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All square : Treatment of m-phenylene-
bis(b-diketones) with [Cu(NH3)4]2+ yields
molecular squares rather than the expec-
ted hexagons. The squares react readily
with guests such as C60 (see structure)
and 4,4’-bipyridine. They are also effective
for the storage of H2 gas, both at 77 K and
at room temperature.

A hydroxlic solvent promoted reaction :
Boron-to-platinum methyl-group transfer
occurs in the title complexes in the
presence of an oxidant (O2 or MeI) and a
protic solvent (water, alcohols; see

scheme). With MeI as oxidant the reaction
intermediate is shown to be a five-coor-
dinate PtIV species containing a Pt···CH
agostic interaction.

Captured and surrounded by C : A strongly
s-donating C,C ligand and an allyl ligand
surround the palladium center in the
complex shown in the scheme. The che-
late, with three different types of carbon
atoms, is soluble and stable in water and
readily accessible on a multigram scale. It
serves as the precursor to an efficient
catalyst for Tsuji–Trost allylic substitution.
Tf= trifluoromethanesulfonyl.

Life’s not too short : 5-Halo-2’-deoxyuri-
dines (XdUs) have been tested as hypoxic
radiosensitizers in cancer therapy, but
their molecular reaction mechanism is
poorly understood. Time-resolved femto-
second laser spectroscopic measure-
ments show that dissociative attachment
of prehydrated electrons (epre�) to XdUs is
responsible for the formation of a reactive
radical dUC that causes the radiosensitivity
enhancement. ehyd�=hydrated electron.

http://www.angewandte.org
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Copper b-Diketonate Molecular Squares and Their Host–Guest
Reactions**
Chandi Pariya, Christopher R. Sparrow, Chang-Keun Back, Giselle Sand�, Frank R. Fronczek,
and Andrew W. Maverick*

In the field of porous supramolecular metal complexes, both
molecular[1] and extended-solid[2] materials have been exten-
sively studied in recent years. These materials are attractive
due to their applications in gas storage[3] and host–guest
chemistry.[4] Among the most often studied of these species
are the metal-containing “molecular squares”, that is, square-
shaped porous tetrameric structures. These have been pre-
pared by several approaches, the most common being the
reaction of an organic bridging ligand with a metal complex
that has available cis coordination sites (Figure 1a). The

bridging ligand is frequently a pyridine derivative (for
example, 4,4’-bipyridine (4,4’-bpy)),[5] although bis-chelating
ligands have also been used.[6] In these cases, the 908
“corners” in the molecular squares are provided by metal
complexes. The resulting metal centers are usually coordina-
tively saturated, which makes it difficult for guest molecules
to interact directly with the metal atoms. Herein we report
molecular squares prepared by an alternative approach, in

which bifunctional organic moieties serve as the “corners”
and join metal atoms in the centers of the “sides” (Fig-
ure 1b).[7] These molecular squares are formed in one step, by
reaction of bis(b-diketone) ligands (1) with [Cu(NH3)4]

2+

(Scheme 1). The new squares (2) are capable of binding
guests in both a s (for example, 4,4’-bpy) and p fashion (for
example, C60), and they are also surprisingly effective for
hydrogen-gas storage, both at 77 K and at room temperature.

Ligands 1a and 1b were synthesized by reaction of
isophthalaldehyde with 2,2,2-trimethoxy-4,5-dimethyl-1,3,2-
dioxaphospholene and 2,2,2-trimethoxy-4,5-diethyl-1,3,2-
dioxaphospholene, respectively, at room temperature and
heating the intermediate in methanol under nitrogen.[8]

Mixing solutions of 1a or 1b in CH2Cl2 with aqueous
[Cu(NH3)4]

2+ produces 2a or 2b, respectively, which can be
isolated as dark green solids in approximately 95% yield.

The angles between the two b-diketone moieties in the
new ligands 1 are about 1208. Thus, we anticipated that their
reaction with metal ions would yield hexamers, for example,
[M6(m-pba)6]. However, X-ray analysis of the crystalline
products 2, which are formed in nearly quantitative yield,
shows that they are actually molecular squares, with diame-
ters of about 14 < (Figure 2).[9] (We explored a variety of
conditions for preparing 2, but found no evidence of other
oligomers.) Thus, 2a and 2b are unusual examples of
molecular squares in which the corners are organic bridging
groups, and the metal atoms are in the centers of the sides.

The angles between the b-diketone moieties in the
structures of 2a and 2b are still approximately 1208. To
accommodate this angle within an overall square shape, there
must be some distortion elsewhere in the molecule. The two
ligands are coplanar with the metal atoms in an undistorted
[Cu(b-diketonate)2] complexes,[10] while, in the present
squares, the ligands are all bent away from coplanarity.

The formation of squares, despite the “incorrect” angle
between the b-diketonate moieties, may be due to two factors.
For example, of the reactions shown in Equations (1) and (2)

4Cu2þ þ 4m-pba2� Ð ½Cu4ðm-pbaÞ4� ð1Þ

6Cu2þ þ 6m-pba2� Ð ½Cu6ðm-pbaÞ6� ð2Þ

reaction (1) is expected to be favored on entropy grounds.
Although self-assembly of cis square-planar or octahedral
metal coordination units with linear linkers normally yields
molecular squares, several examples have been reported in
which significant quantities of trimeric products (that is,
molecular triangles) form.[11] Studies of supramolecular self-
assembly have measured the entropy change that favors the

Figure 1. Schematic illustration of metal-organic molecular squares,
assembled from: a) linear organic linkers and 908 metal units, or
b) linear metal units and organic “corners”.

[*] Dr. C. Pariya, C. R. Sparrow, Dr. F. R. Fronczek,
Prof. Dr. A. W. Maverick
Department of Chemistry
Louisiana State University
Baton Rouge, LA 70803-1804 (USA)
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formation of smaller cyclic oligomers over larger ones.[12]

Second, the formation of smaller cyclic products can be
favored kinetically: Lehn and co-workers reported that the
initial reaction of CuI ions with a polypyridine ligand
produced a cyclic mononuclear species, followed by rear-
rangement to the more stable trinuclear supramolecular
product.[13] In their case, this was possible because a coordi-
nating solvent was chosen, which permits ligand dissociation/
reassociation. In contrast, the compounds reported here are
soluble only in noncoordinating solvents such as CH2Cl2 and
CHCl3. Dissociation in these solvents would lead to unstable
ionic intermediates, thus making it difficult for [Cu4(m-pba)4]
to rearrange into higher oligomers that might be more stable.

Squares 2 react with several types of guest molecules. For
example, 2a reacts with 4,4’-bpy to produce the turquoise
polymeric complex [Cu4(m-pba)4(4,4’-bpy)2]n (3a,
Figure 3).[14] In this compound the 4,4’-bpy molecules are
intra- and intermolecularly bonded to the molecular square.
The Cu···Cu distances in the undistorted squares 2a are longer
than normally observed in 4,4’-bpy-bridged complexes
(ca. 10 <). However, in 3a, the 4,4’-bpy guest is accommo-
dated by means of smaller distortions at the Cu1 and Cu2
atoms (as compared to those found in 2a and 2b) and larger
distortions at the Cu3 and Cu4 atoms. The square-pyramidal
environment around the Cu atoms favors both changes

(bringing the endo-coordinated Cu
atoms closer together, and the exo-
coordinated ones farther apart), as
do the larger Cu�N bond lengths for
the internally bound bpy guest.
Reaction of 2 with other pyridine
derivatives leads to similar color
changes, thus indicating Cu�N coor-
dination.

We studied fullerenes as exam-
ples of p-binding guests. Numerous
hosts have been reported that bind
fullerenes, but only a few of these
function by wrapping completely
around the guest. One such example
is the cofacial diporphyrins reported
by Tashiro and Aida.[15] The present
molecular squares 2 readily bind

fullerenes C60 and C70 in solvents such as chlorobenzene, as
evident from UV/Vis spectral changes on mixing. The C60

adduct of 2b, that is, [Cu4(m-pbpr)4·C60] (4b), formed crystals
that were suitable for X-ray analysis. The structure
(Figure 4)[16] shows two interesting features: the ethyl

Scheme 1. Synthesis of m-phenylenebis(b-diketones) 1 and their copper(II) molecular squares 2.

Figure 2. Crystal structure of b-diketonate molecular squares. H atoms
and solvent molecules omitted for clarity; ellipsoids shown at 50%.
a) [Cu4(m-pba)4] (2a), Cu1···Cu1’ 14.317(1) K; Cu2···Cu2’ 14.647(1) K.
b) [Cu4(m-pbpr)4] (2b), Cu1···Cu1’ 14.012(1) K; Cu2···Cu2’ 14.661(1) K.

Figure 3. Crystal structure of [Cu4(m-pba)4(4,4’-bpy)2]n (3a). H atoms
and solvent molecules omitted for clarity; ellipsoids shown at 50%.
Cu1···Cu2 11.807(1), Cu3···Cu4 16.226(1), Cu1-N1 2.360(8), Cu2-N2
2.363(8), Cu3-N3 2.251(7), Cu4-N4 2.250(8) K. (Inversion-related por-
tions of the 4,4’-bpy molecules at N3 and N4 are shown in a lighter
shade, without ellipsoids.)

Figure 4. Crystal structure of [Cu4(m-pbpr)4·C60] (4b): a) Front view and
b) side view. H atoms and solvent molecules omitted for clarity;
ellipsoids shown at 50%. Cu1···Cu1’ 13.955(1) K; Cu2···Cu2’
14.060(1) K.
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groups from the m-pbpr ligands are all oriented toward the
C60 guest; and the Cu···Cu distances (13.96 and 14.06 <) are
slightly smaller than in the solvated host (2b, Figure 2). These
structural features suggest that weak attractions between the
C60 molecule and the C�H bonds and Cu-O-C p systems of
the host stabilize the host–guest adduct.

The crystal structures of 2a, 2b, and 4b are all similar,
with the Cu4L4 squares arranged in parallel so as to create
“channels” (see the crystallographic data in the Supporting
Information); in 2a and 2b, the channels are filled with
solvent. This similarity of the structures suggested that it
might be possible to remove the solvents from 2 and use the
“empty” crystals for gas-storage experiments. However,
heating 2 or placing it under vacuum to remove the solvents
results in a loss of crystallinity, thus making it impossible to do
this experiment directly. Still, even noncrystalline unsolvated
2 cannot pack efficiently and should therefore remain porous;
thus, it might serve as a host for gas adsorption. For example,
Sudik et al. have recently reported gas-storage properties of
“metal-organic polyhedra” as noncrystalline solids.[17]

Accordingly, samples of 2a and 2b that had been heated to
100 8C under vacuum overnight were used for H2 adsorption
experiments.[18] The results obtained at room temperature and
PH2

= 75 atm were 0.65% (2a) and 0.56% w/w (2b), which
correspond to approximately 4.3 and 4.4 molecules of H2 per
molecule of 2a and 2b, respectively. Greater adsorption was
observed at 77 K and PH2

= 43 atm: 4.3% (2a) and 4.2% w/w
(2b). These values are among the best recorded for porous
metal-organic compounds,[19] and they demonstrate that non-
crystalline, molecular hosts can function effectively in H2

adsorption.
The present study reports the complexation behavior of

the new bis(b-diketone) ligands 1with copper(II) ions to yield
molecular squares 2. The supramolecular product in these
reactions is obtained in high yield in a simple room-temper-
ature reaction. The molecular squares 2 function effectively
as hosts for guests that bind through s- (4,4’-bpy), p- (C60),
and van der Waals (H2) interactions. We are now exploring
the reactions of 2 and related hosts in more detail, as well as
the assembly of supramolecular hosts from other multi-
dentate b-diketone ligands.

Experimental Section
The preparation of the new bis(b-diketones) 1a and 1b is described in
the Supporting Information.

2a : A solution of [Cu(NH3)4]
2+ was prepared from CuSO4·5H2O

(0.35 g, 1.4 mmol) in H2O (10 mL) by slow addition of conc. aqueous
NH3. A solution of 1a (0.275 g, 1.00 mmol) in CH2Cl2 (20 mL), was
then added and the mixture was stirred for 6 h. More CH2Cl2 (20 mL)
was then added, and the organic layer was collected and dried over
MgSO4. The residue was washed with hexane (2 I 10 mL) and dried in
air. Yield: 0.325 g (96%). Elemental analysis calcd for C64H64O16Cu4

(Mr= 1343.40): C 57.22, H 4.80; found: C 57.43, H 4.69. 2b was
prepared by a similar method; yield: 95%. Elemental analysis calcd
for C80H96O16Cu4 (Mr= 1567.80): C 61.29, H 6.17; found: C 61.08, H
6.00. Single crystals of these two compounds suitable for X-ray
analysis were obtained by layering solutions in CH2Cl2 and CHCl3
with hexane and benzene, respectively.

3a : A solution of 2a (34 mg, 0.025 mmol) and 4,4’-bpy, (16 mg,
0.102 mmol) in CHCl3 (3 mL) was layered with a mixture of CH2Cl2

(5 mL) and toluene (10 mL) at �20 8C. After two days, green crystals
appeared. The crystals lost solvent rapidly in air to give a light green
powder. Yield: 35 mg (84%). Elemental analysis calcd for
C84H80N4Cu4O16 (Mr= 1655.74): C 60.93, H 4.87, N 3.38; found: C
60.76, H 4.78, N 3.10. Crystals were attached to glass fibers and
quickly cooled to 110 K for X-ray analysis.

4b : A solution of 2b (25 mg, 0.015 mmol) in CHCl3 (2 mL) was
layered with a mixture of CHCl3 and 1,2-dichlorobenzene (1:1, 1 mL)
and then with a solution of C60 (15 mg, 0.021 mmol) in 1,2-
dichlorobenzene (5 mL). Dark brown crystals had formed after
several days. These crystals also lost solvent rapidly, but they could be
mounted quickly and cooled to 110 K for X-ray analysis. The overall
yield after drying was 21 mg of dark brown powder, but analytically
pure material could not be obtained by this procedure.

X-ray analyses were performed on a Nonius KappaCCD
diffractometer (MoKa radiation, l= 0.71073 <) equipped with an
Oxford Cryosystems Cryostream. CCDC-640918–640923 (com-
pounds 1a, 1b, 2a·2CH2Cl2, 2b·6CHCl3·3C6H6, 3a·17.26CHCl3·
1.74CH2Cl2·0.5H2O, and 4b·2CHCl3·3C6H4Cl2, respectively) 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.
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The title compound, [ReCl(C10H11NO2)2(CO)3]�CHCl3, has

Re—N distances of 2.202 (8) and 2.237 (7) Å, an N—Re—N

angle of 84.1 (3)� and 2-hydroxy-4-oxopent-2-en-3-yl (acacH)

units which are uncoordinated. The acacH units are in the enol

tautomeric form, with delocalized single and double bonds.

Comment

The molecule 3-(4-pyridyl)pentane-2,4-dione, PyacH, was first

prepared by Nozawa (1986), and has been used in a number of

metal complexes (Turner et al., 1997; Mackay et al., 1995; Chen

et al., 2003, 2004; Vreshch et al., 2003, 2004, 2005). Here, we

describe the title compound (I), which is the first reported

PyacH metal complex in which the pyridine unit is bound to

the metal atom but the acacH unit is not. This makes (I)

suitable as a ‘molecular corner’ for the construction of metal-

organic frameworks or related supramolecular species.

This molecule (Fig. 1 and Table 1) is similar in structure to

the molecules [Re(CO)3Cl(py)2], (II), and [Re(CO)3Cl(4,40-

bpy)2], (III) (Bélanger et al., 1998). The N1—Re1—N2 angle

in (I) is essentially identical to that in (II) [84.2 (2)�], but the

corresponding angle in (III) is slightly wider at 87.0 (2)�

(Bélanger et al., 1998). The Re—N distances in (I) also agree

well with those in (II) and (III).

Both 2-hydroxy-4-oxopent-2-en-3-yl (acacH) units are

present in the enol tautomeric form. The similarity of the C—

C and C—O distances about the approximately central axes of

the acacH units, as well as the somewhat central locations of

the refined OH hydrogen positions (Table 2), indicate delo-

calization of single and double bonds.

Experimental

Compound (I) was prepared by a procedure similar to that used by

Zingales et al. (1967) for Re(CO)3Cl(py)2. PyacH was prepared by

the method of Mackay et al. (1995). A solution of Re(CO)5Cl

(0.0812 g, 2.24 � 10 �4 mol) and PyacH (0.105 g, 5.91 � 10 �4 mol) in

CHCl3 (100 ml) was placed in a flask that was wrapped with Al foil to



protect it from light. The mixture was refluxed for 72 h under N2, with

stirring, during which time it turned from dark yellow to very pale

yellow. The solution was concentrated to about 10 ml and added to

pentane (80 ml). The resulting white flocculent precipitate was

collected, washed with pentane and dried, yielding 0.135 g (91%) of

(I) as an off-white powder. Analysis found: C 41.59 H, 3.51, N 4.15%;

C23H22ClN2O7Re requires: C 41.85, H 3.36, N 4.24%. FT–IR: �CO

2020, 1908, and 1877 cm�1. Colorless plates of the chloroform solvate

of (I) suitable for X-ray analysis were obtained after ca 15 days by

layering a CHCl3 solution of (I) with hexane.

Crystal data

[ReCl(C10H11NO2)2(CO)3]�CHCl3
Mr = 779.44
Monoclinic, P21=c
a = 10.889 (4) Å
b = 11.607 (4) Å
c = 24.306 (10) Å
� = 102.477 (14)�

V = 3000 (2) Å3

Z = 4
Mo K� radiation
� = 4.45 mm�1

T = 110 K
0.30 � 0.25 � 0.02 mm

Data collection

Nonius KappaCCD diffractometer
with Oxford Cryostream

Absorption correction: multi-scan
(SCALEPACK; Otwinowski &
Minor, 1997)
Tmin = 0.308, Tmax = 0.907

27300 measured reflections
5749 independent reflections
4148 reflections with I > 2�(I)
Rint = 0.071

Refinement

R[F 2 > 2�(F 2)] = 0.058
wR(F 2) = 0.151
S = 1.37
5749 reflections
353 parameters

H atoms treated by a mixture of
independent and constrained
refinement

��max = 1.97 e Å�3

��min = �1.80 e Å�3

Table 1
Selected geometric parameters (Å, �).

Re1—Cl1 2.465 (2)
Re1—N1 2.237 (7)
Re1—N2 2.202 (8)
Re1—C1 1.954 (12)
Re1—C2 1.901 (10)
Re1—C3 1.915 (12)
C10—O4 1.302 (10)

C12—O5 1.301 (10)
C20—O6 1.309 (14)
C22—O7 1.290 (13)
C10—C11 1.412 (12)
C11—C12 1.402 (11)
C20—C21 1.426 (15)
C21—C22 1.369 (14)

Cl1—Re1—N2 86.08 (19)
Cl1—Re1—N1 84.81 (19)

N1—Re1—N2 84.1 (3)

C3—Re1—N1—C8 �43.5 (7)
C1—Re1—N2—C14 38.7 (7)

C5—C6—C11—C12 �76.2 (12)
C15—C16—C21—C20 69.7 (14)

Table 2
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

O5—H5O� � �O4 1.13 (11) 1.46 (11) 2.459 (9) 144 (8)
O7—H7O� � �O6 1.06 (15) 1.55 (14) 2.486 (12) 144 (13)

H atoms on C were placed in idealized positions with C—H

distances 0.95–1.00 Å and thereafter treated as riding. A torsional

parameter was refined for each methyl group. Coordinates of H

atoms on O were refined. Isotropic displacement parameters of the H

atoms were assigned as 1.2 times Ueq of the bonded atoms (1.5 for

methyl and OH). The maximum difference map peak was 0.86 Å

from Re1 and the deepest hole 0.92 Å from Re1.

Data collection: COLLECT (Nonius, 2000); cell refinement:

SCALEPACK (Otwinowski & Minor, 1997); data reduction:

SCALEPACK and DENZO (Otwinowski & Minor, 1997);

program(s) used to solve structure: SIR97 (Altomare et al., 1999);

program(s) used to refine structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: ORTEP-3 for Windows (Farrugia, 1997); soft-

ware used to prepare material for publication: SHELXL97.

This research was supported by the US Department of

Energy (DE-FG02–01ER15267). The purchase of the
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2000)-ENH-TR-13, administered by the Louisiana Board of
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Figure 1
Molecular structure of (I), showing the numbering scheme and
displacement ellipsoids at the 50% level. H atoms are represented with
an arbitrary radius.
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Key indicators: single-crystal X-ray study; T = 120 K; mean �(C–C) = 0.005 Å;

R factor = 0.050; wR factor = 0.110; data-to-parameter ratio = 12.7.

The molecule of (�-1,4-dithiane-�2S:S0)bis{�-3,30-[naphthal-

ene-2,7-diylbis(methylene)]bis(pentane-2,4-dionato)-�4O,O0:-

O00,O000}dicopper(II), [Cu2(C22H22O4)(C4H8S2)], lies on an

inversion center, with a Cu� � �Cu distance of 8.130 (1) Å.

The CuII centers have square-pyramidal coordination

geometry, with Cu—O distances in the range 1.905 (2)–

1.925 (2) Å and a Cu—S distance of 2.8088 (10) Å. The host

binuclear complex is distorted from a rectangular shape. The

inversion symmetry of the molecule requires that the two

coordination planes be parallel. However, they are ‘slipped’:

the normals to the two coordination planes at the Cu atoms

are 1.865 (1) Å apart. Another measure of this ‘slipping’ is

provided by the four CH2 groups, whose C atoms form a

parallelogram with interior angles of 87.2 (3) and 92.8 (3)�.

The two chelate rings tilt differently from the coordination

plane, with one Cu atom lying only 0.0131 (5) Å out of one

C3O2 mean plane, but 0.4416 (5) Å out of the other. Those two

chelate planes form a dihedral angle of 11.2 (4)�. This

relatively large deviation is believed to be due to the large

size of the 1,4-dithiane guest.

Related literature

Cu2(NBA)2 {NBAH2 is 3,30-[naphthalene-2,7-diylbis(methy-

lene)]bis(pentane-2,4-dione)} forms a crystalline solvate with

two CHCl3 molecules, in which the Cu� � �Cu distance is

7.349 (1) Å at room temperature (Maverick et al., 1986) and

7.298 (1) Å at 100 K (Burton et al., 2002). With �-Dabco (1,4-

diazabicyclo[2.2.2]octane), the Cu� � �Cu distance is 7.403 (4) Å

(Maverick et al., 1986), with �-2,5-dimethylpyrazine it is

7.559 (2) and 7.596 (2) Å (Maverick et al., 1990), and with �-2-

methylpyrazine it is 7.4801 (8) Å (Maverick et al., 2001). For

related literature, see: Martin et al. (1959).

Experimental

Crystal data

[Cu2(C22H22O4)(C4H8S2)]
Mr = 948.10
Monoclinic, P21=c
a = 7.758 (2) Å
b = 28.981 (7) Å
c = 9.640 (3) Å
� = 97.840 (15)�

V = 2147.1 (10) Å3

Z = 2
Mo K� radiation
� = 1.14 mm�1

T = 120 K
0.15 � 0.08 � 0.07 mm

Data collection

Nonius KappaCCD diffractometer
with an Oxford Cryosystems
Cryostream cooler

Absorption correction: multi-scan
(SCALEPACK; Otwinowski &

Minor, 1997)
Tmin = 0.878, Tmax = 0.924

10982 measured reflections
3491 independent reflections
2598 reflections with I > 2�(I)
Rint = 0.046

Refinement

R[F 2 > 2�(F 2)] = 0.050
wR(F 2) = 0.110
S = 1.06
3491 reflections

275 parameters
H-atom parameters constrained
��max = 0.30 e Å�3

��min = �0.44 e Å�3

Data collection: COLLECT (Nonius, 2000); cell refinement:

SCALEPACK (Otwinowski & Minor, 1997); data reduction:

SCALEPACK and DENZO (Otwinowski & Minor, 1997);

program(s) used to solve structure: SIR97 (Altomare et al., 1999);

program(s) used to refine structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: ORTEP-3 for Windows (Farrugia, 1997); soft-

ware used to prepare material for publication: SHELXL97.
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Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: FJ2036).
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Acta Cryst. (2007). E63, m1977-m1978    [ doi:10.1107/S1600536807029583 ]

A cofacial binuclear copper(II) complex with a bridging 1,4-dithiane ligand

S. Burton, F. R. Fronczek and A. W. Maverick

Comment

Our group has previously prepared binuclear metal complexes derived from polydentate liands, which have been shown to
intramolecularly bind bridging substrate molecules, similar to those produced by several other flexible binucleating mac-
rocycles. This work was undertaken in an attempt to associate and quantify the binding between di-sulfur bases and their
previously studied nitrogen analogues, see Related Literature section.

The molecule is centrosymmetric, and inclusion of the 1,4-dithiane molecule organizes the host such that the Cu···Cu
distance, 8.130 (1) Å, is longer than in complexes with other guests, see Related Literature section. Several distortions take
place in this organization. The Cu2(NBA)2 unit is not rectangular, but slipped such that the four CH2 groups (C6, C17 and

their inversion equivalents) form a parallelogram with sides 7.578 (5) and 9.570 (5) Å, and interior angles differing from
orthogonality by 2.8 (3)°. This involves a slippage of the coordination planes horizontally by 1.865 (1) Å.

The coordination sphere is square pyramidal, with distances given in the Abstract and geometric details table. The two
chelate rings tilt differently from the coordination plane, with Cu1 lying only 0.0131 (5) Å out of the best plane O1/O2/C2/
C3/C4, but 0.4416 (5) Å out of the best plane O3/O4/C19/C20/C21. Those two planes form a dihedral angle of 11.2 (4)°.
The Cu—S bond is tilted away from O1 and O2 (O—Cu—S angles 98.91 (8) and 96.32 (7)°) and toward O3 and O4 (angles
86.77 (7) and 87.66 (7)°), and forms an angle of 20.15 (5)° with the Cu···Cu vector.

Experimental

The NBAH2, (2,7-naphthalenediylbis(methylene)bis(acetylacetone)) ligand was prepared previously by the general nucle-

ophilic substitution method outlined by Martin et al. (1959). The Cu2(NBA)2 was also prepared by previously published

procedures, see Related Literature section. Bis(3,3'-(naphthalene-2,7-diylbis(methylene)bis(2,4-pentanedionato)))\ dicop-
per(µ-1,4-dithiane) was prepared by combining a 5.05 mMolar chloroform solution of Cu2(NBA)2 with a 1.02 Molar chlo-

roform solution of 1,4-dithiane. The resulting mixture was layered with acetonitrile and afforded light blue (turquoise) crys-
tals of Cu2(NBA)2(µ-1,4-dithiane) after standing for 5 days.

Refinement

H atoms were placed in idealized positions with C—H distances 0.95 − 0.99 Å and thereafter treated as riding. Uiso for H was

assigned as 1.2 times Ueq of the attached C atoms (1.5 for methyl). A torsional parameter was refined for each methyl group.

http://dx.doi.org/10.1107/S1600536807029583
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Burton,%20S.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Fronczek,%20F.R.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Maverick,%20A.W.
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Figures

Fig. 1. Numbering scheme and ellipsoids at the 50% level. H atoms are represented with ar-
bitrary radius.

(µ-1,4-Dithiane-κ2S:S')bis[µ-3,3'-(naphthalene-2,7- diyldimethylene)bis(pentane-2,4-dionato)-
κ4O,O':O'',O''']dicopper,

Crystal data

[Cu2(C22H22O4)(C4H8S2)] F000 = 988

Mr = 948.10 Dx = 1.466 Mg m−3

Monoclinic, P21/c Mo Kα radiation
λ = 0.71073 Å

Hall symbol: -P 2ybc Cell parameters from 6304 reflections
a = 7.758 (2) Å θ = 2.5–25.0º
b = 28.981 (7) Å µ = 1.14 mm−1

c = 9.640 (3) Å T = 120 K
β = 97.840 (15)º Prism, light blue

V = 2147.1 (10) Å3 0.15 × 0.08 × 0.07 mm
Z = 2

Data collection

Nonius KappaCCD
diffractometer with an Oxford Cryosystems Cryo-
stream cooler

3491 independent reflections

Radiation source: fine-focus sealed tube 2598 reflections with I > 2σ(I)
Monochromator: graphite Rint = 0.046

T = 120 K θmax = 25.0º

ω scans with κ offsets θmin = 2.5º
Absorption correction: multi-scan
(SCALEPACK; Otwinowski & Minor, 1997) h = −9→9

Tmin = 0.878, Tmax = 0.924 k = −33→34
10982 measured reflections l = −11→11

Refinement

Refinement on F2 Secondary atom site location: difference Fourier map

Least-squares matrix: full Hydrogen site location: inferred from neighbouring
sites

R[F2 > 2σ(F2)] = 0.050 H-atom parameters constrained

wR(F2) = 0.110   w = 1/[σ2(Fo
2) + (0.0425P)2 + 2.9798P]
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where P = (Fo
2 + 2Fc

2)/3

S = 1.06 (Δ/σ)max < 0.001

3491 reflections Δρmax = 0.30 e Å−3

275 parameters Δρmin = −0.44 e Å−3

Primary atom site location: structure-invariant direct
methods Extinction correction: none

Special details

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full covariance mat-
rix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and torsion angles; correlations
between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of
cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, convention-

al R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculat-

ing R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice
as large as those based on F, and R– factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2)

x y z Uiso*/Ueq

Cu1 0.88337 (6) 0.458966 (15) 0.80517 (5) 0.02939 (16)
S1 0.66505 (12) 0.46085 (3) 0.54758 (10) 0.0331 (3)
O1 1.0347 (3) 0.50850 (8) 0.7737 (2) 0.0290 (6)
O2 0.7427 (3) 0.49798 (8) 0.9033 (2) 0.0291 (6)
O3 0.2550 (3) 0.59178 (8) 0.1455 (2) 0.0300 (6)
O4 −0.0323 (3) 0.58236 (8) 0.2801 (2) 0.0291 (6)
C1 1.1720 (4) 0.58089 (13) 0.7810 (4) 0.0356 (10)
H1A 1.2465 0.5895 0.8676 0.053*
H1B 1.1232 0.6088 0.7336 0.053*
H1C 1.2411 0.5642 0.7194 0.053*
C2 1.0269 (5) 0.55050 (12) 0.8153 (4) 0.0289 (9)
C3 0.8971 (4) 0.56851 (12) 0.8897 (4) 0.0280 (9)
C4 0.7629 (4) 0.54102 (13) 0.9297 (4) 0.0285 (9)
C5 0.6320 (4) 0.56102 (12) 1.0147 (4) 0.0340 (10)
H5A 0.5341 0.5396 1.0141 0.051*
H5B 0.5897 0.5906 0.9740 0.051*
H5C 0.6871 0.5659 1.1112 0.051*
C6 0.9059 (4) 0.61985 (11) 0.9282 (4) 0.0293 (9)
H6A 0.8458 0.6243 1.0114 0.035*
H6B 1.0296 0.6282 0.9556 0.035*
C7 0.3945 (5) 0.66348 (12) 0.1506 (4) 0.0393 (10)
H7A 0.5020 0.6625 0.2171 0.059*
H7B 0.3499 0.6951 0.1435 0.059*
H7C 0.4187 0.6531 0.0585 0.059*
C8 0.2612 (4) 0.63233 (13) 0.2010 (4) 0.0296 (9)
C9 0.1539 (4) 0.64831 (12) 0.2977 (4) 0.0257 (9)
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C10 0.0089 (4) 0.62301 (13) 0.3266 (4) 0.0294 (9)
C11 −0.1178 (5) 0.64297 (13) 0.4144 (4) 0.0398 (10)
H11A −0.2097 0.6204 0.4234 0.060*
H11B −0.1695 0.6710 0.3699 0.060*
H11C −0.0570 0.6505 0.5076 0.060*
C12 0.1908 (4) 0.69621 (12) 0.3596 (4) 0.0317 (9)
H12A 0.1820 0.7187 0.2817 0.038*
H12B 0.0985 0.7039 0.4173 0.038*
C13 0.8278 (4) 0.65323 (12) 0.8151 (4) 0.0282 (9)
C14 0.9166 (5) 0.69515 (11) 0.7956 (4) 0.0317 (9)
H14 1.0252 0.7011 0.8511 0.038*
C15 0.8490 (5) 0.72711 (12) 0.6989 (4) 0.0324 (9)
H15 0.9119 0.7547 0.6881 0.039*
C16 0.6881 (4) 0.71991 (12) 0.6148 (4) 0.0285 (9)
C17 0.6175 (4) 0.75160 (12) 0.5128 (4) 0.0305 (9)
H17 0.6788 0.7793 0.4998 0.037*
C18 0.4621 (5) 0.74330 (12) 0.4318 (4) 0.0323 (9)
H18 0.4176 0.7652 0.3626 0.039*
C19 0.3664 (4) 0.70273 (12) 0.4493 (4) 0.0288 (9)
C20 0.4350 (4) 0.67094 (12) 0.5462 (4) 0.0285 (9)
H20 0.3729 0.6432 0.5565 0.034*
C21 0.5968 (4) 0.67833 (12) 0.6320 (4) 0.0271 (9)
C22 0.6716 (4) 0.64566 (12) 0.7320 (4) 0.0303 (9)
H22 0.6117 0.6175 0.7420 0.036*
C23 0.4616 (5) 0.46546 (13) 0.6187 (4) 0.0360 (10)
H23A 0.4343 0.4351 0.6577 0.043*
H23B 0.4763 0.4879 0.6968 0.043*
C24 0.6918 (5) 0.51949 (12) 0.4876 (4) 0.0369 (10)
H24A 0.7030 0.5407 0.5688 0.044*
H24B 0.8002 0.5215 0.4444 0.044*

Atomic displacement parameters (Å2)

U11 U22 U33 U12 U13 U23

Cu1 0.0288 (3) 0.0309 (3) 0.0285 (3) −0.0002 (2) 0.00385 (19) −0.0009 (2)
S1 0.0315 (6) 0.0372 (6) 0.0301 (6) 0.0030 (5) 0.0023 (4) 0.0026 (5)
O1 0.0273 (14) 0.0293 (15) 0.0310 (16) −0.0012 (11) 0.0069 (11) −0.0013 (12)
O2 0.0309 (15) 0.0271 (15) 0.0299 (16) −0.0005 (11) 0.0066 (12) −0.0040 (13)
O3 0.0332 (15) 0.0310 (15) 0.0260 (16) −0.0016 (12) 0.0053 (12) −0.0006 (12)
O4 0.0316 (14) 0.0269 (14) 0.0281 (15) 0.0012 (12) 0.0008 (12) −0.0017 (13)
C1 0.036 (2) 0.038 (2) 0.034 (2) −0.0012 (19) 0.0103 (19) −0.004 (2)
C2 0.026 (2) 0.036 (2) 0.022 (2) 0.0000 (18) −0.0056 (17) 0.0004 (19)
C3 0.025 (2) 0.033 (2) 0.025 (2) 0.0034 (18) 0.0019 (17) −0.0008 (19)
C4 0.030 (2) 0.034 (2) 0.019 (2) 0.003 (2) −0.0028 (16) −0.001 (2)
C5 0.030 (2) 0.036 (2) 0.036 (2) 0.0006 (18) 0.0068 (19) −0.001 (2)
C6 0.030 (2) 0.031 (2) 0.026 (2) −0.0019 (17) 0.0003 (17) −0.0024 (19)
C7 0.044 (3) 0.034 (2) 0.041 (3) −0.0044 (19) 0.011 (2) 0.001 (2)
C8 0.031 (2) 0.033 (2) 0.023 (2) −0.0018 (18) −0.0048 (18) 0.0065 (19)
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C9 0.022 (2) 0.026 (2) 0.027 (2) 0.0017 (17) −0.0013 (17) 0.0027 (18)
C10 0.030 (2) 0.038 (2) 0.018 (2) 0.0090 (19) −0.0032 (17) 0.0033 (19)
C11 0.037 (2) 0.041 (2) 0.043 (3) −0.004 (2) 0.010 (2) −0.002 (2)
C12 0.032 (2) 0.029 (2) 0.034 (2) 0.0052 (17) 0.0032 (18) 0.0004 (19)
C13 0.030 (2) 0.030 (2) 0.025 (2) −0.0011 (18) 0.0009 (18) −0.0041 (19)
C14 0.036 (2) 0.026 (2) 0.031 (2) −0.0062 (19) −0.0021 (19) −0.005 (2)
C15 0.038 (2) 0.027 (2) 0.032 (2) −0.0063 (18) 0.0036 (19) −0.005 (2)
C16 0.027 (2) 0.032 (2) 0.025 (2) 0.0016 (19) 0.0014 (18) 0.0009 (19)
C17 0.031 (2) 0.027 (2) 0.034 (2) −0.0059 (18) 0.0080 (19) 0.001 (2)
C18 0.036 (2) 0.031 (2) 0.029 (2) 0.0044 (19) 0.0024 (19) 0.0053 (19)
C19 0.030 (2) 0.030 (2) 0.026 (2) 0.0016 (18) 0.0029 (18) −0.0034 (19)
C20 0.031 (2) 0.024 (2) 0.030 (2) −0.0033 (17) 0.0058 (19) −0.0018 (19)
C21 0.031 (2) 0.024 (2) 0.025 (2) 0.0025 (17) 0.0016 (18) −0.0039 (18)
C22 0.038 (2) 0.024 (2) 0.029 (2) −0.0057 (18) 0.0058 (19) −0.0019 (19)
C23 0.033 (2) 0.043 (2) 0.032 (2) −0.005 (2) 0.0045 (18) 0.008 (2)
C24 0.035 (2) 0.043 (2) 0.033 (2) −0.0076 (19) 0.0058 (19) 0.001 (2)

Geometric parameters (Å, °)

Cu1—O1 1.905 (2) C9—C10 1.402 (5)
Cu1—O2 1.910 (2) C9—C12 1.523 (5)

Cu1—O3i 1.918 (2) C10—C11 1.499 (5)

Cu1—O4i 1.925 (2) C11—H11A 0.9800
Cu1—S1 2.8088 (10) C11—H11B 0.9800
S1—C23 1.809 (4) C11—H11C 0.9800
S1—C24 1.816 (4) C12—C19 1.522 (5)
O1—C2 1.286 (4) C12—H12A 0.9900
O2—C4 1.278 (4) C12—H12B 0.9900
O3—C8 1.289 (4) C13—C22 1.376 (5)

O3—Cu1i 1.918 (2) C13—C14 1.422 (5)
O4—C10 1.285 (4) C14—C15 1.367 (5)

O4—Cu1i 1.925 (2) C14—H14 0.9500
C1—C2 1.502 (5) C15—C16 1.408 (5)
C1—H1A 0.9800 C15—H15 0.9500
C1—H1B 0.9800 C16—C17 1.401 (5)
C1—H1C 0.9800 C16—C21 1.419 (5)
C2—C3 1.413 (5) C17—C18 1.365 (5)
C3—C4 1.406 (5) C17—H17 0.9500
C3—C6 1.533 (5) C18—C19 1.413 (5)
C4—C5 1.505 (4) C18—H18 0.9500
C5—H5A 0.9800 C19—C20 1.367 (5)
C5—H5B 0.9800 C20—C21 1.422 (5)
C5—H5C 0.9800 C20—H20 0.9500
C6—C13 1.520 (5) C21—C22 1.418 (5)
C6—H6A 0.9900 C22—H22 0.9500
C6—H6B 0.9900 C23—C24i 1.525 (5)
C7—C8 1.502 (5) C23—H23A 0.9900
C7—H7A 0.9800 C23—H23B 0.9900
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C7—H7B 0.9800 C24—C23i 1.525 (5)
C7—H7C 0.9800 C24—H24A 0.9900
C8—C9 1.410 (5) C24—H24B 0.9900

O1—Cu1—O2 92.23 (10) O4—C10—C11 113.5 (3)

O1—Cu1—O3i 174.31 (10) C9—C10—C11 121.1 (3)

O2—Cu1—O3i 87.38 (10) C10—C11—H11A 109.5

O1—Cu1—O4i 88.97 (10) C10—C11—H11B 109.5

O2—Cu1—O4i 175.62 (10) H11A—C11—H11B 109.5

O3i—Cu1—O4i 91.01 (10) C10—C11—H11C 109.5
O1—Cu1—S1 98.91 (8) H11A—C11—H11C 109.5
O2—Cu1—S1 96.32 (7) H11B—C11—H11C 109.5

O3i—Cu1—S1 86.77 (7) C19—C12—C9 116.2 (3)

O4i—Cu1—S1 87.66 (7) C19—C12—H12A 108.2
C23—S1—C24 101.26 (17) C9—C12—H12A 108.2
C23—S1—Cu1 96.79 (13) C19—C12—H12B 108.2
C24—S1—Cu1 102.62 (13) C9—C12—H12B 108.2
C2—O1—Cu1 127.4 (2) H12A—C12—H12B 107.4
C4—O2—Cu1 127.8 (2) C22—C13—C14 117.6 (3)

C8—O3—Cu1i 126.0 (2) C22—C13—C6 123.3 (3)

C10—O4—Cu1i 125.7 (2) C14—C13—C6 119.1 (3)
C2—C1—H1A 109.5 C15—C14—C13 121.4 (3)
C2—C1—H1B 109.5 C15—C14—H14 119.3
H1A—C1—H1B 109.5 C13—C14—H14 119.3
C2—C1—H1C 109.5 C14—C15—C16 121.3 (3)
H1A—C1—H1C 109.5 C14—C15—H15 119.4
H1B—C1—H1C 109.5 C16—C15—H15 119.4
O1—C2—C3 125.1 (3) C17—C16—C15 122.5 (3)
O1—C2—C1 114.7 (3) C17—C16—C21 119.0 (3)
C3—C2—C1 120.2 (3) C15—C16—C21 118.4 (3)
C4—C3—C2 122.4 (3) C18—C17—C16 121.0 (3)
C4—C3—C6 119.6 (3) C18—C17—H17 119.5
C2—C3—C6 118.0 (3) C16—C17—H17 119.5
O2—C4—C3 125.0 (3) C17—C18—C19 121.1 (3)
O2—C4—C5 114.2 (3) C17—C18—H18 119.5
C3—C4—C5 120.7 (3) C19—C18—H18 119.5
C4—C5—H5A 109.5 C20—C19—C18 118.7 (3)
C4—C5—H5B 109.5 C20—C19—C12 122.6 (3)
H5A—C5—H5B 109.5 C18—C19—C12 118.7 (3)
C4—C5—H5C 109.5 C19—C20—C21 121.8 (3)
H5A—C5—H5C 109.5 C19—C20—H20 119.1
H5B—C5—H5C 109.5 C21—C20—H20 119.1
C13—C6—C3 116.3 (3) C22—C21—C16 118.8 (3)
C13—C6—H6A 108.2 C22—C21—C20 122.8 (3)
C3—C6—H6A 108.2 C16—C21—C20 118.4 (3)
C13—C6—H6B 108.2 C13—C22—C21 122.4 (3)
C3—C6—H6B 108.2 C13—C22—H22 118.8
H6A—C6—H6B 107.4 C21—C22—H22 118.8
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C8—C7—H7A 109.5 C24i—C23—S1 114.1 (3)

C8—C7—H7B 109.5 C24i—C23—H23A 108.7
H7A—C7—H7B 109.5 S1—C23—H23A 108.7
C8—C7—H7C 109.5 C24i—C23—H23B 108.7
H7A—C7—H7C 109.5 S1—C23—H23B 108.7
H7B—C7—H7C 109.5 H23A—C23—H23B 107.6
O3—C8—C9 125.5 (3) C23i—C24—S1 111.7 (3)

O3—C8—C7 113.7 (3) C23i—C24—H24A 109.3
C9—C8—C7 120.7 (3) S1—C24—H24A 109.3
C10—C9—C8 121.4 (3) C23i—C24—H24B 109.3
C10—C9—C12 120.8 (3) S1—C24—H24B 109.3
C8—C9—C12 117.5 (3) H24A—C24—H24B 107.9
O4—C10—C9 125.4 (3)

O1—Cu1—S1—C23 −125.86 (14) C12—C9—C10—O4 −179.5 (3)
O2—Cu1—S1—C23 −32.59 (14) C8—C9—C10—C11 −171.8 (3)

O3i—Cu1—S1—C23 54.41 (14) C12—C9—C10—C11 2.4 (5)

O4i—Cu1—S1—C23 145.55 (14) C10—C9—C12—C19 121.8 (4)
O1—Cu1—S1—C24 −22.68 (15) C8—C9—C12—C19 −63.8 (4)
O2—Cu1—S1—C24 70.59 (14) C3—C6—C13—C22 43.2 (5)

O3i—Cu1—S1—C24 157.59 (15) C3—C6—C13—C14 −138.7 (3)

O4i—Cu1—S1—C24 −111.27 (15) C22—C13—C14—C15 0.5 (5)
O2—Cu1—O1—C2 1.7 (3) C6—C13—C14—C15 −177.6 (3)

O4i—Cu1—O1—C2 −174.1 (3) C13—C14—C15—C16 0.3 (5)
S1—Cu1—O1—C2 98.4 (3) C14—C15—C16—C17 −178.6 (3)
O1—Cu1—O2—C4 −0.5 (3) C14—C15—C16—C21 −0.3 (5)

O3i—Cu1—O2—C4 173.8 (3) C15—C16—C17—C18 179.2 (3)
S1—Cu1—O2—C4 −99.7 (3) C21—C16—C17—C18 0.9 (5)
Cu1—O1—C2—C3 −2.6 (5) C16—C17—C18—C19 0.7 (5)
Cu1—O1—C2—C1 176.5 (2) C17—C18—C19—C20 −2.1 (5)
O1—C2—C3—C4 1.9 (5) C17—C18—C19—C12 177.8 (3)
C1—C2—C3—C4 −177.1 (3) C9—C12—C19—C20 −43.3 (5)
O1—C2—C3—C6 −178.6 (3) C9—C12—C19—C18 136.8 (3)
C1—C2—C3—C6 2.4 (5) C18—C19—C20—C21 1.9 (5)
Cu1—O2—C4—C3 0.1 (5) C12—C19—C20—C21 −178.0 (3)
Cu1—O2—C4—C5 −177.7 (2) C17—C16—C21—C22 177.9 (3)
C2—C3—C4—O2 −0.6 (6) C15—C16—C21—C22 −0.5 (5)
C6—C3—C4—O2 179.9 (3) C17—C16—C21—C20 −1.1 (5)
C2—C3—C4—C5 177.1 (3) C15—C16—C21—C20 −179.5 (3)
C6—C3—C4—C5 −2.4 (5) C19—C20—C21—C22 −179.2 (3)
C4—C3—C6—C13 −97.4 (4) C19—C20—C21—C16 −0.3 (5)
C2—C3—C6—C13 83.1 (4) C14—C13—C22—C21 −1.4 (5)

Cu1i—O3—C8—C9 −7.1 (5) C6—C13—C22—C21 176.7 (3)

Cu1i—O3—C8—C7 174.3 (2) C16—C21—C22—C13 1.4 (5)
O3—C8—C9—C10 −10.2 (6) C20—C21—C22—C13 −179.7 (3)
C7—C8—C9—C10 168.3 (3) C24—S1—C23—C24i 59.9 (3)
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O3—C8—C9—C12 175.4 (3) Cu1—S1—C23—C24i 164.3 (2)

C7—C8—C9—C12 −6.1 (5) C23—S1—C24—C23i −58.2 (3)

Cu1i—O4—C10—C9 14.3 (5) Cu1—S1—C24—C23i −157.9 (2)

Cu1i—O4—C10—C11 −167.5 (2) S1—C24—C23i—S1i 66.0 (3)
C8—C9—C10—O4 6.3 (5)
Symmetry codes: (i) −x+1, −y+1, −z+1.
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Fig. 1
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R factor = 0.041; wR factor = 0.113; data-to-parameter ratio = 18.9.

The title compound, C11H16O4, was produced when pentane-

2,4-dione (acacH) was treated with formaldehyde in a ca 2.16:1

molar ratio. The compound exists in the solid state as the keto

tautomer, although the enol tautomer also exists in solution.

The C O distances are in the range 1.2097 (18)–

1.2169 (18) Å. Intermolecular C O� � �C O interactions

exist, the shortest having a C� � �O distance of 3.378 (2) Å.

Related literature

The title compound was described over 100 years ago (Scholtz,

1897; Knoevenagel et al., 1903). We have recently reported the

structure of 1,10,100-[(5R,6R)-6-hydroxy-6-methyltetrahydro-

2H-pyran-3,3,5-triyl]triethanone (Burton et al., 2007), which is

formed when excess formaldehyde is used in the synthesis. For

related literature, see: Allen et al. (1998); Wilson (1963).

Experimental

Crystal data

C11H16O4

Mr = 212.24
Orthorhombic, P212121

a = 7.810 (2) Å
b = 8.611 (2) Å
c = 17.431 (4) Å

V = 1172.3 (5) Å3

Z = 4
Mo K� radiation
� = 0.09 mm�1

T = 100 K
0.47 � 0.43 � 0.40 mm

Data collection

Nonius KappaCCD diffractometer
(with Oxford Cryostream)

Absorption correction: none
15692 measured reflections

2647 independent reflections
2352 reflections with I > 2�(I)
Rint = 0.016

Refinement

R[F 2 > 2�(F 2)] = 0.041
wR(F 2) = 0.113
S = 1.04
2647 reflections

140 parameters
H-atom parameters constrained
��max = 0.29 e Å�3

��min = �0.18 e Å�3

Table 1
Selected geometric parameters (Å, �).

O1—C2 1.2145 (15)
O2—C4 1.2097 (18)
O3—C8 1.2169 (18)
O4—C10 1.2158 (17)

C2—C3 1.5256 (17)
C3—C4 1.5284 (17)
C8—C9 1.5256 (18)
C9—C10 1.5301 (17)

O1—C2—C3—C6 �15.71 (16)
C6—C3—C4—O2 103.37 (14)

O3—C8—C9—C6 �15.27 (16)
C6—C9—C10—O4 112.32 (14)

Data collection: COLLECT (Nonius, 2000); cell refinement:

SCALEPACK (Otwinowski & Minor, 1997); data reduction:

DENZO (Otwinowski & Minor, 1997) and SCALEPACK;

program(s) used to solve structure: SIR97 (Altomare et al., 1999);

program(s) used to refine structure: SHELXL97 (Sheldrick, 1997);

molecular graphics: ORTEP-3 for Windows (Farrugia, 1997); soft-

ware used to prepare material for publication: SHELXL97.

The purchase of the diffractometer was made possible by

grant No. LEQSF(1999–2000)-ENH-TR-13, administered by

the Louisiana Board of Regents. This research was supported

by grants from the Department of Energy (DE-FG02–

01ER15267) and the ACS Petroleum Research Fund (37234-

AC3).

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: BQ2022).
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3,5-Diacetylheptane-2,6-dione

S. Burton, F. R. Fronczek and A. W. Maverick

Comment

The title compound, (I), was first explored by Scholtz (1897) and Knoevenagel et al. (1903). Our goal was to utilize the title
compound (I) in the preparation of polynuclear metal complexes.

Solutions of (I) in CHCl3 show evidence in 1H NMR spectra for both keto and enol tautomers, but the crystal contains

only the keto form. C3 and C9 (Fig. 1) are protonated and tetrahedral, all the C—C bond lengths to them are typical of single
bonds, and the four C═O distances (Table 1) are typical of double bonds.

Allen et al. (1998) have shown that intermolecular carbonyl···carbonyl interactions in ketones can significantly influence
the packing of such molecules, and have identified three major geometric types. The shortest such contact in (I), O3···C10
(1 − x, y − 1/2, 3/2 − z) resembles their perpendicular interaction, and its O···C distance 3.387 (2)Å is near the mean distance
they report. However, the O atom in this interaction is actually nearer the methyl C [O3···C11 = 3.267 (2) Å].

Experimental

In accordance with previously described preparative methods (Knoevenagel et al., 1903; Wilson, 1963), a mixture of 40 ml
acetylacetone (0.39 mol) and 13.5 ml of formaldehyde (37% aqueous solution; 0.18 mol) was stirred for 5 days. The product
separated on standing into a gold-colored organic bottom layer (40 ml) and a pale-yellow aqueous top layer (10 ml). The
organic layer was dried over MgSO4 and an equal volume of diethyl ether was added. The resulting solution was cooled

in a dry ice-acetone bath to produce a white solid. After repeatedly taking up the viscous portions in a minimum of diethyl
ether and cooling in the dry ice-acetone bath, a total of 11.0 g (0.052 mole, 26% yield) of crystalline solid, mp 39.5–41.0
°C, was isolated. X-ray quality crystals were obtained by cooling a solution in diethyl ether in a dry ice-acetone bath.

Refinement

H atoms were placed in idealized positions with C—H distances 0.98 − 1.00 Å and thereafter treated as riding. Uiso for H

was assigned as 1.2 times Ueq of the attached C atoms (1.5 for methyl). A torsional parameter was refined for each methyl

group. The absolute structure could not be determined, and Friedel pairs were averaged.

Figures

Fig. 1. Numbering scheme and ellipsoids at the 50% level. H atoms are represented with ar-
bitrary radius.

http://dx.doi.org/10.1107/S1600536807026323
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Burton,%20S.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Fronczek,%20F.R.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Maverick,%20A.W.
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3,5-Diacetylheptane-2,6-dione

Crystal data

C11H16O4 Dx = 1.203 Mg m−3

Mr = 212.24 Melting point: 313.5-314.0 K

Orthorhombic, P212121
Mo Kα radiation
λ = 0.71073 Å

Hall symbol: P 2ac 2ab Cell parameters from 2556 reflections
a = 7.810 (2) Å θ = 2.5–33.7º
b = 8.611 (2) Å µ = 0.09 mm−1

c = 17.431 (4) Å T = 100 K

V = 1172.3 (5) Å3 Fragment, colourless
Z = 4 0.47 × 0.43 × 0.40 mm
F000 = 456

Data collection

Nonius KappaCCD (with Oxford Cryostream) dif-
fractometer 2352 reflections with I > 2σ(I)

Radiation source: fine-focus sealed tube Rint = 0.016

Monochromator: graphite θmax = 33.7º

T = 100 K θmin = 2.8º
ω scans with κ offsets h = −11→11
Absorption correction: none k = −13→13
15692 measured reflections l = −27→27
2647 independent reflections

Refinement

Refinement on F2 H-atom parameters constrained

Least-squares matrix: full
  w = 1/[σ2(Fo

2) + (0.0668P)2 + 0.1309P]
where P = (Fo

2 + 2Fc
2)/3

R[F2 > 2σ(F2)] = 0.041 (Δ/σ)max = 0.006

wR(F2) = 0.113 Δρmax = 0.29 e Å−3

S = 1.04 Δρmin = −0.18 e Å−3

2647 reflections Extinction correction: none
140 parameters
Primary atom site location: structure-invariant direct
methods
Secondary atom site location: difference Fourier map
Hydrogen site location: inferred from neighbouring
sites
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Special details

Geometry. All e.s.d.'s (except the e.s.d. in the dihedral angle between two l.s. planes) are estimated using the full covariance mat-
rix. The cell e.s.d.'s are taken into account individually in the estimation of e.s.d.'s in distances, angles and torsion angles; correlations
between e.s.d.'s in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of
cell e.s.d.'s is used for estimating e.s.d.'s involving l.s. planes.

Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, convention-

al R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculat-

ing R-factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice
as large as those based on F, and R– factors based on ALL data will be even larger.

Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2)

x y z Uiso*/Ueq

O1 0.05730 (14) 0.48942 (13) 0.67423 (5) 0.0284 (2)
O2 −0.06423 (14) 0.21860 (16) 0.54715 (7) 0.0388 (3)
O3 0.52584 (15) 0.07629 (14) 0.65558 (6) 0.0346 (3)
O4 0.45874 (17) 0.10347 (15) 0.84527 (6) 0.0383 (3)
C1 0.1592 (2) 0.53906 (18) 0.54771 (8) 0.0296 (3)
H1A 0.0884 0.6328 0.5508 0.044*
H1B 0.1286 0.4802 0.5016 0.044*
H1C 0.2803 0.5686 0.5452 0.044*
C2 0.12923 (16) 0.44037 (15) 0.61741 (7) 0.0212 (2)
C3 0.19679 (15) 0.27436 (14) 0.61312 (6) 0.0184 (2)
H3 0.3141 0.2768 0.5901 0.022*
C4 0.08071 (18) 0.17786 (17) 0.56105 (7) 0.0246 (2)
C5 0.1554 (2) 0.03050 (19) 0.52954 (9) 0.0366 (3)
H5A 0.0644 −0.0469 0.5234 0.055*
H5B 0.2423 −0.0092 0.5650 0.055*
H5C 0.2082 0.0514 0.4796 0.055*
C6 0.20811 (15) 0.19736 (15) 0.69250 (6) 0.0195 (2)
H6A 0.1052 0.2245 0.7228 0.023*
H6B 0.2105 0.0831 0.6863 0.023*
C7 0.69870 (18) 0.2565 (2) 0.72430 (11) 0.0348 (3)
H7A 0.7860 0.1755 0.7298 0.052*
H7B 0.6838 0.3103 0.7734 0.052*
H7C 0.7351 0.3310 0.6851 0.052*
C8 0.53220 (16) 0.18388 (16) 0.70076 (7) 0.0231 (2)
C9 0.36884 (15) 0.24996 (14) 0.73593 (6) 0.0182 (2)
H9 0.3751 0.3659 0.7337 0.022*
C10 0.36087 (17) 0.20085 (16) 0.82022 (7) 0.0236 (2)
C11 0.22526 (19) 0.27536 (18) 0.86857 (7) 0.0294 (3)
H11A 0.2417 0.2456 0.9223 0.044*
H11B 0.1122 0.2407 0.8512 0.044*
H11C 0.2332 0.3885 0.8638 0.044*
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Atomic displacement parameters (Å2)

U11 U22 U33 U12 U13 U23

O1 0.0318 (5) 0.0291 (5) 0.0243 (4) 0.0065 (4) 0.0051 (4) −0.0015 (4)
O2 0.0300 (5) 0.0493 (7) 0.0371 (6) 0.0006 (5) −0.0138 (5) −0.0062 (5)
O3 0.0336 (5) 0.0348 (6) 0.0354 (5) 0.0123 (5) −0.0005 (4) −0.0080 (5)
O4 0.0445 (7) 0.0436 (6) 0.0269 (5) 0.0058 (6) −0.0062 (5) 0.0120 (4)
C1 0.0315 (6) 0.0299 (6) 0.0275 (6) 0.0059 (5) 0.0050 (5) 0.0104 (5)
C2 0.0197 (5) 0.0237 (5) 0.0201 (4) 0.0015 (4) −0.0005 (4) 0.0018 (4)
C3 0.0182 (5) 0.0219 (5) 0.0152 (4) 0.0000 (4) −0.0008 (4) −0.0002 (4)
C4 0.0287 (6) 0.0280 (6) 0.0169 (4) −0.0038 (5) −0.0027 (4) −0.0007 (4)
C5 0.0404 (8) 0.0341 (7) 0.0353 (7) −0.0033 (7) −0.0031 (6) −0.0142 (6)
C6 0.0203 (5) 0.0220 (5) 0.0163 (4) −0.0024 (4) −0.0024 (4) 0.0018 (4)
C7 0.0203 (6) 0.0335 (7) 0.0506 (9) −0.0010 (6) −0.0019 (6) 0.0075 (7)
C8 0.0211 (5) 0.0231 (5) 0.0250 (5) 0.0033 (5) −0.0009 (4) 0.0053 (4)
C9 0.0197 (4) 0.0184 (4) 0.0165 (4) −0.0011 (4) −0.0014 (4) 0.0012 (4)
C10 0.0283 (6) 0.0249 (5) 0.0175 (4) −0.0066 (5) −0.0043 (4) 0.0018 (4)
C11 0.0338 (7) 0.0348 (7) 0.0198 (5) −0.0117 (6) 0.0050 (5) −0.0036 (5)

Geometric parameters (Å, °)

O1—C2 1.2145 (15) C5—H5C 0.9800
O2—C4 1.2097 (18) C6—C9 1.5343 (16)
O3—C8 1.2169 (18) C6—H6A 0.9900
O4—C10 1.2158 (17) C6—H6B 0.9900
C1—C2 1.5011 (18) C7—C8 1.500 (2)
C1—H1A 0.9800 C7—H7A 0.9800
C1—H1B 0.9800 C7—H7B 0.9800
C1—H1C 0.9800 C7—H7C 0.9800
C2—C3 1.5256 (17) C8—C9 1.5256 (18)
C3—C4 1.5284 (17) C9—C10 1.5301 (17)
C3—C6 1.5370 (16) C9—H9 1.0000
C3—H3 1.0000 C10—C11 1.498 (2)
C4—C5 1.501 (2) C11—H11A 0.9800
C5—H5A 0.9800 C11—H11B 0.9800
C5—H5B 0.9800 C11—H11C 0.9800

C2—C1—H1A 109.5 C9—C6—H6B 109.4
C2—C1—H1B 109.5 C3—C6—H6B 109.4
H1A—C1—H1B 109.5 H6A—C6—H6B 108.0
C2—C1—H1C 109.5 C8—C7—H7A 109.5
H1A—C1—H1C 109.5 C8—C7—H7B 109.5
H1B—C1—H1C 109.5 H7A—C7—H7B 109.5
O1—C2—C1 122.37 (12) C8—C7—H7C 109.5
O1—C2—C3 121.72 (11) H7A—C7—H7C 109.5
C1—C2—C3 115.90 (10) H7B—C7—H7C 109.5
C2—C3—C4 109.48 (10) O3—C8—C7 121.98 (13)
C2—C3—C6 112.33 (10) O3—C8—C9 120.65 (12)
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C4—C3—C6 109.52 (10) C7—C8—C9 117.37 (12)
C2—C3—H3 108.5 C8—C9—C10 108.47 (10)
C4—C3—H3 108.5 C8—C9—C6 112.08 (10)
C6—C3—H3 108.5 C10—C9—C6 111.04 (10)
O2—C4—C5 122.38 (14) C8—C9—H9 108.4
O2—C4—C3 121.09 (13) C10—C9—H9 108.4
C5—C4—C3 116.53 (12) C6—C9—H9 108.4
C4—C5—H5A 109.5 O4—C10—C11 122.55 (12)
C4—C5—H5B 109.5 O4—C10—C9 120.66 (12)
H5A—C5—H5B 109.5 C11—C10—C9 116.78 (11)
C4—C5—H5C 109.5 C10—C11—H11A 109.5
H5A—C5—H5C 109.5 C10—C11—H11B 109.5
H5B—C5—H5C 109.5 H11A—C11—H11B 109.5
C9—C6—C3 111.34 (9) C10—C11—H11C 109.5
C9—C6—H6A 109.4 H11A—C11—H11C 109.5
C3—C6—H6A 109.4 H11B—C11—H11C 109.5

O1—C2—C3—C4 106.19 (14) O3—C8—C9—C10 107.67 (13)
C1—C2—C3—C4 −74.56 (13) C7—C8—C9—C10 −72.17 (14)
O1—C2—C3—C6 −15.71 (16) O3—C8—C9—C6 −15.27 (16)
C1—C2—C3—C6 163.54 (11) C7—C8—C9—C6 164.88 (12)
C2—C3—C4—O2 −20.20 (17) C3—C6—C9—C8 −70.39 (13)
C6—C3—C4—O2 103.37 (14) C3—C6—C9—C10 168.12 (10)
C2—C3—C4—C5 160.62 (12) C8—C9—C10—O4 −11.25 (17)
C6—C3—C4—C5 −75.80 (14) C6—C9—C10—O4 112.32 (14)
C2—C3—C6—C9 −79.56 (12) C8—C9—C10—C11 170.22 (11)
C4—C3—C6—C9 158.56 (10) C6—C9—C10—C11 −66.21 (14)
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Fig. 1



A Nanoporous Ag-Fe Mixed-Metal-Organic Framework Exhibiting
Single-Crystal-to-Single-Crystal Transformations upon Guest Exchange

Yixun Zhang, Banglin Chen,† Frank R. Fronczek, and Andrew W. Maverick*

Department of Chemistry, Louisiana State UniVersity, Baton Rouge, Louisiana 70803

Received January 29, 2008

The reaction of solutions of Fe(Pyac)3 [PyacH ) 3-(4-pyridyl)-
2,4-pentanedione] and AgNO3 produces two types of porous mixed-
metal-organic frameworks (M′MOFs). With lower AgNO3 con-
centrations, the product (M′MOF1) has a 2D honeycomb structure
with Ag:Fe ) 1:1 and pores of ca. 12 × 16 Å. When a higher
concentration of AgNO3 is employed, however, the product
(M′MOF2) has Ag:Fe ) 3:2 and a porous 1D ladder structure. A
variety of nonpolar solvents serve as guests in M′MOF2: with 1,2-
C6H4Cl2, [AgNO3]3[Fe(Pyac)3]2(1,2-C6H4Cl2)5.5 (M′MOF2a); with
C6H5Br, [AgNO3]3[Fe(Pyac)3]2(C6H5Br)6 (M′MOF2b). M′MOFs 2a
and 2b can be interconverted by treatment with the appropriate
solvent, in single-crystal-to-single-crystal transformations.

Porous metal-organic frameworks (MOFs) that are stable
upon guest removal and exchange are being studied for a
variety of applications.1 The most stable of such frameworks
retain their crystallinity upon guest exchange, as demon-
strated by single-crystal X-ray analysis.2,3 The majority of
these robust MOFs are three-dimensional (3D) networks
linked by coordination bonds; only a few are based on one-
dimensional (1D) frameworks.3

Recently, we have applied the emerging preconstructed
building block approach4 to the syntheses of porous

mixed-metal-organic frameworks (M′MOFs).5,6 For ex-
ample, we have successfully incorporated Cu(Pyac)2 {bis-
[3-(4-pyridyl)pentane-2,4-dionato]copper(II)} into porous
Cd-Cu M′MOFs that contain unsaturated metal sites in
their pores.5b However, their 1D and two-dimensional (2D)
networks are not stable under guest/solvent exchange.
Herein we report the syntheses and crystal structures of
two different M′MOFs by the reaction of the tridentate
preconstructed building block Fe(Pyac)3 with AgNO3.7 The
new M′MOFs have Ag:Fe ratios of 1:1 (M′MOF1,
[AgNO3][Fe(Pyac)3](G)m, with a 2D trigonal grid struc-
ture) and 3:2 (M′MOF2, [AgNO3]3[Fe(Pyac)3]2(G)n, with
a 1D ladder structure). Surprisingly, the 1D M′MOF2,
reinforced by weak Ag · · ·Ag and Ag-nitrate-Ag interac-
tions, is robust and exhibits reversible single-crystal-to-
single-crystal transformations upon guest exchange. Also,
although M′MOFs 2a and 2b contain the same framework,
they have slightly different crystal symmetry and their
channels have different shapes. This indicates that the
framework is not only sufficiently robust to withstand
guest exchange but also flexible enough to accommodate
variations in guest size and packing.

Domasevitch et al. found that Fe(Pyac)3 shows a substantial
deviation from regular trigonal symmetry in the solid state
(N · · ·Fe · · ·N 71.7, 135.3, 152.9°). In coordination assemblies
of Fe(Pyac)3 with metal ions such as Cd2+, they found a
similarly wide range of N · · ·Fe · · ·N angles.6b We were
interested in M′MOFs constructed from Fe(Pyac)3 because of
this compatibility with a variety of site symmetries.
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We prepared the two new M′MOFs8 by the reaction of
solutions of Fe(Pyac)3 (in nonpolar organic solvents) and
AgNO3 (in a small amount of CH3CN), as shown schemati-
cally in Figure 1.

Figure 2 shows a portion of one 2D layer from the crystal
structure of M′MOF1. The pores in this structure are
approximately hexagonal in shape, ca. 11.7 × 16.0 Å.

Crystals of M′MOF1 become opaque within a few
minutes when they are immersed in other solvents. This
indicates that the lattice is not stable under solvent (guest)
exchange. However, the second type of framework is much
more robust: M′MOF2 ([AgNO3]3[Fe(Pyac)3]2(G)n), with
Ag:Fe ) 3:2, forms when a higher concentration of Ag+ is
used. It crystallizes with a variety of guest molecules; the
products with 1,2-dichlorobenzene (M′MOF2a) and bro-
mobenzene (M′MOF2b) are discussed in detail here.

In the M′MOF2 structure (see Figures 1 and 3), AgNO3

nodes are bridged by tridentate Fe(Pyac)3 building blocks to
form a 1D porous ladder with Fe · · ·Fe distances of ca. 19 Å.

When the Fe(Pyac)3 reactant is dissolved in 1,2-C6H4Cl2,
the product is M′MOF2a, [AgNO3]3[Fe(Pyac)3]2(1,2-C6H4-

Cl2)5.5. In this structure, the Fe · · ·Fe distances are 19.50 Å
(across the “rungs” of the ladder) and 18.35 and 19.01 Å
(along the “uprights”). This framework encloses two crys-
tallographically independent, centrosymmetric pores, labeled
I and II in Figure 3, with cross-sectional areas of ca. 189
and 154 Å2, respectively.9 The larger pores (I) accommodate
six guest molecules, and the smaller pores (II) five, for a
total of 5.5 guest molecules per [AgNO3]3[Fe(Pyac)3]2

formula unit. These 1D ladders are further interconnected

(8) Crystal data for M′MOF1: [AgNO3][C30H30FeN3O6](C6H4Cl2)2(CH3CN)2,
M ) 1130.39, T ) 100 K, triclinic, P1j, a ) 10.474(2) Å, b ) 15.215(3) Å,
c ) 17.051(4) Å, R ) 109.691(10)°, � ) 98.453(10)°, γ ) 90.388(12)°, V
) 2526.0(9) Å3, Z ) 2, Dc ) 1.486 g cm-3, µ ) 0.944 mm-1, R1 [I >
2σ(I)] ) 0.068, wR2 (all data) ) 0.196. Crystal data for M′MOF2a:
[AgNO3]3[C30H30FeN3O6]2(C6H4Cl2)5.5, M) 2487.00, T) 100 K, triclinic,
P1j, a ) 7.606(2) Å, b ) 22.397(6) Å, c ) 31.296(11) Å, R) 83.892(10)°,
� ) 85.753(11)°, γ ) 82.90(2)°, V ) 5250(3) Å3, Z ) 2, Dc ) 1.583 g
cm-3, µ ) 1.171 mm-1, R1 [I > 2σ(I)] ) 0.111, wR2 (all data) ) 0.346.
Crystal data for M′MOF2b: [AgNO3]3[C30H30FeN3O6]2(C6H5Br)6, M )
2620.54, T ) 110 K, triclinic, P1j, a ) 7.788(4) Å, b ) 15.728(9) Å, c )
22.439(15) Å, R ) 94.37(3)°, � ) 95.32(3)°, γ ) 100.51(2)°, V ) 2679(3)
Å3, Z ) 1, Dc ) 1.625 g cm-3, µ ) 3.109 mm-1, R1 [I > 2σ(I)] ) 0.139,
wR2 (all data) ) 0.382.

(9) The areas of the pores in these structures were estimated by using
graphical space-filling models generated by the program Mercury
(version 1.4.1, Cambridge Crystallographic Data Centre, Cambridge,
U.K., 2005; http://www.ccdc.cam.ac.uk/mercury/), with the view
perpendicular to the least-squares plane of the 1D ladder framework.
The “slice” feature of this program was also used to estimate the
perpendicular distances between adjacent layers.

Figure 1. Reaction of the trigonal building block Fe(Pyac)3 with Ag+

produces two frameworks: 2D honeycomb M′MOF1 and 1D ladder
M′MOF2.

Figure 2. Portion of one 2D layer in the crystal structure of M′MOF1,
[AgNO3][Fe(Pyac)3](CH3CN)2(1,2-C6H4Cl2)2. H atoms are omitted for
clarity.

Figure 3. Crystal structures of M′MOF2a, [AgNO3]3[Fe(Pyac)3]2(1,2-
C6H4Cl2)5.5, and M′MOF2b, [AgNO3]3[Fe(Pyac)3]2(C6H5Br)6, and reactions
representing their single-crystal-to-single-crystal transformation. H atoms
and minor components of disordered guest molecules are omitted for clarity.
The gray oval in M′MOF2a shows the location of the disordered fifth guest
molecule in pore II.
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by weak Ag · · ·Ag interactions (3.29 Å) and accompanying
bridging nitrate anions (Ag-O 2.61 and 2.72 Å) to form
infinite 2D sheets that are separated by ca. 5.9 Å; see Figure
4. Also, the “rung” Ag atoms in adjacent 2D layers are linked
by nitrate ions (Ag · · ·O-N-O · · ·Ag 7.61 Å; also shown
in Figure 4) to produce an overall 3D network. In this
nanoporous Ag-Fe M′MOF (2a), 43.1% of the volume is
“solvent-accessible”.10

When the Fe(Pyac)3 reactant is dissolved in bromobenzene
instead, the product is [AgNO3]3[Fe(Pyac)3]2(C6H5Br)6,
M′MOF2b (Figure 3). The structure of 2b is similar to that
of 2a, with Fe · · ·Fe distances of 19.53 Å (rung) and 18.78
Å (edge), except that all pores in 2b have the same
dimensions and contain six bromobenzene guest molecules.
Contacts between the 1D ladders are Ag · · ·Ag (3.25 Å) and
Ag-O (2.57 and 2.77 Å). In 2b, the interlayer separation is
ca. 5.7 Å (with Ag · · ·O-N-O · · ·Ag 7.79 Å) and 43.6% of
the volume is “solvent-accessible”.

M′MOFs 2a and 2b can also be prepared when methanol
is used as the solvent for AgNO3 (rather than CH3CN),
though in lower yield. Details of this preparation are available
as Supporting Information.

The ladder-type M′MOFs 2a and 2b are soluble in CH3CN,
N,N-dimethylformamide, and dimethyl sulfoxide, and cannot
be recovered from their solutions easily; this indicates that
the framework dissociates in these coordinating solvents. This
was surprising at first because CH3CN is used as a solvent
in the synthesis of 2a and 2b. However, it is only a minor
fraction of the synthesis solvent mixture; see the Supporting
Information for details. In contrast, crystals of 2a and 2b
are insoluble and remain transparent in noncoordinating
solvents such as diethyl ether, C6H6, chlorobenzene, and 1,2-
dichlorobenzene. This observation led us to examine the

possibility of guest exchange reactions in these solvents by
single-crystal diffraction studies. We find that 2a and 2b can
be interconverted in single-crystal-to-single-crystal transfor-
mations, as illustrated in Figure 3.

As an example of these interconversions, we prepared
crystalline M′MOF2a directly from Fe(Pyac)3 in a 1,2-
dichlorobenzene solution. We chose one single crystal of 2a
from this batch, converted it into 2b by immersion in
bromobenzene, and then converted it back to 2a by immer-
sion in 1,2-dichlorobenzene again. The transformations were
essentially complete in 24 h in both directions, as judged by
the successful solution of structures 2a, 2b, and 2a again
(after both exchange processes) on the same single crystal,
including resolved solvent/guest molecules. This experiment
clearly establishes that the nanoporous Ag-Fe M′MOF2 is
robust upon solvent exchange. In other words, M′MOF2
retains its framework connectivity despite the fact that the
different guests lead to noticeable changes in the pore
geometry and symmetry, Fe · · ·Fe and Ag · · ·Ag distances,
and interlayer separations.

Compounds 2a and 2b are unusual examples in which
shorter- and longer-range Ag · · ·Ag interactions11 serve to
connect 1D units in the second and third dimensions. These
interactions may contribute to the stability of the lattice under
guest exchange. Taking advantage of the richness of the
preconstructed building block approach and interactions such
as Ag · · ·Ag, we expect that a variety of porous M′MOFs
will be possible. We are now studying the range of guest
molecules that can be accommodated within the framework
of M′MOF2 and exploring the potential applications of these
M′MOFs in sensors, gas storage, and catalysis.
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Figure 4. Schematic illustration of the structure of M′MOF2a, showing
only Ag, Fe, and nitrates. Pores within the 1D ladders are shaded for clarity.
Nitrate ions joining one 1D ladder to the next one in the same layer are
shown in blue, and those joining one layer to the next in green.
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Six new organosilicon-based bis-, tris-, and tetrakis(�-diketones) and their RhI(COD) and IrI(COD)
(COD ) 1,5-cyclooctadiene) complexes have been prepared and characterized. The �-diketones,
(CH3)4-nSi(4-C6H4CH(COR)2)n (n ) 2, 3, 4; R ) Me, Et), were prepared from the corresponding aldehydes
(CH3)4-nSi(4-C6H4CHO)n by reaction with trimethyl phosphite-R-diketone adducts. Reaction with
[M(COD)(µ-Cl)]2 (M ) Rh and Ir) produces the Rh and Ir complexes, three of which have been
characterized by X-ray analysis. The �-diketone moieties are ca. 13.3 Å apart, which leads to intramolecular
M · · · M distances in the complexes averaging ca. 15.6 Å. The present organosilicon-based route is expected
to be useful for the construction of a variety of polytopic molecules containing either �-diketone or other
functional groups and polygonal or polyhedral metal complexes based on them.

Introduction

The design and synthesis of metal-organic compounds is a
rapidly growing area of study because there are many promising
fragments available for the construction of supramolecular
materials.1-6 These materials are most often prepared by first
synthesizing multifunctional organic ligands (sometimes called
“linkers” or “building blocks”) and then treating them with metal
ions. We are interested in building blocks based on �-diketonate
ligands, because they offer the stability of chelation as well as
the opportunity for symmetrical placement of substituents.7

We now report a family of tetrahedral building blocks that
have two, three, and four �-diketone moieties; these react further
with metal salts to form polynuclear metal complexes as shown
in Figure 1. The building blocks are designed for the synthesis
of structurally defined metal-organic frameworks (MOFs),
including both molecular and network-solid materials. The
present work represents the first steps toward achieving that
goal. We used organosilicon chemistry because it provides a
simple and efficient synthetic route to multifunctional �-dike-
tones. We also converted the new �-diketones into their
polynuclear Rh and Ir complexes, which are stable in the solid
state. Three of the Rh complexes have also been characterized
by X-ray crystallography, which reveals intramolecular Si · · · Rh
and Rh · · · Rh distances averaging 9.6 and 15.6 Å, respectively,
and Rh · · · Si · · · Rh angles averaging ca. 109°, as expected for
approximately tetrahedral structures. The approach outlined here

is expected to be valuable for the preparation of molecules
containing both �-diketone and other functional groups at well-
defined distances and orientations and for their subsequent
conversion to polynuclear metal complexes.

Experimental Section

General Considerations. Reagents were used as received:
4-bromobenzaldehyde dimethyl acetal and SiCl4 (Aldrich), dim-
ethyldichlorosilane and methyltrichlorosilane (Gelest Inc.), CDCl3

(Fisher), [Rh(COD)(µ-Cl)]2 (Strem), and [Ir(COD)(µ-Cl)]2 (COD
) 1,5-cyclooctadiene) (Pressure Chemicals). Column chromatog-
raphy was carried out with Sorbent Technologies silica gel
(230-450 mesh). NMR spectra were recorded on Bruker (250, 300,
or 400 MHz) or Varian (500 MHz) spectrometers, with CDCl3 as
solvent unless otherwise noted. Elemental analyses were performed
by M-H-W Laboratories, Phoenix, AZ. The phospholenes 2,2,2-
trimethoxy-4,5-dimethyl-8 and 2,2,2-trimethoxy-4,5-diethyl-1,3,2-
dioxaphospholene,9andbis(4-formylphenyl)dimethylsilane((CH3)2Si(4-
C6H4CHO)2),10 were prepared by literature methods.

Tris(4-formylphenyl)methylsilane(CH3Si(4-C6H4CHO)3).4-Bro-
mobenzaldehyde dimethyl acetal (12.02 g, 52.0 mmol) was dis-
solved in dry THF (150 mL) under nitrogen. n-BuLi solution in
hexane (1.6 M, 32.5 mL, 52 mmol) was added at -78 °C over 40
min. After stirring for an additional 90 min at -78 °C, methyl-
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Figure 1. Sketch of the polynuclear metal complexes that can form
when tetrahedral organosilicon-based (a) bis-, (b) tris-, and (c)
tetrakis(�-diketones) react with metal ions.
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trichlorosilane (1.40 mL, 13.2 mmol) was slowly added to the above
suspension. The reaction mixture was stirred for an additional 2 h
at -78 °C and then overnight while it returned to room temperature.
The reaction mixture was quenched with 2 M HCl (60 mL) and
extracted with ether (3 × 50 mL). The ether solution was washed
with brine, dried over MgSO4, and evaporated to give the oily
intermediate acetal CH3Si(4-C6H4CH(OCH3)2)3, which was hydro-
lyzed without purification. The oil was dissolved in 100 mL of
THF/2 M HCl (1:1 v/v) and the mixture refluxed for 2 h. After
cooling to room temperature, the reaction mixture was poured into
saturated NaHCO3(aq) (50 mL) and extracted with ether (3 × 50
mL). The combined extract was washed with brine, dried with
MgSO4, filtered, and concentrated under reduced pressure, giving
an oil. The crude product was purified by column chromatography
(hexane/ethyl acetate, 3:1) to give tris(4-formylphenyl)methylsilane
as a colorless liquid, 2.67 g (56%). 1H NMR: δ 10.07 (s, 3H, CHO);
7.90, 7.68 (AB, 12H, aromatic CH); 0.97 (s, 3H, SiCH3). 13C NMR:
δ 192.6, 142.63, 137.4, 135.9, 129.2, -3.7. 29Si NMR: -11.3.
FTIR: 3030, 2831, 1698, 1595, 1209, 838 cm-1. Anal. Calcd for
C22H18O3Si (M ) 358.46): C, 73.71; H, 5.06. Found: C, 73.45; H,
5.11.

Tetrakis(4-formylphenyl)silane (Si(4-C6H4CHO)4). 4-Bro-
mobenzaldehyde dimethyl acetal (12.02 g, 52.0 mmol) was dis-
solved in dry THF (150 mL) under nitrogen. n-BuLi solution in
hexane (1.6 M, 32.5 mL, 52 mmol) was added slowly at -78 °C
over 45 min. After stirring the mixture for 2 h at -78 °C,
tetrachlorosilane (1.14 mL, 10 mmol) was slowly added to the above
suspension. The remainder of the procedure up to the isolation of
the crude product was the same as that for CH3Si(4-C6H4CHO)3,
except that the crude Si(4-C6H4CHO)4 was obtained as an off-white
solid. This was recrystallized from hexane/ethyl acetate (3:1) to
give (Si(4-C6H4CHO)4) as a white solid, 3.40 g (75%), mp 200-204
°C. 1H NMR: δ 10.09 (s, 4H, CHO); 7.94, 7.73 (AB, 16H, aromatic
CH). 13C NMR: δ 192.3, 139.7, 137.9, 137.0, 129.3. 29Si NMR:
-16.9. FTIR: 3057, 2830, 1701, 1597, 1208, 837 cm-1. Anal. Calcd
for C28H20O4Si (M ) 448.54): C, 74.98; H, 4.49. Found: C, 74.72;
H, 4.60.

3,3′-[Dimethylsilylenebis(1,4-phenylene)]bis(2,4-pentanedi-
one), (CH3)2Si(phacH)2 (1). A mixture of bis(4-formylphenyl)di-
methylsilane (2.19 g, 8.16 mmol) and 2,2,2-trimethoxy-4,5-dimethyl-
1,3,2-dioxaphospholene (4.29 g, 20.4 mmol) was stirred at room
temperature under argon. After 24 h, 50 mL of methanol was added,
and the mixture was refluxed under nitrogen for 2 h. The solvent
was removed under reduced pressure, and the residue was recrystal-
lized from methanol to give 1 as a white solid, 1.95 g (58%), mp
155-157 °C. 1H NMR: δ 16.70 (s, 2H, OH); 7.55, 7.18 (AB, 8H,
aromatic CH); 1.92 (s, 12H, CH3); 0.60 (s, 6H, SiCH3). 13C NMR:
δ 191.1, 137.9, 137.8, 134.8, 130.7, 115.3, 24.5, -2.0. 29Si NMR:
δ 10.0. Anal. Calcd for C24H28O4Si (M ) 408.55): C, 70.55; H,
6.91. Found: C, 70.70; H, 7.02.

4,4′-[Dimethylsilylenebis(1,4-phenylene)]bis(3,5-heptanedi-
one), (CH3)2Si(phprH)2 (2). A mixture of bis(4-formylphenyl)di-
methylsilane (1.00 g, 3.73 mmol) and 2,2,2-trimethoxy-4,5-diethyl-
1,3,2-dioxaphospholene (2.66 g, 11.2 mmol) was stirred at room
temperature under argon. After 18 h, 20 mL of methanol was added,
and the mixture was refluxed under nitrogen for 3 h. The solvent
was removed under reduced pressure, and the residue was recrystal-
lized from methanol to give 2 as a white solid, 0.71 g (41%), mp
98-99 °C. 1H NMR: δ 16.72 (s, 2H, OH); 7.52, 7.15 (AB, 8H,
aromatic CH); 2.11 (m, 8H, CH2) 1.01 (t, 12H, CH3); 0.56 (s, 6H,
SiCH3). 13C NMR: δ 194.1, 137.2, 137.0, 134.5, 130.7, 113.8, 29.9,
9.6, -2.2. 29Si NMR: δ 13.1. Anal. Calcd for C28H36O4Si (M )
464.66): C, 72.37; H, 7.81. Found: C, 72.21; H, 7.64.

3,3′,3′′ -[Methylsilylidynetris(1,4-phenylene)]tris(2,4-pentanedi-
one), CH3Si(phacH)3 (3). A mixture of tris(4-formylphenyl)meth-
ylsilane (1.76 g, 4.91 mmol) and 2,2,2-trimethoxy-4,5-dimethyl-
1,3,2-dioxaphospholene (4.60 g, 21.9 mmol) was stirred at room

temperature under argon. After 20 h, 60 mL of methanol was added,
and the mixture was refluxed under nitrogen for 3 h. During this
time a white solid formed. It was collected and air-dried. The filtrate
was concentrated under reduced pressure to about 10 mL and
filtered, giving a second crop of product. The combined product
was recrystallized from methanol to give 3 as a white solid, 1.56 g
(56%), mp 212-215 °C. 1H NMR: δ 16.71 (s, 3H, OH); 7.55, 7.21
(AB, 12H, aromatic CH); 1.93 (s, 18H, CH3); 0.91 (s, 3H, SiCH3).
13C NMR: δ 191.1, 138.4, 135.8, 135.1, 130.9, 115.3, 24.5, -2.9.
29Si NMR: δ 12.5. Anal. Calcd for C34H36O6Si (M ) 568.72): C,
71.80; H, 6.38. Found: C, 72.00; H, 6.47.

4,4′,4′′ -[Methylsilylidynetris(1,4-phenylene)]tris(3,5-heptanedi-
one), CH3Si(phprH)3 (4). A mixture of tris(4-formylphenyl)meth-
ylsilane (0.390 g, 1.09 mmol) and 2,2,2-trimethoxy-4,5-diethyl-
1,3,2-dioxaphospholene (1.00 g, 4.20 mmol) was stirred at room
temperature under argon. After 20 h, 10 mL of methanol was added,
and the mixture was refluxed under nitrogen for 3 h. Then solvent
was removed under reduced pressure, and the residue was recrystal-
lized from methanol to give 4 as a white solid, 0.385 g (54%), mp
130-132 °C. 1H NMR: δ 16.76 (s, 3H, OH); 7.55, 7.21 (AB, 12H,
aromatic CH); 2.16 (m, 12H, CH2) 1.05 (t, 18H, CH3), 0.91 (s,
3H, SiCH3). 13C NMR: δ 194.0, 137.7, 135.6, 134.8, 130.8, 113.7,
30.0, 9.6, -3.0. 29Si NMR: δ 12.4. Anal. Calcd for C40H48O6Si
(M ) 652.87): C, 73.58; H, 7.41. Found: C, 73.47; H, 7.37.

3,3′,3′′ ,3′′′ -[Silanetetrayltetrakis(1,4-phenylene)]tetrakis(2,4-
pentanedione), Si(phacH)4 (5). A mixture of tetrakis(4-formylphe-
nyl)silane (2.00 g, 4.46 mmol) and 2,2,2-trimethoxy-4,5-dimethyl-
1,3,2-dioxaphospholene (5.60 g, 26.8 mmol) was stirred at room
temperature under argon. After 20 h, 60 mL of methanol was added,
and the mixture was refluxed under nitrogen for 3 h. During this
time a white solid appeared. After cooling, the mixture was filtered,
giving solid 5 as a pure white solid compound, 1.91 g (59%), mp
>220 °C. 1H NMR: δ 16.72 (s, 4H, OH); 7.61, 7.26 (AB, 16H,
aromatic CH), 1.94 (s, 24H, CH3). 13C NMR: δ 191.0, 138.8, 136.9,
133.1, 131.0, 115.2, 24.5. 29Si NMR: δ 16.6. Anal. Calcd for
C44H44O8Si (M ) 728.90): C, 72.50; H, 6.08. Found: C, 72.36; H,
6.25.

4,4′,4′′ ,4′′′ -[Silanetetrayltetrakis(1,4-phenylene)]tetrakis(3,5-
heptanedione), Si(phprH)4 (6). A mixture of tetrakis(4-formylphe-
nyl)silane (0.80 g, 1.78 mmol) and 2,2,2-trimethoxy-4,5-diethyl-
1,3,2-dioxaphospholene (3.20 g, 13.43 mmol) was stirred at room
temperature under argon. After 20 h, 20 mL of methanol was added,
and the mixture was refluxed under nitrogen for 3 h. During this
time a white solid appeared, which was collected and dried under
vacuum. Yield: 0.925 g (62%), mp 152-155 °C. 1H NMR: δ 16.74
(s, 4H, OH); 7.57, 7.25 (m, 16H, aromatic CH); 2.14 (m, 16H,
CH2); 1.04 (m, 24H, CH3). 13C NMR: δ 194.2, 138.4, 136.1, 133.0,
130.4, 113.9, 30.2, 9.1. 29Si NMR: δ 16.9. Anal. Calcd for
C52H60O8Si (M ) 841.11): C, 74.25; H, 7.19. Found: C, 73.89; H,
6.99.

General Synthesis of the Complexes 7-18. The required
[M(COD)(µ-Cl)]2 (M ) Rh or Ir) (0.200 mmol) and a stoichiometric
amount of �-diketone (chosen from 1-6) were combined under
N2 in diethyl ether (20 mL), and aqueous KOH (1 mL, 1 M) was
then added. The solution was stirred for 25-45 min. During this
time a yellow solid precipitated. It was collected and washed with
2-propanol and pentane and dried. The crude product was recrystal-
lized either from diethyl ether or a diethyl ether/CHCl3 mixture.

Bis(1,5-cyclooctadiene)[µ-[3,3′-[dimethylsilylenebis(1,4-phe-
nylene)]bis(2,4-pentanedionato)]dirhodium, (CH3)2Si(phac-
Rh(COD))2 (7). Yield: 0.135 g (81%); dec 240 °C. 1H NMR: δ
7.48, 7.12 (AB, 8H, aromatic CH), 4.13 (s, 8H, dCH), 2.50 (m,
8H, CH2), 1.87 (m, 8H, CH2), 1.72 (s, 12H, CH3), 0.55 (s, 6H,
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SiCH3). 13C NMR: δ 185.8, 142.8, 136.4, 134.7, 131.2, 114.4, 76.8,
30.5, 28.6, -1.9. 29Si NMR: δ 8.8. Anal. Calcd for C40H50O4Rh2Si
(M ) 828.72): C, 57.97; H, 6.08. Found: C, 58.06; H, 5.96.

Bis(1,5-cyclooctadiene)[µ-[3,3′-[dimethylsilylenebis(1,4-phe-
nylene)]bis(2,4-pentanedionato)]diiridium, (CH3)2Si(phac-Ir-
(COD))2 (8). Yield: 0.117 g (58%); dec 280 °C. 1H NMR: δ 7.52,
7.13 (AB, 8H, aromatic CH), 4.04 (s, 8H,dCH), 2.31 (m, 8H, CH2),
1.78 (s, 12H, CH3), 1.70 (m, 8H, CH2), 0.56 (s, 6H, SiCH3). 13C
NMR: δ 185.7, 141.8, 136.9, 134.9, 131.0, 116.1, 59.9, 31.4, 28.6,
-1.9. 29Si NMR: δ 10.0. Anal. Calcd for C40H50O4Ir2Si (M )
1007.30): C, 47.69; H, 5.00. Found: C, 47.90; H, 4.99.

Bis(1,5-cyclooctadiene)[µ-[4,4′-[dimethylsilylenebis(1,4-phe-
nylene)]bis(3,5-heptanedionato)]dirhodium, (CH3)2Si(phpr-

Rh(COD))2 (9). Yield: 0.135 g (76%); dec 198 °C. 1H NMR: δ
7.48, 7.12 (AB, 8H, aromatic CH); 4.13 (s, 8H, dCH), 2.50 (m,
8H, CH2), 1.92 (m, 16H, CH2 and CH2CH3); 0.85 (t, 12H, CH3);
0.56 (s, 6H, SiCH3). 13C NMR: δ 188.6, 142.1, 135.7, 134.4, 131.6,
113.2, 76.9, 33.2, 30.5, 10.4, -2.6. 29Si NMR: δ 13.8. Anal. Calcd
for C44H58O4Rh2Si (M ) 884.83): C, 59.73; H, 6.61. Found: C,
59.52; H, 6.70.

Bis(1,5-cyclooctadiene)[µ-[4,4′-[dimethylsilylenebis(1,4-phe-
nylene)]bis(3,5-heptanedionato)]diiridium, (CH3)2Si(phpr-Ir-
(COD))2 (10). Yield: 0.120 g (56%); dec 190 °C. 1H NMR: δ 7.48,
7.12 (AB, 8H, aromatic CH); 4.04 (s, 8H,dCH), 2.31 (m, 8H, CH2),
1.99 (q, 8H, CH2CH3), 1.70 (d, 8H, CH2), 0.93 (t, 12H, CH3); 0.57
(s, 6H, SiCH3). 13C NMR: δ 188.5, 141.3, 136.6, 135.1, 132.2,
115.0, 60.8, 33.3, 31.4, 10.9, -3.1. 29Si NMR: δ 12.3. Anal. Calcd
for C44H58O4Ir2Si (M ) 1063.45): C, 49.69; H, 5.50. Found: C,
49.90; H, 5.49.

Tris(1,5-cyclooctadiene)[µ-[3,3′,3′′ -[methylsilylidynetris(1,4-
phenylene)]tris(2,4-pentanedionato)]trirhodium, CH3Si(phac-
Rh(COD))3 (11). Yield: 0.147 g (92%); dec 288 °C. 1H NMR: δ
7.46, 7.14 (AB, 12H, aromatic CH), 4.14 (s, 12H, dCH), 2.49 (m,
12H, CH2), 1.87 (m, 12H, CH2), 1.73 (s, 18H, CH3), 0.83 (s, 3H,
SiCH3). 13C NMR: δ 185.7, 143.1, 135.8, 134.3, 131.3, 114.3, 76.8,
30.5, 28.6, -2.7. 29Si NMR: δ 13.3. Anal. Calcd for C58H69O6Rh3Si
(M ) 1198.97): C, 58.10; H, 5.80. Found: C, 57.92; H, 5.81.

Tris(1,5-cyclooctadiene)[µ-[3,3′,3′′ -[methylsilylidynetris(1,4-
phenylene)]tris(2,4-pentanedionato)]triiridium, CH3Si(phac-Ir-
(COD))3 (12). Yield: 0.141 g (72%); dec 276 °C. 1H NMR: δ 7.50,
7.15 (AB, 12H, aromatic CH), 4.04 (s, 12H, dCH), 2.31 (m, 12H,
CH2), 1.80 (s, 18H, CH3), 1.70 (m, 12H, CH2), 0.85 (s, 3H, SiCH3).
13C NMR: δ 185.7, 142.2, 136.0, 134.8, 131.2, 116.1, 60.0, 31.4,
28.7, -2.7. 29Si NMR: δ 13.6. Anal. Calcd for C58H69Ir3O6Si (M
) 1466.88): C, 47.49; H, 4.74. Found: C, 47.39; H, 4.70.

Tris(1,5-cyclooctadiene)[µ-[4,4′,4′′ -[methylsilylidynetris(1,4-
phenylene)]tris(3,5-heptanedionato)]trirhodium, CH3Si(phpr-
Rh(COD))3 (13). Yield: 0.164 g (95%); dec 220 °C. 1H NMR: δ
7.47, 7.14 (AB, 12H, aromatic CH); 4.11 (s, 12H, dCH), 2.50 (m,

Scheme 1. Synthesis of Aldehydes

Scheme 2. Synthesis of �-Diketones 1-6

Figure 2. Molecular structure of (CH3)2Si(phacH)2 (1) (ellipsoids
shown at the 50% probability level).

Figure 3. Molecular structure of (CH3)2Si(phprH)2 (2) (ellipsoids
shown at the 50% probability level). One of two crystallographically
independent molecules in the asymmetric unit is shown.
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12H, CH2), 1.92 (m, 24H, CH2 and CH2CH3); 0.85 (m, 21H, CH3

and SiCH3). 13C NMR: δ 188.6, 142.1, 135.7, 134.3, 131.6, 113.2,
76.8, 33.2, 30.5, 10.4, -2.6. 29Si NMR: δ 12.6. Anal. Calcd for
C64H81Rh3O6Si (M ) 1283.13): C, 59.91; H, 6.36. Found: C, 59.73;
H, 6.33.

Tris(1,5-cyclooctadiene)[µ-[4,4′,4′′ -[methylsilylidynetris(1,4-
phenylene)]tris(3,5-heptanedionato)]triiridium, CH3Si(phpr-Ir-
(COD))3 (14). Yield: 0.141 g (68%); dec 290 °C. 1H NMR: δ 7.51,
7.15 (AB, 12H, aromatic CH); 4.05 (s, 12H, dCH), 2.31 (m, 12H,
CH2), 2.00 (m, 12H, CH2CH3) 1.68 (m, 12H, CH2); 0.91 (m, 21H,
CH3 and SiCH3). 13C NMR: δ 188.6, 136.7, 135.1, 132.3, 130.8,
115.0, 60.8, 33.4, 31.4, 11.0. 29Si NMR: δ 13.0. Anal. Calcd for
C64H81Ir3O6Si (M ) 1551.06): C, 49.56; H, 5.26. Found: C, 49.70;
H, 5.49.

Tetrakis(1,5-cyclooctadiene)[µ-[3,3′,3′′ ,3′′′ -[silanetetrayltet-
rakis(1,4-phenylene)]tetrakis(2,4-pentanedionato)]tetrarhodi-
um, Si(phac-Rh(COD))4 (15). Yield: 0.071 g (45%); mp 168-174
°C. 1H NMR: δ 7.51, 7.16 (AB, 16H, aromatic CH), 4.13 (s, 16H,
dCH), 2.48 (m, 16H, CH2), 1.88 (m, 16H, CH2), 1.74 (s, 24H,
CH3). This compound was not sufficiently stable in CDCl3 solution
for recording a high-quality 13C NMR spectrum. 29Si NMR: δ 16.0.
Anal. Calcd for C76H88O8Rh4Si (M ) 1569.21): C, 58.17; H, 5.65.
Found: C, 57.88; H, 5.76.

Tetrakis(1,5-cyclooctadiene)[µ-[3,3′,3′′ ,3′′′ -[silanetetrayltet-
rakis(1,4-phenylene)]tetrakis(2,4-pentanedionato)]tetrairidi-
um, Si(phac-Ir(COD))4 (16). Yield: 0.113 g (58%). 1H NMR: δ
7.55, 7.18 (AB, 16H, aromatic CH), 4.04 (s, 16H, dCH), 2.31 (m,
16H, CH2), 1.82 (s, 24H, CH3), 1.71 (m, 16H, CH2). This compound
was not sufficiently stable in CDCl3 solution for recording high-
quality 13C or 29Si NMR spectra. Anal. Calcd for C76H88Ir4O8Si
(M ) 1926.46): C, 47.38; H, 4.60. Found: C, 47.01; H, 4.73.

Tetrakis(1,5-cyclooctadiene)[µ-[4,4′,4′′ ,4′′′ -[silanetetrayltet-
rakis(1,4-phenylene)]tetrakis(3,5-heptanedionato)]tetrarhodi-
um, Si(phpr-Rh(COD))4 (17). Yield: 0.148 g (88%); dec 246 °C.
1H NMR: δ 7.52, 7.17 (AB, 16H, aromatic CH), 4.14 (s, 16H,
dCH), 2.50 (m, 16H, CH2), 2.00 (m, 16H, CH2), 1.90 (q, 16H,
CH2CH3), 0.86 (t, 24H, CH3). 13C NMR: δ 188.5, 142.5, 136.8,
132.6, 131.8, 113.2, 76.1, 33.2, 30.5, 10.4. 29Si NMR: δ 17.2. Anal.
Calcd for C84H104O8Rh4Si (M ) 1681.43): C, 60.00; H, 6.23. Found:
C, 60.33; H, 6.45.

Tetrakis(1,5-cyclooctadiene)[µ-[4,4′,4′′ ,4′′′ -[silanetetrayltet-
rakis(1,4-phenylene)]tetrakis(3,5-heptanedionato)]tetrairidi-

um, Si(phpr-Ir(COD))4 (18). Yield: 0.108 g (53%); dec 204 °C.
1H NMR: δ 7.53, 7.17 (AB, 16H, aromatic CH), 4.04 (s, 16H,
dCH), 2.33 (m, 16H, CH2), 2.04 (q, 16H, CH2CH3), 1.72 (m, 16H,
CH2), 0.93 (t, 24H, CH3). 13C NMR: δ 188.4, 141.6, 138.3, 136.9,

Table 1. Crystal Data and Structure Refinement for Multifunctional �-Diketones 1-4

1 2 3 4

formula C24H28O4Si C28H36O4Si C34H36O6Si C40H48O6Si
fw 408.55 464.66 568.72 652.87
cryst size, mm 0.30 × 0.27 × 0.25 0.25 × 0.11 × 0.10 0.25 × 0.10 × 0.07 0.27 × 0.22 × 0.07
cryst syst triclinic triclinic monoclinic triclinic
space group P1j P1j P21/n P1j
a, Å 8.016(2) 9.845(2) 7.3493(10) 13.336(2)
b, Å 8.044(2) 16.663(3) 22.774(5) 22.955(3)
c, Å 17.791(4) 17.247(4) 18.640(5) 25.885(4)
R, deg 87.401(8) 68.294(10) 90 70.796(8)
�, deg 83.350(8) 89.725(8) 91.177(7) 78.854(8)
γ, deg 81.920(11) 83.072(9) 90 89.768(9)
V, Å3 1127.7(5) 2607.1(10) 3119.2(12) 7326.8(18)
Z 2 4 4 8
Dcalc, Mg/m3 1.203 1.184 1.211 1.184
T, K 105 110 105 110
θ range, deg 2.5-27.9 2.5-24.4 2.5-27.5 2.5-23.0
µ, mm-1 0.130 0.120 0.118 0.109
no. of measd reflns 33 395 16 020 59 143 86 197
no. of indep reflns 5394 8538 7145 20 205
no. of reflns I > 2σ(I) 4157 4921 3753 9984
no. of params 275 623 387 1726
goodness of fit 1.034 1.022 1.003 1.028
R (I > 2σ(I)) 0.042 0.060 0.056 0.095
wR2 0.111 0.134 0.134 0.287
lgst diff, e Å-3 0.29 0.22 0.30 0.93

Figure 4. Molecular structure of CH3Si(phacH)3 (3) (ellipsoids
shown at the 50% probability level).

Figure 5. Molecular structure of CH3Si(phprH)3 (4) (ellipsoids
shown at the 20% probability level). One of four crystallographically
independent molecules in the asymmetric unit is shown.
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131.6, 114.9, 60.0, 33.4, 30.2, 10.2. 29Si NMR: δ 15.9. Anal. Calcd
for C84H104Ir4O8Si (M ) 2038.67): C, 49.49; H, 5.14. Found: C,
49.25; H, 4.95.

X-ray Analyses. Single crystals suitable for X-ray analysis were
obtained from methanol (1-4), chloroform (7), toluene (11), or
diethyl ether (13). All X-ray data were collected on a Nonius
KappaCCD instrument with Mo KR source; crystals were mounted
and then cooled to ca. 100 K in the gas stream from an Oxford
Cryosystems Cryostream temperature-control device. Additional
details concerning X-ray data collection and analysis are in the CIF
file (see Supporting Information).

Results and Discussion

Multifunctional ligands with approximately tetrahedral angles
between the ligand moieties can be derived from di-, tri-, and
tetraphenylmethane. However, the Si analogues (i.e., di-, tri-,
and tetraphenylsilanes; see Figure 1) are generally easier to
synthesize, because of the availability of coupling reactions
between aryllithium compounds and chlorosilanes.11-22 Thus,
tetraphenylsilane is considerably easier to prepare than tetraphe-

nylmethane. Still, even among the oligoarylsilanes, some
derivatives have presented synthetic challenges: for example,
Wuest et al. reported that tetrakis(4-formylphenyl)silane was
difficult to prepare in pure form.11 We recently used9 the method
of Ramirez et al.23-25 to prepare new aromatic bis(�-diketones)
from the analogous aldehydes. For the present work, we wished
to prepare a family of bis-, tris-, and tetrakis(�-diketones) with
approximately tetrahedral angles, for reaction with metal ions.
To do this, we needed the corresponding di-, tri-, and tetraal-
dehydes (i.e., bis-, tris-, and tetrakis(formylphenyl)silanes) as
starting materials.

Synthesis of Aldehydes. Lithiation of 4-bromobenzaldehyde
dimethyl acetal, followed by treatment with (CH3)2SiCl2,
produces a bis(acetal) that yields bis(4-formylphenyl)dimeth-
ylsilane ((CH3)2Si(4-C6H4CHO)2) on hydrolysis.10 We carried
out analogous reactions with CH3SiCl3 and SiCl4 and obtained
the other needed aldehydes, tris(4-formylphenyl)methylsilane
(CH3Si(4-C6H4CHO)3, liquid) and tetrakis(4-formylphenyl)si-
lane (Si(4-C6H4CHO)4, crystalline solid). This synthesis is
summarized in Scheme 1.

Synthesis of �-Diketones. The aldehydes prepared here react
with 2,2,2-trimethoxy-4,5-dimethyl-1,3,2-dioxaphospholene or
2,2,2-trimethoxy-4,5-diethyl-1,3,2-dioxaphospholene at ambient
temperature under N2 to produce dioxaphospholanes, which on
refluxing in methanol yield the new �-diketones (1-6), as shown
in Scheme 2. These compounds contain either two (Me2Si-
(phacH)2, 1; Me2Si(phprH)2, 2), three (MeSi(phacH)3, 3; MeSi-
(phprH)3, 4), or four (Si(phacH)4, 5; Si(phprH)4, 6) �-diketone
substituents; in the abbreviations, “ac” and “pr” represent the
�-diketone moieties acetylacetone and dipropionylmethane (3,5-
heptanedione), respectively.

Crystal Structure Analyses of �-Diketones. Compounds
1-4 were also structurally characterized by single-crystal X-ray
diffraction. Selected data from these studies are given in Table
1. ORTEP diagrams for 1-4 are shown in Figures 2-5.

All of the �-diketones 1-4 are in the enol form in their
crystals, in agreement with the results of 1H NMR spectral
measurements in solution. In all of these structures, the refined
positions for the enol H atoms are closer to one O atom than
the other, and there is also slight alternation of bond lengths in

Scheme 3. Synthesis of Rhodium(I) and Iridium(I)
Complexes 7-18

Table 2. Crystal Data and Structure Refinement for Rh Complexes 7, 11, and 13

7 · 2CHCl3 11 · C7H8 13 · Et2O

formula C40H50O4Rh2Si · 2CHCl3 C58H69O6Rh3Si · C7H8 C64H81O6Rh3Si · Et2O
fw 1067.45 1291.09 1357.23
cryst size, mm 0.30 × 0.20 × 0.12 0.35 × 0.04 × 0.03 0.40 × 0.22 × 0.10
cryst syst triclinic triclinic triclinic
space group P1j P1j P1j
a, Å 13.507(1) 6.8596(10) 7.1909(15)
b, Å 15.562(1) 16.044(3) 16.858(2)
c, Å 22.7090(15) 27.200(5) 25.998(3)
R, deg 70.463(4) 98.156(7) 85.689(4)
�, deg 86.892(3) 96.646(9) 84.728(4)
γ, deg 87.139(3) 97.498(9) 84.439(4)
V, Å3 4489.3(5) 2910.3(9) 3116.5(8)
Z 4 2 2
Dcalc, Mg/m3 1.579 1.473 1.446
T, K 100 90 90
θ range, deg 2.6-30.0 2.5-25.0 2.5-28.7
µ, mm-1 1.159 0.912 0.856
no. of measd reflns 41 327 34 484 109 435
no. of indep reflns 26 062 10 169 15 301
no. of reflns I > 2σ(I) 14 921 6446 11 670
no. of params 1018 639 776
goodness of fit 0.977 1.022 1.028
R (I > 2σ(I)) 0.052 0.060 0.061
wR2 0.142 0.138 0.152
lgst diff, e Å-3 1.75 1.01 2.55
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the O-C-C-C-O chelate rings. Only intramolecular O-H · · ·O
hydrogen bonds, and no unusual intermolecular contacts, were
observed in these structures.

A search of the Cambridge Structural Database26 [database
version 5.29, updated to November 2007] revealed 13 com-
pounds in which one or more �-diketone moieties are directly
attached to aromatic rings.27 Like the present compounds, all
of the previous examples are in the enol form. Enolic �-dike-
tones typically show some alternation among C-O and C-C
bond lengths around the rings: average values for all structures
(including those reported here) are C-O, 1.321 ( 0.019; C-C,
1.383 ( 0.012; C-C, 1.425 ( 0.019; and C-O, 1.274 ( 0.015
Å. These values represent relatively small differences in length
between the formal single and double bonds of the enol
structure. This effect has been discussed in terms of resonance-
assisted hydrogen bonding: for �-diketones in the enol form,
which have O · · · O distances between 2.4 and 2.5 Å, the strength
of the OH · · · O hydrogen bond and the resulting amount of
resonance are large, leading to a high degree of delocalization
and a small amount of bond length alternation.28,29

Rhodium(I) and Iridium(I) Complexes. Early preparations
of (acac)M(COD) were reported by Chatt and Venanzi30 and
by Bonati and Wilkinson31 (M ) Rh), and by Platzer et al.32

(M ) Ir). The reaction of [M(COD)(µ-Cl)]2 (M ) Rh and Ir)
with simple bis(�-diketones) to form binuclear complexes was
reported by Whitmore and Eisenberg.33 (Among more recent
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Figure 6. Molecular structure of (CH3)2Si(phac-Rh(COD))2 (7)
(ellipsoids shown at the 50% probability level). One of two
crystallographically independent molecules in the asymmetric unit
is shown. Selected interatomic distances (Å): Rh1-O1 2.042(2);
Rh1-O2 2.040(3); Rh2-O3 2.025(2); Rh2-O4 2.031(3).

Figure 7. Molecular structure of CH3Si(phac-Rh(COD))3 (11)
(ellipsoids shown at the 50% probability level). Selected interatomic
distances (Å): Rh1-O1 2.040(5); Rh1-O2 2.038(5); Rh2-O3
2.043(4); Rh2-O4 2.031(5); Rh3-O5 2.020(5); Rh3-O6 2.029(5).

Figure 8. Molecular structure of CH3Si(phpr-Rh(COD))3 (13)
(ellipsoids shown at the 40% probability level). Selected interatomic
distances (Å): Rh1-O1 2.032(4); Rh1-O2 2.042(4); Rh2-O3
2.013(4); Rh2-O4 2.026(3); Rh3-O5 2.032(4); Rh3-O6 2.033(4).

Organosilicon-Based Multifunctional �-Diketones Organometallics, Vol. 27, No. 17, 2008 4323



prepared Rh �-ketophosphenates and �-ketoiminates.34) We used
a similar procedure to prepare Rh and Ir complexes of the new
silicon-based multifunctional �-diketones. Compounds 1-6
react with [M(COD)(µ-Cl)]2 (M ) Rh and Ir) in the presence
of added base to form multimetallic silicon-bridged Rh and Ir
complexes (Scheme 3, which are soluble in common organic
solvents. The spectral properties of the new multinuclear metal
complexes are similar to those of the simpler Rh and Ir
complexes, with (for example) both aromatic and aliphatic 1H
resonances showing slight upfield shifts compared to the
uncomplexed �-diketones.

Crystal Structure Analyses of Rhodium Complexes. Com-
pounds 7, 11, and 13 were also structurally characterized by
single-crystal X-ray diffraction; see summary in Table 2). The
molecular structures of 7, 11, and 13 are shown in Figures 6,
7, and 8.

The structures of the (diketonato)Rh(COD) moieties in these
crystals are similar to those in six previously published
structures.35 In the COD moieties in the present structures, the
CdC bonds are not quite perpendicular to the Rh-diketonate
plane: in each case, both are twisted away from perpendicularity
in the same direction. This situation is also found in all of the
previously published (diketonato)Rh(COD) and (diketonato)Ir-
(COD) structures, and it is likely due to the fact that the most
stable conformation of the COD molecule itself is similarly
twisted. No unusual intermolecular contacts were observed in
these structures.

Intramolecular distances and angles involving the Si atoms,
the Rh atoms, and the �-diketone O atom centroids (“Oc”), as
derived from the X-ray analyses, are presented in Table 3. These
values show that the �-diketone moieties in 1-4 are ca. 13.3 Å
apart, and the Rh · · · Rh distances in the complexes are ca. 15.6
Å. The complexes can also be viewed as composed of “rods”
ca. 9.56 Å long (Si · · · Rh) that make approximately tetrahedral
angles at Si (average 109.4°). These data will assist in designing
and synthesizing supramolecular structures with arylsilane-based
building blocks.

Conclusions

The aim of this study was to prepare multifunctional
�-diketones and to investigate their coordination properties.
Hence, we have developed a simple method for the synthesis
of new organosilicon-based tri- and tetraaldehydes as well as
bis-, tris-, and tetrakis(�-diketones). The simple, general, clean,
and convenient method presented here has led to desirable
tetrahedral building blocks for metal-organic frameworks.
Crystal structure analyses were performed for �-diketones 1-4
and for three of their polynuclear Rh complexes (7, 11, and
13). At present, we are exploring the reactivity of the polytopic
�-diketones 1-6 with other metal salts.
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for 1-4, 7, 11, and 13 as a CIF file. This material is available free
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(35) Refcodes: BFACRH ((benzoyltrifluoroacetonato)Rh(COD)); CO-
CACR ((acac)Rh(COD)); LABLIJ ((ferrocenyl-1,3-butanedionato)Rh(COD));
LEVCEU ((trifluoroacetylacetonato)Rh(COD)); QOZZAG ((hexafluoro-
acetylacetonato)Ir(COD)).

Table 3. Selected Distances (Å) and Angles (deg) for Compounds 1-4, 7, 11, and 13

1 2 3 4 7 11 13

Oca · · · Si 8.221
8.234

8.216
8.224

8.221
8.219
8.221

8.224
8.196
8.229

8.223
8.241
8.196

8.216
8.225 8.216

8.217
8.217
8.212

8.189 8.230
Oc · · · Oc 13.667 13.684

13.407
13.027
13.065

13.072
13.999

13.173
13.751

13.080 13.349 13.096
13.591 13.498
13.393 13.141
13.068 13.340

Si · · · Rh 9.5717(12) 9.541(3) 9.563(2)
9.5242(13) 9.556(3) 9.577(2)

9.575(3) 9.594(2)
9.5586(12)
9.5759(13)

Rh · · · Rh 16.0281(9) 13.889(2) 14.661(2)
16.2330(9) 15.591(2) 16.015(2)

16.098(3) 16.088(2)
Oc · · · Si · · · Oc 112.3 112.68 104.82 111.77 105.49

109.27 105.26 105.52 109.14
105.41 108.74 111.28

106.57 110.49
113.90 108.41
105.93 106.11

Rh · · · Si · · · Rh 113.79(1) 93.32(2) 99.99(1)
116.44(1) 109.30(2) 113.44(2)

114.58(2) 114.11(1)

a “Oc” ) O centroid of �-diketones.
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A ligand containing isocyanide and β-diketone functional groups, 3-(4-isocyanophenyl)-2,4-pentanedione
(HacphNC), and several of its metal complexes have been prepared. The free isocyano-β-diketone could not be
prepared by dehydration of the analogous formamide, HacphNHCHO, because of the reactivity of its β-diketone
moiety. Instead, the metal complexes Al(acphNC)3, Fe(acphNC)3, Cu(acphNC)2, and Zn(acphNC)2 were synthe-
sized by dehydration of the formamido-β-diketonate complexes Al(acphNHCHO)3, Fe(acphNHCHO)3, Cu-
(acphNHCHO)2, and Zn(acphNHCHO)2. The free isocyano-β-diketone, HacphNC, can be liberated from its Al and
Fe complexes by treatment with oxalate (C2O4

2-) and HC2O4
-. In addition to theseO-bound complexes,C(N)-bound

complexes can be prepared by the reaction of either Al(acphNC)3 or HacphNCwith Au(I). X-ray analyses of HacphNC,
Al(acphNC)3, (HacphNC)AuCl, Cu(acphNHCHO)2, trans-Zn(acphNHCHO)2(H2O)2, and two other intermediates are
also reported.

Introduction

Heterofunctional ligands are of interest because of their
ability to bind to different types of metal ions. This is impor-
tant in the construction of metal-organic frameworks
(MOFs). MOFs have attracted scientists because the various
coordination geometries and abilities of metal ions together
with different types of ligands provide many possible open
framework structures. Rational design of ligands can lead to
predictable extended solid frameworks with potential appli-
cations in separation, gas storage,molecular recognition, and
catalysis.1-5

Several porous frameworks have been prepared from the
heterofunctional ligand pyridylacetylacetone (pyacH) by
Domasevitch et al.6,7 and by our group.8,9 For example, a

porous 1D ladder structure prepared from Fe(pyac)3 and
AgNO3 is of interest because the solvent guests in its pores
can be exchanged in single-crystal-to-single-crystal transfor-
mations.9

Although the above 1DFe(pyac)3-AgNO3 porous frame-
work is stable under solvent exchange, the others are not, and
all are unstable in a vacuum.This limited stability is likely due
to the weakness of the interactions between layers in these
networks. Our goal is to develop ligands that are suitable for
the construction of porous 3D frameworks, because they are
expected to show greatly enhanced stability. The most
promising route to 3D structures is to use conditions that
favor the assembly of six ligands coordinated octahedrally
around one metal. Although a few M(py)6

nþ complexes are
known, they generally form only in the presence of excess
pyridine.10-12 Thus, pyridine-based ligands, such as pyac-,
are unlikely to be useful in preparing 3D supramolecular
materials. One common method for stabilizing metal com-
plexes is choosing chelating ligands. However, in our case, a
chelating ligand (e.g., a 2,2-bipyridine derivative) is difficult
to functionalize so that it will also bind to two other metal
atoms. Therefore, in order to improve the prospects for 3D
materials, we need to use building blocks based on stron-
gly coordinating monodentate ligands. Nitriles, such as
3-(4-cyanophenyl)acetylacetone, have been studied as

*To whom correspondence should be addressed. E-mail: maverick@
lsu.edu.
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heterofunctional ligands,13 but nitriles tend to bindweakly to
metals, making it difficult to generate six-coordinate com-
plexes M(NCR)6

nþ. On the other hand, isocyanide ligands
(CNR) are known to make stable complexes M(CNR)6

nþ

with metals such as Cr,14-20 Mn,21-26 Fe,27-29 and Re.30-34

Early on, Sacco and Naldini synthesized highly stable
manganese(I) isocyanide complexes [(RNC)6Mn]þ.21-23

More recently, Barybin et al. have prepared a number of
homoleptic isocyanide complexes (e.g., Cr(CNFc)6 (Fc =
ferrocenyl)19) in high yield, using only a slight excess of the
isocyanide ligand.
We were interested in HacphNC (1, Figure 1), with one

isocyanide and one β-diketone moiety, for possible conver-
sion to 3D porous materials. This ligand’s isocyanide moiety
should be able to bind to “soft” metals such as Cr(0), Mn(I),
or Fe(II) and its β-diketone moiety to “hard” metals such as
Cu(II) or Zn(II). We report here the preparation of the
HacphNC ligand and the properties of several of its metal
complexes.

Results and Discussion

Synthetic Strategy. Figure 2 illustrates the overall
route we chose for synthesizing the target compound,
HacphNC (1), via 3-(4-formamidophenyl)acetylacetone
(HacphNHCHO, 2), from 4-nitrobenzaldehyde (3). Re-
duction of the nitro group of 3 and formylation of the
resulting amine, and conversion of its aldehyde to a

β-diketone, was expected to yield 2. Isocyanides are
normally prepared by dehydration of formamides; thus,
dehydration of 2 was expected to produce 1.
We tested two possible routes starting from 4-nitro-

benzaldehyde (3) to make 2 (Figure 3). In route A, the
aldehyde group is converted into a β-diketone first
(making 5), and then the nitro group is reduced to an
amino group and formylated. In route B, the nitro
group is reduced to an amino group and formylated
first (6), and then the aldehyde is converted into a
β-diketone.
After the aldehyde group is converted into a β-dike-

tone, it is coordinated to metal ions, which serve as a
“protecting group” (Figure 4). The metal formamido-
β-diketonate complex 7 can then be dehydrated to an iso-
cyanide complex (8). Free HacphNC (1) can be liberated

Figure 1. The bifunctional isocyano-β-diketone HacphNC.

Figure 2. Synthetic strategy for the isocyano-β-diketone HacphNC (1).

Figure 3. Two possible routes for preparing HacphNHCHO (2).

Figure 4. Protection of the β-diketone group by coordination to metal
ions prior to isocyanide synthesis.

(13) Chen, B.; Fronczek, F. R.; Maverick, A. W. Acta Crystallogr., Sect.
C 2004, 60, M147–M149.

(14) Ljungstr
::
om, E. Acta Chem. Scand. A 1978, 32, 47–50.

(15) Bohling, D. A.; Mann, K. R. Inorg. Chem. 1984, 23, 1426–1432.
(16) Lentz, D. J. Organomet. Chem. 1990, 381, 205–212.
(17) Anderson, K. A.; Scott, B.; Wherland, S.; Willett, R. D. Acta

Crystallogr., Sect. C 1991, 47, 2337–2339.
(18) Acho, J. A.; Lippard, S. J. Organometallics 1994, 13, 1294–1299.
(19) Barybin, M. V.; Holovics, T. C.; Deplazes, S. F.; Lushington, G. H.;

Powell, D. R.; Toriyama, M. J. Am. Chem. Soc. 2002, 124, 13668–13669.
(20) Robinson, R. E.; Holovics, T. C.; Deplazes, S. F.; Lushington, G. H.;

Powell, D. R.; Barybin, M. V. J. Am. Chem. Soc. 2003, 125, 4432–4433.
(21) Sacco, A. Recl. Trav. Chim. Pays-Bas 1956, 75, 646.
(22) Sacco, A. Gazz. Chim. Ital. 1956, 86, 201–206.
(23) Sacco, A.; Naldini, L. Gazz. Chim. Ital. 1956, 86, 207–210.
(24) Ericsson, M. S.; Jagner, S.; Ljungstr

::
om, E. Acta Chem. Scand. A

1979, 33, 371–374.
(25) Ericsson, M. S.; Jagner, S.; Ljungstr

::
om, E. Acta Chem. Scand. A

1980, 34, 535–540.
(26) Godfrey, S.M.; Li, G. Q.;McAuliffe, C. A.; Ndifon, P. T.; Pritchard,

R. G. Inorg. Chim. Acta 1992, 200, 23–30.
(27) Powell, H. M.; Bartindale, G. W. R. J. Chem. Soc. 1945, 799–803.
(28) Constant, G.; Daran, J. C.; Jeannin, Y. J. Inorg. Nucl. Chem. 1973,

35, 4083–4091.
(29) Schaal, M.; Weigand, W.; Nagel, U.; Beck, W. Chem. Ber. 1985, 118,

2186–2197.
(30) Malatesta, L.; Freni, M.; Valenti, V.; Bossi, E. Angew. Chem. 1960,

72, 323.
(31) Treichel, P. M.; Williams, J. P. J. Organomet. Chem. 1977, 135, 39–

51.
(32) Allison, J. D.; Wood, T. E.; Wild, R. E.; Walton, R. A. Inorg. Chem.

1982, 21, 3540–3546.
(33) Girolami, G. S.; Andersen, R. A. Inorg. Chem. 1981, 20, 2040–2044.
(34) Schaffer, P.; Britten, J. F.; Davison, A.; Jones, A. G.; Valliant, J. F.

J. Organomet. Chem. 2003, 680, 323–328.



10514 Inorganic Chemistry, Vol. 48, No. 22, 2009 Zhang and Maverick

by treatment of the metal isocyano-β-diketonate complex
with a suitable metal-complexing agent or with dilute
acid.

Synthesis of HacphNHCHO (2). We attempted to
prepare 3-(4-nitrophenyl)acetylacetone (5) by route A.
4-Nitrobenzaldehyde (3) was mixed with 2,2,2-tri-
methoxy-4,5-dimethyl-1,3,2-dioxaphospholene (4) in di-
chloromethane for one day, and then the mixture was
refluxed in anhydrous methanol for three days. (The
conversion of aromatic aldehydes to 3-arylacetylacetones
by reaction with 4 was first explored by Ramirez et al.35)
The first stage of this reaction proceeds cleanly, produ-
cing 9 (4-acetyl-4-methyl-5-(4-nitrophenyl)-2,2,2-trime-
thoxy1,3,2-dioxaphospholane; Figure 5). We identified
9 by NMR spectroscopy and by X-ray analysis (see the
Supporting Information). However, our attempts to con-
vert 9 to the desired (4-nitrophenyl)acetylacetone 5, under
several different conditions, were unsuccessful. (This may
be due to the electron-withdrawing effect of the nitro
group in 9.)
Because route A was not successful (see Figure 3), we

turned to route B for the synthesis of 2. Conversion of 3 to
6 proceeds by initial reduction to produce 4-aminoben-
zaldehyde, followed by rapid formylation to make 6. The
intermediate 4-aminobenzaldehyde self-condenses to
yield insoluble polymeric products; thus, it should be
formylated as quickly as possible to give a good yield of
4-formamidobenzaldehyde (6). Hrvatin and Sykes36 re-
ported the conversion of 3 to 6 using tin metal and formic
acid in toluene.Wemodified their procedure by replacing
toluene (as solvent) with a mixture of ethyl formate and
ethyl acetate, increasing the amount of formic acid, and
adding the tin metal in smaller portions. Our modifica-
tions in the procedure were designed to keep all of the
liquid components of the reaction mixture miscible, gen-
erate 4-aminobenzaldehydemore slowly, and formylate it
faster to make 6; the resulting yield was higher (66%, vs
lit.36 47%).
Compound 6 reacts with phospholene 4 in dichloro-

methane to generate β-diketone 2 (HacphNHCHO,
Figure 3), whichwas purified by column chromatography
and isolated as yellow crystals. Both E and Z forms of 2
and 6 were characterized (see the Supporting In-
formation). The newβ-diketone 2 also exhibits keto-enol

tautomerism (in CDCl3, 94% enol: 6% keto by 1H
NMR).

Syntheses of M(acphNHCHO)n. The β-diketone moi-
ety of 2 required protection before dehydration of the
formamido group to an isocyanide. (Attempts to prepare
1 directly by the dehydration of 2 were unsuccessful;
see below.) We chose metal ions as “protecting groups”
for the β-diketone because there are numerous proce-
dures available for preparing metal β-diketonates.
Also, dehydration of the resulting metal formamido-
β-diketonates (M(acphNHCHO)n) should yield metal
isocyano-β-diketonates (M(acphNC)n), which may be
useful in building supramolecular structures even with-
out isolation of free HacphNC (1). We chose the metal
ions Al3þ, Fe3þ, Cu2þ, and Zn2þ, to react with 2
(Figure 6).
We prepared Al(acphNHCHO)3 (10) and Fe(acphNH-

CHO)3 (11) by the reaction of Al(NO3)3 and Fe(NO3)3, res-
pectively, with HacphNHCHO (2) in the presence of NaH-
CO3. This is similar to previously published procedures for
Al(pyac)3 and Fe(pyac)3.

7,9,37 The products are soluble in
DMSO and acetone, and slightly soluble in chloroform and
dichloromethane.
Bluish-green Cu(acphNHCHO)2 (12) precipitates im-

mediately when 2 and copper(II) acetate are mixed to-
gether in water/methanol solution. Compound 12 (see
Figure 7) is slightly soluble in DMSO and soluble in
pyridine, but insoluble in almost all other common

Figure 5. Synthesis and ellipsoid plot of (4-nitrophenyl)phospholane
intermediate 9.

Figure 6. Preparation of formamido-β-diketonate complexes 10-13
and their conversion to isocyano-β-diketonate complexes 14-17.

Figure 7. Crystal structure of Cu(Z-acphNHCHO)2 (12).
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solvents. The structure of 12 also contains intermolecular
contacts (Cu1 3 3 3O3, 2.838(2) Å), which make the struc-
ture polymeric and give the Cu atoms an approximately
octahedral coordination geometry overall.
trans-Zn(acphNHCHO)2(H2O)2 (13) is made from zinc

acetate and 2, with added NaHCO3. Crystals grown
during the synthesis were suitable for single-crystal
X-ray analysis. In the structure of 13 (see Figure 8), the
two β-diketonate groups form a stepped arrangement
about Zn2þ. This contrasts with the structure of 12, in
which the two acac moieties are coplanar. Compound 13
is readily soluble in DMSO and pyridine, and slightly
soluble in chloroform and dichloromethane.

M(acphNC)n Complexes. All four metal formamido-
β-diketonate complexes (10-13) can be dehydrated by
POCl3 in the presence of diisopropylamine (Figure 6), in a
dichloromethane solution. The starting materials are not
very soluble in CH2Cl2, whereas the products dissolve
readily. The Al, Fe, and Zn starting materials (10, 11, and
13) all react within 2 h. In contrast, most of the copper
starting material (12) still remains as unreacted solid even
after five days. This slow reaction may be due to the fact
that 12 is polymeric in the solid state (see Figure 7). Such
polymerization would explain the low solubility of 12 and
also interfere sterically with the dehydration reaction. A
similar phenomenon is observed with Cu(pyac)2: its
crystals are also polymeric, which leads to low solubility
in a variety of solvents.38

The IR absorptions (νCtN) for the isocyano-β-diketo-
nate complexes Al(acphNC)3 (14), Fe(acphNC)3 (15),
Cu(acphNC)2 (16), and Zn(acphNC)2 (17) appear at
2121, 2126, 2147, and 2124 cm-1, respectively. The values
for 14, 15, and 17 are very close to those for free aryl
isocyanide ligands39-42 and for the free ligand HacphNC
(2122 cm-1; see below). The higher frequency for the Cu
complex (16) may again indicate coordination of the
isocyanide groups to adjacent Cu atoms, but it could be
obtained only in impure form. The yield for 17 was low
(13%); this may be due to the fact that the Zn complex
reactant, 13, was hydrated, and its water of hydration
could react readily with POCl3. However, an attempt
using an excess of POCl3 still gave a low yield of 17.
Preparation of Al(acphNC)3 and Fe(acphNC)3 (14 and
15), on the other hand, proceeded in 75% and 90% yield,
respectively, relatively high values for the transformation
of three identical functional groups in the same molecule.

The crystal structure of Al(acphNC)3 (14) is shown in
Figure 9. Molecules of Al(acphNC)3 in the crystal are
crudely trigonal in shape, but their CN 3 3 3Al 3 3 3NC
angles (137.7�, 81.9�, and 140.3�) show large deviations
from the ideal 120�. Similarly large distortions have been
observed in the structures ofAl(pyac)3

43 andFe(pyac)3.
7,9

Initial solution of the crystal structure of Al(acphNC)3
revealed molecules of 14, but also a region with poorly
defined electron density attributable to solventmolecules.
Several approximately evenly spaced difference electron
density peaks of similar intensity were observed in the
solvent region, which suggested a hydrocarbon. Because
hexane had been used in the crystallization process, our
first model included disordered partially occupied hexane
molecules in this region, with an overall formula of
Al(acphNC)3 3 0.5C6H14. For the final refinement, how-
ever, the solvent contribution to the data was removed
using SQUEEZE44 (in PLATON45): approximately 58
electrons were removed per unit cell (corresponding to ca.
0.58 molecule of hexane per formula unit), and a void of

Figure 8. Ellipsoid plot of trans-Zn(Z-acphNHCHO)2(H2O)2 (13),
from the crystal structure of its dihydrate.

Figure 9. Ellipsoid plot of Al(acphNC)3 (14), from the crystal structure
of its hexane solvate.

Figure 10. Illustration of the crystal structure of Al(acphNC)3, viewed
parallel to the a axis. One orientation of the Al(acphNC)3 molecules is
shown in purple, and the inversion-related orientation is in gold. The blue
surfaces, calculated with a 0.9 Å probe radius and a 0.7 Å grid, enclose
voids of ca. 400 Å3, or 21% of the unit cell volume.

(38) Chen, B. L.; Fronczek, F. R.;Maverick, A.W.Chem. Commun. 2003,
2166–2167.

(39) Ecken, H.; Olmstead, M. M.; Noll, B. C.; Attar, S.; Schlyer, B.;
Balch, A. L. J. Chem. Soc., Dalton Trans. 1998, 3715–3720.

(40) Singleton, E.; Oosthuizen, H. E. Adv. Organomet. Chem. 1983, 22,
209–310.

(41) Uson, R.; Laguna, A.; Vicente, J.; Garcia, J.; Bergareche, B.; Brun, P.
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(42) Treichel, P. M. Adv. Organomet. Chem. 1973, 11, 21–86.

(43) Zhang, Y. Ph. D. Dissertation, Louisiana State University, Baton
Rouge, LA, 2006.

(44) van der Sluis, P.; Spek, A. L. Acta Crystallogr., Sect. A 1990, A46,
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ca. 400 Å3 per unit cell was left behind, see Figure 10. This
void has approximately the right volume for two hexane
molecules (on the basis of the density of liquid hexane at
25 �C, 0.655 g cm-3, the volume of onemolecule of hexane
is approximately 219 Å3). Thus, it is possible that the
crystals formed as Al(acphNC)3 3C6H14 (Z=2), but some
hexane was lost during selection and mounting. This
propensity for solvent loss is consistent with the micro-
analysis for 14 (see the Experimental Section), which fits
well with the ansolvous compound.

Synthesis of HacphNC. We attempted to prepare the
free HacphNC ligand (1) directly from 2 by treatment
with POCl3. Spectra of this reaction mixture indicated
that the formamide moieties were consumed (NMR) and
isocyanide was formed (IR). However, the NMR spectra
indicated that the β-diketone group was destroyed under
the reaction conditions. Instead, we isolated HacphNC
from its Al, Fe, and Zn complexes (14, 15, and 17).
We explored two strategies for obtaining HacphNC (1)

from its complexes. First, we treated 14, 15, and 17 with
dilute acetic acid; this produced the desired HacphNC,
but only in low yields (ca. 10%). Second, we treated
CH2Cl2 solutions of Al(acphNC)3 (14) and Fe(acphNC)3
(15) with aqueous solutions prepared from oxalic
acid and oxalate salts as extractants. In this scheme
(Figure 11), the Hþ from the acid is designed to protonate
the coordinated β-diketonate ligand, and the oxalate is
designed to complex the liberated Fe3þ. The procedure
with Fe(III) has the advantage that the colors of
Fe(acphNC)3 and Fe(C2O4)3

3-make it easy to determine
visually when the extraction of the metal ion into the
aqueous layer is complete. With an excess of oxalate, we
obtained HacphNC in 37% yield from Fe(acphNC)3;
yields from Al(acphNC)3 were lower. The crystal struc-
ture of 1 (IR νCtN 2122 cm-1) is shown in Figure 12.
To explore the reactivity of the isocyanide moiety of

HacphNC, we treated both the free ligand (1) and its Al

complex (14) with (Me2S)AuCl, giving HacphNCAuCl
(18) and Al(acphNCAuCl)3 (19), respectively. These pro-
ducts were characterized byNMRand IR, and crystals of
18 suitable for X-ray analysis were also obtained
(Figure 13). The νCtN values are higher in the products
compared to HacphNC (2122 cm-1), as expected: 2223
and 2222 cm-1 for 18 and 19, respectively. These values
are very close to that observed by Uson et al. for
PhNCAuCl (2230 cm-1).41 The Al-Au complex 19 is
an example in which both the soft (isocyanide) and hard
(β-diketonate) moieties of HacphNC are coordinated to
metal ions.

Conclusion

The first ligand combining isocyanide and β-diketone
groups, 3-(4-isocyanophenyl)-2,4-pentanedione (HacphNC),
has been synthesized.The ligandwas first prepared in the form
of its Al, Fe(III), Cu(II), and Zn complexes. Treatment of the
Al and Zn complexes with dilute acid, or of the Al and Fe
complexes with C2O4

2-/HC2O4
-, liberates the target ligand

HacphNC. The isocyanide moieties in both the free ligand
HacphNC and its Al complex Al(acphNC)3 can also bind to
Au(I). We are now extending the chemistry of HacphNC to
metals that will yield higher coordination numbers, for the
construction of 3D supramolecular structures.

Experimental Section

A Bruker DPX-250 instrument (250 MHz) was used for
NMR spectroscopy. All IR spectra were performed on thin
filmswith the use of a Bruker Tensor 27 spectrometer. Single-
crystal X-ray diffraction data were collected with use of a
Nonius KappaCCD instrument; the results are summarized
in Tables 1 and 2. All experimental procedures were carried
out in the air unless otherwise noted. Crystal-structure illus-
trations were prepared using CSD Mercury, version 2.2
(Figure 10) and Ortep-3 for Windows.

4-Formamidobenzaldehyde (OHC-4-C6H4NHCHO, 6). 4-
Formamidobenzaldehyde was first synthesized by Hrvatin and
Sykes36 in formic acid/toluene.We obtained a higher yield of the
product by using a mixture of ethyl formate and ethyl acetate as
the reactant/solvent, and by adding the tin metal in two por-
tions. 4-Nitrobenzaldehyde (6.04 g, 40 mmol) was dissolved in a
mixture of formic acid (90%, 60 mL), ethyl formate (50 mL),
and ethyl acetate (150 mL). The solution was refluxed under
nitrogen with stirring. Tin metal (9.0 g, 76 mmol) was added in
two equal portions: one immediately and the other after 24 h.
The reaction was complete after three days, as judged by TLC.
The solution was filtered hot and evaporated nearly to dryness.
Toluene (300 mL) was added to the residue and the mixture
refluxed with a Dean-Stark trap for about 2 h to remove the

Figure 11. Displacement of metal ions from Al(acphNC)3 (14) and
Fe(acphNC)3 (15) to produce the free isocyano-β-diketone ligand
HacphNC (1).

Figure 12. Crystal structure of HacphNC (1).

Figure 13. Crystal structure of HacphNCAuCl (18). Adjacent mole-
cules in the crystal are arranged to form zigzag chains of weak Au 3 3 3Au
interactions (3.466 Å), similar to those previously reported for (2,6-
Me2C6H3NC)AuX (X= Br, I).39
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remaining water and formic acid. Themixture was filtered when
it was still hot, and the filtrate was evaporated to dryness. The
residue was chromatographed on silica gel with 2:1 ethyl acet-
ate/hexane. Colorless crystals of the E conformer of 6 grew
easily from the eluate by evaporation. Yield: 3.91 g (66%). MP:
134-136 �C (lit. 139 �C36). 1HNMRspectra of 6 show amixture
of E and Z conformers immediately on mixing. In CDCl3, E:
7.24, 7.91 (E3-4, 4H, AB), 8.30 (E1, 1H, d), 8.91 (NH, 1H, d),
9.95 (E5, 1H, s). Z: 7.60 (Z1, 1H, s), 7.75, 7.88 (Z3-4, 4H, AB),
8.47 (NH, 1H, s), 9.94 (Z5, 1H, s). In DMSO-d6, E: 7.40, 7.86
(E3-4, 4H, AB), 9.03 (NH, 1H, d), 9.89 (E5, 1H, s), 10.56 (E1,
1H, d).Z: 7.79, 7.89 (Z3-4, 4H,AB), 8.37 (NH, 1H, s), 9.89 (Z5,
1H, s), 10.64 (Z1, 1H, s).

3-(4-Formamidophenyl)pentane-2,4-dione (HacphNHCHO, 2).
Compound 6 (2.56 g, 17.2 mmol) and phospholene 4 (2,2,2-
trimethoxy-4,5-dimethyl-1,3,2-dioxaphospholene; 4.02 g, 19.2
mmol) were dissolved in 15 mL of dichloromethane under
argon. The reaction was complete after 3 days, as judged by
the disappearance of the aldehyde resonance in 1H NMR. The
solvent was removed, and the residue was chromatographed on
silica gel with 2:1 ethyl acetate/hexane. Yield: 1.95 g (52%). MP
(Z): 124 �C. Anal. Calcd for C12H13NO3: C, 65.74; H, 5.98; N,
6.39. Found: C, 65.59; H, 6.14; N, 6.48. Slow evaporation of
solutions of 2 yields crystals. In most of our experiments, the
crystals were of theZ conformer; in one case, we also obtained a
small amount of the E conformer in crystalline form. However,
solutions of either conformer quickly develop a second set of
1H NMR resonances attributable to the other conformer.

In CDCl3, E: 7.12, 7.18 (E3-4, 4H, AB), 8.19 (E1, 1H, d),
8.74 (E2, 1H, d). Z: 7.15, 7.58 (Z3-4, 4H, AB), 7.45 (Z1, 1H, s),
8.41 (Z2, 1H, s). Enol: 1.88 (CH3, 6H, s), 16.66 (OH, 1H, s).
Keto: 2.20 (CH3, 6H, s), 4.83 (CH, 1H, s). In DMSO-d6,E: 7.16,
7.23 (E3-4, 4H,AB), 8.84 (E2, 1H, d), 10.20 (E1, 1H, d).Z: 7.20,
7.62 (Z3-4, 4H, AB), 8.29 (Z2, 1H, s), 10.26 (Z1, 1H, s). Enol:
1.85 (CH3, 6H, s), 16.79 (OH, 1H, s). Keto: 2.13 (CH3, 6H, s),
5.30 (CH, 1H, s).

Al(acphNHCHO)3 (10). A solution of Al(NO3)3 3 9H2O
(1.125 g, 3.00 mmol) in 15 mL of H2O was added to a solution
ofHacphNHCHO (2.19 g, 10.0mmol) in 15mLofCH3OHwith
stirring. Then,NaHCO3 (0.756 g, 9.0mmol) in 5mLofH2Owas
added. A light yellow precipitate formed, which was collected,
triturated withH2O (2� 15mL) andmethanol (10mL), and air-
dried. Yield: 1.89 g (92%). Anal. Calcd for C36H36AlN3O9: C,
63.43; H, 5.32; N, 6.16. Found: C, 63.47; H, 5.33; N, 6.24. 1H
NMR (DMSO-d6): 1.77 (s, Me, 18H). E: 7.18, 7.22 (E3-4, 12H,
AB), 8.81 (E2, 3H, d), 10.18 (E1, 3H, d). Z: 7.14, 7.61 (Z3-4,
12H, AB), 8.28 (Z2, 3H, s), 10.23 (Z1, 3H, s).

Fe(acphNHCHO)3 (11).A solution of Fe(NO3)3 3 9H2O (3.43
g, 8.5 mmol) in 15 mL of H2O was added to a solution of
HacphNHCHO (6.65 g, 30.4 mmol) in 40 mL of CH3OH with
stirring. Then, NaHCO3 (2.14 g, 25.5 mmol) in 25 mL of H2O
was added. A deep red precipitate formed, which was collected;
washed with H2O (2 � 15 mL), methanol (2 � 15 mL), and
acetone (2 � 15 mL); and dried at 100 �C. Yield: 3.77 g (62%).

Cu(acphNHCHO)2 (12). Cu(OAc)2 3H2O (0.363 g, 1.82
mmol) in 7mLofH2Owas added to a solution ofHacphNHCHO

Table 1. Crystal Data and Refinement Parameters for the Isocyano-β-diketone 1 and Related Compounds

compd 1 (E)-2 (Z)-2 (E)-6 9

formula C12H11NO2 C12H13NO3 C12H13NO3 C8H7NO2 C14H20NO8P
fw 201.22 219.23 219.23 149.15 361.28
space group P21/c C2/c P21/c P21 Pca21
a, Å 7.0820(15) 14.379(3) 13.289(2) 4.3910(15) 13.383(2)
b, Å 11.606(3) 10.339(2) 7.5180(15) 6.917(2) 17.884(2)
c, Å 12.427(3) 14.974(4) 11.561(2) 11.793(3) 13.509(3)
R 90 90 90 90 90
β 93.666(13) 91.296(15) 111.153(8) 97.81(2) 90
γ 90 90 90 90 90
V, Å3 1019.3(4) 2225.5(9) 1077.2(3) 354.86(18) 3233.3(9)
Z 4 8 4 2 8
T, K 110 110 110 110 110
Dcalcd, g cm-3 1.311 1.309 1.352 1.396 1.484
μ, mm-1 0.090 0.095 0.098 0.102 0.214
R (I > 2σ(I)) 0.0539 0.0473 0.0424 0.0396 0.0233
Rw (all data) 0.1572 0.1194 0.1109 0.0995 0.0629

Table 2. Crystal Data and Refinement Parameters for Metal Complexes

compd
12

Cu(acphNH- CHO)2

13 3 2H2O
[trans-Zn(acphNHCHO)2(H2O)2] 3 2H2O

14 3 0.58C6H14
a

Al(acphNC)3 3 0.58C6H14 18 HacphNCAuCl

formula C24H24CuN2O6 C24H28N2O8Zn 3 2H2O C36H30AlN3O6 3 0.58C6H14 C12H11AuClNO2

fw 500.00 573.89 677.59 433.63
space group P21/n P21/c P1 P21/n
a, Å 8.136(2) 12.442(5) 7.433(5) 14.638(3)
b, Å 7.480(2) 9.637(4) 13.510(10) 6.4219(12)
c, Å 17.771(4) 11.947(5) 20.66(2) 14.919(2)
R 90 90 107.65(3) 90
β 103.166(7) 114.60(2) 97.53(3) 117.761(6)
γ 90 90 94.57(3) 90
V, Å3 1053.1(5) 1302.5(10) 1944(3) 1241.0(4)
Z 2 2 2 4
T, K 110 110 110 90
Dcalcd, g cm-3 1.577 1.463 1.158 2.321
μ, mm-1 1.084 1.001 0.099 12.057
R (I > 2σ(I)) 0.0543 0.0537 0.069 0.043
Rw (all data) 0.1385 0.1385 0.185 0.128

a 0.58C6H14 was included in fw,D, and μ; it represents the approximate amount of electron density removed by SQUEEZE44 before final refinement.
See text for details.
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(0.92 g, 4.2 mmol) in 8 mL of methanol, with stirring. A blue-
green precipitate formed, whichwas collected, washedwithH2O
and methanol, and air-dried. Yield: 0.90 g (99%). Anal. Calcd
for C24H24CuN2O6: C, 57.64; H, 4.84; N, 5.60. Found: C, 57.49;
H, 4.63; N, 5.58. Crystals suitable for X-ray analysis were grown
from DMSO/water.

trans-Zn(acphNHCHO)2(H2O)2 (13). Solutions of Zn(OAc)2 3
2H2O (0.11 g, 0.50 mmol, in 5 mL of H2O) and HacphNHCHO
(0.22 g, 1.00 mmol, in 3 mL of CH3OH) were mixed. NaHCO3

(0.08 g, 1.0mmol) in 2mLofH2Owas added to thismixture, and
a yellow precipitate formed immediately. The precipitate was
collected; washed with dichloromethane, H2O, and diethyl
ether; and dried at 70 �C overnight. Yield: 0.11 g (40%). This
material contained both E and Z conformers of its formamide
moieties, as judged by its 1H NMR spectrum immediately after
dissolving in DMSO-d6: 1.65 (s, Me, 12H). E: 7.16, 7.19 (E3-4,
8H,AB), 8.81 (E2, 2H, d), 10.13 (E1, 2H, d).Z: 7.14, 7.58 (Z3-4,
8H, AB), 8.28 (Z2, 2H, s), 10.18 (Z1, 2H, s). Meanwhile, light
yellow single crystals of [trans-Zn(acphNHCHO)2(H2O)2] 3
2H2O (i.e., 13 3 2H2O, with Z-formamides) were obtained from
the H2O/methanol filtrate the next day; this material was
suitable for X-ray analysis.

Al(acphNC)3 (14).To a solution of Al(acphNHCHO)3 (1.023
g, 1.50 mmol) and diisopropylamine (1.50 g, 14.8 mmol) in
CH2Cl2 (50 mL) was added POCl3 (0.690 g, 4.50 mmol) at room
temperature under argon. After stirring for 1 h, the whole
solution became clear. It was washed with 10% NaHCO3 (20
mL), and the CH2Cl2 layer was separated and evaporated to
10-15 mL. Hexane was added to this solution to precipitate the
powdery yellow product, which was dried at 70 �C. Yield: 0.710
g (75%). Anal. Calcd. for C36H30AlN3O6: C, 68.89; H, 4.82; N,
6.70. Found: C, 68.69; H, 4.81; N, 6.78. IR: 2121 cm-1. 1H
NMR(250 MHz, CDCl3): 1.87 (18H, s), 7.25, 7.41 (12H, AB).
Single crystals of the hexane solvate of 14 suitable for X-ray
diffraction were grown by vapor diffusion of hexane into a
dichloromethane solution of the compound.

Fe(acphNC)3 (15). To a mixture of Fe(acphNHCHO)3 (2.65
g, 3.73 mmol) and diisopropylamine (5.56 g, 55.0 mmol) in
CH2Cl2 (15 mL) was added POCl3 (2.61 g, 17.0 mmol) at room
temperature under argon and stirred for 2 h. The above solution
was then washed with 10% NaHCO3 (2 � 40 mL), and the
CH2Cl2 layer was separated and evaporated to 5 mL. The
addition of hexanes (100 mL) to this solution precipitated the
powdery red product, which was collected, washed with 50 mL
of hexanes, and dried at 70 �C. Yield: 2.20 g (90%). IR: 2126
cm-1.

Cu(acphNC)2 (16). To a mixture of Cu(acphNHCHO)2 (12;
0.350 g, 0.70mmol) and diisopropylamine (0.446 g, 4.4mmol) in
CH2Cl2 (20 mL) was added POCl3 (0.220 g, 1.44 mmol) at room
temperature under argon. The color slowly changed from blue
to green. After stirring for 5 days, not all of the Cu-
(acphNHCHO)2 had dissolved. The mixture was filtered and
the filtrate washed with water (2 � 15 mL) and with 10%
NaHCO3(aq). When hexane was added to the dichloromethane
phase, a brown gum separated. It could not be isolated in pure

form, even after trituration with several solvents, but its IR
spectrum showed νCtN=2147 cm-1.

Zn(acphNC)2 (17). Zn(acphNHCHO)2 3 2H2O (0.163 g, 0.30
mmol) and iPr2NH (0.217 g, 2.15 mmol) were dissolved in
dichloromethane (10 mL). POCl3 (0.110 g, 0.72 mmol) was
added slowly to the solution, with stirring. The whole solution
became clear in 30 min. The solution was washed with 10 mL of
10% NaHCO3(aq). The CH2Cl2 layer was separated, dried
(Na2SO4), and evaporated to 10-15mL, and hexane was added
to precipitate the product as a yellow powder. Yield: 0.018 g
(13%). IR: 2124 cm-1. 1HNMR (250MHz, CDCl3): 1.87 (12H,
s), 7.23, 7.42 (8H, AB).

3-(4-Isocyanophenyl)pentane-2,4-dione (HacphNC, 1). The
iron(III) isocyano-β-diketonate complex Fe(acphNC)3 (17;
1.36 g, 2.07mmol) was dissolved in 100mL of dichloromethane.
Oxalic acid (H2C2O4 3 2H2O, 2.52 g, 20.0 mmol) and potassium
oxalate (K2C2O4 3H2O, 33.12 g, 180.0 mmol) were dissolved in
200 mL of distilled water. These two solutions were stirred
together for 20 min, and the red color in the organic layer
disappeared, indicating that the reaction was complete. The
organic phase was then separated, and the aqueous layer was
extracted with 50 mL of dichloromethane. The organic phases
were combined, dried overNa2SO4, and evaporated to ca. 3mL.
This residue was chromatographed with ethyl acetate-hexane
(1:1 v/v). Yield: 0.46 g (37%). Anal. Calcd for C12H11NO2: C,
71.63; H, 5.51; N, 6.96. Found: C, 71.44; H, 5.36; N, 7.03. 1H
NMR (250 MHz, CDCl3): 1.89 (6H, s), 7.23, 7.42 (4H, AB),
16.71 (1H, s). IR: 2122 cm-1. Compound 1 decomposed at ca.
140 �C without melting. Crystals suitable for X-ray crystal-
lography were grown by slow evaporation of a solution in ethyl
acetate-hexane (1:2 v/v).

HacphNCAuCl (18). (Me2S)AuCl (0.059 g, 0.20 mmol) and
HacphNC (0.044 g, 0.22 mmol) were dissolved in CHCl3 (3 mL)
and refluxed for 1 h. The solution was evaporated at 45 �C to
remove the solvent and Me2S. The residue was dissolved in 0.6
mL of CHCl3 and precipitated with 3 mL of hexanes. The
precipitate was air-dried. Yield: 0.028 g (32%). 1H NMR (250
MHz, CDCl3): 1.88 (6H, s), 7.37, 7.60 (4H, AB), 16.75 (1H, s).
IR: 2223 cm-1. Crystals suitable for X-ray crystallography were
grown from CHCl3 by layering with hexanes.

Al(acphNCAuCl)3 (19). Al(acphNC)3 (14; 0.0314 g, 0.050
mmol) and (Me2S)AuCl (0.0441 g, 0.150 mmol) were dissolved
in 10 mL of CH2Cl2 and refluxed under nitrogen for 2 h. The
solution was then evaporated to dryness. 1H NMR (250 MHz,
CDCl3): 1.86 (18H, s), 7.34, 7.60 (12H, AB). IR: 2222 cm-1.
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ABSTRACT: The bis(β-diketone) o-pbaH2 (o-phenylenebis(ace-
tylacetone), 1) reacts readily with Cu2þ. Although this reaction
was expected to yield a trimeric product (2) on geometric grounds,
the binuclear complex Cu2(o-pba)2 (3) is obtained instead. Mate-
rials containing Cu2(o-pba)2 adopt a variety of colors, depending
on the solvents used in preparation: dark green (microcrystalline,
3a), golden-brown (ansolvous, 3b), green-brown (CHCl3-C6H6

solvate, 4), dark blue (nitrobenzene solvate, 5), or violet (toluene sol-
vate, 6). Complexes 5 and 6 contain 1D chains of Cu2(o-pba)2
molecules joined by weak Cu 3 3 3O interactions. Crystalline adducts
[Cu2(o-pba)2L]n (7 and 8) containing 1D polymeric chains are also
obtained upon reaction of 3 with bridging ligands (L = 1,2-bis(4-
pyridyl)ethane or 4,40-bipyridine, respectively). All of the newmetal complexes except for 3a have been characterized by X-ray analysis.

’ INTRODUCTION

Metal-organic supramolecules constructed from Cu2þ and
organic linkers continue to be developed at a rapid rate owing
to their diverse structures and range of applications.1 Our group
and others have been interested in using β-diketones as organic
linkers.2 We recently described the bis(β-diketone) meta-phen-
ylenebis(acetylacetone) (m-pbaH2), whose β-diketone moieties
make an angle of 120�. Although this linker appeared to be well
suited for the construction of a “molecular hexagon”, Cu6(m-
pba)6, we found no evidence for this product, obtaining instead
the square Cu4(m-pba)4 in high yield (Scheme 1).3

We now report the chemistry of the ortho isomer, o-pbaH2,
with Cu2þ. On the basis of the ∼60� angle between the β-dike-
tone moieties in o-pbaH2, we expected a trinuclear product,
Cu3(o-pba)3 (2). Other linkers with donor groups at 60� angles,
and related multidentate ligands, have been used successfully to
prepare trinuclear species.4 However, the sole product in the
Cu2þ-o-pba2- reaction is the cyclic dimer, Cu2(o-pba)2 (3).

Other investigators have reported the formation of unexpect-
edly small cyclic metal-organic structures. For example, right-
angle “corners” such as cis-disubstituted Pd(II) complexes usual-
ly react with a linear linker such as 4,40-bpy to produce the square
[Pd4(4,40-bpy)4], but a number of examples of trinuclear prod-
ucts [Pd3(4,40-bpy)3] have been observed.5 The formation of a
triangle instead of the expected square requires a distortion of ca.
30� at eachmetal ion, just like the formation of a square instead of
the expected hexagon (aswe saw in the formation ofCu4(m-pba)4

3).
In contrast, the amount of distortion required to assemble Cu2(o-
pba)2 is twice as large, ca. 60� at eachmetal ion. In the present work,
we show that this dimer forms solids of a variety of colors, ranging

from blue to green to golden-brown, depending on the solvents used
in preparation.

’EXPERIMENTAL SECTION

All reagents were used as received. Elemental analyses were per-
formed by M-H-W Laboratories, Phoenix, Arizona.

Scheme 1. Preparation of Supramolecular Cu Complexes
from the Meta (a) and Ortho (b) Isomers of the Bis(β-
diketone) pbaH2

Received: August 12, 2010
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Preparation of Compounds. Cu2(o-pba)2 (3a). CuSO4 3 5H2O
(0.500 g, 2.00 mmol) was dissolved in 10 mL of H2O and converted to
[Cu(NH3)4]SO4(aq) by the dropwise addition of conc. NH3(aq). To this
blue-violet solution, a solution of o-pbaH2 (0.275 g, 1.00 mmol) in 20mL of
CH2Cl2 was added slowly, and the mixture was stirred for 6 h. CH2Cl2
(20mL) was added, and the organic layer was separated, dried overMgSO4,
and evaporated to give a dark green powder. This residue was washed with
hexane (2� 10mL) and dried in the air. Yield: 0.325 g (96%),mp>210 �C.
Anal. Calcd for C32H32Cu2O8: C, 57.22; H, 4.80. Found: C, 57.11; H, 4.93.

Cu2(o-pba)2 (3b). A solution of Cu2(o-pba)2 (3a, 0.050 g, 0.074
mmol) in 1.5 mL of CHCl3 was layered with acetone. Small golden-
brown crystals of 3b were obtained after ca. 48 h. This product was
collected and dried in the air. Yield: 0.039 g (78%). Anal. Calcd for
C32H32Cu2O8: C, 57.22; H, 4.80. Found: C, 57.46; H, 4.56.

Cu2(o-pba)2 3 C6H6 3 4CHCl3 (4). A solution of Cu2(o-pba)2 (3a,
0.050 g) in 1.5 mL of CHCl3 was layered with benzene. Green-brown
dichroic crystals of 4 were obtained after ca. 72 h. Yield: 0.053 g (58%).
These crystals slowly become opaque on standing, suggesting a loss of

Table 1. X-Ray Crystallographic and Structure Refinement Data for 3b, 4-8

Compound 3b 4 5

empirical formula C32H32Cu2O8 C32H32Cu2O8 3C6H6 3 4CHCl3 C32H32Cu2O8 3 2C6H5NO2

fw 671.66 1227.24 917.88

cryst syst triclinic monoclinic triclinic

space group P1 (No. 2) P21/n (No. 14) P1 (No. 2)

a, Å 7.5200(14) 11.7288(10) 7.7190(5)

b, Å 9.200(3) 20.790(2) 11.6921(9)

c, Å 10.728(3) 12.0788(11) 12.1682(10)

R, deg 90.484(13) 90 79.475(4)

β, deg 91.742(16) 119.005(4) 80.666(5)

γ, deg 105.265(16) 90 72.687(6)

V, Å3 715.6(3) 2575.9(4) 1023.98(13)

Z 1 2 1

T, K 115 115 90

Dcalcd, g cm
-3 1.559 1.582 1.488

cryst dimenions, mm 0.12 � 0.02 � 0.02 0.40 � 0.30 � 0.18 0.42 � 0.15 � 0.12

θ limits, deg 2.8 < θ < 25.1 2.7 < θ < 35.0 2.7 < θ < 36.4

reflns, measd/unique/obsd 9333/2423/1056 62001/10919/8596 33966/9553/8515

data/param 2423/194 10 919/294 9553/276

μ, mm-1 1.538 1.496 1.106

R (I > 2σ(I)) 0.117 0.036 0.034

Rw (all data) 0.282 0.094 0.092

GOF 1.074 1.029 1.046

compound 6 7 8

empirical formula C32H32Cu2O8 3C7H8 C32H32Cu2O8 3C12H12N2 3 1.5C7H8 C32H32Cu2O8 3C10H8N2 3C7H8

fw 763.79 994.09 919.97

cryst syst triclinic triclinic orthorhombic

space group P1 (No. 2) P1 (No. 2) Cmma (No. 67)

a, Å 7.5492(10) 8.670(3) 20.978(9)

b, Å 11.4219(15) 11.963(5) 11.525(4)

c, Å 11.9423(15) 12.116(8) 16.980(6)

R, deg 116.990(6) 101.86(2) 90

β, deg 93.970(8) 110.69(2) 90

γ, deg 105.046(8) 101.23(2) 90

V, Å3 864.94(19) 1100.4(9) 4105(3)

Z 1 1 4

T, K 115 115 115

Dcalcd, g cm
-3 1.466 1.500 1.488

cryst dimensions, mm 0.43 � 0.10 � 0.02 0.20 � 0.15 � 0.05 0.45 � 0.08 � 0.07

θ limits, deg 2.8 < θ < 30.0 2.5 < θ < 24.3 3.0 < θ < 22.1

reflns, measd/unique/obsd 18674/5043/4420 19243/6513/4847 16670/1392/939

data/param 5043/245 6513/143 1392/158

μ, mm-1 1.283 1.029 1.096

R (I > 2σ(I)) 0.032 0.123 0.097

Rw (all data) 0.079 0.350 0.286

GOF 1.057 1.341 1.589
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solvent; microanalysis results were in agreement with the ansolvous
material. Anal. Calcd for Cu2(o-pba)2 (C32H32Cu2O8): C, 57.22; H,
4.80. Found: C, 57.12; H, 4.65.
Cu2(o-pba)2 3 2C6H5NO2 (5). A solution of Cu2(o-pba)2 (3a, 0.050 g)

in 1.5 mL of CHCl3 was layered with nitrobenzene. Dark blue crystals of
5were obtained in ca. 4 days. This product was collected and dried in the
air. Yield: 0.047 g (65%). Anal. Calcd for C44H42Cu2N2O12: C, 57.57; H,
4.61, N, 3.05. Found: C, 57.48; H, 4.72; N, 3.11.
Cu2(o-pba)2 3 C6H5CH3 (6). A solution of Cu2(o-pba)2 (3a, 0.050 g)

in 1.5 mL of CHCl3 was layered with toluene. Violet crystals of 6 were
obtained in ca. 4 days. This product was collected and dried in the air.
Yield: 0.042 g (74%). Anal. Calcd for C39H40Cu2O8: C, 61.32; H, 5.29.
Found: C, 61.50; H, 5.50.
CoordinationPolymers ofCu2(o-pba)2. [Cu2(o-pba)2(dpea)] 3

1.5C6H5CH3 (7). A solution of Cu2(o-pba)2 (3a, 0.025 g, 0.037 mmol) in
1.0 mL of CHCl3 turned bluish-green when 1,2-bis(4-pyridyl)ethane
(dpea; 0.010 g, 0.054 mmol, in 0.5 mL CHCl3) was added; the resulting
mixture was layered with toluene. Bluish-green crystals of 7were obtained
in 2 days. These crystals slowly become opaque on standing, suggesting a
loss of solvent; microanalysis results were in agreement with the ansolvous
material. Yield: 0.026 g (82%). Anal. Calcd for Cu2(o-pba)2(dpea)
(C44H44N2Cu2O8): C, 61.69; H, 5.18, N, 3.27. Found: C, 61.99; H,
5.23; N, 3.43.
[Cu2(o-pba)2(4,4

0-bpy)] 3 C6H5CH3 (8). A solution of Cu2(o-pba)2
(3a, 0.025 g, 0.037mmol) in 1.0mL of CHCl3 turned bluish-green when
4,40-bipyridine (0.009 g, 0.058 mmol, in 0.5 mL CHCl3) was added; the
resulting mixture was layered with toluene. Bluish-green crystals of 8
were obtained in 2 days. These crystals slowly become opaque on stand-
ing, suggesting a loss of solvent; microanalysis results were in agreement
with the ansolvousmaterial. Yield: 0.027 g (88%). Anal. Calcd for Cu2(o-
pba)2(4,40-bpy) (C42H40N2Cu2O8): C, 60.88; H, 4.87, N, 3.38. Found:
C, 60.75; H, 4.90; N, 3.44.
X-Ray Structure Determinations. Intensity data were collected

at low temperatures on a Nonius KappaCCD diffractometer equipped
with an Oxford Cryosystems Cryostream sample cooler and a graphite
monochromated Mo KR X-ray source (λ = 0.71073 Å). Data were
corrected for absorption using the multiscan method using DENZO and
SCALEPACK.6 Structures were solved by direct methods using SIR7

and refined on F2 using SHELXL.8 Crystal quality for 4, 5, and 6 was
excellent, less so for 3b, 7, and 8. The toluene solvent in 6was disordered
about an inversion center. The toluene solvent in 8 was also disordered
into two orientations, and a common isotropic displacement parameter
was refined for its C atoms. Contribution from disordered solvent in 7,
assumed to be toluene, was removed using SQUEEZE.9 For 7, only Cu
and O were treated as anisotropic. For all structures, hydrogen atoms
were frequently visible in difference maps but were placed in idealized
positions, and torsional parameters were refined for methyl groups.
Crystal data and refinement details are given in Table 1.

Powder diffraction data were collected by using a Bruker D8 Advance
instrument.

’RESULTS AND DISCUSSION

The bis(β-diketone) o-pbaH2 was synthesized according to
the literature procedure10 and converted to dark greenCu2(o-pba)2
(3) in a CH2Cl2 solution by treatment with [Cu(NH3)4]

2þ (aq).
The transformations of 3 are illustrated in Scheme 2. The initial
product is a dark green powder (3a) which dissolves readily in
CHCl3 or CH2Cl2 but not in most other solvents. For example, 3a
dissolves in acetone to give a green solution, but this solution de-
posits a golden-brown powder within a few seconds. Slow evapora-
tion of a CHCl3/acetone solution yields crystalline golden-brown
Cu2(o-pba)2 (3b; Figure 1) over a period of several days. Complex
3a is microcrystalline, as determined by powder X-ray diffraction,

and its diffraction pattern is quite different from that of 3b (see
Figure S1, Supporting Information).

The other crystalline materials described here were all pre-
pared from CHCl3 solutions of 3 by layering and have been
characterized by X-ray analysis: with benzene, green-brown Cu2-
(o-pba)2 3C6H6 3 4CHCl3 (4; Figure 2); with nitrobenzene, dark
blue Cu2(o-pba)2 3 2C6H5NO2 (5; Figure 3); with toluene, violet
Cu2(o-pba)2 3C6H5CH3 (6; Figure 4). All of the crystalline
materials (3b, 4, 5, and 6) dissolve in CHCl3 or CH2Cl2 to give
green solutions which are indistinguishable from those prepared
using 3a. (Complex 3b dissolves less readily than the other mate-
rials; this may be for thermodynamic reasons, as suggested by the
fact that solid 3a spontaneously converts to solid 3b in solvents
such as acetone.)

Compounds 3a and 3b have the same composition but dif-
ferent colors. The absorption spectrum of dark green solid 3a is
nearly identical to that of its CHCl3 solution, as illustrated by the
spectra in Figure 5 (for the solid) and in Figure S2 (for the
solution), with maxima at 690-700 and 580-590 nm and a rising
absorbance below 500 nm. (The spectra in Figure 5 were recorded
for Nujol mulls of the solids, because their solutions are all dark
green.) These spectra are similar to those of Cu complexes of other
3-substituted acetylacetonates (d-d bands above 500 nm, and CT
and intraligand transitions at shorter wavelengths), suggesting that
3a contains isolated molecules.

Ansolvous crystalline 3b, on the other hand, is golden-brown,
with intense absorption at shorter wavelengths in addition to the
features in the 550-700 nm region. The CuO4 coordination
environment in 3b is nearly planar (the Cu atom is 0.005 Å from
the O4 plane), and the CuO4 and two crystallographically
independent β-diketonate planes make angles of 15.9� and
30.3� with the CuO4 coordination plane.

Scheme 2. Transformations of Cu2(o-pba)2

Figure 1. Crystal structure of Cu2(o-pba)2 (3b) (Cu1 3 3 3Cu1
0 =

4.551(2) Å), with 50% ellipsoids for non-hydrogen atoms.

http://pubs.acs.org/action/showImage?doi=10.1021/ic101641r&iName=master.img-002.jpg&w=189&h=119
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The C6H6-CHCl3 solvate 4 is green-brown, and individual
crystals frequently show a well-developed dichroic face, with
green and brown colors in polarized light (Figure 6). These green
and brown colors are similar to those of 3a and 3b, respec-
tively.We could not obtain spectra of thismaterial in the two polari-
zations for a more quantitative comparison, owing to a rapid loss of
solvent from the crystals. X-ray analysis of 4 (Figure 2) reveals
molecules that are almost identical to those in 3b (Cu 3 3 3Cu =
4.5482(5) Å; Cu atom 0.012 Å from O4 plane; 26.0� and 20.7�
between the CuO4 and β-diketonate planes). The Bruker Apex2
face-indexing software11 identified the prominent face in crystals
of 4 as (100), as illustrated in Figure 7. The location of the b axis
enabled us to assign the polarizations in Figure 6.

The brown colors in 3b and 4 are similar, but their cause remains
puzzling.We considered the severe structural distortions that occur
in the Cu2(o-pba)2 molecules as a possible cause for the unusual
colors. If 3a contained polymeric [Cu(o-pba)]n, for example, it
might be unstrained and show the “normal” dark green color.
However, this is unlikely, because it would require that the polymer
and dimer interconvert rapidly as the solids are dissolved and
precipitated. Such an interconversion could only occur by dissocia-
tion of the chelating ligands, which is unfavorable in nonpolar
solvents. Also, 3a and 3b interconvert to some extent even in the
solid state: dark green 3a slowly turns brownish-green on standing,
and grinding golden-brown crystalline 3b gives it a slight green
color. Thus, 3a, like 3b, consists of discrete Cu2(o-pba)2molecules.

The orientation of the molecules in crystals of 4 is shown in
Figure 2. The Cu2(o-pba)2 molecules are aligned so that their

Cu 3 3 3Cu vectors are almost exactly along the b axis. The intense
brown color in the micrographs in Figure 6 appears only in
polarization perpendicular to b. This information limits the
transitions that could be responsible: the intensity of the color
suggests a charge-transfer assignment, and LMCT transitions
originating in the π system of the β-diketonate ligands are
possible. These transitions normally lie in the ultraviolet region.

Figure 2. Crystal structure of Cu2(o-pba)2 3C6H6 3 4CHCl3 (4; Cu1 3 3 3Cu1
0 4.5482(5) Å), showing one unit cell, viewed along the crystallographic a

direction; b is horizontal (50% ellipsoids for non-hydrogen atoms).

Figure 3. Crystal structure of Cu2(o-pba)2 3 2C6H5NO2 (5), showing a
portion of the 1D chain of Cu2(o-pba)2 units: Cu1 3 3 3Cu1

0 = 4.9636(4)
Å; Cu1 3 3 3O4

0 = 2.422(1) Å. Solvent molecules omitted for clarity; 50%
ellipsoids for non-hydrogen atoms.

http://pubs.acs.org/action/showImage?doi=10.1021/ic101641r&iName=master.img-004.jpg&w=336&h=329
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The β-diketonates in Cu2(o-pba)2 are noticeably distorted from
planarity, and this distortion could lead to a red-shift in the
LMCT transition(s) and the observed brown color. However,
the structure of the Cu2(o-pba)2 unit is almost identical in all of
the crystalline solids studied here, so we would expect to see
similar intense transitions in the other materials as well; but only
3b and 4 show them. Intermolecular interactions in 3b and 4
could produce the brown color, but no unusual interactions were
apparent in their crystal structures.12 Thus, we do not have a
complete explanation of the origin of the brown color.

The solvated compounds 5 and 6 both contain separate one-
dimensional stacks of Cu2(o-pba)2 molecules and solvent mole-
cules. In the Cu2(o-pba)2 stacks, adjacent molecules make close
approaches, with intermolecular Cu 3 3 3O distances of 2.422(1)
Å (in 5; Figure 3) and 2.443(1) Å (in 6; Figure 4). This close
approach leads to pyramidal distortions and effective five-
coordination at the Cu atoms. The dark blue and violet colors
of 5 and 6, respectively, and their spectra in Figure 5 are con-
sistent with the change to five-coordination.

Solutions of Cu2(o-pba)2 turn greenish-blue on reaction with
nitrogen-donor ligands, as expected for the formation of 5-
coordinate adducts at Cu. We have crystallized two such adducts,

with 1,2-bis(4-pyridyl)ethane (7, Figure 8) and 4,40-bipyridine
(8, Figure 9), both of which are 1-D coordination polymers.

Binding of adjacent O or N atoms to Cu2(o-pba)2 leads to
pyramidal environments about Cu and increased Cu 3 3 3Cu
distances: 4.9636(4), 4.7575(7), 5.287(1), and 5.318(3) Å in

Figure 4. Crystal structure of Cu2(o-pba)2 3C6H5CH3 (6), showing a
portion of the 1D chain of Cu2(o-pba)2 units: Cu1 3 3 3Cu1

0 = 4.7575(7),
Cu1 3 3 3O3

0 = 2.443(1) Å. Solvent molecules omitted for clarity; 50%
ellipsoids for non-hydrogen atoms.

Figure 5. Absorption spectra of the five forms of Cu2(o-pba)2 (3a, 3b,
4, 5, and 6) in the solid state, recorded as Nujol mulls.

Figure 6. Photographs of the (100) face of a crystal of Cu2(o-pba)2 3
C6H6 3 4CHCl3 (4) in polarized light. Left, horizontal polarization
(parallel to b); right, vertical (perpendicular to b). Scale bar (black bar
on left) = 0.25 mm. [This view is slightly different from that in Figure 2,
which is along the a axis. However, b is still horizontal, and the vertical
direction is approximately along c.]

Figure 7. Face indexing performed for a crystal of Cu2(o-pba)2 3C6H6 3
4CHCl3 (4).

Figure 8. Crystal structure of Cu2(o-pba)2L 3 1.5C6H5CH3 (7; L = 1,2-
bis(4-pyridyl)ethane), showing a portion of the 1D polymeric chain of
Cu2(o-pba)2L units: Cu1 3 3 3Cu1

0 = 5.287(1) Å; Cu1 3 3 3N1 = 2.292(6)
Å (50% ellipsoids for non-hydrogen atoms).
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5, 6, 7, and 8, respectively. The greater elongation in 7 and 8 is
also accompanied by greater displacements of the Cu atoms away
from the O4 planes (0.096, 0.087, 0.194, and 0.179 and 0.217 Å
in 5, 6, 7, and 8, respectively); both of these trends reflect the
stronger coordination of N donors to the Cu centers. Formation
of square pyramidal adducts may be favored in the Cu2(o-pba)2
system, because the orientation of the β-diketone moieties is
more compatible with pyramidal geometry at the Cu atom than
with planar geometry.

’CONCLUSIONS

The reaction of the bis(β-diketone) o-pbaH2 with Cu
2þ yields

the cyclic dimer Cu2(o-pba)2, rather than the trimer that was
expected on the basis of ligand geometry. This reaction proceeds
in high yield despite the severe distortion required in the prod-
uct; the distortion occurs primarily in the dihedral angles be-
tween the β-diketonate and CuO4 planes. Cu2(o-pba)2 forms
solids with a wide range of colors, depending on the solvents used
in preparation, and it also binds to bidentate N donors to give
1-D coordination polymers.
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