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A product derived from a template-directed, organic, solid-state synthesis, rct¢-tetrakis(2-pyridyl)cyclobutane
(2,2'-tpcb), serves as a bis-chelating ligand upon reaction with Cu(NOs),-2.5H,0 and CuSO,4-5H,0 to
produce discrete and infinite coordination arrays, [Cus(NO3)4(1t-2,2'-tpeb)] (1) and [Cu,(-SO4)o(p-2,2'-

tpcb)(H,0),],,-9H,0 (2), respectively.

Introduction

Reactions that occur in the solid state can produce molecules
less available, or completely inaccessible, in the liquid phase.!
With a suitable design, products of such reactions may, in
principle, be engineered to exhibit properties not realised, or
difficult to achieve, from solution. Despite this realisation,
however, molecules derived from organic, solid-state reactions,
save for selected industrial examples,” have encountered limited
applications in synthetic chemistry, particularly in the context
of routine laboratory synthesis. Such lack of use may be
attributed to the difficulty in designing molecules, a priori, that
crystallise in a necessary arrangement for reaction.' Indeed,
subtle structure demands of weak intermolecular forces and
crystal packing have hindered progress such that subtle
changes to structures of reactants typically result, in contrast
to solution, in a loss of solid-state reactivity.® This has meant
that chemists have remained largely unable to systematically
study and apply molecules derived from the solid state to
problems of chemical synthesis, a synthetic freedom virtually
non-existent in solution.*

We have recently introduced a flexible method for control-
ling reactivity in the solid state.” By using molecules in the form
of linear templates® largely preorganised to orient molecules,
using hydrogen bonds, for [2 + 2] photoreaction,” we have
demonstrated an ability to direct solid-state reactivity such
that it is possible, similar to the liquid phase,* to conduct
a molecular synthesis by design. Co-crystallisation of 1,3-
dihydroxybenzene (resorcinol) with trans-1,2-bis(4-pyridyl)-
ethylene (4,4"-bpe), for example, was shown to give a discrete
four-component molecular assembly, 2(resorcinol)-2(4,4'-bpe),
held together by four O-H:--N hydrogen bonds wherein two
double bonds are separated by < 4.2 A and aligned parallel,
a position suitable for a photoinduced [2 + 2] cycloaddition
reaction (Scheme 1).>* Ultraviolet (UV) irradiation of the solid
produced the desired photoproduct, rctt-tetrakis(4-pyridyl)-
cyclobutane, stereospecifically (yield 100%). Expansion of this
method to two reaction centres, involving 5-methoxyresorcinol
(5-OMe-res) as a template and 1.,4-bis[2-(4-pyridyl)ethenyl]-
benzene (1,4-bpeb) as a reactant, was revealed to give an
assembly, 2(5-OMe-res)-2(1,4-bpeb), that upon UV irradiation
produced a targeted [2.2]paracyclophane.’®

TBased on the presentation given at CrystEngComm Discussion, 29th
June-1st July 2002, Bristol, UK.
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An attractive feature of this template approach lies in the
nature of the products. That hydrogen bond donors are used to
organise the reactants means that each cyclobutane unit is lined
with hydrogen bond acceptor sites in the form of pyridyl
groups.® Owing to the ubiquity of pyridyl groups in coordina-
tion chemistry,® it occurred to us that such molecules may serve
as useful ligands for the design of coordination complexes.
That a bifunctional hydrogen bond donor is employed to direct
the solid-state reaction would mean that the products must
contain at least two pyridyl units. Moreover, this, in turn, may
permit such molecules, owing to the divergent orientation
adopted by the pyridyl groups along the cyclobutane ring, to
serve as exo-dentate ligands. The ability of such products to
behave as exo-dentate ligands could allow such molecules, for
example, to function as novel building blocks for the design
of supramolecular coordination arrays’ wherein the template
dictates the structure of the ligand and resulting complex.

With this in mind, we report here the application of a
product derived from a template-directed, solid-state, organic
synthesis, in [Cuy(NO3)4(p-2,2"-tpeb)] 1 and [Cua(p-SO4)-(p-
2,2"-tpcb)(H,0),],,-9H,0 2 [where 2,2'-tpcb = rctt-tetrakis(2-
pyridyl)cyclobutane], to the field of coordination chemistry. In
the present cases, the assembly process gives rise to, in the case
of 1, a discrete and, in the case of 2, an infinite one-dimensional
(1D) coordination array wherein the product derived from
the solid state serves as a hitherto unobserved bis-chelating
ligand. Whereas 2,2-tpcb forms in low yield, and as part of
a mixture of products, in the liquid phase,'® that the tetra-
pyridine forms stereospecifically in quantitative yield in the
crystalline state means that the template-directed synthesis has
provided access to coordination complexes difficult to achieve
from solution.

Experimental

All reagents were purchased from Aldrich Chemical Co. and
used as received unless otherwise stated.

I e P I oot N e —
— hy 7 —
Q — \ / - \< _{ \ /
o e N — lid = ~
N

template : template
p) reactants P’ product

Scheme 1

CrystEngComm, 2002, 4(41), 223-226 223

This journal is © The Royal Society of Chemistry 2002



N\ ? N hv
H H,
— ==
H
\
0
Scheme 2

Synthesis

rett-Tetrakis(2-pyridyl)cyclobutane (2,2'-tpcb). 2,2-Tpcb was
generated in quantitative yield in the solid state using a Hg
lamp and resorcinol as a template (Scheme 2).> The irradiated
solid was suspended in water and treated with NaOH until the
suspension was basic to litmus. The photoproduct was then
extracted with chloroform and recovered as a white solid using
a rotary evaporator.

[Cuz(NO3)4(p-2,2'-tpeb)] (1). 1 was prepared by combining
solutions of 2,2-tpcb (0.025 g, 0.070 mmol) and Cu(NOs3),-
2.5H,0 (0.032 g, 0.140 mmol) (1 : 2 ratio) in methanol (25 mL).
To the resulting cloudy solution was added distilled water
(5 mL). Single crystals of 1 were obtained by allowing the solu-
tion to evaporate to dryness for a period of approximately one
week (yield 0.042g, 72%). IR, viem ™! (KBr pellets): 1607 (m),
1573 (w), 1492 (s), 1443 (w), 1384 (s).

[Cuz(12-SO4)>(n-2,2"-tpeb)(H20)5l,-9H,0  (2). 2 was pre-
pared according to the procedure described for 1 by combining
solutions of 2,2"-tpcb (0.025 g, 0.070 mmol) and CuSO,4-5H,0
(0.034 g, 0.140 mmol) (1:2 ratio) in methanol (25 mL). Single
crystals of 2 were obtained by allowing the solution to evapo-
rate to dryness for a period of approximately one week (yield
0.038 g, 63%). IR, v/em ™' (KBr pellets): 3435 (br), 1602 (m),
1572 (w), 1477 (s), 1438 (w), 1160 (w), 1108 (s), 1062 (w), 890
(w), 644 (w), 617 (s), 567 (w). The formulation of 2 was also
confirmed by way of thermogravimetric analysis.

Crystal structure determination

Crystal data for 1 and 2 were measured using a Nonius Kappa
CCD single-crystal X-ray diffractometer at 100 K. All crystal-
lographic calculations were conducted using SHELXL-97'!
locally implemented on an IBM-compatible, pentium-based
PC. Crystallographic information is summarised in Table 1.

Table 1 Crystal data for 1 and 2¢

Parameter 1 2

Empirical formula
Crystal dimensions/mm

Cu,yCyN3O15Hsg
0.05 x 0.11 x 0.15

CusS>C4N4O19Hyo
0.20 x 0.20 x 0.50

M 739.59 881.86
Crystal system Monoclinic Monoclinic
Space group P2y/n C2le
alA 9.542(2) 20.696(4)
blA 8.608(2) 9.425(2)
c/A 17.139(3) 18.835(4)
BI° 90.30(3) 113.83(3)
VIA® 1408.0(5) 3360.7(12)
V4 2 4
T/°C —100 —100
DJg cm ™3 1.75 1.74
p/mm™! 1.56 0.818
No. unique reflections 1806 2179
No. reflections 1097 2096

[l > 20(D)]
R[I > 20(D)] 0.0654 0.0240
wRy 0.1349 0.0651

“Click here for full crystallographic data (CCDC 180743, 180744).
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Spectroscopic and thermal studies

Infrared spectra were taken using a Perkin-Elmer FTIR
spectrophotometer with +1 cm ™! resolution and scanned in
the range 350-4000 cm ™', The thermal analysis was conducted
using a TA Instruments Hi-Res TGA 2950 thermal gravimetric
analyser.

Results and discussion

A perspective of 1, as well as selected interatomic distances,
is given in Fig. 1. The metal and organic components have
assembled to form a dinuclear complex, which sits around a
crystallographic center of inversion. The coordination geome-
try of each metal may be regarded as a distorted octahedron
involving two chelating NO; ™~ ions'? (O1, O2 and 04 and O5)
and a 2,2'-tpcb ligand (N1 and N2). Owing to the positioning of
the nitrogen atoms in the 2-position of each pyridyl group, the
2,2"-tpeb ligand, in a similar way to 1,2-bis(2-pyridyl)ethane,'?
forms a boat-like, seven-membered chelate ring with each
metal. The pyridyl groups of each chelating moiety, as defined
by the centroids of the aromatic rings, are separated by 4.80 A
across the cyclobutane ring and are splayed at an angle of
ca. 91.6° with respect to the metal centre. Thus the molecule
derived from the solid-state synthesis serves as a tetrafunctional
bis-chelating ligand wherein the two metal ions are, in effect,
bridged by the cyclobutane unit (Cu---Cu separation 7.65 A).
To our knowledge, such chelating behaviour involving a cyclo-
butane ring has not been observed.

A view of the crystal structure of 1 is shown in Fig. 2. The
complex organises in the solid state such that the nitrate ion
based on N3 exhibits a ‘tongue-and-groove’ fit with the two
splayed pyridyl rings of each chelating group [Fig. 2(a)]. This,
in turn, gives rise to a 2D layered architecture within the
crystallographic be-plane [Fig. 2(b)]. Notably, C-H---O hydro-
gen bonds' involving the nitrate ion and nearest-neighbour
metal complexes have also formed [C---O separations: C3---O3
3.27(1), C4---03 3.13(1) A].

A perspective of 2, as well as selected interatomic distances,
is given in Fig. 3. As in the case of 1, 2,2"-tpcb serves as a tetra-
functional bis-chelating ligand, the cyclobutane unit bridging
two Cu centers (Cu---Cu separation 7.29 A). In a similar
way to 1, the pyridyl groups are separated by a distance of
4.77 A across the cyclobutane ring and lie splayed at an angle
of approximately 82.7°. In contrast to 1, however, the coor-
dination geometry around each metal conforms to a square-
pyramid, the coordination sites of the basal plane being
occupied by two nitrogen atoms of two pyridines (N1 and N2),
an oxygen atom of a sulfate ion (O1), and an oxygen atom of a
water molecule (O5). The apical site is occupied by an oxygen
atom of an additional sulfate ion (02). In this arrangement,
the sulfate ions serve to bridge two adjacent Cu centers,

Fig. 1 Perspective of 1. Selected interatomic distances (A) and angles
(°): Cu(1)-N(1) 1.970(7), Cu(1)-N(2) 1.993(7), Cu(1)-O(1) 1.969(6),
Cu(1)-0(2) 2.637(7), Cu(1)-O(4) 2.022(6), Cu(1)-O(5) 2.394(6); N(1)-
Cu(1)-N(2) 92.7(3), O(1)-Cu(1)-0O(2) 54.0(3), O(4)—Cu(1)-O(5) 58.4(2)
(colour scheme: grey = carbon; blue = nitrogen; red = oxygen;
green = copper). Click image or here to access a 3D representation.
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Fig. 2 View of the crystal structure of 1: (a) ‘tongue-and-groove’ fit
of the nitrate ion with the pyridyl units (colour scheme: white =
hydrogen); and (b) 2D layered structure within the crystallographic
be-plane (adjacent complexes assigned individual colours for clarity).

Fig. 3 Perspective of 2. Selected interatomic distances (A) and angles
(°): Cu(1)-N(1) 2.017(2), Cu(1)-N(2) 2.002(2), Cu(1)-O(1) 1.971(2),
Cu(1)-0(2)a 2.192(2), Cu(1)-0O(5) 1.962(2); N(1)-Cu(1)-N(2) 87.4(1),
O(1)-Cu(1)-O(2)a 104.2(1), N(1)-Cu(1)-O(5) 87.7(1), N(2)-Cu(l)-
O(5) 168.0(1) (a: —x + 1/2, —y + 1/2, —z) (colour scheme: orange =
sulfur). Click image or here to access a 3D representation.

forming, in a similar way to [Cuy4(3-(2-pyridyl)-triazino[5,6-
/]1,10-phenanthroline),(SO.4)>(H>0)10)(SO4)>-4H,0 3,'° a chair-
like, eight-membered ring. Notably, the Cu---Cu separation
across the two sulfate ions of 2 (4.58 A) is significantly shorter
than that of 3 (4.90 A). The ability of the cyclobutane unit and
sulfate ion to bridge adjacent Cu atoms gives rise to, in a
similar way to 3, a 1D coordination polymer that runs along
the ac-diagonal. Notably, in the case of 1, both the charge and
chelating behaviour displayed by the nitrate ion largely pro-
hibit the formation of a similar extended structure.

A view of the crystal structure of 2, as well as selected
interatomic distances, is given in Fig. 4. The coordination
polymer has crystallised with nine equivalents of water. Six
water molecules (O6 thru O8) participate in an ordered array of
O-H---O hydrogen bonds with either the coordinated water
molecule or a sulfate ion [Fig. 4(a)]. The three remaining water
molecules (O9 thru O10), which are related by symmetry, lie
disordered adjacent to the pyridyl ligand, assembling by way of
O-H---O forces with the ligated water. In a similar way to 1, the
splayed pyridyl groups of each chelating unit accommodate, in
the case of 2, a single pyridyl unit of an adjacent polymer strand
by way of offset face-to-face m—m interactions (centroid---
centroid distance 3.94 A).'® As a consequence of these forces,
adjacent polymer strands are oriented parallel and offset within

Fig. 4 View of the crystal structure of 2: (a) the ordered water
molecules involved in O-H:---O hydrogen bonds with the 1D polymer;
and (b) the packing of the polymer strands along the crystallographic
b-axis (included water molecules omitted for clarity). Interatomic
distances (A) involving the ordered and disordered water molecules
that participate in the hydrogen bonds: O(5)---O(6) 2.641(4),
O(5)---O(9A) 2.554(4), O(5):--O(9B) 2.80(1), O(6)---O(8)a 2.810(3),
O(6)--O(7) 2.792(4), O(7):--O(4) 2.841(4), O(7)---O(3)b 2.880(3),
O(7)--O(9B)b 2.89(1), O(8)---O(4) 2.824(3), O(9A)---O(9B) 1.67(1),
O(10)---O(9B) 1.82(1), O(9)---O9)c 1.24(1) (a: x, +y — L, z; b: —x + 1/
2,y =112, =z + 1/2;¢c: —x + 1, y, —z + 1/2). Click image (b) or here to
access a 3D representation.

2, producing 1D guest-filled channels that run parallel to the
crystallographic b-axis [Fig. 4(b)]. The included guests, as well
as the coordinated water molecules, are liberated from 2 by
heating the solid to approximately 100 °C.

Conclusions

In this report, we have demonstrated an application of a
product derived from a template-directed,>® solid-state,” orga-
nic synthesis. In the present case, the product derived from
the solid-state — 2,2'-tpcb — functions as a tetrafunctional bis-
chelating ligand owing to the positioning of each nitrogen atom
within each pyridyl ring and the separation of the pyridyl
groups along the periphery of the cyclobutane unit. Efforts are
currently underway to utilise additional products derived from
the solid state for the construction of metal-based assemblies
wherein such molecules may be used for the design of coor-
dination arrays that display targeted properties (e.g. inclusion).
An initial result has provided access to a porous metal-organic
solid'” with channels stable to guest removal.'® In each case,
the resulting complexes may be less available, or completely
inaccessible in solution, providing access to latent'® coordina-
tion materials.

Acknowledgements

We are grateful to the National Science Foundation (CAREER
Award, L. R. M., DMR-0133138) and the University of lowa
for support of this work. Acknowledgement is also made to the
Donors of The Petroleum Research Fund, administered by the

CrystEngComm, 2002, 4(41), 223-226 225



American Chemical Society, for partial support of this
research.

References

1

(5]

226

K. Tanaka and F. Toda, Chem. Rev., 2000, 100, 1025;
V. Ramamurthy and K. Venkatesan, Chem. Rev., 1987, 87, 433.
G. R. Desiraju, Solid State Ionics, 1997, 101-103, 839.

L. R. MacGillivray, CrystEngComm, 2002, 4(7), 37.

K. C. Nicolaou, D. Vourloumis, N. Winssinger and P. S. Baran,
Angew. Chem., Int. Ed., 2000, 39, 44.

(a) L. R. MacGillivray, J. L. Reid and J. A. Ripmeester, J. Am.
Chem. Soc., 2000, 122, 7817; (b) G. S. Papaefstathiou, A. J. Kipp
and L. R. MacGillivray, Chem. Commun., 2001, 2462.

S. Anderson and H. L. Anderson, in Templated Organic Synthesis,
F. Diederich and P. J. Stang, ed., Wiley-VCH, New York, 2000,
pp. 1-38.

G. M. J. Schmidt, Pure Appl. Chem., 1971, 27, 647.

F. A. Cotton and G. Wilkinson, Basic Inorganic Chemistry, John
Wiley & Sons, New York, 2nd edn., 1987.

C. Kaes, A. Katz and M. W. Hosseini, Chem. Rev., 2000, 100,
3553.

CrystEngComm, 2002, 4(41), 223-226

10

11
12

14
15

16

J. Vansant, G. Smets, J. P. Declercq, G. Germain and M. Van
Meerssche, J. Org. Chem., 1980, 45, 1557; J. Vansant, S. Toppet,
G. Smets, J. P. Declercq, G. Germain and M. Van Meerssche,
J. Org. Chem., 1980, 45, 1565.

G. M. Sheldrick, SHELXL-97, Bruker-AXS, Madison, WI, 1997.
G. J. Kleywegt, W. G. R. Wiesmeijer, G. J. Van Driel,
W. L. Driessen and J. H. Noordik, J. Chem. Soc., Dalton
Trans., 1985, 2177.

A.T. Baker, J. K. Crassl, G. B. Kok and J. D. Orbell, Inorg. Chim.
Acta, 1993, 169.

G. R. Desiraju, Acc. Chem. Res., 1996, 29, 441.

X.-H. Zou, J.-W. Cai, X.-L. Feng, X.-P. Hu, G. Yang, H. Zhang
and L.-N. Ji, Transition Met. Chem., 2001, 26, 704.

W. L. Jorgensen and D. L. Severance, J. Am. Chem. Soc., 1990,
112, 4768.

A. J. Blake, N. R. Champness, S. S. M. Chung, W.-S. Li and
M. Schroder, Chem. Commun., 1997, 1675.

G. S. Papaefstathiou and L. R. MacGillivray, Angew. Chem., Int.
Ed., in press.

E. Cheung, T. Kang, J. R. Scheffer and J. Trotter, Chem.
Commun., 2000, 2309.



