Communications

Molecular Flasks

DOI: 10.1002/anie.200802545

Single-Crystalline Molecular Flasks: Chemical Transformation with
Bulky Reagents in the Pores of Porous Coordination Networks**

Takehide Kawamichi, Tomoki Kodama, Masaki Kawano,* and Makoto Fujita*

Monitoring of solid-state reactions in situ by X-ray crystal-
lography provides direct information on reaction processes
and final structures.!! However, to preserve crystallinity, this
powerful analytical method is limited to reactions in which
the structural changes during the reaction are very small.””
Crystallographic analysis of reactions involving bulky
reagents within crystals are also limited owing to restricted
diffusion in close-packed crystals and the often concurrent
crystal degradation.

Recently, we reported a robust coordination network
complex with large pores.** The pore channels facilitate
increased mobility and rapid diffusion of included guest
molecules. Large organic molecules can easily enter into the
pores by guest exchange. In this sense, the pore interior is a
pseudo-solution state in which chemical reactions may
proceed as in a solution, yet can be directly analyzed by
crystallography. Herein, we show that single-crystal-to-single-
crystal chemical reactions with large, common reagents
proceed quite smoothly inside the pores of the network.
Taking advantage of the network’s robust crystallinity, we
succeeded in the acylation and ureidation of aromatic amines,
and imine formation from aromatic aldehydes within a single
crystal. The pores of the network complexes thus serve as
single crystalline molecular flasks. In related studies, we have
reported the preliminary results of the diffusion of aldehydes
into the pores of porous networks to form Schiff bases.*
Postsynthetic modification of a network complex with acyla-
tion agents has been recently reported.”*

The porous complex 3a was obtained as single crystals by
the reaction of triazine ligand 1 and Znl, in the presence of 2-
aminotriphenylene 2a (Figure 1a).""! The network structure
of 3a features two distinct, large pores (A and B) delineated
by pillars consisting of alternatively stacked ligand 1 and
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Figure 1. a) Depiction of the preparation of 3D porous networks 3a,b.
b,c) Crystal structure of porous network 3a. b) View along direction of
pores. c) Perpendicular view to direction of pores, showing the
columnar stacking of 1 and 2a in the network 3a.

triphenylene. The amino groups on the embedded tripheny-
lene molecules are pointed into pore A, oriented to react with
various guest molecules (Figure 1b).

When crystals of 3a were dipped into a cyclohexane
solution of acetic anhydride, the crystal turned from red to
yellow within 3 h. Diffraction studies revealed that crystal-
linity was maintained, even after quantitative conversion and
crystallographic analysis revealed that amide 4a had formed
(Figure 2). Single-crystal microscopic FT-IR spectra of com-
plex 3a and {[(Zn],);(1),(4a)]-(C,HO5),},, (5a) also indicated
the quantitative conversion from 3a into 5a (see Supporting
Information, Figure S18).

The robust nature of the crystal network tolerates the
rapid diffusion of acetic anhydride into the pores and the
complete conversion of 2a into amide 4a. The pores also
accommodate the larger octanoic anhydride and, after
diffusion into the pores, octanoic amide 4b is obtained.
Octanoic acid forms as a by-product, but leaves the crystals
and is not detected in the crystallographic analysis. Surpris-
ingly, the pores also allow diffusion of the bulky phenyl
isocyanate, and the bound 2 a is quantitatively converted into
the phenyl urea 4e. These results indicate that even large
molecules have considerable mobility in the pores.

The reactions within the pores provide a facile method for
postsynthetic modifications of the pore interior. Carboxylic
acid groups (COOH) can strongly bind metal ions and are
very difficult insert unprotected into porous network com-
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Figure 2. a) Depiction of the acylation reactions of 2a in the pore of
crystalline 3a. b) Crystal structure of porous network 5a. c) Molecular
structures of 4a—e, directly formed from 2a in the pore. Ellipsoids set
at 30% probability.

plexes.” When 2-triphenylenecarboxylic acid (2¢) was
employed instead of 2a, no porous networks were obtained
because the carboxylic groups sequester the Zn" ions and
prevent network formation. Exposing complex 3a to succinic
anhydride, however, converts the amines into amides and
deftly lines the pore interior with free carboxylic acids.
Similarly, treatment with maleic anhydride places —CH=
CHCOOH groups in the pores.

After establishing that relatively mild reagents (anhy-
drides and an isocyanate) easily diffuse into the pores without
damaging the crystals, we also examined whether the network
can withstand treatment with free amines. The aldehyde
functionalized network 3b was prepared from 2-formyltri-
phenylene (2b). After dipping crystals of 3b into an ethyl
acetate solution of aniline, crystallinity was maintained and
clean conversion into imine 6a was detected (Figure 3). 3-
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Figure 3. a) Depiction of the acylation reactions of 2b in the pore of

crystalline 3b. b) Molecular structures of 6a, 6b, directly formed from
2b in the pore. Ellipsoids set at 30% probability.

aminobenzoic acid also reacted similarly to give imine 6b.
The crystal networks of 3a and 3b are quite robust and
tolerate postsynthetic modification with both basic NH, and
acidic COOH groups.

In summary, we have demonstrated that common organic
transformations with bulky reagents can proceed smoothly
within the pores of coordination networks. The bulky reagents
diffuse readily through the network pores and show reactivity
similar to that in solution. However, unlike solution-state
reactions and many solid-state reactions, the reactions within
the pores can be easily analyzed by crystallography. Our
results overcome a fatal problem in solid-state reactions,
namely the preservation of crystallinity, and provide a new
application of porous coordination complexes. In situ prepa-
ration and determination of reaction intermediates or labile
molecules can be achieved by utilizing these “single-crystal-
line molecular flasks”.

Experimental Section
Typical procedure of single-crystal-to-single-crystal reactions:
Reagents and solvents were obtained from commercial suppliers
and used without further purification. Crystals of 3a (2.5 mg) were
immersed in a cyclohexane solution (2 mL) of acetic anhydride (v/v =
29:1), octanoic anhydride (v/v=1:1), and phenyl isocyanate (v/v=
9:1), or a 100 mm ethyl acetate solution (2 mL) of succinic anhydride
or maleic anhydride at room temperature. After the color of the
crystals had completely changed from red to yellow (5a:1d,5b:10d,
Sc—e: 3 d), a crystal was removed from the solution and characterized
by X-ray crystallographic analysis. Crystals of 3b (20 mg) were
immersed in an cyclohexane solution of aniline (16 mL, v/v=100:1)
or the 110 mm ethyl acetate solution of 3-aminobenzoic acid (16 mL)
at 60°C. After a complete color change, a crystal was removed from
the solution (7a:1 d, 7b: 2 d) and was characterized by X-ray analysis.
The crystallographic details were described in the cif files.

Elemental analyses (% ):

3b: caled for {[(Znl,);(1),(2b)]-(CHsNO,),s},: C41.17, H 2.46,
N 9.66; found: C41.22, H2.42, N 9.61. 5a: calcd for {[(Znl,);(1),-
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(4a)]-(C,H403),},,: €38.00, H2.79, N 8.00; found: C38.01, H 3.03,
N 8.15. 5b: calcd for {[(Znl,);(1),(4b)]-(CsH,),5),: C43.27, H 3.90,
N 8.32; found: C43.03, H4.02, N 8.03. 5¢: caled for {[(Znl,);(1),-
(4¢)]-(H,0)-(C,Hg0,);5},: C38.40, H3.18, N 8.09; found: C 38.30,
H 3.36, N 8.02. 5d: calcd for {[(Znl,);(1),(4d)]-(H,0)-(C;HgO,)15},:
C38.43, H3.09, N 8.09; found: C 38.62, H 3.18, N 7.97. 5e: calcd for
{[(Znl,);(1),(4e)]-(C¢Hy,)-(C;HsNO),),:  C44.29, H2.91, N9.98;
found: C44.59, H2.97, N 10.27. 7a: caled for {[(Znl,);(1),(6a)]-
(H,0),5(C¢Hyy)s},: C43.26, H 3.68, N 8.30; found: C43.37, H 3.49,
N 8.03. 7b: calcd for {[(Znl,);(1),(6b)]-(H,0),(C;HO,),5},: C38.43,
H 3.09, N 8.09; found: C 38.23, H2.79, N 7.87.

Crystallographic data: The diffraction data of Sa, 5b and Se were
measured on a Bruker APEX-1I/CCD diffractometer equipped with a
focusing mirror (MoKa radiation: 4 =0.71073 A) and the diffraction
data of 3b, 5¢, 5d, 7a and 7b were measured on a RIGAKU/MSC
Mercury CCD X-ray diffractometer by using synchrotron radiation
(A=0.6890 A) at PF-AR (NW2 beamline) of the High Energy
Accelerator Research Organization (KEK). The structures were
solved by direct methods (SHELXS 97) and refined by full-matrix
least-squares calculations on F* (SHELXL-97) using the SHELX-TL
program package. Hydrogen atoms were fixed at calculated positions
and refined using a riding model.

3b: Cgs.53H,5.0716N1404.0,Z13, M, =2064.84, space group Pbca, a =
28.1745(4) A, b=13.8238(2) A, c=45.1995(8) A, V=17604.2(5) A®,
T=90K, Z=38, Pcica=1.558 gcm >, 7830 unique reflections out of
16270 with I>20(I), 1334 parameters, 1.12>6>24.95° final R
factors R, =0.0986 and wR,=0.3113 for all data.

5a: CgHs7.071N 301045205, M, =2190.24, Pbca, a =27.749(6) A,
b=13.817(3) A, ¢ =44.362(10) A, V=17009(7) A’>, T=80K, Z=38,
Peaica = 1.711 gem ™, 13773 unique reflections out of 20942 with 1>
20(I), 1031 parameters, 1.71 > 6 >28.29°, final R factors R, =0.0560
and wR, =0.1643 for all data.

5b: Cyy77Hy3 00N ;0Zn;, M, =2127.20, Pbca, a=28.012(4) A,
b=13.7873(19) A, c =45.388(6) A, V=17529(4) A’>, T=80 K, Z=38,
Dearca = 1.612 gem ™, 11656 unique reflections out of 17873 with 1>
20(I), 1159 parameters, 1.71 > 0 >26.37°, final R factors R; =0.0609
and wR, =0.1725 for all data.

5¢: CpHglpNyOpZng,  M,=405729, P2.22, a=
13.82960(10) A,  »=28.1807(3) A,  ¢=443094(5)A, V=
17268.6(3) A%, T=90K, Z=4, Deatea 1.561 gem™>, 22667 unique
reflections out of 32480 with />20([), 1621 parameters, 1.40 >0 >
24.84°, final R factors R, =0.0723 and wR, =0.2031 for all data.

5d: Cy,H,(IN;O¢Zns, M, =2026.63, Pbca, a=27.9987(2) A, b=
13.8164(3) A, c=44.1589(5) A, V=17082.5(4) A’>, T=90K, Z=8,
Peaica = 1.576 gem ™, 17133 unique reflections out of 22034 with 7>
20(1), 1054 parameters, 1.41 > 6 >27.72°, final R factors R, =0.0614
and wR, =0.2072 for all data.

Se:  CgpHiysleNis010001Zns, M =2316.96, Pbca, a=
28.857(3) A, b=13.7063(16) A, ¢=45.188(5) A, V=17873(4) A®,
T=86K, Z=38, peea 1.722 gcm ™, 14485 unique reflections out of
21981 with I>20(I), 1119 parameters, 1.67 > 6> 28.27°, final R
factors R; =0.0623 and wR,=0.1886 for all data.

7a: CyHgIN;Zn,, M,=2250.20, Pbca, a=13.67283) A, b=
45.5987(7) A, ¢=28.4576(3) A, V=17742.2(5) A>, T=90K, Z=8,
Peaicd 1.685 gecm™, 10945 unique reflections out of 24652 with 1>
20(I), 964 parameters, 1.39 > 6 >28.92°, final R factors R, =0.0761
and wR, =0.2128 for all data.

7b:  CypyHses5ideN30714Z0;,  M,=215474,  Pbca, a=
27.8060(3) A,  b=13.80910(10) A,  ¢=451378(6) A, V=
17331.8(3) A%, T=90K, Z=8, poea 1.652gcm™>, 11038 unique
reflections out of 16305 with I>20([), 1057 parameters, 1.13 > 6>
24.79°, final R factors R, =0.0636 and wR, =0.2054 for all data.

CCDC 689677 (3b), 689678 (5a), 689679 (5b), 689680 (5c¢),
689681 (5d), 689682 (5e), 689683 (7a), and 689684 (7b) 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.

Received: May 31, 2008
Published online: August 11, 2008

Keywords: coordination polymer - crystal engineering -
host—guest systems - X-ray diffraction - zinc

[1] a) H. Nakanishi, W. Jones, J. M. Thomas, M. B. Hursthouse, M.
Motevalli, J. Chem. Soc. Chem. Commun. 1980, 611-612; b) Y.
Ohashi, Acta Crystallogr. Sect. A 1998, 54, 842-849; c)P.
Coppens, 1. Novozhilova, A. Kovalevsky, Chem. Rev. 2002, 102,
861-883; d) M. Kawano, K. Hirai, H. Tomioka, Y. Ohashi, J. Am.
Chem. Soc. 2001, 123, 6904-6908; ¢) M. Kawano, Y. Kobayashi,
T. Ozeki, M. Fujita, J. Am. Chem. Soc. 2006, 128, 6558 -6559.

[2] a) M. D. Cohen, G. M. J. Schmidt, J. Chem. Soc. 1964, 1996 —2000;
b) H. Nakanishi, M. Hasegawa, S. Sasada, J. Polym. Sci. Polym.
Phys. Ed. 1972, 10,1537 -1553; c) M. Hasegawa, Chem. Rev. 1983,
83,507-518; d) G. Wegner, Pure Appl. Chem. 1977, 49, 443 —454.

[3] a) O. Ohmori, M. Kawano, M. Fujita, Angew. Chem. 2005, 117,
1998 -2000; Angew. Chem. Int. Ed. 2005, 44, 1962—-1964; b) M.
Kawano, T. Kawamichi, T. Haneda, T. Kojima, M. Fujita, J. Am.
Chem. Soc. 2007, 129, 15418—-15419.

[4] Reviews of coordination networks: a) S. Batten, R. Robson,

Angew. Chem. 1998, 110, 1558-1595; Angew. Chem. Int. Ed.

1998, 37, 1460-1494; b) P. J. Hagrman, D. Hagrman, J. Zubieta,

Angew. Chem. 1999, 111, 2798-2848; Angew. Chem. Int. Ed.

1999, 38,2638 -2684; c) M. J. Zawarotko, B. Moulton, Chem. Rev.

2001, 701, 1629-1658; d) M. Eddaoudi, D. B. Moler, H. Li, B.

Chen, T. M. Reinke, M. O’Keeffe, O. M. Yaghi, Acc. Chem. Res.

2001, 34, 319-330; e) C. Janiak, Dalton Trans. 2003, 2781 —2804;

f) O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M.

Eddaoudi, J. Kim, Nature 2003, 423, 705-714; g) S. Kitagawa, R.

Kitaura, S. Noro, Angew. Chem. 2004, 116, 2388 -2430; Angew.

Chem. Int. Ed. 2004, 43, 2334—-2375; h) S. Kitagawa, K. Uemura,

Chem. Soc. Rev. 2005, 34, 109-119; i) M. Kawano, M. Fujita,

Coord. Chem. Rev. 2007, 251, 2592 -2605.

Postsynthetic modification of coordination networks: a) Y.-H.

Kiang, G. B. Gardner, S. Lee, Z. Xu, E. B. Lobkovsky, J. Am.

Chem. Soc. 1999, 121, 8204 -8215; b) Z. Xu, S. Lee, Y.-H. Kiang,

A. B. Mallik, N. Tsomaia, K. T. Mueller, Adv. Mater. 2001, 13,

637-641;c) J. S. Seo, D. Whang, H. Lee, S. 1. Jun, J. Oh, Y. J. Jeon,

K. Kim, Nature 2000, 404, 982-986; d) K. L. Mulfort, J. T. Hupp,

J. Am. Chem. Soc. 2007, 129, 9604-9605; ¢) Z. Wang, S. M.

Cohen, J. Am. Chem. Soc. 2007, 129, 12368 -12369; f) Z. Wang,

S. M. Cohen, Angew. Chem. 2008, 120, 4777 -4780; Angew. Chem.

Int. Ed. 2008, 47, 4699-4702; g) S. S. Kaye, J. R. Long, J. Am.

Chem. Soc. 2008, 130, 806—-807; h) F. Schroder, D. Esken, M.

Cokoja, M. W. E. van den Berg, O. I. Lebedev, G. V. Tendeloo, B.

Walaszek, G. Buntkowsky, H.-H. Limbach, B. Chaudret, R. A.

Ficher, J. Am. Chem. Soc. 2008, 130, 6119-6130; M. J. Ingleson,

J. P. Barrio, J. B. Guilbaud, Y. Z. Khiyak, M. J. Rosseinsky, Chem.

Commun. 2008, 2680—-2682.

[6] These two papers reported the structures of postsynthetically
modified coordination networks by single crystallographic anal-
yses: a) J. S. Costa, P. Gamez, C. A. Black, O. Roubeau, S. J. Teat,
J. Reedijk, Eur. J. Inorg. Chem. 2008, 1551-1554; b) T. Haneda,
M. Kawano, T. Kawamichi, M. Fujita, J. Am. Chem. Soc. 2008,
130, 1578-1579.

[7] To our knowledge, only one example of the coordination network
that was decorated with the free carboxylic acid groups has been
reported: R. Custelcean, M. G. Gorbunova, J. Am. Chem. Soc.
2005, 127, 16362 —-16363.

5

—_

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 8030-8032


http://dx.doi.org/10.1039/c39800000611
http://dx.doi.org/10.1039/c39800000611
http://dx.doi.org/10.1107/S0108767398009118
http://dx.doi.org/10.1021/cr000031c
http://dx.doi.org/10.1021/cr000031c
http://dx.doi.org/10.1021/ja0106366
http://dx.doi.org/10.1021/ja0106366
http://dx.doi.org/10.1021/ja0609250
http://dx.doi.org/10.1039/jr9640001996
http://dx.doi.org/10.1021/cr00057a001
http://dx.doi.org/10.1021/cr00057a001
http://dx.doi.org/10.1351/pac197749040443
http://dx.doi.org/10.1002/ange.200462201
http://dx.doi.org/10.1002/ange.200462201
http://dx.doi.org/10.1002/anie.200462201
http://dx.doi.org/10.1021/ja0752540
http://dx.doi.org/10.1021/ja0752540
http://dx.doi.org/10.1002/(SICI)1521-3757(19980605)110:11%3C1558::AID-ANGE1558%3E3.0.CO;2-7
http://dx.doi.org/10.1002/(SICI)1521-3773(19980619)37:11%3C1460::AID-ANIE1460%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3773(19980619)37:11%3C1460::AID-ANIE1460%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3757(19990917)111:18%3C2798::AID-ANGE2798%3E3.0.CO;2-U
http://dx.doi.org/10.1002/(SICI)1521-3773(19990917)38:18%3C2638::AID-ANIE2638%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1521-3773(19990917)38:18%3C2638::AID-ANIE2638%3E3.0.CO;2-4
http://dx.doi.org/10.1021/ar000034b
http://dx.doi.org/10.1021/ar000034b
http://dx.doi.org/10.1039/b305705b
http://dx.doi.org/10.1038/nature01650
http://dx.doi.org/10.1002/ange.200300610
http://dx.doi.org/10.1002/anie.200300610
http://dx.doi.org/10.1002/anie.200300610
http://dx.doi.org/10.1039/b313997m
http://dx.doi.org/10.1016/j.ccr.2007.07.022
http://dx.doi.org/10.1021/ja991100b
http://dx.doi.org/10.1021/ja991100b
http://dx.doi.org/10.1002/1521-4095(200105)13:9%3C637::AID-ADMA637%3E3.0.CO;2-S
http://dx.doi.org/10.1002/1521-4095(200105)13:9%3C637::AID-ADMA637%3E3.0.CO;2-S
http://dx.doi.org/10.1021/ja0740364
http://dx.doi.org/10.1021/ja074366o
http://dx.doi.org/10.1002/ange.200800686
http://dx.doi.org/10.1002/anie.200800686
http://dx.doi.org/10.1002/anie.200800686
http://dx.doi.org/10.1021/ja7102108
http://dx.doi.org/10.1021/ja7102108
http://dx.doi.org/10.1021/ja078231u
http://dx.doi.org/10.1039/b718367d
http://dx.doi.org/10.1039/b718367d
http://dx.doi.org/10.1002/ejic.200800002
http://dx.doi.org/10.1021/ja7111564
http://dx.doi.org/10.1021/ja7111564
http://dx.doi.org/10.1021/ja055528o
http://dx.doi.org/10.1021/ja055528o
http://www.angewandte.org

