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Abstract: A key feature of tris(oxazoli-
nyl)ethane (“trisox”) ligands, which
have shown broad scope in asymmetric
catalysis, is the orientation and steric
demand of their oxazoline substituents.
This, along with the modularity of their
synthesis determines their coordination
chemistry. The possibility to combine
oxazolines, in which the stereogenic
centers adjacent to the N-donor atoms
have different absolute configuration,
whilst retaining their ability to coordi-
nate as tripodal ligands, has been dem-
onstrated by the synthesis of the enan-
tiomerically pure Cs;-symmetric iPr-
trisox(S,S,S) and Cj-symmetric iPr-
trisox(S,S,R) and their reaction with
[Mo(CO);(NCMe);] yielding [MofiPr-
trisox(S,S,5)}(CO);] (1a) and [MofiPr-
trisox(S,S,R)}(CO);] (1b), respectively.
The non-autocomplementarity of two
homochiral trisox ligands at one metal
center has been demonstrated by reac-
tion of rac-C; iPr-trisox with one equiv-
alent of [Co(ClO,),]-6H,0, giving the

centrosymmetric heterochiral complex
[Co(iPr-trisox),](ClO,), (3), whereas an
analogous reaction with the enantio-
pure ligand yielded a mixture of Co"
complexes, which is characterized by
the total absence of a [(trisox),Co]***
ion. The scope of the trisox ligand in
terms of facial coordination to both
early and late transition metals was
demonstrated by the synthesis and
structural characterization of the mon-
onuclear complexes [ScCl;(iPr-trisox)]
(4), [Fe(rBu-trisox)(NCMe);](BF,), (5),
and [Ru(n’-p-cymene)(iPr-trisox)]-
(PFs), (6). The facial coordination of
their three ligating atoms to a metal
center may be impeded if the transi-
tion-metal center stereoelectronically
strongly favors a non-deltahedral coor-
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dination sphere, which is generally the
case for the heavier d®-transition-metal
atoms/ions. Reaction of iPr-trisox with
[Rh(cod),]|BF, led to the formation of
the 16-electron d*-configured complex
[Rh(iPr-trisox)(cod)](BF,) (7), which is
oxidized by CsBr; to give the Rh™
complex [RhBr;(iPr-trisox)] (8) pos-
sessing a Cs;-symmetric structure with a
*-N-trisox ligand. The crystalline salts
[M,(u-Cly)(iPr-trisox),](PFs) (M =Fe™:
9, Co™: 10, Ni": 11), were prepared by
addition of one molar equivalent of
iPr-trisox and an excess of KPF; to sol-
utions of the anhydrous (FeCl,) or hy-
drated metal halides (CoCl,-6H,0,
NiCl,-6 H,O). All dinuclear complexes
display weak magnetic coupling. For
the mononuclear species [CuCl,(iPr-
trisox)] (12) the removal of a chloride
anion and thus the generation of a di-
nuclear chloro-bridged structure failed
due to Jahn-Teller destabilization of a
potential  octahedral  coordination
sphere.
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Introduction

There has been considerable debate about the usefulness
and potential advantages of C; symmetry in the design of
chiral stereodirecting ligands for asymmetric catalytic reac-
tions," and in most cases this relates to facially coordinat-
ing tripodal ligands. Threefold rotational symmetry repre-
sents the only possibility adapted to this topology of liga-
tion, in the same way that C, symmetry is related to simple
chelation.”

Symmetry in a spectator ligand will only have an effect on
the chemical reactions of its complexes if it is compatible
with their respective molecular structure as a whole, that is,
with the coordination geometry and the composition of the
remaining “active” coordination sphere.” This given, a sym-
metrical stereodirecting ligand may lead to a reduced
number of transition states and diastereomeric reaction in-
termediates in transformations occurring in the coordination
sphere of its complexes. In favorable cases, this degeneration
of alternative reaction pathways may lead to high stereose-
lectivity in catalytic reactions and greatly simplifies the anal-
ysis of such transformations.

For spectator ligands of podand topology and in com-
plexes with coordination numbers greater than four, Cs-
chiral tripods may play such a role.’! A particularly versatile
ligand system, which has the additional advantage of a mod-
ular assembly is the family of 1,1,1-trisoxazolinylethanes
(“trisox”) recently introduced by us.”'! Various derivatives
of this ligand have been successfully employed in a wide va-
riety of stereoselective transformations. These range from
Cu'-catalyzed cyclopropanations,'” Zn"-catalyzed transes-
terifications,'!l Sc!'- and lanthanide-catalyzed isotactic poly-
merization of a-olefins!'? to Cu'-Lewis acid catalyzed reac-
tions, such as Mannich reactions and asymmetric aminations
with azodicarboxylates."¥ For the latter their bidentate coor-
dination in the active species has been established, and the
tripodal binding is only thought to stabilize the resting state.

Asymmetric catalysis with trisox complexes has thus in-
volved both d-block metals and the lanthanides for which
the metal centers may vary greatly in terms of their oxida-
tion state and atomic or ionic radius. A question which
arises is to which extent the new tripods may adapt to the
“needs” of the metal and the structure of the remaining co-
ordination sphere. This work provides the first systematic
and comprehensive study into the coordination chemistry of
this class of stereodirecting ligands. It also aims to establish
several important points related to their chirality which is
defined by the substitution patterns of the oxazoline rings.
This includes the study of the feasibility of {M(trisox),} spe-
cies which might form in situ and which in applications in
catalysis would represent inactive species. We also aim to es-
tablish and fully characterize structural alternatives which
may arise in the complex assembly based on a trisox deriva-
tive and a metal salt.

The structural non-complementarity of two homochiral
trisox ligands in [M(trisox),]"* complexes: A prerequisite
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for potential catalytic activity: A key feature of the trisox li-
gands is the orientation of the substituents at the chiral
center in the 4-position of the oxazoline rings. This favors
the formation of catalytically active complexes even for sub-
stitutionally labile transition metals which may readily un-
dergo complex redistributions (“dismutations”). The steric
demand of the substituent groups employed in this work, as
well as their orientation relative to the molecular axis, ren-
ders the formation of “homoleptic” [M(trisox),]"* species
unfavorable and thus stabilizes a coordination sphere which
combines the stereodirecting tripod with up to three remain-
ing (“active”) coordination sites. This is the case, provided
that the enantiomerically pure C;-symmetric ligands or the
stereochemically “mixed” (C;-symmetric) derivatives (enan-
tiomerically pure or racemic) are being employed.

The combinations of trisox ligands representing the differ-
ent stereochemical possibilities are summarized in Figure 1,
specifically emphasizing the consequences of the formation
of potentially inactive [M(trisox),]"*. Only for the racemate
(RRR + SS5,5) of the Cs-chiral ligands is the formation of
such a symmetric hexacoordinate complex expected to be
favored (see bottom, first from the left). In such meso-[M-
(trisox),]"* complexes the orientation of the 4-oxazoline
substituents is complementary and avoids significant repul-
sive interactions. In contrast, the combination of a homochi-
ral pair of Cs-trisox ligands at a single metal center will gen-
erate three repulsive inter-ligand interactions (Figure 1,
bottom: second from the left) and is thus expected to be dis-
favored. This is exactly the situation that would be encoun-
tered in the application of the enantiopure C;-chiral trisoxa-
zolines in catalytic transformations! Unfavorable inter-
ligand repulsion is also encountered in hetero- or homochi-
ral combinations of the mixed-configuration C,-trisox deriv-
atives as is indicated in the third and fourth example at the
bottom of Figure 1. This phenomenon has been recently dis-
cussed by Takacs etal. in relation to C,-symmetric com-
plexes.l

For divalent transition metals, for which an octahedral co-
ordination sphere is strongly favored, the impossibility to
form [M(trisox),]"* complexes with the enantiomerically
pure tripods will lead to an alternative way of coordinative
stabilization, and thus molecular structure, both in solution
and in the solid state. Provided that the counterions may act
as bridging ligands, as is the case for halides, the formation
of dinuclear face-sharing bis(octahedral) complexes of the
general type [M,(u-X);(trisox),]* (X =halide) is strongly fa-
vored as will be shown below. However, if octahedral coor-
dination at the metal center is stereoelectronically disfa-
vored (as for d®- and d’-metal centers) other structural types
are observed.

Results and Discussion
C; versus C; chirality: the modularity of the ligand assem-

bly: The possibility to combine oxazolines, in which the ste-
reogenic centers adjacent to the N-donor atoms have differ-
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view from the top

-

view from the bottom

A4

(S,S,9) (R,R,R) (R.R,R) (S,S,5)
(S,S,R) (S,S.R) (R.R,S) (S,S.R)
2
(RR.R+S,S,S) (5.5,5+8.,8,9) (S,S,R+R,R,S) (S,;S,R+S,S.R)
analogous: analogous:
(R7R!R + R’R1R) (R,R,S + R,R,S)

Figure 1. Shaping coordination spheres with chiral trisox derivatives: Modular assembly of Cs-chiral and mixed-stereochemically C;-chiral tripods (top)
and their possible combinations in [M(trisox),]"" complexes (middle), demonstrating the non-complementarity of two homochiral ligands in such species
(bottom). Stability in this case is only expected for the heterochiral meso form (R,R,R + S.5.,5; bottom left).

ent absolute configuration, within the trisox systems, whilst
retaining their ability to coordinate as tripodal ligands, was
demonstrated by reaction of the enantiomerically pure Cs-
symmetric iPr-trisox(S,S,S) and C,-symmetric iPr-trisox-
(S,S,R) with [Mo(CO);(NCMe);] (Scheme 1). In both reac-
tions the corresponding products were the tricarbonylmolyb-
denum complexes 1a and 1b, containing the trisox ligands
in a facially coordinating mode which indicates the absence
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of significant repulsive interactions between the substituents
(vide infra).

Whereas the 'H and “C NMR spectra of 1a are highly
symmetrical as expected, and are consistent with the three-
fold molecular symmetry, the NMR spectra of 1b indicate
the reduced symmetry of the system which is already appar-
ent in the data for the free C;-symmetric mixed-configura-
tion ligand iPr-trisox(S,S,R). The IR spectra of both com-
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iPr-trisox(S,S,S)

iPr-trisox(S,S,R) 1b

Scheme 1. Synthesis of the Cs-chiral [Mo{iPr-trisox(S,S,S)}(CO);] (1a) and the C,-chiral analogue [Mof{iPr-

trisox(S,S,R)}(CO);] (1b).

plexes display two stretching bands for the carbonyl ligands
(1a: v=1889, 1852, 1b: 1902, 1890 cm '), representing the
A + E stretching modes of facial Mo(CO); units.

To compare the details of both molecular structures,
single-crystal X-ray structure analyses of 1a and 1b were
carried out. Views along the (threefold) molecular axis of
both molecules (defined by the apical atom of the tripod
and the central metal atom) are depicted in Figure 2. Both
the ORTEP and the space-filling representations of the
structures are consistent with the postulated independence
of the oxazoline substituents and the absence of significant
inter-oxazoline repulsion. This is corroborated by the N-Mo-
N’ angles in the C;-symmetric structure of 1b which deviate
only slightly from those in the threefold-symmetrical mole-
cule of 1a.

Both molecules have a distorted octahedral geometry
with average N,,,,~Mo and Mo—C bond lengths of 2.27 and
1.94 A, respectively.” The N,,,-Mo-N',.,, angles ranging
from 76.9 to 79.7°, deviate strongly from the expected right
angles of an ideal octahedral arrangement, which is due to
the steric constraints of the tripod combined with the large
atomic radius of the zerovalent second-row transition metal.
The latter is underscored by the interligand angles of the
monodentate carbonyl ligands which are close to 90°.

A case of structural complementarity or non-complementar-
ity: the stability and instability of homo- and heterochiral
{(trisox),M} fragments: The synthesis of the racemic iPr-
trisox ligands was conducted starting from racemic valine
(Scheme 2). The reaction of the resulting stereochemically
non-uniform bisoxazoline with the corresponding racemic
bromooxazoline led to a mixture of the racemic-C; symmet-
ric trisoxazoline together with the racemic-C,; symmetric tri-
soxazoline. The C,/C; ratio was found to be 3:1, which is
consistent with the predicted statistical ratio (considering
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that all diastereomers react at
the same rate). Both diastereo-
mers were readily separated
and isolated from column chro-
matography on silica gel
(EtOAc/MeOH). Notably, the
iPr-trisox(rac-Cs) ligand is ob-
tained as a colorless crystalline
solid at ambient temperature,
in contrast to the enantiopure
substance which is a liquid. An
X-ray diffraction study of the
racemate established for the
first time the detailed structure
of a free trisox derivative (for
the crystal data, see Experi-
mental Section).

The availability of iPr-trisox-
(rac-Cs;) enabled us to test the
stereochemical considerations
outlined in the introduction.
Reaction of iPr-trisox(rac-Cs)
with one equivalent of [Co(ClO,),]-6 H,O in the ligating sol-
vent acetonitrile led to the formation of rac-[Co(iPr-trisox)-
(NCCH,)5](C10,), (2), which was isolated as a pale pink
crystalline solid (Scheme 3). Suitable crystals for X-ray dif-
fraction were obtained from acetonitrile/diethyl ether. The
structure of complex 2 is presented in Figure 3 along with
the principal bond lengths and angles. As expected, the co-
ordination geometry around the metal center is distorted oc-
tahedral with the trisox ligand binding facially and the three
remaining positions being occupied by coordinating acetoni-
trile. The average Co—N,.ioniriie and Co—N,,,, distances are
both 2.1 A, whilst the other structural features closely re-
semble those of the iron(II) analogue discussed in the fol-
lowing section.

The analogous reaction between iPr-trisox(rac-C;) and
one equivalent of [Co(ClO,),]:6H,0O was carried out in di-
chloromethane as a non-coordinating solvent. Since we had
observed previously that complexes of the composition [M-
(trisox)(H,0);]** of the first-row transition metals are sub-
stitutionally highly unstable, the system was thought to un-
dergo redistribution to form a [Co(trisox),]** species. Even
after stirring for several hours, about 50% of the [Co-
(ClO,),] starting material remained suspended, whilst 0.5
molar equivalents of the Co?* had rapidly dissolved upon
formation of a trisox complex. A FAB mass spectrum of the
isolated light pink cobalt coordination compound 3, which
possesses the spectral characteristics of a high-spin octahe-
dral Co" complex,['®! displayed a molecular ion at m/z 785.5,
which corresponds to the {Co(iPr-trisox),} cation. The char-
acteristic isotopomer distribution of this molecular ion peak
as well as the elemental analysis of the isolated complex are
consistent with the formulation of 3 as [Cof{iPr-trisox-
(R,R,R)}{iPr-trisox(S,S,5)}](ClO,),. The same product is ob-
tained in quantitative yield (based on the Co**) if ligand
and salt employed in the synthesis are allowed to react in a
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Figure 2. Molecular structures of the Cj-chiral complex [Mo{iPr-trisox(S,S,S)}(CO);] (1a; left) and the C,-chiral analogue [Mo{iPr-trisox(S,S,R)}(CO);]
(1b; right). Principal bond lengths [A] and angles [°]: 1a: Mo(1)—C(1) 1.949(3), Mo(1)—C(2) 1.944(3), Mo(1)—C(3) 1.939(3), Mo(1)—N(1) 2.245(2),
Mo(1)-N(2) 2.268(2), Mo(1)-N(3) 2.288(3); C(3)-Mo(1)-C(2) 86.06(13), C(3)-Mo(1)-C(1) 89.55(12), C(2)-Mo(1)-C(1) 85.43(12), C(1)-Mo(1)-N(1)
99.99(11), C(2)-Mo(1)-N(2) 104.14(11), C(3)-Mo(1)-N(3) 103.43(11), N(1)-Mo(1)-N(2) 79.53(9), N(1)-Mo(1)-N(3) 79.25(9), N(2)-Mo(1)-N(3) 76.68(9).
1b: Mo(1)~C(1) 1.945(8), Mo(1)~C(2) 1.949(8), Mo(1)—C(3) 1.924(9), Mo(1)-N(1) 2.281(6), Mo(1)~N(2) 2.286(6), Mo(1)~N(3) 2.265(5); C(1)-Mo(1)-
C(2) 86.6(3), C(2)-Mo(1)-C(3) 83.9(3), C(1)-Mo(1)-C(3) 85.9(3), C(1)-Mo(1)-N(2) 97.6(3), C(2)-Mo(1)-N(1) 97.2(2), C(3)-Mo(1)-N(3) 97.2(3), N(1)-
Mo(1)-N(2) 78.7(2), N(2)-Mo(1)-N(3) 79.7(2), N(1)-Mo(1)-N(3) 78.4(2).

2:1 molar ratio. Unfortunately, all attempts to grow crystals
of 3, which are suitable for X-ray diffraction, were unsuc-
cessful.

In contrast, reaction of chiral enantiopure (S,S,S)-iPr-

. o ,
_fButi LY trisox with half an equivalent of [Co(ClO,),]-6H,O in di-
N chloromethane led to the formation of a mixture of Co-
. (trisox) complexes, the FAB mass spectrum of which dis-

played a complex ion at m/z 520.9, corresponding to the
(RR) +(S.9) (Ry+(S) (RRR) : (S,5,5) (rac-Cy) [(trisox)Co(ClO,)]* fragment. Notable is the total absence
(R, S)-Tneso (rac) (RR,S) + (S,S,R) (rac-c,) ©°f 2 [(trisox),Co]*** ion which is consistent with its destabi-
lization due to steric repulsion between the homochiral tri-

(rac-Cy) : (rac-C3) =3 :1  pods, as delineated in the introduction.

r

Scheme 2. Final step in the synthesis of the mixture of (rac-C;)- and (rac- To semi-quantitatively illustrate the effect of the chirality
Cs)-trisox from racemic valinol. of the different trisox substituents on the stability of the
3062 www.chemeurj.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 3058 -3075
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CH,CN
-~ N

Co(CIO,),

iPr-trisox(rac-Cs;)

CH,Cl,

+ 0.5 Co(ClOy),

3 ("meso")

Scheme 3. Complexation of cobalt(II) with racemic /Pr-trisox in a coordi-
nating solvent (MeCN) and a non-coordinating solvent (CH,Cl,). The
former leads to rac-[Co(iPr-trisox)(NCMe);](ClO,), (2), whilst the latter
gives the heterochiral (“meso”) complex [Co{iPr-trisox(S,S,S)}{iPr-trisox-
(R.R,R)}(CIO,), (3).

Cl2)

Clt4)

Figure 3. Molecular structures of the racemic pair of [Co(iPr-trisox)(NCMe);](ClO,), in compound 2. Principal
average bond lengths [A] and angles [°] in both enantiomers: Co(1)~-N(1) 2.120(2), Co(1)-N(2) 2.125(2),
Co(1)-N(3) 2.144(2), Co(1)~N(4) 2.154(2), Co(1)-N(5) 2.139(2), Co(1)~N(6) 2.121(2); N(1)-Co(1)-N(2)
83.99(8), N(2)-Co(1)-N(3) 84.84(8), N(1)-Co(1)-N(3) 84.84(8), N(4)-Co(1)-N(5) 88.87(9), N(5)-Co(1)-N(6)
88.18(9), N(4)-Co(1)-N(6) 86.10(9); Co(2)—N(7) 2.097(2), Co(2)—-N(8) 2.187(2), Co(2)—N(9) 2.134(2), Co(2)—
N(10) 2.140(2), Co(2)-N(11) 2.168(3), Co(2)—N(12) 2.104(3); N(7)-Co(2)-N(9) 86.00(9), N(7)-Co(2)-N(8)
83.77(9), N(8)-Co(2)-N(9) 83.99(8), N(10)-Co(2)-N(12) 87.37(9), N(11)-Co(2)-N(12) 91.18(9), N(10)-Co(2)-

N(11) 85.80(9).

“homoleptic” complexes, the various trisox combinations in
the complexes [Co(iPr-trisox),]*" in Figure 1 were simulated
using molecular mechanics (UFF) calculations. The energies
of the mononuclear complexes [Co(iPr-trisox),]*t (relative
to the {S,5,5-R,R,R} complex) are displayed in Figure 4. Al-
though these energies cannot be compared with great preci-
sion in absolute terms, they nevertheless provide a useful

Chem. Eur. J. 2007, 13, 3058 -3075
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Figure 4. Molecular mechanics (UFF) study of the relative energies of
various homo- and heterochiral combinations of C;- and C,-symmetrical
iPr-trisox ligands in [Co(iPr-trisox),], illustrating the relative destabiliza-
tion of all combinations except for the meso complex [Co{iPr-trisox-
(S,5,8)}{(iPr-trisox(R,R,R)}]** on the left.

guide as to the relative steric repulsion exerted by the trisox
isopropyl substituents.

Confirming the qualitative considerations outlined above,
the stability of the complexes decreases in the order {S,S,S-
R RR}, {S,S,R-RR,S}, {S,SR-S,S,R}, {S,5,5-S,S,S}, consistent

with an increasing number of
unfavorable interactions (0, 1,
2, and 3 respectively, Figure 1)
between the oxazoline sub-
stituents. The most remarkable
feature is that the energy of
the {S,5,5-S,S,S} isomer (three
unfavorable repulsive interac-
tions) is essentially identical to
that of the {S,S R-S,S,R} isomer
(only two). This is readily un-
derstood, since an analysis of
the  calculated
Cltn energy structure indicates that
the oxazoline rings are signifi-
cantly more “twisted” in the
{S,S,S-S,5,S} complex (to allevi-
ate steric strain) than in the
SSR-SSR complex. A greater
degree of twisting is presuma-
bly possible in the complexes
with  Cj-symmetric  ligands,
since the coordination environ-
ment of the tripodal ligand
allows only the “concerted”
rotation of all oxazolines. In
[Co(trisox),]** complexes con-
taining stereochemically
mixted C;-symmetric ligands twisting of the oxazolines will
reduce steric interactions in one part of the molecule whilst
increasing it in another. These open shell systems proved to
be too complex for treatment with DFT or ONIOM meth-
ods, although the corresponding diamagnetic zinc complex
[Zn{iPr-trisox(S,S,S) }{iPr-trisox(R,R,R)}]** was calculated as
a model using ONIOM methodology and confirmed the val-

minimum-
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idity of the structural features; the zinc analogues of the
other isomeric forms failed to give converged structures.

Synthesis and structural characterization of mononuclear
{(trisox)M} complexes: To demonstrate the scope of the
trisox ligand in terms of facial coordination to both early
and late transition metals, the mononuclear complexes
[ScCl;(iPr-trisox)] (4), [Fe(Bu-trisox)(NCMe);](BF,), (5),
and [Ru(n’-p-cymene)(iPr-trisox)](PF;), (6) were synthe-
sized as shown in Scheme 4.

FeCl, /
O, NaBF,
N
N{ CH,CN
R
R R=ipr

2 [RuCly(p-cymene)],

2 AgPFg, CH,CI,

Scheme 4. Synthesis of the mononuclear complexes 4-6.

Whereas the scandium complex 4 was obtained by reac-
tion of iPr-trisox with [ScCl;(thf);)], the paramagnetic (high-
spin d°) iron dication 5 was isolated from a solution of tBu-
trisox, FeCl,, and NaBF, in acetonitrile after removal of the
NaCl precipitate by filtration. The dicationic complex
[Ru(n’-p-cymene)(iPr-trisox)](PFs), (6) was synthesized by
reaction of [Ru(p-cymene)Cl,], with two equivalents of iPr-
trisox followed by the addition of AgPF,. All complexes,
which were isolated as highly crystalline solids, were charac-
terized by '"H and C NMR spectroscopy as well as mass
spectrometry, and gave satisfactory elemental analysis.

To compare their molecular structures, X-ray diffraction
studies of all three compounds were carried out. The molec-
ular structure of 4 is depicted in Figure 5, along with select-
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Figure 5. Molecular structure of [ScCly(iPr-trisox)] (4). Principal bond
lengths [A] and angles [°]: Sc(1)-N(1) 2.346(3), Sc(1)-N(2) 2.324(3),
Sc(1)-N(3) 2.295(2), Sc(1)—CI(1) 2.403(1), Sc(1)—Cl(2) 2.413(1), Sc(1)—
CI(3) 2.398(1); CI(1)-Sc(1)-Cl1(2) 98.40(3), CI(1)-Sc(1)-Cl(3) 102.90(4),
CI(2)-Sc(1)-CI(3) 99.17(4), N(1)-Sc(1)-N(2) 75.62(9), N(1)-Sc(1)-N(3)
77.88(9), N(2)-Sc(1)-N(3) 78.19(9).

ed bond lengths and angles. The central scandium atom ex-
hibits a highly distorted octahedral coordination geometry,
as evidenced by the angles subtended at the scandium
center, which are significantly distorted away from the ideal
90°. The very small N-Sc-N angles (N(1)-Sc-N(2) 75.6(1),
N(2)-Sc(1)-N(3) 77.9(1), N(1)-Sc(1)-N(3) 78.2(1)°) contrast
with the other X-ray analyses reported herein, which are
typically in the range of 83-86°. The Sc—N and Sc—Cl bond
lengths are unremarkable in comparison to previously re-
ported examples,'”! which is presumably attributed to the
small size of the scandium. Mutual steric repulsion of the
chloride ligands leads to markedly increased inter-halide
angles (98°-103°), which in turn “pushes” the N;Sc unit to-
gether.

Suitable crystals for X-ray diffraction of the iron complex
[Fe(tBu-trisox)(NCMe);](BF,), (5) were obtained from ace-
tonitrile/diethyl ether layering. The molecular structure of
the dication is shown in Figure 6. As for the other mononu-
clear complexes, the coordination geometry around the
metal is distorted octahedral with the trisox ligand binding
facially and the three remaining positions being occupied by
coordinating acetonitrile. From the Fe—N,,, bond lengths, it
can be deduced that compound 5 has a high-spin iron(II)
center (bond lengths averaging 2.2 A),' which is consistent
with the observed paramagnetism of the complex. The aver-
age Fe—N,ccionivie distance is 2.1 A. An acute Noxaz-F€-Nogaz
average angle of 84.5° is observed due to the chelating
effect of the ligand, while the average N-Fe-N' angle of
89.2° between the acetonitrile ligands is close to the expect-
ed value for an octahedral complex. The complex was found
to be very sensitive to air both in the solid state and in solu-
tion.

Crystals of compound 6 contained two crystallographically
independent molecules in the asymmetric unit with no sig-
nificant differences between them. The molecular structure
of one of these is displayed in Figure 7 along with the princi-
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Figure 6. Molecular structure of the [Fe(iPr-trisox)(NCMe),]** dication
in 5. Principal bond lengths [A] and angles [°]: Fe—N(1) 2.258(2), Fe—
N(2) 2.205(2), Fe-N(3) 2.215(2), Fe—N(4) 2.131(2), Fe-N(5) 2.171(2),
Fe—N(6) 2.163(2); N(4)-Fe-N(5) 86.01(9), N(4)-Fe-N(6) 90.26(9), N(5)-
Fe-N(6) 91.34(8), N(1)-Fe-N(3) 82.12(6), N(1)-Fe-N(2) 84.62(6), N(2)-Fe-
N(3) 86.88(7), N(1)-Fe-N(4) 90.54(7).

Figure 7. Molecular structure of [Ru(iPr-trisox)(n®-p-cymene)|** (6).
Principal bond lengths [A] and angles [°]: Ru(1)-N(1) 2.14(1), Ru(1)—
N(2) 2.144(10), Ru(1)-N(3) 2.150(9), Ru(1)—C(22) 2.225(13), Ru(1)—
C(23) 2.199(12), Ru(1)—C(24) 2.191(9), Ru(1)—C(25) 2.254(10), Ru(1)—
C(26) 2.198(10), Ru(1)—C(27) 2.198(11); N(1)-Ru(1)-N(2) 84.8(8), N(1)-
Ru(1)-N(3) 80.7(3), N(2)-Ru(1)-N(3) 79.6(4), C(25)-Ru(1)-C(23),67.3(4),
N(1)-Ru(1)-C(24) 121.8(4).

pal bond lengths and angles. In the molecule, which is dis-
played in Figure 7, the average N-Ru-N' angle of 81.7° for
the coordinated iPr-trisox ligand is slightly more acute than
typically found for late d-block metals. This is thought to be
a consequence of inter-ligand repulsion between the tripod
and the n°-coordinated cymene ligand, which is also reflect-
ed in the slightly non-symmetrical coordination of the m-
arene ligand. Nevertheless, the Ru—C,.,. bond lengths of
between 2.19 and 2.25 A are well within the range normally
observed for this complex fragment.['”)
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In summary, this crystallographic study demonstrates the
propensity of the trisox ligand system to bind facially to d-
block metals of variable atomic/ionic radii provided that the
central metal stereoelectronically favors this coordination
mode (vide infra). The tripodal coordination mode adjusts
itself to the metal center allowing a significant variation of
the metric parameters (M—N distances and N-M-N' angles).

The role of stereoelectronics at the metal center: going from
di- to tridentate coordination of the trisox ligand upon oxi-
dative addition to rhodium(I): Tripodal ligands are generally
employed to enforce the facial coordination of their three li-
gating atoms to a metal center.”?"! The formation of this
structural motif may be impeded if the transition-metal
center stereoelectronically strongly favors a non-deltahedral
coordination sphere. This is generally the case for the heavi-
er d-transition metal atoms/ions and their preference for
square-planar coordination geometries. However, there are
cases in which this is “overruled” by either the strong ligat-
ing tendency of the donor functions or inter-ligand angles of
significantly below 90° which are enforced by a chelating co-
ordination. An example for the former is the well establish-
ed Rh' complex chemistry with the triphos ligand and many
of its derivatives and variants,”"! whereas nitrogen donor
based tripods tend to favor a simple bidentate chelating co-
ordination to rhodium(I), leaving one ligand “arm” non-co-
ordinated. This has been observed both for neutral trispyri-
dylmethane-?? and trispyrazolylmethane-rhodium(I) com-
plexes®! as well as for their monoanionic trispyrazolylborate
analogues.” To assess the coordinating behavior of the
trisox ligands towards metal centers that favor or disfavor
facial coordination, depending on their oxidation state (and
thus d-electron count), we investigated the coordination
chemistry of iPr-trisox with rhodium(I) and (III).

Reaction of iPr-trisox with [Rh(cod),]|BF, in dry dichloro-
methane led to the formation of the [Rh(iPr-trisox)(cod)]-
(BF,) (7) which was isolated as a yellow crystalline solid
(Scheme 5). Suitable crystals for X-ray diffraction were ob-
tained by slow diffusion from a solution in THF which was
layered with diethyl ether. The structure of complex 7 is
presented in Figure 8 along with the principal bond lengths
and angles.

The 16-electron d3-configured rhodium(I) complex adopts
a (distorted) square-planar coordination geometry (as op-
posed to a potential five-coordinate trigonal-bipyramidal or
square-pyramidal structure), which is reminiscent of the bi-
soxazoline derivative reported recently by Pregosin et al.”’!
Two of the oxazoline groups are coordinated to the metal
center (Rh—N bonds lengths: 2.11 and 2.09 A), whereas the
third oxazoline ring is twisted orthogonally with the N-
donor unit pointing away from the metal center. The nitro-
gen-metal-nitrogen angle was found to be 85.2°. The 1,5-cod
ligand is slightly twisted probably due to steric repulsion by
the isopropyl groups of the oxazoline ligand. The six-mem-
bered ring formed by the metal and the chelating ligand
adopts a boat conformation.
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Scheme 5. Synthesis [Rh(iPr-trisox)(cod)](BF,) (7) and its reaction by
way of oxidative addition with CsBr; giving the octahedral complex
[RhBr;(iPr-trisox)] (8).

Figure 8. Molecular structure of the [Rh(iPr-trisox)(cod)]* ion in 7. Prin-
cipal bond lengths [A] and angles [°]: Rh—N(1) 2.11(1), Rh—N(2) 2.09(1),
Rh—N(3) 3.70(1), Rh—C(21) 2.13(2), Rh—C(22) 2.14(2), Rh—C(25)
2.18(2), Rh—C(26) 2.09(2); N(1)-Rh-N(2) 85.1(6), C(21)-Rh-C(26)
80.9(7), C(22)-Rh-C(25) 81.6(8).

We note that the overall arrangement of the coordinated
bisoxazoline unit in 7 is such that the uncoordinated oxazo-
line ring points towards the Rh atom. Thus, the unbound ox-
azoline appears to be ready to exchange with a coordinated
heterocycle suggesting a potentially fluxional structure with
a very low energy barrier for chemical exchange. The
'"H NMR spectrum recorded at 298 K was found to be
highly symmetric and consistent with an effective local
threefold symmetry of the trisox ligand. This equivalence of
all three oxazolines on the NMR time scale at room temper-
ature indicates the dynamic process suggested above. Even
at a temperature of 193 K no broadening of the resonances
is observed, which is consistent with a rapid dynamic ex-
change and an activation barrier AG® of below
10 kcalmol .

A possible way to get all the three oxazolines of iPr-trisox
coordinated to rhodium is the oxidation of the rhodium(I)
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complex to rhodium(III). A clean oxidation of 7 was ach-
ieved by stoichiometric reaction with CsBr; which acts both
as an oxidant and ligand-transfer reagent (Scheme 5). The
resulting Rh™ complex [RhBr;(iPr-trisox)] (8), which could
be independently obtained by reaction iPr-trisox with
[RhBr;(H,0);], has very similar spectroscopic data to its
chloro analogue and was fully characterized by X-ray dif-
fraction. Its molecular structure is represented in Figure 9
along with the principal bond lengths and angles.

0(2) o

Figure 9. Molecular structure of [RhBr;(iPr-trisox)] (8). Principal bond
lengths [A] and angles [°]: Rh—Br(1) 2.4673(5), Rh—Br(2) 2.4715(5), Rh—
Br(3) 2.4636(6), Rh—N(1) 2.073(4), Rh—N(2) 2.091(4), Rh-N(3) 2.084(3);
Br(1)-Rh-Br(2) 89.59(2), Br(1)-Rh-Br(3) 90.49(2), Br(2)-Rh-Br(3)
92.35(2), N(1)-Rh-N(2) 85.9(1), N(1)-Rh-N(3) 86.3(1), N(2)-Rh-N(3)
84.1(1).

Compound 8 possesses a Cs;-symmetric structure that is
similar to the molecular structures discussed in the previous
section. All metric parameters, in particular the Rh—Br
bond lengths of 2.46 A, lie within the expected range (Rh—
Br 2.433-2.723, mean 2.528 A for 110 examples).”*"!

The transformation described in this section has shown
that the coordination mode of the trisox ligand will adapt to
the stereoelectronic requirements of the metal center and
may change in the process of an elementary transformation
such as the oxidative addition of bromine. This may be
viewed as a model reaction for such reaction steps in a cata-
Iytic cycle. If the stereoselectivity determining step involves
an octahedral species, the facial coordination of the trisox
ligand and consequent threefold symmetry of the trisox—
metal fragment will simplify the “stereoselection”, whilst
the symmetry of the ligand will act “dynamically” in species
in which it is bidentate. The latter has been observed in
Cu'- and Pd""-catalyzed transformations.t13-7-2%1

The synthesis, crystal structures and magnetic properties of
the dinuclear complexes [{(iPr-trisox)M},(u-Cl);]PF,: As
pointed out above, divalent transition-metal halides have
the tendency to form halide-bridged face-sharing bisoctahe-
dral complexes which avoids the unfavorable formation of
[M(trisox),]"* species. A UFF molecular mechanics study
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carried out for the chloro-bridged dimers [Co,(p-Cl);(iPr-
trisox),]* revealed much lower overall energy differences
for the different isomeric forms than found for the mononu-
clear [Co(iPr-trisox),]** complexes, as expected considering
that the trisox ligands are significantly further removed
from each other.””!

The crystalline salts [M,(p-Cl,)(iPr-trisox),](PF) (M=
Fe", Co", Ni), were prepared by addition of one molar
equivalent of iPr-trisox and an excess of KPFg to solutions
of the anhydrous (FeCl,) or hydrated metal halides
(CoCl,-6 H,0, NiCl,-6 H,0) (Scheme 6). After removal of in-
soluble residues by filtration, the salts were isolated upon
diffusion of diethyl ether or hexane into dichloromethane
solution of the complexes giving the reaction products in
yields between 66 and 79 %.

The dinuclear cation [Ni,(u-Cly)(iPr-trisox),]" was also
obtained by reaction of iPr-trisox with one equivalent of
[NiClL,(PPh;),] in refluxing ethanol. Green crystals of the
chloride salt [Ni,(u-Cl;)(iPr-trisox),|CI-:3EtOH (11a) were
isolated upon slow evaporation of the solvent after the reac-
tion. Not unexpectedly, all attempts to force the d’-metal
copper(Il) into a similar coordination environment failed.
Whereas CuCl, is readily coordinated by iPr-trisox, yielding
the mononuclear species [CuCl,(iPr-trisox)] (12), the remov-
al of a chloride anion by means of NaBF, or KPF; in hot al-
cohol (MeOH or EtOH) and thus the generation of a dinu-
clear chloro-bridged structure failed.

The iron complex 9 is colorless and displays no absorption
in the 350-1000 nm range with ¢>5Lmol™' cm™, whereas
the absorption bands of the nickel complex 11 at 407.7 nm

9
FeCl,

KPFg, MeOH

cucl,

KPFGW

[NiCly(PPhj)3]
MeCH, A

ot

FULL PAPER

(¢=26) and 675.6 nm (¢=11) are typical of d® octahedral
nickel.

The crystal structures of the isostructural series of com-
plexes 9, 10, and 11, as well as 11a and 12 have been deter-
mined by single-crystal X-ray diffraction. The three PF; salts
of the dinuclear cations, 9-11, crystallize in orthorhombic
space groups (P2,2,2, for 9 and 10 and C222, for 11), which
differ in terms of the solvents incorporated into the unit
cell. Each structure exhibits well-separated [M,(u-Cl;)(iPr-
trisox),]* monocations and PF, ions. As a representative
example for the dinuclear complexes, the molecular struc-
ture of the Co, cation in compound 10 is depicted in
Figure 10.

The dinuclear cations consist of two enantiomerically
pure {(iPr-trisox)M]} units in which the tripodal ligand is
bound facially to the metal in a tridentate fashion and which
are connected by three bridging chloride ligands. The coor-
dination environment about each metal center can thus be
described as distorted octahedral. This is apparent in the
view of the complex cation of 10 orthogonal to the metal-
metal vector which is shown in Figure 10a. A closer inspec-
tion of the [N;M(p-Cl;)MN;] cores revealed an elongation
of the N;MCI; octahedron along the molecular threefold
axis, which is slightly different for the two metal centers, re-
ducing the overall molecular symmetry from D; to C; sym-
metry. The threefold molecular symmetry is readily appreci-
ated in the view along the molecular axis of 10 depicted in
Figure 10b, and a comparison of the key metric parameters
of the dinuclear complex cations is provided in Table 1.

Scheme 6. Synthesis of the dinuclear complexes [M,(u-Cl);(iPr-trisox),]*(A)~ (M=Fe, A=PF,: 9, Co, PF,: 10, Ni, PF,: 11, Ni, Cl: 11a) and of [Cu-

Cl,(iPr-trisox)].
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Figure 10. a) Molecular structure of [Co,(pu-Cl);(iPr-trisox),]* in 10. The
structures of the cations in the iron analogue 9 and the Ni complexes 11
and 11a are very similar. A comparative listing of the principal metric
parameters is provided in Table 1. b) View along the molecular axis illus-
trating the overall threefold symmetry of the molecule.

As for the individual structures, the diiron complex 9 was
found to be slightly distorted along the molecular axis, the
mean value of the Fe(1)—Cl distances being 2.482(6) A,
whereas the average for the Fe(2)—Cl distances is
2.502(2) A. This non-equivalence is less pronounced for the
Fe—N distances (Fe(1)-N,, 2.185, Fe(2)-N,, 2.176 A). Simi-
lar distortions have been observed also by Sobota et al.*” in
the dinuclear complex [(thf)sFe,(u-Cl;)]* and by Wieghardt
and co-workersP!l for [(Mestacn),Fe,(u-Cly)]* (Mestacn =
1,4,7-trimethyl-1,4,7-triazacyclononane). The Fe(1)—Fe(2)
separation of 3.028 A is shorter than the intermetallic dis-
tance of 3.086 A found for [(thf)sFe,(u-Cl;)]*, while being
similar to that for [(Mestacn),Fe,(u-Cl;)]* (3.026 A).

The X-ray analyses of the dicobalt complex 10 and the di-
nickel complexes 11 and 1la exhibit an almost identical
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Table 1. Comparison of the principal bond lengths and angles of the di-
nuclear complexes 9-11a.

9 10 1 11al?
M(1)-N(1) 2.168(6)  2.122(5)  2.072(3) 2.094(3)"
M(1)-N(2) 2202(6)  2.136(5)  2.093(3) -
M(1)-N(3) 2.185(8)  2.153(5)  2.082(3) -
M(2)-N(4) 2.178(6)  2.133(5)  2.089(3) 2.104(3)¢
M(2)-N(5) 2176(6)  2.164(5)  2.101(3) -
M(2)-N(6) 2173(6)  2.111(5)  2.092(3) -
M(1)—CI(1) 2488(2)  2447(2)  2.4272(10)  2.4247(11)
M(1)—C1(2) 2467(2)  2457(2)  2.4168(10) -
M(1)—CI(3) 2.493(2)  2480(2)  2.4283(10) -
M(2)—CI(1) 2507(2)  2.477(2)  2.4496(10)  2.4335(10)
M(2)—Cl(2) 2.502(2)  2437(2)  2.4132(10) -
M(2)—CI(3) 2497(2)  2457(2)  2.4301(10) -
N(1)-M(1)-N(2) 84.9(2) 84.2(2) 84.77(13) 85.14(11)14
N(1)-M(1)-N(3) 83.3(3) 82.5(2) 85.24(12) -
N(2)-M(1)-N(3) 82.7(3) 84.3(2) 85.24(13) -
N(4)-M(2)-N(5) 83.4(2) 82.7(2) 84.79(13) 84.66(11)t!
N(4)-M(2)-N(6) 82.8(2) 86.5(2) 86.29(13) -
N(5)-M(2)-N(6) 81.3(2) 82.8(2) 86.19(13) -
M(1)-CI(1)-M(2)  74.64(7)  76.70(5)  76.18(3) 77.06(4)
M(1)-CI(2)-M(2)  75.10(7)  7724(5)  77.05(3) -
M(1)-CI(3)-M(2)  7473(7)  76.45(5)  76.52(3) -
CI(1)-M(1)-Cl(2) ~ 87.46(8)  85.67(5)  85.45(3) 85.48(4)!M
CI(1)-M(1)-CI(3)  8724(7)  8592(5)  85.74(4) -
Cl(2)-M(1)-CI(3)  87.36(7)  84.59(5)  86.18(4) -
CI(1)-M(2)-Cl(2)  86.26(7)  85.46(6)  85.04(3) 85.10(4)!
Cl(1)-M(2)-CI(3)  86.73(6)  85.76(5)  85.21(4) -
Cl(2)-M(2)-CI(3)  86.49(8)  8553(5)  86.22(3) -

[a] Molecule lies on a crystallographic C; axis: values not given are iden-
tical to the stated values. [b] Ni(2)—N(1). [c] Ni(1)—N(2). [d] N(2)-Ni(1)-
N(2A). [e] N(1)-Ni(2)-N(1A). [f] CI(1)-Ni(1)-CI(1A). [g] CI(1)-Ni(2)-
CI(1A).

structure for the cationic moieties. In addition, the crystals
of 10 were found to be isotypic to those of 9, although there
was no pronounced distortion along the molecular axis as
found for the iron complex. The metric parameters of 10
and 11 are all within expected ranges and, in particular, are
similar to those observed for the [(Mestacn),Co,(p-Cly)]*
ion.B

Triply choro-bridged dinuclear complexes of the first-row
transition metals with facially fused bisoctahedral coordina-
tion geometries have been the object of detailed studies into
their magnetic behavior. This especially applies to the com-
plexes of the general type [M,(u-Cls)(thf)s]* and [M,(pu-Cly)-
(Mejtacn),]* referred to above.”*3 To relate the dinuclear
compounds 9-11 to these previously reported systems, we
carried out a comparative study of their magnetic proper-
ties.

All three complexes display Curie magnetism in solution
and in the crystalline state at temperatures above 100 K.
Rapid relaxation of the unpaired electrons in all three dinu-
clear complexes permit the recording of paramagnetic
"H NMR spectra of 9-11.°) However, only the spectra of
the cobalt complex displayed resonances that were suffi-
ciently sharp to permit a partial assignment and a variable-
temperature study of the paramagnetic shift. The 'H NMR
spectrum of 10 recorded at 295 K is displayed in Figure 11a,
whilst the temperature dependence of the paramagnetic
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Figure 11. a) '"H NMR spectrum of 10 recorded at 295 K. b) Plot of the
paramagnetic shifts of the proton signals in 10 versus 1/T illustrating the
Curie behaviour of the molecule in solution at higher temperatures.

shifts of the individual resonances is represented in Fig-
ure 11b. The chemical shifts of the uncoordinated iPr-trisox
ligand were used as diamagnetic reference to calculate the
Opara= Oops— 04y Values.

A more systematic study of the magnetic behavior of the
dinuclear complexes was carried out using microcrystalline
samples of 9-11.

For the Ni, complex, 11, the value of 7 at high tempera-
ture (2.45 emuKmol™) corresponds to that expected from
the Curie law for a dimer of two Ni" ions with diamagnetic
ligands (2.42 emuKmol ™, assuming a g value of 2.20, which
is common for octahedral Ni").”¥ At temperatures below
50 K the effects of antiferromagnetic coupling between the
two metal centers are clearly visible, leading to a decrease
in yT values, which reach 1.1 emuKmol' at 2K (Fig-
ure 12a). The magnetic data were fitted with the Heisen-
berg—Dirac—Van Vleck isotropic model, using the Hamilto-
nian given in Equation (1):

H=JS, S, (1)

neglecting, in first approximation zero feld splitting (ZFS)
effects. The best-fit curve was obtained for J=0.83+
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Figure 12. yT versus T plots of microcrystalline samples of complexes 9
(a), 10 (b), and 11a (c). For complex 9 and 10 dashed and dotted lines

are the theoretical curves obtained with and without inclusion of ZFS ef-
fects using the parameters reported in the text.

0.04 cm™', g=2.2140.02. Inclusion of ZFS effects has been
performed by simulating magnetic data on the basis of the
Hamiltonian given in Equation (2):

H=1JS,-S, + D(S,* +8,% ()

Since the local symmetry of each center is approximately
C;, no rhombic term was included; further, for the sake of
simplicity the zero field splitting parameters were consid-
ered to be equal for the two metal centers. This approach
led to the best agreement with experimental data when D =
2cm™' (which is in the expected range for distorted octahe-
dral Ni") and J=0.83 cm'. The magnetic coupling is there-
fore much weaker than observed, for example, in [Ni,(u-
Cl;)(Mestacn),]*, for which an exchange coupling constant
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of 21 cm™" has been reported.™ This difference cannot be
attributed to differences in bridging geometry, the average
Ni-CI-Ni bond angles being very similar for both complexes.
On the other hand the observed difference might be due to
the different donor properties of the trisox ligand (a =
donor) compared to Me;tacn (a simple o donor) and/or the
greater bite angle (N-Ni-N) of the former. Both features are
expected to result in a modification of the electron density
at the level of the magnetic orbitals.

The room-temperature magnetic data for the iron com-
pound (d®, high spin), 9, agree with those expected on the
basis of Curie equation (found: 6.38 emuKmol™' expected:
6.30 emuKmol ™ if one assumes g=2.05), whilst a signifi-
cant coupling between the magnetic centers is evident below
100 K. The T curve goes through a maximum at around
15 K and then decreases upon going to lower temperatures
(Figure 12b). The increase in y7 indicates ferromagnetic
coupling, while the decrease in y7 below 15K can be
caused either by zero field splitting or by intermolecular an-
tiferromagnetic interactions. The possible presence of inter-
molecular magnetic interactions has been taken into account
[33]

using a mean-field approach [Eq. (3)]:

__Xw
LA Oxy (3)

xvv being the magnetic susceptibility obtained from the Van
Vleck equation resulting from the Hamiltonian (1). With
this approach we obtained best-fit values of J=(-3.0+
0.2) cm™', g=(2.04£0.01), and 6=(0.304+0.005) cm™*. On
the other hand, inclusion of ZFS effects and neglecting in-
termolecular interactions leads to best simulation parame-
ters of J=—1.7cm™" and D=10cm™', which is a value
within the expected limits for Fe"" systems.’® Considering
the agreement of calculated and experimental curves and
the absence of significant intermolecular exchange interac-
tion paths the assumption of large ZFS effects is to be pre-
ferred. The observed ferromagnetic coupling is again in
qualitative agreement with results reported for the complex
[Fe,(u-Cly)(Mestacn),]t (J=—11.6cm ™).} The smaller
coupling constant might again be due to the wt-donor proper-
ties of the peripheral ligands and/or smaller deviations from
ideal molecular C; symmetry. Indeed, Wieghardt et al. have
shown in detail that a possible ferromagnetic exchange con-
tribution can only be obtained for a ground state with parti-
al le character (derived from the octahedral t,, state upon
lowering the symmetry to C;). Within this rationale, exact
C; symmetry results in a pure a; electronic ground state,
while the m interaction induces a destabilization of the le or-
bitals with respect to the a, level, both leading to a reduc-
tion of the ferromagnetic interaction between the Fe cen-
ters. In this regard, the weaker ferromagnetic coupling,
which we observe, may be considered as the result of an
electronic structure which is intermediate between that of
[Fe,(u-Cl;)(Mestacn),]t, displaying ferromagnetic coupling,
and that of [Fe,(u-Cl3)(thf)s]* featuring a pure a, state and
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three peripheral oxygen donors resulting in weak (J
~4 cm™) antiferromagnetic coupling.*3!

The behavior of the Co" dimer, 10, (d’ high spin) is typi-
cal for a system with a sizeable orbital contribution as ex-
pected for this ion (Figure 12¢). The high-temperature value
of T (436 emuKmol™) is in agreement with the presence
of two Co" octahedral centers. The observed decrease in the
xT curve can not be attributed to intramolecular exchange
coupling as depopulation of the highest level resulting from
the splitting of the *T,, state of each single octahedral Co"
may strongly contribute to this behavior.’*® For the same
reason it is not possible to analyze the magnetic behavior by
using an isotropic spin Hamiltonian.

Finally, if octahedral coordination at metal centers is dis-
favored, as is the case for the Jahn-Teller-distorted [(iPr-tri-
sox)CuCl,] complex (12 in Scheme 6), no dinuclear com-
plexes are formed. In this case, the trisox ligand is bidentate
(as in the Rh' complex 7), which leads to a neutral tetra-
coordinate copper(I) complex that adopts a characteristic
distorted tetrahedral coordination geometry (Figure 13).

The dihedral angle between the N,Cu and the CuCl,
planes of 40.8° represents an intermediate case between
square-planar (0°) and ideal tetrahedral (90°) coordination,
frequently referred to as flattened tetrahedral.*

Figure 13. Molecular structure of the copper(i) complex [CuCl,(x*-N-iPr-
trisox)] (12). Principal bond lengths [A] and angles [°]: Cu(1)—CI(1)
2.2279(5), Cu(1)-Cl(2) 2.2280(5), Cu(1)-N(1) 1.988(2), Cu(1)-N(2)
1.985(2); CI(1)-Cu(1)-C1(2) 95.62(2), N(1)-Cu(1)-N(2) 89.15(6), N(1)-
Cu(1)-Cl(2) 95.23(5), N(2)-Cu(1)-CI(1) 94.49(5).

Conclusion

The trisox ligand, which we introduced recently, is the first
and thus far only trisoxazoline®™ for which facial coordina-
tion to transition metals has been firmly established and
which therefore qualifies for the generation of C;-chiral
complexes. The adaptability of the ligand to various types of
metal centers has been comprehensively studied in this
work. Its modular synthesis aside, the most important point
for its application in catalysis is its “non-complementarity”
in complexes of the general type [M(trisox),]"*, if used in
enantiomerically pure form. This appears to us to be a pre-
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requisite for the use of such tripods as stereodirecting li-
gands in asymmetric catalytic transformations, in which part
of the coordination sphere needs to remain “active”.

Experimental Section

All manipulations were performed under an inert atmosphere of dry ni-
trogen using standard Schlenk techniques or by working in a glove box.
THF and diethyl ether were distilled from potassium/benzophenone. Pen-
tane was distilled from a sodium/potassium alloy, dichloromethane was
dried over CaH, and subsequently distilled. '"H and "C NMR spectra
were recorded on a Bruker Avance 200, 300, and 400 NMR spectrome-
ters and were referenced by using the residual proton solvent peak (‘H)
or carbon resonance (°C). Infrared spectra were obtained on a FT-IR
Perkin Elmer 1600 spectrometer. Mass spectra and elemental analyses
were recorded by the analytical service of the Heidelberg Chemistry De-
partment or the analytical service of the Strasbourg Chemistry Depart-
ment. [Mo(CO)5(NCMe);],**  [ScCly(thf),],”  [RuCl,(p-cymene)],,*!
[Rh(cod),](BF,)],*” and [NiCl,(PPh;),]'*"! were prepared according to lit-
erature procedures. Caution: perchlorates are known to be potentially ex-
plosive. These compounds should be handled only on a millimolar scale
using appropriate safety precautions.

Synthesis of the enantiopure trisox ligands: The enantiopure C;-chiral
trisox ligands iPr-trisox(S,S,S) and rBu-trisox(S,S,S) were synthesized as
reported previously."”) The C,-symmetric cross-coupling product iPr-
trisox(S,S,R) was prepared according to an identical procedure with—
within experimental error—identical elemental analysis. Spectroscopic
data: '"H NMR (CDCl;, 300 MHz): § =0.83-0,92 (m, 18 H), 1.72-1.85 (m,
3H), 1.82 (s, 3H), 3.92-4.08 (m, 6H), 4.23-4.33 ppm (m, 3H); "C NMR
(CDCl;, 75 MHz): 0=164.57,164.51 (C=N), 71.73, 71.68 (CHiPr), 70.52
(CH,), 44.64 (Cyua), 32.28, 32.24 (CH(CHy;),), 21.63 (CHs; ,,), 18.74, 18.49
(CH(CH;)(CHy;)), 17.68, 17.64 ppm (CH(CH;)(CH;)); MS (EI) : m/z
(%): 3642 (62) [M+1]*, 3482 (9) [M—CH,]*, 320.2 (33) [M—CH-
(CHs;),]*, 233.1 (100) [M—CyHy]*.

General synthesis of [Mo(trisox)(CO);]: A small Schlenk tube was charg-
ed with the respective trisox derivative (0.125 mmol) and [Mo(CO)]
(33.0 mg, 0.125 mmol). Dry acetonitrile (2.0 mL) was then added and the
stirred solution was heated at 80°C for 15 h. Evaporation to dryness gave
a yellow solid, which upon recrystallisation from CH,Cl,/pentane yielded
the corresponding molybdenum complex as yellow crystalline solid.
[Mo{iPr-trisox(S,$,$)}(CO);] (1a): Yield=60%. 'HNMR (CD,CL,
300 MHz): 6=0.71 (d, J=6.9 Hz, 9H), 0.94 (d, /=6.9 Hz, 9H), 1.68 (s,
3H), 2.72-2.83 (m, 3H), 4.23-4.39 (m, 6 H), 4.48 ppm (m, 3H); *C NMR
(CDCl;, 75MHz): 6=228.1 (C=0), 166.3 (C=N), 73.3 (CHiPr), 70.9
(CH,), 42.8 (Cquu)> 29.1 (CH(CHj;),), 18.4 (CH(CH;)(CH;)), 13.7 (CH-
(CH3)(CH3) 12.3 ppm (CH3); IR: #=1889 (s), 1852 (s) cm™* (v(C=0));
MS (FAB+): m/z (%): 545.1 (100), 517.2 (32) [M—CO]*.
[Mo{iPr-trisox(S,S,R)}(CO);] (1b): Yield=76%. 'HNMR (CD,Cl,
300 MHz): 0=0.69 (d, J=6.8 Hz, 2H), 0.79 (d, J=6.7 Hz, 2H), 0.81 (d,
J=6.7 Hz, 2H), 0.96 (d, J=6.8 Hz, 2H), 0.98 (d, J=7.1 Hz, 2H), 0.99 (d,
J=6.8 Hz, 2H), 1.68 (s, 3H), 2.71-2.87 (m, 3H), 4.18-4.55 ppm (m, 9H);
BCNMR (CDCl;, 75 MHz): 0=228.66, 227.61, 227.43 (C=0), 167.34,
166.40, 166.25 (C=N), 74.35, 74.25, 73.38 (CHiPr), 71.09, 70.71, 70.59
(CH,), 43.14 (Cyu), 29.09, 28.78, 28.75 (CH(CHs;),), 19.02, 18.98, 18.32
(CH(CH;)(CHsy)), 14.21, 13.79, 13.54 (CH(CH;)(CH;) 12.45 ppm (CH,);
IR: 7=1902 (s), 1890 cm™' (»(C=0)); MS (EI): m/z (%): 545.1 (14) [M]*
,517.1 (8) [M—CQ]*, 320.1 (100) [M—CH(CHj,),]*.

Synthesis of rac-iPr-trisox(C;) and rac-iPr-trisox(C,;): To a solution of
1,1-bis[(4RS)-4-isopropyl-4,5-dihydrooxazol-2-yl]ethane (1.1 g, 4.3 mmol
of rac/meso=1:2) in anhydrous THF (50 mL) was added dropwise rBuLi
(3.0mL, 1.7M in pentane, 5.16 mmol, 1.2 equiv) at —78°C. The resulting
yellow solution was stirred for an additional 30 min prior to the addition
of 4(RS)-2-bromo-4-isopropyloxazoline (1.1 g, 6.1 mmol of the racemic
mixture, 1.4 equiv). The solution was then stirred at room temperature
for one hour and concentrated to remove the pentane, and finally the
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Schlenk tube was sealed. The stirred solution was heated for five days at
80°C. The resulting orange solution was evaporated to dryness. The resi-
due was redissolved with dichloromethane (100 mL) and washed with
water (10 mL). The aqueous phase was washed with dichloromethane
and the organic extract was dried over Na,SO, and concentrated in
vacuo to give a yellow oil. A mixture of C;-symmetric and C;-symmetric
ligands was obtained and could be separated by column chromatography
on silica in a 1:3 ratio (EtOAc/MeOH, 98/2) (R; C;-symmetric: 0.1; R; C,-
symmetric ligand: 0.4). Total isolated yield: 51% (C;: 200 mg collected,
C;: 600 mg collected).

The analytical and NMR spectroscopic data of the C; and C,; racemates
are identical to those of the enantiopure ligands (vide supra).

Synthesis of rac-[Co(iPr-trisox)(NCMe);](Cl10,),] (2): A mixture of the
rac-iPr-trisox (40 mg, 0.11 mmol) and Co(ClO,),6H,0 (19 mg,
0.052 mmol, 0.47 equiv) in acetonitrile (2 mL) was stirred for half an
hour at room temperature. The solvent was removed in vacuo and the re-
sulting pale pink solid was washed twice with diethyl ether to yield 2 in
quantitative yield. Suitable crystals for X-ray diffraction were obtained
from acetonitrile/diethyl ether. MS (FAB+): m/z (%): 521.4 [(trisox)Co-
(Cl1Oy)]* (100); IR: 7=2315.5 (s), 2284.4 (s), 2272.1 (s), 2020.7 (m),
2015.6 (m) cm™'; UV/Vis: 1=500 nm (e =36; LF-transition corresponding
to ‘T, (F)—*T4(P) in the octahedral reference system); elemental analy-
sis (%) caled for CyH,,ClL,CoN,O,,(3H,0): C 39.11, H 6.06, N 10.52;
found: C 39.14, H 5.59, N 9.29.

Synthesis of [Co{iPr-trisox(S,S,S)HiPr-trisox(R,R,R)}](Cl10,), (3): A mix-
ture of the rac-iPr-trisox (20 mg, 0.055 mmol) and Co(ClO,),6H,0
(10 mg, 0.027 mmol, 0.50 equiv) in dichloromethane (2 mL) was stirred
for 1 h at room temperature. The solvent was removed in vacuo and the
resulting light pink solid was washed twice with diethyl ether to yield 3 in
quantitative yield. MS (FAB +): m/z (%): 785.5 [(trisox),Co]* (15), 673.4
[(trisox),Co-(C¢H,(NO)]* (30), 521.2 [(trisox)Co(ClO4)]* (100); UV/Vis:
2=549 nm (e =40; LF-transition corresponding to *T;,(F)—'T;,(P) in the
octahedral reference system); elemental analysis (%) caled for
C4HgCLCoNgO,(6 H,0): C 43.96, H 7.19, N 7.69; found: C 44.18, H
6.82, N 7.40.

Synthesis of [ScCl;(iPr-trisox)] (4): To a stirred suspension of [ScCl;-
(thf);] (131 mg, 0.358 mmol) in THF (10 mL) was added a solution of iPr-
trisox (130 mg, 0.358 mmol) in THF (10 mL). The reaction mixture was
stirred for 18 h, before the volatiles were removed under reduced pres-
sure to afford [ScCly(iPr-trisox)] in 84% yield (155mg). 'HNMR
(CD,Cl,, 300.1 MHz, 293 K): 6=4.90 (td, *J=8.7 Hz, *J=3.6 Hz, 3H,
CHiPr), 451 (m, 6H, CH,), 2.89 (sept d, */=7.0 Hz, *J=3.6 Hz, 3H,
CHMe,), 1.73 (s, 3H, Me,yca), 0.89 (d, J=72Hz, 9H, CHMe,),
0.71ppm (d, ¥=68Hzm, 9H, CHMe,); “C{'H}] NMR (CD,Cl,
75.5MHz, 293K): 0=169.5 (C=N), 72.6 (CH,), 72.0 (CHiPr), 443
(CMe,pica), 28.5 (CHMe,), 189 (CHMe,), 14.3 (CHMe,), 12.7 ppm
(Meupicul)'

Synthesis of [Fe(iPr-trisox)(NCMe);](BF,), (5): Under a nitrogen atmos-
phere, a small Schlenk tube was charged with the trisox-rBu ligand
(101.5 mg, 0.25 mmol) and anhydrous FeCl, (31.7 mg, 0.25 mmol). Dry
acetonitrile (1.5mL) was added and the solution was stirred at 35°C
until the complete dissolution of the white solid (ca. 2 h). Solid AgBF,
(98.0 mg, 0.50 mmol) was then added and the resulting mixture was stir-
red overnight at room temperature (the flask was covered with aluminum
foil to protect the silver salts from light). The solution was filtered over
Celite, and the solid was washed with acetonitrile. The solution was then
concentrated and layered with diethyl ether. Colorless crystals were iso-
lated after 24 h (suitable for X-ray analysis) and dried under vacuum to
give compound 5 (112mg, 0.15 mmol; 60%). IR (nujol): #=2270,
2288cem™  (m, vc_n); elemental analysis (%) caled for
C,yH,sNO;B,FyFe: C 45.89, H 6.38; found: C 46.08, H 6.56.

Synthesis of [Ru(n“-p-cymene)(iPr—trisox)](PFG)Z (6): In a Schlenk tube
were placed together the iPr-trisox ligand (25 mg, 0.069 mmol) and
[RuCl,(p-cymene)], (21 mg, 0.034 mmol) in dry CH,Cl, (10 mL). The
orange solution formed was stirred at room temperature for 1 h. After
that time, AgPF, (35 mg, 0.137 mmol) was added and a white solid imme-
diately was observed. The suspension was stirred at room temperature
for 3 h and filtered through Celite. The solution obtained was concentrat-
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ed under high pressure, and the red oil obtained was washed twice with
pentane to give the desired complex as an orange crystalline solid
(49 mg, 78% yield). Suitable crystals for X-ray diffraction studies were
obtained by slow diffusion of Et,0 in a solution of the complex in
CH,ClL,. '"HNMR (CD,Cl,, 400 MHz): 6=0.635 (d, */yuy=>5.1 Hz, 9H,
CH(CH;)(CH3)), 0.137 (d, 3y =5.1 Hz, 9H, CH(CH;)(CH3)), 1.36 (d,
3un=1.5Hz, 3H, (CH;),CHC,H,(CH;)-p), 1.37 (d, *Jy=1.5Hz, 3H,
(CH;),CHC4H,(CH;)-p), 1.63 (s, 3H, CH,), 2.22 (m, 3H, CH(CH,),),
2.45 (s, 3H, (CH;),CHCH,(CH;)-p), 2.85 (m, 1H, (CH;),CHCH,(CH,)-
p), 472, 475, 477 (s, 3H, CH,,,), 4.81-4.83 (m, 3H, CH,,,,), 4.91-4.94
(dd,, 2yu=72Hz, *Jyu=2.1 Hz, 3H, CH,,,), 6.26, 6.13, 6.09, 5.99 ppm
(d, 4H, (CH;),CHC4H,(CH;)-p); “C{'H} (CD,Cl,, 400 MHz): §=170.5
(3C, NCO), 117.8, 108.5 (2C, C,cymene)> 91.3, 89.4, 81.1, 79.9 (4C, CH,.
eymene)s 710.2 (3C, CH,y,), 74.9 (3C, CH,y,), 44.7 (1C, Cyu)s 339 (1C,
(CH;),CHC4H,(CH;)-p), 31.4 (3C, CH(CHy;);), 26.0 (1C, (CH;),CHC¢H,-
(CH3)-p), 24.1, 21.6 (2C, (CH;),CHCH,(CH,)-p), 19.2 (3C, CH(CH;)-
(CH3), 152 (3C, CH(CH;)(CHj;), 12.6 ppm (CH;); elemental analysis
(%) caled for C;HN;OsRuP,Fy, (889.711): C 40.54, H 5.33, N 4.73;
found: C 4038, H 522, N 4.86. MS (FAB) m/z (%): 618.3 (89)
[(trisox)Ru(p-cymene)F] ™, 599.3 (51) [(trisox)Ru(p-cymene)]*, 487.3 (20)
[(trisox)Ru(p-cymene)]*.

Synthesis of [Rh(iPr-trisox)(cod)]BF; (7): A mixture of iPr-trisox
(100 mg, 0.275 mmol) and [Rh(cod),BF,] (106 mg, 0.262 mmol) in di-
chloromethane (5 mL) was stirred under nitrogen for one hour. The sol-
vent was removed in vacuo and the resulting yellow solid was washed
several times with diethyl ether to yield an orange powder (130 mg,
0.196 mmol), 71 %. Single crystals of 7 suitable for X-ray diffraction were
formed by slow diffusion of a solution of the complex in THF and diethyl
ether. '"H NMR (CD,Cl,, 300 MHz): 6=0.82 (d, J=6.8 Hz, 9H,,,), 0.94
(d, J=6.9 Hz, 9H,,,), 1.54-1.56 (m, 3H,, + CHyoq), 1.79 (s, 3How),
1.98-2.1 (m broad, CHyy,q)), 222-2.36 (m, CHyoq), 2.47-2.62 (m,
CHyjeoq)), 4-4.07 (m, 3H,,), 4.11-4.20 (m, CH|q), 4.31-4.46 ppm (m,
6H,, + CHp.); "CNMR: 6=167.7 (C=N), 83.8 (CHy,y), 83.7
(CHjeoq))s 80.2 (CHjeoqp)s 80.0 (CHjeoqp), 71.6 (CH,), 70.9 (CHiPr), 45.7
(Caun)s 315 (CH(CH,),), 31.3(CHyyepq), 293 (CHiypq). 183 (CH(CH)-
(CH3)), 15.3 (CH(CH;)(CH;)), 12.9 ppm (CH;); MS (FAB): m/z (%):
574.4 [M]*(100), 470.2 [M—cod]*(19); IR: #=1664.0, 1643.4, 1622.8 cm™*
(C=N).

Synthesis of [RhBr;(iPr-trisox)] (8): A solution of 7 (130 mg,
0.196 mmol) in THF (10 mL) was cooled down to —78°C. One equivalent
of CsBr; (73 mg, 0.196 mmol) was then added and the solution was al-
lowed to warm up slowly for 12 h. This resulted in the formation of a red
solution and a precipitate. The solvent was evaporated in vacuo and the
resulting red solid was extracted with toluene. It was filtered through
Celite under an inert gas atmosphere and the solvent evaporated in
vacuo. The desired product was washed several times with diethyl ether
to give 20 mg (15 %, 0.028 mmol) of 8 as a pale red solid. The same reac-
tion was carried out in CH,Cl, and toluene and gave 30% and 44 %
yield, respectively. Single crystals of 2 suitable for X-ray diffraction were
formed by slow diffusion of a solution of the complex in THF and diethyl
ether. '"H NMR (CD,Cl,, 300 MHz): 6=0.62 (d, J=6.6 Hz, 9H), 0.84 (d,
J=7.1Hz, 9H), 1.75 (s, 3H), 3.20 (m, 3H), 4.56-4.71 (m, 6H), 5.15 ppm
(m, 3H); "C NMR: §=166.2 (C=N), 73.4 (CHiPr), 69.2 (CH,), 27.6 (CH-
(CHy)), 274 (Cyu). 181 (CH(CH.)(CH)), 14.3 (CH(CH;)(CH)),
11.2 ppm (CHj); MS (FAB): m/z (%): 704.5 [M]*(16), 625.6 [M—Br+
H]*(100); elemental analysis (%) caled for C,)H3;Br;N;O5Rh (702.91): C
34.02, H 4.71, N 5.95; found: C 34.24, H 4.68, N 5.89.

Synthesis of [Fe,(u-Cl;)(iPr-trisox),]PF, (9): To a solution of iPr-trisox
(100 mg, 0.275 mmol) in methanol (4 mL) was added anhydrous FeCl,
(31 mg, 0.245 mmol), and the resulting suspension was stirred for 10 min.
Then KPF; (50 mg, 0.272 mmol) was added and the mixture was stirred
2 h at 50°C and overnight at room temperature. After removal of the sol-
vent in vacuum, the residue was suspended in dichloromethane and fil-
tered. The solvent was evaporated and the residue was washed twice with
diethyl ether to yield the title complex as an almost colorless powder
which was dried in a vacuum (101 mg, 66 %). Crystals suitable for X-ray
analysis were prepared by slow vapor phase diffusion of diethyl ether
into a dichloromethane solution of the complex. MS (FAB+): m/z: 945.3
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([M*]), 4542 ([L;FeCl™)]; elemental analysis (%) caled for
C,HgClsFgFe,O4P  ([(Ls),Fe,(n-Cl;)]PF-CH,CL): C 4191, H 583, N
7.15; found: C 42.22, H 6.01, N 6.82.

Synthesis of [Co,(u-Cl;)(iPr-trisox),]PF, (10). To a solution of iPr-trisox
(54 mg, 0.149 mmol) in methanol (2.5mL) was added anhydrous
CoCl,-6H,0 (32 mg, 134 mmol), and the resulting suspension was stirred
for 10 min. Then KPF, (37 mg, 0.201 mmol) was added and the mixture
was stirred for 2 h at 50°C and overnight at room temperature. After re-
moval of the solvent in vacuum, the residue was suspended in dichloro-
methane and filtered. The solvent was evaporated and the residue was
washed twice with hexane to yield the title complex as a deep blue
powder which was dried under vacuum (73 mg, 71 %). Crystals suitable
for X-ray analysis were prepared by slow diffusion of hexane into a di-
chloromethane solution of the complex. MS (FAB +): m/z: 949.3 ([M*]);
4572  ([L;CoCl]*, 100); elemental analysis (%) caled for
C4HgCLF¢Co,0O¢P: C 43.83, H 6.07, N 7.67; found: C 43.96, H 6.17, N
7.39.

Synthesis of [Ni,(u-ClL;)(iPr-trisox),]PF (11): To a solution of iPr-trisox
(86 mg, 0.237 mmol) in ethanol (4 mL) was added NiCl,-6H,0 (51 mg,
0.215 mmol), and the resulting suspension was stirred for 10 min. Then
KPF; (60 mg, 0.326 mmol) was added and the mixture was stirred 4 h at
70°C. After the mixture was cooled to room temperature, the solvent
was removed in vacuo, the residue was suspended in tetrahydrofuran
(5 mL) and filtered. Upon slow evaporation of the solvent the title com-
plex precipitated as green crystals (117 mg, 79 %). Crystals suitable for
X-ray analysis were prepared by slow diffusion of diethyl ether vapors
into a dichloromethane solution of the complex. MS (FAB +): m/z: 950.2
([M]%), 587.6 ([M—L;]"), 456.4 ([iPr-trisoxNiCl*], 100); elemental analy-
sis (%) caled for C,HgCIFNi,OsP ([(Ls),Ni,(pu-Cl3)]PFs,CH,CL): C
41.91, H 5.63, N 7.06; found: C 42.22, H 5.81, N 6.92.

Synthesis of [CuClL(iPr-trisox)] (12): To a solution of iPr-trisox (99 mg,
0.27 mmol) in dichloromethane (1 mL) was added anhydrous CuCl,
(33 mg, 0.25 mmol), and the suspension was stirred for 1 h. The resulting
green solution was layered with diethyl ether (5 mL), green crystals of
the title compound were obtained overnight. The solvents were removed
by cannula and the product was dried in a vacuum (110 mg, 88%). MS
(FAB+): m/z: 496.1 ([M™]), 460.6 ((iPr-trisoxCuCl*]); elemental analy-
sis (%) caled for C,)H3;CLCuN;0; ([(L;)CuCly]): C 48.24, H 6.68, N 8.44;
found: C 48.00, H 6.74, N 8.28.

Magnetic measurements and analysis of the data: The magnetic suscepti-
bilities of the powdered samples were measured with a Cryogenic
SQUID S600 magnetometer in a temperature range of 2 to 300 K and
with an applied field of 1.0 T. The diamagnetic contribution affecting the
resulting data was corrected with the Pascal’s constants. Simulations of
xT versus T curves with inclusion of exchange coupling and zero field
splitting effects were performed using the Magpack Routine.[*!)

Crystal structure determinations: Suitable crystals of iPr-trisox(rac-C;)
and of the complexes 1a, 1b, 2, 4, 5, 6, 7, 8, 9, 10, 11, 11a, and 12 were
obtained by layering concentrated solutions in polar solvents with pen-
tane or diethyl ether and allowing slow diffusion at room temperature.
Intensity data were collected at low temperature on Nonius Kappa CCD
(iPr-trisox(rac-Cs), 1a, 1b, 2, 4, 5, 6, 7, 8) and Bruker Smart 1000 CCD
(9, 10, 11, 11a, and 12) diffractometers. The structures were solved by
using direct methods with absorption corrections being applied as part of
the data scaling procedure. After refinement of the heavy atoms, differ-
ence Fourier maps revealed the maxima of residual electron density close
to the positions expected for the hydrogen atoms. They were introduced
as fixed contributors in the structure factor calculations and treated with
a riding model, with isotropic temperature factors but not refined. A
final difference map revealed no significant maxima of residual electron
density. Structure solution and refinement were performed by using the
programs OpenMoleN,*? SHELXS-86,! SHELXL-97* or CRYS-
TALS.*) Graphical representations were drawn with PLATON."! Crys-
tal data and experimental details are given in Table 2.
CCDC-627150-CCDC-627163 contain the supplementary crystallograph-
ic 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.
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Table 2. X-ray experimental data of the crystallographically characterized compounds.

FULL PAPER

iPr-trisox-rac-C, la 1b 2 4
empirical formula C,H33N;0;4 C,;H33Mo N;04 C,;H33MoN;0, C,sH,,CLCoNO, C,H3;CI3N505S¢
formula weight 363.49 543.46 543.46 744.49 514.81
crystal size [mm] 0.20x0.15x0.10 0.20x0.10x0.05 0.10x0.08 x0.07 0.10x0.10x0.10 0.20x0.12x0.10
crystal system triclinic orthorhombic orthorhombic monoclinic monoclinic
space group P1 P2,2.2, P2.2,2, P2,/n P2,
a [/°\] 10.1130(2) 7.916(5) 9.0170(10) 18.626(5) 8.1013(10)
b [A] 10.2640(2) 9.290(5) 16.192(2) 10.915(3) 9.2858(10)
¢ [A] 11.8750(5) 34.774(5) 34.097(5) 34.540(9) 17.0061(10)
a [°] 92.8740(9) 90 90 90 90
A 1°] 106.2990(10) 90 90 90.81(5) 94.023(10)
v [°] 117.6360(16) 90 90 90 90
V[AY] 1024.27(5) 2557(2) 4978.3(11) 7021(3) 1276.2(2)
Z 2 4 8 8 2
Peatca [Mgm ] 1.179 1.412 1.450 1.409 1.340
w [mm) 0.079 0.554 0.569 0.703 0.627
max., min. trans. n.d. n.d. n.d. n.d. 0.9392, 0.9275
index ranges, hkl —13to 14, —14 to 14, 0to 11,0 to 13, 0to 11, 0 to 20, —24 to 26, —15 to 14, —11to 11, —11 to 13,
—16to 12 —48 to 48 —44 to 44 —48 to 48 —23t0 23
0[°] 2.4 to 30.0 2.3 t0 30.0 1.4 to 27.5 2.1 to 30.0 1.2 to 30.0
T [K] 173(2) 173(2) 173(2) 173(2) 173(2)
F(000) 396 1128 2256 3112 540
refl. collected 8023 20538 175036 90368
refl. indep. [Ry,] 5968 [0.0251] 6729 9536 20449 [0.0525] 5608
data/rest./par. 5968/0/235 6729/0/298 9535/0/595 20449/0/829 4090/1/272
GOF on F* 1.027 0.932 0.921 0.986 1.030

final R indices [/>20([)]

Ry, wR,
R indices (all data)
R, wR,

0.0559, 0.1151

0.1011, 0.1322

0.0348, 0.0729

0.0520, 0.0804

0.0611, 0.1051

0.1324, 0.1226

0.0552, 0.1400

0.1003, 0.1603

0.0357, 0.0359

0.0614, 0.0453

abs. structural par. —0.03(3) —0.03(5) —0.02(3)

largest res. [e A7) 0.243 and —0.206 0.765 and —0.915 1.142 and —0.718 1.001 and —0.628 0.29 and —0.37
5 6 7 8 9

empirical formula  C;Hy,B,FgFeN;0O; CyHy7FpN;05P,Ru CH,sBF,N;O;Rh C,H3;Br;N;O;Rh C,1HgCLsFFe,NOgP

formula weight 799.26 888.72 661.40 706.14 1174.96

crystal size [mm] 0.13x0.10x0.08 0.08 x0.07 x0.05 0.08 x0.06 x 0.06 0.14x0.14x0.10 0.20x0.20x0.16

crystal system triclinic monoclinic hexagonal monoclinic orthorhombic

space group P1 P2, P32, P2, P2.2.2,

a[A] 10.132(5) 10.503(3) 11.2197(2) 8.1691(2) 12.6983(2)

b [A] 10.446(5) 19.947(5) 11.2197(2) 9.3111(2) 17.9556(2)

c[A] 10.692(5) 17.635(6) 43.1788(9) 16.9366(5) 24.6894(4)

a[°] 75.586(5) 90 90 90 90

BI°] 70.467(5) 90.22(3) 90 94.0037(10) 90

v [°] 79.200(5) 90 120 90 90

VA% 1026.2(9) 3694.6(19) 4707.2(2) 1285.11(6) 5629.3(1)

V4 1 4 6 2 4

Pecatea [Mgm ] 1.293 1.598 1.400 1.82 1.390

p[mm™ 0.442 0.607 0.600 5.353 0.847

max.,min. trans. n.d. n.d. n.d. 0.585, 0.485 1.0000, 0.8200

index ranges, hkl —15to 16, —16 to 16, 0to13,0to 22, —21 —14to 14, —11to 11, —11to 11, =13 to 11, —17 to 17, —25 to 25,
—17to 16 to 22 —50 to 47 —23t0 23 —34 to 34

0 [°] 2.0 to 35.0 2.5t026.4 2.5t0275 2.5 t0 30.0 2.5 t0 30.0

T [K] 173(2) 173(2) 173(2) 173(2) 173(2)

F(000) 418 1816 2064 696 2440

refl. collected 23269 10892 11434

refl. indep. [Riy] 14028 [0.0296] 7234 6192 [0.050] 6654 [0.050] 15637 [0.040]

data/rest./par. 14028/3/469 7234/1/901 2437/3/324 5335/1/270 8849/0/604

GOF on F* 1.037 1.048 1.002 1.134 1.788

final R indices

[1>20(1)]

R, wR, 0.0499, 0.1228 0.0599, 0.1233 0.071, 0.087 0.031, 0.036 0.074, 0.085

R indices (all data)

R, wR, 0.0588, 0.1293 0.1090, 0.1422 0.105, 0.174 0.047, 0.075 0.136, 0.232

abs. structural par.  0.015(8) 0.06(5) 0.1(1) 0.00(1) 0.07(2)

largest res. [e A~

0.581 and —0.400

0.977 and —0.738

1.241 and —1.290

0.757 and —0.369

1.881 and —1.295
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10 1 11a 12
empirical formula C4,H;,Cl,Co,F{NOP CyHgCLFNgNi,OP Ci5.33H,5Cl, 33N, N 6,05 C,H3;Cl,CuN;04
formula weight 1266.06 1095.74 374.75 497.93
crystal size [mm] 0.20x0.18x0.12 0.20x0.10x0.10 0.20x0.10x0.10 0.30x0.18x0.12
crystal system orthorhombic orthorhombic cubic orthorhombic
space group P222, C222, P23 P222,
a[A] 13.0696(1) 23.850(5) 17.863(5) 9.7255(4)
b [A] 17.8771(2) 25.400(5) 17.863(5) 12.7360(5)
c[A] 24.6966(3) 20.181(5) 17.863(5) 19.0667(8)
a[°] 90 90 90 90
Bl 90 90 90 90
v [°] 90 90 90 90
Vv [AY] 5770.3(1) 12226(5) 5700(3) 2361.68(17)
V4 4 8 12 4
Peatca [Mgm ] 1.460 1.191 1.310 1.400
p [mm™] 0.993 0.831 0.901 1.176
max., min. trans. 0.8910, 0.8266 0.925, 0.911 0.9139, 0.9139 1.000, 0.851

index ranges, hkl

—18 to 18, —25 to 25, —34 to 34

—33to 33,0 to 35,0 to 28

—25t0 25, -17to 17, —17 to 17

—14 to 14,0 to 18, 0 to 28

0 [°] 2.5 to 30.0 1.2 to 30.0 1.6 to 30.0 1.9 to 32.0

T [K] 173(2) 173(2) 173(2) 173(2)

F(000) 2616 4576 2391.612 1044

refl. collected 22756

refl. indep. [R;,] 16667 [0.040] 17801 5428 8019 [0.0376]
data/rest./par. 10759/0/631 17748/27/580 3350/63/245 8019/0/394
GOF on F* 1.792 0.9115 1.1022 1.065

final R indices [/>20([)]

R, wR, 0.064, 0.080 0.0592, 0.1418 0.0387, 0.0334 0.0316, 0.0712
R indices (all data)

R, wR, 0.104, 0.161 0.0784, 0.1523 0.0807, 0.0656 0.0399, 0.0765
abs. structural par. —0.01(2) 0.014(3) 0.007(17) —0.002(8)
largest res. [e A% 1.704 and —1.268 0.01 and —0.02 0.44 and —0.40 0.436 and —0.292

Computational details: All calculations were performed by using the
Gaussian 03 program.”? All calculated structures were optimized without
geometry constraints, with each optimization being followed by a fre-
quency calculation (for quantum-mechanical calculations) to confirm the
nature of the located extrema (minimum or transition state). Where pos-
sible, molecular parameters of optimized structures were compared to
available X-ray data and exhibited no significant differences. For
ONIOM calculations involving the iPr-trisox ligand, the trisox isopropyl
groups and apical methyl group were calculated at the UFF level, with
the remainder of the molecule calculated with the B3PW91 method.

The structures of the cobalt complexes [Co(iPr-trisox),]** and [Co,(iPr-
trisox),Cl;]~ were calculated by using molecular mechanics (UFF). DFT
or ONIOM (QM/MM) calculations failed to converge to satisfactory
minima, presumably to the large size of the molecules involved, therefore
the corresponding zinc complexes [Zn(iPr-trisox),]** and [Zn,(iPr-tri-
s0x),Cl;]* were calculated using ONIOM methodology, using 6-31G(d,p)
for the metal and coordinating atoms, and 6-31G for the remaining cen-
ters. For the mononuclear systems, the SSS-RRR complex converged sat-
isfactorily and confirms the validity of the MM models, whereas the SSS-
SSS isomer failed to reach a satisfactory minimum on the potential
energy surface.
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