FULL PAPER

DOI: 10.1002/ejic.201000121

AlMe3, GaMez and InMe; Adducts of /V,N-Bis(2-{pyrid-2-yl}ethyl)-
hydroxylaminato Rare-Earth Metal Complexes and Their Molecular Dynamics

Benjamin J. Hellmann,'?! Andreas Mix,!?! Beate Neumann,'?! Hans-Georg Stammler,!*! and
Norbert W. Mitzel*12l

In memoriam Professor Dr. Herbert Schumann

Keywords: Rare earths / Hydroxylamines / Hemilability / N,O-Ligands / Molecular dynamics

Reactions of hydroxylaminato rare-earth metal complexes of
the general type [Cp,Ln{n2-ON(C,H,-0-Py),}] (Cp = cyclo-
pentadienyl, Py = pyridyl, Ln =Y, Sm, Nd, Pr, La) with the
Lewis acids AlMe3, GaMes; and InMej; resulted in the forma-
tion of the oxygen bonded adducts [Cp,Ln{n2-ON(C,H,-n'-
0-Py)(C,H,-0-Py)}*EMe;] where Ln = Y, Sm and E = Al, Ga,
In. Combination of the corresponding Nd, Pr and La com-
plexes with the Lewis acids EMe; gave the doubly pyridyl
coordinated  complexes [Cp,Ln{n?-ON(C,H,-n'-0-Py),}-
EMe;s] (E = Al, Ga, In). Reactions of the complexes [Cp,Ln{n?2-
ON(C,H4-0-Py),}] with two equivalents of the Lewis acids re-
veal complexes of the type [Cp,Ln{n%-ON(C,H,;-n'-0-Py)-
(CyHy4-0-Py)}-2EMes] (Ln =Y, Sm and E = Al, Ga, In) in which
one Lewis acid EMej; coordinates to the hydroxylaminato
oxygen atom and one interacts with a pyridyl nitrogen atom.

The possibility of synthesising heterotrimetallic complexes
was demonstrated by reacting the compound [Cp,Y-
M2-ON(C,Hy-n'-0-Py)(C,Hy-0-Py)}-AlMes] with GaMes to
obtain the complex [Cp,Y{n2-ON(C,H,;-n'-0-Py)(C,Hy-o0-
Py)}:AlMe3z-GaMes]. The compounds have been character-
ised by elemental analysis, NMR spectroscopy (except para-
magnetic substances) and single-crystal X-ray diffraction ex-
periments. The aggregation trend is found to be directly re-
lated to the size of the metal ions. The new complexes exhibit
a highly dynamic behaviour in solution. The two pyridyl ni-
trogen atoms are changing their coordination to the metal
atom rapidly at ambient temperature even when the pyridine
nitrogen donor atom is blocked by an EMe; unit. VI-NMR
experiments showed that this dynamic exchange can be fro-
zen on the NMR time scale.

Introduction

The large variety of hydroxylaminato compounds of the
metal ions of group 4,[11 12,121 1381 shows the high flexibility
of [R,NO7] ligands in coordination chemistry. These li-
gands can complex metal atoms e.g. by end-on coordina-
tion, side-on coordination, p-O-end-on coordination or p-
O-side-on coordination mode to exemplify only four of the
explored binding motifs.

The special binding characteristics of hydroxylamines to
act as side-on coordinating ligands has even been demon-
strated for the main-group elements silicon and germanium,
where they lead to the formerly unexpected formation of
SiION™ and GeONP! three-membered ring systems. Hy-
droxylaminato ligands also offer the possibility to form
multinuclear aggregates by bridging several metal atoms,
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which has been shown to be a working principle in zinc and
cadmium complexes of the formula [M(MR)4(ONR’,)¢] (M
= Zn [l Cd;M R = Me, Et, iPr etc.). It is also possible to
introduce hydroxylaminato ligands into group 4 transition
metal chemistry as shown for Ti**, which can adopt an un-
expectedly high coordination number of eight if surrounded
by hydroxylaminato ligands, as has been demonstrated for
[Ti(ONR,),] (R = Me,'] Etl'd)). The flexibility of coordina-
tion in such hydroxylaminato complexes has also been used
to design hemilabile half-sandwich polymerisation cata-
lysts.l'&-1el The principle of achieving unusually high coordi-
nation numbers has impressively been demonstrated by Bat-
ten and Deacon et al., who have shown the ability of nitroso
ligands to lead to extremely high coordination numbers of
up to twelve in rare-earth metal complexes.®!

We have recently started exploring the chemistry of hy-
droxylaminato complexes of rare-earth metals. As hydrox-
ylaminato ligands can exert an n2-binding mode towards
rare-ecarth metal atoms a saturation of these large metal
ions coordination sphere can be accomplished by a mini-
mum of atoms, and thus no long spacer groups are neces-
sary as it is normally the case for many neutral-donor-func-
tionalised ligands.
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Our investigations are focusing on the reactions of N,/N-
dialkylated hydroxylamines with different rare-earth metal
precursors and compounds. Combining cyclopentadienide
substituents with hydroxylaminato-kO ligands leads to a
variety of complexes with different binding and aggregation
modes. With larger N-substituents like the benzyl group, we
have demonstrated that compounds like [Cp,Y(ONBn,)],
and [Cp,Sm(ONBn,)], form dimers, which have the hydrox-
ylaminato ligands binding side-on but also linking the
metal atoms by oxygen donors into four-membered ring
systems.”) A trinuclear compound [CpsY3{ON(Me)CH,-
CH,(Me)NO},] was obtained by the reaction of YCps and
the bishydroxylamine HON(Me)CH,CH,(Me)NOH and
shows the same combination of binding modes.[) The appli-
cation of N,N-dialkylhydroxylamine anions, preferably in
the form of potassium salts, with small substituents in the
absence of other groups at the rare-earth metal atoms leads
exclusively to the formation of ate complexes, which aggre-
gate into polymeric chain structures in the solid state.l!%-!1]
Single-pot salt metathesis reactions involving the anhydrous
rare-earth metal trichlorides LnCl; (Ln = Y, Ho, Er and
Lu) and the N,N-diethylhydroxylaminato potassium salt
KONEt, as well as KCsMes have resulted in the formation
of a series of isostructural rare-earth metal hydroxylamin-
ato complexes of the type [(CsMes)Ln(p-n':m>-ONEt,)(n2-
ONEt)], (Ln =Y, Ho, Er and Lu). These have — analo-
gously to above cases — similar bridging and side-on bind-
ing N,N-diethylhydroxylaminato ligands, but also one of
these ligands per metal atom with a pure side-on binding
mode.['"1?] Before these investigations by our group, only
one hydroxylamine related complex has been reported.!'3]
This compound, [{(CsHgMesNO),Sm(n-ONCsHgMey)} -],
contains hydroxylaminato-xO ligands binding end-on and
pu-O-side-on in one complex introduced by the stable
TEMPO radical in a redox process.

Recently we reported the possibility generating the first
monomeric hydroxylaminato rare-earth metal complexes
[Cp,Ln{n2-ON(C,H,-n'-0-Py)(C,H4-0-Py)}] with the N,N-
bis(2-{pyrid-2-yl}ethyl)hydroxylaminato ligand.'¥l  With
this ligand system the coordination of one pyridine donor
atom effects that a dimerisation via an Ln,O, linkage is
disfavoured. Also the molecular structures, ligand coordi-
nation modes and aggregation types of these complexes de-
pend strongly on the ionic radii of the involved rare-earth
metal ions. For the smaller metal ions (Sm3*, Y3*) a mono-
meric motif is fond for the Cp,Ln complexes of this ligand
(Type A, Scheme 1). If rare-earth metal ions with larger
ionic radii than that of Sm3* (Nd, Pr) were employed in
syntheses, the molecular structures reveal the well known
dimeric p-O-bridging motif without coordination of a pyr-
idine donor (Type B, Scheme 1) as we previously observed
e.g. in [Cp,Y(ONBn,)],.”! Utilising the even larger lantha-
num leads to the additional coordination of a pyridine do-
nor atom and increases the coordination number of the
metal ion by one (Type C, Scheme 1). The donor-stabilised
complexes are hemilabile and change their coordination
rapidly in solution. In order to investigate the hemilability
we tried to occupy the free pyridine donor-site with Lewis
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acids to block such exchange processes. Here we present the
formation of complexes resulting from the interactions of
the Lewis-acidic metal trialkyls EMe; (E = Al, Ga, In) with
these [Cp,LnON(C,Hy-0-Py),] complexes revealing novel
aggregation motifs and different aggregation in solution.
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Scheme 1. Synthetic routes to the adduct complexes 1-17 starting
from the monomeric compounds [Cp,Ln{n?>-ON(C,H,n'-o-
Py)(C,H4-0-Py)}] (Ln = Y, Sm), the dimeric compounds
[Cp-Ln{n>-ON(C,H4-0-Py),}] (Ln = Nd, Pr) and the dimeric lan-
thanum complex [Cp,La{n>-ON(C,H;1n'-0-Py)(C5H-0-Py)}],.

Results and Discussion

Synthesis and Characteristics of the EMe; Adducts of
[Cp2Ln{n*-ON(C,H,-0-Py),}]

Based on the complexes [Cp,Ln{n>-ON(C,H4-0-Py),}],
which are accessible via a hydrocarbon elimination route by
reacting LnCp; with HON(C,H-0-Py), in thf'Y com-
plexes 1-17 were synthesised by reacting them with pure
AlMe;, GaMes and InMes. This resulted in a variety of
ligand binding and aggregation modes. As starting materi-
als and products in these syntheses decompose upon con-
tact with oxygen and/or moisture the preparative protocol
dictates a rigorous exclusion of traces of the atmosphere.
2775
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To achieve the formation of the compounds 1-12 the
complexes [Cp,Ln{n>-ON(C,H4-0-Py),}] (Cp = cyclopen-
tadienyl, Py = pyridyl, Ln =Y, Sm, Nd, Pr, La) were sus-
pended in toluene and equimolar amounts of pure EMes
(E = Al, Ga, In) were added (Scheme 1).

In related reactions the complexes 13-16 were synthe-
sised by reacting the starting materials with two equivalents
of the Lewis acids. Compound 17 is accessible by treating
compound 1 with 1.1 equiv. of GaMe; in toluene. Com-
plexes 1-12 are of superior solubility in toluene in contrast
to the utilised starting materials [LnCp,-n?-ON(C,H,-o0-
Py),]. Addition of a second equivalent of the Lewis acids
further improves the solubility of the products. Yields of
these syntheses were up to 88% and all synthesised com-
plexes have colours typical for the utilised lanthanide. The
proof of identity stems from CHN analyses, NMR spectra
(where applicable) and single-crystal X-ray diffraction ex-

periments. We expect that it is possible to perform these
syntheses across the whole rare-earth series no matter if a
monomeric starting material is used or the dimeric types.
As the matrix of all possible combinations of rare-earth
metals and AlMe;, GaMe; or InMe; and their combina-
tions could contain up to 70 entries, we decided to investi-
gate only one member of each of the three known structural
motifs of the starting materials and chose the lanthanum,
praseodymium and yttrium compounds for this purpose. In
addition we synthesised a few complexes of samarium and
neodymium to check for the validity of our similarity
assumptions.

Molecular Structures of the Complexes [Cp,LnON(C,Hy4-0-
Py)z’EMe:;] 1-12

The results of the structural analyses of compounds
1-12 can be grouped into two structural motifs (see

Table 1. Selected structural parameters for compounds 1-17 as determined by X-ray crystallography (av. = average value).

1 2 3 4 5 6 7 8 9 10
In=Y, In=Y, In=Y, Ln=Sm, Ln=Sm, Ln=Nd, Ln=Pr In=Pr, Ln=Pr Ln = La,
E = Al E=Ga E=In E = Al E=Ga E=1In E = Al E=Ga E=In E = Al
Ln(1)-O(1) 2.234(2) 2216(2)  22002)  2302(1)  2.272(2) 2.351(1) 2.405(1) 2.3702)  2.357(2) 2.499(1)
Ln(1)-N(1) 2.512(3) 2.508(2)  2.509(3)  2.556(1)  2.537(3) 2.545(2) 2.537(2) 2.5292)  2.548(2) 2.628(2)
Ln(1)-N(Q2) 2.444(3) 24452)  2446(3)  2.5092)  2.51003) 2.696(2) 2.724(2) 2.7302)  2.707(2) 2.739(2)
Ln(1)-N(3) - - - - - 2.729(2) 2.726(2) 2.7232)  2.737(2) 2.768(2)
Ln(1)-C(1-10) 2.675,,, 2.693,,. 2.690,,, 2.733,.. 2.760,,, 2.819,,, 2.822,, 2.832,,  2.829,, 2.859,,,
O(1)-N(1) 1.454(4) 1.452(2) 1.453(3) 1.451(2) 1.454(4) 1.447(2) 1.450(2) 1.4453)  1.44512) 1.449(2)
O(1)-E(1) 1.877(3) 2.0512)  2.264(2) 1.886(1)  2.036(2) 2.262(1) 1.888(2) 2.036(2)  2.261(1) 1.882(2)
N(1)-C(11) 1.475(4) 1.484(3) 1.476(4) 1.475(2) 1.471(4) 1.484(2) 1.488(3) 1.483(3)  1.478(3) 1.476(3)
N(1)-C(18) 1.477(5) 1.476(3) 1.482(4) 1.477(2) 1.473(4) 1.479(2) 1.478(3) 1.478(33)  1.477(2) 1.483(3)
O(1)-Ln(1)-N(1) 35.1(1) 35.1(1) 35.2(1) 34.2(1) 34.6(1) 34.1(1) 34.0(1) 34.1(1) 34.0(1) 32.7(1)
O(1)-Ln(1)-N(2) 102.4(1) 102.5(1) 102.2(1) 101.1(1) 101.5(1) 86.3(1) 85.4(1) 85.0(1) 86.2(1) 88.4(1)
N(1)-Ln(1)-N(2) 76.2(1) 76.6(1) 76.7(1) 75.7(1) 75.7(1) 75.7(1) 75.4(1) 75.3(1) 75.3(1) 75.5(1)
N@)-Ln(1)-N(@3) - - - - - 155.0(1) 152.5(1) 1529(1)  154.7(1) 154.3(1)
N(1)-O(1)-Ln(1) 83.0(2) 83.5(1) 84.12) 82.5(1) 82.7(2) 80.3(1) 78.0(1) 79.0(1) 80.3(1) 78.5(1)
E(1)-O(1)-Ln(1) 145.6(1) 145.7(1) 145.7(2) 144.5(1) 145.5(1) 151.4(1) 154.6(1) 1549(1)  151.3(1) 153.8(1)
E(1)-O(1)-N(1)  131.2(2) 130.6(1) 130.2(2) 132.7(2) 131.6(2) 128.3(1) 127.2(1) 125.7(2)  1284(1) 127.3(2)
O(1)-N(1)-Ln(1) 62.0(1) 61.4(1) 60.7(1) 63.2(1) 62.7(2) 65.6(1) 68.0(1) 66.9(1) 65.7(1) 68.8(1)
11 12 13 14 15 16 17
Ln = La, Ln=La, Ln=Y, Ln=Y, In=Y, ILn=Sm, ILn=Y,
E=Ga E=In E = Al E=Ga E=In E = Al E(1) = Al
EQ2) = Ga
Ln(1)-O(1) 2.413(2) 2407(1)  2250(4)  22183)  2.206(4) 2.306(3) 2.246(3)
Ln(1)-N(1) 2.612(3) 2.588(2)  2.503(5) @ 2472(4)  2.506(5) 2.540(3) 2.501(4)
Ln(1)-N(2) 2.760(3) 2.7332)  2475(5) 24753)  2.463(5) 2.519(3) 2.455(4)
Ln(1)-N(@3) 2.765(3) 27592) - - - - -
Ln(1)-C(1-10) 2.875,, 2.875, 2.683,,, 2.684,, 2.683,, 2.7013,,, 2.680,,,
O(1)-N(1) 1.448(3) 1.445(2) 1.464(6) 1.449(4) 1.455(6) 1.453(4) 1.458(5)
O(1)-E(1) 2.046(2) 2.254(1) 1.883(5)  2.038(3)  2.267(4) 1.887(3) 1.924(3)
N@B3)-E(2) - - 2.028(5)  2.1333)  2.409(6) 2.040(3) 2.136(4)
N(1)-C(11) 1.483(4) 1.481(2) 1.463(8) 1.471(5) 1.476(8) 1.471(5) 1.471(6)
N(1)-C(18) 1.488(4) 1.474(2) 1.474(8) 1.471(5) 1.469(8) 1.484(5) 1.486(6)
O(1)-Ln(1)-N(1) 33.2(1) 33.4(1) 35.4(2) 35.5(1) 35.2(2) 34.5(1) 35.2(2)
O(1)-Ln(1)-N(2) 86.7(1) 86.3(1) 102.5(2) 102.9(2) 104.12) 102.4(1) 103.7(1)
N(I)-Ln(1)-N(Q2) 74.4(1) 75.0(1) 74.7(2) 75.3(1) 75.0(1) 75.2(1) 76.1(1)
NQ2)-Ln(1)-N(3) 152.2(1) 1538(1) - - - - -
N(1)-O(1)-Ln(1) 81.0(2) 80.2(1) 81.8(3) 81.9(2) 83.7(3) 81.6(2) 82.0(2)
E(1)-O(1)-Ln(1) 151.2(1) 151.4(1) 148.5(2) 148.7(2) 144.3(2) 146.3(2) 147.0(2)
E(1)-O(1)-N(1) 127.9(2) 128.3(1) 128.9(3) 128.2(2) 132.0(3) 131.5(2) 130.3(2)
O(1)-N(I)-Ln(1) 65.8(2) 66.4(1) 62.8(2) 62.7(2) 61.1Q2) 63.9(1) 62.8(2)
E(2)-N(3)-C(20) 125.2(4) 124.1(3) 131.9(4) 123.8(2) 123.9(3)
E(Q2)-N(3)-C(24) 117.3(5) 117.0(3) 110.5(4) 116.8(3) 116.5(3)
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Scheme 1), which will be discussed in the following para-
graph. They show that the radius of the metal atom is the
critical parameter for changing between coordination and
aggregation modes of the ligand and complexes, respec-
tively. For comparison the values of bond lengths and bond
angles of all compounds are listed in Table 1.

Molecular Structures of the Complexes [ Cp,LnON( C,H
0-Py)yEMes] 1-5

Rare-earth metal atoms with comparatively small ionic
radii and one EMe; unit are contained in the adduct com-
plexes 1 (Ln = Y3*, E = A3"), 2 (Ln = Y%, E = Ga’**"), 3
(Ln = Y3 E =1In*"), 4 (Ln = Sm’", E = AI’*) and 5 (Ln
= Sm?*, E = Ga*"). This group of complexes represents the
first structural type. For these, the X-ray diffraction analy-
ses reveal a monomeric structural motif were the hydrox-
ylaminato function forms an N(1)-O(1)-Ln(1) ring by in-
teracting with the rare-earth metal atom in an n>-fashion.
Furthermore, one nitrogen donor atom, N(2), of the two
pyridine fragments coordinates to the rare-earth metal
atom, while the other one, N(3), remains non-bonded. This
coordination leads to a six-membered Ln(1)-N(1)-C(11)-
C(12)-C(13)-N(2) ring adopting a boat conformation.
Moreover two cyclopentadienyl rings are n°-bondend to the
rare-earth metal atom. The metal atom coordinates via a
strong dative contact from the hydroxylaminato oxygen
atom. As these five complexes are isostructural, only the
structure of [Cp, YON(C,Hy-0-Py),AlMes] (1) is presented
in Figure 1.

c(21)

C(22)

C(23)

C(1)-C(5) C(6)-C(10)

Figure 1. Molecular structure of [Cp,YON(C,Hy-0-Py),-AlMes]
(1). Ellipsoids show 50% probability levels and hydrogen atoms
have been omitted for clarity. Selected distances [A]: O(1)-Al(1)
1.887(3), Y(1)-O(1) 2.234(2), Y(1)-N(1) 2.512(3) Y(1)-N(2)
2.444(3). Selected angles in [?]: Al(1)-O(1)-Y(1) 145.6(1), Al(1)—
O(1)-N(1) 131.2(2), O(1)-Y(1)-N(1) 35.1(1), O(1)-Y(1)-N(2)
102.4(1), N(1)-Y(1)-N(2) 76.2(1).

We shall now discuss the structure of complex 1 in more
detail and compare it to relevant compounds in the litera-
ture. Following this, the structures of complexes 1-5 will be
compared among each other.

The donating hydroxylaminato oxygen atom forms a
dative O(1)-Al(1) bond towards the aluminium atom with

Eur. J. Inorg. Chem. 2010, 2774-2786
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a length of 1.887(3) A. This O-Al distance, compared
to literature values of other AlMes-oxygen adducts
like OMe,-AlMe; [1.939(2) ALl 18-crown-6-4A1Mes
[1.985(6) A],[16) bis(trimethylaluminium)-1,4-dioxane
[2.02(2) Al'N] or the bridging [tris(p,-butoxo-p,-methyl-di-
methylaluminate)yttrium(III)] [1.864(20) A],['8! can be in-
terpreted as a strong dative bond, especially considered,
that the oxygen atom is located next to two electropositive
metal atoms, namely yttrium and aluminium, which have to
share the electronic density located at the oxygen atom.

The distances of the hydroxylaminato-metal atoms in
complex 1, O(1)-Y(1) and N(1)-Y(1) at 2.234(2) and
2.512(3) A, are significantly longer than those in the non-
substituted complex [Cp, YON(C,Hy-0-Py),] with values for
O(1)-Y(1) at 2.172(2) and N(1)-Y(1) at 2.437(2) A,['Yl but
nearly in the same range as in the complex [{Cp,Y-
(ONBn),},] [O(1)-Y(1) 2.248(3), N(1)-Y(1) 2.503(3) A],
which contains a bridging hydroxylaminato function.® The
donating pyridine fragment in 1 interacts via a short N(2)—
Y(1) bond [2.444(3) A]. This is 0.03 A shorter than in the
AlMes-free molecule [Cp,YON(C,H4-0-Py),] and is in
agreement with the lager values of the hydroxylaminato-
ligand to metal contacts. Despite the strong O-Al interac-
tion we observe nearly the same hydroxylaminato N-O dis-
tance for 1 [1.454(4)A] as in HON(C,H4-0-Py),
[1.450(2) A]'Y  or in  N,N-dimethylhydroxylamine
[1.452(2) A].2% The N(1)-O(1)-Y(1) ring exhibits bond
angles O(1)-Y(1)-N(1) at 35.1(1)°, N(1)-O(1)-Y(1) at
83.0(2)° and O(1)-N(1)-Y(1) at 62.0(1)°. The N(1)-Y(1)-
N(2) chelating angle is 76.2(1)°, which is 3.2° smaller than
in [Cp,YON(C,Hy-0-Py),]. Together with the values for the
angles Al(1)-O(1)-Y(1) at 145.6(2)° and Al(1)-O(1)-N(1)
at 131.2(2)° the coordination geometry at O(1) has to be
described as trigonal planar, distorted by the three-mem-
bered N(1)-O(1)-Y(1) ring.

Examining the structural parameters of compounds 2
and 3 reveals a major influence of the earth metal atom on
the bond lengths in the structures. The weaker Lewis acid
GaMe; in complex 2 leads to an O(1)-Ga(l) contact of
2.051(2) A, which is 0.16 A larger than the O(1)-Al(1) bond
in complex 1. This leads to a shortening of the O(1)-Y(1)
bond [2.216(2) A] by 0.018 A relative to 1.

This shortening effect is even more pronounced when
InMe; acts as the Lewis acid in complex 3. The indium
atom coordinates to the hydroxylaminato oxygen atom,
similar to 1 and 2, and the O(1)-In(1) bond has a length of
2.264(2) A, i.e. 0.38 A longer than the corresponding one
of 1 and 0.21 A longer than that in 2. Consequently, the
O(1)-Y(1) distance in complex 3 at 2.2002) A is 0.034 A
shorter than in complex 1 and 0.016 A shorter than in com-
plex 2. Thus the length of the O(1)-Y(1) bond in the pres-
ent cases 1 to 3 represents an indicator of the Lewis acidity
of AlMe;, GaMe; and InMe; with the advantage of not
taking the ionic-radius of the Lewis acids into account.
Interestingly the formation of the adducts has no influence
on the N(1)-Y(1) and the N(2)-Y(1) bonds, which stay al-
most constant in the complexes 1-3. Compared to the five
reported literature compounds in the CCDC-database for
2777
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dative O—-Ga bonds the O(1)-Ga(1) bond in complex 2 can
be handled as a strong interaction. For example the ether
adducts Me,O-GaMes; and bis(trimethylgallium)(dibenzo-
16-crown-6) exhibit considerably longer O-Ga distances at
2.155(2)15) and 2.198(8) A,21 respectively.

The utilisation of Sm3*, as represented in the structures
of compounds 4 and 5, leads to analogous results. In com-
plex 4 the Al-O bond has a length of 1.886(1) A, which is
of the same dimension as in 1. The gallium analogue 5 exhi-
bits an O(1)-Ga(1) bond with a length of 2.036(2) A, which
is the shortest GaMes—oxygen dative bond reported so far.
As well as in 1-3 the O(1)-Y(1) bonds in 4 and 5 are short-
ened in dependency of the Lewis acid. For a more detailed
comparison of bond lengths and angles of the samarium
complexes see Table 1.

Molecular Structures of the Complexes [ Cp,LnON( C,H 4
0-Py)yEMe;3] 6-12

Complexes 6-12 contain the early lanthanide elements
Nd, Pr and La and represent the second structural type.
The main difference by comparing the Nd and Pr com-
pounds 6-9 with the La compounds 10-12 is, that despite
all have the same structure type, their precursor complexes
have not. In contrast to the Nd and Pr precursors, the lan-
thanum precursor [{LaCp,ON(C,H4-0-Py),},], has one
pyridine fragment coordinated to the rare-earth metal atom
(see Scheme 1). The interaction of the EMe; unit with the
precursors does not only deaggregate them, but by blocking
the oxygen donor site gives room for coordination of both
pyridine donors.

We found three different unit cells for the crystals of the
group of complexes 6-12, but as the structural values and
the coordination are very similar, only complex 9 is pre-
sented in Figure 2 and mainly this will be described in more
detail as a representative of the group.

The coordination mode of the N,N-bis{2-(pyrid-2-yl)-
ethyl} hydroxylaminato ligand, which uses both pyridine do-
nors and its ON unit in an n?>mode to bind to one metal
atom has previously been reported by Ziegler et al. for a
chromium(IIl) chloride complex.?? This coordination
mode in 6-12 leads to two six-membered Ln—-N-C-C-C-N
rings adopting a strongly distorted boat conformation.

The Lewis acid EMes coordinates via a strong dative
contact from the hydroxylaminato oxygen atom as observed
for complexes 1-5. Compared to the dimeric precursor
complexes of complexes 6-12 without EMe; units (see
Scheme 1), the coordination of these Lewis acids forces
complexes 6-12 to be monomeric. The adduct formation at
oxygen prohibits the dimerisation through a bridging hy-
droxylaminato oxygen atom. Due to this, the contact of the
Lewis acids EMes leads to a higher coordination number
in the case of praseodymium and neodymium than ob-
served in their precursor complexes (Scheme 1), wherein
none of the nitrogen donor atoms coordinates to the rare-
earth metal atom. This underlines the sensitivity of the
binding situation at the rare-earth metal atom, which un-
dergoes intense changes by formation of a dative contact to
EMC3.
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)
J
c(16)

C(1)-C(5)

C(6)-C(10)

Figure 2. Molecular structure of [Cp,PrON(C,Hy-0-Py), InMes]
(9). Ellipsoids show 50% probability levels and hydrogen atoms
have been omitted for clarity. Selected distances [A]: O(1)-In(1)
2.261(1), Pr(1)-O(1) 2.357(2), Pr(1)-N(1) 2.548(2), Pr(1)-N(2)
2.707(2), Pr(1)-N(3) 2.737(2). Selected angles in [°]: In(1)-O(1)—
Pr(1) 151.3(1), In(1)-O(1)-N(1) 128.4(1), O(1)-Pr(1)-N(1) 34.0(1),
O(1)-Pr(1)-N(2) 86.2(1), N(1)-Pr(1)-N(2) 75.3(1), N(2)-Pr(1)-
N(3) 154.7(1).

The indium atom In(1) coordinates to the oxygen atom
and forms a dative O(1)-In(1) bond with a distance of
2.261(1) A. This value is of the same range as for complex
3 and is — compared to the only known literature complex
containing a dative InMes—oxygen bond in the CCDC data-
base with an O-In distance of 2.261(3) A — again a
strong interaction. Further comparisons with the tris(mes-
ityl)indium-tetrahydrofuran adduct or the tris(3,3,3-tri-
fluoropropynyl)indium-bis(tetrahydrofuran) adduct with
O-In distances of 2.414124 and 2.300(8) A,12% respectively,
underline this statement. The O(1)-Pr(1) bond of complex
9 at 2.357(2) A is 0.157 A longer than in complex 3, whereas
the N(1)-Pr(1) bond at 2.548(3) A is only widened by
0.039 A indicating a more side-on coordination type of the
hydroxylaminato function in compound 9. In contrast to
complexes 1-5 these bonds are shorter than those in the
InMes-free complex [{Cp,PrON(C,Hy-0-Py),},] with val-
ues for O(1)-Pr(1) at 2.375(1) and N(1)-Pr(1) at 2.575(1) A;
this is obviously due to the changed p-O binding situation
in [{Cp,PrON(C,Hy-0-Py),},].l'4

The N(1)-O(1) distance in 9 is 1.445(2) A and similar to
the N-O bonds in 1-5. The N(1)-O(1)-Pr(1) ring exhibits
three bond angles O(1)-Pr(1)-N(1) at 34.0(1)°, N(1)-O(1)—
Pr(1) at 80.3(1)° and O(1)-N(1)-Pr(1) at 65.7(1)°. The angle
at the hydroxylaminato oxygen In(1)-O(1)-Pr(1) is
151.3(1)° and for In(1)-O(1)-N(1) a value of 128.4(1)° is
observed. Together with the N(1)-O(1)-Pr(1) angle men-
tioned above this adds up to exactly 360°, indicating planar-
ity at the oxygen atom.
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The bonding of the pyridine units can be characterised
by the angles N(1)-Pr(1)-N(2) [75.3(1)°] and N(2)-Pr(1)-
N(3) [154.7(1)°]. The pyridine-metal bonds N(2)-Pr(1) and
N(3)-Pr(1) have lengths of 2.707(2) and 2.737(2) A, respec-
tively. Taking the differences of the ionic radii into account,
these interactions appear to be weaker than in the group of
compounds 1-5. This is obviously due to a higher coordina-
tion number at the rare-earth metal atom.

The interaction of AlMes leads to O(1)-Al(1) distances
of 1.888(2) in complex 7 and 1.882(2) A in compound 10,
which is in the same range as the observed distances in com-
plexes 1 and 4. Also for the interaction of GaMes (8, 11)
and InMe; (6, 9, 12) the O-E values change only marginally
compared to the corresponding structures of the first com-
plex group 1-5. By coordination of the Lewis acids EMej
to the hydroxylaminato oxygen atom the O(1)-Ln(1) bonds
get shortened to an extent dependent on the Lewis acidity
of the EMe; units. The shortest O(1)-Ln(1) bond is ob-
served for the neodymium complex upon interaction with
InMes (6) with a value of 2.351(1) A. The longest bond is
found in the lanthanum containing complex 10 with coordi-
nated AlMe;, in which the O(1)-Ln(l) distance is
2.499(1) A. Compared to the larger variations of the Ln-O
bonds upon coordination of the EMe; units to oxygen
atoms, the Ln—N bonds are almost unaltered. The values
change according to the ionic radii of the rare-earth metal
atoms and lie between 2.529(2) and 2.628(2) A for the
N(1)-Ln(1) bond and between 2.696(1) and 2.768(2) A for
the N(2)-Ln(1) and N(3)-Ln(1) bonds, respectively. Only
the lanthanum containing complexes 10-12 form a series
where the N(1)-La(1) distance undergoes a shortening sim-
ilar to the O(1)-Ln(1) bond in the series AlMe; (10) GaMes
(11) and InMej; (12).

Molecular Structures of the Complexes [Cp,LnON(C,Hy4-0-
Py),2EMe;] 13-17

The complexes of rare-earth metals with comparatively
small ionic radii can also interact with two EMe; Lewis
acids. The resulting complexes are 13 (Ln = Y3*, E = AI’Y),
14 (Ln = Y3, E = Ga**), 15 (Ln = Y3*, E = In’"), 16 (Ln
= Sm3*, E = AI*") and 17 [Ln = Y3*, E(1) = A", EQ2)
= Ga’*]. The crystal structure analyses reveal a common
monomeric structural motif. The hydroxylaminato ligand
coordinates in an ON-n?2-fashion to the rare-earth metal
atoms. In addition, one Lewis acid EMe; interacts with the
hydroxylaminato oxygen atom whereas the second EMej
unit coordinates to a pyridine nitrogen donor site N(3). The
remaining nitrogen donor atom N(2) coordinates to the
rare-earth metal atom. As in complexes 1-12, this coordina-
tion of N(2) leads to a six-membered Ln(1)-N(1)-C(11)—
C(12)-C(13)-N(2) ring adopting a distorted boat confor-
mation. Two n’-bonded cyclopentadienyl rings complete
the coordination sphere of the Ln atom.

As the five complexes 13-17 are isostructural, the struc-
ture of only the heterotrimetallic compound 17, containing
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yttrium, aluminium and gallium in one complex is pre-
sented in Figure 3 and will be discussed in detail as a repre-
sentative.

C(1)-C(5)

Figure 3.  Molecular  structure of [Cp,YON(C,Hy-0-Py),*
AlMezGaMes] (17). Ellipsoids show 50% probability levels and
throgen atoms have been omitted for clarity. Selected distances
[A]: O(1)-AI(1) 1.924(3), N(3)-Ga(1) 2.136(4), Y(1)-O(1) 2.246(3),
Y(1)-N(1) 2.501(4) Y(1)-N(2) 2.455(4). Selected angles in[°]:
Al(1)-O(1)-Y(1) 147.02), Al(1)-O(1)-N(1) 130.3(2), O(1)-Y(1)-
N(1) 35.2(2), O(1)-Y(1)-N(2) 103.7(1), N(1)-Y(1)-N(2) 76.1(1).

The structure of compound 17 is similar to the aggrega-
tion in complexes 1-5 with the difference that the free pyr-
idine donor atom N(3) interacts with GaMe; to form a
N(3)-Ga(1) bond of 2.136(4) A length. This value is in the
same range as for known pyridine related gallium atom
contacts like in [trimethylgallium-5,6-benzoquinoline]
[2.152(3) A% or [trimethylgallium-4-(dimethylamino)pyr-
idine] [2.085(2) A?™|. The AlMe; unit interacts with the
oxygen atom and forms a dative O(1)-Al(l1) bond of
1.924(3) A length. This value is between 0.04-0.05 A larger
as in the aluminium containing complexes 1, 4, 7 and 10.
The oxygen to rare-earth metal bond of complex 17, O(1)-
Y(1) at 2.246(3) A, and the N(1)-Y(1) bond at 2.501(4) A
show nearly the same lengths as in complex 1. Examination
of the bond angles at the hydroxylaminato oxygen atom
indicates a strongly distorted trigonal, but planar arrange-
ment at O(1) as in compound 1.

N(2) forms a dative N(2)-Y(1) bond between the pyr-
idine fragment and the rare-earth metal atom with a dis-
tance of 2.455(4) A. The GaMejs unit is bonded to this pyr-
idine ring slightly offset (by ca. 3°) from its expected posi-
tion, as characterised by the angle Ga(1)-N(3)-C(20) at
123.9(3)° and the angle Ga(1)-N(3)-C(24) at 116.5(3)°.

The structures of compounds 13-16 reveal that the earth
metal atoms in the EMes units take a major influence on
the bond lengths of the LnON fragment of the complexes.
The two units of the Lewis acid AlMes in complex 13 form
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dative bonds to the available donor sites: O(1)-Al(1) at
1.883(5) and N(3)-Al(2) at 2.028(5) A. The N-Al bond can
be compared to those in the trimethylaluminium-(4-dimeth-
ylaminopyridine) adduct with a value of 2.016(2) AR or
to the N,N’-bis(trimethylaluminium)-4,4’-bipyridine adduct
with bond lengths of 2.032(2).[?8!

In complex 14 GaMe; was employed instead as Lewis
acid leading to the corresponding coordination motif with
bond lengths: O(1)-Ga(l) at 2.038(3) and N(3)-Ga(2) at
2.133(3) A. The latter is very close to the N(3)-Ga(2) dis-
tance observed in complex 17. Using InMe; as Lewis acid
leads to complex 15. This reveals bond lengths of 2.267(4)
for the O(1)-In(1) bond and 2.409(6) for the N(3)-In(2)
bond.

The same structural motif but with Sm and Al as the two
underlying metals is realised in compound 16. The struc-
tural parameters are mostly analogous to those of com-
pounds 13-15. The earth metal bond to the oxygen atom
has a length of 1.887(3) A. The N(3)-Al(2) bond has a
length of 2.040(3) A. For a more detailed comparison of
bond lengths and angles of the complexes 13-17 refer to
Table 1.

Molecular Dynamics of the Compounds 1-17

We have previously reported the exchange processes for
the hemilabile hydroxylaminato-yttrium complex with the
N,N-bis{2-(pyrid-2-yl)ethyl} hydroxylaminato ligand (Type
A, Scheme 1).1'* These processes lead to very complex VT-
NMR spectra and we found that besides an exchange of
the pyridyl groups, further dynamic processes take place.

Upon contact with one equivalent of AlMe;, GaMe; or
InMes, complexes 1-5 stay hemilabile, which is in agree-
ment with the molecular structures in the solid state (see
Figure 1), showing the EMes groups to be coordinating to
the oxygen atom of the hydroxylaminato ligand. Under
these conditions the dynamic exchange of the two pyridine
sites — one Ln-bonded and one free — is still possible
(Scheme 2).

X 27 X 27

Scheme 2. Suggested dynamic exchange of the pyridyl functions in
compounds 1-5 in solution.

The VT-NMR spectra of compound 2 (Ln =Y, E = Ga)
provide evidence for this exchange. At room temp. the 'H
NMR spectra shows only one signal set, i.e. four signals for
the eight aromatic protons, which means rapid exchange on
the NMR time scale. Upon cooling to —80 °C a splitting
of each aromatic signal is observed. This indicates that the
dynamics can be frozen on the NMR time scale. A similar
splitting is observed for the resonances of the cyclopen-
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tadienyl rings and the ethylene bridges. The singlet of the
protons of GaMes does not split into different signals, indi-
cating that the gallium atom remains bonded to the hydrox-
ylaminato oxygen atom during the exchange process. Com-
pared to the spectra of the EMes-free [YCp,ON(C,Hy-0-
Py),]!'"4 (Type A) the coordination of the EMes-units to the
ligand oxygen atom effects a simplification of the dynamic,
because in this case solely the pyridyl exchange process and
no further splitting is observed. By means of the Eyring
equation it is possible to estimate the activation energy of
this exchange process for 2 to be 44 kJmol'.**! 2 was cho-
sen to be representative for the group of compounds 1-5.
Assorted NMR spectra of the complexes 1-5 including 2D
NMR spectra are also collected in the Supporting Infor-
mation to this paper.

Considering the structure motif of complexes 6-12 one
could expect that these compounds have no ability to ex-
change because both pyridine rings are involved in the co-
ordination to the rare-earth metal atom (see Figure 2).
However the 'TH NMR experiment of compound 11, a well
suited representative for the series 6-12, shows that these
complexes undergo dynamic exchange processes at ambient
temperature and the aromatic protons result in only one set
of signals.

The VI-NMR spectra reveal a similar splitting at low
temperature as observed for complexes 1-5. This can be
rationalised by assuming that the complexes have a different
structure in solution, which is like that of the complexes 1—
5. The dynamic processes are thus those shown in
Scheme 2. The fact that the activation energy at 44 kJmol!
is of the same dimension as for 1-5 underlines this state-
ment.

Due to the presence of two different coordinated Lewis
acids, AlMes and GaMe;, compound 17 exhibits the biggest
potential to clarify the present dynamics. It was therefore
chosen to represent the series of complexes 13—17. The crys-
tal structure of 17 shows, that one pyridine donor function
is bonded to the yttrium atom and one bonded to the gal-
lium atom. Expectedly, a pyridine exchange process as
shown in Scheme 2 is not possible under these conditions.
However, the VI-NMR experiments reveal, that complex
17 is hemilabile and has a striking dynamic behaviour. We
therefore suggest a different dynamic exchange process for
this complex and the related compounds, which is outlined
in Scheme 3.

The VI-NMR spectra of compound 17 are presented in
Figure 4. At 50 °C the eight protons of the two pyridine
rings result in three signal groups. A doublet at 6 =
8.51 ppm is observed caused by the protons labelled H2 in
Figure 4. Next to this signal a triplet at = 7.74 ppm repre-
sents the protons H4. The signal of the protons H5 coin-
cides with those of H3 resulting in a multiplet at J =
7.25 ppm. Upon cooling the solution, the exchange process
can be interrupted on the NMR time scale and the signals
split into two different sets. One of these belongs to the
pyridine ring coordinated yttrium atom, the other one to
the pyridine ring coordinated to the gallium atom. The co-
alescence temperature T is —10 °C, which transforms into
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AlMe;

Y N(3)

Scheme 3. Suggested dynamic exchange of the pyridyl rings at N(2)
and N(3) in compounds 13-17.

an energy barrier of 50 kJmol~!, which is 10 kJmol! higher
than in the precursor complex [YCp,ON(C,H4-0-Py),] and
6 kJmol™! higher as for the mono adduct complexes 1-11.
In order to exclude that the NMR solvent [Dg]thf is in-
volved in the dynamic processes we also measured a solu-
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tion of complex 14 in [Dg]toluene. The spectra led to analo-
gous results as for those in [Dg]thf, but here the coalescence
temperature of the exchange process is at 30 °C which is
40 °C higher than in [Dg]thf. The calculated energy barrier
in this case is 58 kJmol!. This result evidences, that thf is
not directly involved as a donor, but it promotes the ex-
change process probably by its higher polarity, thus lower-
ing the energy barrier by 8 kJmol .

At —80°C the NMR spectrum of complex 17 reveals
eight well resolved signals for each aromatic proton. For
example the signal of the H2 protons is split into two dou-
blets at 0 = 8.73 and 8.52 ppm. The doublet at 6 = 8.73 ppm
can be assigned to the H2 protons of the gallium-bonded
pyridine ring. The doublet at 6 = 8.52 ppm is assigned to
the H2 protons of the yttrium-coordinated pyridine ring.
The signals for the H3, H4 and HS protons also show a
splitting into two discrete signals at this temperature and
all can be related to their belonging pyridine ring. At 50 °C
the hydrogen atoms of the cyclopentadienyl rings give a sin-
glet at 6 = 6.09 ppm. This signal splits into two discrete
singlets at —80 °C at d = 6.35 and 6.04 ppm. Due to the
coordination of the pyridyl functions to the metal atoms
the eight protons of the ethylene bridge in complexes 1-5
and 12-17 exhibit an interesting twofold AA’BB’ spin sys-
tem. As this assignment is extensive, complex and suc-
ceeded only in case of complex 14 is it not mentioned in
detail at this place, but can be found in the Supporting In-
formation.

An interesting observation is that neither the signal of
the AlMe; unit nor the signal of GaMe; unit splits into
different resonances upon cooling. This indicates that the
AlMe; unit remains continuously bonded to the oxygen

H5
H4 % o
| = Cyclopentadienyl B4 Z\CH/‘L‘/ GaMe, AlMe,
2
N
H3 NP *
b M| e
J N WA 207 l
‘_JL___/\—/\ __A __Jw J 0°C_‘k
w M ‘J‘J _J ~20 QCJ
M__J\\_/M_ J _J “70°C J
@ @ 0} Q| [N® @)@
W -80°C
T T T T 7/ T T/ T T T 7+ T T T
8.8 8.4 8.0 7.6 7.2 6.4 6.0 3.6 3.2 2.8 -0.4 -0.6 -0.8

ppm

Figure 4. NMR spectra of compound 17 recorded between 50 °C and —80 °C. For clarity the Figure is split into different sections of the
NMR spectra. They represent (left to right): the pyridyl-, the cyclopentadienyl-, the ethylene- and the earth-metal regions. No further
peaks (except solvent residual peaks) were detected in the non-displayed regions. The sign circled 1 references the resonances of the
protons of the gallium-bonded pyridine ring, circled 2 those of the yttrium-bonded pyridine ring.
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atom, while the GaMes; unit exchanges between the two
pyridyl groups. However, no exchange between the AlMe;
and GaMes units takes place. This verifies the mechanism
suggested in Scheme 3.

As the adduct formation in complexes 13-16 occurs by
the same Lewis acid, the observations in the VI-NMR
spectra are obviously different. In these complexes the
Lewis acid protons result in one sharp singlet a room and
high temperature. At lower temperature this signal splits
into two singlets — one for the nitrogen-bonded and one for
the oxygen-bonded function. In these cases it is conceivable
that the hydroxylaminato bonded Lewis acid can interfere
in the exchange process. Further spectra of compound 13-
17 including 2D NMR experiments are also collected in the
Supporting Information.

Conclusions

We have shown that rare-earth metal complexes with do-
nor-functionalised hydroxylaminato ligands exhibit a very
sensitive ligand binding situation, which varies not only due
to the different ionic radii of the rare-earth metal atoms,
but also by interactions with Lewis acids like AlMes,
GaMe; and InMes;. The coordinating EMe; molecules
block some of the donor sites of these complexes and thus
inhibit further aggregation as observed in some of the
underlying EMe;-free complexes. Either only one of the
pyridyl fragments of the N,N-bis(2-{pyrid-2-yl}ethyl)-
hydroxylaminato ligands interacts with the rare-earth metal
atom in the case of yttrium and samarium (1-5) or both
pyridyl-nitrogen donor atoms complex the rare-earth metal
atom as observed for the cases of neodymium, praseodym-
ium and lanthanum (6-12). For the smaller rare-earth ele-
ments (here yttrium and samarium) it is also possible to
generate double adducts of the complexes — either heterobi-
metallic (13-16) or heterotrimetallic (17). All compounds
exhibit a pronounced dynamic behaviour in solution. For
compounds 13-17, where the free pyridine site is blocked
by an EMe; unit, we suggest an exchange mechanism with
only the pyridine-bonded EMe; unit being involved in the
exchange.

Experimental Section

General Methods: All manipulations were performed under a rigor-
ously dry inert atmosphere of argon using standard Schlenk and
glove-box techniques. THF, toluene and n-pentane, dried with Na/
benzophenone, were freshly condensed from LiAlH,4 before being
employed in reactions. [Dg]THF was dried with Na/K alloy and
degassed. MCp3P3 and  N,N-bis(2-{pyrid-2-yl}ethyl)hydroxyl-
aminel'”! were synthesised according to literature procedures. NMR
measurements were undertaken with a Bruker Avance 400, a
Bruker DRX 500 and a Bruker Avance 600. All NMR chemical
shifts were referenced to the residual peaks of the protons of the
used solvents. Elemental analyses were performed by using an Ele-
mentar Vario EL III CHNS and a Leco CHNS 932 instruments.
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Crystallographic Structure Determinations: Single crystals suitable
for X-ray diffraction measurement were picked inside a glove-box,
suspended in a paratone-N/paraffin oil mixture, mounted on a
glass fibre and transferred onto the goniometer of the dif-
fractometer. The measurements were carried out with Mo-K,, radi-
ation (A = 0.71073 A). The structures were solved by direct methods
and refined by full-matrix least-squares cycles (program SHELX-
970311). The structure-plot in this article were generated using the
program ORTEP-IIL.*? Crystallographic data (excluding structure
factors) for the structures reported in this paper have been de-
posited with the Cambridge Crystallographic Data Centre as sup-
plementary publications. The deposition numbers are provided in
Table 2. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

General Procedure of the Mono Earth-Metal Alkyl Adducts
[Cp,LnON(C,H4-0-Py),"EMe;] (1-12): 0.5 mmol of recrystallised
[CpoLnON(C,Hy4-0-Py),] (for Ln = Y, Sm) or 0.25mmol
[Cp,LnON(C,H,4-0-Py),], (for Ln = Nd, Pr, La) was suspended in
20 mL of toluene. To this suspension, 0.5 mmol of EMe; was added
at ambient temperature and the reaction mixture was allowed to
stir for 24 h. After filtration, the solution was concentrated to half
of its volume and the complexes were crystallised by layering pen-
tane onto the toluene solution. After 12 h crystals were obtained.
The yields of the compounds refer to the amount obtained after a
second crystallisation.

[Cp,YON(C,H4-0-Py),*AlMes3] (1):  Yield 181 mg (0.34 mmol,
68%). "H NMR (400 MHz, [Dg]THF, 25 °C): 6 = 8.53 (d, 2 H, Ar-
CH), 7.77 (br. t,2 H, Ar-CH), 7.29 (s, 4 H, 2 Ar-CH), 6.13 (s, 10 H,
Cp-CH), 3.55-3.25 (m, 4 H, 2 CH,), 3.10-2.75 (m, 4 H, 2 CH,),
—-0.88 (s, 9H, CH;3) ppm. BC{'H} NMR (100 MHz, [Dg]THF,
25°C): 6 = 160.3 (Ar-C,), 150.4 (Ar-C), 139.0 (Ar-C), 125.4 (Ar-
0), 122.7 (Ar-C), 111.3 (Cp-C), 59.3 (CH,»), 35.0 (CH,), 4.9 (CH3)
ppm. 2’AINMR (104 MHz, [Dg]THF, 25°C): § = 171 (v, =
4000 Hz) ppm. C,7H35AIN;0Y (533.48): caled. C 60.79, H 6.61, N
7.88; found C 59.84, H 6.54, N 7.63.

[Cp.YON(C,Hy-0-Py),:GaMe;] (2):  Yield 132mg (0.23 mmol,
46%). '"H NMR (500 MHz, [Dg]THF, 25 °C): § = 8.53 (d, 3Jyn =
4.7Hz, 2 H, Ar-CH), 7.75 (t, 3Jyn = 7.3 Hz, 2 H, Ar-CH), 7.30 (d,
3Juu = 7.7Hz, 2 H, Ar-CH), 7.26 (t, 3Jyy = 6.2 Hz, 2 H, Ar-CH),
6.00 (s, 10 H, Cp-CH), 3.25-2.8 (m, 8 H, 4 CH,), -0.47 (s, 9 H,
CH;) ppm. *C{'H} NMR (125 MHz, [Dg]THF, 25 °C): § = 161.2
(Ar-Cy), 150.3 (Ar-C), 138.8 (Ar-C), 125.3 (Ar-C), 122.3 (Ar-C),
110.3 (Cp-C), 59.5 (CH,), 344 (CH,), -3.5 (CH;) ppm.
C,7H35GaN;0Y (576.22): caled. C 56.28, H 6.12, N 7.29; found C
56.02, H 6.18, N 7.49.

[Cp,YON(C,H4-0-Py), InMes| (3):  Yield 224 mg (0.36 mmol,
72%). "TH NMR (500 MHz, [Dg]THF, 25 °C): § = 8.52 (d, 3Jyy =
4.7Hz, 2 H, Ar-CH), 7.74 (t, *Jyn = 7.7 Hz, 2 H, Ar-CH), 7.31 (d,
3 = 7.9 Hz, 2 H, Ar-CH), 7.25 (t, 3Jug = 5.9 Hz, 2 H, Ar-CH),
5.95 (s, 10 H, Cp-CH), 3.1-2.8 (m, 8 H, 4 CH>), -0.49 (s, 9 H, CH3)
ppm. BC{'H} NMR (125 MHz, [Dg]THF, 25 °C): § = 161.5 (Ar-
Cy), 150.3 (Ar-C), 138.7 (Ar-C), 125.3 (Ar-C), 122.2 (Ar-C), 110.2
(Cp-C), 59.8 (CH,»), 34.2 (CH»), —6.2 (CH3) ppm. C»;H;35InN;0Y
(621.32): caled. C 52.19, H 5.68, N 6.76; found C 52.36, H 5.47, N
6.79.

[CpSmON(C,H4-0-Py),"AlMes| (4):  Yield 72 mg (0.12 mmol,

24%). Cy7H35AIN;0Sm (594.94): caled. C 54.51, H 5.93, N 7.06;
found C 54.20, H 5.20, N 7.09.
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[CpSmON(C,H4-0-Py),*GaMes| (5): Yield 223 mg (0.35 mmol,
70%). "H NMR (400 MHz, [Dg]THF, 25 °C): § = 9.69 (s, 10 H, Cp-
CH), 6.80 (br. d, 2 H, Ar-CH), 6.32-6.23 (m, 6 H, Ar-CH), 5.48
(br. s, 2 H, CH,), 5.24 (br. s, 2 H, CH,), 3.68 (br. s, 2 H, CH>), 1.71

Table 2. Crystal and refinement data for compounds 1-17.

Eur|IC

European Journal
of Inorganic Chemistry

(br. s, 2H, CH,) 03 (s, 9H, CH;) ppm. BC{'H} NMR
(100 MHz, [Dg]THF, 25 °C): 6 = 158.7 (Ar-C,), 151.0 (Ar-C), 138.3
(Ar-C), 121.1 (Ar-C), 119.5 (Ar-C), 103.5 (Cp-C), 65.4 (CH,), 35.3
(CH,), 3.4 (CH;) ppm.

1 2 3 4 5 6
Formula Cy;H35N;0YAL C,7H;35N;0YGa CyyH3sN;0YIn CpyH3sN;OSmAL  Cp7H3sN;0SmGa C,7H35N;ONdIn
M, [gmol™] 53347 576.21 621.31 594.91 637.65 676.64
Colour colourless colourless colourless yellow yellow blue
T[K] 163(2) 100(2) 100(2) 153(2) 153(2) 100(2)
Crystal size [mm] 0.300.25%0.20 0.30x0.25x0.22 0.30x0.07x0.03 0.29X 0.11X 0.04 0.29X0.17x0.05 0.200.18 X 0.09
Crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic monoclinic
Space group P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2/n
a[A] 8.780(2) 8.747(1) 8.792(1) 8.853(1) 8.826(2) 9.789(1)
b[A] 15.162(1) 15.193(2) 15.239(1) 15.266(2) 15.298(2) 16.545(1)
c[A] 19.780(2) 19.766(1) 20.017(1) 19.834(2) 19.861(3) 16.617(1)
Bl - - - - - 91.48(1)
VA 2633.0(5) 2626.8(1) 2681.8 (2) 2680.5(1) 2681.8(6) 2690.4(3)
z 4 4 4 4 4 4
Peated. [2CM ) 1.346 1.457 1.539 1.474 1.579 1.671
4 [mm™] 2272 3.247 3.036 2.246 3.195 2.788
F(000) 1112 1184 1256 1204 1276 1340
O range [°] 4.51t027.0 3.1t0275 3.1t0275 1.7 to 319 1.7 to 30.0 3.2 to 30.0
Reflns. collected 41233 29033 26507 33081 30961 65475
Unique reflns. 5617 5923 5995 8697 7812 7836
Observed reflns. (26) 4849 5595 5334 8388 7276 6574
Rint 0.1354 0.0650 0.0760 0.0221 0.0444 0.0410
Data/restrains/param. 5617/0/301 5923/0/301 5995/0/301 8697/0/301 7812/0/301 7836/0/301
GoF (F?) 1.110 1.040 1.023 1.013 1.033 1.048
Ry, wR, [I>20(1)] 0.0405, 0.0754 0.0249, 0.0561 0.0310, 0.0559 0.0172, 0.0376 0.0321, 0.0662 0.0226, 0.0351
Ry, wR, (all data) 0.0558, 0.0805 0.0286, 0.0580 0.0404, 0.0591 0.0184, 0.0380 0.0362, 0.0675 0.0359, 0.0381
Largest diff. peak/hole [eA 3] 0.438/-0.473 0.320/-0.260 0.441/-0.517 0.691/-0.306 1.521/-0.676 0.636/-0.540
Abs. structure param. -0.027(6) -0.002(4) -0.008(5) 0.010(5) -0.025(12) -
CCDC number 763825 763826 763827 763828 763829 763830

7 8 9 10 11 12
Formula C57H3sN;0PrAl0.5 C;Hg - CpyH3sN;OPrGa0.5 C;Hg Cy7H3sN3OPrIn - CpyH3sN3;OLaAl  CyyH3sN3OLaGa0.5C,Hg  Cy;H3sN;OLaln
M, [gmol ] 631.57 674.28 67331 583.47 672.28 671.31
Colour green green green colourless colourless colourless
T[K] 1002) 1002) 1002) 1532) 20002) 1002)
Crystal size [mm] 0.24 X 0.12X0.05 0.18 X 0.12 < 0.06 0.28X0.27x0.16 0.20%x0.14Xx0.08  0.28 X0.04 X 0.04 0.30 X 0.26 X 0.20
Crystal system monoclinic monoclinic monoclinic triclinic monoclinic monoclinic
Space group P2y/c P2)/c P2/n Pl P2)/c P2i/n
alA] 8.986(1) 9.010(1) 9.779(1) 8.291(1) 8.487(4) 9.806(2)
b[A] 36.391(1) 36.477(1) 16.528(1) 19.023(1) 36.223(18) 16.614(2)
¢[A] 9.322(1) 9.323(1) 16.617(1) 19.350(1) 10.043(1) 16.639(3)
a[ - - - 116.13(1) - -
A 108.19(1) 108.21(1) 91.39(1) 94.97(1) 105.69(4) 91.49(1)
7 - - - 99.41(1) - -
VA3 2896.0(1) 2910.5(1) 2684.8(1) 2659.5(2) 2973 (2) 2709.9(8)
z 4 4 4 4 4 4
Pealed, [gom™) 1.448 1.539 1.666 1.457 1.502 1.645
4 [mm™] 1.740 2.607 2.675 1.662 2.350 2.429
F(000) 1292 1364 1336 1184 1356 1328
O range [°] 2.9 to 30.0 3.0 to 30.0 3.2 to 30.0 1.2 to 30.0 2.6 to 27.5 2.7 to 30.0
Reflns. collected 45896 54463 56369 31183 52539 62284
Unique reflns. 8430 8488 7807 15409 6813 7906
Observed reflns. (26) 6657 6933 6735 12797 5237 6902
Rin 0.0550 0.0590 0.0500 0.0183 0.0709 0.0387
Data/restrains/param. 8430/1/335 8488/1/335 7807/0/301 15409/0/601 6813/1/335 7906/0/301
GoF (F?) 1.037 1.030 1.043 1.015 1.046 1.084
Ry, wR, [I>20(1)] 0.0283, 0.0609 0.0340, 0.0749 0.0236, 0.0503 0.0257, 0.0553 0.0364, 0.0685 0.0193, 0.0399
Ry, WR, (all data) 0.0444, 0.0654 0.0470, 0.0792 0.0312, 0.0525 0.0362, 0.0590 0.0579, 0.0755 0.0274, 0.0429
Largest diff. peak/hole [eA]  0.960/-1.161 1.551/-1.344 0.814/-0.892 1.045/-0.816 0.849/-1.109 0.677/-0.447
Abs. structure param. - - - - - -
CCDC number 763831 763832 763833 763834 763835 763836
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Table 2. ( Continued)

13 14 15 16 17
Formula C;30H44N;OYAL C30HuN;0YGa, C30H44N;0Y1n, C30HuN;0SmAlL C;30H44N;0YAIGa
M, [gmol™'] 605.55 691.03 781.23 666.99 648.29
Colour colourless colourless colourless yellow colourless
T[K] 153(2) 100(2) 100(2) 153(2) 100(2)
Crystal size [mm] 0.12<0.08 X 0.04 0.28X0.22x0.17 0.30x0.10x0.03 0.34x0.21 X0.08 0.30<0.24X0.18
Crystal system orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
Space group Pna2, Pna2, Pca2, Pna2, Pna2,
alA] 17.108(2) 17.037(2) 14.105(1) 17.040(2) 17.050(1)
b[A] 13.242(2) 13.221(1) 28.829(4) 13.297(2) 13.228(2)
c[A] 28.946(4) 28.956(1) 16.102(3) 29.149(4) 28.943(2)
AL - - - - -
v [AY 6557.3(15) 6522.3(1) 6547.6(15) 6604.6(16) 6527.6(9)
zZ 8 8 8 8 8
Pealea, [gem ™) 1.227 1.407 1.585 1.342 1.319
w [mm ] 1.857 3.430 3.180 1.856 2.646
F(000) 2544 2832 3120 2728 2688
O range [°] 14t0 275 29 t0 27.5 2.0t0 25.0 1.4 to 30.0 3210275
Reflns. collected 61537 74440 57085 73555 72615
Unique reflns. 15006 14374 11392 18991 14753
Observed reflns. (26) 10678 11993 9080 15862 10813
Ry 0.0813 0.0690 0.0790 0.0428 0.0628
Data/restrains/param. 15006/1/680 14374/1/680 11392/1/679 18991/1/692 14753/1/658
GoF (F?) 1.014 1.028 1.038 1.005 1.057
Ry, wR, [I>20(1)] 0.0770, 0.1750 0.0375, 0.0811 0.0432, 0.0637 0.0387, 0.0810 0.0485, 0.0814
Ry, wR, (all data) 0.1108, 0.1989 0.0530, 0.0877 0.0682, 0.0699 0.0507, 0.0858 0.0858, 0.0917
Largest diff. peak/hole [e A 7] 4.401/-0.550 0.398/-0.653 0.856/-0.654 1.755/-0.571 0.718/-0.541
Abs. structure param. 0.367(7) 0.543(5) 0.028(6) 0.262(7) 0.191(5)
CCDC number 763837 763838 763839 763840 763841

[a] Refined as merohedral twins.

|Cp2NAdON(C,Hy4-0-Py), InMejs]| (6):
20%).

|Cp,PrON(C,H4-0-Py),*AlMes| (7):  Yield 257 mg (0.44 mmol,
88%). Cy7H3sAIN3OPr-0.5C;Hg (631.56): caled. C 57.73, H 6.67,
N 6.62; found C 57.18, H 6.51, N 6.60.

|Cp,PrON(C,H4-0-Py),GaMej] (8): Yield 107 mg (0.17 mmol,
339%). Cy7H35GaN;OPr-0.5C;Hg (674.29): caled. C 54.09, H 6.25,
N 6.20; found C 54.17, H 6.08, N 6.17.

[Cp,PrON(C,H4-0-Py),: InMej] (9):  Yield 283 mg (0.42 mmol,
84%). C57H3sInN;OPr (673.32): caled. C 48.16, H 5.24, N 6.24;
found C 48.36, H 5.16, N 6.20.

|Cp,LaON(C,H4-0-Py),-AlMe;5| (10):  Yield 64 mg (0.11 mmol,
22%). C57H35sAILaN;O (583.48): caled. C 52.19, H 5.68, N 6.76;
found C 52.36, H 5.47, N 6.79.

[Cp,LaON(C,H4-0-Py),»GaMej] (11): Yield 169 mg (0.27 mmol,
54%). "H NMR (500 MHz, [Ds]THF, 25 °C): 6 = 8.77 (br. d, 2 H,
Ar-CH), 7.76 (t, 2 H, Ar-CH), 7.30 (m, 4 H, Ar-CH), 5.97 (s, 10 H,
Cp-CH), 3.4-2.8 (m, 8H, CH,), -0.56 (s, 9H, CH;) ppm.
BC{'H} NMR (125 MHz, [D]THF, 25°C): 6 = 162.0 (Ar-C,),
150.7 (Ar-C), 138.5 (Ar-C), 125.6 (Ar-C), 122.2 (Ar-C), 111.8 (Cp-
C), 60.2 (CH,), 35.0 (CH»), -3.3 (CH3) ppm. C,;H35GaLaN;O
(626.22): calced. C 51.79, H 5.63, N 6.71; found C 51.02, H 5.32, N
6.79.

|Cp,LaON(C,H4-0-Py),' InMe;| (12): Yield 168 mg (0.25 mmol,
50%). "TH NMR (500 MHz, [Dg]THF, 25 °C): 6 = 8.71 (br. d, 2 H,
Ar-CH), 7.72 (br. t, 2 H, Ar-CH), 7.27 (m, 4 H, Ar-CH), 5.95 (s,
10 H, Cp-CH), 3.3-2.8 (m, 8 H, CH,), —-0.53 (s, 9 H, CH3) ppm.
BC{'H} NMR (125 MHz, [D]THF, 25°C): 6 = 161.8 (Ar-C,),
150.3 (Ar-C), 138.1 (Ar-C), 125.0 (Ar-C), 122.0 (Ar-C), 111.8 (Cp-
C), 60.7 (CH,), 34.9 (CH,), —-6.1 (CH3) ppm. C,;H35InLaN;O

Yield 68 mg (0.10 mmol,
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(671.32): caled. C 48.31, H 5.26, N 6.26; found C 48.76, H 5.40, N
6.08.

General Procedure for the Syntheses of Di-Earth-Metal Alkyl Ad-
ducts  [Cp,LnON(C,H4-0-Py),:2EMe;] (13-16):  Recrystallised
[Cp,LnON(C,Hy4-0-Py),] (0.5 mmol) was suspended in 20 mL of
toluene. To this suspension four equivalents of EMes (1 mmol) were
added at ambient temperature where after the reaction mixture
cleared directly. After stirring for 24 h the solution was filtered,
concentrated to one fifth of its volume in vacuo and the complexes
were crystallised by layering pentane onto the toluene solution. Af-
ter 12 h crystals were obtained. The yields of the compounds refer
to the amount obtained after a second crystallisation.

[Cp.YON(C,Hy-0-Py),-2 AlMe;] (13): Yield 115 mg (0.19 mmol,
389%).

[Cp,YON(C,H4-0-Py),2 GaMejs] (14): Yield 152 mg (0.22 mmol,
44%). 'TH NMR (500 MHz, [Dg]THF, 25 °C): 6 = 8.53 (d, 3Jyu =
4.6 Hz, 2 H, Ar-CH), 7.76 (t, *Jyn = 7.5 Hz, 2 H, Ar-CH), 7.31 (d,
3Juu = 7.8 Hz, 2 H, Ar-CH), 7.26 (t, 3Ju = 6.3 Hz, 2 H, Ar-CH),
6.00 (s, 10 H, Cp-CH), 3.25-2.8 (m, 8 H, CH,), -0.48 (s, 18 H,
CH3) ppm. 3C{'H} NMR (125 MHz, [Dg]THF, 25 °C): § = 161.1
(Ar-Cy), 150.5 (Ar-C), 138.6 (Ar-C), 125.3 (Ar-C), 122.2 (Ar-C),
110.6 (Cp-C), 59.5 (CH,), 34.5 (CH,), 4.1 (CH;) ppm.
C30H44Ga,N30Y (691.04): caled. C 52.14, H 6.42, N 6.08; found
C 52.57, H 6.65, N 5.98.

[Cp,YON(C,H4-0-Py),-2 InMe;] (15): Yield 136 mg (0.17 mmol,
35%). 'TH NMR (500 MHz, [Dg]THF, 25 °C): 6 = 8.54 (d, 3Jyy =
4.6 Hz, 2 H, Ar-CH), 7.77 (t, 3Jyn = 7.7 Hz, 2 H, Ar-CH), 7.35 (d,
3Juu = 7.8 Hz, 2 H, Ar-CH), 7.28 (t, 3Jun = 6.3 Hz, 2 H, Ar-CH),
6.01 (s, 10 H, Cp-CH), 3.25-2.8 (m, 8 H, CH;), -0.45 (s, 18 H,
CH;) ppm. *C{'H} NMR (125 MHz, [Dg]THF, 25 °C): § = 161.6
(Ar-Cg), 150.6 (Ar-C), 139.0 (Ar-C), 125.5 (Ar-C), 122.6 (Ar-C),
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110.5 (Cp-C), 60.0 (CH,), 34.6 (CH,), 6.1 (CHs), ppm. CsoHauIn,-
N;OY (781.24): caled. C 46.12, H 5.68, N 5.38; found C 46.04, H
5.71, N 5.22.

[Cp2SmON(C,Hy4-0-Py),-2 AlMes| (16): Yield 240 mg (0.36 mmol,
72%). '"H NMR (400 MHz, [Dg]THF, 25 °C): 6 = 10.02 (s, 10 H,
Cp-CH), 7.05 (s, 2 H, Ar-CH), 6.70 (s, 2 H, Ar-CH), 6.23 (s, 2 H,
Ar-CH), 5.50 (s, 2 H, CH,) 5.16 (br. s, 2 H, Ar-CH), 5.00 (s, 2 H,
CH,»), 4.20 (s, 2 H, CH,), 2.55 (s, 2 H, CH,) —-1.00 (s, 18 H, CH3)
ppm. 3C{'H} NMR (100 MHz, [Dg]THF, 25 °C): § = 158.9 (Ar-
Cy), 150.8 (Ar-C), 138.9 (Ar-C), 122.1 (Ar-C), 120.2 (Ar-C), 105.8
(Cp-C), 65.4 (CH,), 36.8 (CH,), -7.2 (CH3) ppm. Al NMR
(104 MHz, [Dg]THF, 25°C): 6 = 180 (vi» = 3000 Hz) ppm.
C3oH44ALN;OSm (667.02): caled. C 54.02, H 6.65, N 6.30; found
C 53.46, H 6.35, N 6.40.

[Cp.YON(C,H4-0-Py), AlMes-GaMe;] (17): Recrystallised 1
(267 mg, 0.5 mmol) was suspended in 20 mL of toluene. To this
suspension 1.1 equiv. of GaMes (63 mg, 0.55 mmol) were added at
ambient temperature and the reaction mixture cleared directly. Af-
ter stirring for 24 h the solution was filtered, concentrated to one
tenth of its volume in vacuo and the complex was crystallised by
layering pentane onto the toluene solution. After 12 h crystals were
obtained. The yields of the compound refer to the amount obtained
after first crystallisation. Yield 104 mg (0.16 mmol, 32%).
'"H NMR (600 MHz, [Dg]THF, 25°C): § = 8.54 (br. d, 2 H, Ar-
CH), 7.78 (br. t, 2 H, Ar-CH), 7.30 (s, 4 H, Ar-CH), 6.12 (s, 10 H,
Cp-CH), 3.55-3.25 (m, 4 H, CH,), 3.10-2.75 (m, 4 H, CH,), -0.49
(s, 9H, Ga-CH;), -0.88 (s, 9H, Al-CH3) ppm. “C{'H} NMR
(100 MHz, [Dg]THF, 25 °C): 6 = 160.4 (Ar-C,), 150.4 (Ar-C), 139.0
(Ar-C), 125.4 (Ar-C), 122.8 (Ar-C), 111.3 (Cp-C), 59.2 (CH,), 35.0
(CH,), 4.5 (Al-CHj3), -5.2 (Ga CH3) ppm. 2’Al NMR (104 MHz,
[D]THE, 25 °C): 6 = 171 (vy, = 3500 Hz) ppm. C3,H44A1GaN;0Y
(648.31): caled. C 60.79, H 6.61, N 7.88; found C 59.84, H 6.54, N
7.63.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 contains 'H and '*C NMR spectra of complex 2,
Figure S2 its HMQC-NMR spectrum, Figure S3 VT-NMR spectra
and Figure S4 its '"H-'"H-COSY-NMR spectrum. Figure S5 con-
tains a '3C-NMR spectrum of 11, Figure S6 the HMBC-NMR
spectrum of 14; Figure S8 a section of the 'H-NMR of 14 at
50 °C, Figure S9 the 'H-NMR and Figure S10 the '3C-NMR
spectrum of 15; Figure S11 shows "H-NMR spectra at 50 °C, Fig-
ure S12 the HMBC-NMR spectrum at —80 °C and Figure S13 the
HMQC-NMR spectrum at —70 °C of 17.
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