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plexes and extended networks can be envisaged to elaborate
new supramolecular magnetic materials (high-spin molecules
and molecular-based magnets).

Experimental Section

H,[1]: The proligand was prepared in a standard manner!™¥! from the
condensation of 1,3-phenylenediamine and ethyl oxalyl chloride in THF,
and was isolated as the diethyl ester derivative (90 % ). Elemental analysis
caled (%) for C,H (N,Oq (308): C 54.55, H 5.19, N 9.09; found: C 54.57, H
5.18, N 9.04; '"H NMR ([D¢]DMSO): 6 =1.32 (t, 6H; 2CHj), 4.31 (q, 4H;
2CH,0), 734 (dt, 1H; 5-H of CsH,N,), 7.50 (dd, 2H; 4-H and 6-H of
CsHN,), 822 (t, 1H; 2-H of CH,N,), 10.83 (s, 2H; 2NH); *C NMR
([Dg]DMSO): 6 =14.17 (2CH,), 62.71 (2CH,0), 11325 (2-C of C;H,N,),
117.45 (4-C and 6-C of C¢H,N,), 129.34 (5-C of C4H,N,), 138.08 (1-C and
3-C of CsHyN,), 156.13 (2-C(O)NH), 161.02 (2CO,); IR (KBr): 7=3349
(N—H), 2979, 2943 (C—H), 1725, 1715, 1698 cm~! (C=0); UV/Vis (THF):
Amax (€) =335 nm (800).

Complex 2 was obtained following a reported procedure!'! by reaction of
the diethyl ester derivative of the ligand with Cu?* ions in basic aqueous
media, and isolated as its octahydrate sodium salt (85%). Elemental
analysis calcd (%) for C,H,,Cu,N,Na,0,, (859): C 27.94, H 2.79, N 6.52;
found: C 27.77, H 2.62, N 6.40; IR (KBr): 7= 3423 (O—H), 1659, 1597 cm™!
(C=0); UV/Vis (H,0): A, () =645 (150), 380sh (1600), 345 nm (2650).
Crystals of 2, well-formed small dark green prisms, suitable for X-ray
diffraction were obtained by slow vapor diffusion of methanol into
concentrated aqueous solutions of 2 at 5°C.

Crystal data for 2: C,)H,sCu,N,Na,O,,, M, =895.50, triclinic, space group
P1, a=11.1489(15), b =12.8545(9), ¢ =13.3454(19) A, a =63.855(8), =
78.305(12), y=68.695(10)°, V=1597.5(3) A%, T=293K, Z=2, Peuca=
1.862 gem3, u(Moy,) = 1.485 mm~'. Lorentz and polarization effects and
absorption correction. 5579 unique reflections, and 3616 observed with 7>
20(1I). The structure was solved by direct methods using SHELXS 97, and
refined by the full-matrix least-squares method on F? using SHELXL 97.
The hydrogen atoms from the organic ligand were located from a
difference synthesis and refined with an overall isotropic thermal param-
eter, while those from the water molecules were not found or calculated.
Refinement of 471 variables with anisotropic thermal parameters for all
non-hydrogen atoms gave R=0.0503 and R,=0.112, with $=0.97.
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-157314.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Conjugated Complexes Composed of
Quinonediimine and Palladium: Controlled
Formation of a Conjugated Trimetallic
Macrocycle**
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n-Conjugated polymers have attracted much attention for
application as electrical materials owing to their electrical
properties.ll The properties of m-conjugated polymers are
considered to be modified drastically by the incorporation of
metal atoms.”3 Conjugated polymeric complexes in which
transition metals are incorporated in the main chain represent
one approach.’l Most of the interest in these conjugated
polymeric complexes has been concerned with the nature of
the interactions between metal centers through a m-conju-
gated chain. Transition metal directed assembly is regarded as
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a useful approach to an architecturally controlled formation
of conjugated polymeric or macrocyclic complexes with -
conjugated ligands.! We have already demonstrated that the
redox-active m-conjugated ligand N,N'-bis(4-dimethylamino-
phenyl)-1,4-benzoquinonediimine (L) serves as a bridging
ligand to afford the conjugated homobimetallic palladium(ir)
complex [L'PALPdL’] (1) with the palladium() complex
bearing the N-heterocyclic tridentate podand ligand N,N'-
bis(2-phenylethyl)-2,6-pyridinedicarboxamide (L').”) Com-
plex 1 is present as a mixture of syn and anti isomers in
dichloromethane. An array of L with a palladium complex
having two coordination sites was expected to give a
conjugated polymeric or macrocyclic complex. In fact, control
of the coordination mode of the quinonediimine moiety of L
allowed the formation of a conjugated trimetallic macrocycle.

Treatment of L with [PdCl,(MeCN),] in acetonitrile led to
the formation of the conjugated polymeric complex 2, in
which palladium centers are incorporated in the main chain
(Scheme 1). The electronic spectrum of 2 in DMSO exhibited

MeZNONGNONMeZ
L

PACI,(MeCN), | | Pd(NOs), (en)|

Scheme 1. Reaction of L with [PdCL,(MeCN),] and [Pd(NO;),(en)].

a strong, broad absorption around 600-1000 nm, probably
assignable to a low-energy charge-transfer transition with
significant contribution from palladium; this indicates the
coordination of the quinonediimine nitrogen atoms to palla-
dium centers.’] The broad absorption band supports the
formation of the conjugated polymeric complex 2. In 2, both
syn and anti configuration of the quinonediimine moieties
appear to be present.

To regulate the coordination mode of the quinonediimine
moiety, a metal-directed strategy for the construction of
metallomacrocycles was embarked upon by using
[PA(NO;),(en)] which has cis binding sites as a “metal clip”.
The conjugated trimetallic macrocycle [{Pd(en)(L)};](NO;),
(3) was obtained quantitatively by treating L with an
equimolar amount of [Pd(NOs),(en)] (Scheme 1). The for-
mation of the trimetallic macrocycle 3 was elucidated from
spectral data. Only one well-resolved signal for each type of
proton was observed in the downfield region of the 'H NMR
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spectrum (Figure 1); this indicates the formation of a sym-
metrical macrocycle. Furthermore, the H, and Hy, protons of
the quinonediimine moiety were observed as singlet, which
suggests the syn configuration. No other products were

Figure 1. Downfield region of the '"H NMR spectrum of 3. For details see
text.

detected. The ESI-MS spectrum also supported the formation
of 3 (m/z2553 [M —6NO;|°", 3184 [M —5NO;*, 414.0
[M —4NO;]*, 573.9 [M — 3NO;[*+, 890.9 [M — 2NOs]**; Fig-
ure 2). The electronic spectrum of 3 in MeOH exhibited a
strong, broad absorption band around 800 nm (Figure 3),
probably assignable to a low-energy charge-transfer transition
with significant contribution from pal-
ladium owing to the coordination of
the quinonediimine nitrogen atoms to
palladium centers.

Further structural information on 3
was obtained by X-ray crystallogra-
phy.”! The solid-state molecular struc-
ture of 3 confirmed a trimetallic mac-
rocyclic skeleton and the coordination
of both quinonediimine nitrogen atoms
to the palladium centers in the syn
Me configuration with a Pd—Pd distance of
7.68 A (Figure 4). The molecule sits on
an inversion center. The most note-
worthy structural feature is that the
quinonediimine planes are inclined at
about 28° to the plane defined by the

6NO,”

~Me six nitrogen atoms of the quinonedi-

imine moieties. An open cavity with
different faces is formed, which is

100 1
M- nNO3]"+ n=3
573.9
n=5
318.4 . neo
n=
1% 414.0 8905
o
n==6
255.3
T |
0 2(')0 4(')0 660 800 1000 1200
miz —

Figure 2. ESI-MS spectrum of 3. / =intensity.

reminiscent of the cone conformation of calixarenes. This
inclination of the quinonediimine planes is probably due to
the coordination of the nitrogen atoms to the palladium
centers, which results in ideal bite angles at Pd (Ny4-Pd-Ny4
91.2, 91.3°). The top and bottom sizes of the cavity, defined as
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Figure 3. Electronic spectra of [Pd(NO;),(en)] (----), L (e—e—), and 3
(—); 2.0 x 10°m in MeOH. A = absorbance.
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Figure 4. a) Molecular structure of 3 (H atoms, NO;~ ions, and MeOH
molecules omitted for clarity). b) Space-filling representation of the
molecular structure of 3 (H atoms and NO;~ ions omitted for clarity). Two
MeOH molecules are located at the top and bottom of the cavity.

the distance between C, and C, and between C, and C,, are
3.66 and 6.72 A, respectively (Figure 5). Due to 7t conjugation
of L, the orientation of each phenylene ring should be nearly
parallel to the quinonediimine plane. The steric interaction
between the hydrogen atoms H;, and H., however, requires
rotation of the phenylene ring of L away from this orientation,
and results in dihedral angles of 43.2, 45.4, and 53.3° between
the phenylene and quinonediimine planes (Figure 5). Anoth-
er remarkable feature of the structure is the orientation of the
phenylene rings of L in a face-to-face arrangement at a

\
N/\
43-2°/“
53.3° N
N .
N /;Cf 154
N N ™
7 [ 35A 366A
N N ) 28
%

Side view

Top view

Figure 5. Schematic representation of 3.
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distance of about 3.5 A at each corner of the triangle, which
suggests a 7t — 7t stacking interaction. In addition to cis binding
to [Pd(en)] units this - stacking interaction may partly
contribute to the preferential formation of the trimetallic
macrocycle over polymeric complexes. Architectural control
of well-arranged metallomacrocycles based on transition
metal directed assembly is a current research area in metal-
directed chemistry.* 3 Considerable attention has been
focused on the construction of a variety of metallosquares,* *
while metallotriangles have remained relatively unex-
plored.l“c-e 8hmo. 9 The angular strain at the metal center and
the ligand flexibility resulted in the selective formation of the
metallotriangle 3.

Macrocycle 3 accommodates two MeOH molecules at the
top and bottom of the cavity. This indicates the capability to
encapsulate guest molecules. A preliminary experiment on
guest binding in D,0O showed that the association constant for
1,2-dimethoxybenzene, calculated from 'H NMR spectro-
scopic data, was 4.0 x 10°M~1.

In conclusion, an alternative coordination array of the
redox-active m-conjugated bridging quinonediimine spacer L
and a palladium unit led to the formation of the conjugated
polymeric complex 2 or the conjugated trimetallic macrocycle
3. In the latter case, the complexation is architecturally
controlled by cis binding to [Pd(en)] fragments to give a
trimetallic macrocycle with a cone conformation. A w-m
stacking interaction between the phenylene rings of L may
stabilize the triangular complex. An open cavity appears to
offer a binding site for guest molecules. The present con-
jugated complexes are regarded as potential redox-active
systems, which might be applied as catalysts and electronic
materials. Further investigation, including redox and recog-
nition properties of the trimetallic macrocycle 3, is now in
progress.

Experimental Section

3: A mixture of L (69.0 mg, 0.20 mmol) and [Pd(NO;),(en)] (58.1 mg,
0.20 mmol) was stirred in acetonitrile (20 mL) under argon at room
temperature for 2 h. After evaporation of the solvent, compound 3 was
isolated in 92% yield by recrystallization from methanol. 'H NMR
(400 MHz, D,0): 6=9.17 (s, 6H), 6.91 (d, /=8.7 Hz, 12H), 6.58 (s, 6 H),
6.37 (d, J=8.7Hz, 12H), 3.01-2.95 (m, 6H), 2.94-2.88 (m, 6H), 2.90 (s,
36H); *CNMR (100 MHz, D,0): 6 =158.1,151.7,136.9, 134.5,129.2, 127.1,
112.6, 47.0, 39.7; ESI-MS: see Figure 2.

Received: March 29, 2001 [Z16868]

[1] a) A. G. MacDiarmid, L. S. Yang, W. S. Huang, B. D. Humphrey, Synth.
Met. 1987, 18, 393; b) W. R. Salaneck, D. T. Clark, E.J. Samuelsen,
Science and Application of Conductive Polymers, Adams Hilger, New
York, 1990; c) D. Ofer, R. M. Crooks, M. S. Wrighton, J. Am. Chem.
Soc. 1990, 112, 7869; d) G. Gustafsson, Y. Cao, G. M. Treacy, F.
Klavetter, N. Colaneri, A. J. Heeger, Nature 1992, 357, 477, ¢) D. D. C.
Bradley, Synth. Met. 1993, 54, 401; f) J. S. Miller, Adv. Mater. 1993, 5,
587; J. S. Miller, Adv. Mater. 1993, 5, 671; g) D. Bloor, Chem. Br. 1995,
31, 385; h) L. Jestin, P. Frere, P. Blanchard, J. Roncali, Angew. Chem.
1998, 110, 990; Angew. Chem. Int. Ed. 1998, 37, 942, and references
therein. See also the Nobel lectures of Heeger, MacDiarmid, and
Shirakawa in Angew. Chem./Angew. Chem. Int. Ed. 2001, issue 14.

[2] a) R. Ramaraj, P. Natarajan, J. Polym. Sci. A 1991, 29, 1339; b) T.
Yamamoto, Y. Yoneda, T. Maruyama, J. Chem. Soc. Chem. Commun.

0044-8249/01/11316-3134 $ 17.50+.50/0 Angew. Chem. 2001, 113, Nr. 16



ZUSCHRIFTEN

[3

[4

5

[6

7

8

[9

Angew. Chem. 2001, 113, Nr. 16

-

—_

—_ =

—

[t

—

1992, 1652; c¢) T. Hirao, M. Higuchi, I. Ikeda, Y. Ohshiro, J. Chem. Soc.
Chem. Commun. 1993, 194; d) T. Hirao, M. Higuchi, B. Hatano, 1.
Ikeda, Tetrahedron Lett. 1995, 36,5925, ¢) M. Higuchi, S. Yamaguchi, T.
Hirao, Synlett 1996, 1213; f) M. Higuchi, D. Imoda, T. Hirao, Macro-
molecules 1996, 29, 8277; g) M. Higuchi, 1. Ikeda, T. Hirao, J. Org.
Chem. 1997, 62, 1072; h) T. Hirao, S. Yamaguchi, S. Fukuhara,
Tetrahedron Lett. 1999, 40, 3009; i) R. W. Murray in Electroanalytical
Chemistry, Vol. 13 (Ed.: A.J. Bard), Marcel Dekker, New York, 1984,
p. 191; j) H. D. Abruna in Electroresponsive Molecular and Polymer
System, Vol. 1 (Ed.: T. A. Skotheim), Marcel Dekker, New York, 1988,
p-97.

a) K. Sonogashira, S. Takahashi, N. Hagihara, Macromolecules 1977, 10,
879; b) M. Hmyene, A. Yassar, M. Escorne, A. Percheron-Guegan, F.
Garnier, Adv. Mater. 1994, 6, 564; c) M. Altmann, U. H. F. Bunz,
Angew. Chem. 1995, 107, 603; Angew. Chem. Int. Ed. Engl. 1995, 34,
569; d) O. Lavastre, M. Even, P. H. Dixneuf, A. Pacreau, J.-P. Vairon,
Organometallics 1996, 15, 1530; e)J. B. Sheridan, A.J. Lough, 1.
Manners, Organometallics 1996, 15,2195; ) T. Hirao, M. Kurashina, K.
Aramaki, H. Nishihara, J. Chem. Soc. Dalton Trans. 1996, 2929; g) P.
Nguyen, P. Gomez-Elipe, 1. Manners, Chem. Rev. 1999, 99, 1515, and
references therein; h) F. Wiirthner, A. Sautter, C. Thalacker, Angew.
Chem. 2000, 112, 1298; Angew. Chem. Int. Ed. 2000, 39, 1243.

For reviews, see a) P. J. Stang, B. Olenyuk, Acc. Chem. Res. 1997, 30,
502; b) R. V. Slone, K. D. Benkstein, S. Bélanger, J. T. Hupp, L. A.
Guzei, A.L. Rheingold, Coord. Chem. Rev. 1998, 171, 221; c)B.
Olenyuk, A. Fechtenkoétter, P.J. Stang, J. Chem. Soc. Dalton Trans.
1998, 1707; d) S. Leininger, B. Olenyuk, P.J. Stang, Chem. Rev. 2000,
100, 853; e) G. F. Swiegers, T. J. Malefetse, Chem. Rev. 2000, 100, 3483;
f) M. Fujita, K. Umemoto, M. Yoshizawa, N. Fujita, T. Kusukawa, K.
Biradha, Chem. Commun. 2001, 509, and references therein.

T. Moriuchi, S. Bandoh, M. Miyaishi, T. Hirao, Eur. J. Inorg. Chem.
2001, 651.

The distinct signal broading observed by NMR spectroscopy during the
titration of L with [PdCL,(MeCN),] indicated the formation of a
conjugated polymeric complex. We have also demonstrated that the
controlled complexation of the emeraldine base of poly(o-toluidine)
with Pd" compounds in an organic solvent affords cross-linked
conjugated polymeric complexes.?"

Crystal data for 3: C;,HyN,,0,5Pd;-2 CH;OH, M,=1968.98, ortho-
rhombic, space group Pnma (no. 62), a=27.6315(9), b =22.1045(7), c =
17.7133(6) A, V=10818.9(6) A3, Z=4, T=23.0°C, peyea = 1.209 gcm >,
u(Moy,) =5.59 cm~!, Moy, radiation (A=0.71069 A), R=0.090, R, =
0.253. Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication no.
CCDC-160516. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

a) M. Fujita, J. Yazaki, K. Ogura, J. Am. Chem. Soc. 1990, 112, 5645;
b) H. Rauter, E. C. Hillgeris, B. Lippert, J. Chem. Soc. Chem. Commun.
1992, 1385; ¢) T. Kajiwara, T. Ito, J. Chem. Soc. Chem. Commun. 1994,
1773; d) C. M. Drain, J.-M. Lehn, J. Chem. Soc. Chem. Commun. 1994,
2313; e) P.J. Stang, K. Chen, J. Am. Chem. Soc. 1995, 117, 1667; f) P. J.
Stang, D. H. Cao, S. Saito, A. M. Arif, J. Am. Chem. Soc. 1995, 117,
6273; g) R. V. Slone, D. 1. Yoon, R. M. Calhoun, J. T. Hupp, J. Am.
Chem. Soc. 1995, 117, 11813; h) M. Fujita, O. Sasaki, T. Mitsuhashi, T.
Fujita, J. Yazaki, K. Yamaguchi, K. Ogura, Chem. Commun. 1996, 1535;
i) B. Olenyuk, J. A. Whiteford, P. J. Stang, J. Am. Chem. Soc. 1996, 118,
8221;j) P. J. Stang, N. E. Persky, Chem. Commun. 1997, 77; k) H. Yan,
G. Siiss-Fink, A. Neels, H. Stoeckli-Evans, J. Chem. Soc. Dalton Trans.
1997, 4345; 1) J. Manna, C.J. Kuehl, J. A. Whiteford, P. J. Stang, D. C.
Muddiman, S. A. Hofstadler, R. D. Smith, J. Am. Chem. Soc. 1997, 119,
11611; m) S.B. Lee, S. Hwang, D.S. Chung, H. Yun, J.-I. Hong,
Tetrahedron Lett. 1998, 39, 873; n) K. D. Benkstein, J. T. Hupp, C. L.
Stern, J. Am. Chem. Soc. 1998, 120, 12982; o) F. A. Cotton, L. M.
Daniels, C. Lin, C. A. Murillo, J. Am. Chem. Soc. 1999, 121, 4538; p) F.
Wiirthner, A. Sautter, Chem. Commun. 2000, 445; q) F. Wiirthner, A.
Sautter, D. Schmid, P. J. A. Weber, Chem. Eur. J. 2001, 7, 894.

a) P. Chaudhuri, I. Karpenstein, M. Winter, C. Butzlaff, E. Bill, A. X.
Trautwein, U. Florke, H.-J. Haupt, J. Chem. Soc. Chem. Commun. 1992,
321; b) D. P. Smith, E. Baralt, B. Morales, M. M. Olmstead, M. F.
Maestre, R. H. Fish, J. Am. Chem. Soc. 1992, 114, 10647; c)S.

Riittimann, G. Bernardinelli, A. F. Williams, Angew. Chem. 1993, 105,
432; Angew. Chem. Int. Ed. Engl. 1993, 32, 392; d) H. Chen, M. M.
Olmstead, D. P. Smith, M. F. Maestre, R. H. Fish, Angew. Chem. 1995,
107, 1590; Angew. Chem. Int. Ed. Engl. 1995, 34, 1514; e) R.-D.
Schnebeck, L. Randaccio, E. Zangrando, B. Lippert, Angew. Chem.
1998, 110, 128; Angew. Chem. Int. Ed. 1998, 37,119; f) R.-D. Schnebeck,
E. Freisinger, B. Lippert, Angew. Chem. 1999, 111, 235; Angew. Chem.
Int. Ed. 1999, 38, 168; g) S.-W. Lai, M. C.-W. Chan, S.-M. Peng, C.-M.
Che, Angew. Chem. 1999, 111,708; Angew. Chem. Int. Ed. 1999, 38, 669;
h) R.-D. Schnebeck, E. Freisinger, B. Lippert, Chem. Commun. 1999,
675; i) R.-D. Schnebeck, E. Freisinger, F. Glahé, B. Lippert, J. Am.
Chem. Soc. 2000, 122, 1381; j)R.E Carina, A.F. Williams, G.
Bernardinelli, Inorg. Chem. 2001, 40, 1826.

Directing Topoisomerase I Mediated DNA
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Hairpin polyamides containing pyrrole- and imidazole —

car

boxamide units represent convenient tools to target

specific sequences in DNA.[U These compounds form dimeric
motifs that fit snugly into the minor groove of B-DNA and

rec

ognize defined sequences through the formation of an

array of hydrogen bonds and van der Waals contacts. They
provide a paradigm for the design of small molecules that
regulate genes.?!

The sequence-recognition properties of hairpin polyamides
can be exploited for directing DNA-cleaving and -alkylating
agents to particular sequences.””! By analogy, we reasoned
that they could also be used to direct the action of DNA-
cleaving proteins such as topoisomerases. These ubiquitous

(]

[**]
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