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Absiraci: Supramolecular arrays composed of alternating tetracyanoethylene accepiors (A) and 1,4-dioxybenzene-based
donors (D) self-assemble spontaneously in the solid state. Infinite one-dimensional [---A---D---A---D---] stacks are
formed by co-crystallizing tetracyanoethylene and 1,4-dimethoxybenzene.  When bis-p-phenylene-34-crown-10,
possessing two 1,4—dioxybenzenc donors (D—D) bridged by polyether chains, is employed infinite one-dimensional
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register to afford channels — occupied by MeCN molecules — along one crystallographic direction.
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Crystal engineering!-2 offers the opportunity to design and construct solids with defined architectures from

relatively simple starting components.

Cooperative noncovalent bonding interactions control the nucleation of

supramolecular assemblies which grow into well-defined supramolecular arrays and finally into a macroscopic

aggregate — namely, a crystal. Understanding the fundamental principles of supramolecular synthesis? is, thus,

central to the development of crystal engineering and identifying appropriate fectons* capable of sustaining
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suitable for the construction of self-assembling supramolecular

arrays, we have focused our attention on tetracyanoethylene
(TCNE). This simple molecule is a unique polydentate non-
chelating ligand which can exist in three different redox states and
which can coordinate up to four metal centers via several different
bonding modes.> In addition, TCNE sustains -7 stacking
interactions with a number of organic n-systems, as a result of a

combination of electrostatic and Ch'_rgf_:—t ansfer intcract,ions.f’ In
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Figure 1. Baii-and-stick
representation of one of the

donor/acceptor stacks formed in
the solid state by DMB and

T

compounds and to self-assemble supramolecular arrays in the solid state. As a
1 1A 1 £ oh 1
logical development of this previous work, we have investigated the possibility of
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engineering and self-assembling supramolecular arrays composed of TCNE and
1,4-dioxybenzene-based tectons. Here, we report the association constants of the
1:1 complexes formed between TCNE and 1,4-dimethoxybenzene (DMB) and
between TCNE and bis-p-phenylene-34-crown-10 (BPP34C10) in solution as well
as the single crystal X-ray analyses of both 1:1 complexes.

ar amounts of TCNE and DMB in CH,Cl,, a dark blue
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complex can be envisaged in solution. In order to unravel the nature of the
supramolecular species formed in solution, we have performed absorption UV-Vis
spectroscopic studies both in CH,Cl, and in MeCN. We have employed the
dilution and the continuous variation procedures!? by monitoring the change in the
absorbance of the charge-transfer bands (CHyCly, Apa = 641 nm; MeCN, Ay, =
594 nm), observed in the UV-Vis spectra, upon changing the concentration of the

solutes.!! Both methodologies point to the exclusive formation of a 1:1 complex

— hetween TCNE and DMB with association constant (K,) valuesof 7+ 2 and 4 £ 2
M-1in CH, »Cl, and in MeCN, respectively, at 25°C. Thus, in solution, oligomeric

[D--A---D---A--- ] complexes are not formed. By contrast, the X-ray

analysis!2 of singie crystals, grown after the siow liquid-liquid diffusion of N BN

hexane into an equimolar solution of TCNE and DMB in CHCl3, revealed NG TeN

(Figure 1) the formation of infinite one-dimensional [---D+A---D---A-+-] 0 n_,; O 9 .

stacks in the solid state. DMB and TCNE molecules are oriented!3 with

their mean planes parallel to each other with interplanar and
[centroid: - -centroid] separations of 3.28 and 3.29 A, respectively, and a

[centrmd -centroid] off-set of 0.23 A. The d.ngle subtended by the [O---O]
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between two oxygen atoms of different DMB molecules ({O--
3.28 A, [0---N---0] 172°).
stacks in the crystal were observed.

No significant interactions between adjacent

Encouraged by these results, we considered the possibility of

complex formation between TCNE and BPP34C10: a macrocycle which
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CH,Cl, or MeCN, a dark blue color develops immediately, indicating

Figure 2. Ball-and-stick representation
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and TCNE.
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UV-Vis spectroscopic studies. As before, using both the dilution and the continuous variation approaches, we
have monitored the change in the absorbance of the charge-transfer bands (CH,Cly, Ajax = 650 nm; MeCN, Ap,.
= 575 nm), observed in the UV-Vis spectra, upon altering the concentration of the solutes. Once again in
solution, only a 1:1 complex could be detected in solution: no supramolecular oligomers are formed. However,
the K values (65 % 13 and 19 + 6 M~1 in CH,Cl, and in MeCN, respectively, at 25°C), determined for the 1:1
complex formed between TCNE and BPP34C10, are significantly higher than those determined in the case of the
TCNE*DMB complex. Presumably, inclusion of the TCNE acceptor inside the macrocyclic cavity of BPP34C10

occurs in solution, affording a [D---A---D] complex rather than a much weaker [D---A] complex, as in the case of

ni>a 7 Pt an S TR, 11 LNT

cavity of the BPP34C10 macrocycle: instead, the cavity is filled by two MeCN molecuies. Each
is sandwiched between two 1,4-dioxybenzene rings of lattice-translated BPP34C10 macrocycles with identical
interplanar and [centroid---centroid] separations (3.22 A), the two components being positioned on/about
crystallographic inversion centers. While no significant [centroid---centroid] off-set is observed between the
TCNE acceptors and the sandwiching aromatic units, the two 1.4-dioxybenzene rings of each BPP34Cl10
macrocycle are slightly sheared with a [centroid---centroid] off-set of 0.79 A and interplanar and
[centroid- - -centroid) separations of 6.84 and 6.89 A, respectively. The angle subtended by the [C=C] axis of
TCNE and the [O---O] axes of the sandwichi ing 1A4-d_igx_ybg.n
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ings is 36°. In each TCNE molecule, two

ccntrosymmemcally-related nitrogen atoms are sandwiched each between two oxygen atoms of different 1,4-
dioxybenzene rings ({O---N] 3.31 and 3.21 A, [O--:N:::0] 159°). The TCNE+BPP34C10 stacks are aligned in
the crystal with the cavities of adjacent BPP34C10 macrocycles perfectly in register, forming channels along the

crystallographic a direction.

The noncovalent synthesis of well-defined supramolecular arrays has been realized in the solid state, starting
from commercially available (TCNE and DMB) and easily accessible (BPP34C10) tecrons. By exploiting the
versatility of TCNE, as both a T-acceptor and a multidentate ligand for transition metals, and by employing
complementary dioxyarene %-donors in combination with the appropriate metal centers, new and more complex

S Lt arcliv LAUALL

enginee
A3 LRSI L. id

Thic ic nm Al
. LIS 1> all VU

Acknowledgments. This research work was supported by the Engineering and Physical Sciences

Research Council in the UK.

References and Notes

De51raju, G.R. Crystal Engmeermg, Elsevxer Amsterdam 1989

For accounts and reviews illusirating remarkable examples of ‘engineered crystals’, see: {(a) Etter, M.C.
Acc. Chem. Res. 1990, 23, 120-126. (b) Etter, M.C.; MacDonald, J.C.; Bernste J Acta Crystallogr.,

Sect. B 1990, 46, 256-262. (c) Etter, M.C. J. Phys. Chem. 1991, 95, 4601-4610. (d) Desiraju, G.R.
11995, 34, 2311
h

Acc. Chem Res. 1991, 24, 290-296. (e) Desuaju GR Angew. Chem Int. Ed.

Eng
2327. (f) Desiraju, G.R. Acc. Chem. Res. 1996, 29, 441-449. (g) Desn‘au, UR Chem. Commun.

B



5158

W

Nl

10.
Il

12.

[
(o3

—
£
h

—
W

1997, 1475-1482. (h) Aakerdy : Seddon, K.R. Chem. Soc. Rev. 1993, 22, 397-407. (i) Moore,

S s -_- An.aN. kg S

\227
1S, Lee S. Chem. Ind. 1994, 556—-—560 (j) MacDonald, J.C.; Whitesides, G.M. Chem. Rev. 1994 94
2383-2420. (k) Zaworotko, M.J. Chem. Soc. Rev. 1994, 23 283-288. (1) Bernstein, J.; Davis, R.E;
Shimoni, L.; Chang, N.L.. Angew. Chem., Int. Ed. Engl. 1995, 34, 1555-1573. (m) Burrows, A.D.;
Chan, C.W.; Chowdhry, M.M.; McGrady, ]1.E.; Mingos, D.M.P. Chem. Soc. Rev. 1995, 24, 329-339.
(n) Harris, K.D.M. Chem. Soc. Rev. 1997, 26, 279-289. o _
(a) Lehn, J.-M. Supmmolecular Chemzstry, VCH Weinheim 1995 (b) Whitcsndes, G.M.; Simanek,

s Rfathioe T . Qabn T M. YN0 AfAoenninne RA L T LV Lowe Dan Iﬂﬂ‘ o 34
DE Iviaulad, J.I'., 2CLU, \4 l . \/ulll, U 1" , .Lvld.llul.lc“., lVl . UU[UUIJ, U ivi. ﬂ(—(w b"e”‘ NnCyY. L77r2, £LO,

37—44 (c) Fyfe, M.C.T.; Stoddart, J.F. Acc. Chem. Res. 1997, 30, 393-401.
For a definition of tecton, see: Simard, M.; Su, D.; Wuest, J.D. J. Am. Chem. Soc. 1991, 113, 4696
4698

~r tha ~anedinatine ahavnicteg A
]. Ul U VUULURRIGUIULL VL uuauy v

129, 157-193.
For some examples of donor/acceptor complexes of TCNE, see: (a) Frey, J.E.; Andrews, A.M.; Ankoviac,

D.G.; Beaman, D.N.; Du Pont, L.E.; Elsner, T.E.; Lang, S.R.; Oosterbaan Zwart, M.A.; Seagle, R.E.;
anﬂannn LA I f)ra Chem IOQﬂ 55, Eﬂﬂ_ﬁ’)A fh\ F'rpv TF Auaﬂn T BReaman, D N.; Combs,

A RLVGIIVy Roed By TR ICITe. AT TV, VUT VLT, (V) 2avy LAV ASCRRARIARERy AS el Ny NoRFIRIUS

S.D.; Fu, S.; Puckett, J.J. J. Org. Chem. 1994 59, 1817—1830 ©) Frey, JE Alello T,; Bcaman D.N.;
Hutson H.; Lang,SR Puckett, J.J. J. Org. Chem. 1995, 60, 2891—2901 (d) Greer M.L; McGee,

_____ i » ) PR SRS 1QLA 10

B.J.; Rogers, R.D.; Blackstock, S.C. Angew. Chem., Int. Ed. Engl. 1997, 36, 1864—1866. (e) Greer,
M.L.; Blackstock, S C J. Org. Chem. 1997, 62, 1564-—1564. () Greer, M.L.; Duncan, J.R.; Duff, J.F.;

Blackstock, S.C. Tetrahedron Lett. 1997, 38, 7665—7668.

(a) Amabﬂino DB Stoddart JF Williams DJ Chem Mater. 1994, 6, 1159-1167. (b) Philp, D.

< 3.1 g faY 4 P M 1.1 DT
Stoddart, J.F. Angew. Chem., Int. Ed. Engl. 1996, 35, 1154-1196. (¢) Gillard, R.E.; Raymo, F.M.;

Stoddart, J.F. Chem. Eur. J. 1997, 3, 1933-1940.,
This observation was reported as early as 1963, although the stoichiometry of the complex and its
association constant were not determmed at that time. See: Zweig, A. J. Phys. Chem. 1963 67, 506-508.

A intioe Anmotan . AF NEQ 4+ N0 M=l wae detarmined (ref 1-1
An association constant \l\a} value of 0.68 L 0.03 M~ was determined (ref. UU) assummg a i1

stoichiometry for the complex formed between TCNE and DMB in CH,Cl, at 22°C.

Connors, KA. Binding Constants, Wiley, New York, 1987.

TCNE was purified by crystallization from PhCI followed by sublimation. DMB was purified by
crystailization from PhCl.

Crystal data for the complex TCNE*DMB: C | H,(N4O,, M = 266.26, triclinic, space group =
6. 5731(4) = 67966(6) ¢ = 8.1064(4) A a = 96. 847(6) B = 105.010(4), y = 103.021(6)°, V
334.68(4) A3, Z = 1, pege = 1.321 g em3, w(Cug,) = 7.66 cm-!, F(000) = 138 T= 9
Independent reflections were measured on a Siemens P4/PC d1fﬁ'nr~tnmpmr with Cuy~ radiatio (graphi[e

AUV W EAVAIL L VE ieclions were measureg on a siemens Giaiidviviiavievi A G

monochromator) using w-scans. The structure was solved by direct methods. Refinement was by ful
matrix ledqt-squares based on F2 to give Ry = 0.059, wR; = 0.160 for 723 independent observed reflections

{1 > 20(l), 26 < 120°] and 91 parameters.
The cmgle ory:ml X-ray ana]vcm of a 1:1 complex formed between TCNE and 5,8-dimethoxy-2,11-

dithia[3.3]paracyclophane — i. e a cyclophane mcorpord(mg, in one of its two para- phenylene rings, a pair
of methoxyl substituents that are para to each other — shows a similar relative orientation of the TCNE
acceptor and the para-dimethoxy-substituted donor. The mean planes of the two units are parallel to each
other with interplanar and [centroid---centroid] separations of 3.15 and 3.10 A, respectively. The angle

—_—

subtended by the [O--0] axis of the donor and the [C=C] axis of the acceptor is 35°. See: Cohen-Addad,

C ConSIgny, M. DAssenza, G., Baret, P. Acta Cryst. 1988, C44, 1924—1926.

hn oxriatlhhacis ~FDDD2 Py o .
For the synthesis of BPP34C10, see: Anelli, P-L; Ashton, P.R.; Ballardini, R.; Balzani, V.; Delgado, M.;

Gandolfi, M.T.; Goodnow, T.T.; Kaifer, A.E.; Philp, D.; Pietraszkiewicz, M.; Prodi, L.; Reddington,
M.V.; Slawin, AMZ Spencer,N Stoddart, JF Vicent, C Williams, D.J. J. ‘Am. Chem. Soc. 1992,

114, 193 218.
Crystal data for the complex TCNE*BPP34C10: CqH oN4019*2MeCN0.5H,0, M = 755.82, mchmc
space group = P71, a = 8586(2), b = 11.150(3), ¢ = 13. 028(4) A = 67.96(2), B = 72. 74(2),

86.42(2)°, V= 1102.4(5) A3, Z =1, peaic = 1.139 g cm3, u(Cugg) = 6.96 cm!, F(000) = 401, T = 293
K. 2769 Independent reflections were measured on a Siemens P4/PC diffractometer with Cug radiation
(oranhite monochromator) 1 o m-scans. The structure was solved by d ect methods. Refinement was by

]Cl
\ELHPIILI.\./ ILIVIIVVIL VILIGLWVR ] US1L 5 WSS, U St uy WOS SUAVIAL Uy LalS LR

full matrix least-squares based on F2 to give R; = 0.094, wRp = 0.271 for 2209 independent observed
reflections [I > 26(/), 20 < 110°] and 249 parameters.



