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tridentate ligand with general formula [Ru™(T)(D)(X)]"" (T = trispyrazolyl- - Q/\
methane (tpm); D = ((4S4'S)-(-)-4,4',5,5'-tetrahydro-4,4'-bis(1-methylethyl)- Q/\%

H,0) has been described. All complexes have been spectroscopically character-

here have been characterized in the solid state through monocrystal X-ray diffraction analysis. The oxazolinic iPr-box-C ligand
this paper together with other similar ones, previously synthe51zed by us, has been tested with regard to the epoxidation of different
the two catalysts in the epoxidation of 4-vinylcyclohexene; complex 3'c leads to the regioselective oxidation at the ring alkene
catalytic systems with the alkene groups of 4-vinylcyclohexene agree with the reactivity differences found for the two catalysts having

2,2'-bioxazole)  (iPr-box-C) or  N-(1-hydroxy-3-methylbutan-(25)-(-)-2-

ized in solution through 'H NMR and UV—vis techniques, and the redox

undergoes a Ru-assisted hydrolysis reaction generating the corresponding amidate anionic ligand iPr-box-O, that keeps coordinated
olefins. Complexes [Ru"(R- box-C)(tpm)OH,](BF,),, R = Bz, 3/c/iPr, 3¢, show high stereoselectivity in the epoxidation of cis-/3-

position, whereas complex 3¢ leads to the oxidation at the terminal position. Computational calculations indicate only small energy
isopropyl or benzyl as substituent of the oxazole ligand. Computed local Fukui functions help to explain the observed reactivity

ABSTRACT: The synthesis of a family of new Ru complexes containing the facial
y1)-(4S)-(-)-4-isopropyl-4,S-dihydrooxazole-2-carbimidate (iPr-box-O); X = Cl,

properties of complexes have also been studied by means of cyclic voltammetry (CV). Furthermore, the chloro complexes presented
to the Ru metal center and that produces a strong o-donation effect over it. The reactivity of the Ru—OH), complexes described in
methylstyrene, with the exclusive formation of the cis-epoxide. However, there is a significant difference in regioselectivity between
differences between the two possible products of 4-vinylcyclohexene epoxidation, but the energy barriers for the interaction of the
trends.

B INTRODUCTION

Metal-catalyzed oxidation is one of the most important atom
transfer reactions in chemistry and biology." Olefin epoxidation
has received considerable interest from both academics and in-
dustry; specifically, enantiomerically pure epoxides play an
eminent role as intermediates and buildings blocks in organic
synthesis and materials science.” Although numerous procedures
have been developed, the need for understanding the mechan-
isms of metal-mediated oxygen processes demands the synthesis
of new, stable, and easily available catalysts.

In the field of redox catalysis, the relationship between per-
formance and structure of a catalyst is further complicated by the
presence of multiple redox state species involved in the catalytic
cycle. Therefore, the thermodynamic and kinetic characteriza-
tion of the reactions that undergo the different oxidation state
species of a particular catalyst is of paramount importance to
understand and optimize its performance.

v ACS Publications ©2011 American chemical Society

A particularly interesting family of redox catalysts is the so-
called Ru—OH, type of complexes. These Ru-aquo complexes
can easily lose protons and electrons and reach higher oxidation
states as exemplified below, where Ls represents polypyridylic
type of ligands,

—H" —e" —H" —e”
L;Ru'—-OH, = LRu"'-OH LsRuV=0
+H" + e +H' + e

The sequential loss of protons and electrons allows to easily
reach reactive Ru''=0 species and as a consequence these
Ru complexes have been widely used as redox catalysts for
the oxidation of both organic and inorganic substrates. A large
amount of literature has emerged during the past two decades
related to this system, mainly because of the rich oxidative
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Chart 1. Drawing of Ligands Used in This Work
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properties of the Ru'V=0 species. In addition, the reaction
mechanisms for the oxidation of several substrates by Ru'"=0
have been thoroughly described together with the establishment
and optimization of catalytic processes.’

The redox potentials and, therefore, the performance of a
Ru—OH, catalyst can be fine-tuned through the addition of
electron donating or withdrawing groups to the ligands. These
are expected to respectively decrease and increase the Ru(IV)/
Ru(III) and Ru(III)/Ru(1l) redox potentials and thus allow to
generate a family of catalysts with a controlled reactivity.* In
addition to the electronic effects, examples also exist where
sterically hindered ligands strongly influence the reactivity of a
Ru=0 system with regard to substrate oxidation.®

Oxazoline-containing ligands have been shown to be a con-
venient choice because of their easy synthetic accessibility, mod-
ular nature, and applicability in a wide range of metal-catalyzed
transformations.® ® Recently, we have reported a family of new
Ru complexes containing tridentate and oxazolinic ligands to-
gether with the preliminary studies of their epoxidation catalytic
activity.” Our results have shown that the reactivity of the Ru—
OH, complexes is practically independent of the redox potentials
of the catalyst but that it is strongly dependent on the geometry
of the tridentate ligands (meridional, trpy, or facial, tpm). Given
these results, we have now focused our attention on the
oxazolinic ligand with the aim of studying the influence of its
substituents on the catalytic performance of the complexes.

In the present paper we report the synthesis, structure, spec-
troscopy, and redox properties of new Ru complexes containing
neutral and anionic oxazolinic ligands, iPr-box-C and iPr-box-O,
together with the facial tridentate tpm ligand, Chart 1. The
catalytic performance of this family of complexes has been tested
with regard to the epoxidation of alkenes and is reported here
together with the activity of other oxazolinic complexes pre-
viously synthesized in our group for purposes of comparison.
The predictions based on computed energy barriers agree with
the distinctive catalytic results experimentally found for two
catalysts that bear different substituents (isopropyl or benzyl)
at the oxazole ring.

B EXPERIMENTAL SECTION

Materials. All reagents used in the present work were obtained from
Aldrich Chemical Co and were used without further purification. Reagent
grade organic solvents were obtained from SDS, and high purity deion-
ized water was obtained by passing distilled water through a nanopure

19

Figure 1. ORTEP view (ellipsoids are drawn at 50% probability level)
of the molecular structure of cation 2¢ (a) and neutral complex 20 (b)
including the atom numbering scheme.

Mili-Q water purification system. RuCls - 2H,O, was supplied by John-
son and Matthey Ltd. and was used as received.

Preparations. Ligands (see Chart 1) iPr-box-C ((4S4'S)-(-)-
4,4’,5,5’—tetra.hydro—4,4’—‘bis(1—methylethyl)—2,2’—bioxazole)10 and tpm
(tris-pyrazolylmethane)"" as well as the complexes 1'* and 3'c/3'0’
were prepared as described in the literature. All synthetic manipulations
were routinely performed under nitrogen atmosphere using Schlenk
tubes and vacuum line techniques. Electrochemical experiments were
performed under either N, or Ar atmosphere with degassed solvents.

[Ru"CI(iPr-box-C)(tpm)1(BF,4) - 1.7(CH5CH,),0, 2c-1.7-
(CH3CH,);0, and [Ru"CI(iPr-box-0)(tpm)]-2.5CH;0H, 20-
2.5CH30H. A sample of 1 (100 mg, 0.24 mmol) was added to a
100 mL round bottomed flask containing a degassed solution of LiCl (20
mg, 0.47 mmol) in EtOH:H,O 3:1 (40 mL), under magnetic stirring.
Then, NEt; (0.07 mL) was added, and the reaction mixture was stirred at
room temperature (RT) for 30 min. At this point, iPr-box-C (53 mg,
0.24 mmol) was added, and the mixture was then heated at reflux for S h.
The hot solution was filtered off in a frit, and the volume was reduced to
dryness in a rotary evaporator. The solid obtained was then dissolved in
CH,Cl, and washed several times with water. The organic phase was
then dried over MgSOy, and the mixture again reduced to dryness. The
solid obtained in this manner was a mixture of chloro complexes 2¢ and
20 that were separated by column chromatography (alumina; CH,Cl,/
MeOH 95:5). Complex 2¢ was dissolved in MeOH (10 mL), and a
saturated aqueous solution of NaBF, (1.5 mL) was added. The red solid
obtained was filtered off in a frit and recrystallized from a hot mixture of
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CH,Cl,/ether (1:1). Chloro complex 20 was recrystallized in methanol-
diethylether solution. For 2¢, yield: 45 mg (24%). Anal. Found (Calcd.)
for C,,H3oNgO,CIRuBF, - 1.7C,H,00: C, 43.91(43.91), N, 13.88
(14.22), H, 5.62 (6.01). IR: ¥ = 1503 cm™~ ' (CN). 'H NMR (CDCl,,
500 MHz, 298 K): 6 9.64 (H4, s), 8.63 (HS, d, 2.4 Hz), 8.51 (H3, d, 2.4
Hz), 8.47 (H8, d, 2.4 Hz), 8.22 (H1, d, 1.9 Hz), 8.20 (H10, d, 1.9 Hz),
7.13 (H7,d, 1.7 Hz), 6.50 (H2, H9, m), 6.46 (H6, t, 2.5 Hz), 4.98 (H12b,
t,9.5 Hz), 4.89 (H18, d, 8.6 Hz), 4.86 (H12a, dd, 6.2 and 9.5 Hz), 4.53
(H13, dddd, 2.7, 6.2, and 9.5 Hz), 421 (H19, dt, 9.0 and 3.4 Hz), 2.45
(H20, m), 1.23 (H14, m), 1.17 (H21, d, 6.6 Hz), 0.94 (H22, d, 7.1 Hz),
0.73 (H15, d, 7.6 Hz), 0.46 (H16, d, 6.9 Hz). *C NMR (CDCl,, 500
MHz, 298 K): 0 158.6 ppm (C11,C17), 148.4 (C1), 146.8 (C10), 143.9
(C7), 1354 (C5), 134.6 (C3, C8), 108.9 (C2, C9), 108.5 (C6), 75.4
(C4),72.9(C12),72.2 (C18),71.1 (C19),69.9 (C13), 28.6 (C20),19.0
(C14),18.9(C22),18.7 (C15), 14.5 (C21), 14.4 (C16). E; ;, (CH,CL,)
=0.79 V vs SSCE. UV—vis (CH,CL): A0 nm (&, M~ ' em™ ') 2922
(89216), 326 (sh 6505), 464 (5204). For 20, yield: 43 mg (31%). Anal.
Found (Calcd.) for C;,H3;NgO5ClRu-2.5 CH;0H: C, 43.78 (43.83),
N, 1667 (16.65), H, 6.15 (6.44). IR: v = 1568 cm ' (CN). E,,
(CH,CL,) = 0.22 Vvs SSCE. UV—vis (CH,CL,): Ao nm (& M em ™)
285 (8400), 312 (7350), 413 (sh, 4500).
For the NMR assignment we used the same numbering scheme as
that for the X-ray structures displayed in Figure 1.
[Ru"(iPr-box-C)(tpm)OH,](PF), - 0.8 H,0, 3¢ 0.8H,0. A sam-
ple of AgPF¢ (16.9 mg, 0.067 mmol) was added to a solution of acetone:
H,0 1:2 (20 mL) containing 2c (40 mg, 0.051 mmol), and the mixture
was heated at reflux for 1.5 h. The precipitate of AgCl formed was filtered
off through a frit containing Celite, and the volume reduced in a rotary
evaporator under reduced pressure until a brown precipitate appeared.
The solid obtained was filtered through a frit, washed with cold water, and
dried with ether. Yield: 41.6 mg (95%). Anal. Found (Calcd.) for
Cy,H3,NgOsRuP,F, - 0.8H,0: C, 31.02 (30.66), N, 12.79 (13.00), H,
422 (3.93).IR: ¥ = 1507 cm ™' (CN). "H- NMR (dg-acetone, 600 MHz,
298 K): 0 9.67 (H4, s), 8.67 (HS, d, 2.8 Hz), 8.58 (H3, d, 2.1 Hz), 8.51
(H8, d, 1.9 Hz), 8.44 (H1, d, 1.9 Hz), 8.14 (H10, d, 1.9 Hz), 6.81 (H7, t,
2.5 Hz), 6.78 (H2, H9, m), 6.63 (H6, t, 2.5 Hz), 5.50 (H20), 5.20—5.12
(H12b, H18, H12a, m), 4.87 (H13, m), 4.3 (H19, m), 2.55 (H20, m),
1.20 (H14,m), 1.07 (H21,d, 6.7 Hz), 0.99 (H22, d, 7.6 Hz), 0.73 (H15, d,
7.0Hz), 0.53 (H16,d,7.0 Hz). E, /, (phosphate buffer pH="7) =0.38 V vs
SSCE. UV—vis (phosphate buffer pH = 7): A0 nm (&, M~ em ™) 275
(1863), 308 (sh, 1517), 421 (1327). UV—vis (CH,CL): Ay nm
(e, M~ ' em™") 277 (9810), 311 (8049), 417 (7070).
[Ru'(iPr-box-0)(tpm)OH,](PFs) - 1.1H,0, 30- 1.1H,0. A sam-
ple of AgPFs (23.8 mg, 0.094 mmol) was added to 15 mL of H,0O
containing 20 (49 mg, 0.073 mmol) and a few crystals of ascorbic acid,
and the mixture was heated at reflux for 3 h under N, atmosphere. AgCl
was filtered off through a frit containing Celite, and the volume reduced in
a rotary evaporator until the appearance of a yellow precipitate. The solid
obtained was filtered and washed with diethylether. Yield: 38.2 mg (71%).
Anal. Found (Calcd.) for C5,H33NgO4Ru- 1.1 H,O: C, 30.19 (29.88), N,
12.51 (12.67), H, 422 (4.01). IR: v = 1590 cm ' (CN). 'H NMR
(dg-acetone, 600 MHz, 298 K): ¢ 9.62 (H4, s), 8.62 (HS, d, 2.8 Hz), 8.59
(H8, d, 2.8 Hz), 8.54 (H3, d, 2.3 Hz), 8.47 (H7,d, 2.3 Hz), 8.24 (H10, d,
2.8 Hz), 7.86 (H1, d, 2.3 Hz), 6.74 (H6, t, 2.5 Hz), 6.69 (H9, t, 2.5 Hz),
6.62 (H2,t,2.5Hz),4.83 (H12, broads), 4.64 (H13,ddd, 3.3,7.6,and 8.8
Hz), 1.50 (H14, m), 0.73 (H1S, d, 7.2 Hz), 0.60 (H16, d, 6.4 Hz). E, ),
(phosphate buffer pH = 7) = 0.22 V vs SSCE. UV—vis (phosphate buffer
PH = 7): Apnao nm (g, M~ ' cm™ ') 289 (1947), 323 (2033), 400 (sh).
Instrumentation and Measurements. IR spectra were re-
corded on a Mattson Satellite FT-IR using a MKII Golden Gate Single
Reflection ATR System. UV—vis spectroscopy was performed in a Cary
S0 Scan (Varian) UV—vis spectrophotometer with 1 cm quartz cells.
pH measurements were done using a Micro-pH-2000 from Crison.
Cyclic voltammetry (CV) experiments were performed in a IJ-Cambria

Table 1. Crystal Data for Complexes 2c and 20

2c 20
empirical formula C,,H30NgO,CIRuBF, C,5H3oNzOsClIRu
Fw 661.87 668.16
cryst system monoclinic monoclinic
space group P2, P2,

a, A 7.497(2) 7.7404(18)
b, A 16.765(5) 17.076(4)
¢ A 11.495(4) 11.628(3)
Q, deg 90 90

p, deg 90.351(5) 97.103(4)
Y, deg 90 90

Vv, A3 1444.6(8) 1525.2(6)
formula units/cell 2 2

temp, K 300(2) 100(2)
A(Mo—Ka), A 0.71073 0.71073
Peales § em? 1.522 1455

R)* 0.0287 0.0374
wR,’ 0.0719 0.0741

“Ry = X||Fo| — |F||/SIF,|. "wRy = [Zw(F,> — F2)*/sw(F,’)’]"?,
where w = 1/[0*(E,>)+(0.0377P)*+1.65P] and P = (F,> + 2F.>)/3.

ICH-660 potentiostat using a three electrode cell. Glassy carbon disk
electrodes (3 mm diameter) from BAS were used as working electrodes,
platinum wire as auxiliary, and SSCE as the reference electrode. All cyclic
voltammograms presented in this work were recorded at a 100 mV/s
scan rate under nitrogen atmosphere. The complexes were dissolved in
previously degassed solvents containing the necessary amount of
supporting electrolyte to yield a 0.1 M ionic strength solution. In
dichloromethane, (n-BuyN)(PF¢), TBAH, was used as supporting
electrolyte. In aqueous solutions the pH was adjusted from 0 to 2 with
HC], and potassium chloride was added to keep a minimum ionic
strength of 0.1 M. From pH 2—10, 0.1 M phosphate buffers were used,
and from pH 10—12 diluted, CO, free, NaOH. All E, /, values reported
in this work were estimated from cyclic voltammetry as the average of
the oxidative and reductive peak potentials (E,, + E,.)/2. Unless
explicitly mentioned the concentration of the complexes was approx-
imately 1 mM.

NMR experiments were carried out on Bruker S00MHz and 600MHz
spectrometers. Samples were run in dg-acetone or CDCl;, and spectra
were calibrated using the residual solvent and/or tetramethysilane
signals. Elemental analyses were performed using a CHNS-O Elemental
Analyzer EA-1108 from Fisons.

Catalytic Oxidation Experiments. Catalytic essays have been
performed in dichloromethane dried over CaH, at room temperature
(RT). In a typical run, ruthenium catalyst (0.002 mmol), alkene
(0.2 mmol), and PhI(OAc), (0.4 mmol) were stirred at RT in
dichloromethane (2.5 mL) for 24 h. The end of the reaction was
indicated by the disappearance of solid co-oxidant. After addition of an
internal standard, an aliquot was taken for GC analysis. The oxidized
products were analyzed in a Shimadzu GC-2010 gas chromato-
graphy apparatus equipped with an Astec CHIRALDEX G-TA Column
(10 m X 025 mm diameter) incorporating a FID detector. GC
conditions: initial temperature 80 °C for 10 min, ramp rate 10°/min,
final temperature 170 °C, injection temperature 220 °C, detector
temperature 250 °C. All catalytic oxidations were carried out under
nitrogen atmosphere.

X-ray Structure Determinations. Suitable crystals of 2c and 20
were grown by slow diffusion of ether into a MeOH solution as dark red
needles or plates.
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Scheme 1. Synthetic Pathways and Labeling Scheme for Complexes Described in This Work

A 4+
[RUMCHR b0x-C)tpm)]* ——am [Ru'(R-b0X-C)(tpm)OHI2*

NEt,
[RuMCly(tpm)]

1

R-box-C +

2c

[Ru""CI(R-box-0)(tpm)]
20

3c

Ag*
— Ru"(R-box-0)({tpm)OH,]*
30

R= iPr; when R= Bz, analogous 2'c, 2'0, 3'ca, and 3'o complexes are obtained

Data Collection. Intensity data for 20 and 2c were collected at 100 and
300 K respectively on a BRUKER SMART APEX CCD diffractometer
using graphite-monochromated Mo Ka radiation from an X-ray Tube.
Full-sphere data collection was carried out with w and ¢ scans.

Structure Solution and Refinement. The structure was solved by
direct methods and refined by full-matrix least-squares methods on F>
using the Shelxs-97 and Shelxl-97 softwares, respectively. The non-
hydrogen atoms were refined anisotropically. The H-atoms were placed
in geometrically optimized positions and forced to ride on the atom to
which they were attached, except for the water molecule H atoms of 20
which were placed on the difference electron density map and refined
with an antibumping restraint of 1.50(1) A.

The crystallographic data as well as details of the structure solution
and refinement procedures are reported in Table 1. CCDC 827784 and
827785 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/conts/retrieving.html.

Computational Details. The density functional calculations were
performed on all the systems at the GGA level with the Gaussian09 set of
programs.’® The density functional theory (DFT) calculations were
carried out with the functional BP86 with the gradient corrections taken
from the work of Becke and Perdew."* The electronic configuration of
the molecular systems was described by the standard SVP basis set,
that is, the split-valence basis set with polarization functions of Ahlrichs
and co-workers, for H, C, N, and O."° For Ru we used the
small-core, quasi-relativistic Stuttgart/Dresden effective core potential
(standard SDD basis set in Gaussian 09) basis set, with an associated
(8s7p6d)/[6sSp3d] valence basis set contracted according toa (311111/
22111/411) scheme.'®

The geometry optimizations were performed without symmetry
constraints, and the nature of the extrema was checked by analytical
frequency calculations. Furthermore, all the extrema were confirmed
by calculation of the intrinsic reaction paths. The energies reported in
this work are Gibbs energies computed at 298 K in gas phase includ-
ing solvent effects. These latter effects were estimated in single point
calculations on the gas-phase optimized structures using the pola-
rizable continuous solvation (PCM) method and considering H,O as
the solvent."”

Calculations of the local Fukui functions were also performed. The
Fukui function'® is a reactivity index that connects the concepts of the
Fukui frontier orbitals with DFT. It was defined by Yang and Parr as the
partial derivative of the electron density with respect to the total number
of electrons with constant external potential or as the derivative of the
chemical potential with respect to the external potential keeping
constant the total number of electrons of the system:

1) = (5ui55). = <82(N7)>V(4)

7

(1)

Over the past years, Fukui functions have been used to explain the
regioselectivity in chemical reactions.'” The Fukui function describes
the local changes in the electronic density of a system due to a perturba-
tion in the total number of electrons. For a molecule or an atom, the
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derivative of the eq 1 is not continuous with the number of electrons
and difficult to evaluate.’® So, Parr and Yang18 defined the Fukui
functions: f7(r) and f~(r) corresponding to the reactivity indexes that
describe the attack toward our system by a nucleophilic or electrophilic
species, where the superscripts 4+ and — refer to the derivatives of the
right and left of the central part, respectively.

By applying the finite-difference approximation it is easily shown that
the Fukui functions can be obtained from density differences. If these
functions are condensed to the specific atomic regions of the three-
dimensional (3D) molecular space we obtain the condensed Fukui
functions:

fx+ = Qx(N+ 1) - qx(N) (2)

i = a:(N) —gq.(N—-1) 3)

where the parameters ¢, are the charges of the atom X calculated in the
systems with N, N — 1, and N + 1 electrons keeping the optimized
geometry of the molecule with N electrons. In this work, we have used
charges derived from Natural Population Analysis (NPA) to calculate
the condensed Fukui functions.*"

B RESULTS AND DISCUSSION

Synthesis and Solid State Structure. The synthetic strategy
followed for the preparation of the complexes described in the
present paper is outlined in Scheme 1.

The trichloro Ru complex [Ru™'Cl;(tpm)], 1, is used as
starting material, followed by reduction with NEt; in the
presence of the bisoxazolinic ligand, iPr-box-C, to form the
corresponding monochloro Ru(I) complex 2c. However, the
reaction leads to a mixture of two complexes: the expected 2c and
a second chloro complex, 20, where the oxazolinic ligand has
suffered a nucleophilic attack by an OH™ group, leading to ring
cleavage and thus generating the new anionic unsymmetric
oxazolinic-amidate ligand iPr-box-O™ (see Chart 1). This ring-
opening is attributed to a Ru-assisted process once the oxazoline
ligand is coordinated, because of an enhancement of the iminic C
atom electrophilicity upon coordination as has previously been
described by our group.” These Ru—Cl complexes are easily
separated by column chromatography since 2c¢ is cationic
whereas 20 is a neutral complex. The corresponding Ru—OH,
complexes 3 are easily obtained from the corresponding Ru—Cl
complexes in the presence of stoichiometric amounts of Ag™.
The X-ray diffraction structures for both chloro complexes have
been resolved, and the corresponding crystallographic data and
selected bond distances and angles are reported in Table 1 and
Supporting Information, Table S1. ORTEP views together with
their labeling schemes are depicted in Figure 1.

In all cases, the Ru metal center adopts an octahedrally dis-
torted type of coordination where the tpm ligand is bonded in a
facial manner and the iPr-box-C and the iPr-box-O™ oxazoline
ligands act in a didentate fashion. The facial topology of the tpm
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Table 2. UV—vis Spectroscopic Features in CH,Cl, for the
Ru—Cl Complexes and in Aqueous Solution for the Ru-Aquo
Complexes

Amapy DM

compound assignment (g, M 'cm ')

[Ru"Cl(Bz-box-C)(tpm)](BE,), 2'c*  a—a* 271 (9900), 326 (7200)
dr—m* 468 (6400)

[Ru"Cl(Bz-box-O)(tpm)], 2’0" a—m* 270 (6900), 335 (sh)
dm—* 388 (8600)

[Ru"CI(iPr-box-C)(tpm) ] (BE,), 2¢ 292 (8916), 326

(sh, 6505)
dm—m* 464 (5204)
[Ru"CI(iPr-box-O)(tpm)], 20 m—m* 285 (8400), 312 (7350)

dm—m* 413 (sh, 4500)
[Ru"(Bz-box-C)(tpm)OH,](BF,),, 3'c* w—a* 263 (9800), 310 (sh),

dm—m* 423 (4150)
[Ru"(Bz-box-O) (tpm)OH,](BE,) 3’0" a—x* 260 (6210), 330 (5250)

dm—m* 387 (sh)
[Ru"(iPr-box-C)(tpm)OH, ] (BF,) 3¢ w—a* 275 (1863), 308

(sh, 1517)

dmr—m* 421 (1327)
[Ru"(iPr-box-O) (tpm)OH,](BE,) 30 w—x* 289 (1947), 323 (2033)

d—m* 400 (sh)

“Reference 9.

ligand forces that in both cases the chloride ligand coordinates
cis to the oxazoline ligands. All bond distances and angles are
within the expected values for this type of complexes.”> The 3D
arrangement of molecules in complex 2¢ displays a network of
intermolecular H-bonding interactions (with interatomic dis-
tances below 2.75 A, see Supporting Information) involving the
chloride ligand as well as the PFs~ counterions of the structure.
The close contact of each Cl ligand with a tpm H atom of the
neighboring molecule allows the establishment of one-dimen-
sional (1D) chains in the a axis direction that are joined together
through the PFs  anions.

The X-ray structure of complex 20 presents C17—02 and
C17—N8 bond distances (see Figure 1b) of 1.266 and 1.320 A,
respectively, that are consistent with an intermediate situation
between the two resonant forms of the amidate ligand,9 therefore
pointing to a charge delocalization through the NCO backbone:

N, O e
OH o) OH
/’ - \,
U

(I

Spectroscopic Properties. The combination of 1D and 2D
NMR spectra, registered in dg-acetone or CDCl;, allows to
unambiguously identify the resonances of all the protons for
complexes 2¢ and 3c. The NMR assignment is described in the
Experimental Section and is consistent with the structures found
in the solid state as expected for a Ru(II) d° type of ion. However,
for complexes 20 and 30 some of the expected resonances either
appear as wide signals or are missing because of dynamic effects
arising from the open oxazole ring in the iPr-box-O ligand. In

solution, none of the complexes described in this paper possesses
any symmetry element so all the resonances of the ligands are
expected to be different as confirmed experimentally. The
complete 1D and 2D NMR characterization of complexes 2c,
20, 3¢, and 30 is presented in the Supporting Information.

In the case of Ru—H,0O complex 3¢, the 'H NMR spectrum
registered in dg-acetone (Supporting Information) shows a
splitting of the signals which is consistent with the presence of
two different species. A study on the evolution of the resonances
with time reveals the presence of a main species corresponding to
the aqua complex 3¢ together with a new complex, resulting from
the substitution of aqua by acetone coming from the solvent.

The UV—vis spectra of all complexes are displayed in the
Supporting Information whereas their main features are pre-
sented in Table 2 together with other similar complexes recently
described by our group.”

The complexes exhibit ligand based m—a* bands below
350 nm and relatively intense bands above 350 nm assigned
mainly to d7—s* MLCT transitions. For the Ru—Cl complexes
the MLCT bands are shifted to the red with regard to the
analogous Ru—OH, species because of the relative destabiliza-
tion of the dm(Ru) levels provoked by the chloro ligand. In
particular, the replacement of the Cl ligand by aqua (3c vs 2¢ or
30 vs 20) produces a blue shift of roughly 13—43 nm. The
replacement of benzyl by isopropyl groups in the oxazolinic
ligand does not reveal any important change in the bands of the
UV—vis spectra for the complexes having the closed ligands (2c
vs 2'cor 3cvs 3'c), but a slight bathochromic shift is observed for
complexes containing the iPr-box-O ligand (20 and 30) with
regard to the analogous with Bz-box-O (2’0 and 3'0), which is in
accordance with the higher electron-donor character of the iPr
substituent when compared to Bz. This indicates that the open-
ing of the oxazole ring seemingly allows a more effective
transmission of the electron density from the oxazoline substit-
uents to the metal center in Ru(II) species.

Redox Properties. The redox properties of the Ru—Cl and
Ru-aqua complexes described in the present work were investi-
gated by means of CV techniques. All cyclic voltammograms are
shown in the Supporting Information, Figure S7.

The cyclic voltammograms of chloro complexes 2¢ and 2o,
registered in CH,Cl,+0.1 M TBAP, exhibit chemically reversible
waves assigned to the corresponding Ru(III/II) couples. For
complex 2c¢ this wave appears at E; ;, = 0.79 V vs SSCE, whereas
for the complex 20 this wave is cathodically shifted to E; ,, = 0.22
V, as expected from the higher electron-donating capacity of the
anionic iPr-box-O ™ ligand with regard to the neutral iPr-box-C. If
we compare these redox potentials with those corresponding to
the analogous chloro complexes having the Bz-Box-C and Bz-
Box-O oxazolinic ligands, 2'c (E;/, = 0.83 V) and 2’0 (E, ), =
0.24 V), we can see that complexes 2c and 20 display a slight
cathodic shift of 40 and 20 mV respectively because of the
stronger electron-withdrawing capacity of the benzyl groups with
regard to the iPr groups. It is interesting to note that the dis-
tinctive electronic effects of the iPr/Bz substituents were man-
ifested in the UV —vis spectra only for complexes containing the
open R-box-O ligands thus indicating that oxidation of the Ru
metal center may enhance the electronic influence exerted by the
substituents of the closed R-box-C ligands.

The redox potentials for the Ru-aqua complexes 3¢ and 3o are
summarized in Table 3 together with other relevant Ru-aqua
complexes previously described in the literature for purposes of
comparison.”””
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Table 3. pK, and Electrochemical Data (pH = 7) for the
Aquocomplexes Described in This Work and Others for
Purposes of Comparison

complex” E, /217 E, /217
entry (T)(D)Ru—OH, (II/I) (IV/II) AE pK,(I) pK,(I) ref

1 tpm-bpy 040 071 310 108 19 23
2 tpm-Bzbox-C,3'c 038 >10 18 9
3  tpm-Bzbox-O,30 017 037 200 110 39 9
4 3c 0.38 >12 18 A
5 3o 0.16 10.5 23 ¢
6 trpy-bpy 049 062 130 97 17 23b
7 trans-trpy-pic 0.21 045 240 10 2 12
8  cis-trpy-pic 038 056 180 10 37 12
9  trpy-acac 0.19 0.56 370 112 52 24

T stands for tridentate ligand whereas D for didentate; acac = acetylacetonate,
pic = picolinate. ” Redox potentials in volts are reported with regard to
the SSCE reference electrode. “ AE = E, ,,(IV/III) — E, ;,(III/II) in mV.
“ This work.

The aquocomplexes' redox potentials are pH dependent be-
cause of the capacity of the mentioned aqua ligand to lose pro-
tons. This ability to release H' is also responsible for the easy
accessibility of Ru higher oxidation states as shown in the follow-
ing equation as an example,

[Ru" (iPr-box-C) (tpm) (OHZ)]2Jr
= [Ru"(iPr-box-C) (tpm) (OH)]*" + 1e” + 1H'

The complete thermodynamic information regarding the Ru-
aqua type of complex can be extracted from the Pourbaix
diagrams, exhibited in Figure 2 for 3¢ and 3o.

For complex 3c the absence of information in the Pourbaix
diagram above pH = 12 is presumably because at this high pH the
hydrolysis of the oxazolinic iPr-box-C liigand is taking place.” The
pK, values for the Ru"—OH, and Ru™"—OH, species, gathered
in Table 3, can be calculated from the slope breaks of the Ru'""/
Ru" couple.

A careful study of Table 3 allows extracting the following
conclusions: (a) as shown in entries 1, 2, and 4, the replacement
of abpy by a Bz-box-C or iPr-box-C ligand produces a decrease of
20 mV of the Ru(III/II) redox couple because of the lower
electron-withdrawing capacity of the oxazolinic ligand vs the bpy
ligand. A similar effect is observed when comparing similar
complexes but replacing trpy by tpm as for instance in entries
1 and 6; (b) entries 4 and S show the cathodic shift of 220 mV
produced by the replacement of a neutral oxazolinic ligand with
the corresponding hydrolyzed anionic ligand because of stabili-
zation of Ru(IIl), as was the case for the previously described
complexes 3'c and 3’0 (entries 2 and 3). This behavior is also
found when comparing Ru-trpy-bpy (entry 6) with the analogous
picolinate and acetylacetonate complexes (entries 7—9); (c) the
replacement of a benzyl substituent by iPr does not produce any
change in the Ru(III/II) couple of complexes 3c and 3'c and only
a slight variation of 10 mV in the case of complexes 30 and 3'o,
then suggesting that for aquocomplexes the redox behavior is
predominantly governed by the protonation/deprotonation pro-
cesses at the aquo ligand; (d) In all cases, the exchange of an
anionic ligand by a neutral ligand slightly affects pK,; but
strongly influences pK, i;. This can be interpreted in the sense

RU"I-Hzo

Ru"-OH

Ei (V)

0,3 Ru'-H,O

(b)

Eiz2 (V)

Figure 2. E,/, vs pH or Pourbaix diagram of complexes 3c (a) and 30
(b). The pH-potential regions of stability for the various oxidation states
and their dominant proton compositions are indicated.

that the higher the oxidation state, the stronger the o donation
capability provided by the anionic ligand.

Catalytic Epoxidations. The catalytic activity of the ruthe-
nium complexes 3¢ and 30 together with other aquocomplexes
previously synthesized in our group, 3'c and 3’0, was investigated
in the epoxidation of different alkenes given the interest of the
epoxidation reaction in both bulk and fine chemistry that use
epoxides as starting materials for a variety of reactions.”

Initial assays were performed with trans-stilbene as test sub-
strate using the following conditions: CH,Cl, as solvent; PhI-
(OAc), as oxidant; catalyst:substrate:oxidant molar ratio of
1:100:200. The results obtained are gathered in Table 4 together
with other Ru-oxazoline complexes for purposes of comparison.”
No epoxidation occurred in the absence of catalyst in any case.

A first glance at Table 4 shows that in all the cases the main
product formed is trans-stilbene oxide (TSO) with minor
amounts of benzaldehyde (BzA) and that the catalysts bearing
the closed oxazolinic rings are in general more active than those
containing the open rings. Also, catalysts bearing the facial tpm
ligand (entries 1—S) are markedly more active than those
containing the meridional trpy (entries 6 and 7). The difference
between pairs of analogous complexes with open/closed ligands
is specially pronounced when comparing complexes 3'c and 3’0
(entries 1 and 2), and this effect has already been explained” as a
consequence of 7T-stacking effects between the substrate and the
CH,Ph substituents of the Bz-box-C ligand. This kind of inter-
actions can only take place in the case of catalyst 3'c given the
high mobility of the benzyl arm in the hydrolyzed ring of 3’0 that
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leads to a clearly better performance for the former. However, for
the case of the analogous complexes 3¢ and 30, where 7-stacking
cannot occur, a rather small difference in reactivity is observed
(entries 3 and S). Finally we can perceive that, under dark con-
ditions (entry 4), catalyst 3c is slightly more active in the
epoxidation of trans-stilbene leading also to the best epoxide/
benzaldehyde ratio. To the best of our knowledge our Ru-oxazo-
line complexes are among the most selective ruthenium catalysts
described in the literature for the oxidation of trans-stilbene,”**’
even though the experimental conditions are not identical to
those reported previously.

With the aim to investigate the influence of the different sub-
stituents at the oxazolinic ligands in the reactivity of ruthenium
complexes, we decided to test 3'c and 3¢ in the epoxidation of cis-
p-methylstyrene and 4-vinylcyclohexene under the same experi-
mental conditions. The results are gathered in Table S, where the
main product formed is the corresponding epoxide with minor
amounts of other oxidation products such as benzaldehyde.

Both complexes display a good performance and selectivity
except for the epoxidation of 4-vinylcyclohexene with complex
3¢, where a moderate activity is obtained. The selectivity for
the epoxide in the oxidation of cis-3-methylstyrene is moderate
in both cases, but it is remarkable that only the cis epoxide is

Table 4. Catalytic Oxidation of trans-Stilbene by Ru-Aqua
Complexes Using PhI(OAc), as Oxidant”

conversion,  selectivity, ratio epoxide/
entry cat % %" benzaldehyde”
1 3¢ 68.9 89 3.9
2 3o 345 96 123
3 3¢ 5§.2 8§ 19.6
4 3¢ 62.5 87 226
S 3o 51.2 81 17.7
6 trpy-Bz-box-C* 16.3 82 2.4
7 trpy-Bz-box-O° 155 81 2.1

“ Reaction conditions: catalytic oxidations were performed by dissolving
the Ru-aqua complex (0.002 mmol) in degassed dichloromethane
(2.5 mL) containing trans-stilbene (0.2 mmol) and PhI(OAc), (0.4
mmol). The reaction mixture was stirred at RT for 24 h. After addition of
an internal standard, an aliquot was taken for GC analysis. * Selectivity
for epoxide, [yield/conversion] x 100.“ Assuming that two molecules of
benzaldehyde come from the scission of a single stilbene molecule. “ In
the dark. “Ref 9.

produced, with no traces for the isomerization toward the trans
diastereoisomer. This is in agreement with either a potential
O-atom transfer concerted mechanism or a stepwise mechanism
with a short life intermediate having a half-time smaller than the
time required for the rotation of the attacked C—C bond.*®
Similar results had been observed with several ruthenium com-
plexes with nitrogen-donor ligands.27b’29

For 4-vinylcyclohexene, complex 3'c leads to good conver-
sions and a very high regioselectivity for oxidation of the
substrate at the alkene ring position whereas complex 3¢ has
been shown to be regiospecific for the oxidation of the terminal
vinyl position, with a moderate conversion. To the best of our
knowledge, the selective epoxidation at the terminal position of
this substrate has never been reported with ruthenium aqua
complexes, although regioselective catalysts for alkene car-
bon—carbon bond cleavage to form aldehydes with 51gn1ﬁcant
preference for primary alkenes have been described.*® The
different behavior shown by the two catalysts cannot be ex-
plained in terms of steric hindrance since complex 3'c, having a
benzyl substituent at the box-C ligand, should in advance exhibit
a certain preference for the less hindered terminal alkene.
Thermodynamic effects arising from the redox behavior of the
catalyst can neither be invoked here because, as has been
described previously, the substituent (iPr or benzyl) of the
oxazoline ligand has no apparent effect on the redox potentials.
The significant influence of this substituent on the reactivity of
the catalysts can then be explained by distinctive electronic
effects that may tune the electrophilic/nucleophilic character of
the intermediate species involved in the catalytic cycle, thus
governing the preference for a less electron-rich substrate in the
case of catalyst 3c. This unusual reactivity difference depending
on the substituents of the oxazolinic ligand led us to carry out a
theoretical analysis of the reaction mechanisms for the different
possible attacks to rationalize the reactivity differences observed.

Computational Results. We have initially performed DFT
calculations on the geometry of 2c¢, and the optimized structure
obtained is overall in excellent agreement with the X—ray struc-
ture (rmsd 0.024 A on dlstances and 0.8° on angles).”" As in
previous similar studies,”” the DFT approach that we chose is
able to offer reliable geometries of reactants, intermediates, and
products. Starting from the Ru-oxo species obtained from the
oxidation of the Ru—OH, complexes 3c and 3'c we analyzed
the epoxidation at the different alkene sites of the 4-vinylcyclo-
hexene substrate. Different epoxidized Ru-coordinated species

Table 5. Catalytic Performance of 3'c and 3c for the Epoxidation of cis-3-Methylstyrene and 4-Vinylcyclohexene Using PhI(OAc),

as Oxidant”

complex p'c Be
alkene i[Conversion [Selectivity Conversion [Selectivity
%) (%)" (%e) (%)"
AN
100 65¢ 100 50¢
— 75 29
| 74.1 212
(97.4/2.6) (0/100)°

“ Reaction conditions: catalytic oxidations were performed by dissolving the Ru-aqua complex (0.002 mmol) in degassed dichloromethane (2.5 mL)
containing the alkene (0.2 mmol) and PhI(OAc), (0.4 mmol). The reaction mlxture was stirred at RT for 24 h. After addition of an internal standard, an
aliquot was taken for GC analy51s All the experiments have been done in the dark. * Selectivity for epoxide, [yield/conversion] x 100. “ For both catalysts

100% of cis-epoxide is obtained. ¢ Ratio [ring epoxide/vinyl epoxide].
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(a)

0.0 0.3

(b)

0.0 0.1

Epoxide at the terminal alkene Epoxide at the cyclohexene

Figure 3. Relative energies (in kcal/mol) of the epoxidized Ru-coordinated species formed in the epoxidation of 4-vinylcyclohexene through either the
terminal alkene or the ring by [Ru™O(tpm) (R-box-C)]*" complexes, R = Bz, 4'c (a) and R = iPr, 4c (b).

(a)

d i ; 12651

1.944:

24.7 24.4

(b)

24.3 25.8

Epoxide at the terminal alkene Epoxide at the cyclohexene

Figure 4. Transition states of the rate determining step with the main geometric parameters and energy barriers (in kcal/mol) for the epoxidation of
4-vinylcyclohexene through either the terminal alkene or the ring by [Ru" O(tpm)(R-box-C)]** complexes, R = Bz, 4'c (a) and R = iPr, 4c (b).

corresponding to the two possible attacks and different con- kcal/mol) that they cannot be used to provide an explanation of
formations were obtained from which the most stable ones are the different behavior observed.
collected in Figure 3. The BP86 calculated energy differences The formation of the epoxide at the terminal alkene is exergon-

between the two possible products are so small (less than 0.3 ic by 7.6 and 5.9 kcal/mol for 4'c (R = Bz) and 4c (R = iPr),
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Figure 5. Condensed Fukui f" values on the 4-vinylcyclohexene.

respectively, with respect to the reactants, that is, the 4-vinylcy-
clohexene and the triplet oxo conformation of the corresponding
[Ru"O(tpm)(R-box-C)]** catalyst. The mechanism involves
two steps. First the formation of a C—O bond, that is, the oxo
group of the catalyst binds to one carbon atom of the attacked
C=C double bond. This step involves the transition states (TS)
displayed in Figure 4 that have in all cases a triplet ground state,
the lowest-lying singlet excited state being about at least 5 kcal/
mol higher in energy. The crossover from the singlet to the triplet
surface should be possible through spin—orbit coupling. It is
likely that the calculated barrier of about 25 kcal/mol for this step
is somewhat overestimated, because the entropic contribution
of the solute has been calculated in the gas-phase,® and it is
well-known that AS,,; and AS,.,,s are larger in the gas-phase
than in solution where rotation and translation are much more
constrained.***?

Overall, the different reactivity of 4'c and 4c can be discussed
through the relative energy stability characterized by this first
transition state (see Figure 4). For 4’c the interaction of the oxo
species with the C=C double bond of the cyclohexene it is favored
by only 0.3 kcal/mol with respect to the C=C double bond of the
terminal alkene. The barriers are 24.4 and 24.7 kcal/mol for the
ring and terminal alkenes, respectively, calculated with respect to
separated reactants. This is in line with the observed preference of
4'c for attacking the C=C double bond of the ring. The small
difference between energy barriers concurs with the fact that some
epoxidation occurs also on the terminal alkene (see Table ). For
4c this energy difference increases to 1.5 kcal/mol (the barriers are
24.3 and 25.8 kcal/mol for the attack at the terminal alkene and the
cyclohexene, respectively) and this agrees with the fact that 4c
epoxidizes only the terminal alkene.

The intermediate species that result from the formation of the
new C—O bond display a triplet ground state. For 4'c, these
intermediates are placed 22.4 and 23.3 kcal/mol higher in energy
with respect to the final epoxidized species for the cyclic and
terminal alkenes, respectively, whereas for 4c the corresponding
values for ring and terminal epoxidation are in the order of 22.8
and 23.2 kcal/mol. Single-point energy calculations of these
intermediates in the singlet state indicate that the singlet state is
an excited state destabilized with respect to the triplet ground
state by about 6 kcal/mol. All attempts to perform a geometry
optimization of these intermediates with a singlet multiplicity led
to the final epoxidized products in their singlet ground state. On
the other hand, we have located the transition states that guide
the formation of the epoxide, that is, the formation of the second
C—O bond, in the triplet state surface. These TSs have energy
barriers of about 16 and 19 kcal/mol for 4'c and 4c, respec-
tively. A single-point energy calculation of the singlet state at the

geometry of these TS shows that the singlet state is the ground
state at this geometry and that it is stabilized by more than 2§
kcal/mol with respect to the triplet state. Geometry optimiza-
tions of these transition states in the singlet state collapsed to the
product. This means that once the intermediate crosses from the
triplet to the singlet potential energy surface (a crossing that
should take place near the triplet intermediate with an energy
cost smaller than 6 kcal/mol and that should be possible through
spin—orbit coupling), it evolves directly to the final product in a
barrierless process. Therefore, the first step is the rate-determin-
ing step of the epoxidation process and is consequently the one
that governs the selectivity of the epoxidaton either on the ter-
minal or the ring alkene.

We have also performed calculations of Fukui functions at the
C=C double bonds of the substrate and at the oxo groups of
both complexes. Fukui functions are useful to predict the
reactivity of different atoms in a substrate toward a nucleophile
or an electrophile.'"'” In principle the catalyst should attack
nucleophilically, through the oxo group, one of the two C=C
bonds of the substrate, that is, the study involves the calculation
of the f" for the four carbon atoms contained in both alkene
groups of the substrate. The f'values on the carbon atoms of the
C—C double bonds are displayed in Figure S. In average the
terminal alkene displays higher regional Fukui functions toward a
nucleophilic attack. On the other hand, when looking at the other
agent, that is, the catalyst, we should pay attention to the f~ on
the oxygen atom. The values of f are 0.013 and 0.105 for the
catalysts containing benzyl and iPr groups, respectively. This
important difference reveals that the system with iPr groups is
significantly more nucleophilic.

From this static reactivity picture, one can conclude that the
iPr system should have a larger preference for the C=C bond
with the highest f values from an electronic viewpoint. On the
other hand, the benzyl system should be less selective and have
more difficulties to distinguish, from an electronic point of view,
between the two C=C double bonds. In fact, this agrees with the
higher preference of the iPr system toward the terminal alkene.

B CONCLUSIONS

We have synthesized a new family of Ru—OH, complexes
where the alkylic iPr groups on the oxazolinic ligand do not have
any remarkable influence on the spectroscopic and redox proper-
ties when compared to the analogous complexes containing Bz
substituents but surprisingly determine a remarkable modification
in the reactivity of these complexes toward the epoxidation of
alkenes, with 3¢ being the first Ru catalyst capable to specifically
epoxidize the terminal alkene of 4-vinylcyclohexene. The BP86
computed energy barriers of the first (and rate-determining) step
corresponding to the interaction of the alkene groups with the
catalytic systems bearing benzyl or isopropyl groups are in line
with the different behavior observed in this regioselective epoxida-
tion. Furthermore, calculations based on condensed Fukui func-
tions reveal that the electronic factors play a key role and help to
provide an explanation for the unexpected reactivity differences
observed.

B ASSOCIATED CONTENT

© Supporting Information. Additional spectroscopic, elec-
trochemical data and full computational material, together with
crystallographic information files. CIF for 2¢ and 20 have CCDC
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nos. 827784 and 827785 respectively. This material is available
free of charge via the Internet at http://pubs.acs.org. The
supplementary crystallographic data can also be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union
Road, Cambridge CB2 1EZ, U.K; fax +-44 1223 336033 or E-mail
deposit@ccdc.cam.ac.uk).
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