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The synthesis of the three ligands employed in this study is
based on the condensation of two molar equivalents of (S)-
valinol with the diester precursors pyrrole-2,5-bis(ethyl)ace-
tate (2a), furan-2,5-bis(ethyl)acetate (2b) and thiophene-2,5-
bis(ethyl)acetate (2c). This gave the corresponding bis(ox-
azolinylmethyl)pyrrole (iPrLNH, 4a), bis(oxazolinylmethyl)-
furan (iPrLO, 4b) and bis(oxazolinylmethyl)thiophene (iPrLS,
4c) ligands. Stirring 4a in MeOD at ambient temperature in
the presence of a catalytic amount of acetic acid (1 mol-%)
led to complete hydrogen/deuterium exchange in the two
bridging methylene groups of the ligand. This behaviour is
explained by an acetate-mediated reversible proton transfer
between the oxazoline N atom and the methylene bridge, a
conjecture which was supported by a DFT study of the pro-
cess. Deprotonation of iPrLNH (4a) with tBuLi at –78 °C and
subsequent stirring with NiCl2 yielded the square planar
nickel(II) complex [Ni(iPrLN)Cl] (5). However, on stirring
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Next to Nishiyama’s bis(2-oxazolinyl)phenyl (phebox) li-
gands,[1] there are only a few chiral monoanionic meridio-
nally coordinating ligands, frequently referred to as “pin-
cers”,[2] which have given rise to highly enantioselective
transition-metal catalysts. Instead of cyclometallations,
which are feasible only with certain transition metals, the
use of central heterocyclic units that can be deprotonated
or that contain a potentially ligating central atom, as in
the case of the ubiquitous pybox ligand,[3] allows greater
flexibility in constructing new molecular catalysts. This con-
struction principle is illustrated by the three structurally
closely related ligands Ia–c which are bisoxazolines contain-
ing a rigid central dibenzopyrrole (Ia, acting as protioli-
gand), dibenzofuran (Ib) and dibenzothiophene (Ic) back-
bone.
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iPrLNH (4a) with nickel acetate in methanol, a deep red
nickel acetato complex [Ni(iso-iPrLN)(OAc)] (6) bearing the
isomerized tridentate pincer ligand was obtained. Reaction
of acetato complex 6 with Me3SiCl in dichloromethane
cleanly gave the corresponding chlorido complex [Ni(iso-
iPrLN)Cl] (7), which is the isomer of compound 5. The intra-
ligand rearrangement was explained by acetate-mediated
proton transfer between the methylene bridges and the 3/4-
positions of the pyrrole ring, the computed thermodynamic
driving force being ∆G = –9.8 kcalmol–1. Neither thiophene
derivative 4c nor furan-derived ligand 4b gave robust, iso-
lable complexes with nickel(II). However, reaction of iPrLO

(4b) with [CrCl3(thf)3] in thf yielded the yellow-green com-
plex [CrCl3(iPrLO)] (8), whereas no complexation occurred
with the analogous thiophene-derived bisoxazoline 4c.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Dibenzopyrrole-derived ligand Ia was reported by Nak-
ada et al. in 2003[4] and was employed in chromium(III)-
catalyzed Nozaki–Hiyama allylations, affording high yields
and enantioselectivities. Earlier, Kanemasa et al. had re-
ported compound Ib (“dbfox”), which they coordinated to
various transition metals and used in enantioselective
Diels–Alder reactions of cyclopentadiene with 3-acryloyl-2-
oxazolidinone; the nickel(II) complex [(Ib)Ni(H2O)3]-
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(ClO4)2 gave the best results.[5] Finally, ligand Ic (“dbt-
box”), reported by Schulz et al. induced high enantio-
selectivities and gave high yields in the palladium-catalyzed
allylic substitution of 1,3-diphenyl-2-propenylacetate with
dimethyl malonate.[6]

We recently reported the synthesis of 2,5-bis(2-oxazolin-
ylmethyl)pyrroles IIa and their coordination to palladi-
um(II)[7] and rhodium(I/III).[8] They are readily obtained by
condensation of pyrrole-2,5-diethyl acetate with two molar
equivalents of a chiral amino alcohol. A particularly char-
acteristic pattern of reactivity observed in complexes con-
taining IIa is the tendency of intraligand rearrangements,
leading to planar, conjugated π-systems despite the fact that
the associated 1,3-H shifts are orbital symmetry forbidden
processes for the noncoordinated ligand. In this work, we
provide evidence for a nonconcerted protolytic mechanism
for this rearrangement in the presence of catalytic amounts
of a carboxylic acid such as acetic acid. Furthermore, we
extend the ligand design principle to 2,5-bis(2-oxazolinyl-
methyl)furans IIb and 2,5-bis(2-oxazolinylmethyl)thio-
phenes IIc, which can act as neutral tridentate ligands.
Furthermore, a study into the coordination chemistry of IIa

Scheme 1. Synthesis of the bis(oxazolinylmethyl) derivatives of C4H4E heterocycles (E = NH: 4a, O: 4b, S: 4c) by reaction of diesters 2a–
c with (S)-valinol.
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with nickel has provided insight into the reactivity of the
ligand system upon its coordination to a transition metal,
whereas first results concerning the coordination of IIb and
IIc indicate the limitations of the chosen approach.

Results and Discussion

Synthesis of the Bis(oxazolinylmethyl)pyrrole
(“pyrrmebox”), Bis(oxazolinylmethyl)furan (“furmebox”)
and Bis(oxazolinylmethyl)thiophene (“thiomebox”) Ligands

The synthesis of the three ligands employed in this study
is similar and based on the condensation of two molar
equivalents of (S)-valinol with diester precursors 2a–c, all
three of which were obtained by cyclization of the same 1,4-
diketone derivative 1 (Scheme 1).

The synthesis of pyrrole derivative 2a by Paal–Knorr-
type cyclization was reported previously by us[8] and is
based on an earlier protocol by Brooker et al.[9a] Com-
pounds 2b and 2c are reported in the literature,[9d,9e] albeit
by different synthetic routes and by using different precur-
sor materials, which gave both in lower yield. In the case at
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hand, the acid-catalyzed cyclization of 1 in refluxing acetic
anhydride in the presence of H2SO4 and subsequent workup
gave 2b in 75% yield, whereas treatment of 1 with Lawes-
sons reagent and subsequent thermal cyclization in re-
fluxing toluene provided a convenient route to 2c (91%
yield).

The preparation of the key intermediates in the subse-
quent oxazoline synthesis, pyrrole-2,5-bisacetamides 3a–c,
was achieved by melting 2a–c with (S)-valinol in the pres-
ence of catalytic amounts of NaH,[10] giving the reaction
products in almost quantitative yield and sufficient purity
for the following cyclization step. The synthesis of iPrLNH
(4a) was already reported by the route depicted in
Scheme 1.[8] In the same way, conversion of 3b and 3c into
the bis(oxazolinylmethyl) derivatives iPrLO (4b) and iPrLS

(4c), respectively, was conveniently achieved by reaction
with the tetranuclear zinc complex [Zn4O(O2CCF3)6], first
employed by Oshima et al. for this purpose.[11]

Reactivity of the Bis(oxazolinylmethyl)pyrroles in Solution:
Their Potential to Isomerize

We previously noted that pyrrmebox ligands have the
tendency to undergo isomerization by a formal 1,3-H shift
when coordinated to palladium(II) or rhodium(I).[7,8] As
will be discussed below, similar behaviour may be observed
for the nickel complexes reported in this work. Given this
general reactive pattern of this class of ligands, a more de-
tailed study of the properties of these protioligands was
warranted. To assess the thermodynamic feasibility of such
a transformation a DFT study [B3PW91, 6-31g(d) basis set]
of iPrLNH (4a) and its isomeric form iso-iPrLNH was car-
ried out. The computed minimum structures of 4a in the
gas phase as well as in a solvent phase (chlorobenzene)
modelled with the polarizable continuum model (PCM, see
Experimental Section) are represented in Figure 1. We note
that the three heterocycles of the ligand in the gas phase
adopt an arrangement that is closer to C2 symmetry than
that found for the minimum energy structure in the PCM-
modelled solution. In the latter, one of the oxazoline rings
is twisted out of the approximate planar arrangement of the
heterocycles, giving rise to an increased molecular dipole
moment that is favoured by the polar environment.

An analogous study was carried out for iso-iPrLNH in a
PCM-modelled solution of chlorobenzene, and the energy
of the minimized structure was found to be almost identical
to that of iPrLNH (4a). The computed stabilization
0.6 kcalmol–1 is reduced to 0.2 kcalmol–1 for the free en-
ergy. From a thermodynamic point of view, an equilibrium
between iPrLNH and iso-iPrLNH was therefore expected.
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Figure 1. Structural model representing the DFT(B3PW91) opti-
mized geometries of protioligand 4a in (left) the gas phase and
(right) by applying a continuum polarized medium (CPM) phase
(chlorobenzene). A significant desymmetrization of 4a was found
when the polar solvent medium was taken into account.

The fact that such an equilibrium was not observed in
solution upon heating a sample of iPrLNH (4a) in chloro-
benzene at 80 °C is attributed to the high activation barrier
for the orbital symmetry-forbidden 1,3-sigmatropic H-
shift.[12]

In order to probe for possible nonconcerted hydrogen
transfer by a protolytic route, iPrLNH was stirred in MeOD
at ambient temperature and under reflux. Neither incorpo-
ration of deuterium nor rearrangement was observed under
these conditions. However, upon addition of acetic acid
(1 equiv.) complete hydrogen/deuterium exchange in the
two bridging methylene groups of the ligand was observed
(Scheme 2).

Scheme 2. H/D exchange in the methylene positions of 4a and a
possible enamine/imine tautomerization pathway explaining the
selectivity of the process.

The rapid and exclusive incorporation of deuterium in
the methylene position and the absence of deuterium incor-
poration in the pyrrole ring indicated that there must be a
kinetically favoured alternative reaction channel. This was
thought to be provided by the proton-catalyzed imine/en-
amine tautomerization indicated in Scheme 2, which in-
volves the oxazoline rings. Such a process would be ad-
ditionally favoured by the ability of the acetate to bridge
the 1,3-C-N unit involved and act both as a proton donor
and acceptor. In order to assess the kinetic feasibility the
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Figure 2. Theoretically modelled reaction pathway for the proton–deuterium exchange in 4a. Zero-point corrected energies (∆Ezp) and
free energies (∆G) (the latter in parentheses) are given in kcalmol–1.

Scheme 3. Nonconcerted 1,3-H shift into the parole ring of 4a by protonation/deprotonation. This process is associated with a significantly
higher activation barrier than the reaction sequence represented in Scheme 2.

complete reaction pathway, the iPrLNH–HOAc pair was
theoretically modelled in a DFT study. The minimum en-
ergy structures of the intermediates as well as the computed
structures of the transition states connecting them are de-
picted in Figure 2.

Starting from the energy minimum adduct between
iPrLNH and AcOH, in which the acid is associated with
N(1) of the pyrrole ring in the ligand, a transition state was
found, in which simultaneous protonation of the pyrrole by
acetic acid with concomitant proton transfer from the pyr-
role to the oxazoline occurs (∆Ezp = 18.2 kcalmol–1; ∆G =
18.7 kcalmol–1). We note that the direct protonation of the
oxazoline ring appears to proceed by an energetically dis-
favoured pathway. The iPrLNH2

+/OAc– ion pair I(tau) that
is formed (∆Ezp = 13.1 kcalmol–1; ∆G = 16.9 kcalmol–1) is
geometrically disposed such as to pass through a low acti-
vation barrier transition state, in which the proton of the
methylene group is abstracted by the acetate (∆Ezp =
2.0 kcal mol–1; ∆G = 0.7 kcal mol–1, with respect to interme-
diate I(tau)). Finally, the tautomeric form of the oxazoline is
obtained as an acetic acid adduct. Liberation of the acetic
acid molecule, its proton–deuterium exchange and the sub-
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sequent reformation of the thermodynamically favoured
starting compound by the corresponding reverse reaction
pathway leads to proton–deuterium exchange at the methyl-
ene bridges.

The alternative acetate-assisted protolytic 1,3-H shift be-
tween the methylene group and the 3-position in the pyrrole
ring was also theoretically modelled by using the same DFT
tool (Scheme 3; details of this study are provided in the
Supporting Information) Such a process would underlie a
potential rearrangement of iPrLNH � iso-iPrLNH and was
found to proceed through significantly higher activation
barriers, which may explain the fact that it has not been
observed experimentally.

Synthesis and Structural Characterization of
[Bis(oxazolinylmethyl)pyrrolato]nickel(II) Complexes and
their Ligand-Based Isomerized Forms

Deprotonation of iPrLNH (4a) with tBuLi at –78 °C and
subsequent stirring with NiCl2 yielded the square planar
nickel(II) complex 5 as a deep red solid (Scheme 4). Its ana-
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lytical data are consistent with its formulation as [Ni-
(iPrLN)Cl], and the 1H and 13C NMR spectral patterns are
consistent with a C2-symmetric molecular species. The pyr-
role NH resonance of 4a has disappeared in 5 and the
CHMe2 proton resonance is characteristically shifted to
lower field (δ =2.71 ppm) relative to that of the correspond-
ing signal of protioligand 4a (δ =1.72 ppm), indicating the
coordination of the pyrrolato unit and two oxazoline rings
to the nickel atom.

Scheme 4. Synthesis of the nickel(II) complex [Ni(iPrLN)Cl] (5) and
its (ligand-) isomeric form [Ni(iso-iPrLN)Cl] (7) via the acetate
complex [Ni(iso-iPrLN)(OAc)] (6).

To establish the structural details of 5, a single-crystal
X-ray structure analysis was carried out. Two views of its
molecular structure are depicted in Figure 3 along with the
principal bond lengths and angles. The coordination geom-
etry at the nickel centre is almost ideally square planar
[N(1)–Ni–N(2) 177.77(7)°, N(3)–Ni–Cl 176.08(6)°; sum of
interligand angles 360.06(2)°]. The Ni–N bonds involving
the two oxazoline units [Ni–N(1) 1.898(2) Å, Ni–N(2)
1.898(2) Å are slightly longer than Ni–N(3) of the central
pyrrolato unit [1.868(2) Å], whereas the interatomic dis-
tances within the pyrrole ring are as expected [N(3)–C(5)
1.373(3) Å; C(5)–C(6) 1.376(3) Å; C(6)–C(7) 1.412(3) Å;
C(7)–C(8) 1.375(3) Å; C(8)–N(3) 1.373(3) Å].[13]

In order to adapt to the radius of the central atom, the
tridentate ligand adopts a helical twist [torsion angles C(5)–
C(4)–C(3)–N(1) –40.2(3)° and C(8)–C(9)–C(10)–N(2)
–36.9(3)°], which is greater than previously found for the
4d transition metals RhI and PdII,[7,8] thus reflecting the
“contraction” of the binding site. The bond angles at the
linking methylene bridges of the meridionally coordinating
ligand of C(3)–C(4)–C(5) 110.1(2)° and C(8)–C(9)–C(10)
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Figure 3. (a) Molecular structure of 5 (hydrogen atoms omitted for
clarity; thermal ellipsoids displayed at 30% probability). Selected
bond lengths [Å] and angles [°]: Cl–Ni 2.2086(5), N(1)–Ni 1.898(2),
N(2)–Ni 1.898(2), N(3)–Ni 1.868(2), N(3)–C(5) 1.373(3), C(5)–C(6)
1.376(3), C(6)–C(7) 1.412(3), C(7)–C(8) 1.375(3), C(8)–N(3)
1.373(3), C(4)–C(5) 1.495(3), C(8)–C(9) 1.493(3), N(2)–Ni–N(1)
177.77(7), N(3)–Ni–Cl 176.08(6), C(3)–C(4)–C(5) 110.2(2), C(8)–
C(9)–C(10) 110.7(2), N(1)–Ni–Cl 91.29(5), Cl–Ni–N(2) 90.60(5),
N(2)–Ni–N(3) 88.96(7), N(3)–Ni–N(1) 89.24(7), C(8)–C(9)–C(10)–
N(2) –36.9(3), C(5)–C(4)–C(3)–N(1) –40.2(3); (b) in-plane view
along the axis N(2)–Ni–N(1) illustrating the helical twist of the
tridentate ligand.

110.7(2)° are close to the ideal tetrahedral angles and indi-
cate the absence of significant intraligand strain. In
attempts to study the potential dynamic exchange between
the two helically twisted conformers by low-temperature 1H
NMR spectroscopy no line broadening was observed down
to –80 °C, indicating rapid exchange, which is consistent
with previous observations.[7]

Upon stirring iPrLNH (4a) with nickel acetate in meth-
anol, deep red nickel acetato complex 6 bearing the triden-
tate pincer ligand was obtained (Scheme 4). However, isom-
erization and concomitant planarization of the ligand oc-
curred in the process, as evident in the 1H and 13C NMR
signal patterns. The pyrrole backbone is dearomatized,
which is reflected in the chemical shifts of the H(1) protons
and the C(1) carbon (Scheme 4), which resonate at 1.42 and
43.6 ppm, respectively, whereas the methylene bridge is con-
verted into a methine fragment CH [δ(1H) = 4.13 ppm,
δ(13C) = 85.7 ppm] linked with the central pyrrolidine ring
through an exocyclic C=C bond. The isomeric ligand struc-
ture, resulting from a formal 1,3-hydrogen shift is planar.
In order to establish the details of the molecular structure
of [Ni(iso-iPrLN)(OAc)] (6), single-crystal X-ray structure
analysis was carried out. There are two independent mole-
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cules of 6 in the asymmetric unit. One of them is depicted
in Figure 4, the metric parameters of which will be dis-
cussed below, and the data of the second molecule, which
has a virtually identical geometry, are given in brackets.

Figure 4. Molecular structure of 6 (hydrogen atoms omitted for
clarity; thermal ellipsoids displayed at 30% probability). Only one
of the two independent molecules is shown. Selected bond lengths
[Å] and angles [°], values given in square brackets refer to the sec-
ond molecule: Ni(1)–O(3) 1.881(4) [1.876(4)], N(1)–Ni(1) 1.887(5)
[1.898(5)], N(2)–Ni(1) 1.897(5) [1.883(5)], N(3)–Ni(1) 1.913(5)
[1.895(5)], C(5)–C(6) 1.485(8) [1.495(8)], C(6)–C(7) 1.504(8)
[1.510(8)], C(7)–C(8) 1.490(8) [1.490(8)], C(8)–N(3) 1.381(7)
[1.358(7)], N(3)–C(5) 1.389(7) [1.388(7)], C(4)–C(5) 1.361(8)
[1.357(8)], C(8)–C(9) 1.357(8) [1.359(8)], C(3)–C(4)–C(5) 122.1(6)
[123.0(5)], C(8)–C(9)–C(10) 122.7(5) [122.2(5)], N(1)–Ni(1)–N(2)
172.3(2) [175.2(2)], N(3)–Ni(1)–O(3) 178.6(2) [177.2(2)], N(1)–
Ni(1)–O(3) 88.8(2) [89.4(2)], O(3)–Ni(1)–N(2) 86.7(2) [86.6(2)],
N(2)–Ni(1)–N(3) 92.5(2) [91.4(2)], N(3)–Ni(1)–N(1) 92.2(2)
[92.4(2)], C(5)–C(4)–C(3)–N(1) –7.9(9) [–6.0(10)], C(8)–C(9)–
C(10)–N(2) 0.2(9) [–4.5(9)].

Similar to complex 5, [Ni(iso-iPrLN)(OAc)] (6) has an
almost ideal square-planar coordination geometry. The ace-
tate ligand is κ1-bonded in a trans disposition to the central
anionic pyrrolidinato ring. The carbon–carbon bond
lengths within the pyrrolidinato ring in 6 [C(5)–C(6)
1.485(8) Å, C(6)–C(7) 1.504(8) Å, C(7)–C(8) 1.490(8) Å] are
elongated relative to those of 5 and correspond to single
bonds, whereas two exocyclic C=C bonds were formed in
the rearrangement [C(4)–C(5) 1.361(8) Å, C(8)–C(9)
1.357(8) Å].[14] The helical twist between the pyrrolidine
ring and the plane spanned by the ligating atoms has almost
disappeared. The relevant torsional angles are C(5)–C(4)–
C(3)–N(1) –7.9(9)° and C(8)–C(9)–C(10)–N(2) 0.2(9)°.

Reaction of acetato complex 6 with Me3SiCl in dichloro-
methane cleanly gave the corresponding chlorido complex
[Ni(iso-iPrLN)Cl] (7), which is the isomer of compound 5
(Scheme 2). It is notable that it was not possible to induce
a rearrangement from 5 into 7 thermally (vide infra), as was
readily achieved previously in the conversion of the rhodi-
um(I) complex [Rh(iPrLN)(CO)] to [Rh(iso-iPrLN)(CO)],
and thus the indirect route via 6 appears to be the only
viable preparative method for 7. Its 1H and 13C NMR spec-
troscopic data are similar to those of 6, and the planarized
structure was also established by X-ray diffraction. The mo-
lecular structure of 7 is depicted in Figure 5 along with se-
lected metric parameters. We note that the planarization of
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the ligand structure is again reflected in the reduced tor-
sional angles of C(5)–C(4)–C(3)–N(1) –3.8(5)°, C(8)–C(9)–
C(10)–N(2) –3.8(4)°.

Figure 5. Molecular structure of 7 (hydrogen atoms omitted for
clarity; thermal ellipsoids displayed at 30% probability). Selected
bond lengths [Å] and angles [°]: Cl–Ni 2.1961(7), N(1)–Ni 1.920(2),
N(2)–Ni 1.922(2), N(3)–Ni 1.932(2), C(5)–C(6) 1.514(4), C(6)–C(7)
1.514(4), C(7)–C(8) 1.495(4), C(8)–N(3) 1.366(3), N(3)–C(5)
1.370(3), C(4)–C(5) 1.343(4), C(8)–C(9) 1.354(4), C(3)–C(4)–C(5),
121.3(2), C(8)–C(9)–C(10) 121.3(2), N(3)–Ni–Cl 178.98(7), N(1)–
Ni–N(2) 176.21(10), N(1)–Ni–Cl 88.68(7), Cl–Ni–N(2) 88.44(7),
N(2)–Ni–N(3) 91.27(9), N(3)–Ni–N(1) 91.65(9), C(5)–C(4)–C(3)–
N(1) –3.8(5), C(8)–C(9)–C(10)–N(2) –3.8(4).

Theoretical Modelling of the Ligand Isomerization in the
Nickel(II) Complexes

The characterization of chloridonickel(II) complexes 5
and 7 raised the question of their relative free energies.
Furthermore, it was of interest to find an explanation for
the facile ligand rearrangement from {iPrLN}– to {iso-
iPrLN}– in the synthesis of acetatonickel complex 6. To ad-
dress the former question, a DFT study [B3PW91, 6-31g(d)
for C, N, O, H, Cl and an effective small core potential
basis set for Ni; see the Experimental Section] of both
chloridonickel complexes 5 and 7 was carried out. All the
metric parameters were found to agree well with those de-
termined by X-ray diffraction, and the experimental and
computed data are compared in Table 1.

Table 1. Comparison of selected experimentally determined and
computed structural parameters of compounds 5 and 7.

Structural parameter 5 7
X-ray DFT X-ray DFT

d(Ni–Cl) [Å] 2.209 2.220 2.196 2.222
d[Ni–N(1)] [Å] 1.898 1.915 1.922 1.921
d[Ni–N(2)] [Å] 1.898 1.911 1.920 1.921
d[Ni–N(3)] [Å] 1.868 1.874 1.932 1.929
d[C(5)–C(4)–C(3)–N(1)] [°] –40.2 –38.4 –3.8 –8.5
d[C(8)–C(9)–C(10)–N(2)] [°] –36.9 –35.8 –3.8 –8.5

Whereas the isomerized form of the protioligand iso-
iPrLNH was essentially isoenergetic with iPrLNH, the nickel
complex [Ni(iso-iPrLN)Cl] (7) was found to be stabilized in
comparison to 5 by –9.3 kcalmol–1 (∆G = –9.8 kcalmol–1).
The observed resistance of 5 with respect to a thermally
induced isomerization to 7 must therefore be due to the
high activation barrier associated with the 1,3-sigmatropic
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Figure 6. The frontier orbitals in complex 7 illustrating the π conjugation within the ligand system (HOMO, HOMO-1, HOMO-5,
HOMO-6) and the π-bonding interaction with the metal (HOMO-4).

H-shift. The stabilization of 7 with respect to 5 may be at-
tributed to the formation of a conjugated π system within
the rearranged ligand, which interacts with the metal centre.
This aspect is illustrated by the Kohn Sham frontier orbitals
of computed complex 7 represented in Figure 6. Whereas
the conjugation between the double bonds within the ligand
is represented by the structure of the HOMO, HOMO-1,
HOMO-6 and HOMO-7, the π-bonding interaction is par-
ticularly evident in the HOMO-4 frontier orbital.

To address the question of the possible role of the acetate
in the rearrangement of the coordinated ligand {iso-
iPrLN}– in the formation 6, the interaction of complex 5
with a molecule of acetic acid (liberated in the generation
of 6 from iPrLNH and nickel acetate) was theoretically
modelled by DFT. In this study, the resulting minimum en-
ergy reaction pathway involving a possible acetic acid cata-

Figure 7. Computed HOAc-mediated rearrangement pathway for the transformation of 5(HOAc) into 7(HOAc). Zero-point corrected
energies (∆Ezp) and free energies (∆G) (the latter in parentheses) are given in kcal mol–1.
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lyzed rearrangement of the coordinated ligand was com-
puted and is represented in Figure 7. An analogous compu-
tational study was carried out for the transformation of the
experimentally not observed complex [Ni(iPrLN)(OAc)]
into [Ni(iso-iPrLN)(OAc)] (6). The free-energy profiles for
both transformations were found to be almost identical,
and the details for the latter are given in the Supporting
Information.

Starting from a weakly bonded adduct between AcOH
and the C3/4-position of the coordinated ligand in 5 (∆Ezp

= 0.0 kcalmol–1; ∆G = 0.0 kcal mol–1), a transition state was
found in which a proton transfer from the methylene group
to the bridging acetate occurs simultaneously with the pro-
tonation of the C3/4-position of pyrrole (TS5(Cl)-I1(OAc):
∆Ezp = 19.4 kcal mol–1; ∆G = 21.0 kcalmol–1). Intermediate
I1 generated in this process rearranges into an isomeric ad-
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duct with acetic acid I2(Cl) (∆Ezp = 7.4 kcalmol–1; ∆G =
7.5 kcalmol–1), in which the associated acetic acid is geo-
metrically disposed to allow a similar concerted proton-
ation/deprotonation, passing through a low-barrier transi-
tion state TSI2(Cl)-7, leading to the rearrangement complex.

This mechanistic proposal is supported by the observed
rearrangement of 5 into 7 upon exposure of the chlorido-
nickel complex to acetic acid. Further experimental evi-
dence for this reaction pathway in the generation of acetato
complex 6 was obtained by reaction of N-deuterated proti-
oligand 4a[D] with nickel acetate in dmf. Incorporation of
deuterium in the 1-position of the rearranged ligand
(Scheme 4) is consistent with the intermediate generation of
deuterated acetic acid and subsequent proton transfer to
the pyrrole ring, as postulated above. Small amounts of
deuterium in the bridging CH position (at C3) indicated
that some deuterium exchange had taken place with the
protioligand itself prior to its coordination, according to
the mechanism represented in Scheme 2.

It is interesting to compare this mechanistic scenario
with that discussed above for the deuterium exchange ob-
served for the protioligand. Upon coordination of the li-
gand to a metal centre, the formation of N-protonated ox-
azoline intermediates is not possible anymore. Therefore,
this low-activation process, which appears to operate in the
protioligand and leaves the pyrrole ring intact, is barred. In
contrast, proton transfer with the C3/4-position of the pyr-
role ring remains a viable reaction channel and the ligation
of pyrrmebox to the metal centre appears to lower the acti-
vation barrier for this process. The reaction is additionally
favoured by the thermodynamic driving force (∆G � 0) as-
sociated with it in the transformation of 5 � 7.

Synthesis and Structural Characterization of a
[Bis(oxazolinylmethyl)furan]chromium(III) Complex

Both furans and thiophenes have proved to be only
weakly κO- or κS-coordinating ligands, and the number of
structurally characterized complexes bearing these ligating
motifs remains limited. In the case of tridentate bisoxa-
zolines containing the dibenzofuran (Ib) and dibenzothio-
phene (Ic) backbones, the rigidity of the ligand structures
supported their coordination through all three heterocyclic
units. In contrast, for both ligands iPrLO (4b) and iPrLS

(4c), the heterocycles are connected by the highly flexible
methylene bridges, and this meridional tricoordination is
much less favoured. This is thought to be the reason for the
inability of the thiophene derivative iPrLS (4c) to coordinate
to nickel(II) upon reaction with either NiCl2, Ni(ClO4)2 or
[Ni(NH3)6]2+ salts in a wide range of solvent systems.
Furthermore, whereas iPrLO (4b) appeared to react with
nickel(II) salts in solution, the resulting complexes proved
to be highly labile and could not be isolated as well-defined
materials. In view of Nakada’s previous studies of the No-
zaki–Hiyama allylation with chromium(III) complexes
bearing chiral pincers,[4] we investigated the coordination
capability of 4b and 4c towards CrIII.
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Reaction of iPrLO (4b) with [CrCl3(thf)3] in thf gave the
yellow-green complex [CrCl3(iPrLO)] (8), whereas no com-
plexation occurred with the analogous thiophene-derived
bisoxazoline (Scheme 5). Both analytical and mass spectro-
metric data were compatible with the formulation of com-
plex 8, the structural details of which were established by
X-ray diffraction. Its molecular structure is depicted in Fig-
ure 8 along with selected bond lengths and angles.

Scheme 5. Synthesis of the chromium(III) complex [Cr(iPrLO)Cl3]
(5), whilst no complexation is observed with iPrLS (4c).

Figure 8. Molecular structure of 8 (hydrogen atoms omitted for
clarity; thermal ellipsoids displayed at 25% probability). Selected
bond lengths [Å] and angles [°]: N(1)–Cr 2.066(4), O(2)–Cr
2.112(4), Cl(1)–Cr 2.256(2), Cl(2)–Cr 2.325(1), O(2)–C(5) 1.384(5),
C(5)–C(6) 1.346(7), C(6)–C(6A) 1.398(10), C(4)–C(5) 1.484(6),
C(3)–C(4)–C(5) 118.4(4), Cl(1)–Cr–Cl(2) 94.81(3), Cl(2)–Cr–O(2)
85.19(3), Cl(1)–Cr–N(1) 92.67(11), N(1)–Cr–O(2) 87.33(11),
N(1A)–Cr–Cl(2) 90.61(10), Cl(2)–Cr–N(1) 88.95(10), Cl(2)–Cr–
Cl(2A) 170.39(7), O(2)–Cr–Cl(1) 180.00(5), N(1A)–Cr–N(1)
174.7(2), N(1)–C(3)–C(4)–C(5) –30.8(7).

In the crystal structure, the molecular twofold axis coin-
cides with a crystallographic C2 symmetry axis. The bis(ox-
azolinylmethyl)furan ligand did not isomerize upon coordi-
nation to chromium and therefore adopts the helically
twisted conformation referred to above [N(1)–C(3)–C(4)–
C(5) –30.8(7)°]. We also note some strain at the bridging
methylene units, as manifested in the angle C(3)–C(4)–C(5)
of 118.4(4)°, which is significantly greater than expected for
sp3 carbon atoms. The coordination geometry around the
chromium centre is slightly distorted octahedral. The ligat-
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ing atoms N(1), O(2), N(1A) and Cl(1) [sum of interligand
angles 360.0(6)°] and Cl(1), Cl(2), O(3) and Cl(2A) [sum of
interligand angles 360.0(6)°] lie on two mutually orthogonal
planes of the octahedron. The interatomic distances within
the planar furan ring are as expected [O(2)–C(5) 1.384(5) Å,
C(5)–C(6) 1.346(7) Å, C(6)–C(6A) 1.398(10) Å].[13]

Conclusions

In this work, we have presented a mechanistic rationale for
the intraligand rearrangement observed for transition-metal
complexes in the presence of a carboxylate as a proton trans-
fer relay. Both the H/D exchange in the free protioligand and
the formal 1,3-H shifts observed for the metal complexes are
satisfactorily explained within the framework of this model.
However, such rearrangements have also been observed in
the absence of an acid[8] and inter alia in the presence of
palladium precursor complexes.[7] This indicates that there
may be other mechanistic pathways that allow the forbidden
concerted rearrangement to be circumvented.

We have reported the synthesis of the furan and thiophene
analogues of pyrrmebox, a first assessment of their complex-
ation capability as well as their apparent limitations as li-
gands for late-transition metals. Further work to clarify this
point is underway in our laboratory.

Experimental Section
General: All manipulations of air- and moisture-sensitive species
were performed under an atmosphere of argon by using standard
Schlenk and glove box techniques. Solvents were predried with mo-
lecular sieves and dried with Na/K alloy (diethyl ether), Na (tolu-
ene) or K (thf, hexane), distilled and stored over potassium mirrors
(hexane, diethyl ether and toluene) in Teflon-valved ampoules.
Deuterated solvents were dried with K ([D6]benzene, [D8]toluene)
or CaH2 (CDCl3, CD2Cl2), vacuum distilled and stored under an
atmosphere of argon in Teflon-valved ampoules. Samples for NMR
spectroscopy were prepared under an atmosphere of argon in 5 mm
Wilmad tubes equipped with J. Young Teflon valves. NMR spectra
were recorded with Bruker Avance II 400 or Bruker Avance III 600
NMR spectrometers. NMR spectra are quoted in ppm and were
referenced internally relative to the residual protio solvent (1H) or
solvent (13C) resonances. Where necessary, NMR assignments were
confirmed by the use of 2D 1H–1H or 1H–13C correlation experi-
ments. Microanalyses were performed by the analytical services in
the chemistry departments of the University of Heidelberg. IR
spectra were recorded with a Varian 3100 Exalibur spectrometer as
KBr plates. Compounds 1, 2a, 3a and 4a were prepared as reported
previously.[8]

Modified Synthetic Procedure for Furan-2,5-diethyl Acetate (2b): To
a solution of 3,6-dioxo-1,8-octanediethyl acetate (1; 2.0 g,
7.74 mmol) dissolved in acetic anhydride (20 mL) was added con-
centrated H2SO4 (0.5 mL), and the mixture was heated at reflux for
3 h. During the course of the reaction the yellow solution gradually
turned brown. The reaction mixture was then poured onto crushed
ice (150 g). After neutralization with a saturated aqueous solution
of NaHCO3, the resulting mixture was extracted with dichloro-
methane (3 �200 mL). The combine organic extract was dried with
Na2SO4 and filtered, and the solvents were evaporated to dryness.
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The crude product was purified by column chromatography on sil-
ica (hexane/EtOAc, 9:1; Rf = 0.49). The pure product was obtained
as a light yellow oil in 75% yield. The spectroscopic and analytical
data were identical to those reported by Simone et al.[9a]

Modified Synthetic Procedure for Thiophene-2,5-diethyl Acetate
(2c): A mixture of 3,6-dioxo-1,8-octanediethyl acetate (1; 1.0 g,
3.87 mmol) and Lawesson’s reagent (1.9 g, 4.65 mmol) was heated
at reflux in toluene (40 mL) for 4 h. After removal of the solvent
in vacuo, the crude product was purified by column chromatog-
raphy on silica (hexane/EtOAc, 9:1; Rf = 0.46). The pure product
was obtained as a yellow oil in 91% yield. The spectroscopic and
analytical data were identical to those reported by Flitsch et al.[9b]

2,5-Bis({[N-1-hydroxy-2-(S)-isopropylethyl]acetamido}methyl)furan
(3b): Compound 2b (1.5 g, 6.24 mmol) and -valinol (1.35 g,
13.11 mmol) were weighed into a large Schlenk tube, which was
evacuated several times and then placed under an argon atmo-
sphere. The reaction mixture was then melted in an oil bath, which
had been preheated to 120 °C, and then NaH (suspended in paraf-
fin, 1 g) was added. The reaction mixture was stirred under a dy-
namic vacuum for 2 h, until the melt had completely solidified.
After cooling to ambient temperature, the crude product was puri-
fied by column chromatography on silica (dichloromethane/meth-
anol, 89:11; Rf = 0.18). The product was obtained as a slightly
hygroscopic , l i gh t ye l low sol id in 46 % yie ld . 1 H NMR
(600.13 MHz, CDCl3, 296 K): δ = 6.25 (d, 3J = 8.9 Hz, 2 H, N-H),
6.16 (s, 2 H, H1), 3.75–3.68 (m, 2 H, H5), 3.66–3.54 (m, 4 H, H6),
3.57 (s, 4 H, H3), 1.82 (dsept., 3J = 6.8 Hz, 2 H, H7), 1.25 (br., 2 H,
O-H), 0.92 (d, 3J = 6.8 Hz, 6 H, CHMeMe), 0.88 (d, 3J = 6.8 Hz, 6
H, CHMeMe) ppm. 13C{1H} NMR (151 MHz, CDCl3, 296 K): δ
= 169.7 (C4), 148.8 (C2), 109.7 (C1), 63.1 (C6), 57.2 (C5), 36.3 (C3),
29.3 (C7), 19.6 (C8), 19.1 (C9) ppm. IR (KBr plates): ν̃ = 3468 (m,
br.), 3308 (s, br.), 2960 (m, br.), 1659 (s), 1623 (s), 1551 (s), 1472
(w), 1397 (w), 1359 (m), 1197 (w), 1149 (w), 1063 (m), 1016 (m),
984 (w), 960 (w), 795 (m), 741 (w), 697 (w), 573 (w), 504 (w) cm–1.
MS (FAB): m/z (%) = 377 (75) [M + Na]+, 355 (100) [M + H]+.
HRMS (FAB+): calcd. for C18H31N2O5

+ 355.2227; found
355.2241. C18H30N2O5 (354.44): calcd. C 61.0, H 8.5, N 7.9; found
C 61.1, H 8.7, N 7.8.

2,5-Bis({[N-1-hydroxy-2-(S)-isopropylethyl]acetamido}methyl)thio-
phene (3c): Compound 2c (769 mg, 3 mmol) und -valinol (928 mg,
9 mmol) were weighed into a large Schlenk tube, which was evacu-
ated several times and then placed under an argon atmosphere. The
reaction mixture was then melted in an oil bath, which had been
preheated to 120 °C, and then NaH (suspended in paraffin, 1 g) was
added. The reaction mixture was stirred under a dynamic vacuum
for 2 h, until the melt had completely solidified. After cooling to
ambient temperature, the crude product was purified by column
chromatography on silica (dichloromethane/methanol, 89:11; Rf =
0.15). The product was obtained as a slightly hygroscopic, light yel-
low solid in 50% yield. 1H NMR (600.13 MHz, CDCl3, 296 K): δ =
6.84 (s, 2 H, H1), 5.90 (br., 2 H, N-H), 3.75 (s, 4 H, H3), 3.72–3.60
(m, 6 H, H5, H6), 2.79 (br., 2 H, O-H), 1.86–1.80 (sept., 2 H, H7),
0.92 (d, 3J = 6.8 Hz, 6 H, CHMeMe), 0.87 (d, 3J = 6.8 Hz, 6 H,
CHMeMe) ppm. 13C{1H} NMR (151 MHz, CDCl3, 296 K): δ =
170.6 (C4), 136.8 (C2), 127.8 (C1), 63.8 (C6), 57.4 (C5), 38.1 (C3),
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29.1 (C7), 19.7 & 19.0 (C8, C9) ppm. IR (KBr plates): ν̃ = 3293 (s,
br.), 2962 (s), 1659 (s), 1613 (s), 1551 (s), 1471 (m), 1368 (m), 1245
(m), 1193 (w), 1150 (w), 1061 (m), 1126 (m), 979 (w), 925 (w), 778
(w), 719 (w), 679 (w), 578 (m), 515 (w) cm–1. MS (FAB): m/z (%) =
371 (100) [M + H]+. HRMS (FAB+): calcd. for C18H31N2O4S+

371.1999; found 371.1977. C18H30N2O4S (370.51): calcd. C 58.4, H
8.2, N 7.5; found 58.4, H 8.1, N 7.4.

2,5-Bis{[(4S)-4-isopropyloxazolinyl]methyl}furan (iPrLOH) (4b): A
solution of compound 3b (500 mg, 1.35 mmol) and Zn4(OCO-
CF3)6O (32 mg, 0.034 mmol) in dry chlorobenzene (30 mL) was
heated at refluxed under an argon atmosphere for 18 h. After re-
moval of the solvent in vacuo, the crude product was purified by
column chromatography on silica (EtOAc/hexane/Et3N, 62:33:5; Rf

= 0.32). The product was obtained as a slightly hygroscopic yellow
oil in 93% yield. 1H NMR (600.13 MHz, CDCl3, 296 K): δ = 6.12
(s, 2 H, H1), 4.25 (dd, 3J = 9.5, 8.2 Hz, 2 H, H6), 4.03–3.89 (m, 4
H, H6, H5), 3.63 (s, 4 H, H3), 1.75 (sept, 3J = 6.6 Hz, 2 H, H7),
0.95 (d, 3J = 6.8 Hz, 6 H, CHMeMe), 0.87 (d, 3J = 6.8 Hz, 6 H,
CHMeMe) ppm. 13C{1H} NMR (151 MHz, CDCl3, 296 K): δ =
163.5 (C4), 148.2 (C2), 108.4 (C1), 72.2 (C5), 70.5 (C6), 32.6 (C7),
28.0 (C3), 18.8 & 18.2 (C8, C9) ppm. IR (KBr): ν̃ = 2964 (m), 1669
(s), 1519 (m), 1471 (w), 1369 (w), 1176 (w), 1017 (m), 984 (m), 895
(m) cm–1. MS (FAB): m/z (%)= 319 (100) [M + H]+. HRMS
(FAB+): calcd. for C18H27N2O3

+ 319.2016; found 319.2008.
C18H26N2O3 (318.41): calcd. C 67.9, H 8.2, N 8.8; found C 67.8,
H 8.3, N 8.6.

2,5-Bis{[(4S)-4-isopropyloxazolinyl]methyl}thiophene (iPrLSH) (4c):
A solution of compound 3c (500 mg, 1.35 mmol) and Zn4(OCO-
CF3)6O (32 mg, 0.034 mmol) in dry chlorobenzene (30 mL) was
heated at reflux under an argon atmosphere for 18 h. After removal
of the solvent in vacuo, the crude product was purified by column
chromatography on silica (EtOAc/hexane/Et3N, 62:33:5; Rf = 0.31).
The product was obtained as a slightly hygroscopic yellow oil in
90% yield. 1H NMR (399.89 MHz, CDCl3, 296 K): δ = 6.80 (s, 2
H, H1), 4.25 (dd, 3J = 9.2, 8.0 Hz, 2 H, H6), 4.03–3.94 (m, 4 H,
H6, H5), 3.80 (s, 4 H, H3), 1.80 (sept., 3J = 6.6 Hz, 2 H, H7), 1.00
(d, 3J = 6.8 Hz, 6 H, CHMeMe), 0.92 (d, 3J = 6.8 Hz, 6 H,
CHMeMe) ppm. 13C{1H} NMR (100 MHz, CDCl3, 296 K): δ =
164.7 (C4), 136.3 (C2), 126.3 (C1), 72.2 (C5), 70.5 (C6), 32.6 (C7),
29.5 (C3), 18.8 (C8), 18.2 (C9) ppm. IR (CH2Cl2): ν̃ = 2964 (m),
1768 (s), 1516 (m), 1422 (w), 1174 (w), 982 (m), 894 (m) cm–1. MS
(FAB): m/z (%) = 335 (100) [M + H]+. HRMS (FAB+): calcd. for
C18H27N2O2S+ 335.1788; found 335.1759. C18H26N2O2S·2/3H2O
(346.49): calcd. C 62.4, H 7.9, N 7.8; found C 62.4, H 7.7, N 8.1.

(κ3-N,N,N-2,5-Bis{[(4S)-4-isopropyloxazolinyl]methyl}pyrrolido)-
chloridonickel(II) (5): The protioligand iPrLNH (2a; 200 mg,
0.63 mmol) was dissolved in diethyl ether (20 mL) and then metall-
ated at –78 °C by the slow addition of tert-buthyllithium (1.5  in
hexane, 0.42 mL, 0.63 mmol). After complete addition, the reaction
mixture was stirred at –78 °C for another 30 min and then a solu-
tion of NiCl2 in dimethyl formamide, which had been precooled to
–78 °C, was added through a cannula. The reaction mixture was
warmed to ambient temperature and stirred for 45 min. After re-
moval of the solvents under vacuum, the residue was dissolved in
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dichloromethane and filtered. The solvent was evaporated, and the
remaining solid was washed with cold pentane. The dark-orange
product was recrystallized from a mixture of dichloromethane/hex-
ane (1:1) to give the nickel complex as an analytically pure micro-
crystalline solid in 75 % yield. 1H NMR (399.89 MHz, CDCl3,
296 K): δ = 5.76 (s, 2 H, H1), 4.23–4.08 (m, 8 H, H5, H6, H6�, H3A),
3.48 (AB system, JAB = 18.3 Hz, 2 H, H3B), 2.71 (m, 2 H, H7), 1.07
(d, 3J = 6.9 Hz, 6 H, CHMeMe), 0.85 (d, 3J = 6.9 Hz, 6 H,
CHMeMe) ppm. 13C{1H} NMR (100 MHz, CDCl3, 296 K): δ =
169.9 (C4), 125.9 (C2), 105.3 (C1), 70.0 (C6), 66.9 (C5), 30.9 (C7),
28.2 (C3), 18.8 (CHMeMe), 15.7 (CHMeMe) ppm. IR (KBr): ν̃ =
1960 (m, br.), 1643 (s), 1539 (w), 1478 (m), 1422 (m), 1404 (m),
1317 (w), 1284 (w), 1236 (s), 1149 (w), 1118 (w), 1056 (w), 1001
(m), 949 (m), 917 (w), 789 (m), 735 (m), 643 (w), 611 (w), 425 (m)
cm–1. MS EI: m/z = 409 (22) [M]+, 473 (100) [M – Cl]+. HRMS
(EI): calcd. for C18H26

37ClN3
58NiO2 411.1038; found 411.1042.

HRMS (EI): calcd. for C18H26
35ClN3

58NiO2 409.1067; found
409.1035. C18H26ClN3NiO2 (410.56): calcd. C 52.5, H 6.4, N 10.2;
found C 52.5, H 6.3, N 10.0.

(κ3-N,N,N-2,5-Bis{[(4S)-4-isopropyloxazolinylidene]methyl}pyr-
rolidinido)acetatonickel(II) (6): The protioligand iPrLNH (2a;
300 mg, 0.95 mmol) and Ni(OAC)2·4H2O (470 mg, 1.89 mmol)
were each dissolved in methanol (15 mL). The ligand solution was
added with a cannula to the solution of the metal salt over a period
of 10 min. After stirring the reaction mixture for 18 h, the solvent
was removed in vacuo, the residue was redissolved in dichlorometh-
ane and filtered and the crude reaction product, isolated after evap-
oration of the filtrate to dryness, was recrystallized from dichloro-
methane/hexane (1:1) to yield the nickel complex as a microcrystal-
line red solid in 81% yield. 1H NMR (399.89 MHz, CDCl3, 296 K):
δ = 4.54 (br. s, 2 H, H3), 4.24 (d, J = 6.5 Hz 2 H, H6), 4.09 (m, 4
H, H5 + H6), 2.45 (br. s, 6 H, H7 + H1), 2.27 (s, 3 H, COOMe),
0.89 (d, J = 7.2 Hz, 6 H, CHMeMe), 0.76 (d, J = 7.2 Hz, 6 H,
CHMeMe) ppm. 13C{1H} NMR (100 MHz, CDCl3, 296 K): δ =
174.3 (C2), 166.74 (C4), 159.1 (COOMe), 85.71 (C3), 75.5 (C5), 72.5
(C6), 43.6 (C1), 33.1 (C7, COOMe), 19.5 (CHMeMe), 14.7
(CHMeMe) ppm. IR (KBr): ν̃ = 2960 (w, br.), 1616 (s), 1595 (s),
1544 (s), 1437 (w), 1371 (w), 1318 (m), 1296 (w), 1258 (m), 1232
(s), 1072 (w), 1021 (m), 961 (w), 756 (w), 681 (w), 414 (w) cm–1.
MS (EI): m/z (%) = 433 (8) [M]+, 373 (100) [M – OAc]+, 331 (13)
[M – OAc – iPr]+. HRMS (EI): calcd. for C20H29N3

58NiO4

433.1512; found 433.1521. C20H29N3NiO4·CH2Cl2 (519.09): calcd.
C 48.5, H 6.0, N 8.1; found C 48.0, H 6.5, N 8.2.

(κ3-N,N,N-2,5-Bis{[(4S)-4-isopropyloxazolinyl]methylidene}pyr-
rolidinido)chloridonickel(II) (7): To a solution of complex 6
(200 mg, 0.46 mmol) dissolved in dichloromethane (15 mL) was
added a solution of Me3SiCl (59 µL, 50.2 mg, 0.46 mmol) in dichlo-
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romethane (5 mL). After stirring for 1 h, the solvent was removed
in vacuo and the residue was washed with hexane to give the ana-
lytically pure product as a green, air-stable solid in 95 % yield. 1H
NMR (399.89 MHz, CDCl3, 296 K): δ = 5.84 (br. d, 3J = 9.0 Hz,
2 H, H5), 4.19 (dd, J = 8.7, 2.8 Hz, 2 H, H6), 4.01 (t, J = 8.7 Hz,
2 H, H6), 3.89 (s, 2 H, H3), 2.84–2.72 (m, 2 H, H7), 2.23–2.04 (m,
4 H, H1), 1.19 (d, 3J = 6.9 Hz, 6 H, CHMeMe), 0.83 (d, 3J =
6.9 Hz, 6 H, CHMeMe) ppm. 13C{1H} NMR (100 MHz, CDCl3,
296 K): δ = 170.9 (C2), 156.7 (C4), 87.6 (C3), 76.1 (C5), 71.7 (C6),
33.5 (C7), 20.6 (C1), 15.4 (CHMeMe), 1.2 (CHMeMe) ppm. IR
(KBr): ν̃ = 2867 (m, br.), 1669 (m), 1615 (s), 1589 (s), 1546 (s),
1487 (w), 1464 (w), 1432 (w), 1366 (w), 1317 (w), 1296 (m), 1260
(s), 1230 (s), 1174 (w), 1158 (w), 1097 (m), 1022 (s), 958 (w), 865
(m), 799 (s), 752 (w), 707 (w), 488 (w) cm–1. MS (EI): m/z (%) =
409 (57) [M]+, 373 (100) [M – Cl]+, 331 (20) [M – Cl – iPr]+. HRMS
(EI): calcd. for C18H26

37ClN3
58NiO2 411.1038; found 411.1046.

HRMS (EI): calcd. for C18H26
35ClN3

58NiO2 409.1067; found
409.1045. C18H26ClN3NiO2 (410.56): calcd. C 52.7, H 6.4, N 10.2;
found C 52.2, H 6.3, N 10.0.

(κ3-N,O,N-2,5-Bis{[(4S)-4-isopropyloxazolinyl]methyl}pyrrolido)tri-
chloridochromium(III) (8): The protioligand iPrLOH (4b; 300 mg,
0.95 mmol) and [CrCl3(thf3)] (356 mg, 0.95 mmol) were each dis-
solved in thf (15 mL). The ligand solution was then added with a
cannula to the solution of the metal salt over a period of 10 min.
After stirring for 2 h, the colour of the reaction mixture had
changed from purple to yellow-green. After removal of the solvent
in vacuo, the analytically pure product was isolated as a green,
moisture-sensitive solid in 96% yield. IR (KBr): ν̃ = 2932 (m, br.),
1650 (s), 1583 (w), 1485 (m), 1421 (m), 1375 (s), 1323 (w), 1276
(m), 1247 (m), 1224 (s), 1118 (w), 1007 (m), 972 (s), 953 (m), 901
(w), 828 (m), 773 (w), 740 (m), 698 (w), 622 (w), 578 (w) cm–1. MS
(EI): m/z (%) = 475 (1.2) [M]+, 440 (51) [M – Cl]+, 405 (34) [M –
Cl – Cl]+, 362 (10) [M – Cl – Cl – iPr]+, 362 (36) [M – Cl – Cl –
iPr – iPr]+, 275 (100) [M – Cl – Cl – iPr – iPr – C2H3O]+. HRMS
(EI): calcd. for C18H26

35Cl37ClN2O3Cr [M – Cl]+ 442.0696; found
442.0699. HRMS (EI): calcd. for C18H26

35Cl2N2O3Cr 440.0426;

Table 2. Details of the crystal structure determinations of complexes 5, 6, 7 and 8.

5 6 7 8

Formula C18H26ClN3NiO2 C20H29N3NiO4·CH2Cl2 C18H26ClN3NiO2 C18H26Cl3CrN2O3

Crystal system monoclinic monoclinic orthorhombic tetragonal
Space group P21 P21 P212121 P41212
a [Å] 8.9948(5) 12.0330(11) 8.2141(5) 7.6937(12)
b [Å] 7.5855(4) 10.3053(9) 12.9149(7)
c [Å] 13.8206(8) 19.0299(18) 17.5075(10) 36.774(8)
b [°] 90.151(1) 94.767(2)
V [Å3] 942.98(9) 2351.6(4) 1857.3(2) 2176.7(7)
Z 2 4 4 4
Mr 410.58 519.10 410.58 476.76
F(000) 432 1088 864 988
Dcalcd. [Mgm–3] 1.446 1.466 1.468 1.455
m(Mo-Kα) [mm–1] 1.187 1.084 1.205 0.914
Max., min. transmission factors 0.7464, 0.6551 0.7464, 0.6603 0.7464, 0.6518 0.7464, 0.4925
q range [°] 2.3 to 32.2 1.9 to 26.7 2.0 to 30.5 2.2 to 25.0
Index ranges (indep. set) h, k, l –13 to 13, –11 to 11, 0 to 20 –15 to 15, –13 to 12, 0 to 24 –11 to 11, 0 to 18, 0 to 25 –5 to 6, 0 to 9, 0 to 43
Reflections measured 19084 43154 42002 69323
Unique [Rint] 6083 [0.0348] 9946 [0.0625] 5666 [0.0561] 1921 [0.1313]
Observed [I�2s(I)] 5347 8129 4811 1829
Parameters refined 276 579 230 127
GooF on F2 1.05 1.07 1.05 1.19
R indices [F�4s(F)] R(F), wR(F2) 0.0339, 0.0705 0.0586, 0.1504 0.0398, 0.0993 0.0613, 0.1418
R indices (all data) R(F), wR(F2) 0.0445, 0.0746 0.0750, 0.1597 0.0500, 0.1055 0.0628, 0.1431
Absolute structure parameter –0.006(9) 0.008(17) –0.029(14) 0.01(5)
Largest residual peaks [eÅ–3] 0.56, –0.31 1.31, –1.75 1.25, –0.52 1.21, –0.74
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found 440.0704. C18H26Cl3N2CrO3 (476.77): calcd. C 45.3, H 5.5,
N 5.9; found C 45.5, H 5.4, N 5.9.

Computational Studies: All the molecular structures were optimized
by using the nonlocal hybrid density functional B3PW91[15] with a
6-31g(d) basis set for the C, N, O, Cl and H atoms[16] and the
Stuttgart-Dresden effective small core potential basis set for the
Ni(SDD) atoms[17] by using the GAUSSIAN03 program pack-
age.[18] Electronic structures were studied by using molecular orbit-
als (MO) and all the orbital visualizations were obtained with
GaussView, Chemcraft and Molekel programs.[19] The molecular
systems were optimized form X-ray diffraction data as input. Sta-
tionary points were verified by frequency. Additionally, the molecu-
lar structures of the ligands were fully optimized by using a polariz-
able continuum model (PCM) with the use of chlorobenzene as the
solvent.[20]

X-ray Crystal Structure Determinations: Crystal data and details of
the structure determinations are listed in Table 2. Intensity data
were collected at 100 K with a Bruker AXS Smart 1000 CCD dif-
fractometer (Mo-Kα radiation, graphite monochromator, λ =
0.71073 Å). Data were corrected for air and detector absorption,
Lorentz and polarization effects;[21] absorption by the crystal was
treated with a semiempirical multiscan method.[22,23] The structures
were solved by conventional direct methods[24] or by the heavy
atom method combined with structure expansion by direct meth-
ods applied to difference structure factors[25] and refined by full-
matrix least-squares methods based on F2 against all unique reflec-
tions.[26] All non-hydrogen atoms were given anisotropic displace-
ment parameters. Hydrogen atoms were generally placed at calcu-
lated positions and refined with a riding model. In the structure of
complex 5 all hydrogen atoms except those of the methyl groups
were taken from difference Fourier syntheses and refined. Complex
6 crystallized as a dichloromethane solvate 6·CH2Cl2 with two in-
dependent formula units in the asymmetric unit. Disordered sol-
vent of crystallization was subjected to appropriate geometry re-
straints. CCDC-736416 (for 5), -736417 (for 6), -736418 (for 7)
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and -736419 (for 8) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): NMR study of the proton deuterium exchange in 4a by AcOD;
computational studies; theoretically modelled reaction pathway for
the ligand rearrangement mediated by acetic acid (from 4a to iso-
4a); computed AcOH-mediated rearrangement pathway for the
transformation of 5(OAc)(AcOH) into 6(AcOH); Cartesian coordi-
nates of the optimized structures; additional computed rearrange-
ment pathways.
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