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The relevance of the fluorine interactions in the supramolecular structure
of a complex constructed from copper(II) hexafluoroacetylacetonate and
the 40-(3-pyridyl)-2,20:60,200-terpyridine ligand. Novel C–F/p synthons
involving the p-system of the terpyridine moieties and those of the
hexafluoroacetylacetonate chelate rings
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A B S T R A C T

Reaction of 40-(3-pyridyl)-2,20:60 ,20 0-terpyridine (pyterpy) with Cu(hfacac)2 (hfacac = hexafluoroacety-

lacetonate) led to the formation of the novel compound [Cu3(hfacac)4(m-pyterpy)2][Cu(hfacac)3]2 (1).

The structure is composed of a trinuclear [Cu3(hfacac)4(m-pyterpy)2]2+ cation and two [Cu(hfacac)3]�

anionic species. The cation consists of a chain of three CuII atoms connected by bridging pyterpy ligands.

The [Cu(hfacac)3]� anions have the hfacac ligands coordinated in their usual chelating manner through

their carbonyl O donors. Besides the coulombian forces, the ionic species are fixed by C–H� � �O, C–H� � �F,

F� � �F and a variety of unusual inter-ion C–F� � �p interactions that control the packing motif. These

p-interactions involve the terpyridine groups from the pyterpy ligand and the five-membered rings of

the chelating hexafluoroacetylacetonate anions.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Supramolecular chemistry is one of the most active areas of
research in modern chemistry. The incorporation of new functional
ligands such as 2,20:60,20 0-terpyridine (terpy) and its derivatives
into supramolecular assemblies by transition metal complexation,
creating novel materials with useful chemical and physical
properties, appears as one important challenge in this field [1,2].
In this sense, the pyridyl-substituted ligands 40-(n-pyridyl)-
terpyridine (n = 2, 3 or 4) have been studied and found that they
can act as bridging N-donor ligands using its tridentate terpyridyl
fragment and the monodentate n-pyridyl moiety [3–11]. In
particular, only recently, the bridging mono-tridentate capacity
of the 40-(3-pyridyl)-2,20:60,20 0-terpyridine (pyterpy, Scheme 1)
ligand has been tested. More specifically, the reported examples
showing this capacity appear in homometallic polymers [3–5],
heterobimetallic polymers [6,7] and trinuclear heterobimetallic
species [6]. Besides, solid state studies show that a significant
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group presenting weak intermolecular interactions is the one
involving the pyterpy ligand in a p–p stacking between
neighboring pyridyl rings [4,6]. We present herein the crystal
and supramolecular structure of a novel complex, [Cu3(hfacac)4(m-
pyterpy)2][Cu(hfacac)3]2 (1), with the pyterpy ligand connecting in
a mono-tridentate way the metal centres of the cation component,
producing a singular trinuclear homometallic unit. In this
compound the usual p-stacking contacts involving the pyterpy
ligand are not present, but instead, the presence of the CF3 groups
from the hfacac ligand allows a prominent intervention of the p-
rings through a series of C–F� � �p(pyridyl, pyridyl-chelate or
hfacac-chelate rings) interactions.

2. Results and discussion

2.1. Synthesis

Complex 1 was isolated by the reaction of an excess of
Cu(hfacac)2�H2O with pyterpy in a dichloromethane solution.
Slow evaporation of the solution at room temperature afforded
dark green blocks suitables for single crystal X-ray analysis.

mailto:jgranifo@ufro.cl
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http://dx.doi.org/10.1016/j.jfluchem.2009.10.016


Table 1
Selected geometric parameters (Å) for 1.

Cu1–O15 1.975(4) Cu2–O24 2.170(4)

Cu1–N46 2.011(5) Cu3–O23 1.952(4)

Cu1–O25 2.277(4) Cu3–O12 1.981(4)

Cu2–N26 1.903(5) Cu3–O13 1.986(4)

Cu2–O14 1.922(4) Cu3–O21 2.006(5)

Cu2–N16 2.017(5) Cu3–O11 2.219(5)

Cu2–N36 2.022(5) Cu3–O22 2.228(4)

Scheme 1. Structure of the pyterpy ligand.
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2.2. Coordination geometry and bonding

Fig. 1 shows a structural diagram of compound 1, the core of the
whole group is located in the central copper atom Cu1, which lays
on a symmetry centre; as a result the independent unit is just one
half of the reported formula. The trinuclear cationic species (which
includes Cu1, Cu2 and Cu2i, (i): (1 � x, 1 � y, 1 � z)) evolves around
the centrosymmetric octahedral Cu1 centre, to which the 3-pyridyl
group of pyterpy (through its unique nitrogen atom N46) and a
Fig. 1. Structural diagram of 1 showing the numbering scheme used, applied only to the in

full bonds, at a 30% probability level). Fluorine and hydrogen atoms have been omitted f

1 � z.
chelating hfacac (through O15 and O25) bind. The resulting
octahedral geometry is rather regular, showing the usual Jahn–
Teller distortion with the apical Cu1–O25 bond being 14% longer
than the remaining two, very similar, basal ones (Table 1). Cu2, in
turn, is pentacoordinated into the shape of a slightly distorted
square pyramid, by the tridentate portion of the pyterpy
(k3N,N0,N0 0) ligand and a chelating hfacac (k2O,O0). The least
squares plane through the basal atoms (N16, N26, N36, O14) leaves
the metal 0.22(1) Å away towards the apical direction, a line
almost perpendicular to the base, only 6.8(1)8 away from the plane
normal. This ‘‘out-of-plane’’ positioning of the cation has the effect
of forcing the terpyridyl core into a slightly concave shape by
driving the three pyridilic rings significantly out of parallelism
(dihedral angles between pyridil rings: (Py(N16), Py(N26): 9.4(1)8;
Py(N36), Py(N26): 16.5(1)8). The fourth-pyridyl group, in turn is
appreciably rotated around the C86–C166 bond (Py(N26),
Py(N46): 32.1(1)8).

The mononuclear [Cu(hfacac)3]� anionic part is built up around
Cu3 (Fig. 1), which presents an octahedral coordination given by the
six oxygen atoms from three chelating hfacac ligands. Its ‘‘propeller
like’’ geometry does not differ from previously reported ones in other
equivalent [Cu(hfacac)3]� units [12], either in its coordination
distances (including the Jahn–Teller axial deformation of a rather
regular octahedral environment) or its interatomic angles. The
similarities include the presence of far-from-negligible ‘‘slanting’’
angles (defining as such the ‘‘inclination’’ with which the ligand
approaches the cation and measures by the dihedral angle
subtended by the O–Cu–O coordination plane and the ligand mean
plane) (range for 1: 4.2(1)–25.2(1)8). These angles are usually
significantly different from zero for [Tr(hfacac)3]� units [13–16] but
not, for instance, for their [Tr(acac)3]� counterparts, where acac:
acetylacetonato and the terminal groups are CH3 [17–19]. It is
tempting to ascribe the reasons behind these different behaviours to
the intermolecular interactions to which the terminal CF3 groups are
involved, either as C–H� � �F, C–F� � �p or C–F� � �F–C, thus dragging the
very labile ligand orientation out of their coordination planes, much
in the way as a door is easily moved on its hinges (see Section 2.3.4).
dependent part of the coordination polyhedron (drawn in full thermal ellipsoids and

or clarity. Cg(I) refers to the ring centre-of-gravity. Symmetry code: (i) 1 � x, 1 � y,



Fig. 2. Packing view of 1 along the a-axis showing the way in which ionic columns dispose. Cationic columns, in bold lining; anionic ones, in simple lining. For clarity, fluorine

and hydrogen atoms have been omitted.
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The coulombian forces arising between ions constitute
the strongest and definitory stabilizing interactions. The
effect of the latter is that both the anionic groups (centred
at Cu3) and the cationic fragments (centred at Cu2, at both
sides of the neutral polyhedron built up around Cu1) pile up
Fig. 3. Packing diagram showing the cation–cation CF/p interac
along the short a-axis to form either positively or negatively
charged columns in such a way that in the remaining two
crystallographic directions (b and c) an alternating sequence
of positively and negatively charged columns is found
(Fig. 2).
tions in 1. For clarity, hydrogen atoms have been omitted.
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2.3. Solid state weak interactions

Despite the prevalence of the coulombian forces in 1, the crystal
packing is notably influenced by the presence of the weak
interactions referred as C–F/p, F� � �F, C–H/F and C–H/O. In this
regard, the packing can be rationalized taking into account the
pivotal action of the rare C–F/p non-covalent interactions, which
are able to connect the ionic species, either of the same or the
opposite charge, by using the p-systems provided by five- or six-
membered rings. Some CF3 units in the structure were found
disordered with the fluorine atoms over two positions with
different degree of occupancy (see Section 4.2); however, in the
special cases where C–F/p interactions are present the F atoms
appear completely ordered, thus suggesting a stabilizing effect for
the interaction.

2.3.1. Intercationic C–F/p interactions

The [Cu3(hfacac)4(m-pyterpy)2]2+ cations are connected
through five C–F/p interactions employing the fluorine atoms of
CF3 groups provided by the hfacac ligand (Fig. 3). The C–F/p
interactions are described as C–F� � �Cg (Cg refers to the ring
centroid). They can be classified in two groups based on the p-ring
system type: Cg(pyridyl) and Cg(pyridyl-chelate ring) (Table 2). In
the first group there are two interactions, F54A� � �Cg4 and
F54B� � �Cg5, with observed distances of 3.135 and 3.485 Å,
respectively. These F� � �Cg(pyridyl) values agree with the pre-
viously communicated interval in organic species containing
fluorinated aromatic rings, where the distances F(CF3)� � �Cg(ArF)
span the range 2.996–3.532 Å [20]. It has been suggested that
C–F� � �p(perfluorinated ring) interaction takes place by a contact
between the electronegative fluorine and the electropositive
centre of the perfluorinated ring [21]. The argument of the positive
ring centre is based on its electron density distribution, which is
modulated by the fluorine atoms through strong inductive and
repulsive electron–electron effects [21,22]. In compound 1, in the
absence of fluorinated rings, the N atoms are expected to exert a
modulation to withdraw electron density from heterocycle ring
centre.

For the second group of C–F/p interactions, the ring centroids
are formulated as Cg(pyridyl-chelate ring) (Table 2). So, these
contacts involve the two central five-membered chelate rings (Cg1
and Cg2), and the geometric parameters strongly suggest that an
interaction occurs between the CF3 groups and the chelating
Table 2
C–F� � �p interactions (Å,8).

C–F� � �Cga,b C–F F� � �Cg C� � �Cg nC–F� � �Cg

(a) Intercations

Cg(pyridyl)

C54–F54A� � �Cg4i 1.311(6) 3.135(5) 3.878(6) 115.1(4)

C54–F54B� � �Cg5i 1.328(6) 3.485(5) 4.482(7) 131.8(3)

Cg(pyridyl-chelate ring)

C54–F54C� � �Cg1i 1.311(6) 3.238(5) 4.171(6) 127.7(4)

C54–F54C� � �Cg2i 1.311(6) 3.445(5) 3.774(7) 94.2(4)

C54–F54B� � �Cg2i 1.328(6) 3.415(5) 3.774(7) 95.1(3)

(b) Interanions

Cg(hfacac-chelate ring)

C52–F52C� � �Cg6ii 1.309(6) 3.230(5) 4.035(6) 119.3(3)

(c) Cations–anions

Cg(pyridyl)

C12–F12A� � �Cg3ii 1.278(6) 3.053(5) 4.216(6) 151.0(4)

C53–F53A� � �Cg5iii 1.305(6) 3.519(5) 4.421(7) 126.5(4)

For atom and Cg labeling see Fig. 1. Symmetry codes: (i)�1 + x, y, z; (ii) x, 1 + y, z; (iii)

�x, �1/2 + y, 3/2� z.
a Full occupancy F’s.
b Cg(I) refers to the ring centre-of-gravity.
pyterpy ligand. Such effect does not seem to have been
characterized previously, but its similitude with the above
F(CF3)� � �Cg(pyridyl or ArF) assemble is apparent through the
comparison of the measured distances (ranging from 3.238 to
3.445 Å, Table 2), and induce us to assume the existence of a similar
type of weak contact. Besides, the presence of the two electro-
negative N atoms on each ring, might be a probable promotion
factor for this kind of interactions.

2.3.2. Interanionic C–F/p interactions

Fig. 4 shows the [Cu(hfacac)3]� anions connected through a
single C–F� � �p(chelate-hfacac ring) interaction, C52–F52C� � �Cg6.
The distance from the F atom to the centre of the five-membered
ring is 3.230 Å and each anion interacts with its upward/down-
ward neighbors to form an infinite 1D network. The similarity of
these geometric parameters with those characterizing the above
cation–cation interactions (Table 2) and a low electron density on
each p-ring centre, due to the presence of two electronegative
oxygen atoms together with the inductive effect of the CF3 groups,
suggests that this is a new type of interaction between fluorine
atoms and chelate rings with delocalized p-bonds, which to the
best of our knowledge has not been informed previously. In the
same line of thought, only recently an equivalent approach has
Fig. 4. Packing diagram showing the anion–anion CF/p interactions in 1.



Fig. 5. Packing diagram showing the cation–anion CF/p interactions in 1. For clarity, hydrogen atoms have been omitted.

Fig. 6. Histogram of all non-covalent C–F3� � �F3–C distances reported in the CSD [12].

The arrow indicates the value in 1.
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been proposed in complexes containing the related chelating acac
ligand, in order to evaluate non-covalent interactions of the C–H/p
type between H atoms and p-rings of chelating acac ligands
[23,24]. But, it must be taken into account the important difference
that occurs when the acac ligand is replaced by the hfacac ligand;
there is a decrease in the electron density in the p-ring centre, i.e.,
electron donor CH3 groups are substituted by electron with-
drawing CF3 groups.

2.3.3. Cation–anion C–F/p interactions

The cations and anions are connected through two C–
F� � �p(pyridyl) interactions, C12–F12A� � �Cg3 and C53–F53A� � �Cg5
(Fig. 5), with F� � �Cg distances of 3.053 and 3.519 Å, respectively.
These short distances, quite comparable to those presented for the
cation–cation interactions (Table 2), and the presence of N-
containing p-rings, constitute the main argument to sustain this
interpretation.

2.3.4. F� � �F interactions

In the present case, there are important C–F� � �F–C contacts,
with fluorine–fluorine distances in some cases significantly shorter
than twice the commonly accepted fluorine van der Waals radius
RF (2 � RF: 2.94 Å) [25], for example F11C� � �F54Bi (i: �x, �0.5 + y,
1.5 � z): 2.739(1) Å. This particular interaction links both ion types
into some kind of halogen-bonded penta-nuclear unit, and
involves precisely the two hfacac groups which display a
significant ‘‘slanted’’ coordination (25.2(1)8 and 10.5(1)8, respec-
tively). A search in the CSD [12] on non-covalent C–F3� � �F3–C
contacts, showed some 8330 cases with the value found in 1 laying
in the 12% lowest percentile (Fig. 6); in the absence of any other
possible interaction (van der Waal’s or otherwise), due to the
particular geometry involved, we feel it is safe to ascribe the
contact to a genuine F� � �F interaction. Similar analysis performed
on analogous cases in the literature [17–19] confirms that large
‘‘slanting’’ angles are usually correlated to short F� � �F contacts.

There are, in addition, some other inter-halogen short distances,
some of them involve minor components of the disordered
sets, spanning a F� � �F range of 2.78–2.84 Å. Notwithstanding the
pre-eminency of coulombian forces in the packing organization,
these fluorine–fluorine interactions tend to promote a ‘‘bunching’’
in space (or segregation) effect of fluorine moieties (Fig. 7), a
tendency already described in the literature in other fluorinated
compounds, and known as ‘‘fluorine segregation’’ [26]. In the
absence of stronger interactions, the fluorine segregation can be
responsible for packing stabilization. Furthermore, these kind of
fluorine� � �fluorine interactions have been observed in complexes
obtained from Cu(hfacac)2 and dipyrrinato-based ligands (F� � �F
range of 2.8–3.6 Å), where an important contribution to the



Fig. 7. A projection view of the complex 1 along a, showing the fluorine (green) segregation. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of the article.)
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topologies of the obtained compounds was attributed to the ‘‘self-
aggregation’’ of the fluorine groups [27,28].

In spite of the latter F� � �F interaction being poorly understood,
and the generalized feeling of its extreme weakness [21], there are
clear examples in the literature strongly suggesting that the
effects of such contacts can be determinant in stabilizing a
structure [29].

2.3.5. Hydrogen bond interactions

There are two groups of hydrogen bond interactions: (a)
intra-ion and (b) inter-ion (Table 3). The only component of the
intra-ion group, C126–H12A� � �F15B, is located in the cationic
trinuclear portion, connecting an outer pyridyl ring of a
chelating terpy fragment bonded to Cu2 with a F atom from a
hfacac moiety bonded to the central Cu1. The geometric
parameters (Table 3, first entry) are close to the range of those
observed in the ionic compound [Co(phen)2CO3](Pfbz)�6H2O
(Pfbz = pentafluorobenzoato) (ranges: H� � �F: 2.538–2.662 Å;
C� � �F: 3.171–3.501 Å; C–H� � �F: 125.7–150.28) [30], where it is
stated that these type of weak interactions can be discernible
despite being ionic species.

In the inter-ion group, both C–H� � �F and the well established C–
H� � �O contacts coexist. The C–H hydrogen bond donor groups are
Table 3
Hydrogen-bond geometry (Å,8).

D–H� � �A H� � �A D–H D� � �A nD–H� � �A

(a) Intra-ion data

C126–H12A� � �F15Ba 0.96 2.39 3.282(8) 155

(b) Inter-ion data

C146–H14A� � �F51Cb 0.96 2.54 3.438(10) 155

C16–H16A� � �F52Bb 0.96 2.50 3.364(9) 151

C136–H13A� � �O22 0.96 2.55 3.183(7) 124

C176–H17A� � �O12 0.96 2.50 3.442(8) 168

C46–H46A� � �O11 0.96 2.57 3.487(7) 161

C76–H76A� � �O11 0.96 2.51 3.398(6) 154

a Full occupancy F’s.
b Higher occupancy F’s.
located on the cation fragment while the F and O atoms are in the
anionic species. Distances and angles in the two C–H/F links
(Table 3, entries two and three) are also within the above-
mentioned ranges. Similarly, the corresponding values in the C–H/
O connections (Table 3, entries four to seven), are comparable to
those described earlier [31].

3. Conclusions

The novel complex [Cu3(hfacac)4(m-pyterpy)2][Cu(hfacac)3]2

has been prepared. The cationic moiety is a trinuclear arrangement
with the bridging pyterpy ligand, whereas the mononuclear
anionic units are octahedral arrays with the bidentate hfacac
species around the metal centre. In spite of the strong ionic
coulombian forces, the weak non-covalent interactions, mainly
those involving the fluorine atoms, C–H� � �F, C–F� � �F–C and C–
F� � �p, are able to control the crystal packing. The key C–F� � �p type
interactions present in the complex are unexpected since they
involve p-systems formed by the pyridyl, pyridyl-chelate and
hfacac-chelate rings. Consequently, it follows from this work that
the central role of this structural effect might be appropriate for the
design and synthesis of new materials.

4. Experimental

The solvents were purchased from commercial sources and
used without further purification. The compound Cu(hfacac)2�H2O
was obtained from Aldrich. The pyterpy ligand was prepared
according to literature procedures [32]. Infrared spectra were
recorded using KBr plates on a Bruker IFS-55 FTIR instrument.
Elemental analyses were performed by the CEPEDEQ (Universidad
de Chile).

4.1. Synthesis procedure

The complex (1) was prepared by reaction between the pyterpy
ligand (5.0 mg, 0.016 mmol) and an excess of Cu(hfacac)2�H2O
(72.0 mg, 0.145 mmol) in CH2Cl2 (4.0 mL). The mixture was stirred



Table 4
Crystal data and refinement parameters of 1.

Empirical formula C90H38F60N8O20Cu5

Mw 3008.98 g/mol

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a = 8.6921(16) Å, b = 27.470(5) Å,

c = 23.913(4) Å, b = 97.861(3)8
V 5656.0(18) Å3

Z 2

Calculated density 1.767 Mg/m3

Absorption coefficient (m) 1.09 mm�1

Reflections (measured/unique/observed) 24,601/10,774/6050

Rint 0.087

Data/parameters 11,774/886

R1, wR2 [I>2s(I)] R1 = 0.074, wR2 ¼ 0:160

R1, wR2 (all data) R1 = 0.139, wR2 ¼ 0:187
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to give a clear green solution. Slow evaporation of the solution
resulted in well-formed dark green blocks of the complex (1). The
solid product was washed with CH2Cl2 (5� 3.0 mL). Yield: 38.0 mg,
78.9%. Anal. Calcd. for C90H38F60N8O20Cu5: C, 35.9; H, 1.3; N, 3.7.
Found: C, 35.4; H, 1.4; N, 3.7. IR(KBr) (cm�1): 1649, 1529, 1479,
1258, 1202, 1147, 793, 670, 586.

4.2. X-ray crystallography

X-ray data for 1 were recorded at 150K on a Bruker –Smart
CCD diffractometer using graphite-monochromated Mo Ka
radiation (l = 0.71073 Å), with SMART-NT [33] as the driving
software and SAINT-NT [34] for integration and data reduction.
A multi-scan absorption correction was applied using SADABS
[35]. The structure was initially solved by direct methods with
SHELXS-97 [36] and completed and refined by full-matrix least
squares on F2 using the SHELXL-97 [36]. All non-hydrogen
atoms were refined with anisotropic thermal parameters.
Hydrogen atoms were added at their expected positions (C–
H: 0.96 Å) and allowed to ride with a UH = 1.2 UeqHost. Six out of
the ten C–CF3 units in the structure presented rotational
disorder, and each one was refined with a split model, as two
groups having a common C–C vector of full occupancy, and two
CF3 groups with partial occupancies ranging from 0.89/0.11 to
0.76/0.24. These values were allowed to vary in the early stages
of refinement, but kept fixed at the end of the process. In order
to preserve a meaningful geometry, similarity restraints were
applied to C–F, C� � �F and F� � �F distances within the same set. A
PLATON [37] run in the final stages of refinement revealed four
rather small voids in the structure (ca. 70 Å3 in volume each)
with an individual electron content of about 8 electrons,
compatible with a minor occupation of some elusive crystal
water molecules. The SQUEEZE correction implemented in
PLATON [37] was applied to account for the diffuse electron
density, though the reported values for F000, density, etc., have
been performed using the reported (not the modified) formula.
The overall disorder in the structure turned the crystals poorly
diffracting, and the reported data set was the best one after
inspection of a large number. In spite of the non ideal fraction of
reflections gathered up to theta = 508, reasonable #reflections to
#parameters ratios were obtained (ntot/npar > 10; ngt/npar � 7).

Data collection and refinement parameters are summarized in
Table 4. The molecular representations shown in the figures were
generated using XP in the SHELXTL package [36] and VESTA [38].
Crystallographic data (excluding structure factors) for the struc-
tures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC 749470. Copies of the data can be obtained, free of charge, on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax:
+44 1223 336033 or e-mail: deposit@ccdc.cam.ac.uk).
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45 (2006) 4755.
[24] J. Granifo, M. Vargas, M.T. Garland, A. Ibañez, R. Gaviño, R. Baggio, Inorg. Chem.
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