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Four novel metal-organic frameworks (MOFs) [In(BQ&)pipy)] (1), [In2(OH)(BDC),(phen}] (2),
[IN(BTC)(H20)(bipy)] (3), and [In(BTC)(HO)(phen)] &) (BDC = 1,4-benzendicarboxylic acid, BTE
1,3,5-benzenetricarboxylic acid, bipy 2,2-bipyridyl, phen= o-phenantroline) were synthesized and
their structures were determined by X-ray single-crystal diffraction. Structurally speaking we can conclude
that while the metal/connector/chelate rate is 1:1:1, the introduction of a chelate ligand, such as bipy or
phen, blocks the possibility of connections in one direction, inducting the formation of 2D structures. In
the case of compount] the extra one-half of BDC ligand per indium favors the eight coordination of
the metal and drives the formation of a catenated 3D structure. Topological studies on the four compounds
show one inclined catenation of hexagonal layerslfand three interdigitated layered structures with
2D topologies of type (3, (6%), and (4.8) for 2, 3, and4 compounds, respectively. Three of the new In
compounds are active and selective acid catalyst in acetalization of aldehydes.

Introduction Janiak’s review? on coordination polymers applications.
From the reported studies, benzene multicarboxylate ligands
shave been found to be useful building blocks in construction
of organic-inorganic materials with desired topologies owing

Reduction in negative environmental impact, which is
usually caused by the chemical industry, presents nowaday

a mayor scientific challenge. One possible search for a their rich dinai des. Particularly. .
cleaner chemical process is new selective catalysts becausl® their rich coordination modes. Particularly, in our previous

improved catalysts can decrease the number of stages in £diés*on the indium complex with 1,4-benzendicarboxylic
given process and hence diminish its impact on the environ- €id, the obtained metal-organic framework (MOR(@H)s-

ment. In terms of a so-called “green chemistry approach”, it (BDC).5 has proven to possess interesting catalytic properties
seems still more important to design catalysts that can pein hydrogenation of nitroaromatics and oxidation of sulfide
reused and recycled easily. In this sense, it is very under- reactions. On the other hand, some additional ligands can
standable that there currently is considerable interest in metal-modify structure and properties of the resulting compounds,
organic polymeric materials inspired by their intriguing and it is clear that the catalytic activity of MOF would
structural diversity and potential functions as microporous Strongly depend on the nature of both the linking carboxylate
solids for molecular adsorptions, ion exchange, and hetero-ligand and metal ion as well as additional ligands present in
geneous catalysis?? In this sense, it is worth mentioning  the structure.o-Phenanthroline (phen) and 2#ipyridyl
(bipy) proved to be extremely important ligands for metals,

*To whom correspondence should be addressed. E-mail: amonge@ and the obtained metal complexes often show attractive
icmm.csic.es. Fax: (34) 91-3720623.
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Table 1. Crystal Data and Structure Refinement for -4

1 2 3 4
chemical formula In(BDC)s(bipy) In2(OH)(BDC)z(phen) In(H20)(BTC)(bipy)(H20)0.25 In(H20)(BTC)(phen)
C22H14INN20g CaoH26IN2N4O10 CioH139NN207 25 C21H13InN207
fw 517.17 952.28 500.62 520.15
temp 296(2) K 296(2) K 296(2) K 296(2) K
cryst syst orthorhombic monoclinic orthorhombic monoclinic
space group Pbca F21/n Pbca R21/n
unit cell dimensions a=13.490(2) a=13.1446(6) a=14.260(6) a=7.8171(7)
b=16.202(2) b=15.4921(8) b= 14.184(6) b=13.4926(12)
c=17.065(2) c=17.2293(8) c=18.653(8) c=17.3708(2)
£ = 100.469(10) = 96.545(2)
V (A3);z 3729.9(8); 8 3450.1(3); 4 3773(3); 8 1820.2; 4
Dx (Mg m=3) 1.842 1.831 1.754 1.898
absorption coefficient 1.314 mmh 1.407 mm! 1.300 mmt 1.351 mmt
F(000) 2056 1884 1968 1032
cryst size, mm 0.26x 0.25x 0.30 0.30x 0.20x 0.10 0.16x 0.20x 0.25 0.10x 0.20x 0.20
data collectiord range 3.7831.36 3.81-31.29 3.20-23.26 3.36-30.90
limiting indices —-18<h=<19 —14<h=<19 —12<h=<15 —-10<h=<11
—23=<k=23 —22<k=21 —15=<k=15 —19=<k=16
—-24<|1=<14 —23=<1=<24 —20=1=20 —24<|=<283
reflns collected 22851 22860 12447 11557
independent refins 5617 9710 2681 4967
(Rint = 0.1088) Rnt = 0.0741) Rnt = 0.1029) Rnt = 0.0813)
GOF onF? 0.89 0.87 1.10 0.81
final Rindices | > 20(1)] R1 = 0.045, R1 =0.039, R1 = 0.065, R1 =0.038,
wR2=0.071 wR2=0.074 wR2=0.131 wR2=0.06
W scheme coeff. 0.0245, 0.00 0.0462, 0.00 0.0705, 0.00 0.0107, 0.00
largest diff. peak and hole, e & 0.62 and—1.16 0.59 and-1.04 1.32 and-1.24 0.63 and-0.86

(yield 62% based on In). Anal. Calcd fopfE;15InN,O;: C, 48.45;
H, 2.50; N, 5.38. Found: C, 48.28; H, 2.14; N, 5.72.

X-ray Structure Determination. A summary of the main crystal
and refinement data for the four compounds is given in Table 1.
benzendicarboxylic acid ¢BDC) (98%), 1,3,5-benzenetricarboXy-  pata for single crystals df—4 were collected in a Siemens SMART
lic acid (HBTC) (99%), 2,2-bipyridyl (bipy) (99%), 1,10-  ccp diffractometer equipped with a normal focus, 2.4 kW sealed
phenantroline (phen) (98%), and triethylamine (99%)]. The IR {ype X-ray source (Mo K radiation = 0.71073). Data were
spectrum was recorded from KBr pellets in the range 460D collected over a hemisphere of the reciprocal space by a combina-
cm™t on a Perkin-Elmer spectrometer. Thermogravimetric and tjon of three sets of exposures. Each exposure of 20 s covered 0.3
differential thermal analyses (TGA-DTA) were performed using a jn ). Unit cell dimensions were determined by a least-squares fit
SEIKO TG/DTA 320 apparatus in the temperature range between of g0 reflections with > 200(1). Data were collected using scan
25 and 700°C in a N; (flow of 50 mL/min) atmosphere and at a  gyer the range 3< 6 < 26°. Spectra were quite poor at high angles,
heating rate of SC/min. specially those of compoundsand4 as can be seen in thef

Synthesis[In(BDC)1 s(bipy)] (1). CompoundL was obtained by  values (Table 1). This fact drives Ry, values smaller thaR when
the hydrothermal reaction of Ing{0.56 g, 2.53 mmol), FEBDC using all reflections for these two compounds. No absorption
(0.84-1.68 g, 5.06-10.12 mmol), bipy (0.51£1.022 g, 5.06 correction was applied. The structures were solved by direct
10.12 mmol), and 25 mL of water (the solution was adjusted to methods. The final cycles of refinement were carried out by full-
pH = 6 by the addition of triethylamine, an approximate amount matrix least-squares analyses with anisotropic thermal parameters
of 0.5 mL) in a 43-mL stainless steel bomb with a Teflon liner at  for all non-hydrogen atoms. Hydrogen atoms were situated at their
170 °C for 48 h. After cooling slowly at room temperature, the calculated positions, except for those involved in coordinated water
colorless obtained crystals were filtered and washed thoroughly with molecules and hydroxyl groups, which were located by Fourier
deionized water and ethanol and dried in air (yield 55% based on difference synthesis and isotropically refined. Calculations were
In). Anal. Calcd for GoH14dnN2Os: C, 51.05; H, 2.71; N, 5.41.  carried out with SMART software for data collection and data
Found: C, 51.22; H, 2.91; N, 5.00. The rate of purity of each reduction and SHELXTI6
product was tested also by comparison of the XRD powder patterns  Catalytic Experiments. Activation of the catalysts was per-
of the bulk products with those simulated with atomic coordinates formed by heating the solids at 10C for 12 h. After this time,
derived from single-crystal X-ray diffraction. solutions of the carbonyl compound (2.54 mmol) and TMOF (1.30

[In2(OH)(BDC)(phen}] (2). This complex was prepared simi-  mmol) in tetrachloromethane (3 mL) were added onto the activated
larly to 1 with the exception that bipy was replaced by phen. Pale catalysts. The resulting suspensions were magnetically stirred at
yellow crystals of2 were obtained after hydrothermal treatment at reflux temperature for 3.5 h. Samples were taken from each reaction
170°C (yield 66% based on In). Anal. Calcd foudBlo6lnaN4Os0: at intervals and the reaction products were analyzed by gas
C, 50.41; H, 2.73; N, 5.88. Found: C, 50.78; H, 2.21; N, 5.82.  chromatography.

[IN(BTC)(H.0)(bipy)] (3). The compound was prepared similarly
to 1 with the exception that BBDC was replaced by #BTC. The
hydrothermal synthesis was carried out for 48 h at 1€Qyield
65% based on In). Anal. Calcd for;§,35InN,O;: C, 45.95; H,
2.62; N, 5.64. Found: C, 45.62; H, 2.11; N, 6.04.

[IN(BTC)(H.0)(phen)] @). This compound was prepared simi-
larly to 2 with the exception that lBDC was replaced by $#BTC

Experimental Section

General Information. All commercially available (Aldrich)
products were used without further purification [I3C98%), 1,4-

Results and Discussion

X-ray single-crystal studies on the samples obtained from
the four indicated reactions revealed their compositidns:

(16) Software for the SMART System V5.04 and SHELXTL MBsuker-
Siemens Analytical X-ray Instrument Inc.: Madison, WI, 1998.
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1: In(BDC), (bipy)  2: In(BDC) (OH), (phen),  3: In(BTC)(H20)(bipy)  4: In (BTC)(H20)(phen)

Figure 1. (Top) ORTEP drawing with ellipsoids probability 50%. Red ellipsoids, O; green, In; blue, N; gray, C. (Bottom) View of structures showing the
In polyhedra in yellow for compounds—4.

Table 2. Indium Coordination Bond Distances (A) for Compounds +4

compound
1 2 3 4

In(1)—0(2) 2.552(4) In(1)-0O(1) 2.105(3) In(1)-0(1) 2.111(6) In(1)-0(1) 2.121(2)
In(1)—0(2) 2.204(3) In(130(2) 2.127(3) In(130(2) 2.093(6) In(13-0(3) 2.123(3)
In(1)—0(3) 2.221(3) In(13-0(4) 2.195(2) In(1)-0(3) 2.133(6) In(1)-0(5) 2.141(2)
In(1)—0(4) 2.453(3) In(1)-O(10) 2.118(3) In(1)}0(4) 2.223(6) In(1)-0(7) 2.193(3)
In(1)—0(5) 2.278(3) In(1N(1) 2.293(3) IN(1¥N(L) 2.281(8) IN(1¥N(1) 2.306(3)
In(1)—0(6) 2.303(3) In(1N(2) 2.345(3) IN(1¥N(2) 2.268(8) IN(1XN(2) 2.302(3)
In(1)—N(1) 2.348(3) In(2)-0(2) 2.132(3)
In(1)—N(2) 2.295(3) In(2)-0(7) 2.111(3)

In(2)—0(8) 2.127(3)

In(2)—0(10) 2.116(3)

In(2)—N(3) 2.326(3)

In(2)—N(4) 2.336(3)

(BDC)15(bipy) (1), Inx(BDC)(OH)(phen), (2), In (BTC)- in this paper, where the carboxylate groups are chelating

(H20)(bipy) (3), and In(BTC)(H .0)(phen) (4).Main data bidentate. This compound presents a rare example of eight-
collection and refinement details are in Table 1. Figure 1 coordinated indium catiot?. Regarding the structure, two
shows the asymmetric units, and Table 2 summarizes thedifferent roles are played by the connectors (BDC): one of
coordination bond lengths for the four compounds. them L, situated in the general position, is joining the In
The structure ofl consists of a three-dimensional en- atoms along theb direction to give 1D [In(bipy)(L)L
tanglement formed by catenation of bidimensional hexagonalinfinite zigzag chains. The other BDC moleculg Wwhose
layers, in which every it ion is connected to three bidentate  centroid is situated on an inversion center, keeps these chains
chelating carboxylate groups of three different fully depro- ponded along the [10 0] direction, giving rise to (6,3)
tonated bridging (BDC) units. Each IA" ion is further  hoyaq0nal layer of formula [In(bipy)@L)']. Two identical
bidentately coordinated to two nitrogen atoms of one bipy gets of parallel hexagonal layers, spanning two different
molecule to form eight-coordinate metal ions. The asym- g, cying directions, are interlocked in “inclined” mode, giving

metric “’?“ ConS'St.S’ thl_]s’ ofone In cen_ter, L5 br|dg|ng_1,4- an overall 3D entangled architecture (see Figure 2). Each
benzendmarboxyhc anions, an_d one bipy molecule (Figure 6-ring is interlocked with two distinct inclined layers [Doc
1). The carboxylic G-In bond distances range from 2.204- _ (2/2)].20

(3) to 2.551(4) A and those of the bipy’s-Nn bonds from ’
2.295(3) to 2.349(3) A, all of which are comparable to those

usually encountered for indiufroxygen and indiurt (17) Eglc, N.; G_clnvlll‘e_thAc’b? Crystallogké%a 03;1 |1E4'd 1097 16
nitrogen coordinatiod”#Worth mentioning here is that this ~ (18) 2bram. S.; Maichle-Mssmer, C.; Abram, UPolyhedron1997 16,

is the only compound, among the four under consideration (19) Preut, H.; Huber, F. ZAnorg. Allg. Chem1979 450, 12.
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Figure 2. Topological study on compounds-4.

In compound2, the local coordination geometry around with the phenantroline molecules pointing toward the inter-
each indium atom can be described as slightly distorted lamellar space in an interdigitated way (Figure 2).
octahedra formed by twa,-OH groups, two oxygen atoms In compounds3 and 4, indium ions are six-coordinated
from different carboxylates of BDC, and two nitrogen atoms 5 tyy nitrogen atoms of one bipy or phen molecule, to three
of phen (Figure 1). Tha,-OH groups Join fourinatoms to o voen atoms of three carboxylate groups from different
give tetrameric [Io(OH),(phen)],, units. The (BDC) con-  pyjqging (BTC) connectorsand to one water molecule.
nectors link the tetramers along thandb directions, giving Distances and angles involving In atoms coordination are
rise 10 in_f_inite layers perpendicular to the (001)_direction of also similar. Despite being different crystal systems (orthor-
composmon [In(BDC)(OH)(pheny} The topological study hombic and monoclinic, correspondingly), certain similitude
of this structure shows a new 2D layer of square tyg (4 is also found in their polymeric packing. In both compounds

with “double” connectiond® Each side of the square is .
. i . each (BTC) connector links monodentately three In atoms,
doubled, which makes & 4opology just with squares and . . .
leaving, thus, three uncoordinated oxygen atoms (Figure 1).

rectangles. The square layers stack along the [010] direction__". ) . .
9 q y 9 [010] This arrangement gives rise to layers perpendicular to the

(20) Carlucei, L.: Ciani, G.. Proserpio, D. NCoord. Chem. Re 2003 [001] and [100] directions foB and4, respectively. These
246, 247. two compounds have the same stoichiometry, with the only
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difference of the chelating ligand (bipy vs phen). Their Table 3. Acetalization of Benzaldehyde with Trimethyl Ortoformate
packing is built by interdigitated parallel layers. The topol- 0 HCO
ogy?® of the layers being & and (4.8) for 3 and 4 octs
compounds, respectively, makes the difference between both W TMOF
structures (see Figure 2). Topological study for the four
compounds was done with TOPGS.

Structurally speaking, we can conclude that while the cat. t(h) conv. (%) TOF (h%)

ccl,

metal/connector/chelate rate is 1:1:1, the introduction of a 0 2 68 281
chelate ligand, such as bipy or phen, blocks the possibility 1 4 22 75

: . S . . 2 2 56 230
of connections in one direction, inducting the formation of 3 5 60t 300
2D structures. In the case of compounds indicated above, 4 2 768 380

this proportion is 1:1.5:1. The extra one-half of connector
drives the formation of the catenated 3D structure. Besides,

a2 Total conversion was achieved after 6 h.

the geometrical features of the BTC ligand seems to be the —lo
cause of the incorporation of a water molecule in a 4
coordination position for3 and 4 compounds, while the 90 7 3
linearity of the BDC ligand allows either the eight coordina- 80 2
tion for the indium, acting as chelate, or the formation of =

tetrametallic clusters in compoundsand 2, respectively.

All the IR spectra of the compounds-4 are quite similar.
There are no absorption bands in the area +78Y5 cn?,
which proves the complete deprotonation of the carboxyl
groups of the carboxylic acids in the compounds. The
characteristic bands of the deprotonated carboxylate group
appear in the region 164550 cm'! for the antisymmetric 204
stretching and 13501300 cm'! for the symmetric ones. In 1
the IR spectra oft there appears a broad band between 2600
and 3000 cm?, which corresponds to coordinated water 0 Z Z
molecules. acetal (t=3 h) acetal (t =2 h)

The TGA-DTA study has been performed under a nitrogen Figure 3. Yield for In-catalyzed acetalization of benzaldehyde at 2 h.
environment on the as-synthesized products, which had
proved to be quite pure according to the elemental analysis
and X-ray powder diffraction measurementd e, showing

the coincidence with the simulated patterns made on the basi . . . .
of the single-crystal determinations. The compoundsid quer industries, acetals are used both as intermediates and

2 are stable up to~350 °C and show a unique sharp as final products. The most general method for the synthesis
decomposition process, with the maximum rate at 440 and of acetals is to react carbonyl compounds with an alcohol

425°C, correspondingly. The total decomposition3dnd or an ortho ester in the presence of acid catalysts and in this

4 involves two mass losses. The first steps correspond to asensq)-tolueqsglfonlc acid is often used.
The capabilities of the compounds-4 as catalysts have

coordinated water molecules loss with the maximum rate atb qi lizati ¢ aldehvdes: th Its of th
187 and 295°C for 3 and 4, correspondingly. Despite the een tested In acetg Ization of alde y es; the results of these
tests are collected in Table 3 and Figure 3.

difference in the temperature of the water molecule losses )
for 3 and 4. their frameworks are similar in thermal As can be seen, three of the In compounds are active and
stability: the second weight loss that corresponds to the total selective catalysts for acetalization of aldehydes. The reaction

decomposition 08 and4 occurs within similar temperature of benzgldehyde with trlmethyl orthoformate (TMOF.) pro-
limits with the maximum rate at 440 and 43G for 3 and ceeds Wlth hlg_h conversion and thg corresponding dimethyl
4, correspondingly. The total weight losses fior4 are in acetal is obtained in up tq 70% 3_/|eld (TOF up tq 389 as
agreement with the removal of the organic ligands. PXRD mmol subs./mmol (_:at. h), in relatively short r_eactlon time
analysis indicated ks (PDF: 7601527 as the only residue (4 h) and under mild conditions (60 C?) using the In
after the samples af—4 were heated to 70€C. compounds (10 mol %) as catalysts; in such a way a
Catalytlfc lPrOpertI?S. Forrﬂatlor; of acetalslls one O:ﬁ%the (24) (a) Evans, M. ECarbohydr. Res1972 21, 4473. (b) Calinaud, P.;
most useful protecting methods for carbonyl compotiids, Gelas, J. IrPreparation Carbohydrate Chemistrijanessian, S., Ed.;

and a large amount of synthetic work has been done on the  Decker: New York, 1997; pp-333.
(25) (a) Li, T. S,; Li, S. H,; Li, H. Z.J. Chem. Res., Synop997, 26. (b)
Matysiak, S.; Frank, R.; Pfleiderer, Wucleosides Nucleotidd997,

z

1.0

D

ANARAIR

protection and masking of the carbonyl group. Acetals are
important in carbohydratéand steroid chemistr. In the
é)harmaceuticaq? phytopharmaceutical, fragran€eand lac-

(21) (a) Blatov, V. A.; Shevchenko, A. P.; Serezhkin, V. N. Appl. 16, 855.

Crystallogr. 200Q 33, 1193. (b) Blatov, V. A.; Carlucci, L.; Ciani (26) Ashton, M. J.; Lawrence, C.; Karlsson, J. A.; Stuttle, K. A. J.; Newton,

G.; Proserpio, D. MCrystEngComn2004 6, 377. C. G.; Vacher, B. Y. J.; Whitnall, M. JJ. Med. Chem199§ 39,
(22) Nadand, N.; Lequeux, N.; Nanot, M.; Jove, J.; Roisnel).TSolid 4888.

State Chem1998 135, 140. (27) Bauer, K.; Garbe, D.; Surburg, H. @ommon fragrances and flaurs
(23) Greene, T. W.; Wuts, P. G. M. IRrotectve Groups in Organic materials 2nd ed.; VCH: Weinheim/New York, 1990.

Synthesis2nd ed.; Wiley: New York, 1991; Chapter 4, pp +7510. (28) Meskens, F. A. JSynthesidl 981 501.
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protection of aldehydes by formation of the corresponding selectivity. After carrying out the complete heterogeneous
dimethyl acetals have been carried out successfully usingreaction of aldehydes acetalization, the catalyst was filtered
In as acid catalysts except fdr compound. Two facts  and washed, and then fresh substrate and solvent were added
distinguish this last compound from the other three; the eight to the recovered catalyst: both activity and reaction yield
coordination of the In atom and the nonexistence of \ere found retained for several consecutive experiments.
uncoordinated oxygen atoms. To see which of these two after each of them, filtrate was used in a new reaction and
factors is the cause for why it does not act as a catalyst inpg catalytic activity was found. On the other hand, the solid
the tested reactions, we have performed the same reaCtiorheterogeneous catalysts were routinely checked by X-ray

for the compound I{OH)y(BDC), 5 (compoundO), in powder diffraction before and after reactions, showing no
whose structure the In atoms are six-coordinated but NoNe iaration.

of the oxygen atoms is uncoordinated. As can be seen in

Table 3, the catalytic activity d compares very well with )
our three new catalysts. Consequently, we can conclude that Acknowledgment. The authors thanks Prof. D. M. Proserpio

the lack of activity ofl is due to the hindered accessibility of the L}mversﬁy of Mllan for his help and comments in thg
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It has to be noticed that while most Lewis acids are . , ) )
decomposed or deactivated in the presence of water, the new SUPPOrting Information Available:  Crystallographic data
Lewis heterogeneous catalysts are stable both in water andCIF)‘ This material is available free of charge via the Internet at
organic solvents and can be easily recovered by filtration "P-/Pubs.acs.org.
and reused at least in four cycles without loss of yield or CM047748R



