studied, is the carbonylation of nitroaromatic mole-
cules to aromatic isocyanates.[*°1 For this reaction most
endeavours involve catalysts of the type [Pd(1,10-phenan-
throline),](anion),,> '°1 and only few involve catalysts of
the type P,Pd!.[5:17:20.21] Because there is no fundamental
reason why N,Pd!" complexes should perform better than
P,Pd" complexes, we are studying these palladium-phos-
phane complexes in the carbonylation of nitrobenzene. In
many catalytic studies the catalyst is often formed in situ
by mixing a palladium(II) salt with a diphosphane ligand
in methanol, assuming that the desired [Pd(diphosphane)-
(anion),]-type complexes are actually formed. However,
complex formation is not always a trivial process. For ex-
ample, for the copolymerization of CO and ethene it has
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been reported that the catalytic performance of in situ
formed catalysts may be inferior to that of the preformed
catalysts.[>’]

It has also been reported that when [Pd(OAc),] and an
equimolar amount of dppe [1,2-bis(diphenylphosphanyl)-
ethane] are dissolved in CD;OD, initially the catalytically
inactive complex [Pd(dppe),](OAc), is formed; only after
standing for about 24 h, the catalytically active species
[Pd(dppe)(OAc),] is obtained.!

To the best of our knowledge, there is no simple way to
predict the exact kinetic pathway by which a certain ligand
will or will not form the desired [Pd(diphosphane)-
(anion),]-type complex. We therefore set out to determine
the influence of the bridging groups and substituents in che-
lating diphosphane ligands (see Table 1) on the kinetics and
the result of complex formation. Furthermore, the role of
the anion in the complex formation process was investigated
by using acetate (strongly coordinating) and tosylate
(weakly coordinating) anions. Prior to this, however, the
synthesis of this type of complexes is reported, followed by
their structural characteristics in the solid phase and in
solution.

Results and Discussion

Complex Synthesis

Starting from crystalline [Pds;(OAc)e],** four solvents
were employed in the complex synthesis. In order of in-
creasing polarity these are: CHCl;, CH,Cl,, (CH3),CO and

Eur. J. Inorg. Chem. 2010, 298-310
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Table 1. Schematic representation of the ligands used in this study.
The inset figures show the general structures.
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CH;OH. The methods by which the desired complexes can
successfully be obtained are summarized schematically in
Figure 1. However, some difficulties were encountered in
the synthesis and isolation of these complexes. Dry and de-
gassed solvents must be used as too much water generally
hampered the isolation due to the formation of an oil and
partial oxidation of the ligand. Furthermore, the flasks
were wrapped in foil; the absence of light in most cases
prevented plating of Pd®. The choice of the solvent ap-
peared to be most important. CHCI; must be avoided since
severe plating was usually observed when working with this
solvent. CH,Cl, and (CH3),CO were best suited for the syn-
thesis of the monochelate [Pd(ligand)(anion),]-type com-
plexes. Methanol is the only solvent in which the bischelate
[Pd(ligand),](OAc),-type complexes can be synthesized; the
other solvents are not polar enough to sufficiently dissoci-
ate the OAc anions. The bischelate complexes [Pd(ligand)]-
(OTs), can be prepared in all four solvents.

Not all complexes form instantaneously. Indeed, in some
cases the desired complex is formed only after several hours
(At, see complex formation studies for details). Therefore,
depending on the ligand, the reaction mixture should stand
for an appropriate amount of time (usually overnight), as
otherwise a mixture of species may be isolated.

Once the monochelate or bischelate complex had been
formed with the acetate anions, addition of two equivalents
of p-toluenesulfonic acid resulted in the quantitative re-
placement of the anions in any of the solvents, as evidenced
by the appearance of a peak around 1.0 ppm for acetic acid.

The 1,4-butyl-bridged ligands present a special case.
When applying the procedure of Mul and co-workers,™! the
unsubstituted ligand L14 yielded the monochelate complex.
This was not the case for L15 and L16. When a solution of
Pd(OAc), was added to L15, a clear yellow solution was
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Figure 1. Schematic overview of the synthetic methods to form the
monochelate complex [Pd(ligand)(anion),] or the bischelate com-
plex [Pd(ligand),](anion), with acetate or tosylate anions.

formed immediately. However, after standing for two min-
utes, a yellow precipitate formed, which turned red-brown
over time. The isolated solid proved to be insoluble in a vast
variety of different solvents, indicating that this solid is a
coordination polymer. When a solution of Pd(OAc), was
added to L16, a mixture of species was formed (several *>'P
resonances), which did not change over time. No attempts
were made to further characterize these compounds.

Not all complexes were isolated and fully characterized;
some were only detected in situ during the NMR spectro-
scopic studies. Nevertheless, for convenience, in Table S1
(Supporting Information) the proton and phosphorus reso-
nances of all the palladium complexes that could be mea-
sured are summarized. The monochelate complexes are
indicated as MxA or MxT with ligand Lx and coordinating
acetate or tosylate anions, respectively, whereas the bischel-
ate complexes are indicated as BxA or BxT with ligand Lx
and non-coordinating acetate or tosylate anions.

Complex Structures in the Solid State

Light yellow transparent single crystals of the com-
pounds [Pd(L2)(OAc),] (M2A), [Pd(L7)(OAc),] (M7A),
[PA(L10)(OAc),] (M10A), [Pd(L13)(OAc),] (M13A), and
[Pd(L10),]J(OTs), (B10T) were obtained using the solvent
diffusion technique. The crystal structures were determined
by X-ray diffraction; crystallographic data and details of
the structure refinement are given in Table 4. Perspective
views of the molecular structures of M10A and B10T in the
crystal are shown in Figure 2. Because the global structures
of the monochelate complexes are very similar, projections
of the complexes M2A, M7A and M13A can be found in
the Supporting Information. Selected bond lengths, angles
and torsion angles are listed in Table 2.

Complexes M2A and B10T are located on twofold rota-
tion axes, respectively, running through the palladium cen-
tre and the central carbon atom(s) of the ligand backbone.
Hence, M2A has only one unique phosphorus atom, and
B10T only two. The palladium centres in the complexes
M2A, M7A, M10A, M13A, and B10T are in distorted
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Figure 2. Displacement ellipsoid plots (50% probability level) of (a) [Pd(L10)(OAc),] (front view), (b) cation of [Pd(L10),](OTs), (top
view), (c) cation of [Pd(L10),](OTs), (front view along the twofold axis, one ligand omitted, except for the phosphorus atoms). Hydrogen
atoms, uncoordinated anions and uncoordinated solvent molecules are omitted for clarity. Symmetry operation i: 1 — x, y, 0.5 — z.

square-planar geometries with cis-P,O, donor sets for the
monochelate complexes and a P, donor set for the bis-
chelate complex. The Pd-P and Pd-O distances can be con-
sidered as normal.>) Although the acetate anions are coor-
dinated in a monodentate fashion, they may be considered
pseudo-chelating with their second O-atom at distances to
Pd ranging between 2.8067(19) (M7A) and 3.1771(16)
(M10A) A, and Pd—O-C angles ranging between 67.53(18)°
(M13A) and 75.65(14)° (M10A). The magnitude of the dis-
tortion from the ideal square-planar geometry varies con-
siderably. The dihedral angle between the P-Pd-P and X-
Pd-X (X = P or O) planes range from 1.56(7)° in M2A, to
7.22(8)-10.46(6)° in M7A, MI10A, and MI13A, and is
19.78(5)° in the bischelate complex B10T. The large tetrahe-
dral distortion in B10T is due to the presence of large steric
bulk of two ligands around the palladium centre; there are
no other intermolecular or intramolecular contacts respon-
sible for this distortion. The ligand bite angles also vary
considerably. The ethylene-bridged ligand L2 in M2A has a
bite angle of 85.98(3)°, whereas the propylene-bridged li-
gand L7 in M7A has a bite-angle of 95.497(19)°. This angle
is slightly compressed by the addition of steric bulk to the
backbone, resulting in 90.62(2)° in M10A and 92.22(3)° in
M13A. In the bischelate complex B10T, the angle is com-
pressed even further to a mere 85.69(4)°. The six-membered
PdP,C, coordination rings in M10A, M13A, and B10T
have a twist-boat and in M7A a screw-boat conformation,
while the five-membered PdP,C ring in M2A has a half-
chair conformation.

It is possible to distinguish the two aryl rings on each
phosphorus atom as oriented either axially (for the NMR
spectroscopic discussion denoted as rings 100, 200, 300, and
400) or equatorially (rings 500, 600, 700, and 800) with re-
spect to the chelate ring of the bidentate ligand (see for
example rings 100 and 500 in Figure 2, a and c¢). The axial
phenyl rings are held in place by Pd-+H interactions be-
tween its ortho proton and the filled palladium d.- orbital.
Similar interactions have been reported for related nickel
and palladium complexes.”®?”l These interactions have
been described as anagostic,*8! and are characterized by a
Pd-P-C-C torsion angle close to 0°. The Pd---H distances
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[between 2.71 (M13A) and 3.06 A (B10T)], and the Pd—P—
C-C torsion angles [between 1.38(18)° (M10A) and 11.5(3)°
(M13A)] of the observed anagostic interactions, can be con-
sidered as normal.[?®! Furthermore, relatively strong intra-
molecular C-H-*m interactions between the ortho protons
of the equatorial rings (H502, H602, H702) and one n-bond
of the axial rings (C101/C106, C201/C206, C301/C306) are
observed.!?”) The various H++C distances, ranging between
2.527 (for M10A) and 2.817 (for M7A) A, are well within
the sum of the van der Waals radii of H and C (2.90 A).

The structures of the complexes [Pd(L1)OAc,],?%
[PA(L2)Cl,] and [Pd(L7)Cl,],3! as well as of the analogous
nickel(IT) complexes [Ni(L2)I,]?® and [Ni(L7)CL,]*?! have
been published; the reported distances, angles and Pd--H
or Ni--H interactions are comparable to those described
above.

Complex Structure in Solution

As typical examples, the 'TH NMR spectra of the mono-
chelate complexes M13A and M13T are shown in parts a
and c of Figure 3, respectively [in (CDj3),CO]. In the solid-
state structures, the two phenyl rings on each phosphorus
atom are distinct with respect to their orientation to the
plane of coordination and have been labelled as axial or
equatorial. In solution at room temperature, however, only
one set of resonances is observed, as is shown in Figure 3a
for M13A. The observation that the two phenyl rings ap-
pear to be equivalent in solution is due to dynamic flipping
of the backbone.[?*) When this flipping is frozen at low tem-
perature, the axial and equatorial protons become inequiva-
lent; two sets of proton resonances are observed in 'H
NMR spectra (Figure 3, b). The proton resonances of the
axial phenyl rings are relatively deshielded due to the Pd---H
interactions, whereas the proton resonances of the equato-
rial phenyl rings are shielded due to the H-+-Cn interactions.

For the monochelate complex M13T with the weakly-
coordinating OTs™ anions (Figure 3, c¢) a different phenome-
non is observed upon cooling; the peaks are not split, but
broadened (Figure 3, d). It suggests that the weakly-coordi-
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Table 2. Selected interatomic distances, angles, and other relevant geometric data for complexes M2A, M7A, M10A, M13A, and B10T.

Complex: M2AE M7A M10A MI13A B10T®
(pseudo) coordination (A)
Pd!-P! 2.2177(6) 2.2223(6) 2.2366(6) 2.2341(8) 2.4091(8)
Pd!-P? 2.2273(5) 2.2305(5) 2.2254(8)
Pd!-p? 2.3938(9)
Pd!-03! 2.0984(14) 2.1112(14) 2.0891(13) 2.047(2)
Pd!-0O# 2.0946 (13) 2.0936(15) 2.064(2)
Pd!-0* 2.9169(17) 2.8662(19) 3.1771(16) 3.099(2)
Pd!-0*? 2.8067(19) 3.0718(16) 3.153(2)
Anagostic interactions [A]]
Pdt---H1!02 2.75 2.72 2.87 2.82 3.03
Pdt---H202 2.69 2.75 2.71
Pd!---H302 3.06
C-H--7 interactions [A]l®!
H302...C101 2.57 2.70 2.53 2.59 2.66
H302...C106 2.77 2.82 2.53 2.72 2.63
H002/702...C201/301 2.61 2.55 2.54 2.67
H002/702...206/306 2.59 2.66 2.68 2.82
Angles [°]
P3-Pd'-P¥ 86.04(3)
Pl-pd!-p3 95.71(3)
Pl-Pd'-P¥ 166.56(3)
Pl-Pd'-P¥" 85.98(3) 95.497(19) 90.62(2) 92.22(3) 85.69(4)
O31-pd'-O#1131 92.22(8) 87.03(5) 92.20(6) 94.97(9)
Pl-Pd!-O# 90.91(5) 90.78(4) 90.38(4) 87.00(6)
P2-Pd'-0O* 87.14(4) 87.70(4) 86.24(6)
Pl-Pd'-O*31 176.69(4) 174.80(4) 170.96(4) 172.80(6)
P2-Pd'-03! 171.72(4) 174.09(4) 176.36(6)
Pdl-03-C3! 111.28(14) 108.29(13) 121.81(13) 117.90(18)
Pdl-0*-C# 107.86(12) 117.96(14) 120.6(2)
Pdl-03-C3! 73.80(14) 74.79(14) 68.60(12) 67.53(18)
Pdl-0*-C# 75.65(14) 70.89(13) 68.40(18)
Dihedral angles between the PdP, and the PdX, planes (°)
PdP,-PdX, (dihedral) 1.56(7), X =0 17.22(8), X =0 10.46(6), X =0  7.63(9),X =0 19.78(5), X =P
Cremer—Pople ring puckering parameters for the PdP,C, and PdP,C rings!!
Ring 1 Ring 2
Q> [A] 0.492(2) 0.5247(19) 0.8588(17) 0.812(2) 0.906(3) 0.898(3)
Q; [A] 0.3266(19) -0.0369(16) 0.051(2) 0.000(2) 0.000(3)
01°] 58.09(18) 92.46(11) 86.42(14) 90.00(13) 90.00(19)
# [°] 270.00(12) 156.4(2) 266.99(11) 82.57(16) 270.00(14)  270.00(14)
Torsion angles (°)
Pd!-Pl-C!01_C102 -7.1(2) —4.95(18) —1.38(18) 11.5(3) 6.1(3)
Pd!-P2-C?01C202 -5.67(19) -1.8(2) 8.3(3)
Pd!-P3-C301(302 13.03)
Pd!-P1-C301-C302 102.30(18) -104.51(18) 105.15(18) -113.0(3) 120.0(3)
Pd!-P2-C%01_(C%02 —-102.44(17) 104.54(17) -108.1(3)
Pd!-P3-C701C702 101.7(3)

[a] Coordination rings are located on twofold axis. [b] Hydrogen atoms were introduced in calculated positions based on a C-H distance
of 0.95 A. [¢] Cremer—Pople ring puckering parameters for the PdP>C, and PdP,C rings.??

nating OTs™ anions are displaced with solvent molecules;
the Pd" ion is in a [Pd(ligand)(solvent),]>* coordination
sphere and even at low temperatures the coordinated sol-
vent ligands are quickly exchanged with other solvent mole-
cules, thus decreasing the steric hindrance for the flipping of
the backbone. Further cooling should result in a complete
splitting into two sets of protons. In contrast, the presence
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of relatively strongly coordinating OAc™ anions in M13A
makes the overall complex more rigid at lower temperature,
thereby hindering the dynamic flipping of the backbone.
In the case of the crowded [Pd(ligand),](anion), comp-
lexes, two sets of proton resonances are observed at all tem-
peratures. Their spectra resemble the one shown in Fig-
ure 3, b.
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Figure 3. 'H NMR spectra of monochelate complexes in (CDj3),-
CO: a) M13A at 23 °C; b) M13A at -60 °C; ¢c) M13T at 23 °C; d)
M13T at —60 °C; e) schematic view of the interactions and labelling
of the H atoms. The symbol @ indicates that the resonance belongs
to an equatorially aligned ring, o indicates that the resonance be-
longs to an axially aligned ring, and # indicates a resonance from
a tosylate anion.

Complex Formation Studies

NMR spectroscopic studies were performed to explore
the kinetics of formation of the palladium complexes of dif-
ferent types of ligands in more detail. Using Pd(OAc),, the
complex formation was studied in the deuterated solvents
CD,Cl,, (CD3),CO, and CD3;0D. When using Pd(OTs), the
only suitable solvent is a mixture of (CD3),CO in CD-Cl,
(17% viv); Pd(OTs), is immediately reduced in CD;0D,
HOTs and Pd(OTs), are insoluble in pure CD,Cl,, and
most [Pd(ligand),](OTs),-type complexes are insoluble in
(CD3),CO. An overview of the results of selected complex
formation studies is presented in Table 3. During these
studies a variety of complexes were observed in situ, but
were not isolated. Nonetheless, an overview of the 'H- and
3IP.NMR spectroscopic data of all the detected complexes
is given in Table S1.

Ethylene-Bridged Ligands

Use of the ethylene-bridged ligands L1-L3 directly re-
sults in the formation of the monochelate complex [Pd(li-
gand)(OAc),] when the reaction is performed in (CD3),CO
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or CD,Cl, (Entries 1-3). In CD;0D however, as reported
by Mul and co-workers,*! L1 initially forms the bischelate
complex (dp = 58.7 ppm) as the kinetic product, which con-
verts to the thermodynamically more stable monochelate
complex (5p = 63.7 ppm) over time (k' = 0.44 h™!). In the
case of the sterically more demanding ligands L2 (0-MeO)
and L3 (0-EtO), in CD;0OD the monochelate complex is
formed directly as the major species (= 70%). The other
product is the bischelate complex (= 30%). The composi-
tion of this mixture did not change over time (eight hours),
nor upon addition of another 0.2 equiv. of Pd(OAc),. This
indicates that the 0-MeO moieties on the ligand shield the
palladium in the bischelate complex from OAc™ coordina-
tion. It thus appears that ethylene-bridged ligands directly
form the monochelate complex, except in a relatively polar
solvent. Only then the OAc™ anions may dissociate from
Pd! to allow a second ligand to coordinate, thus forming
the bischelate complex. Indeed, it has been reported that by
employing the weakly coordinating OTs  anions, the bi-
schelate complex is formed exclusively.’!

Propylene-Bridged Ligands

For the ligands with an unsubstituted propylene back-
bone (Entries 4 and 6-9) different behaviour is observed
when starting from Pd(OAc),. In the case of L4 (dppp), the
monochelate complex is formed immediately in all solvents.
However, the ortho-methoxy analogue of this ligand (L7)
forms the monochelate complex via an intermediate species,
as is illustrated in Figure 4 (in CD,Cl,).

This intermediate is not the usual bischelate complex,
since the characteristic resonances of the axial and equato-
rial (ortho) protons are not observed. In the NMR spectra
of this intermediate, no free ligand 3'P resonance is ob-
served at —37 ppm, and several resonances are observed for
the ortho-methoxy protons (3.3-3.9 ppm). The resonances
around 1.8 and 0.6 ppm are indicative of different types of
OAc anions. These observations suggest the formation of
a polynuclear species, which could be either a polymeric
compound [Pd(L7)(OAc),], in which the ligand is mono-
dentate and bridging, or a dinuclear complex [{Pd(L7)-
(OAC¢)},L7](OAc),. The intermediate species could be iso-
lated, but we were unable to detect a mass higher than that
of the monochelate complex using ESI mass spectroscopy.

To investigate whether the difference in behaviour of the
ligands L4 and L7 is due to steric or electronic reasons, a
series with increased steric bulk on the ortho position was
studied; L4 (H), L6 (Me), L7 (MeO), and L8 (EtO). The
same type of intermediate is observed for the ligands L6-L8
in (CD3),CO; the conversion to the monochelate complex
follows approximate first-order kinetics (see Figure 5). An
increase in steric bulk results in a lower p — m conversion
rate, with &’ = 1.03, 0.49, and 0.25 h ! for L6, L7, and LS8,
respectively. Apparently, in the proposed intermediate poly-
nuclear species, the larger steric “ortho-bulk™ of the ligand
shields the palladium d.. orbital (see also Figure 3, ¢) for
the approach of a phosphane (in the case of [Pd(L)-

Eur. J. Inorg. Chem. 2010, 298-310



Pd'"' Complexes of Bidentate Diphenylphosphane Ligands

Eur|IC

European Journal
of Inorganic Chemistry

Table 3. Overview of complex formation studies, monitored by 'H and 3'P NMR spectroscopy.[?!

Ligand (L) Pd(OAc), Pd(OTs),
Entry Schematic drawing R X Code CD;0D (CD5),CO CD.Cl, CD,CL,™

; 7\ el(™ H L1 b--m (0.44) m m (b in CD;0D)"!

- \ | / 0-MeO L2 m+b m m
3 X 72 x 2 0-EtO L3 m+b m m
4 H H L4 m m m b—-m (6.23)
5 R. R CH; H L5 m m m
6 Rﬂ — H o-Me L6 i p—m (1.03) m
7 <®>P P@) H 0-MeO L7 p—»m (0.07)*  p-m(049) p-m(0.53) b-m(0.01)
8 x 42 x 2 H 0-EtO L8 i p-m(0.25) p-m(1.00)
9 @ H p-MeO L9 m m m
10 <0 CH; 0-MeO L10 m m m
11 K C,Hs 0-MeO L11 m m m
12 i C,Hs 0-EtO L12 m m m
13 R* 0-MeO L13 i m m
14 R R H H Li4 p—m (1.07) m
15 R_S — H 0-MeO  LI5 i i p—x(1.26)

7 N\p p . :

16 <®> @) H o-Et0 L16 i i p—x (0.58)
17 x 72 x 2 H  pMeO LI7 p--m (1.15)
18 7% R#* H L18 m
19 P R**  0-MeO  L19 m

=R~

[a] [Pd(OAc),] or [Ligand] = 16 mm. The values between parentheses represent a reaction constant (k’ in h™!, see Exp. Sect.) for the
observed conversion. m = monochelate complex; b = bischelate complex; p = polynuclear complex; x = unidentified complex(es); i =
ligand or complex is insoluble. See text for further explanation. [b] 17% (v/v) of (CD5);CO in CD,Cl, was actually used due to solubility
problems. [c] The complex formation was accompanied by plating over time.

K.MW 4.0
me 1.6
LMWW 1.3

(1) Quury,

O

LS

6.6 '4.0

0.0"' 22

Chemical shift in 6 (ppm)

Figure 4. Complex-forming study followed by 'H and 3'P NMR spectroscopy; [Pd(OAc),] in CD,Cl, added to L7. @ resonance of the
(thermodynamic) monochelate complex; O resonance of the (kinetic) intermediate.

(OAc),],) or an acetate anion (in the case of
[{Pd(L)(OAc)},L](OAc),). This is illustrated in Figure 6. To
confirm that the effect is purely based on steric grounds the
experiment was repeated with L9 (p-MeO, Entry 9). This
ligand indeed showed the immediate formation of the mon-
ochelate complex in all three solvents.
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Interestingly, when the propylene backbone is more rigid
by the gem-dialkyl substitution of the central carbon atom
in the bridge (L10 — L13, Entries 10-13), no intermediate
species is observed. In these cases the monochelate complex
is immediately formed, even for ligand L12, which com-
prises the larger 0-EtO substituent on the phenyl rings. This
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Figure 5. Effect of the steric bulk on monochelate complex forma-
tion with propylene-bridged ligands in acetone; plot of In(rel. inte-
gral) vs. time (h), at 23 °C with linear trend lines. & L6 at 0 =
8.1 ppm; O L7 at 6 = 7.4 ppm; O L8 at 6 = 7.3 ppm.

PR, X

AcOy, Of‘PR PR, RP, Of‘\pR RP,,’\O AAAA WPR
RP/OIOAC <RP/ O\OAC AcO/O \PR>
X
d,?

d,?

Figure 6. Illustration of the ligand-induced steric hampering that
retards the formation of [Pd(L)(OAc),]-type complexes. The steric
bulk of the ortho-moieties (X) of the ligand shields the palladium
d.> orbital from ligand approach in [Pd(L)(OAc),], (a), or from
acetate coordination in [{Pd(L)(OAc)},L](OAc), (b).

observation is attributed to the so-called “Thorpe-Ingold”
effect;*334 due to the presence of the two substituents on
the central carbon atom in the backbone, the two phospho-
rus atoms are pre-oriented and more likely to form a chelate
on palladium. In line with this, L5 also forms the mono-
chelate complex immediately.

Butylene-Bridged Ligands

With the butylene-bridged ligands L14 and L.17 (0-H and
p-MeO, Entries 14 and 17) the monochelate complex is
formed only via an intermediate species; several 3'P reso-
nances around 12 ppm disappear over the time. The ap-
proximate first-order reaction constants of these conver-
sions are of the same magnitude (in CD,Cl, k' = 1.07 and
1.15h™! for L14 and L17, respectively). This difference in
behaviour between the unsubstituted C3- and C4-bridged
ligands is ascribed to the increased flexibility of the butyl-
ene backbone. This renders the ligand a weaker chelate thus
favouring the initial formation of a polynuclear species. In
agreement with this hypothesis, using a ligand with a more
rigid backbone (L18, Entry 18) the monochelate complex is
formed immediately.

A different thermodynamic species is observed when ste-
ric bulk is added to the ortho position in the flexible butyl-
ene-bridged ligands (L15 and L16). This is exemplified for
ligand L15 in Figure 7. The kinetic product is rather similar
to those formed for the o-H (L14) and p-MeO (L17) ana-
304

www.eurjic.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

logues. A number of resonances is observed in the 3'P

NMR spectrum around 11 ppm, and in the 'H NMR spec-
trum around 3.75 ppm for the methoxy group. Especially
the aromatic resonance around 7.9 ppm is very characteris-
tic for this type of intermediate. However, for L15 and L16
the nature of the thermodynamic product is unclear; it is
most certainly not the desired monochelate complex, or the
bischelate complex. The rate of conversion again depends
on the size of the steric bulk; k" = 1.26 (L15; 0-MeO) and
0.58 (L16; 0-EtO). Because L17 (p-MeO) eventually forms
the monochelate complex, the formation of the unidentified
species is ascribed to steric influences. When the backbone
is made more rigid (L19), the monochelate complex is
formed immediately and none of the other species were de-
tected.

BN ) R IO W

(y) sy,

3 (ppm)

Figure 7. Complex formation for L15 monitored by 'H- and *'P
NMR spectroscopy; [Pd(OAc),] in CD,Cl, added to L15. @ reso-
nance of thermodynamic product; O resonance of the kinetic inter-
mediate.

The Role of the Coordinating Strength of the Anions

Not only the steric bulk and (the rigidity of) the ligand
backbone are important for the course and rate of the com-
plex formation. The coordination strength of the anions
was also found to be an important factor. For L1 (ethylene
backbone) it is known that when employing the weakly co-
ordinating CF;C(O)O™ anions in CD;OD, the bischelate
complex is both the kinetic and thermodynamic species.!

For the propylene-bridged ligands, it was found that the
more polar the solvent, the more dissociated the OAc™
anions become, and hence the slower the conversion to the
monochelate complex. This is most prominently reflected
in the series performed with L7 (0-MeO). As can be seen
from Entry 7 in Table4, the monochelate complex is
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[Pd(L2)(OAc),] [PA(L7)(OAc),] [Pd(L10)(OAc),] [PA(L13)(OAc),] [Pd(L10),](OTs),

Empirical formula C34H3808P2Pd'2CHC13 C35H4008P2Pd'H20 C37H4408P2Pd'3H20 C43H52010P2Pd [C66H7608P4Pd] (C7H703S)2
+ disordered solvent

Fw 981.72 775.03 839.11 897.19 1569.92121
Crystal colour colourless yellow colourless yellow yellow
Crystal size [mm]®  0.21 X0.15X0.12 0.24X0.18 X0.15 0.30x0.12 < 0.08 0.66x0.12x0.12 0.30<0.12x0.12
Crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
Space group C2/c (no. 15) P2,/c (no. 14) P2,/c (no. 14) P2,/c (no. 14) C2/c (no. 15)
a[A] 21.3571(2) 13.9845(3) 13.7552(1) 10.8518(4) 26.4819(3)
b[A] 11.0576(1) 16.2664(4) 14.2919(1) 26.8681(11) 14.1198(2)
c[A] 19.5445(2) 20.0199(3) 20.0689(2) 15.5000(7) 24.7120(3)
AN 116.1887(4) 130.991(2) 96.4044(4) 113.881(3) 118.1165(6)
VA3 4141.78(7) 3437.47(16) 3920.68(6) 4132.4(3) 8149.85(18)
Z 4 4 4 4 4
Qogea. [efem’] 1.574 1.498 1.422 1.442 1.279
4 [mm] 0.961 0.687 0.612 0.584 0.417
(sin 0/2)max [A] 0.65 0.65 0.65 0.65 0.60
Refl. (meas./unique) 33907/4746 58871/7906 55912/8984 136182/9451 37289/7346
Abs. corr. multi-scan multi-scan multi-scan multi-scan multi-scan
Abs. corr. range 0.85-0.89 0.75-0.90 0.92-0.96 0.60-0.93 0.74-0.96
Param./restraints 270/66 438/0 470/0 511/0 464/0
R1wWR2 [I>20()]  0.0299/0.0731 0.0257/0.0579 0.0314/0.0722 0.0409/0.0745 0.0463/0.1129
R1/wR2 [all refl.] 0.0436/0.0793 0.0400/0.0637 0.0470/0.0797 0.0676/0.0856 0.0685/0.1222
N 1.100 1.044 1.067 1.152 1.031
Apuminsmax. [€A] —0.54/0.51 —0.43/0.60 —0.68/0.84 -0.71/0.57 —0.59/0.95

[a] Derived values do not contain the contribution of the disordered solvent.

formed slightly faster in CD,Cl, (k' = 0.53) than in (CD3),-
CO (k' = 0.49), and only very slowly in CD;0OD (k' = 0.07).
Similar trends were observed with ligands L6 and L8 (En-
tries 6 and 8). That these observations are due to the coor-
dinating ability of the anions is confirmed by employing
weakly-coordinating OTs™ anions. Instead of a polynuclear
species, L7 now forms the bischelate complex as kinetic
product (Entry 7). Evidently, OTs anions are highly disso-
ciated (even in the relatively apolar CD,Cl,) to allow the
formation of a cationic species with a P, donor set. The
conversion to the monochelate complex is extremely slow
(k' = 0.01 h'"), because the 0-MeO moieties shield the pal-
ladium d_- orbitals from anion coordination (see Figure 6).
Evidently, OTs ™ anions coordinate so weakly that they can
hardly overcome this steric repulsion induced by the 0-MeO
moieties. When working with L4 (o-H, Entry 4), the bischel-
ate complex was also formed as intermediate. However, due
to the smaller ortho-bulk the conversion to the monochelate
complex proceeds very rapidly (k' = 6.23 h™').

The coordinating ability of the anions also influences the
course of the complex formation with butylene-bridged li-
gands. As can be seen in Entry 14 (L14, o-H), when em-
ploying OTs™ anions the monochelate complex is formed
immediately, whereas with OAc™ anions it proceeds via
some intermediate. This can be rationalized as follows.
When OAc  anions are used, the monochelate complex
(P,O, donor set) is formed via a PO; donor set. This is
due to the strongly-coordinating nature of the OAc™ anions
(perhaps in a bridging manner). When the anions are
weakly coordinating (OTs") the PO, donor set is formed
immediately. That the ligand L14 does not form the bischel-
ate complex (e.g., a P, donor set like its propylene-bridged
analogue L4) is ascribed to its larger bite-angle (f = 99°
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vs. 94°).3%1 This imposes a steric constraint on the adjacent
coordination sites,*%37! thus disfavouring bischelate com-
plex formation.

Conclusions

A variety of palladium complexes with substituted biden-
tate diphenylphosphane ligands has been synthesized using
straightforward synthetic procedures. More specifically,
monochelate and bischelate complexes with strongly (OAc")
or weakly (OTs") coordinating anions have been obtained,
and structures of representative complexes have been de-
scribed. By using variable-temperature NMR spectroscopic
studies, it was shown that the solid-state structure of this
type of complexes is fully retained in solution.

It was shown that three ligand-dependent factors play
a crucial role in the formation of [Pd(ligand)(anion),]-type
complexes: the length of the bridge between the phosphorus
donors, the steric bulk at the ortho position of the phenyl
rings, and the rigidity of the backbone. The coordinating
ability of the anions was also found to be an important
factor in the complex forming process.

Depending on these factors, the desired [Pd(ligand)(-
anion),] complex is formed instantaneously, via some inter-
mediate, or not at all. Notably, when making the ligand
bridge more rigid, the desired [Pd(ligand)(anion),] complex
is formed directly in all cases studied.

It is thus concluded that it is important to realize that
the formation of [Pd(ligand)(anion),]-type complexes is not
always instantaneous or successful. Thus, when performing
catalytic reactions with in situ formed complexes, one
should make sure that the desired complex will actually
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form. We hope to have provided a significant contribution
to the fundamental understanding of whether the desired
catalyst will indeed be formed.

Experimental Section

Materials: Solvents and chemicals were commercially available as
A.R. grade and used as received, unless stated otherwise. The li-
gand and complex syntheses were performed under argon and the
purifications were commonly performed in air, unless stated other-
wise. A schematic overview of the ligands used in this study is pre-
sented in Table 1. The ligands L1, L4, L14, and L17 are commer-
cially available and were used as received. The ligands L5, L15, and
L16 have been synthesized according to literature procedures.!3$ 411
The other ligands were obtained as a gift from Shell International
Chemicals B.V., where they were prepared according to literature
procedures.*>>%1 All ligand molecular data are summarized in
Table S1.

Physical Methods

Common Analytical Techniques: 'H- and *'P{'H}-NMR spectra
were recorded using a DPX Bruker instrument operating at 300 or
400 MHz. Chemical shifts are reported in o (parts per million); the
proton resonances are given relative to the solvent peak [CD;OD
= 3.33 ppm, (CHj3),SO = 2.50 ppm, (CH;),CO = 2.06 ppm, CDCl;
= 7.26 ppm, CD,Cl, = 5.30 ppm] or tetramethylsilane (TMS,
0 ppm). The phosphorus resonances are given relative to the exter-
nal standard H;PO,4 (85%, 0 ppm). C, H, and N analyses were
carried out using an automatic Perkin—Elmer 2400 Series I CHNS/
O microanalyzer. ESI Mass Spectroscopy was carried out using a
Finnigan Aqua Mass Spectrometer equipped with an electrospray
ionization (ESI) source. Sample solutions (10 uL of a 1 mg/mL
solution) were introduced in the ESI source by using a Dionex ASI-
100 automated sampler injector and an eluent running at 0.2 mL/
min.

X-ray Crystal Structure Determinations: X-ray intensities were mea-
sured with a Nonius KappaCCD diffractometer with rotating an-
ode (graphite monochromator, 4 = 0.71073 A) at a temperature of
150(2) K. Data were integrated with the HKL20005!
([PA(L2)(OAc),], [Pd(L10)(OAc),], [Pd(L10)](OTs),) or Eval-
CCDP?l ([PA(L7)(OAc),], [PA(L13)(OAc),]) software. The struc-
tures were solved with Direct Methods using the programs SIR-
97631 ([PA(L2)(OAc),], [Pd(L10)](OTs),) and SHELXS-9754
([PA(L10)(OAc),]) or with automated Patterson Methods using the
program DIRDIF-995551 ([Pd(L7)(OAc),], [Pd(L13)(OAc),]). The
structures were refined with SHELXL-97.54 Non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen
atoms were located in difference-Fourier maps ([Pd(L2)(OAc),],
[PA(L10)(OAc),]) or introduced in calculated positions
([PA(L7)(OAc),], [Pd(L13)(OAc),], [Pd(L10),](OTs),) and refined
with a riding model. Drawings, structure calculations and checking
for higher symmetry were performed with the PLATON soft-
ware.’®) Further experimental details are given in Table 4.

CCDC-748839 (for [Pd(L2)(OAc),]), -748840 (for [Pd(L7)-
(OAc),]), -748841 (for [Pd(L10)(OAc),]), -748842 (for [Pd(L13)-
(OAc),)), -748843 (for [Pd(LL10),](OTs),) contain the supplementary
crystallographic 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.

[PA(L2)(OAc),]: The CHCIl; solvent molecule was refined with a
disorder model. [Pd(L7)(OAc),]: Hydrogen atoms of the water
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molecule were refined freely with isotropic displacement param-
eters. [Pd(L10)(OAc),]: Hydrogen atoms of the water molecules
were kept fixed at the positions located in difference Fourier maps.
The methyl groups of the acetate ligands were refined with two
conformations, respectively. [Pd(L10),](OTs),: The crystal structure
contains solvent accessible voids (1046 A3/unit cell) filled with dis-
ordered solvent molecules. Their contribution to the structure fac-
tors was secured by back-Fourier transformation using the
SQUEEZE routine of the program PLATON resulting in 307 ¢/
unit cell.

NMR Spectroscopic Complex Formation Studies

Preparation of the Samples, Using Pd(OAc),: The ligand
(12.8 umol) was weighed into an NMR tube and put under argon.
In another tube, Pd(OAc), (3.59 mg, 16 umol) was dissolved in
1 mL of solvent under argon. Of this solution, (0.8 mL, 12.8 pmol
of Pd) was added to the ligand using a 1-mL syringe, which was
dry and flushed with argon. The thus obtained mixture (16 mm)
was thoroughly mixed using a vortex mixer until a clear solution
was obtained. When no clear solution was obtained within ten min-
utes of mixing, the sample was considered to be insoluble and was
discarded.

Preparation of the Samples, Using Pd(OTs),: The ligand
(12.8 umol) was weighed into an NMR tube and put under argon.
In another tube, Pd(OAc), (3.59 mg, 16 umol) and HOTs (5.51 mg,
32 umol) were dissolved in 1 mL of (CDj3),CO in CD,Cl, (17%
v/v), under argon. Of this solution, 0.8 mL (12.8 pmol of Pd) was
added to the ligand using a 1-mL syringe, which was dry and
flushed with argon. The thus obtained mixture (16 mM) was thor-
oughly mixed using a vortex mixer until a clear solution was ob-
tained. When no clear solution was obtained within ten minutes of
mixing, the sample was considered to be insoluble and was dis-
carded.

NMR Kinetic Measurements: The clear solutions were monitored
with 'H- and 3'P{'H}-NMR spectroscopy, over a period of about
four to fourteen hours. All measurements of the same experiment
(e.g., a specific complex formation study) were recorded with an
identical number of free inductive decays (FIDs). For a typical pro-
ton measurement, the number of FIDs was 16. For the phosphorus
NMR spectra the number of FIDs was typically 40.

Data Analysis: For the data analysis of the complex formation
studies, the integral of an isolated aromatic resonance of the inter-
mediate species was taken relative to the total integral of all aro-
matic protons. The natural logarithm of this number was plotted
against time, which always resulted in a hyperbolically shaped
curve. Of the initial linear part, the best fit was calculated with the
least-squares method. These are the graphs that are given in this
paper. The slopes of these linear functions reflect the (presumed
first order) reaction constant (k'), not in absolute, but in relative
sense. This was done because the exact nature of the disappearing
species is (in most cases) unknown.

Low-Temperature NMR Spectroscopic Experiments: Some of the
obtained complexes were characterized by 'H and 3'P{'H} NMR
spectroscopy, both at room temperature (20 °C) and at low tem-
perature (60 °C). This was typically done by monitoring the 'H
and 3'P NMR resonances of a 16 mm solution during cooling at
20, 0, —20, 40, and —60 °C. Before a spectrum at a specific tem-
perature was recorded, it was ensured that the cooling apparatus
was stable with an error of about 1 °C. When this was achieved, a
waiting period of about ten minutes was applied to ensure that the
sample had acquired the temperature as indicated by the cooling
apparatus.
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General Synthetic Methods for the Synthesis of the Complexes

Method A. For [Pd(L)(OAc),]: A solution of Pd(OAc), (74 mm) in
CH,Cl, was prepared and filtered. A 25-mL round-bottomed flask
filled with argon was charged with 10 mL of this solution and a
magnetic stirring rod. To the stirred solution, 0.74 mmol of the
solid ligand was added and the reaction mixture was stirred over-
night (wrapped in aluminium foil), where after the solvent volume
was reduced to about 5mL. The complex was precipitated with
Et,O/n-hexane, collected by filtration through a glass frit (P4),
washed with Et,O/n-hexane and dried in vacuo.

Method B. For [Pd(L)(OTs),]: A solution of Pd(OAc), (74 mM) in
CH,Cl, was prepared and filtered. A 25-mL round-bottomed flask
filled with argon was charged with 10 mL of this solution and a
magnetic stirring rod. To the stirred solution, 0.74 mmol of the
solid ligand was added and the reaction mixture was stirred over-
night (wrapped in aluminium foil). Then, para-toluenesulfonic acid
(1.5 mmol, 0.26 g) was added and the solvent volume was reduced
to about 5 mL. The complex was precipitated with Et,O/n-hexane,
collected by filtration through a glass frit (P4), washed with Et,O/
n-hexane and dried in vacuo.

Method C. For [Pd(L),]J(OAc);: A 25-mL round-bottomed flask
filled with argon was charged with 15 mL MeOH, 1 mmol of the
ligand, and a stirring rod. The resulting suspension was stirred, and
2 mL of a filtered Pd(OAc), solution (0.25 M in CH,Cl,) was added.
After overnight stirring (wrapped in aluminium foil), the solvent
volume was reduced to about 5 mL. The complex was precipitated
with Et,O/n-hexane, collected by filtration through a glass frit (P4),
washed with Et,O/n-hexane and dried in vacuo.

Method D. For [Pd(L);J(OTs),: A 25-mL round-bottomed flask
filled with argon was charged with 15 mL MeOH, 1 mmol of the
ligand, and a stirring rod. In another round-bottomed flask,
2 mmol (0.35 g) of para-toluenesulfonic acid was added to 4 mL of
a 0.25 M solution of Pd(OAc), in CH,Cl,. From this solution, 2 mL
were added to the ligand/MeOH suspension. After overnight stir-
ring (wrapped in aluminium foil), the solvent volume was reduced
to about 5 mL. The complex was precipitated with Et,O/n-hexane,
collected by filtration through a glass frit (P4), washed with Et,0/
n-hexane and dried in vacuo.

Complexes

[Pd(L1)(OAc),] (M1A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 97% (447 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR (300 MHz, CH;0H): § = 7.80 (q, 8 H, m-Ph-
H), 7.52 (m, 4 H, p-Ph-H), 7.45 (t, 8 H, 0-Ph-H), 2.50 (m, 4 H,
PCH,), 1.49 (s, 6 H, OC(O)CH;) ppm. *'P NMR (300 MHz,
CH;0H): 6 = 63.66 ppm. [Pd(L1)(OAc),]: C3,H3004P,Pd (622.92)
+0.75CH,Cl,: caled. C 53.79, H 4.62; found C 53.58, H 4.65. ESI
Mass Spectroscopy, m/z found (caled.): [M — OAc]" = 562.66
(563.05).

[Pd(L1)(OTs),] (M1T): This compound was prepared following
method B. The product was obtained as a yellow powder, with an
isolated yield of 89% (558 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with n-
hexane. 'H NMR [300 MHz, OC(CH3),]: 6 = 7.95 (q, 8 H, m-Ph-
H), 7.76 (m, 4 H, p-Ph-H), 7.63 (m, 8 H, 0-Ph-H), 7.51 (d, 4 H, o-
OTs-H), 7.11 (d, 4 H, m-OTs-H), 3.08 (m, 4 H, PCH,), 2.32 (s, 6
H, p-OTs-CH;) ppm. 3'P NMR [300 MHz, OC(CH;),]: § =
74.26 ppm. Elemental analyses for [PA(L1)(OTs),).
C40H3304P,PdS, (847.22)-0.5CH,Cl1,-0.25C4H 4: caled. C 54.24, H
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5.08, S 5.88; found C 54.24, H 5.00, S 5.91. ESI Mass Spectroscopy,
m/z found (calcd.): [M — OTs]* = 674.70 (675.05).

[Pd(L1),](OTs), (B1T): This compound was prepared following
method D. The product was obtained as a yellow powder, with an
isolated yield of 92% (573 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with n-
hexane. '"H NMR (300 MHz, CHCl): § = 8.08 (d, 4 H, 0-OTs-H),
7.46 (m, 20 H, m-Ph-H, m-OTs-H), 7.26 (m, 20 H, o-Ph-H, p-Ph-
H), 3.16 (m, 8 H, PCH>), 2.39 (s, 6 H, p-OTs-CH;) ppm. *'P NMR
(300 MHz, CHCly): 6 = 56.74 ppm. Elemental analyses for [Pd-
(L1),](OTs),. Ce6He06P4PdS, (1245.64)-2CH,Cl,-CgH 4: caled. C
59.19, H 5.37, S 4.05; found C 59.26, H 5.25, S 3.94. ESI Mass
Spectroscopy, m/z found (caled.): [M — OTs]" = 1072.73 (1073.19).

[Pd(L2)(OAc),] (M2A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 81% (445 mg). Single crystals suitable for X-ray
crystallography were obtained by layering a solution of the complex
in dichloromethane with n-hexane. '"H NMR (300 MHz, CDCl;): 6
=8.04 (q, 4 H, 0-Ph-H), 7.50 (t, 4 H, p-Ph-H), 7.04 (t, 4 H, OC=C-
H), 6.92 (q, 4 H, m-Ph-H), 3.72 (s, 12 H, OCHs;), 2.63 (d, 4 H,
PCH,), 1.36 [s, 6 H, OC(O)CH;] ppm. *'P NMR (300 MHz,
CDCl;): 6 = 60.91 ppm. Elemental analyses for [Pd(L2)(OAc),],
C34H;3304P,Pd (743.03)-0.3H,0: caled. C 54.52, H 5.20; found C
54.99, H 5.65. ESI Mass Spectroscopy, m/z found (caled.): [M —
OAc]* = 682.75 (683.98).

[Pd(L2)(OTs),] (M2T): This compound was prepared following
method B. The product was obtained as a yellow powder, with an
isolated yield of 68% (487 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR [300 MHz, OC(CH3),]: 6 = 7.65 (m, 4 H, p-
Ph-H, o-Ph-H), 7.50 (d, 4 H, 0-OTs-H), 7.24 (t, 4 H, OC=C-H),
7.09 (m, 8 H, m-Ph-H, m-OTs-H), 3.80 (s, 12 H, OCHs), 3.05 (m,
4 H, PCH>), 2.29 (s, 6 H, p-OTs-CH;) ppm. 3'P NMR [300 MHz,
OC(CHs),]: 0 = 57.50 ppm. Elemental analyses for [Pd(L2)(OTs),],
Cy4H6010P,PdS, (967.33)-1CH,Cl,:0.250(C,Hj3),: caled. C 51.60,
H 4.75, S 2.97; found C 51.67, H 4.64, S 2.82. ESI Mass Spec-
troscopy, m/z found (calcd.): [M — OTs]* = 794.77 (796.13).

[Pd(L2),]J(OAc), (B2A): This compound was prepared following
method C. The product was obtained as a yellow powder, with an
isolated yield of 73% (460 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR (300 MHz, CDCls): 6 = 8.14 [br., 4 H, 0-Ph-
H(ax)], 7.80 [t, 4 H, p-Ph-H(ax)], 7.54 [m, 4 H, m-Ph-H(ax)], 7.35
[m, 4 H, m-Ph-H(eq)], 7.11 [d, 4 H, OC=C-H(ax)], 6.88 [d, 4 H,
OC=C-H(eq)], 6.46 [t, 4 H, p-Ph-H(eq)], 5.88 [br., 4 H, o-Ph-
H(eq)], 3.68 [s, 12 H, OCHj;(ax)], 3.59 [s, 12 H, OCHj(eq)], 3.20
(m, 8 H, PCH>), 2.02 [s, 6 H, OC(O)CH;] ppm. 3P NMR
(300 MHz, CDCl3): 6 = 55.83 ppm. Elemental analyses for [Pd(L2),]-
(OAc),, CgH70O,P4Pd  (1261.55)-10(C,H3),°3H,0:  caled. C
52.63, H 5.70; found C 52.35, H 5.93. ESI Mass Spectroscopy, m/z
found (caled.): [M — 20Ac]** = 571.72 (571.73).

[Pd(L2),](OTs), (B2T): This compound was prepared following
method D. The product was obtained as a yellow powder, with an
isolated yield of 30% (223 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR (300 MHz, CDCls): 6 = 8.08 [br., 4 H, 0-Ph-
H(ax)], 7.89 (d, 4 H, 0-OTs-H), 7.81 [t, 4 H, p-Ph-H(ax)], 7.50 [t,
4 H, m-Ph-H(ax)], 7.26 [t, 4 H, m-Ph-H(eq)], 7.12 (d, 4 H, m-OTs-
H), 6.97 [d, 4 H, OC=C-H(ax)], 6.82 [d, 4 H, OC=C-H(eq)], 6.56
[t, 4 H, p-Ph-H(eq)], 5.84 [br., 4 H, 0-Ph-H(eq)], 3.67 [s, 12 H,
OCHj;(ax)], 3.52 [s, 12 H, OCHj;(eq)], 3.03 (m, 8 H, PCH,), 2.33
(s, 6 H, p-OTs-CH;) ppm. *'P NMR (300 MHz, CDCl3): § =
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55.95 ppm. Elemental analyses for [PA(L2),](OTs),,
C74H7504P4PdS, (1485.85)-2CH,Cl,-20(C,H3),: caled. C 55.93, H
5.70, S 3.63; found C 56.04, H 5.88, S 3.80. ESI Mass Spectroscopy,
m/z found (caled.): [M — OTs]* = 1072.73 (1073.19).

[Pd(L4)(OAc),] (M4A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 93% (438 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. 'H NMR (300 MHz, CHCl;): § = 7.72 (m, 8 H, m-Ph-
H), 7.34 (m, 12 H, 0-Ph-H, p-Ph-H), 2.51 (m, 4 H, PCH,), 2.15
(m, 2 H, PCH,CH,), 1.34 [s, 6 H, OC(O)CH;] ppm. *'P NMR
(300 MHz, CHCl3): 0 = 9.74 ppm. Elemental analyses for
[Pd(L4)(OAc),], C31H3,04P-Pd (636.95)-:0.5CH,Cl,:0.50(C,H3),:
caled. C 56.16, H 5.35; found C 56.64, H 5.33. ESI Mass Spec-
troscopy, m/z found (caled.): [M — OAc]* = 576.65 (577.91).

[Pd(L4)(OTs),] (M4T): This compound was prepared following
method B. The product was obtained as a yellow powder, with an
isolated yield of 78% (497 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR (300 MHz, CHCl,): 6 = 7.67 (q, 8 H, o-Ph-
H), 741 (m, 8 H, p-Ph-H, 0-OTs-H), 7.26 (t, 8 H, m-Ph-H), 6.86
(d, 4 H, m-OTs-H), 2.83 (m, 4 H, PCH,), 2.25 (m, 2 H, PCH,CH,),
2.31 (s, 6 H, p-OTs-CH;) ppm. 3'P NMR (300 MHz, CHCl,): 6 =
15.88 ppm. Elemental analyses for [PA(L4)(OTs)s],
C41H4004P,PdS; (861.25)-1.3H,0: caled. C 55.63, H 4.86, S 5.15;
found C 55.73, H 4.79, S 5.51. ESI Mass Spectroscopy, m/z found
(caled.): [M — OTs]* = 688.71 (689.07).

[Pd(L5)(OAc),] (M5A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 96% (472 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. "TH NMR (300 MHz, CHCl;): 6 = 7.90 (m, 8 H, o-Ph-
H), 7.44 (m, 12 H, m-Ph-H, p-Ph-H), 2.29 (d, 4 H, PCH,), 0.91 (s,
6 H, CCH3), 1.44 [s, 6 H, OC(O)CH3] ppm. *'P NMR (300 MHz,
CHCl;): 0 = 16.35 ppm. Elemental analyses for [Pd(L5)(OAc),],
C33H340,P,Pd (665.00)-0.25CH,C1,:0.50(C,H3),: caled. C 58.62,
H 5.65; found C 58.66, H 5.57. ESI Mass Spectroscopy, m/z found
(caled.): [M — OAc]* = 604.77 (605.10).

[Pd(L5)(OTs),] (M5T): This compound was prepared following
method B. The product was obtained as a yellow powder, with an
isolated yield of 83% (546 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. "H NMR (300 MHz, CH;O0H): 6 = 7.88 (d, 4 H, o-
OTs-H), 7.58 (br., 8 H, 0-Ph-H), 7.29 (m, 16 H, m-Ph-H, p-Ph-H,
m-OTs-H), 2.59 (br., 4 H, PCH,), 2.38 (s, 6 H, p-OTs-CH3), 0.26
(s, 6 H, CCH;) ppm. *'P NMR (300 MHz, CH;0H): 6 = 6.72 ppm.
Elemental analyses for [Pd(L5)(OTs),], C43H4406P,PdS, (889.30):
CH,Cl,1.250(C,Hs),: caled. C 55.29, H 5.30, S 4.52; found C
55.37, H 5.19, S 4.69. ESI Mass Spectroscopy, m/z found (calcd.):
[M — OTs]* = 688.71 (689.07).

[Pd(L5),](OTs), (B5T): This compound was prepared following
method D. The product was obtained as a yellow powder, with an
isolated yield of 92% (612 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR (300 MHz, CH;0H): 6 = 8.00 (d, 4 H, o-
OTs-H), 7.60 (br., 16 H, 0-Ph-H), 7.26 (m, 28 H, m-Ph-H, p-Ph-H,
m-OTs-H), 2.62 (br., 8 H, PCH,), 2.38 (s, 6 H, p-OTs-CHS,), 0.26 (s,
12 H, CCH;) ppm. 3'P NMR (300 MHz, CH;0H): 6 = 5.63 ppm.
Elemental analyses for [Pd(L5),](OTs),, C7,H7404P4PdS, (1329.80)-
1.25CH,Cl,*O(C,H3),: caled. C 63.83, H 6.00, S 4.33; found C
63.73, H 6.24, S 4.62. ESI Mass Spectroscopy, m/z found (calcd.):
[M - OTs]* = 1156.91 (1157.28).
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[Pd(L7)(OAc),] (M7A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 87% (487 mg). Single crystals suitable for X-ray
crystallography were obtained by layering of n-hexane with a solu-
tion of the complex in dichloromethane. 'H NMR (300 MHz,
CDCly): 6 = 8.25 (br.,, 4 H, 0-Ph-H), 7.50 (t, 4 H, p-Ph-H), 7.08
(br., 4 H, m-Ph-H), 6.94 (d, 4 H, OC=C-H), 3.76 (s, 12 H, OCH),
2.44 (m, 4 H, PCH,), 1.95 (m, 2 H, PCH,CH,), 1.26 [s, 6 H, OC(-
O)CH;] ppm. 3'P NMR (300 MHz, CDCI3): 6 = 14.50 ppm. Ele-
mental analyses for [Pd(L7)(OAc),], C;sH40OgP,Pd (757.05)
CH,Cl5: caled. C 54.35, H 6.08; found C 54.18, H 6.21. ESI Mass
Spectroscopy, m/z found (calcd.): [M — OAc]* = 698.62 (698.01).

[Pd(L7),](OAc), (B7A): This compound was prepared following
method C. The product was obtained as a yellow powder, with an
isolated yield of 94% (606 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR (300 MHz, CH;0H): § = 8.59 [br., 4 H, o-
Ph-H(ax)], 7.74 [t, 4 H, m-Ph-H(ax)], 7.46 [t, 4 H, p-Ph-H(ax)],
7.30 [t, 4 H, p-Ph-H(eq)], 7.05 [m, 8 H, OC=C-H(ax, eq.)], 6.61 [t,
4 H, m-Ph-H(eq)], 591 [br., 4 H, o-Ph-H(eq)], 4.23 [s, 12 H,
OCHj;(ax)], 3.42 [s, 12 H, OCHj;(eq)], 2.90 [m, 4 H, PCH,(ax)], 2.38
[m, 4 H, PCH,(eq)], 1.95 (m, 2 H, PCH,CH,), 1.87 [s, 6 H, OC(O)
CH;] ppm. *'P NMR (300 MHz, CH;0H): = 5.56 ppm. Elemen-
tal analyses for [Pd(L7),]J(OAc),, CecH7401,P4Pd  (1289.60)
CH,Cl5: caled. C 55.96, H 6.58; found C 55.91, H 6.58. ESI Mass
Spectroscopy, m/z found (calcd.): [M — 2 OAc]** = 584.83 (585.15).

[Pd(L7),](OTs), (B7T): This compound was prepared following
method D. The product was obtained as a yellow powder, with an
isolated yield of 72% (545 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. "H NMR (300 MHz, CHCls): § = 8.51 [br., 4 H, o-Ph-
H(ax)], 7.96 (d, 4 H, 0-OTs-H), 7.73 [t, 4 H, m-Ph-H(ax)], 7.64 [t,
4 H, p-Ph-H(ax)], 7.20 [m, 8 H, p-Ph-H(eq), m-OTs-H], 6.99 [d, 4
H, OC=C-H(ax)], 6.83 [d, 4 H, OC=C-H(eq)], 6.47 [t, 4 H, m-Ph-
H(eq)], 5.82 [br., 4 H, 0-Ph-H(eq)], 4.33 [s, 12 H, OCH;(ax)], 3.38
[s, 12 H, OCHjs(eq)], 2.85 [m, 4 H, PCH,(ax)], 2.36 (s, 6 H, p-OTs-
CHs3), 2.25 [m, 4 H, PCH,(eq)], 1.52 (br., 4 H, PCH,CH,) ppm.
3IP NMR (300 MHz, CHCI5): 6 = 4.81 ppm. Elemental analyses
for [Pd(L7);]J(OTs),, Cs6Hg,014P4PdS, (1513.90)-0.25CH,Cl,-
0.250(C,Hj3),: caled. C 59.72, H 5.52, S 3.96; found C 59.48, H
5.87, S 3.96. ESI Mass Spectroscopy, m/z found (calcd.): [M —
OTs]* = 1340.53 (1341.30).

[Pd(L10)(OAc),] (M10A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 96% (558 mg). Single crystals suitable for X-ray
crystallography were obtained by layering of n-hexane with a solu-
tion of the complex in dichloromethane. 'H NMR (300 MHz,
CDCly): 6 = 8.15 (br., 4 H, 0-Ph-H), 7.51 (t, 4 H, m-Ph-H), 7.07
(m, 4 H, p-Ph-H), 6.92 (d, 4 H, OC=C-H), 3.86 (s, 12 H, OCHs),
2.58 (d, 4 H, PCH,>), 1.20 [s, 6 H, OC(O)CH5], 0.33 (s, 6 H, CCH5)
ppm. 3'P NMR (300 MHz, CDCI3): 6 = 20.84 ppm. Elemental
analyses for [Pd(L10)(OAc),], C3;H44OP,Pd (785.11):CH,Cl,
0.7C¢H;5: caled. C 54.51, H 6.01; found C 54.39, H 5.96. ESI Mass
Spectroscopy, m/z found (calcd.): [M —OAc]* = 724.77 (726.06).

[Pd(L10),](OAc), (B10A): This compound was prepared following
method C. The product was obtained as a yellow powder, with an
isolated yield of 97% (653 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. 'TH NMR (300 MHz, CH;OH): § = 8.36 [br., 4 H, o-
Ph-H(ax)], 7.64 [t, 4 H, m-Ph-H(ax)], 7.30 [m, 8 H, p-Ph-H(ax), p-
Ph-H(eq)], 7.11 [d, 4 H, OC=C-H(ax)], 6.92 [d, 4 H, OC=C-H(eq)],
6.70 [t, 4 H, m-Ph-H(eq)], 6.48 [br., 4 H, 0-Ph-H(eq)], 4.26 [s, 12
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H, OCHj(ax)], 3.41 [s, 12 H, OCHjs(eq)], 2.78 [d, 4 H, PCH,(ax)],
2.44 [d, 4 H, PCH(eq)], 1.88 [s, 6 H, OC(O)CH;], 0.22 (s, 12 H,
CCH;) ppm. 3'P NMR (300 MHz, CH50H): § = 10.88 ppm. Ele-
mental analyses for [Pd(L10),](OAc),, C;0Hg,O,P4Pd (1345.71)-
2.5CH,Cl,:2.50(C,Hj3),: caled. C 57.28, H 6.44; found C 56.97, H
6.90. ESI Mass Spectroscopy, m/z found (caled.): [M — 20Ac]** =
613.43 (613.18).

[Pd(L10),](OTs), (B10T): This compound was prepared following
method D. The product was obtained as a yellow powder, with an
isolated yield of 89% (699 mg). Single crystals suitable for X-ray
crystallography were obtained by layering of hexane with a solution
of the complex in acetone. '"H NMR (300 MHz, CDCl;): 6 = 8.29
[br., 4 H, 0-Ph-H(ax)], 7.95 (d, 4 H, 0-OTs-H), 7.56 [m, 8 H, p-Ph-
H(ax), m-Ph-H(ax)], 7.16 [m, 8 H, p-Ph-H(eq), m-OTs-H], 7.07 [d,
4 H, OC=C-H(ax)], 6.68 [d, 4 H, OC=C-H(eq)], 6.53 [t, 4 H, m-
Ph-H(eq)], 6.34 [br., 4 H, 0-Ph-H(eq)], 4.38 [s, 12 H, OCH;(ax)],
3.38 [s, 12 H, OCHj;(eq)], 2.70 [d, 4 H, PCH,(ax)], 2.36 (s, 6 H, p-
OTs-CHs3), 2.30 [d, 4 H, PCH(eq)], 0.12 (s, 12 H, CCH3) ppm. 3'P
NMR (300 MHz, CDCl3): 6 = 10.10 ppm. Elemental analyses for
[Pd(L10),](OTs),, CgoHooO,4P,PdS, (1570.01)-0.25CH,Cl,-
0.5C¢H 4: caled. C 58.87, H 5.79, S 3.92; found C 58.40, H 5.99, S
3.51. ESI Mass Spectroscopy, m/z found (calcd.): [M — OTs]* =
1396.47 (1396.37).

[Pd(L13)(OAc),] (M13A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 94% (624 mg). Single crystals suitable for X-ray
crystallography were obtained by layering of n-hexane with a solu-
tion of the complex in acetone. 'H NMR (300 MHz, CDCl5): § =
8.50 (br., 4 H, 0-Ph-H), 7.52 (br., 4 H, m-Ph-H), 7.08 (br., 4 H, p-
Ph-H), 6.94 (d, 4 H, OC=C-H), 3.88 (s, 12 H, OCH;), 3.09 (s, 4 H,
CCH-0), 2.68 (s, 4 H, PCH,), 1.57 (m, 4 H, OCCH,), 1.37 (m, 6
H, OCCH,CH,, OCCH,CH,CH,), 1.21 [s, 6 H, OC(O)CHj3] ppm.
3IP NMR (300 MHz, CDCls): 6 = 18.05 ppm. Elemental analyses
for [Pd(L13)(OAc),], C43Hs5,0,0P,Pd (897.23): caled. C 57.56, H
5.84; found C 57.00, H 6.16. ESI Mass Spectroscopy, m/z found
(caled.): [M — OAc]* = 836.82 (838.19).

[Pd(L13),](OAc), (B13A): This compound was prepared following
method C. The product was obtained as a yellow powder, with an
isolated yield of 70% (550 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with n-
hexane. '"H NMR (300 MHz, CH;OH): § = 8.35 [br., 4 H, o-Ph-
H(ax)], 7.34 [t, 4 H, p-Ph-H(ax)], 7.29 [t, 4 H, p-Ph-H(eq)], 7.14 [d,
4 H, OC=C-H(ax)], 6.97 [d, 4 H, OC=C-H(eq)], 6.78 [t, 4 H, m-
Ph-H(ax)], 6.72 [t, 4 H, m-Ph-H(eq)], 6.48 [br., 4 H, o-Ph-H(eq)],
4.30 [s, 12 H, OCH;(ax)], 3.42 [s, 12 H, OCHj;(eq)], 2.88 [d, 4 H,
PCH,(ax)], 2.56 [m, 12 H, PCH,(eq), CCH,O], 1.88 [s, 6 H, OC-
(O)CH;3], 1.37 (m, 8 H, OCCH,), 1.23 (m, 12 H, OCCH,CH,,
OCCH,CH,CH2) ppm. P NMR (300 MHz, CH;OH): ¢ =
8.82 ppm. Elemental analyses for [Pd(L13),](OAc),,
CgrHogO16P4Pd (1569.96)-0.5CH,Cl,-0.5C¢H 4: caled. C 62.03, H
6.45; found C 62.00, H 6.46. ESI Mass Spectroscopy, m/z found
(caled.): [M — 2 OAc]** = 725.15 (725.23).

[Pd(L13),](OTs), (B13T): This compound was prepared following
method D. The product was obtained as a yellow powder, with an
isolated yield of 63% (565 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with n-
hexane. '"H NMR (300 MHz, CHCIl5): § = 8.28 [br., 4 H, o-Ph-
H(ax)], 8.00 (d, 4 H, 0-OTs-H), 7.60 [m, 8 H, p-Ph-H(ax), m-Ph-
H(ax)], 7.17 [m, 20 H, OC=C-H(ax), p-Ph-H(eq), m-OTs-H], 6.74
[d, 4 H, OC=C-H(eq)], 6.54 [t, 4 H, m-Ph-H(eq)], 6.34 [br., 4 H, o-
Ph-H(eq)], 4.44 [s, 12 H, OCHj;(ax)], 3.40 [s, 12 H, OCH;(eq)], 2.73
[d, 4 H, PCH(ax)], 2.44 [m, 18 H, PCH,(eq), CCH,0, p-OTs-CHj],
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142 (br, 8 H, OCCH,), 123 (br, 12 H, OCCH,CH,,
OCCH,CH,CH,) ppm. 3P NMR (300 MHz, CHCls): 6 =
8.03 ppm. Elemental analyses for [PA(L13),](OTs),,
CooH 06013P4PdS, (1794.26)-0.33CH,Cl5: caled. C 60.84, H 5.90,
S 3.50; found C 60.84, H 5.90, S 3.02. ESI Mass Spectroscopy, m/z
found (caled.): [M — 2 OTs]?* = 726.50 (725.94).

[Pd(L14)(OAc),] (M14A): This compound was prepared following
method A. The product was obtained as a yellow powder, with an
isolated yield of 96% (463 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. '"H NMR (300 MHz, CH;0H): 6 = 7.63 (q, 8 H, 0-Ph-
H), 747 (t, 4 H, p-Ph-H), 7.34 (t, 8 H, m-Ph-H), 2.44 (br., 4 H,
PCH,), 1.93 (m, 4 H, PCH,CH,), 1.32 [s, 6 H, OC(O)CH;] ppm.
3P NMR (300 MHz, CH;0H): 6 = 28.56 ppm. Elemental analyses
for [Pd(L14)(OAc),], C3,H340,4P,Pd (650.98)-1.5CH,Cl,: caled. C
51.69, H 4.79; found C 51.88, H 4.93. ESI Mass Spectroscopy, m/z
found (caled.): [M — OAc]™ = 590.73 (591.08).

[Pd(L14)(OTs),] (M14T): This compound was prepared following
method B. The product was obtained as a yellow powder, with an
isolated yield of 92% (596 mg). The compound was recrystallized
by layering a solution of the complex in dichloromethane with di-
ethyl ether. "H NMR (300 MHz, CHCls): 6 = 7.70 (t, 8 H, p-Ph-
H), 7.54 (t, 8 H, m-Ph-H), 7.40 (m, 8 H, 0-Ph-H, 0-OTs-H), 6.93
(d, 4 H, m-OTs-H), 2.58 (br., 4 H, PCH,), 2.31 (s, 6 H, p-OTs-CHs),
2.15 (m, 4 H, PCH,CH,) ppm. *'P NMR (300 MHz, CHCls): §
= 3280 ppm. Elemental analyses for [Pd(L14)(OTs),],
CyoH4o06P,PdS,  (875.28)-1.25CH,Cl,:1.250(C,H3),: caled. C
54.08, H 5.13, S 5.02; found C 54.22, H 5.00, S 5.13. ESI Mass
Spectroscopy, m/z found (calcd.): [M — OTs]* = 702.62 (703.08).

Supporting Information (see also the footnote on the first page of
this article): '"H and 3'P NMR data, ESI-MS and elemental analysis
for the ligands and palladium complexes (Table S1); lists of hydro-
gen-bond interactions in M7A and M10A (Tables S2 and S3); per-
spective views of M2A, M7A and M13A (Figures S1-S5).
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Azido-copper(Il) and -copper(I) complexes of 1-alkyl-2-[(o-
thioalkyl)phenylazo]imidazole (SRaaiNR’) have been pre-
pared and studied. Complex 2 [Cu(SRaaiNR’)(jy,1-N3)(N3)],
dimerises via end-to-end (1, 3)-N3 to form a tetrameric struc-
ture. Azido-copper(l) complexes of the ligands are obtained
as MeOH-bridged dimers, [Cu(SRaaiNR')(Nz)(u-OHMe)],
(3). The electronic spectra suggest that a small reorganisation
energy (0.08 eV) is associated with the change in electronic

configuration, structure and oxidation state from Cu' to Cul.
Redox interconversion, Cu'! <> Cu!, [Cu(SMeaaiNMe)(u-Nj)-
(N3)], (2a) <> [Cu(SMeaaiNMe)(N3)(u-OHCHs)], (3a), has
been performed in one case. The tetranuclear complex shows
ferromagnetic and antiferromagnetic interactions. The spec-
tra, redox chemistry and magnetism are explained by DFT
studies.

Introduction

Structure and electronic configuration are interrelated
properties in transition metal chemistry.!# The structural
change associated with Cu'/Cu! reorganisation effects is
utilised by biochemical systems in copper-containing metal-
loenzymes.*! Cu(II)- and Cu(I)-diimine complexes (di-
imine function, -N=C-C=N-) have attracted much re-
search interest in the field of redox chemistry, photochemis-
try and photophysics, supramolecular chemistry, bioinor-
ganic and medicinal chemistry, magnetic materials etc., in-
spiring us to design new ligands isoelectronic to diimine.
We have previously reported 2-(arylazo)imidazoles!'® 13
with the azoimine (-N=N-C=N-) chelating functional
group, which is w-acidic and stabilises low-valent metal oxi-
dation states. 1-Alkyl-2-(arylazo)imidazole successfully sta-
bilises the Cu' state.l'''?] 1-Alkyl-2-[(o-thioalkyl)phenyl-
azolimidazoles (SRaaiNR') are ligands with N(imidazole)
(N), N(azo) (N') and S(thioether) donor centres. The reac-
tion of CuCl, with SRaaiNR' gives a pentacoordinate
square pyramidal Cu(SRaaiNR")Cl, compound.['3] In this
work, we have selected azide (N37) as counterion, because
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of its ability to generate bridging systems with Cu'/

Cul.[1*161 Azide may serve as an end-on (i, ;) and an end-
to-end (p; ;) bridging agent. In general the end-on coordi-
nation mode is associated with ferromagnetic coupling,
whereas end-to-end bridging leads to antiferromagnetic in-
teractions.l'”! In this work, we report copper(I) complexes
of SRaaiNR’ and ternary complexes of Cu'/Cul,
SRaaiNR’ and azide (N3"). The complexes have been char-
acterised by spectroscopic and electrochemical techniques.
as well as X-ray diffraction studies. One of the azide-bridg-
ing Cu'l-SRaaiNR’ complexes has been used to examine
magnetic coupling at variable temperature, and it shows
strong ferromagnetic (J; = 13.35 cm™!) and weak antiferro-
magnetic (J, = —0.55 cm!) interaction. Redox interconver-
sion has been studied in one case. DFT and TD-DFT com-
putations have been performed on optimised geometries of
selected molecules to define electronic structure, spectra,
magnetism and redox properties of the complexes both in
the gas phase and in solution.

Results and Discussion

1-Alkyl-2-[(o-thioalkyl)phenylazo]imidazoles (SRaaiNR')
have three potential donor centres N(imidazole), N(azo)
and S(thioether).I'31 They were synthesised by coupling o-
(thioalkyl)phenyldiazonium ions with imidazole in aqueous
sodium carbonate and purified by solvent extraction and
chromatography. The alkylation was carried out by adding
alkyl iodide (Mel, Etl) in dry THF solution to the corre-
sponding 2-[o-(thioalkyl)phenylazo]imidazole in the pres-
ence of sodium hydride.

,,,,,,,,,,,,,,,,,,,,,, 311



FULL PAPER

C. Sinha et al.

Figure 1. Molecular structure of [Cu(SMeaaiNEt)(1-N3)(N3)], (2b)
1) (35% ellipsoids shown).

A methanol solution of Cu(ClO4),6H,O and the appro-
priate ligand SRaaiNR' in a 1:1 mol ratio were treated with
aqueous solutions of NaNj (2.5 equiv.). Slow evaporation
of the solution gave block-shaped brown crystals. The com-
plexes were characterised by microanalytical, spectroscopic,
redox and magnetic (bulk and EPR) measurements. The X-
ray structure determination in one case shows that 2 has a
tetranuclear structure (see the discussion of crystal structure
and Figure 1). The complexes are soluble in methanol, eth-
anol, chloroform, dichloromethane and acetonitrile but in-
soluble in hydrocarbons (hexane, benzene, toluene). They
are nonconducting. Their magnetic moments at room tem-
perature (1.6-1.7 B.M.) are lower than those for typical S
= % (Cu'") compounds.

The Cu' complexes (Scheme 1) were synthesised by add-
ing SRaaiNR’ (1) to a well-stirred solution of NaNj and
[Cu(MeCN)4](ClO4) in methanol under dry nitrogen.
Brown crystalline compounds separated on slow evapora-
tion of the solvent. The complexes were characterised by C,
H, N analyses and spectroscopic data as [Cu-
(SRaaiNR")(N3)(u-OHCH3)]» (3). Structural confirmation
has been carried out in one case by single-crystal X-ray
crystallography. [Cu(SRaaiNR’),](ClO,) (4) were synthe-
sised by refluxing mixtures of [Cu(MeCN),](ClO,) and
SRaaiNR’ in dry MeOH under dry nitrogen. The com-
plexes are fairly soluble in CH;CN, CHCl;, CH,Cl, and are
insoluble in hydrocarbons. The molar conductance mea-
surement shows that complexes 2 and 3 are nonconducting
and 4 exhibits 1:1 electrolytic conductivity.

The X-ray structure (Figure 1) reveals that complex 2b
has a neutral tetranuclear copper(Il) centre comprising a
dimer of dinuclear copper(Il) subunits. Selected bond
lengths and angles are given in Table 1. The ligand, SMeaai-
NEt, is a bidentate N(imidazole) (N), N(azo) (N’) chela-
tor; —S—-Me (thioether) remains free and away from the
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[Cu(SMeaaiNEt)(N3)(w1,1-N3)]> (2b)
[Cu(SEtaaiNMe)(N3)(p1,1-N3)]2 (2¢)

[Cu(SEtaaiNEt)(N3)(r1,1-N3)]2 (2d)

R=Et,R'=Me (Ic), R =R' =t (1d)

[Cu(SMeaaiNMe)(N3)(u-HOCH;)], (3a)
[Cu(SMeaaiNEH)(N;)(1-HOCH;)], (3b)
[Cu(SEtaaiNMe)(N3)(1-HOCH3)], (3¢)

NN
3
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+
R\S/Q /’:\N\ | cusMeaanmoL) €104 (42)
N"N\cu NY R [Cu(SMeafiiNEt)z] (ClOy) (4b)
kN/ \N//N [CU(SEIaa;I:IIMe)z] (?104) ;4@
RV/N\; S\R [Cu(SEtaaiNEt),] (C104) (4d)
Scheme 1.

metal centre. There are two crystallographically unique cop-
per(Il) environments: one of them is square-based pyrami-
dal CuNs, and the second is a distorted octahedral CuNg-
type environment. The two unique copper atoms are linked
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by two W, j-azides, whilst dimerisation of the dinuclear mo-
tif is accomplished through p, 3-Nj3 groups. There are two
different N-donor centres of SMeaaiNEt: N(imidazole)
[N1, N21 or Nla, N2la] and N(azo) [N7, N27 or NT7a,
N27a]. The Cu—N distances of these two types of N centres
differ significantly by approximately 0.07 A {Cu—N(azo)
[Cul-N7, 2.6277(16); Cu2-N27, 2.5837(18) A] and Cu-N(i-
midazole) [Cul-N1, 1.9610(16); Cu2-N21, 1.9788(16) A]}.
The stronger binding of N(imidazole) to Cu'! may be due
to the comparable hardness of Cu'f and N(imidazole). This
is also observed in copper-containing biomolecules.'”! The
N=N distance [N6-N7/N26-N27] is 1.278(2) A, which is
slightly elongated relative to the free ligand value,['® implies
some degree of charge delocalisation, d(Cu)—n*(azo).['!-13]

Table 1. Bond lengths and bond angles of 2b and 3b.

2b
Bond lengths /A Bond angles /°
Cul-N1 1.9610(16) NI1-Cul-N41 98.02(7)
Cul-N41 1.9633(17) NI1-Cul-N47 169.52(7)
Cul-N47 1.9936(16) N41-Cul-N47 92.43(7)
Cul-N50 2.0120(17) NI1-Cul-N50 91.89(7)
Cul-N7 2.628(4) N41-Cul-N50 167.41(7)
Cu2-N44 1.9536(17) N47-Cul-NS50 77.65(7)
Cu2-N21 1.9788(16) N44-Cu2-N21 100.98(7)
Cu2-N50 1.9987(16) N44-Cu2-Ns50 91.17(7)
Cu2-N47 2.0392(17) N21-Cu2-N50 167.57(7)
Cu2-N27 2.584(3) N44-Cu2-N47 168.04(7)
N6-N7 1.278(2) N21-Cu2-N47 90.97(6)
N26-N27 1.278(2) N50-Cu2-N47 76.91(7)
N41-N42 1.203(2) NI-Cul-N7 70.41(6)
N42-N43 1.153(2) N21-Cu2-N27 70.86(7)
N44-N45 1.205(2) Cul-N47-Cu2 101.47(7)
N45-N46 1.158(2) Cul-N50-Cu2 102.25(7)
N47-N48 1.215(2) N43-N42-N41 176.3(2)
N48-N49 1.145(2) N49-N48-N47 179.1(2)
N50-N51 1.210(2) Cul-N50-Cu2 102.25(7)
N51-N52 1.143(2) Cul-N47-Cu2 101.47(7)
Cu2a-N43 2.732(3) N50-Cul-N47 77.65(7)
Cula-N4la 1.963(4) N50-Cu2-N47 76.91(7)
3b
Bond lengths /A Bond angles /°
Cul-N1 1.987(3) N1-Cul-N4 71.69(13)
Cul-N4 2.468(4) N5-Cul-N1 93.97(16)
Cul-N5 1.964(4) N5-Cul-N4 89.43(17)
Cul-0O1 1.938(3) O1-Cul-Ola* 76.18(13)
Cul-Ola* 1.939(3) O1-Cul-N5 93.40(15)
N3-N4 1.268(5) O1-Cul-N5 167.13(16)
N5-N6 1.179(6) 0O1-Cul-Nl1 171.76(13)
N6-N7 1.156(6) Ola*-Cul-N1 96.02(13)
Cul-Cula* 3.0516(11) Ol1-Cul-N4 112.07(13)
O1-Cul-N4 101.41(13)
Ola*-Cul-Cul 38.10(8)
Ola*-Cula*-Cul 38.08(8)
N7-N6-N5 177.5(5)
Cul-O1-Cula* 103.82(13)

*Symmetry: —x + 1, -y +2, =z + 1

The single-crystal X-ray structure of [Cu(SMeaaiNEt)-
(N3)(u-OHCH3)]» (3b) is shown in Figure 2. Selected bond
lengths and angles are given in Table 1. The copper(I) cen-
tre exhibits a distorted tetrahedral CuN;O coordination
sphere bridged by OHCH; and two N centres from chelat-

Eur. J. Inorg. Chem. 2010, 311-321

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur|IC

European Journal
of Inorganic Chemistry

ing ligand. The ligand, SMeaaiNEt, has three eligible donor
centres: N(imidazole), N(azo) and S(thioether); in this case,
it acts as an N(imidazole), N(azo) bidentate chelating
agent. The chelate angle [Cu-N=N-C=N (N-N)] is
71.69(3)°, which is comparable to the reported data.l'’-!%]
The deviation of the angle from the ideal 90° for a regular
structure is a result of steric requirements of the chelated
ligands. The Cu-N(azo) bond length [Cul-N4, 2.468(4) A]
is longer than the Cu-N(imidazole) distance [Cul-NIl,
1.987(3) A]. The N=N bond length [N3-N4, 1.268(4) A] is
greater than that of the free ligand value [1.252(1) A]"®! but
is shorter than that in the Cu' analogue (Table 1, Figure 1),
perhaps as a consequence of better dn(Cu)—n*(azo) charge
overlap!'>!%-201 in this compound than in 2b. CH;OH acts as
bridging molecule through the O centre, and thus a dimer is
formed. The Cul-Ol distance is 1.939(3)A. The
Cul-+CulA distance is too long (3.052 A) to consider any
metal-metal interaction. In the dinuclear motif, the bridg-
ing unit Cu,0, is a distorted four-armed plane of mean
deviation of approximately 0.02 A. The bridge angle is
Cul-0O1-CulA, 103.82(13)° and the remaining angle is O1—
Cul-O1A, 76.18(13)°. The chelate and bridge planes are
inclined at an angle of 78.39(16)°.

Figure 2. Thermal ellipsoidal plot with atom labelling scheme of
[Cu(SMeaaiNEt)(Nz)(u-OHCH;)), (3b) (30% probability). Atoms
with label A are generated by symmetry.

Infrared spectra of complexes 2 exhibit v(N=N) and
v(C=N) at 1410-1430 and 1580-1595cm !, respectively,
and these values are redshifted by 10-25 cm™! relative to
those of the free ligands. This supports coordination of
N(azo) and N(imine) to Cu'". The most significant observa-
tion is the appearance of a strong doublet at 2090-2105 and
2065-2085cm™'. These correspond to bridging Vsym-
(Ny).[15.16.21]

In complexes 3, v(N3) appears as a single sharp stretch at
2035-2045 cm™!. The v(N=N) and v(C=N) appear at 1410—
1415 and 1580-1590 cm™!, respectively. The stretching fre-
quency of N=N in [Cu(SRaaiNR")(N3)(n-OHCH3)], (3) ap-
pears at a lower value than that for Cu'' complexes, [Cu(S-
RaaiNR’")(u-N3)(N3)]» (2) (Av = 5-10 cm™), and this effect
has been attributed to better dn(Cu)-n*(azo of ligand) back
bonding in copper(I) complexest!! 1311 than in copper(Il)
complexes (also supported by N=N bond length data, vide
supra). In [Cu(SRaaiNR’),]J(ClO4) (4), v(N=N) and
v(C=N) appear at 1390-1400 and 1560-1575 cm™!, respec-
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Table 2. FTIR™ and UV/Vis spectral® of the complexes in CH;CN.

Compound UV/Vis spectra IR spectra /cm™!
Jmax /Mm (103 X ¢ /[dm*mol 'ecm ') v(N3) v(ClO4)  v(C=N) v(N=N)

2a 725(0.37), 410(27.01), 362(38.11), 265(11.03) 2092, 2065 1581 1423
2b 759(0.12), 413(9.57), 367(13.73), 269(9.31) 2102, 2071 1587 1420
2c 728(0.15), 416(18.31), 364(21.05), 263(9.23) 2090, 2068 1585 1426
2d 726(0.48), 403(20.10), 367(26.34), 268(14.12) 2098, 2069 1590 1443
3a 711(0.18), 434(13.96), 369(13.59), 251(8.41) 2040 1589 1421
3b 715(0.16), 428(12.24), 368(13.27), 259(8.77) 2035 1586 1429
3c 737(0.18), 436(10.45), 371(12.71), 254(7.93) 2043 1590 1455
3d 735(0.18), 434(13.57), 373(12.71), 253(8.19) 2040 1576 1446
4a 762(0.45), 415 (16.54), 359(22.19), 262(15.74) 1094 1591 1429
4b 756(0.41), 410 (14.66), 358(21.47), 260(14.52) 1089 1587 1428
4c 752(0.47), 419 (14.14), 362(21.30), 260(14.15) 1089 1585 1423
4d 765(0.38), 419 (20.11), 352(26.24), 257(15.13) 1090 1590 1428

[a] In KBr disk. [b] In MeCN solution.

tively. The v(ClO4) frequency appears as a high intense
sharp band at 1085-1090 cm™! with a weak signal at
625 cm™!. Some interesting IR data are given in Table 2.
The electronic spectra of 2 exhibit multiple highly intense
transitions (¢ = 10* M 'cm™') in the visible region, 400—
445 nm, along with a broad weak band at 725-760 nm. In
the free ligand SRaaiNR’, the intraligand charge transi-
tions, n—* and n—n*, appear at 370-380 and 250-260 nm,
respectively. Some of the transitions are new (Table 2, Fig-
ure 3) in the complexes: these are characteristic of cop-
per(Il) azoheterocycles!!®!%2?l and are the MLCT transi-
tions involving drn(Cu)—m*(arylazoheterocycle). By com-
paring them with values for copper(I)-1-alkyl-2-(arylazo)-
imidazoles,''-13-161 copper(I1)-2(arylazo)pyridine,'®! cop-
per(I1)-pyridylthioazophenolates®? and other pyridylthio-
ethers,”¥ we can assign the transitions at approximately
410 nm to the MLCT [dn(Cu)—n*(azoimidazole)] band,
and the absorption at approximately 740 nm is undoubtedly
a d—d transition.” The visible ranges of the spectra of cop-
per(I) complexes (3, 4) show similar metal-to-ligand charge-
transfer (MLCT) transitions at 710-765nm and 410-
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Figure 3. UV/Vis spectra of 2b (=) and 3b (- - -) in DMF at 298 K.
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435 nm (Figure 3), which are characteristic features of Cu'
complexes when bonded with conjugated organic chromo-
phores.l14-16]

EPR Spectra

Solid state EPR spectra of 2 at room temperature
(298 K) are weakly resolved. Copper(I) complexes 3 and 4
are EPR silent. The hyperfine splitting in the EPR spectra
of 2 is poor. The resolution is better at 77 K in MeCN solu-
tion (Figure 4). The complexes show the expected four-line
(°3Cu, I = 3/2) EPR spectra and are anisotropic at higher
magnetic field, exhibiting axial spectra having gy values
varying from 2.188 to 2.226 and Ay in a range from
140 X 10* to 165X 10*cm™'. The results are in general
agreement with the electronic spectra, which also suggest
the existence of distorted geometry. From the observed g-
tensor values of the Cu'' complexes, it is clear that g >
g, > 2.0023, which agrees with the ground state configura-
tion of d,2 2, giving *By,.
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Figure 4. EPR spectrum of [Cu(SEtaaiNEt)(u-N3)(N3)], (2d) in
MeCN at 77 K.

The stereochemistry of [Cu(SRaaiNR')(N;)(u-OH-
CH3)], (3) and [Cu(SRaaiNR"),](ClO,) (4) was studied by
'H NMR spectroscopy. The aromatic and imidazole pro-
tons are shifted downfield on coordination of SRaaiNR’ to
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Table 3. '"H NMR spectroscopic data of [Cu(SRaaiNR")],(ClO,) (4) and [Cu(SRaaiNR’)(N;)(u-OH CH3)], (3a) in CDCl; at room tem-

perature.
Compound ¢ /ppm (J /Hz)
4HPMA sHP  8HY 9, 10-H™ 11-HY NI-CHy® NI-CHY  NI-CH,CHy S-CHy S-CHY  S<(CH,)CH,!
3a 734 722 745 757 7.84 428 272
(7.0) (7.5)
3b 7.38 724 7.50 755 7.87 448 1.68 2.68
(7.0) (7.5) (9.0) (8.0)
3¢ 7.36 720 7.40 7.60 7.85 431 336 1.52
(7.0) (7.5) (1.5) (8.0)
3d 7.30 7.30 745 7.56 7.88 4.40 1.62 3.40 1.57
(7.0) (7.5) (9.0) (8.0) (1.5) (8.0)
4a 7.28 7.27 7.44 7.53 7.86 4.22 2.70
(7.0) (8.0)
4b 727 7.24 7.46 753 7.84 474 1.78 272
(7.5) (8.0) (9.0) (8.0)
4c 731 725 743 7.54 7.89 424 342 1.56
(7.5) (7.5 9.0) (8.0)
7.30 7.8 747 7.56 7.83 472 1.75 3.40 1.57
(7.5) (7.5) (9.0) (8.0) 9.0) (8.0)
[a] ® Broad singlet; ¢ doublet; ™ multiplet; ° singlet; ® triplet; 9 quartet.
Cu! relative to the free ligand datal'’-'?! (Table 3). This im- 104" ' . ]
plies significant bonding interaction of the metal ion with A 2.0 gV V¥
the ligand. Imidazole protons (4- and 5-H) and aryl protons : VVVVV
(8-11-H) suffer approximately 0.10 to 0.15 ppm downfield 1.001 4 1.51 &~ 17
shift. The S-R and N1-R’ do not shift significantly, which v
implies a non-coordinated —S—-R centre. Ligands SRaaiNR'’ X 0.96. 18 fy 11
are capable of showing a tridentate N,N’,S donor system. E 4 05 3 ]
However, '"H NMR spectroscopic data reflect no coordina- e TS
tion of -S-R to Cu', thus these ligands serve as bidentate E 0.924 ) % 0.0-§ 14
N,N’ chelators. £ D Y —
The magnetic properties of complex 2b are shown in Fig- %, O 10000:20000 30000 40000750000
ure 5 as a y,,T vs. T plot (x,, is the molar magnetic suscep- 0.88+ = ]
tibility for two Cu'l ions). The value of y,,T at 300 K is
0.86 cm*mol 'K, a typical value for two copper(Il) ions o84l

with g > 2.00, as expected. On lowering the temperature,
there is a rapid increase in y7 to 1.03 cm®mol 'K at 5 K
and then a decrease to 0.91 cm®*mol ! K at 2 K. These fea-
tures indicate noticeable intramolecular ferromagnetic cou-
pling with the presence of weak intermolecular antiferro-
magnetic interactions, always present at very low tempera-
ture.

The plot of the reduced magnetisation at 2 K is included
in Figure 5. The M/N pg value at saturation (5 T) is 2.00,
in agreement with the presence of two electrons in the
ground state.

Complex 2b is a tetranuclear entity, constituted by dimer-
isation of two Cu, “dinuclear entities”. In the “dinuclear
entity” each Cu'l is linked by two azido ligands in an end-
on (p;;-N3) coordination mode. Furthermore, one of the
terminal azido ligands of each dinuclear unit links the
neighbouring dinuclear entity by means a long apical Cu—
N(azido) bond. (Figure 1). The resulting tetranuclear entity,
together with the two different magnetic pathways (J; and
J,) are depicted in Scheme 2.

For calculating the values of J; and J, two approaches
have been carried out. First, we have considered the Cu,
“dinuclear entity” by applying the Bleaney—Bowers for-
mula,*! with the Hamiltonian H = —J,XS,S), and introduc-
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Figure 5. Plot of the susceptibility data, y,,7 vs. T, for 2b, assuming
a dinuclear entity. The solid line represents the best fit using the J,
parameter with the mean field approach (see text for explanation).
Inset: plot of the reduced magnetisation M/N pg vs. H data at 2 K.

Scheme 2.

ing a J, parameter through the mean-field approach for cal-
culating the intermolecular interactions.[?*-2”I This approach
is valid because of the long apical Cu—N(azido) distance,
which allows to assume a very weak magnetic coupling. The
best-fit parameters were: J; = 13.35+0.5cm™!, g =
315
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2.12+0.002, J, = -0.55+£0.0lcm™ and R = 4.0Xx107
{R 1is the agreement factor defined as X[(y,,T)obs —
Qfm T)calclz/zi[(}fm T)obs]z} .

The second approach consists of considering the tetranu-
clear complex as an isolated entity. The corresponding fit
can be made by applying the corresponding formula for the
model indicated in Scheme 2 or, more easily, by working
with the Clumag program,?®! using the same Hamiltonian
and with the coupling values shown in Scheme 2. Both
models are exact, and thus the results are identical and in-
dependent of the method. The best-fit parameters are: J; =
11.25+05cm ™!, J, = 0.85+0.02cm ™!, g = 2.12+0.01
and R = 3.7X 1073 {R is the agreement factor defined as
Zi[(}fmnobs - (Xm]—)calc]zlzi[()fn1nobs]2}~

By applying two different methods, we have obtained
very similar results, as expected: J; is medium and positive
(ferromagnetic) and J, is weak and negative (antiferromag-
netic).

All experimentally reported complexes,”®! as well as
theoretical studies,’” have demonstrated that almost all di-
nuclear complexes with double azido ligand bridges in the
pi 1 coordination mode create ferromagnetic coupling. All
data seem to indicate that the main parameter is the M—N—
M angle (N referring to the N3 bridging ligand). For Cul,
when this angle is extraordinarily large, for example greater
than 108°, the magnetic coupling becomes antiferromag-
netic.}! In fact, almost all complexes have a Cu—N—Cu an-
gle between 96° and 104°, thus being ferromagnetic. Many
other structural factors may influence the J value, such as
the Cu-N distance and the Cu-N;-Cu torsion angle.*?l A
clear dependence of the exchange coupling constant on the
Cu-N distance has been found, the ferromagnetic coupling
decreasing as the Cu—N distance increases.*! The J; value
found for complex 2b is rather small compared to those
reported in the literature.’”! The three most important fac-
tors are: the Cu-N-Cu angles [Cul-N50-Cu2 102.25(7)°
and Cul-N47-Cu2 101.47(7)°], the Cu-N distances (these
are rather long, from 1.994 to 2.039 A) and the 7 torsion
angles (these are very large). The sum of these factors
causes the relatively small J; parameter. Assuming a tetra-
nuclear entity, the J, value (-0.85 cm™') is easily understood
by taking into account the long Cu(apical)-N(azido) dis-
tance (2.73 A).

Copper(I) complexes [Cu(SRaaiNR')(N;)(u-OHCH;)]»
(3) show oxidative responses at approximately 0.4 V. This is
quasireversible, as estimated from peak-to-peak separation
(AE, > 100 mV) and is assigned to the Cu'/Cu' couple by
comparison with literature reports.'’1>11  Complexes
[Cu(SRaaiNR"),](ClO,) (4) show a higher Cu'//Cu' poten-
tial, which may be due to the presence of two m-acid-coordi-
nated azoimine functions. Figure 6 shows the cyclic voltam-
mogram (CV) of the complexes in MeOH (Table 4). The
CV plots of copper(Il) complexes 2 show a reductive re-
sponse at approximately 0.4 V vs. SCE. On comparing with
the CV of Cu(RaaiR’),X, (X = N3, NCS),['Y the couple is
assigned to a Cu'"/Cu! couple. On scanning in the negative
direction up to —1.8 V, we observe an irreversible response,
E,., at approximately —0.4 V and a quasireversible one at
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-1.0 to -1.2V (AE, > 140 mV) (Figure 6), which may be
assigned to reduction of the azo groups [(-N=N-)/
(-N=N-)] of the chelated ligands. The free ligand does not
show any oxidation, but irreversible reductive responses ap-
pear at <-1.0 V. The voltammogram also shows a sharp
anodic part at approximately —0.2 V, possibly due to the
Cu'/Cu® couple.l'>33] The reduced Cu® is absorbed on the
electrode surface, as evidenced by the narrow width of the
anodic response with a large peak current.

™
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Figure 6. Cyclic voltammogram of (a) 2a, (b) 3a and (c) 4a in
CH,Cl,.

Table 4. Cyclic voltammetric data.[®!

Complex Metal redox couple Ligand redox couple

E/V (AE, /mV) E/NV (AE, /mV)

Cull/Cu! Cul/Cu®  azolazo~ azo~/azo~
2a 0.33 (150)  —0.250 -0.48 (160)  —1.40 (170)
2b 0.37 (170)  —0.220 -0.44 (180)  —1.35 (200)
2c 0.38 (160)  —0.220 -0.44 (160)  —1.30 (200)
2d 0.40 (140)  —0.24® -0.48 (180) —1.38 (180)
3a 0.37 (120) —-0.58 (150) —1.42 (170)
3b 0.35 (128) -0.54 (170)  —1.38 (200)
3c 0.30 (130) —-0.56 (180)  —1.42 (200)
3d 0.38 (140) —-0.58 (160)  —1.38 (180)
4a 0.44 (180) -0.40 (140) —1.22 (190)
4b 0.42 (180) —-0.47 (160)  —1.24 (200)
4c 0.40 (180) -0.44 (170)  —1.27 (200)
4d 0.44 (110) -0.44 (160)  —1.24 (140)

[a] Solvent: MeCN; Pt-disk working electrode, supporting electro-
lyte: TBAP (0.01 m); reference: SCE; solute concentration: 1073 m;
scan rate: 0.05Vs!; AE, = |E,, — E,| mV; E,, = anodic peak
potential, E,. = cathodic peak potential in V; Ey;, = 0.5(E,, +
Eyo) V. [b] Ej.

DFT calculation has been performed for two different
molecules, 2b and 3b. The optimised structure of these
molecules are developed by using the Gaussian 03 analysis
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package. The orbital energies along with contributions
from the ligands and metal are given in the Supporting
Information. Figure 7 depicts selected occupied and unoc-
cupied frontier orbitals. In Cu'' complex 2b, the highest
occupied molecular orbital (MO) is singly occupied, so it
is abbreviated as SOMO. The occupied MOs are stabilised,
whereas unoccupied MOs are destabilised on going from
the Cu' (2b) to the Cu' (3b) compounds: Egomo(2b) =
—4.9 ¢V and Egomo(3b) = —4.17 ¢V. This may be due to
better electron donation from Cu' (d!°) compared to that
from Cu'! (d°) toward the m-acidic azoimine function. Sol-
vent polarity stabilises occupied MOs more efficiently than
unoccupied MOs. Thus, the energy separation (AE) be-
tween the SOMO (for 2b) or HOMO (for 3b) and the
LUMO increases on going from the gas phase to the
MeCN phase. The occupied MOs (HOMO-1 and HOMO-
2) of 2b have a significant contribution from Cu (ca. 10%).
The bridging azide (p;; and p;3-N3) contributes 7% to
the HOMO, while the terminal azide contributes 89%. In
complex 3b copper contributes 42% to the HOMO and
13% to the LUMO. Azide contributes to the HOMO
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(ca. 39%). The chelating ligand SMeaaiNEt, in general, is
the main constituent of unoccupied MOs (2b: LUMO to
LUMO+10, 99-100% and 3b: LUMO, 73%; LUMO+1,
95%). The charge-transfer transition in the visible region
not observed in the free ligand is assigned to pure MLCT
rather than an admixture of dn(Cu)—mn*(azoimine)
and m(azide)>n*(azoimine) transitions involving the
SOMO—LUMO/LUMO+1/LUMO+2 and HOMO-1/
HOMO-2/HOMO-3—LUMO/LUMO+1//LUMO+2 func-
tions. The ILCT n(thioazoimidazole)—n*(azoimine) tran-
sitions may appear in the high energy region. In Cu! complex
3b, the transitions HOMO/HOMO-1/HOMO-3—LUMO/
LUMO+1/LUMO+2 have significant dn(Cu)—n*(thioazo-
imidazole) contribution.

Cyclic voltammetric behaviour of 3 and 4 are readily ra-
tionalised by using the DFT calculation. Because of higher
metal (Cu) function in occupied MOs in 3b, the complexes
show metal oxidation. Unoccupied MOs are significantly
dominated by the azoimine function, thus reduction may
refer to electron addition at the azo-dominated orbital of
the ligand.
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Figure 7. Selected molecular orbital pictures of 2b and 3b.
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The spin density calculated for the triplet state from a
DFT study determines the exchange coupling between the
two metal centres. The degree of delocalisation of the un-
paired electron increases if the coordinating atoms of the
ligand participate in the singly occupied molecular orbital
(SOMO), which leads to the enhancement of the electron
density of the donor atoms. Interestingly, the spin density
is mainly distributed among the copper d,. » magnetic or-
bital and p;;-N; bridging between two Cu centres
[Cul:-+Cu2] in the dinuclear entity. It is to be noted that the
exchange coupling constant for 2b calculated by using the
crystal coordinates suggests a ferromagnetic interaction (J)
of 10.76 cm™'. For the optimised geometry, the calculated
(UB3LYP) average Cu-pu-N(p, 1-N3) bond length is 1.98 A,
which is comparable with the average X-ray value (2.03 A).
The other bond lengths within the coordination sphere de-
viate marginally from the experimentally observed values.
In terms of magnetic properties, the Cul—p-N(p,; 1-N3)-Cu2
angle is the most important. According to the Hay
model,?¥ the antiferromagnetic exchange coupling con-
stant for the binuclear metal complexes, each bearing one
unpaired electron, is linearly proportional to the square of
the energy difference between the two SOMOs. The overlap
between the magnetic orbitals of the copper atoms takes
place via the bonding between the d,. . magnetic orbital
of copper and the hybrid orbital of the bridging azido-N.
Thus, the spin delocalisation on the bridging group corro-
borates the antiferromagnetic interaction.

Redox Interconversion Cu"' <> Cu!

The Cu'-Cu! interconversion experiment was carried
out by using a representative compound of the series,
[Cu(SMeaaiNMe)(u-N3)(N3), (2a). Compound 2a reacts
with ascorbic acid in aqueous methanol in the presence of
NaNj; (an excess amount of NaNj is added to resist dissoci-
ation), and a brown-red copper(I) complex precipitates. The
identity of the reduced product has been established by
matching the spectroscopic and cyclic voltammetric results
(Table 2 and Table 4). The compound is diamagnetic. The
structure of the coordinated Cu' compound was established
by its "TH NMR spectrum and by comparison with the spec-
trum of directly synthesised [Cu(SMeaaiNMe)(N;)(p-
OHCHs;)], (3a) (Table 3). Microanalytical data (C,H,N)
also confirm the composition of the compound. In a second
experiment, to a suspension of [Cu(SMeaaiNMe)(N3)(p-
OHCH3)], (3a) in methanol was added chlorine water, and
the mixture was stirred in air. Nitrogen gas was bubbled
through the solution to remove chlorine followed by the
addition of excess NaN3, whereupon the colour of the solu-
tion changed to brown-red. A crystalline compound was
precipitated by reducing the volume of the solution to half.
The compound so obtained was purified by crystallisation
from CH,Cl,/MeOH. The spectroscopic (IR and UV/Vis),
magnetic and voltammetric identification support the for-
mation of copper(I) complex 2a, which is supported by
microanalytical data and spectral measurements.
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Conclusion

1-Alkyl-2-[(o-thioalkyl)phenylazo](SRaaiNR’)  coordi-
nates to Cu'l and Cu' in the presence of azide (N5°) as a
bidentate N,N’-chelator. Tetranuclear Cu'-azido-bridged
complexes show ferromagnetic and antiferromagnetic cou-
pling. Electrochemistry shows a quasireversible Cu'//Cu! re-
dox couple along with Cu'/Cu® response at —0.2 V. The
solution spectra show highly intense metal-to-azoimine
charge transfer. Cu'! (2) and Cu' (3) complexes undergo
redox interconversion; Cu'’ complex 2b is reduced by ascor-
bic acid to a Cu' complex in methanol in the presence of
excess NaNj, whilst Cu! complex 3a is oxidised by chlorine
water to Cu' complex (2). The spectra, magnetism and re-
dox properties are explained by using DFT computation on
optimised geometries.

Experimental Section

Materials: All starting organic compounds were purchased from
Aldrich Chemical Co. and used without further purification.
CuCl,2H,0 and NaN; were E. Merck reagent grade. Solvents
were distilled from appropriate drying agents under appropriate
conditions as per literature in a N, atmosphere.? [Cu(MeCN),J-
(ClOy4) was used as copper(I) precursor. All experiments were car-
ried out under N,. The syntheses of the ligands were carried out by
following the common procedure!'? of coupling the o-(thioalkyl)-
phenyldiazonium ion [obtained by diazotisation of o-(thioalkyl)ani-
line] with imidazole at pH 7 followed by Nl-alkylation using alkyl
iodide in the presence of NaH in dry THF under dry and inert
conditions.

Caution! Perchlorate salts of metal complexes can be explosive. Al-
though no detonation tendencies have been observed, care is ad-
vised and handling of only small quantities recommended.

Physical Measurements: Microanalytical data (C,H,N) were col-
lected with a Perkin-Elmer 2400 CHNS/O elemental analyser.
Spectroscopic data were obtained by using the following instru-
ments: Perkin—Elmer model Lambda 25 spectrophotometer (UV/
Vis), Perkin—Elmer model RX-1 spectrometer on KBr disks at
4000-450 cm™! (IR), Bruker (AC) 300 MHz FTNMR spectrometer
('"H NMR). Electrochemical measurements were performed by
using computer-controlled PAR model 250 VersaStat electrochemi-
cal instruments with Pt disk electrodes. All measurements were car-
ried out under nitrogen at 298 K with reference to SCE in acetoni-
trile and by using [nBuyN][ClO,4] as supporting electrolyte. The re-
ported potentials are uncorrected for the junction potential. Room
temperature (298 K) magnetic susceptibility was measured with a
Sherwood Scientific (Cambridge, UK) instrument at 298 K, and
data were corrected by subtracting the diamagnetic contribution.
The diamagnetic correction was calculated by individually adding
the diamagnetic contribution of each atom using Pascal’s constants.
EPR spectra were recorded in MeCN solution at room temperature
(298 K) and liquid nitrogen temperature (77 K) by using a Bruker
model EMX 10/12 ESR spectrometer with an X-band ER 4119 HS
cylindrical resonator.
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Synthesis of Complexes

Copper(I) Complexes. Preparation of [Cu(SMeaaiNMe)(p-N3)-
(N3)l» (2a): 1-Methyl-2-[o-(thiomethyl)phenylazo]imidazole
(SMeaaiNMe) (200 mg, 0.86 mmol) in methanol (10 mL) was
added dropwise to a methanol solution (10 mL) of Cu(ClOy),*
6H,0 (330 mg, 0.89 mmol) at 298 K under N,. The brown-red
solution was stirred for 10 min, and a methanol solution of NaNj;
(145 mg, 2.22 mmol) was added. It was then filtered and left undis-
turbed for a week. Dark brown crystalline compounds were sepa-
rated. The crystals were filtered, washed with water and cold meth-
anol and dried in vacuo. The yield was 200 mg (61 %).

All other complexes were prepared by the same procedure. The
yield varied from 60 to 75%. Microanalytical data: found (calcd.)
[%] for [Cu(SMeaaiNMe)(u-N3)(N3)l» (2a), (Ci1H;oNoSCu),
(759): C, 34.84 (34.78); H, 3.07 (3.16); N, 36.96 (36.89). [Cu(S-
MeaaiNEt)(u-N3)(N3)l, (2b), (C1oH14N1oSCu), (787): C, 36.55
(36.59); H, 3.47 (3.56); N, 35.65 (35.58). [Cu (SEtaaiNMe)(p-
N3)(N3)h (2¢), (C1oH14N1oSCu), (787): C, 36.50 (36.59); H, 3.61
(3.56); N, 35.68 (35.58). [Cu(SEtaaiNEt)(u-N3)(N3), (2d),
(C13H6N1oSCu), (815): C, 38.18 (38.28); H, 3.88 (3.93); N, 34.48
(34.36).

Copper(I) Complexes. Preparation of [Cu(SMeaaiNMe)(N3)(p-
OHCH3)]; (3a): To a dry methanol solution of [Cu(MeCN),](ClO,)
(133 mg, 0.40 mmol) was added solid sodium azide (5equiv.,
132 mg, 2.03 mmol) whilst stirring at room temperature in an inert
atmosphere (N,). Then a dry methanol solution of SMeaaiNMe
(95 mg, 0.41 mmol) was added by a syringe in an inert atmosphere.
The resultant deep brown solution was stirred for one hour and
then heated under reflux for another one hour. The solution was
filtered, and the filtrate was kept undisturbed for crystallisation.
After a few days, deep brown crystals appeared, which were sepa-
rated by filtration. The crystals were washed with dilute methanol
(1:1, v/v) and dried with CaCl, in a desiccator. The complexes were
characterised by C,H,N analysis, and spectroscopic data support
the composition [Cu(SMeaaiNMe)(Ns)(u-OHCH3)], (3a).

All other complexes were prepared by the same procedure. The
yield varied from 65 to 75%. Microanalytical data: found (calcd.)
[%] for [Cu(SMeaaiNMe)(N;)(n-OHCH;)], (3a), (CoHN7-
OSCu), (739): C, 38.88 (38.97); H, 4.26 (4.33); N, 26.56 (26.52).
[Cu(SMeaaiNEt)(N;)(u-OHCH;)], (3b), (C13HsN,0SCu),
(767):C, 40.59 (40.68); H, 4.72 (4.69); N, 25.48 (25.55). [Cu(SE-
taaiNMe)(N;)(u-OHCHj;)], (3c¢), (C13H 1sN;0SCu), (767): C, 40.62
(40.68); H, 4.64 (4.69); N, 25.50 (25.55). [Cu(SEtaaiNEt)(N3)(p-
OHCH3)], (3d), (C,4H,,N,0SCu), (795): C, 42.17 (42.26); H, 5.00
(5.03); N, 24.58 (24.65).

Preparation of [Cu(SMeaaiNMe),|(ClO4) (4a): The ligand
SMeaaiNMe (100 mg, 0.43 mmol) in dry MeOH (25 mL) was
added to a methanol solution (20 mL) of [Cu(MeCN),][ClO,4]
(70 mg, 0.21 mmol) in N, at room temperature. The dark-brown
solution was stirred for 3 h. The solution was reduced to half of its
original volume by bubbling N, gas through it, a brown-red crystal-
line precipitate appeared, which was filtered, washed with meth-
anol/water (1:1, v/v) and dried with CaCl,. The dried compound
was purified by column chromatography. A column alumina (neu-
tral) was prepared in benzene. A chloroform solution of the com-
plex was absorbed in the column and eluted first by chloroform.
Initially a light yellow band was eluted and rejected. The desired
deep brown/red band was collected by elution by using a methanol/
chloroform (4:1, v/v) mixture and concentrated slowly in air. The
yield was 0.28 g (52%).

All other complexes were prepared by following identical pro-
cedures with yields of 55-70%. Microanalytical data: found (calcd.)
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[%] for [Cu(SMeaaiNMe),](CIO,) (4a), (CaHsNgO,S, CICu)
(627): C, 42.04 (42.11); H, 3.88 (3.83); N, 17.92 (17.86). [Cu-
(SMeaaiNEt),](Cl1O,) (4b), (CsHagNgO,S,CICu) (655): C, 43.84
(43.97): H, 4.33 (4.27); N, 17.00 (17.10). [Cu(SEtaaiNMe),](ClO,)
(4c), (C24HogNg0,S,CICu) (655): C, 44.04 (43.97); H, 4.20 (4.27);
N, 17.21 (17.10). [Cu(SEtaaiNEt),[(ClO,) (4d), (CrgHs>NgOq-
S,CICu) (683): C: 45.63 (45.68); H, 4.75 (4.69); N, 16.32 (16.40).

Copper(II)-Copper(I) Interconversion

[Cu(SMeaaiNMe)(u-N3)(N3)l, (2a) —  [Cu(SMeaaiNMe)(N5)(p-
OHCH3)]; (3a): To a suspension (15 mL) of [Cu(SMeaaiNMe)(p-
N3)(N3)]» (2a) (0.20 g, 0.26 mmol) in methanol was added with stir-
ring under N, ascorbic acid (0.09 g, 0.50 mmol) in water (5 mL).
The brown suspension quickly changed to deep red-brown, and
stirring was continued for 30 min. NaNj3 (0.2 g, excess amount) was
added to this solution and stirred. The volume of the solution was
reduced by bubbling off N, gas, and a precipitate appeared within
a short while. The precipitated mass was filtered, washed with water
and cold methanol. The residue was dried with CaCl, and recrys-
tallised by diffusion of CH,Cl, solution to hexane. Brown shining
crystals were isolated. The yield of [Cu(SMeaaiNMe)(Ns)(u-
OHCH;)], (3a) was 0.08 g (42%). Microanalytical data: found
(caled.) [%] for [Cu(SMeaaiNMe)(Ns)(ui-OHCH;3),  (3a),
(C,H,N;OSCu), (739): C, 38.92 (38.97); H, 4.36 (4.33); N, 26.45
(26.52).

[Cu(SMeaaiNMe)(N;)(n-OHCH3)], (3a) — [Cu(SMeaaiNMe)(p, ;-
N3)(N3)l; (2a): To a methanol suspension of [Cu(SMeaaiN-
Me)(N3)(ui-OHCHj3)], (3a) (0.20 g, 0.27 mmol) methanol saturated
with chlorine was added in drops and the mixture was stirred in
air. Immediately, the colour changed from red-brown to deep
brown. The stirring was continued for 45 min, and then N, gas was
bubbled for a few minutes with constant stirring. Excess NaNj
(0.2 g) in water was added, and air was bubbled through the mix-
ture for 30 min and methanol was added from time to time to main-
tain the volume of the solution at 25 mL. The mixture was filtered
and kept in the freezer for 4 h. The brown precipitate was filtered
and washed with water and cold methanol. The compound was
soluble in the mixture of 2-methoxy ethanol and methanol (1:5,
v/v) and was crystallised by concentration in air for a week. The
yield of [Cu(SMeaaiNMe)(u; ;-N3)(N3)], (2a) was 0.12 g (58%).
Microanalytical data: found (calcd.) [%)] for [Cu(SMeaaiNMe)(p; ;-
N3)(N3)]» (2a), (C H 3N (SCu), (759): C, 34.74 (34.78); H, 3.19
(3.16); N, 36.92 (36.89).

X-ray Crystal Structure Analysis of 2b and 3b: Details of crystal
analysis, data collection and structure refinement are given in
Table 5. Data for 2b (blue colour, prism shape, size
0.20 X 0.20 X 0.05 mm) were collected at 93(2) K by using a Rigaku
MMO07/Mercury CCD diffractometer (Mo-K, radiation, confocal
optics A = 0.71073 A). All refinements were performed by using
SHELXTL.®! Data for 3b (brown colour, plate shape, size
0.36 X 0.18 X 0.10 mm) were collected with a Bruker SMART CCD
area detector using fine-focus sealed tube graphite monochro-
matised Mo-K, radiation (. = 0.71073 A) at 293(2) K. Data were
corrected for Lorentz polarisation effects and for linear decay. Sem-
iempirical absorption corrections based on y-scans were applied.
The structure was solved by direct methods using SHELXS-97[33
and successive difference Fourier syntheses.**! All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were fixed
geometrically and refined by using the riding model. In the final
difference Fourier map, the residual minima and maxima were
~0.315 and 0.455 /A3 for 2b and ~0.400 and 0.647 /A’ for 3b. The
structures were drawn by using the ORTEP-32371 and PLATON-
991381 programs.
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Table 5. Summary of crystallographic data for 2b and 3b.

2b 3b
Empirical formula C24H28CUZN2()SZ C26H34CUZN14OZSZ
Formula weight 787.86 765.87
Temperature /K 93(2) 293(2)
Crystal system monoclinic monoclinic
Space group P2/n P2/
Crystal size /mm 0.20 < 0.20 X 0.05 0.36 X0.18 X 0.10
alA 14.951(4) 10.8091(19)
bIA 14.922(3) 13.737(2)
clA 15.245(4) 15.4200(19)
pr 100.474(7) 133.081(7)
VA3 3344.6(14) 1672.3(4)
Z 4 2
4t (Mo-K,,) /mn! 1.448 1.445
0 range /° 2.22-25.35 2.34-25.36
hkl range 17=h=18; -13<h<13;
16=k=17 16 < k< 16
-8=/=14 -18< /<18
Deaic Mgm3 1.565 1.521
Refined parameters 436 211
Total reflections 19901 16956
Unique reflections 5971 3259
R [I > 20(D)] 0.0286 0.0529
WR,! 0.0703 0.1607
Goodness of fit 1.025 1.063

[a] R = Z[|Fy| — |FVZIF|. [b] wRy = [Ew(F,? — FAEw(FH M2, w
= 1[cX(F,)> + (0.0336P)> + (2.7488P)] for 2b; w = 1/[c*(F,)* +
(0.0942P)> + (1.1087P)] for 3b where P = (F,> + 2F.2)/3.

CCDC-691681 {[Cu(SMeaaiNEt)(u-N3)(N3)], (2b)} and -691682
{[Cu(SMeaaiNEt)(N;)(u-OHCH3)], (3b)} contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Computational Methods: All computations were performed by
using the Gaussian03 (G03)P*! software package running under
Windows. Becke’s three-parameter hybrid exchange functional and
the Lee—Yang—Parr nonlocal correlation functional®’! (B3LYP)
were used throughout. Elements were assigned a 6-31G* basis set
in our calculations. For copper, the Los Alamos effective core po-
tential plus double zeta (LanL2DZ)“!#?l basis set was employed.
Gas- and solution-phase geometry optimisation were carried out
from the geometry obtained from the crystal structure without any
symmetry constraints. In all cases, vibrational frequencies were cal-
culated to ensure that optimised geometries represented local min-
ima.

Magnetic Measurements: Magnetic measurements were carried out
in the “Servei de Magnetoquimica (Universitat de Barcelona)” on
polycrystalline samples (30 mg) with a Quantum Design SQUID
MPMS-XL magnetometer working in the 2-300 K range. The mag-
netic field was 0.1 T. Diamagnetic corrections were evaluated from
Pascal’s constants.

Supporting Information (see also the footnote on the first page of
this article): Percentage orbital contribution of 2b and 3b in the gas
phase, calculated transitions of 3b with oscillator strength.
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Reduction vs. Metathesis in the Reactions of Bismuth Tribromide with a Bulky
Lithium Silanide — An Experimental and Theoretical Study
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On reaction of BiBr; with Li(thf);SiPh,tBu (1) in the corre-
sponding ratios redox/metathesis reactions were observed,
yielding dibismuthane (tBuPh,Si);Bi, (2) and disilylbismuth
halide (tBuPh,Si),BiBr (3). The latter is a reaction intermedi-
ate in the formation of the dark-red 2. The X-ray crystal
structures of 1-3 were determined by low-temperature X-ray
diffraction. The Si,Bi-BiSi, core of 2 is in the semi-eclipsed
conformation. No oligomerization of “nonthermochromic” 2
was observed. Compound 3 is a mixed substituted monomer
with a pyramidal environment around the bismuth center.
On the basis of quantum chemical calculations, the formation
of tertiary bismuthane (tBuPh,Si);Bi is not expected for steric
reasons. According to DFT-optimized geometries of the sim-
plified model systems n[(H;3Si),Bi], (n = 1-3), the closed-shell
attraction between intermolecular Bi centers in the chain
provides a moderate elongation of the intramolecular Bi-Bi

bond in the dibismuthane unit and a shortening of the inter-
molecular Bi--Bi contacts. According to MP4(SDQ) computa-
tions, such oligomerization is carried out by intermolecular
interaction of s lone pairs that are bound together and p-type
orbitals of the Bi-Bi bonds in the bismuth chain. An increase
in the number of [(H3Si),Bi], molecules per chain results in
a decrease in the HOMO-LUMO gap and leads to a bathoch-
romic shift. TD-PBEO computations suggest that the lowest
energy electron transition in 2 is metal-metal charge transfer.
In addition, the attractive contributions in the chain [(H3A),-
Bi],++[Bi(AHj3),], with silyl groups (A = Si) outweigh the re-
pulsion of the Bi-Bi centers, whereas for the alkyl-substi-
tuted bismuth chain (A = C) the repulsive van der Waals force
dominates. This fact makes the rectangle oligomerization
model more preferred for n[(H3A),Bi], (A = C; n = 2), while
for A = Si chain formation is favored in the gas phase.

Introduction

The chemistry of silyl-substituted bismuth compounds is
an object of intensive study in the last years, because of
the interesting behavior of these compounds in synthetic
reactions and the following applications and the ability of
these compounds to form interesting structural motives.
Only seventeen examples of such species, whose structures
have been determined by X-ray diffraction, are well-known
up to now. Primarily, these are homonuclear!! 3! (four exam-
ples) and heteronuclear!’->>'1l complexes (thirteen exam-
ples) containing silyl groups of various steric requirements
[SiMes, SitBus, Si(SiMes)s], which play a stabilizing role
here. In these compounds, bismuth displays the oxidation
states +1, +2 and +3. Homo- and heteronuclear silyl-substi-
tuted bismuth complexes could be obtained by different
synthetic strategies: (a) metalation of trisilylbismuthane
with alkyllithium,[!! (b) conversion of lithium bis(trisilylbis-
muthane) with 1,2-dibromoethane,l (c) conversion of so-
dium potassium bismuthide with 1,2-dichlorotetramethyl-
disilane,'” (d) reduction of bismuth halides with alkali
metal silanides?®! and with silyl-substituted lithium phos-

[a] Anorganisch-Chemisches Institut, Universitdt Heidelberg,
Im Neuenheimer Feld 270, 69120 Heidelberg, Germany
Fax: +49-6221-546617
E-mail: gerald.linti@aci.uni-heidelberg.de
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phanidest® {the formation of the silyl-substituted bismuth
complexes from the reactions of Ar'BiCl, [Ar" = 2,6-(2,6-
iPr,—C¢Hj3),-CgH3] with potassium silanides was not
observed},['?! (e) dehydrosilylation of group 13 diorganohy-
drides with trisilylbismuthane,>-%°! (f) heterometallic ad-
dition of trisilylbismuthane to group 13 trialkyl com-
pounds,[®®1 (g) conversion of trisilylbismuthane with cop-
per(I) tert-butoxide and trialkylphosphanes,!'% and (h) me-
tathesis reaction of a heterometallic aluminum-bismuth ad-
duct with a trialkyl indium-pyridine adduct.l'!l

We report here on the redox and metathesis conversions
of bismuth tribromide with the lithium silanide Li(thf)s-
SiPh,#Bul'3l in various ratios, resulting in a stable silyl-sub-
stituted dibismuthane and a disilylbismuth halide. We also
use quantum chemical calculations on simplified model
compounds of silyl- and alkyl-substituted bismuthanes to
obtain an insight into the possibility of forming (R3Si);Bi
structures, the stability of the silyl-substituted (HsSi),E-
radicals against dimerization as well as the instability of
[(H3Si),E], molecules towards dissociation in the series of
pnicogens E = P, As, Sb, Bi. In addition, the oligomeriza-
tion of n(H;A),Bi" radicals (A = C, Si; n = 2-4), the bond-
ing and orbital situations as well as the electronic exci-
tations in the dibismuthane and its oligomerized forms were
studied with use of density functional (DFT), time-depend-
ent density functional (TD-DFT), and conventional ab ini-
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tio theory to obtain an insight into the nature of Bi-Bi and
Bi---Bi interactions, which could be observed in the fluid
and crystalline phase.

Results and Discussion

Synthesis

The reactions of BiBrs with Li(thf);SiPh,/Bu (1) in the
corresponding ratios in the solvent toluene yield the silyl-
substituted bismuthanes 2 and 3 (Scheme 1). Thus, the in-
tended salt metathesis reaction of BiBr; with three equiva-
lents of 1 leads to a redox process under the applied condi-
tions (warming from —78 °C to room temp. during the reac-
tion), resulting in the dibismuthane (1BuPh,Si)4Bi, (2) and
the disilane (1BuPh,Si),. During the reaction the color of
the solution changes from green to red-brown. Workup al-
lows isolation of 2 as dark-red crystals soluble in toluene.
The »°Si NMR spectrum of the dark-red solution contains
two signals: singlets for the silicon atoms of dibismuthane
(0 = 15.9 ppm) and disilane (6 = -2.16 ppm).

The formation of (rBuPh,Si);Bi was not observed. This
is probably due to steric reasons, which will be discussed
later.

Heating of 2 under reflux at 100 °C for 3 h did not lead
to disproportionation into elemental bismuth and
(tBuPh,Si);Bi or to dissociation of 2 into corresponding
radicals. As a result, 2 could be observed in the reaction
solution again as a thermodynamically stable compound.
This high thermostability may be related to the relatively
short Bi-Bi distance in 2.

The reaction of BiBr; with 1 in a 1:2 and 1:1 ratio gives
the disilylbismuth halide (zBuPh,Si),BiBr (3) together with
2. Here, after workup of the reaction mixture, red crystals
of 3 could be isolated from the dark-green hexane solution
as well as from the red toluene solution only. The 2°Si NMR
spectra of the solutions show singlets at 0 = —4.19 and
—6.10 ppm, respectively. In addition, both solutions contain

Metathesis

@ 2BiBr; + 6Li(thf);SiPhy/Bu
1

European Journal
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2, which forms here predominantly (ratio ca. 2.5:1 accord-
ing to 2°Si NMR signals). Interestingly, the dark-green solu-
tion is more stable than that of red color, which decomposes
with formation of elemental bismuth after short periods of
time at low temperature (-20 °C) or much faster at room
temperature. In our opinion, the dark-green oily solution
should contain a form of 3 oligomerized via weak Br—
Bi-+Br intermolecular contacts (like Mes,BiBr,'*! for exam-
ple), which are broken on dissolution of the oligomer to
give 3. However, no crystals could be isolated from this
solution.

X-ray Crystal Structures

Single crystals of 1-3 suitable for X-ray structure deter-
mination were isolated from the corresponding solutions at
-20 °C.

Tris(tetrahydrofuran)lithium(zerz-butyldiphenylsilanide)-
lithium [Li(thf);SiPh,/Bu (1)] was synthesized by starting
from the reaction of chloro-zerz-butyldiphenylsilane,
tBuPh,SiCl, with lithium granulate in tetrahydrofuran solu-
tion according to the literature procedure.'¥ The com-
pound was crystallized from a n-hexane/thf mixture at
—20 °C. Compound 1 crystallizes in the monoclinic crystal
system, space group P2;/n (Table 3). Figure 1 shows the
molecular structure of 1 in the solid state. The asymmetric
unit contains three independent molecules of 1. The crystal
structure displays monomer silanide units, where the lith-
ium ions are surrounded by three thf molecules and a sili-
con atom in a tetrahedral geometry. They differ only in the
slight disorder of coordinated thf molecules and in the rota-
tional conformation of the (thf);Li and the SiPh,7Bu units.
For the Cg,SiLiO, torsional angle values of 37°, 39°, and
49° are observed. The Si-Li bond lengths in the three inde-
pendent molecules [266.0(5), 267.5(5), 269.0(5) pm] are
fairly similar. This is in the typical range, as compared to
other thf adducts of monomeric lithium silanides {262.7 pm
in  Li(thN);SiPh(NEt,),,[11 2669 pm  in  Li(thf);Si-

% 2(/BuPh,Si);Bi

2{(fBuPh,Si),Bi*}

{BuPh,Si-SiPh,/Bu

XOpay

—78°C— r.t.

.
(BuPh,Si),Bi-Bi(SiPh,rBu), |

100 °C, reflux,

—6LiBr

Redox vs.

toluene
2

(fBuPh,Si);Bi + Bi}

@ BiBr; + 2Li(thf);SiPhyBu W;;L",‘;Sis— L(BuPh,Si),BiBr| +2+ /BuPh,Si-SiPhyrBu + ..}
- 1Dbr

3

Scheme 1. Reaction pathways I and II leading to the formation of bismuthanes 2 and 3.
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(SiMes), 19 2672 pm in  Li(thf);SiPhs,') 267.8 and
268.2 pm in Li(thf);SiPh,(NEt,),!'! 271.7 pm in Li(thf);-
SitBus,l'7181 2732 pm in  Li(thf);SiPh,(NPh,),l' and
276.0 pm in Li(thf);Si(SiMe,SiMe;);2%} .

Figure 1. Molecular structure of lithium silanide 1 (crystal; the
thermal ellipsoids are given at the 30% probability level; hydrogen
atoms are omitted for clarity). Only one of the three independent
molecules is shown. Selected bond lengths [pm] and angles [°]: Sil—
Lil 267.5(5), Sil-C5 192.0(4), Sil-C11 192.7(4), Sil-C1 195.8(5),
O1-Lil 198.1(8), O2-Lil 196.1(8), O3-Lil 192.4(8), C5-Sil-Cl11
99.8(2), C5-Sil-C1 106.3(2), C11-Sil-C1 102.2(2), O3-Lil-0O2
105.1(3), O3-Lil1-O1 99.1(4), O2-Lil-O1 106.8(3).

Compound 2 crystallizes in the triclinic crystal system,
space group PI, Z = 2 (Table 3, Figure 2). The solid-state
molecular structure shows a dibismuthane with a Bi-Bi
bond length of 300.6 pm. The Si,Bi-BiSi, core is in the
semi-eclipsed conformation, where each bismuth atom is
surrounded by two tert-butyldiphenylsilyl (¢BuPh,Si)
groups. Two silyl-containing dibismuthanes of similar struc-
tural type, but with less bulky silyl (MesSi) or alkyl [(MesSi),-
CH] groups, have been reported up to now.l'->! The Bi-Bi
distance in 2 is shorter by 2.9 pm and 4.7 pm than in anti-
periplanar molecules (Me;Si)4Bi, (dgi_gi = 303.5 pm)! and
[(Me;Si),CH]4Bi, (dgig; = 305.3 pm),?!l respectively. Fi-
nally, it is 3.4 pm shorter than the sum of the covalent radii
(AZr.oy = 304 pm). The Bi-Si bond lengths in 2 are dg; g; =
268.6-270.8 pm, which is expected from the covalent radii
of bismuth and silicon [reow(Si) = 0.57sisiy Fsisi =
238.6 pm in (zBuPh,Si),]. The molecules of 2 can be re-
garded as isolated ones with a shortest intermolecular
Bi--+Bi distance of 1000 pm. In (Me;Si)4Bi,, aggregation via
Bi-+Bi contacts (380.4 pm) was observed.!'>?1 This leads to
a moderate elongation of the Bi-Bi bond in the dibis-
muthane unit. The quantum chemical calculations, which
will be discussed later, provide evidence for this.

The space-filling representations of the silyl-substituted
molecules 2 and [(MesSi),Bi], in Figure 3 show that bulky
tBuPh,Si groups of 2 more effectively surround the reactive
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Figure 2. Molecular structure of 2 (crystal; the thermal ellipsoids
are given at the 30% probability level; hydrogen atoms are omitted
for clarity). Selected bond lengths [pm] and angles [°]: Bil-Bi2
300.6(8), Bil-Si2 268.9(2), Bil-Sil 270.8(2), Bi2-Si4 268.6(3), Bi2—
Si3 268.7(3), Sil-C11 187.8(9), Sil-Cl1 190.2(9), Sil-C5 191.4(9),
Si2-C21 186.4(8), Si2—C27 187.1(9), Si2—C17 190.7(8), Si3-C43
187.5(8), Si3—C37 189.6(8), Si3—C33 191.3(10), Si4-C53 187.5(9),
Si4-C59 188.3(8), Si4-C49 192.3(9), Si2-Bil-Sil 101.63(7), Si2—
Bil-Bi2 93.87(6), Sil-Bil-Bi2 124.58(6), Si4-Bi2-Si3 101.77(8),
Si4-Bi2-Bil 94.98(6), Si3-Bi2-Bil 124.28(5), C11-Sil-C1 113.6(4),
C11-Sil-C5 108.4(4), C1-Sil-C5 106.3(4), C11-Sil-Bil 118.4(2),
CI1-Sil-Bil 107.5(3), C5-Sil-Bil 101.3(3), C21-Si2-C27 106.5(4),
C21-Si2-C17 113.3(4), C27-Si2-C17 106.6(4), C21-Si2-Bil
115.7(3), C27-Si2-Bil 107.4(2), C17-Si2-Bil 106.9(3), C43-Si3—
C37 106.9(4), C43-Si3-C33 113.2(4), C37-Si3-C33 106.5(4), C43-
Si3-Bi2 117.7(3), C37-Si3-Bi2 102.6(3), C33-Si3-Bi2 108.8(3),
C53-Si4-C59  106.9(4), C53-Si4-C49 106.7(4), C59-Si4-C49
113.4(4), C53-Si4-Bi2 107.9(3), C59-Si4-Bi2 115.0(3), C49-Si4-
Bi2 106.6(3), Sil-Bil-Bi2-Si3 4.62(9), Si2-Bil-Bi2-Si3 —102.36(8),
Sil-Bil-Bi2-Si4 —103.26(8), Si2-Bil-Bi2-Si4 149.76(8).

Bi-Bi bond. Such effective steric protection of the bismuth
centers in 2 can be regarded as one of the main reasons of
the stability of this compound.

8 &

Figure 3. Space-filling models of silyl-substituted dibismuthanes 2
(left) and [(Me;Si),Bi], (right).

The bond angles around bismuth lie in the wide range of
94-125°, resulting in a sum of angles at the bismuth centers
(Bis"™) of 320.1° (Bi;) and 321.0° (Bi,). The dihedral angle
7 between Si-Bi-Si planes is 84.1° (Figure 4). Thus, all of
these angles are evidence of steric strain in 2.
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Figure 4. The core of dibismuthane 2. Views along the Bi-Bi bond.

Compound 3 crystallizes in the orthorhombic crystal sys-
tem, space group P2,2,2;. Its solid-state structure (Table 3,
Figure 5) is similar to [(Me;Si),CH],BiCL 3! which is de-
scribed as a mixed-substituted monomeric diorganobis-
muth halide with a pyramidal environment around the bis-
muth center. The Bi-Si bond lengths in 3 are 267.8 pm and
269.6 pm, which are similar to the Bi-Si distances in 2. The
Bi-Br distance is 266.7 pm. The Si-Bi-Si angle is 100.22°.
As in [(MesSi),CH],BiCl, we observed a slight dissimilarity
of the R-Bi—X angles (Si-Bi-Br = 96.97° and 98.70°). Such
slight distortions in the Bi-Si bond lengths and Si-Bi-Br
angles may be related to steric strain in 3. In addition, the
total sum of angles at the bismuth center (Bi*"™) is 295.9°.
This is a smaller deviation than that in 2 from the expected
structure of R3Bi with bond angles of 90° each.

Figure 5. Molecular structure of 3 (crystal; the thermal ellipsoids
are given at the 30% probability level; hydrogen atoms are omitted
for clarity). Selected bond lengths [pm] and angles [°]: Brl-Bil
266.7(7), Bil-Sil 267.8(1), Bil-Si2 269.6(1), Sil-C11 186.8(5), Sil—
C5 187.4(4), Sil-C1 191.0(5), Si2—C27 186.3(4), Si2-C21 186.9(4),
Si2-C17 189.8(5), Brl1-Bil-Sil 98.70(3), Brl-Bil-Si2 96.97(3),

Sil-Bil-Si2  100.22(3), CI11-Sil-C5 111.69(2), C11-Sil-C1
107.7(2), C5-Sil-Cl1 112.9(2), C11-Sil-Bil 117.2(1), C5-Sil-Bil
98.4(1), C1-Sil-Bil 108.8(2), C27-Si2-C21 110.8(2), C27-Si2-C17
113.2(2), C21-Si2-C17 108.0(2), C27-Si2-Bil 114.4(1), C21-Si2—
Bil 103.1(1), C17-Si2-Bil 106.7(2).

As can be seen from the space-filling model of 3 (Fig-
ure 6), there is a vacant site on the bismuth atom, which is
assigned to the lone pair (LP) on the bismuth atom.
Through this LP, intermolecular interactions like Br-Bi---Br
in the oligomerized form are enabled.

Eur. J. Inorg. Chem. 2010, 322-332
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Figure 6. Space-filling models of disilylbismuth bromide 3.

Quantum Chemical Calculations

Pyramidal (R;Si);Bi Structures

The possibility of forming (R3Si);Bi structures may be
related to a “hybridization sp valence orbitals effect” of the
metal, to the presence of the lone pair on the metal atom
and its type, an orientation of the lone pair, and as a conse-
quence the repulsive interactions of the R3Si groups around
metal center. Thus, according to the natural localized mo-
lecular orbitals (NLMO) analysis at the MP2(full) level on
the DFT-optimized geometry of the simplified electrostatic
model (H3S1);Bi, the bismuth atom uses 9.3% s and 90.4%
p orbitals for bonding with silyl groups [s%3”p°!4” accord-
ing to the natural bond orbital (NBO)]. The lone pair of
electrons on Bi possesses 74.6% s and 25.4% p character
(according to the NLMO). As a result, the (H;Si);Bi struc-
ture shows a pyramidal environment around Bi (Figure 7),
where the Si-Bi-Si angles are 89°. In NBO evaluations, the
Bi-Si bonds are more weakly polarized toward Si atoms
(ca. 50.7%). In this manner, the valence sp hybrid orbitals
at Bi are adapted for a nucleophilic attack of only moder-
ately bulky alkyl or silyl anions like [(Me3Si;)AH] (A = C)
or [AMes]” (A = Si) to form (R3A);Bi.?* Increased steric
bulk of substituents leads to an increase in the Bi-Si bond
lengths [267.0 pm for (H5Si);Bi; 267.8 pm for (Me;Si);Bi;
273.2-275.9 pm for (iPr3Si);Bi] and the Si-Bi-Si angles
[89.0° for (H3Si);Bi, 96.8° for (MesSi);Bi, 107.1-109.7° for
(iPr3Si1)3Bi], and, consequently, to more steric strain in the
molecule. Here, (1BuPh,Si);Bi is a good example. Thus, ac-
cording to the DFT-optimized geometry of the tertiary bis-
muthane (1BuPh,Si);Bi, the Bi—Si bond lengths and the Si—
Bi-Si angles lie between 273.3 and 275.1 pm, and 99.6 and
109.8°, respectively. Such relatively large deviations in the
Bi-Si distances and the Si-Bi-Si angles may be related to
repulsive interactions of the silyl substituents in (1BuPh,Si)s-
Bi. Therefore, three bulky rBuPh,Si ligands may be hardly
coordinated to the bismuth centre on the way of experimen-
tally described reactions here, whereas for indium (for ex-
ample), displaying a planar structural motive in the solid
state, this is accessible {see [(BuPh,Si);In]}.[>’]

89° (R = H)

96.8° (R = Me)
107.1-109.7° (R = iPr)
99.6 —109.8° (R=/BuPh,)

Bi

Figure 7. DFT-optimized structure for (R3Si);Bi (R = H, Me, iPr,
tBuPh,) molecules and view of sp valence orbitals of metal.
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Pnicogen Radicals (H;Si),E and Their Dimers

Formation of persistent radicals (R"),E" (R’ = alkyl or
amide) of group 15 elements is well known. Thus, the phos-
phanyl and arsinyl radicals,?%27] generated in solution by
reaction of the dialkyl- or diamidophosphorus(IIl) or -arsen-
ic(IIT) monochlorides with an electron-rich olefin, or un-
der photolytic conditions by melting or vaporizing of the
dipnicogens [here, (PR’,),], could be observed in solution
as well as in the gas phase and characterized by ESR spec-
troscopy, gas-phase electron diffraction (GED), and X-ray
crystal analysis. In addition, the participation of the group
15 p elements in the formation of the silyl radicals is estab-
lished. For example, homolysis of tris(triethylsilyl)antimony
led to antimony and free triethylsilyl radicals.?] In case of
bismuth, the formation of its (R"),Bi" radicals was observed
in the gas phase. Thus, the signals for (R’),Bi" ions [R’' =
(Me;Si,)CH or 2,6-(Me,NCH,),CgH3] could be detected by
EI mass spectrometry.?!>*l The probable formation of the
bismuth radicals in liquid ammonia was reported by Gil-
man.B% Di-p-tolylbismuth halide and sodium reacted to
yield an intensely green colored solution. The homolytic
cleavage of the Bi-Bi single bond should depend on the
steric bulk of the ligands. In our case, we could observe a
bismuth cation [(rBuPh,Si),Bi]* in toluene solution by
LIFDI mass spectrometry, indicating homolytic dissoci-
ation of the dibismuthane and subsequent ionization.

Herein, we discuss the stability of the silyl-substituted
(H3S1),E" radicals towards dimerization, and thus, the insta-
bility of [(H3Si),E], molecules towards dissociation in the
series of pnicogens E = P, As, Sb, Bi on the basis of the
bond association and dissociation energies, respectively, as
well as on the basis of the total charge transfer on the pnic-
ogen atoms during both of these processes.

Upon traveling downward within group E, the bond
length E-E in the [(H3Si),E], compounds becomes longer
and the natural population analysis (NPA) pnicogen charge
becomes more positive (Table 1, Figure §). This is in line
with the increasing covalent radii and decreasing electrone-
gativity of the homologous elements. The relatively small
increase in the Bi-Bi bond length compared to that in the
Sb-Sb bond length may be related to “relativistic effects”,
which result in a decrease in the atom sizes and a shortening
of the E-E bond. Upon dimerization of the pnicogen radi-
cals, the association energies for [(H3Si),E], decrease within
the group (Table 1, Figure 9). In addition, the total intra-
molecular charge transfer for the lighter elements becomes
more negative; this corresponds to a better stabilization of
the molecules by the formation of E-E bonds. As a conse-
quence, the instability of the E-E bond increases within the
group, which is expressed in a decrease in the bond dissoci-
ation energies of [(H3Si),E], molecules. Here, as expected,
the longer the bond length, the less is the bond energy. The
total charge transfer also indicates that the Bi-Bi bond is
the most flexible among the E-E bonds of other pnicogens.
The E-E bond strengths for [(H3Si),E], molecules (P-P >
As—As > Sb-Sb > Bi-Bi), on the basis of the Wiberg bond
indexes (WBIs) and the effective overlapping of orbitals,
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Table 1. Intramolecular properties. Computed structural and bond
strength parameters, and calculated charges and energies for mole-
cules [(H3Si1),E], (E = P, As, Sb, Bi) of C,;, symmetry.

Parameter  (H3Si),E-E(SiHj3),

E=P E = As E =Sb E = Bi
d(E-E)l 225.7 247.6 285.6 301.4
Onpa™ ~0.3990  —0.2568 +0.0002 +0.0741
AQ(as)l!  —0.350 -0.320 ~0.283 ~0.234
AQ.(dis)ll  +0.350 +0.320 +0.283 +0.234
WBIL! 0.995 0.980 0.974 0.970
00Vl 0.761 0.722 0.719 0.658
AE, -215.4 -188.8 ~155.8 ~141.3
AEg 215.4 188.8 155.8 1413

[a] E-E bond lengths [pm] were computed at the PBEO/BS-I level
of theory. [b] The NPA pnicogen charges e were computed at the
MP2(full)/BS-11//PBEO/BS-I level. [c] Total charge transfers (AQ.)
e upon association (as) and dissociation (dis) and the Wiberg bond
index (WBI) for E-E were calculated at the MP2(full)/BS-11//PBE0/
BS-I level. [d] Order of overlapping (OOv) of the valence sp orbitals
of the pnicogens was computed at the MP2(full)/BS-11//PBE0/BS-1
level. [e] E-E bond association (AE,s) and bond dissociation (AEg;s)
energies [kJ/mol] were calculated at the MP4(SDQ)/BS-11//PBE0/
BS-I level.
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Figure 8. Calculated bond lengths and NPA pnicogen charges for
[(H3Si);E], (A = P, As, Sb, Bi).
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Figure 9. Calculated E-E bond association energies for (HsSi),E
and E-E bond dissociation energies for [(H3Si),E], (E = P, As, Sb,
Bi) and corresponding total charge transfers on the pnicogen
atoms.
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provide evidence for results described above (Table 1). As a
result, the [(H;Si),Bi], dimers possess the lowest stability
among these compounds of pnicogens. An increase in sta-
bility of the bismuth species might be achieved by the steric
bulk of the silyl substituents. For example, dibismuthanes
R,4Bi, with little and moderate steric protection [R = Me,
Et, SiMe;, CH(SiMes),] are thermolabile and have a ten-
dency toward disproportionation into elemental bismuth
and tertiary bismuthanes (R3A);Bi. In contrast to this, bis-
muthane molecules R, Bi, (x, y = 2-4) with bulky groups
[R = Ph, Mes, SirBu, Si(SiMes);; in our case R = tBuPh,]
are stabilized with respect to thermal decomposition.[!-3431]

N-merization of n(H3A),Bi" Radicals and Oligomerization
of Dimers

The n-merization of (H3A),Bi" radicals into [(H3A),Bi],
(A = C, Si; n = 2-3) and the oligomerization associated
with the formation of the systems n[(H3zA),Bi], (A = C, Si;
n = 2) via intermolecular Bi--*Bi contacts here were evalu-
ated by means of structure, charge, and energy calculations
(Table 2, Figure 10). According to DFT computations the
intramolecular Bi-Bi bond lengths in n[(H3A),Bi], elongate
upon oligomerization. In [(H3A),Bi]; a 3c3e bond is to be
formulated. The tetramers n[(H3A),Bi], (n = 2) are a model
for the oligomerization observed for R4Bi, compounds in
the liquid and crystalline phase. Here, rectangle and chain
oligomerization has to be distinguished. Thus, the Bi, unit
is retained and only weak intermolecular Bi-*Bi contacts
appear. The intermolecular Bi-Bi distances in n[(H3zA),-
Bi], are shorter than the sum of van der Waals radii of Bi
in the chain oligomerization and longer in case of the dis-
torted rectangle oligomerization. As can be seen, the NPA
bismuth charges in the silyl-substituted molecules are much
lower than those in the alkyl-substituted molecules. This
corresponds to better donor properties of the silyl substitu-
ents and leads to a shrinking of the covalent radius of bis-
muth in the alkyl derivatives. The different electronegativity
of C and Si atoms, better polarization of the Bi-C bonds,
which are highly polarized toward carbon atoms (ca. 70 %)

European Journal
of Inorganic Chemistry

here, as well as two highly positive charges on neighboring
Bi atoms should lead to an elongation of the intermolecular
Bi*2--*9Bi bond. As a result, the repulsive van der Waals
force between two alkyl-substituted dimers (A = C) domi-
nates (Table 2). All in all, this is well expressed for the chain
oligomerization. However, the distorted rectangle oligomer-
ization reveals an inverse situation: here, the intermolecular
Bi-+Bi distances between alkyl-substituted dimers are
slightly shorter than those between the silyl-substituted di-
mers. This phenomenon will be discussed later.

Bil Bi2
Dimerization

| !
| 1
I AE [
| inter |
| i

1
1

Bi4

Rectangle
oligomerization

Trimerization

Bi2 Bi4

QO AH;

Chain oligomerization

Figure 10. General view of DFT-optimized structures of [(H3A),-
Bi], (A = C, Si) molecules (hydrogen atoms are omitted for clarity).

The increase in the energy gain (E,) per radical (H;A),-
Bi" unit for [(H3A),Bi], and n[(H3A),Bi] (A = C, Si) mole-
cules listed in Table 2 indicates increased stabilization of the
corresponding systems. Therefore, the silyl-substituted
molecules spend more energy per radical unit than alkyl-
substituted ones gain. The energies of the intermolecular
Bi-*Bi contacts (AE;,,) in the tetramers n[(H3A),Bi], (n =
2) show that for A = C the distorted rectangle oligomeriza-
tion is more preferred (about 1.4 times more in the exother-

Table 2. Intermolecular properties. Computed structural parameters and calculated charges and energies for molecules [(H3A),E], (E =

P, As, Sb, Bi; A = C, Si).

Parameter [(H5A),Bi], n[(H3A),Bi],

n=2 n=73 n = 2 (rectangle) n = 2 (chain)

A=C A =Si A=C A =Si A=C A =Si A=C A =Si
Bil-Bi2fal 299.9 301.4 319.4 320.2 301.4 302.5 300.8 302.6
Bi2-Bi3 - - 319.3 319.5 - - 392.2 379.9
Bi3-Bi4 - - - - 301.4 302.5 300.7 302.5
Bil-Bi3 - - - - 424.2 429.5 - -
Bi2-Bi4 - - - - 425.3 431.5 - -
Onpal™ +0.814 +0.074 +0.849 +0.127 +0.7992Y +0.0442 +0.828 +0.099

+0.773 ~0.0191! +0.7992Y +0.0412Y +0.793l +0.028[

AE 19 -130.5 -141.3 -130.4 -153.2 -277.2 -301.7 2724 -303.1
AEj - - - - -16.2 -19.1 -11.5 -20.6
E -65.2 -70.6 —43.5 =511 —-69.3 754 -68.1 -75.8

[a] Bi-Bi bond lengths and intermolecular Bi-+Bi contacts [pm] were computed at the PBE0/BS-I level of theory. [b] The NPA charges ¢
at Bi were computed at the MP2(full)/BS-11//PBE0/BS-I level. [c] Energies of n-merization of (H3A),Bi" radicals and energies of intermo-
lecular contacts (AE e, and AE;,,, respectively) [kJ/mol], as well as energy gains per radical unit (E,) were calculated at the MP4(SDQ)/
BS-11//PBE0/BS-I level. [d] NPA charge on the central Bi atom in the trimer. [¢] NPA charges on intermolecular interaction centers of

bismuth.
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mic energy) over chain formation, whilst for A = Si the
chain oligomerization is slightly more preferred. As one of
the reasons, this inversion barrier at bismuth may be related
to better delocalization of two high charges on Bi for A =
C via the distorted rectangle, even though the Bi---Bi dis-
tances in the rectangle formation are longer than the sum
of van der Waals radii of Bi. Such an effect is more weakly
expressed for A = Si. An appreciable increase in the exo-
thermic energies AE;, ., with the increase in the number of
n[(H3A),Bi], molecules per chain (n = 3) was not observed.
In our opinion, the exchange of H atoms for Me groups in
anti-periplanar [(H5Si),Bi], should lead to a stronger shift
to chain formation on the basis of an increase in the steric
strain in the molecule. Thus, the forms of the oligomeriza-
tion, described above for the gas phase, could be experimen-
tally observed for (R,Bi), [R = Me, SiMes; R, = (CMe =
CH),; chain]™3? and {[(Me;Si),CH],Bi},?!! (rectangle).
Here, it is necessary to remark that rectangle formation for
the {[(Me;Si),CH],Bi}, molecule was established in the li-
quid phase by NMR spectroscopy as a dynamic process of
an exchange of the [(MesSi),CH],Bi units between associ-
ated molecules, whereas in the crystalline phase, only chain
formation for alkyl- and silyl-substituted dibismuthanes is
well-known.[!32 While the results obtained in the gas phase
for the silyl-substituted dibismuthane molecules are in line
with their experimental behavior in the crystalline phase
{see [(Me;Si),Bi],!"!}, the alkyl-substituted derivatives re-
veal various behavior. In addition, in the gas phase the in-
tramolecular Bi-Bi bond length and the intermolecular
Bi-+Bi distance in the chained molecule n[(H3A),Bi], (A =
C; n = 2) are 300.8 and 392.2 pm, respectively, whereas in
the crystalline phase experimentally observed Bi-Bi bond
length and Bi---Bi distance are 312 and 358 pm, respectively.
Interestingly, the lengthening of the intramolecular Bi---Bi
distance in the chained R4Bi,*Bi,R4 (R = H) system to a
value of 312 pm (in accordance with experimentally ob-
served Bi-Bi bond lengths for R = Me in the crystalline
phase) leads to a shortening in the intermolecular Bi-+Bi
distance, and as consequence, to an increase of about 11%
in energy of intermolecular contacts.**! All in all, such a
difference in structure and energy behavior in the gas, li-
quid, and crystalline phases may be related to the tempera-
ture factor, phase transitions, as well as to an influence of
the solvent molecules. All of these possible reasons demand
additional investigations on such factor-dependent systems.
In addition, the chain and rectangle oligomerization should
strongly depend on steric strain and rigidity of the ligands.

In this manner, an increase in steric strain and rigidity of
the substituents on the metal atoms should lead to a moder-
ate shift into chain formation or no oligomerization. As a
result, the types of oligomerization represented above are
not expected for the molecules with effectively protecting
silyl (like zBuPh,Si) or alkyl ligands (see Figure 3, too).

NBO Analysis

The charges (Onpa) on the bismuth atoms (natural elec-
tron configuration 6s'7%6p*13) in [(HSi),Bi],, obtained by
natural population analysis (NPA) at the MP2(full) level,
are slightly positive (+0.074 ¢). The NPA bismuth charge in
(H5S1),BiBr is much more positive than in [(H3Si),Bi],,
Onpa = 10.521 e. The results of the NBO evaluations for
[(H3Si),Bi], show that the bonding between bismuth centers
(Bi-Bi; WBI = 0.97) is mainly carried out by p—p orbital
overlap (s>07p?*>7d%-3"%) " (Figure 11). This overlap corre-
sponds to the HOMO, which indicates a ¢ bond between
the bismuth atoms (50%) (Figure 12). As a result, the
[(H3Si),Bi], molecule is apolar with a dipole moment of
0 Debye. The hybrid HOMO-1, HOMO-2, HOMO-3, and
HOMO-4 contain the main contributions from the Bi-Si
interactions, whereas the HOMO-5 and HOMO-6 are
metal lone pairs of mainly s character (s733”p?!3”; NLMO
analysis provides the same result). In the polar molecule
(H3Si1),BiBr (dipole moment ca. 4 Debye), the lone pair
NHO at Bi is of type s (s30-1%p!9-97), too.

Figure 11. Graphical representation of the NBO hybrid HOMO of
the model (H3Si),Bi-Bi(SiH3),.

Results firom MO Theory

Figure 12 presents the frontier molecular orbitals of
[(H3Si),Bi], obtained by means of canonical MO theory,
which were computed at the MP4(SDQ)/BS-11//PBE0/BS-1
level. Thus, according to the atomic orbital population of

HOMO-1

HOMO

LUMO

Figure 12. Graphical representation of the frontier canonical molecular orbitals of (H3Si),Bi-Bi(SiH3), (= 0.02 isosurface value).
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MOs, the components of HOMO-1 and LUMO come
mainly from p orbitals of bismuth, while the HOMO con-
tains the large s lone pair orbital parts of bismuth.

According to results of MO theory, the s LPs on Bi in
model compound [(H3Si),Bi], with non-overloaded silyl
substituents correspond to the HOMO. Interactions
through these LPs are known and were observed in the re-
actions of /BusM with Bi,Ety, resulting in Lewis acid—base
adducts [Et4Bi,][MBus], (where M = Al, Ga).’¥ An in-
crease in steric protection of the substituents should lead to
a decrease in activity of the s LPs, and accordingly to an
increase in stereochemical inert character. Therefore, the
stereochemically active role of the LPs of bismuth in 2 is
expressed very weakly. The s LP of 3 corresponds to the
HOMO, too.

Interestingly, the HOMO-LUMO AE gap for [(H3Si),-
Bi], decreases upon oligomerization (Figure 13). Thus, de-
localization of p electrons of (H3Si),Bi" radicals (AE =
9.43 eV) in the Bi-Bi bond (the Bi-Bi stretching frequency
is 127 cm™!) leads to the reduction of AE toward 8.73 eV (n
= 2). The Bi-Bi chain-oligomerized forms, n[(H5Si),Bi],,
have gaps of 7.75eV (n = 2) and 7.24 eV (n = 3), accord-
ingly. The values of the first ionization potentials (IP =
Epomo; on the basis of the Koopman’s theorem) and the
energy values of the lowest occupied molecular orbitals de-
crease, accordingly. According to DFT-optimized geome-
tries of the n[(H5Si),Bi], systems (n = 1-3), the interaction
between intermolecular Bi centers in the chain provides a
moderate elongation of the intramolecular Bi-Bi bond in
the dibismuthane unit from 301.4 pm for n = 1 through
302.5/302.6 pm for n = 2 toward 302.6/302.7 and 303.9 pm
(central unit) for n = 3. In addition, this leads to a shorting
of the intermolecular Bi-**Bi contacts from 379.9 pm for n
= 2 toward 378.2 pm (average) for n = 3.

2 A
1.01
0.49

0.03
0 -0.24 UM

U e e
N A e

3 HOMO
172 -7.48

AE HOMO-LUMO gap, ¢V
S

-8.42 -8.24
410 J

Figure 13. Changes in the HOMO-LUMO energy gap for n(H3Si),-
Bi" (n = 1-2) and n[(H;Si),Bi], (n = 2-3) systems upon n-merization
and chain oligomerization, respectively.

As can be seen in Figure 14, the intermolecular interac-
tions in the chained [(H3Si),Bi],*[Bi(SiH3),], molecule
correspond to the bonding HOMO-1 (s LP orbitals that
are bound together) and HOMO-3 (p-type orbitals that are
bound together) and the LUMO with overlapping intermo-
lecular p* orbitals, whereas the HOMO and the HOMO-2
are intermolecular antibonding in nature and correspond
to the intramolecular interactions in each dimer molecule
[(H3Si),Bi], (as described in Figure 12). As a result of the
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[(H3S1),Bi],-+<[Bi(SiH3),], intermolecular interaction, the
charges on the bismuth interacting centers are reduced from
+0.074 ¢ in dimer [(H;Si),Bi, to + 0.028 ¢ in oligomer
[(H5Si),Bi],--[Bi(SiH3),]», whereas the charges on the non-
interacting bismuth centers become slightly more positive +
0.099 e, accordingly. This induced dipole causes an electro-
static attraction between these two nonpolar molecules.
Thus, the dipole moment of [(H;Si),Bi], is 0 Debye, whereas
that of [(H;Si),Bi],*+[Bi(SiH3),], becomes more positive,
0.46 Debye. In addition, such Bi---Bi intermolecular attrac-
tion is very weak (0.04) according to the WBI. This fact
and the small charges involved here, as well as the absence
of other intermolecular contacts, point to the London dis-
persion force.

LUMO

HOMO

HOMO-1

HOMO-2

HOMO-3

Figure 14. Graphical representation of the frontier canonical mo-
lecular orbitals of [(H3Si),Bi],*++[Bi(SiH3),], upon oligomerization
(%= 0.02 isosurface value).

TD-DFT Computations

According to time-dependent (TD) DFT computations
of vertical electronic transitions in [(H3Si),Bi],, the lowest
energy So — S; electronic transition corresponds to the
HOMO — LUMO and HOMO-1 — LUMO excitations
with a predominantly ngj ) — 17*p;i( character. The tran-
sitions are in the near UV region (301 nm, 4.12¢V, 33
223 em™'). Such electron transfer can be described as metal—
metal charge transfer (MMCT excitation). Intermolecular
interaction of s LPs of the Bi—Bi bond in the bismuth chain-
oligomerized form (Figures 13, 14) leads to a bathochromic
shift toward lower frequencies. Thus, the lowest energy elec-
tronic transitions for n[(H3Si),Bi], are 301 (n = 1), 347 (n =
2), and 391 nm (n = 3). This fits well with the results de-
scribed above (Figure 13). Experimentally, a change in color
is observed for [(Me;Si),Bi],!!"! upon transition between the
fluid phase {red [(Me;Si),Bi],} and the crystalline phase
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{green n[(MesSi),Bi],, where n is the number of molecules
in the Bi chain}. These results are in contrast to those ob-
tained for 2, which is “nonthermochromic” dibismuthane.
In addition, a maximum absorption band for the com-
pounds with more bulky silyl ligands should be shifted to
lower energy, too. The absorption spectrum of 2 in toluene
provides evidence for this. Thus, the observed lowest energy
absorption maximum lies at 465 nm (2.67 eV, 21 505 cm™!)
in the visible spectral region and is close to the value of the
So — S, electronic transition (the HOMO — LUMO and
HOMO-2 — LUMO excitations) determined computation-
ally by using the fixed structure of 2 from X-ray crystal-
lography (418 nm, 2.97 eV, 23 923 cm™!).

Conclusions

By the reactions of BiBr; with various amounts of the
bulky lithium silanide 1, the formation of Bi-Bi bonded
product 2 could be observed. However, 2 was isolated only
from the redox reaction in 1:3 ratio, as a main product. The
formation of tertiary bismuthane (1BuPh,Si);Bi was not ob-
served. This is probably due to steric reasons. Accordingly,
no oligomerization of 2 is observed. This is in contrast to
the observation that Biy(SiMes), is “thermochromic” !
where oligomerization via Bi-Bi contacts is observed. In
all reactions, both metathesis and redox processes were ob-
served. These led to the formation of Bi-Br bonded product
3 simultaneously with 2.

The bulky SiPh,7Bu ligand is a valuable source, which
should promote the radicalization processes in the reactions
of trigonal pyramidal structural units (like EX3) of the
group 15 elements (E = P, As, Sb, Bi) with alkali metal
silanide M(sol),SiPh,/Bu (M = Li, Na, K; n = 0-3) on the
basis of the shape of the silyl substituents (steric factor) and
“hybridization sp valence orbital effect” of the correspond-
ing element E (electronic factor).

Dibismuthanes such as 2 are potentially useful and im-
portant starting reagents for further synthetic applications.
On one hand, these may react via the s LPs of Bi as o-
donor, to form Lewis acid—base adducts;?¥ on the other
hand, the more sterically demanding alkyl or silyl groups
(like those in 2) are, the less stereochemically active these
orbitals are. This is due to the increasing protection of the
metal center in the molecules. Finally, such compounds
with Bi-Bi bonds open a way to ring systems or to bismuth
species in its +1 oxidation state, for example.?'®! Sterically
protecting ligands should play a key role and determine all
probabilities of reaction of the complexes.

Experimental Section

General: All manipulations were carried out with the use of stan-
dard Schlenk techniques under an oxygen-free and water-free argon
atmosphere and in vacuo. All organic solvents were distilled, dried,
and degassed according to standard procedures. Hexane and tolu-
ene were dried with sodium/benzophenone and freshly distilled un-
der argon. Li(thf);SiPh,zBu (1), was prepared according to a litera-
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ture procedure.['3 Elemental analysis was performed in the micro-
analytical laboratory of Ruprecht-Karls-University of Heidelberg.
'H, 3C, and *°Si NMR spectra were recorded with a Bruker Ad-
vance-400 (399.89, 100.55, and 79.44 MHz for 'H, '3C, and *°Si
analyses, respectively) instrument. Chemical shifts are reported in
0 units (ppm) and are referenced to an external standard of tet-
ramethylsilane (TMS) SiMe, (0 = 0.00 ppm) and benzene C4Dg (0
= 7.13 ppm). Electronic spectra were measured at room temp. un-
der an argon atmosphere with a Tidas II J&M spectrophotometer,
using toluene as solvent. The LIFDI-MS was recorded with a
JEOL JMS-700 operating in the positive ion mode with full scan-
ning in the range 200-1800; compound 2 was supplied as dilute
solutions at about 0.2 mgmL ' in toluene.

Crystal Structure Determination: X-ray data for single crystals of
1-3 were collected with a STOE IPDS I diffractometer equipped
with an image plate area detector, using a graphite monochromator
(Mo-K,) (4 = 71.073 pm). The structure was refined against all I
data by full-matrix least-squares techniques (SHELXT 5.01; PC
Version, Siemens, Bruker AXS).I33 All non-hydrogen atoms were
refined with anisotropic thermal parameters. All H atoms were
placed in calculated positions and refined by using a riding model.
A summary of crystal data and structure refinements for the com-
pounds are listed in Table3. CCDC-742475 (1), -742476
(2-2C4HsMe), -742477 (3), and -742909 (tBuPh,Si) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Compound 2: A suspension of (2.93 g, 6.34 mmol) Li(thf);SizBuPh,
(1) in toluene (20 mL) was added dropwise to a stirred solution of
(0.95 g, 2.11 mmol) BiBrj in toluene (40 mL) at —78 °C. The dark-
colored reaction mixture was stirred for an additional 3 h at low
temperature and was then slowly warmed to ambient temperature.
Initially, a green solution was observed. After stirring for 16 h, all
volatile reaction components were removed with an oil vacuum
pump. The residue was extracted with hexane (60 mL) and then
with toluene (60 mL). After filtration, dark-red solutions were ob-
tained. The hexane and toluene fractions show similar °Si NMR
signals. The toluene and solutions were reduced to a volume of
15 mL and cooled to —20 °C, resulting in the formation of dark-red
crystals of 2; yield: 1.88 g (64 %; with reference to Bi). Compound 2
is soluble in organic solvents and stable in the range —30-100 °C.
CesH76Bi5Si4 (1374.46): caled. C 55.88, H 5.57; found C 55.69, H
6.05. 'TH NMR (400 MHz, C¢Dg, iTMS): 6 = 1.12 (s, CMes, 1),
7.58 (m, o-Ph), 7.67 (m, p-Ph), 7.79 (m, m-Ph) ppm. '*C NMR
(100.55 MHz, C¢Dg, iTMS): 0 = 26.8 (s, CMe3), 30.4 (s, CMe3),
129.7 (m-Ph), 132.6 (p-Ph), 136.0 (0-Ph), 138.2 (i-Ph) ppm. *’Si
NMR (79.44 MHz, C¢Dg, eTMS): 0 = 15.9 (s, SiPh,zBu) ppm. UV/
Vis (toluene): /may (6, Lmol 'em™!) = 465 (2132) nm. LIFDI-MS
(toluene): m/z (%) = 1374.6 (100) [M]*, 11354 (13) [M* —
SiPh,Bu], 687.3 (18) [(1BuPh,Si),Bi]*, 447.3 (5) [(rBuPh,Si)Bi]*.

Compound 3: A suspension of (3.06 g, 6.63 mmol) (1) in toluene
(20 mL) was added dropwise to a stirred solution of (1.49¢g
3.31 mmol) BiBr; in toluene (40 mL) at —78 °C. The dark-colored
reaction mixture was stirred for an additional 3 h at low tempera-
ture and was then slowly warmed to ambient temperature. After
stirring for 16 h, all volatile reaction components were removed
with an oil vacuum pump, and the residue was extracted first with
hexane (60 mL) and then with toluene (60 mL). After filtration of
the hexane and toluene fractions, the dark-green (denoted “DGS”)
and red (denoted “RS”) solutions were obtained, respectively. Hex-
ane and toluene solutions were reduced to a volume 15 mL and
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Table 3. Crystal data and structure refinement details for 1-3.
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1 2:2C4HsMe 3

Empirical formula C28H43LiO3Si C73H92Bi25i4 C32H38BiBrSi2

Formula weight [g/mol] 462.32 1559.84 767.69

Temperature [K] 200 200 200

Crystal color pale green dark red red

Crystal size [mm]? 0.37x0.35%x0.24 0.3%x0.16 X0.07 0.41 x0.14 X 0.06

Crystal system monoclinic triclinic orthorhombic

Space group P2,/n Pl P2, 2,2

a [pm] 1018.6(2) 1368.8(3) 1044.1(2)

b [pm] 1711.3(3) 1421.5(3) 1150.9(2)

¢ [pm] 4808(1) 1848.0(4) 2526.2(5)

a [°] 96.01(3)

LI°] 90.08(3) 92.84(3)

[l 101.42(3)

VA3 8381(3) 3496(1) 3035(1)

zZ 12 2 4

Dyic [Mg/m?) 1.099 1.482 1.680

1 (Mo-K,) [mm1] 0.109 5.137 7.223

F(000) 3020 1564 1504

20-range [°] 2.04-26.13 2.52-30.63 2.11-28.15

Abs. corr. numerical numerical numerical

Min/max transm. 0.9618/0.9832 0.255/0.674 0.1945/0.5230

Index ranges “12=h=12 -19=h=19 -13=h=13
2l =k=21 20=k=19 15=k=14
59 =1=59 26=1=26 -33=/=33

Reflections collected 36694 42336 29770

Independent reflections 14556 19419 7354

Observed refl. [I>2c(1)] 6160 9297 6592

Data/restraints/parameters 14556/0/912 19419/0/757 7354/0/326

Goodness-of-fit (S) on F? 0.842 0.774 0.923

Final R indices [I>20(1)] R1 =0.0630 R1 = 0.0515, R1 =0.0248,
wR, = 0.1291 wR, = 0.1055 wR, = 0.0509

R indices (all data) R1 =0.1463 R1 =0.1249, R1 =0.0307,
wR, = 0.1553 wR, = 0.1235 wR, = 0.0521

Largest diff. peak/hole [enm™]  214/-192 2578/-3067 1121/-548

cooled to —20 °C, resulting in the formation of only red crystals of
3. 2Si NMR spectra for both solutions contain the silicon signals
of 2 and disilane, too. Yield of DGS: 0.91 g (35.7 %; with reference
to Bi). Yield of RS: 0.48 g (19.0%; with reference to Bi). After
short periods of time at —20 °C or at room temp., both solutions
decompose with formation of elemental bismuth. The crystals of 2
(which form predominantly) also were obtained by this reaction in
a 1:1 ratio (**Si NMR signals of 2 and disilane were observed, too).

DGS: The signals of 2 and disilane are omitted. 'H NMR
(400 MHz, C¢Dg, iTMS): 6 = 7.87 (m, m-Ph), 7.71 (m, p-Ph), 7.49
(m, 0-Ph), 1.21 (s, CMes) ppm. '3C NMR (100.55 MHz, C¢Dy,
iTMS): ¢ = 138.5 (i-Ph), 137.1 (0-Ph), 133.3 (p-Ph), 130.0 (m-Ph),
31.2 (s, CMe3), 27.0 (s, CMe3) ppm. 2°Si NMR (79.44 MHz, C¢Ds,
eTMS): 0 = 4.2 (s, SiPh,tBu) ppm.

RS: The signals of 2, disilane, and DGS are omitted. 'H NMR
(400 MHz, C4Dg, iTMS): 6 = 7.74 (m, m-Ph), 7.63 (m, p-Ph), 7.29
(m, 0-Ph), 1.14 (s, CMes) ppm. '3C NMR (100.55 MHz, C¢Dy,
iTMS): 6 = 138.3 (i-Ph), 136.3 (0-Ph), 132.7 (p-Ph), 129.9 (m-Ph),
31.1 (s, CMes), 27.6 (s, CMe;) ppm. 2°Si NMR (79.44 MHz, C¢Ds,
eTMS): 0 = -6.1 (s, SiPh,/Bu) ppm.

Computational Methods: DFT structure optimizations were per-
formed with the Turbomole program,¢! adopting the multiple
“M3” grid size for the density fitting and a SCF convergence crite-
rion of 1 X 1077 E;,. The initial geometries were fully optimized with
the hybrid exchange-correlation functional PBE0.*7) As Gaussian
AO basis for all atoms, all-electron split valence SV(P) sets of def2-
typel*®! were employed (Basis Set System I, which is denoted BS-
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I). All other computations were carried out on PBEO optimized
geometries with the Gaussian 03 program package.l*! We used Los
Alamos National Laboratory 2 (LANL2) relativistic effective core
potentials (RECPs) to describe the core electrons of In, P, As, Sb,
Bi, and Br atoms and employed split-valence (double-{) quality
basis sets to describe their s and p valence electrons. For P, As, Sb,
Bi, and Br atoms, the LANL2DZ basis set was augmented by add-
ing one set of polarization and one set of diffuse functions.”! For
Si, C, and H atoms, all-electron split-valence 6-311+G(d,p) basis
sets supplemented with a single set of diffuse functions on carbon
and silicon atoms were employed.'] The combination of
LANL2DZdp and 6-311+G(d,p) is denoted Basis Set System II
(BS-II). The vibrational frequencies were evaluated on all DFT-
optimized geometries by using the HF method to verify their status
as true local minima on the potential energy surface and to obtain
zero-point corrections to the energies (ZPE) without scaling. The
nature of the chemical bonding was analyzed by means of the NBO
approach with the second-order Moller—Plesset perturbation
theory, including all valence electrons in the configuration space
[MP2(full)]. The atomic charges were computed within the natural
population analysis (NPA). Wiberg indexes were evaluated and
used as bond strength indicators. NBO analyses were performed
with NBO Version 3.1%2l incorporated in the Gaussian 03 program.
To gain insight into the vertical singlet electronic states, time-de-
pendent functional theory™3 (TD-PBE( method) calculations were
performed. Energies reported herein were evaluated by using the
fourth-order Moller—Plesset perturbation theory [MP4(SDQ)] in
combination with PBEO parameterization.
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