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ABSTRACT

Arigid 1,8-dipyridylnaphthalene template for supramolecular organization of unsaturated dicarboxylic acids in the solid state has been developed.
Self-assembly of the template and aromatic dicarboxylic acids generates nondistorted paracyclophane and pyridinophane architectures with
perfectly superimposed  sr-systems. The dipyridyl template can be used to promote stereoselective solid-state dimerization of olefinic dicarboxylic
acids.

Supramolecular self-assembly has become a widely recog-trans-cinnamamide carboxylates affords truxinic acids and
nized tool for the formation of well-defined noncovalent truxinamides with high stereoselectivityThe efficacy of
arrangements of organic building blocks and multicomponent supramolecular chemistry has inspired the development of
solid materials with intriguing second-order optical nonlinear powerful templates suited to crystal engineering and solid-
effects and semiconducting propertieshe principles of state synthesis. In particular, controllaestacking of aro-
molecular recognition and association of complementary matic and other unsaturated systems in the presence of
building blocks have also been exploited for template-assisted

solid-state synthesisThe high regularity, order, and control (2) (a) Koshima, H.; Ding, K.; Chisaka, Y.; Matsuura,J.Am. Chem.

of intermolecular orientation of organic molecules in crystal- So0c.1996,118, 12059—12065. (b) Koshima, H.; Nakagawa, T.; Matsuura,
l bli id llent tuniti f th T. Tetrahedron Lett1997, 38, 6063—6066. (c) Koshima, H.; Ding, K.;
Ine assemblies proviae excellent opportuniues or € Chisaka, Y.; Matsuura, T.; Miyahara, |.; Hirotsu, K. Am. Chem. Soc.

development of reactions with distinguished stereo- and 1997,119, 10317—10324. (d) Ito, Y.; Hosomi, H.; Ohba, T®trahedron

; ; Sty ~ ; 2000,56, 6833—6844. (e) MacGillivray, L. R.; Reid, J. L.; Ripmeester, J.
reglochem!cal selectl\{lty in a solvent-free enwron'm%en't. A J. Am. Chem. 502000 122 7817-7818. (f) Amirsakis, D. G.: Garcia.
Topochemical polymerization of unsaturated carboxylic acids Garibay, M. A.; Rowan, S. J.; Stoddart, J. F.: White, A. J. P.; Williams, D.
has been accomplished in the solid state through phOtO_J.Angew. Chemint. Ed.2001, 40, 4256-4261. (g) Friscic, T.; MacGillivray,

. . . . . L. R. Chem. Commur2003, 1306—1307. (h) Ouyang, X.; Fowler, F. W.;
chemical andy-radiation-induced reactions of ammonium | ayner, 3. W.J. Am. Chem. So@003, 125, 12400—12401. (i) Gao, X.;

carboxylated. Similarly, stereocontrolled solid-state photo- Friscic, T.; MacGillivray, L. R.Angew. Chem.Int. Ed. 2004,43, 232—

. o . . . . 236.
dimerization of ammonium salts @&fans-cinnamic acid and (3) (a) Tashiro, K.. Kamae, T.: Kobayashi, M.. Matsumoto, A.: Yokoi,

K.; Aoki, S. Macromolecules1999, 32, 2449—-2454. (b) Tanaka, T.;
(1) (@) Marder, S. R.; Perry, J. W.; Schaefer, W Seiencel989,245, Matsumoto, AJ. Am. Chem. So2002,124, 9676—9677. (c) Matsumoto,
626—628. (b) Marder, S. R.; Perry, J. W.; Tiemann, B.Ghem. Mater. A.; Tanaka, T.; Tsubouchi, T.; Tashiro, K.; Saragai, S.; Nakamatd, S.
1990, 2, 685—690. (c) Marder, S. R.; Perry, J. W.; Tiemann, B. G. Am. Chem. So2002, 124, 8891—-8902. (d) Matsumoto, A.; Oshita, S.;
Organometallics1991, 10, 1896—1901. (d) Marder, S. R.; Perry, J. W.;  Fujioka, D.J. Am. Chem. So®002,124, 13749—13756. (e) Wu, D.-Y,;
Yakymyshyn, C. PChem. Mater1994,6, 1137-1147. (e) Kagawa, H.; Chen, B.; Fu, X.-G.; Wu, L.-Z.; Zhang, L.-P.; Tung, C.-Blrg. Lett.2003,
Sagawa, M.; Hamada, T.; Kakuta, &hem. Mater1996,8, 2622—2627. 5, 1075—1077. (f) Patrick, B. O.; Scheffer, J. R.; ScottAGgew. Chem.,
(f) Lochran, S.; Bailey, R. T.; Cruickshank, F. R.; Pugh, D.; Sherwood, J. Int. Ed.2004,43, 3775—3777. (g) Caronna, T.; Liantonio, R.; Logothetis,

N.; Simpson, G. S.; Langley, P. J.; Wallis, J. D.Phys. Chem. R000, T. A.; Metrangolo, P.; Pilati, T.; Resnati, G. Am. Chem. So2004,126,
104, 6710—6716. (g) Pal, T.; Kar, T.; Bocelli, G.; Rigi, Cryst. Growth 4500—4501. (h) Varshney, D. B.; Gao, X.; Friscic, T.; MacGillivray, L. R.
Des.2003,3, 13-16. Angew. Chemlnt. Ed. 2006,45, 646—650.
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multifunctional templates that serve as hydrogen bond [

donors, Lewis bases that undergo charge-transfer interactions

with aryl and alkynyl halides, and transition metal coordina-
tion complexes have received increasing atterftion.

We wish to describe a simple approach to both preorga-
nization of small unsaturated organic molecules for stereo-
selective solid-state synthesis and cofacial assembly of
aromaticr-systems mimicking paracyclophane topology with
enforced face-to-face stacking. The use of 1,8-diheteroaryl-
naphthalenes for stereoselective recognition of carboxylic

acids, amino acids, and other hydrogen bond donors has

previously been reported from our laboratorids promote
parallel packing of unsaturated dicarboxylic acids in the solid
state, we decided to introduce a rigid bifunctional template

Figure 1. Structures of templaté, dicarboxylic acid2—5, and
enforcedr-stacking.

bearing cofacial pyridyl rings that can serve as Brgnsted base

and hydrogen bond acceptor. We anticipated that cocrystal-

lization of 1,8-bis(4pyridyl)naphthalenel, with unsaturated
dicarboxylic acids2—5 would provide a four-component

the separation of the superimposed olefinic carbons ranges
from 3.732 to 3.976 A.

assembly in which two dipyridylnaphthalene templates _

preorganize two dicarboxylic acid molecules through
OH---N and CH---O hydrogen bonding, Figure 1.

A single cocrystal suitable for X-ray diffraction analysis
was obtained by slow evaporation of an equimolar solution
of 1,8-dipyridylnaphthalene and fumaric acid in ethanol,
Figure 2. Dipyridylnaphthaleng and fumaric aci® form a
neutral tetrameric assembly stabilized by eight hydrogen

bonds and face-to-face interactions between stacked pyridyl

and olefinic 7-system$. The OH---N hydrogen-bonding
lengths are 1.794 and 1.819 A and the B bonds are
2.516 and 2.576 A. The separation of the nitrogen atoms is
3.929 A, which is a consequence of slight splaying of the
pyridyl rings. The rigid structure df arranges the bridging
fumaric acid molecules in close proximity to each other and

(4) (a) Matsumoto, A.; Odani, T.; Chikada, M.; Sada, K.; Miyata,M.
Am. Chem. S0d.999,121, 11122-11129. (b) Matsumoto, A.; Katayama,
K.; Odani, T.; Oka, K.; Tashiro, K.; Saragai, S.; NakamotolViacromol-
ecules2000,33, 7786—7792. (c) Matsumoto, A.; Nagahama, S.; Odani, T.
J. Am. Chem. So000,122, 9109—9119. (d) Matsumoto, A.; Sada, K.;
Tashiro, K.; Miyata, M.; Tsubouchi, T.; Tanaka, T.; Odani, T.; Nagahama,
S.; Tanaka, T.; Inoue, K.; Saragai, S.; NakamotoABgew. Chem.Int.
Ed.2002,41, 2502—2505. (e) Nagahama, S.; Inoue, K.; Sada, K.; Miyata,
M.; Matsumoto, A.Cryst. Growth Des2003,3, 247—256.

(5) (a) Ito, Y.; Borecka, B.; Trotter, J.; Scheffer, J. Retrahedron Lett.
1995 36, 6083-6086. (b) Ito, Y.; Hosomi, H.; Ohba, Setrahedror200Q
56, 6833—6844. (c) Ohba, S.; Hosomi, H.; Ito,J¥ Am. Chem. So2001,
123, 6349-6352.

(6) (@) Caronna, T.; Liantonio, R.; Logothetis, T. A.; Metrangolo, P.;
Pilati, T.; Resnati, GJ. Am. Chem. So2004 126, 4500-4501. (b) Goroff,

N. S.; Curtis, S. M.; Webb, J. A.; Fowler, F. W.; Lauher, J. @fg. Lett.
2005,7, 1891—-1893. (c) Sokolov, A. N.; Friscic, T.; MacGillivray, L. R.
J. Am. Chem. So2006 128 2806-2807. (d) Nohra, B.; Graule, S.; Lescop,
C.; Reau, RJ. Am. Chem. So@006,128, 3520—3521.

(7) (a) Waolf, C.; Mei, X.J. Am. Chem. So2003,125, 10651—10658.
(b) Tumambac, G. E.; Wolf, CJ. Org. Chem2004,69, 2048—2055. (c)
Tumambac, G. E.; Mei, X.; Wolf, CEur. J. Org. Chem2004, 3850—
3856. (d) Mei, X.; Wolf, C.Chem. Commur2004, 2078-2079. (e) Mei,
X.; Wolf, C. J. Am. Chem. SoQ004, 126, 14736—14737. (f) Mei, X.;
Wolf, C. J. Org. Chem2005 70, 2299-2305. (g) Tumambac, G. E.; Wolf,
C. Org. Lett.2005,7, 4045—4048. (h) Mei, X.; Martin, R. M.; Wolf, Cl.
Org. Chem.2006,71, 2854—2861. (i) Wolf, C., Liu, S.; Reinhardt, B. C.
Chem. Commur2006 4242-4244. (j) Mei, X.; Wolf, C.Tetrahedron Lett.
2006,47, 7901—7904. (k) Mei, X.; Wolf, CJ. Am. Chem. So2006,128,
13326—13327.

(8) Alternatively, proton transfer could result in the formation of ionic
structures stabilized by charge-assisted carboxylayeidinium hydrogen
bonding. See: Mei, X.; Wolf, CEur. J. Org. Chem2004, 4340—4347.
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Figure 2. Ortep drawing (top) and space-filling view (bottom) of
the crystal structure of cocrystdl-2. Selected crystallographic
separations [A] and angles [deg]: N1—N2 3.929, N1---H2 1.794,
H1---02 2.576, N2-H4 1.819, H3--04 2.516, N1--H2-0O1
174.85, N2--H4-03 176.51, C+H1---0O2 127.89, and C2
H3---:04 129.48.

The aligned organization of two molecules of fumaric acid
in 1-2 underscores the ability of the template to impose the
congested arrangement of the cofacial pyridyl moieties on
the bridging substrate. Sincestacking of aromatic com-
pounds is a common motif in biomoleculemnd plays an
important role in molecular recognitidf glectronic proper-
ties of paracyclophanes and pyridinophaHtemd chemical

(9) (a) Kirksey, T. J.; Pogue-Caley, R. R.; Frelinger, J. A.; Collins, E. J.
J. Biol. Chem1999,274, 37259—37264. (b) Guckian, K. M.; Schweitzer,
B. A.; Ren, R. X. F.; Sheils, C. J.; Tahmassebi, D. C.; Kool, EJTAm.
Chem. Soc2000,122, 2213—2222. (c) Blakaj, D. M.; McConnel, K. J.;
Beveridge, D. L.; Baranger, A. Ml. Am. Chem. So2001,123, 2548—
2551.

(10) (a) Inouye, M.; Itoh, M. S.; Nakazumi, H. Org. Chem1999,64,
9393-9398. (b) Inouye, M.; Fujimoto, K.; Furusyo, M.; Nakazumi,JH.
Am. Chem. Socl1999, 121, 1452—-1458. (c) Ponzini, F.; Zagha, R.;
Hardcastle, K.; Siegel, J. 3ngew. ChemInt. Ed.2000,39, 2323—-2325.
(d) Georgopoulou, A. S.; Mingos, D. M. P.; White, A. J. P.; Williams, D.
J.; Horrocks, B. R.; Houlton, Al. Chem. SocDalton Trans.2000, 2969—
2974.

(11) (a) Haenel, M. W.; Lintner, B.; Schweitzer, D. Naturforsch1986
41B 223-230. (b) Wartini, A. R.; Valenzuela, J.; Staab, H. A.; Neugebauer,
F. A. Eur. J. Org. Chem.1998 139-148. (c) Modern Cyclophane
Chemistry; Gleiter, R., Hopf, H., Eds.; Wiley-VCH: Weinheim, Germany,
2004.
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engineering of new materiald,we decided to extend our
approach to aromatic dicarboxylic acids. Cocrystals ahd
acids3—5 were formed upon slow evaporation of ethanol
solutions. Crystallographic analysis revealed that the same
supramolecular forces as encounteredlifl establish tet-
rameric z-stacked architectures in which two template
molecules are bridged by two cofacial substrates, thus
confirming the validity of our approach, Figure 3.

B~ T ° Figure 4. Structures ofl-4 (top) and of1-5 (bottom). See the
_____ 3] Supporting Information for crystallographic separations and bond
. iﬁ‘*“ """ ; angles.

trans-isomerization upon irradiation prior to carbararbon
bond formation. Both factors afford stereoisomeric adducts
and byproducts, thus compromising stereoselectivity and

Figure 3. Ortep drawing (top) and space-filling view (bottom) of yield. A parallel alignment and a centreigentroid separa-

1-3. See the Supporting Information for crystallographic separations tipn OT 3-5_4-2 A'is a generally accepted prerequisite for
and bond angles. dimerization of unsaturated compouridsThe use of a

supramolecular template that preorganizes olefinic substrates
within this range in the solid state offers a viable synthetic
The supramolecular structure bf3 resembles the archi- ~ altérnative with superior stereocontrol over reactions carried

tecture of paracyclophanes and pyridinophanes. The bridging®Ut in solution. A closer look al-2 shows that the rigid
terephthalic acids are perfectly aligned with-r distances ~ SPatial arrangement of the cofacial pyridyl rings in the
ranging from 3.676 to 3.683 A. Similar to [2.2]paracyclo- template forces two dicarboxylic acids into close proximity
phanes, the benzene moietiesSafndergo enforced-stack- with an intermolecular distance between perfectly superim-
ing and rotation about the /@uxis is sterically hindered. ~Posed olefinic bonds of less than 4.0 A. We therefore
However, the severe distortion of aromatic units inherent to expected that the parallel orientationivould favor highly
[2.2]paracyclophanes is not observed in the supramolecularStereoselective [2+2]cycloaddition ais,trans,cis-cyclobu-
analoguel-3, which shows optimizedr-overlap. Supra-  tanetetracarboxylic acid, Scheme 1.

molecular paracyclophane synthesis was also successful with

naphthalenedicarboxylic acidé and 5, Figure 4. The | EGT=TczNGEGEGEEEEEEEEEEEEEEEEE

corresponding assemblies hawe-x distances ranging from Scheme 1. Photocyclization of Preorganized Fumaric Acid
3.727 to 3.918 A and 3.605 to 3.663 A, respectively. The Molecules

cocrystal structures demonstrate that our 1,8-dipyridylnaph-
thalene template provides a means for precise overlaying of
complementary building blocks avoiding an offset arrange-
ment of the olefinic and aromatic-systems oR—5. Face-
to-face stacking of superimposed aromatic units is particu-
larly desirable for maximizing-overlap and charge-transfer
characteristics in organic semiconduct&r$he ability of 1
to enforces-stacking of perfectly planar cofacial arenes
yields a nondistorted paracyclophane-like topology and
underscores the usefulness of supramolecular synthesis.
Olefin photodimerization in solution is hampered by the

coexistence of different substrate orientations and rapid cis/ A photoreaction of a powdered crystalline samplel &t
placed in a quartz tube under nitrogen atmosphere was
(12) (a) Schuster, G. Bicc. Chem. Re€000,33, 253—260. (b) Lewis, performed Wlth_ use of a medium-pressure Wldg band mercury
F. D.; Letsinger, R. L.; Wasielewski, M. Ricc. Chem. Re2001, 34, lamp and monitored byH NMR spectroscopy in BD. The
159-170. (c) Malya, B. G.; Ramasarma, Qurr, Sci.2001,80, 1523~ = reaction process is characterized by a decrease in the intensity

1530. (d) Adams, H.; Hunter, C. A.; Lawson, K. R.; Perkins, J.; Spey, S.
E.; Urch, C. J.; Sanderson, J. I@hem. Eur. J2001,7, 4863—4877. (e)

Wong, K.-T.; Chien, Y.-Y.; Chen, R.-T.; Wang, C.-F.; Lin, Y.-T.; Chiang, (14) (a) Cohen, M. D.; Schmidt, G. M. J.; Sonntag, RJ.IChem. Soc.
H.-H.; Hsieh, P.-Y.; Wu, C.-C.; Chou, C. H.; Su, Y. O.; Lee, G.-H.; Peng, 1964, 2000—2013. (b) Schmidt, G. M.Jl.Chem. Socl964, 2014—2021.
S.-M. J. Am. Chem. So@002,124, 11576—11577. (c) Coates, G. W.; Dunn, A. R.; Henling, L. M.; Ziller, J. W.; Lobkovsky,

(13) Bendikov, M.; Wudl, F.; Perepichka, D. Ehem. Re. 2004 1074 E. B.; Grubbs, R. HJ. Am. Chem. Socl998, 120, 3641—3649 and
4891—4945. references cited therein.
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Figure 6. Crystal structure ofis,trans,cis-cyclobutanetetracar-
boxylic acid,6. Selected crystallographic separations [A] and angles
[deg]: C1-C21.565, C2C31.570,C3-C4 1.561, C4C1 1.533,
C4—C1-C2 89.98, C+C2-C3 89.07, C2C3-C4 88.82, and
C3—C4—-C1 90.57.
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Figure 5. Monitoring of the template-assisted solid-state photo-
dimerization of fumaric acid byH NMR spectroscopy. Small
aliquots of the irradiated cocrystals were separated between
deuterated water and methylene chloride to recdveand to
determine the conversion & to cycloadduct6. Samples were
analyzed at 0 (a), 5 (b), 10 (c), 24 (d), 48 (e), and 72 h (f).

of the olefinic fumaric acid proton signal &t6.86 ppm and
the appearance of the aliphatic cyclobutanecarboxylic acid
signal atd 3.79 ppm. Photoirradiation resulted in quantitative
and 100% stereoselective conversion of fumaric acid to
cistranscis-cyclobutanetetracarboxylic acid, and the
template was fully recovered by extraction with methylene
chloride, Figure 5.

We were able to grow a single crystal ®through slow
evaporation of a solution of the photoreaction product in
water to confirm the cis,trans,cis-configuration by crystal-
lographic analysis, Figure 6.
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In summary, we have identified the use of a highly
congested 1,8-diheteroarylnaphthalene template bearing two
cofacial pyridyl rings for supramolecular organization of
unsaturated dicarboxylic acids in the solid state. The rigid
structure ofl enforcesr-stacking of perfectly superimposed
aromatic moieties in a tetrameric assembly that is stabilized
by several hydrogen bonding amd-x interactions. This
approach yields nondistorted paracyclophane and pyridi-
nophane architectures and may prove invaluable in the search
for superior semiconductors and other organic materials. The
dipyridyl template can also be used to promote solid-state
dimerization of olefinic dicarboxylic acids. Cocrystallization
with fumaric acid aligns two bridging substrate molecules
in close proximity and provides an entry to stereoselective
formation of cistranscis-cyclobutanetetracarboxylic acid.
The well-defined structure of the tetrameric assembly controls
the stereochemical outcome of the photocyclization, which
does not proceed with concomitant cis/trans-isomerization.
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