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New coordination polymers based on different combinations
of silver atoms and pyridyl-substituted N-heterocyclic car-
bene moieties are described. The addition of Zn(1) tem-
plates leads to Ag—Zn supramolecular assemblies via selective
Zn - -- N interactions; a process that can be reverted.

Since they were first reported by Olefe! and Wanzlick,> N-
heterocyclic carbene (NHC) complexes have been extensively
studied,® mainly after the isolation of the first stable NHC by
Arduengo.* Due to their strong ¢ donor ability, their high air and
moisture stability and their high affinity towards a wide range of
transition metals, NHCs have been successfully applied in several
homogeneous catalytic processes, such as olefin metathesis® and
C-C cross-coupling reactions.® These properties also make NHC
ligands particularly suitable for the incorporation into metal based
supramolecular architectures,”® but surprisingly NHCs have re-
ceived only little attention in this area: rigid bis-NHC-based main-
chain organometallic polymers have been described by Bielawski®
and a few examples of silver coordination polymers." These
examples involve exclusively metal-heteroatom or metal-carbon
interactions, but the combination of both has been less studied.!
In this contribution we report a ditopic pyridyl-substituted NHC
ligand that forms coordination polymers in the solid state and
supramolecular complexes in solution with zinc(i)porphyrins.
Whereas the NHC ligand remains coordinated to the silver atom,
the pyridine coordinates to silver in the coordination polymer
and to zinc in the assembly, leading to switchable supramolecular
structures.

We designed a heterotopic NHC ligand that can not act as a
bidentate ligand'* and therefore should be a proper building block
to produce larger well-defined supramolecular architectures. The
NHC building block 1 (Scheme 1) is a modification of previously
described!® pyridyl-substituted imidazolium salts. Complex 1
contains a meta-pyridine instead of an ortho-pyridine, which
prevents ligand coordination to metals in a chelating fashion. It
has been previously used in the preparation of rhodium complex
3a that has been applied, together with other related complexes
3 (Scheme 1), in “carbene polymerization” reactions."* In the
current study, we focused our attention on the Ag compound
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Scheme 1 Synthesis of complexes 1-3.

2, used as a transfer agent® in the synthesis of 3. Complex 2,
synthesized by the reaction of 1 with Ag,O (Scheme 1), wasisolated
and crystallized} from a dichloromethane-diethyl ether mixture
and the solid state structure clearly showed the formation of a
coordination polymer (Fig. 1). The transoid ligand conformation
leads to an infinite one-dimensional double chain in which the
ligand acts as a spacer between two Ag(1) atoms via the carbene
and pyridyl donor groups in a “head-to-tail” orientation.’® The
parallel coordination polymers are connected via the silver atoms
through two bridging chlorine atoms per silver-pair. In addition,
there is a significant argentophilic attraction between Ag(1) atoms

Fig. 1 ORTEP diagram (top) of 2 with 50% probability ellipsoids and
different perspectives of the polymeric chains (bottom). Hydrogen atoms
are omitted for clarity.
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Table 1 Selected bond lengths (A) and angles (°)

2 4 5A
Ag(1)-C(1) 2.1322(13) 2.081(3) 2.071(3)
Ag(1)-CI(1) 2.6845(4) 2.3483(8)
Ag(2)-0(1) — 2.639(2) —
Ag-N(3) 2.3409(13) 2.200(3) —
Zn(1)-N@3) — — 2.182(2)
C(1)-N(1) 1.3572(19) 1.348(3) 1.348(4)
C(1)-N(2) 1.3544(16) 1.352(3) 1.359(4)
C(2)-C(3) 1.345(2) 1.351(4) 1.326(5)
C(1)-Ag(1)-CL(1) 111.80(3) — 166.46(9)
C(1)-Ag(1)-C(1") - 177.15(10) -
NG)-Ag(2)-N(3) — 151.28(8) —
N(3)-Zn(1)-N(7) - 93.21(8)

as indicated by the distance Agl-Agl of 3.0965(2) A."” The
Ag(1) atoms are in a distorted tetrahedral environment where
the pyridine coordinates nearly perpendicularly to the plane
formed by the Ag(1) and chlorine atoms (N-Agl-Agl: 100.74(3)°).
The Agl-C1 bond (2.1322(13) A, Table 1) bisects the rest of
the coordination sphere. Additional n—n stacking arrangement
between pyridine rings (distance 3.532 A)of adjacent polymers are
also present. Although 2 is sparingly soluble in dichloromethane,
the macrostructure is not retained in diluted solutions. According
to "TH-NMR, GPC and UV/vis studies,” 2 dissociates into silver—
NHC monomeric species.’® Most strikingly, a band at 260 nm in
the UV/vis absorption spectrum® is observed, which indicates
that in diluted solutions of 2 the pyridine lone pair is not involved
in coordinative bonds.*

Since the chloride plays an important role in the overall solid
structure of 2, we anticipated that the cationic derivatives would
lead to different coordination polymers. The cationic form of 2 was
simply accessible by a reaction of 2 with silver triflate (Scheme 2).
The triflate salt (4) was crystallized} from a dichloromethane—
diethyl ether mixture to yield crystals suitable for X-ray diffraction
analysis. The solid state structure of 4 significantly differs from that
of 2. It also forms a 1D polymeric structure (Fig. 2) but it contains
two different silver atoms. The polymers consist of alternating
silver atoms, one surrounded by two NHC carbene ligands and the
other by two pyridyl ligands. The structure contains Ag biscarbene
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Fig.2 ORTEP diagram with 50% probability ellipsoids of 4.®* Hydrogen
atoms are omitted for clarity.

cations which are balanced with Ag(OTf), anions. The heterotopic
NHC ligand acts as a linker between inequivalent and formally
charged Ag(1) centres in a “head-to-head” orientation, that is,
[Ag(D)]* selectively bonded to C and a formal [Ag()]” to N. It is
noteworthy that the donor groups have relative syn orientation
upon coordination to each Ag(l) ions, as can be observed in
the disposition of Ag(carbene),” moieties with mesityl groups
in close proximity (despite steric interactions). As a result, the
Ag(NHC),* moieties adopt “loop” arrangements interconnected
by Ag(OTY), anions. The distances Agl-C1 (2.081(3) A) and
Ag2-N3 (2.200(2) A) are considerably shorter compared to those
distances in 2 (Agl-C1 2.1322(13) A, Agl-N3 2.3408(11) A).
The most interesting aspect of this structure is the presence of
2D undulating channels determined by the packing mode of the
polymeric chain.' In a perpendicular view (y-axis), the Agions are
aligned (Ag*---Ag --- Ag"), matching with a C,-symmetry axis,
but the distances are too large (Agl-Ag2 5.209 A and 8.734 A)
to consider any argentophilic interaction. However, electrostatic
interactions between ion pairs at this distance are still sufficiently
large to significantly contribute to the solid state structure. In addi-
tion, some C---F, H---F and H- - - O intermolecular interactions
(C2-F13.151 A, HISA-F2 2.454 A, O1-H4A 2.705 A) involving
triflate groups, that may be of importance, are observed.

The binding properties of this heterotopic NHC can also be ap-
plied in the design of heterometallic supramolecular architectures
asit was found previously in the Rh assemblies with different Zn(11)
templates. This self-assembly approach has been applied by our
group in homogeneous catalysis to make bidentate ligands**2* and
to encapsulate metal complexes.* The above mentioned pyridine
lability in 2 enables the construction of assemblies with Zn(11)-TPP
(A) and Zn(11)-salphen (B). Thus, upon addition of the template to
a solution of 2, the pyridine coordinates selectively to Zn forming
5A and 5B in quantitative yields (Scheme 3). Despite the use of
Ag-NHC as transfer agents and the existence of Zn-NHC
complexes,? products derived from the coordination of carbene to
Zn were not observed in these reactions. Assemblies SA and 5B are
stable both in solution and in the solid state and, interestingly, their
solubilities are increased as compared to the poor solubility of 2.2
An X-ray diffraction study of a suitable crystal of 5A} revealed the
structure of the Zn(11)-TPP assembly based on Ag-NHC (Fig. 3).
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Fig. 3 ORTEP view (a) of 5A with 50% probability ellipsoids and
perspective (b). Hydrogen atoms and solvent molecule are omitted for
clarity.
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Scheme 3 Synthesis of assemblies 5A and 5B.

The molecule can be considered as a dimer connected by weak
Ag--- Clinteractions (3.041 A) between heterometallic monomers
(Fig. 3(b)), where the C(1)-Ag—CI(1) angle (166.46(9)°) is slightly
deviated from linearity. The pyridine coordinates to the Zn atom
(Zn1-N3 2.182(2) A) almost perpendicularly to the porphyrin
plane (N,,,—Zn1-N3: in the range 89-104°). Notably, the NHC
transoid conformation maximizes the distance between Zn(11) and
Ag(1) ions. To the best of our knowledge, this is the first X-ray
structure of a supramolecular assembly of this type involving NHC
ligands reported to date.

The assembly formation was further investigated by NMR
and UV/vis." As previously described with analogous pyridine—
Zn(11) assemblies,”” the complex induced shift of the ortho-pyridyl
protons, observed in the 'H-NMR spectrum, is much higher in
5A (A6 = 5.0 ppm) than in 5B (A§ = 0.2 ppm). Apart from
this, UV/vis titration experiments showed binding constants of
K, = 3.0 x 10° M for 5A; and K, = 6.5 x 10° M for 5B.
The magnitudes of the binding are similar to that reported on
phosphine-assemblies?** and Rh—NHC complexes.'

Finally, it is worth mentioning that the dissolution of 5B in
a 5:1 mixture of dichloromethane-THF displayed a decrease
of about two orders of magnitude in the binding constant
(K = 7.4 x 10> M™). Furthermore, 2 completely precipitated
out when 5B was stirred in pure THF for few minutes. From
the above mentioned experiments, it appears that addition of
polar coordinating solvents weakens the Zn - - - N interactions and,
finally, excess of coordinating solvents replaces Zn---N bond,
reforming the Ag- - - N interaction, which leads to the precipitation
of the insoluble polymer 2.

In summary, we report a novel interesting building block to
construct supramolecular architectures, based on non-chelating
heterotopic NHC-pyridyl ligand. This ligand forms unique coor-
dination polymers in combination with silver, providing materials
with alternating metals arrays; Ag*—Ag". The addition of Zn(1)-
TPP to these complexes leads to pyridyl-zinc coordination, and as
a consequence to well-defined soluble supramolecular assemblies.
Changing the solvent makes this equilibrium reversible, facilitating
the controlled interconversion between the various structures.
Future studies include the application of these principles in
material science and catalysis. Preliminary results show that the
silver carbene complexes are active in several reactions, such as the
copper-catalyzed Michael addition of ZnEt, to enones® or the 1,3-
dipolar cycloaddition to imines for the synthesis of polysubstituted
prolines.”

The NRSCC and the Spanish Ministerio de Ciencia e Inno-
vacion and FECYT are acknowledged for financial support, Dr H.
Peters for mass spectroscopy analyses, E. Jellema for GPC analysis
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Notes and references

1 Crystal data for 2: C3HyAgCIN;, M = 420.68, triclinic, space group
P1,a=28.7708Q2) A, b =9.4691(2) A, ¢ = 11.1568(3) A, o = 86.174(2)°,
B = 78.5092)°, ¥ = 66.335(2)°, V = 831.57(4) A}, Z =2, T = 150 K,
D. = 1.680 g cm™, u(Mo-Ko) = 13.75 cm™, Mo-Ka radiation (A =
0.71073 A), F(000) = 424.0, R, = 0.0153, wR, = 0.0393. Crystal data
for 4: C,yH,yAgF;N;0;S, M = 534.30, monoclinic, space group C2/c¢,a =
19.9067(13) A, b = 13.9335(7) A, ¢ = 15.7007(5) A, B = 103.914(4)°, V =
4227.1(4) A}, Z=8,T=110K, D, =1.679 gecm™, u(Mo-Ko) = 11.04cm™",
Mo-Ko radiation (A = 0.71073 A), F(000) = 2144, R, = 0.0272, wR, =
0.0626. Crystal data for 5A: 2(C(,2H47AgC1N7Zn) + C;Hg, M = 2289.65,
monoclinic, space group P2,/c¢, a = 10.8301(4) A, b =21.1321(7) A, c =
24.3335(10) A, B=101.511(2)°, ¥V =5457.0(4) A*, Z=2,T=110K, D, =
1.393 g cm?, p(Mo-Kar) = 8.96 cm™, Mo-Ka radiation (A = 0.71073 A),
F(000) = 2348, R, = 0.0403, wR, = 0.0954.

1 K. Olefe, J. Organomet. Chem., 1968, 12, P42.

2 H.-W. Wanzlick and H.-J. Schonherr, Angew. Chem., Int. Ed. Engl.,
1968, 7, 141.

3 For reviews: () F. E. Hahn and M. C. Jahnke, Angew. Chem., Int. Ed.,
2008, 47, 3122; (b) N-Heterocyclic Carbenes in Synthesis. ed. S. P. Nolan,
Wiley-VCH, Weinheim, 2006; (¢) W. A. Herrmann, Angew. Chem., Int.
Ed., 2002, 41, 1290.

4 A.J. Arduengo, III, R. L. Harlow and M. Kline, J. Am. Chem. Soc.,
1991, 113, 361.

5 (@) S.J. Connon and S. Blechert, Angew. Chem., Int. Ed., 2003, 42, 1900;
(b) H. Clavier, K. Grela, A. Kirschning, M. Mauduit and S. P. Nolan,
Angew. Chem., Int. Ed., 2007, 46, 6786.

6 E. A. B. Kantchev, C. J. O’Brien and M. G. Organ, Angew. Chem., Int.
Ed., 2007, 46, 2768.

7 (a)J.-M. Lehn, Supramolecular Chemistry, VCH-Publishers, New York,
1995; (b) J.-M. Lehn, J. L. Atwood, J. E. D. Davies, D. D. Macnicol and
F. Vogtle, Comprehensive Supramolecular Chemistry, Vol. 9, Pergamon,
Oxford, 1996.

8 See for example: () Z. Wang, G. Chen and K. Ding, Chem. Rev., 2009,
109, 322; (b) A. K. Cheetham, C. N. R. Rao and R. K. Feller, Chem.
Commun., 2006, 4780; and references herein.

9 A.J. Boydston, K. A. Williams and C. W. Bielawski, J. Am. Chem. Soc.,
2005, 127, 12496.

10 (a) J. C. Garrison and W. J. Youngs, Chem. Rev., 2005, 105, 3978; (b) X.
Zhang, Y. Qiu, B. Rao and M. Luo, Organometallics, 2009, 28, 3093.

11 Y.-B. Dong, G.-X. Jin, M. D. Smith, R.-Q. Huang, B. Tang and H.-C.
zur Loye, Inorg. Chem., 2002, 41, 4909.

12 For example: X. Zhang, B. Liu, A. Liu, W. Xie and W. Chen,
Organometallics, 2009, 28, 1336.

13 A. A. D. Tulloch, A. A. Danopoulos, S. Winston, S. Kleinhenz and G.
Eastham, J. Chem. Soc., Dalton Trans., 2000, 4499.

14 M. Rubio, E. Jellema, M. A. Siegler, A. L. Spek, J. N. H. Reeka and B.
de Bruin, Dalton Trans., 2009, 8970.

15 H. M. J. Wang and 1. J. B. Lin, Organometallics, 1998, 17, 972.

16 A. N. Khlobystov, A. J. Blake, N. R. Champness, D. A. Lemenovskii,
A. G. Majouga, N. V. Zyk and M. Schroder, Coord. Chem. Rev., 2001,
222, 155.

17 The Agl-Ag2 distance of 3.097 A is considerably lower than the sum
of the van der Waals radii (3.44 A).

18 For other perspectives of 4: see ESIT.

19 See ESIf.

20 H. P. Stephenson, J. Chem. Phys., 1954, 22, 1077.

21 For reviews on this subject see: (a) M. J. Wilkinson, P. W. N. M. van
Leeuwen and J. N. H. Reek, Org. Biomol. Chem., 2005, 3, 2371; (b) B.
Breit, Angew. Chem., Int. Ed., 2005, 44, 6816; (¢) A. J. Sandee and
J. N. H. Reek, Dalton Trans., 2006, 3385.

22 Supramolecular ligands: (@) V. F. Slagt, P. W. N. M. van Leeuwen and
J.N. H. Reek, Chem. Commun., 2003, 2474; (b) V. F. Slagt, P. W. N. M.
van Leeuwen and J. N. H. Reek, Angew. Chem., Int. Ed., 2003, 42, 5619;
(¢) V. E. Slagt, M. Roder, P. C. J. Kamer, P. W. N. M. van Leeuwen and

5434 | Dalton Trans., 2010, 39, 5432-5435

This journal is © The Royal Society of Chemistry 2010


http://dx.doi.org/10.1039/C003352A

Downloaded by Harvard University on 08/05/2013 09:44:16.
Published on 05 May 2010 on http://pubs.rsc.org | doi:10.1039/C003352A

View Article Online

J.N. H. Reek, J. Am. Chem. Soc., 2004, 126, 4056; (d) J. N. H. Reek, M.
Roder, P. E. Goudriaan, P. C. J. Kamer, P. W. N. M. van Leeuwen and
V. F. Slagt, J. Organomet. Chem., 2005, 690, 4505; (¢) X.-B. Jiang, L.
Lefort, P. E. Goudriaan, A. H. M. de Vries, P. W. N. M. van Leeuwen,
J. G. de Vries and J. N. H. Reek, Angew. Chem., Int. Ed., 2006, 45, 1223;
(f) L. K. Knight, Z. Freixa, P. W. N. M. van Leeuwen and J. N. H.
Reek, Organometallics, 2006, 25, 954; (g) M. Kuil, P. E. Goudriaan,
P. W. N. M. van Leeuwen and J. N. H. Reek, Chem. Commun., 2006,
4679; (h) A. J. Sandee, A. M. van der Burg and J. N. H. Reek, Chem.
Commun., 2007, 864; (i) X.-B. Jiang, P. W. N. M. van Leeuwen and
J. N. H. Reek, Chem. Commun., 2007, 2287, (j) P. E. Goudriaan, X.-B.
Jiang, M. Kuil, R. Lemmens, P. W. N. M. van Leeuwen and J. N. H.
Reek, Eur. J. Org. Chem., 2008, 6079; (k) E. W. Patureau, M. Kuil, A. J.
Sandee and J. N. H. Reek, Angew. Chem., Int. Ed., 2008, 47, 3180—
3183; (/) J. Flapper and J. N. H. Reek, Angew. Chem., Int. Ed., 2007, 46,
8590; (m) V. F. Slagt, P. Kaiser, A. Berkessel, M. Kuil, A. M. Kluwer,
P. W. N. M. van Leeuwen and J. N. H. Reek, Eur. J. Inorg. Chem., 2007,
4653; (n) V. F. Slagt, P. W. N. M. van Leeuwen and J. N. H. Reek, Dalton
Trans., 2007, 2302; (0) M. Kuil, P. E. Goudriaan, A. W. Kleij, D. M.
Tooke, A. L. Spek, P. W. N. M. van Leeuwen and J. N. H. Reek, Dalton
Trans., 2007, 2311.

Encapsulated catalyst: (a) V. F. Slagt, J. N. H. Reek, P. C. J. Kamer
and P. W. N. M. van Leeuwen, Angew. Chem., Int. Ed., 2001, 40, 4271;

o
(95)

(b) V. E. Slagt, P. C. J. Kamer, P. W. N. M. van Leeuwen and J. N. H.
Reek, J. Am. Chem. Soc.,2004,126, 1526; (c) A. W. Kleij, M. Lutz, A. L.
Spek, P. W. N. M. van Leeuwen and J. N. H. Reek, Chem. Commun.,
2005, 3661; (d) M. Kuil, T. Soltner, P. W. N. M. Van Leeuwen and
J. N. H. Reek, J. Am. Chem. Soc., 2006, 128, 11344.

24 For other approaches in capsule catalysis see: (¢) M. Yoshizawa, M.
Tamura and M. Fujita, Science, 2006, 312, 251; (b) M. D. Pluth, R. G.
Bergman and K. N. Raymond, Science, 2007, 316, 85.

25 (a) A. J. Arduengo, III, H. V. Rasika Dias, F. Davidson and R. L.
Harklow, J. Organomet. Chem., 1993, 462, 13; (b) D. Wang, K. Wurst
and M. R. Buchmeiser, J. Organomet. Chem., 2004, 689, 2123.

26 Assemblies 5 are soluble in dichloromethane, chloroform, toluene,
benzene, xylene and THF. However, 2 is sparingly soluble only in
chlorinated solvents.

27 A. W. Kleij, M. Kuil, D. M. Tooke, M. Lutz, A. L. Spek and J. N. H.
Reek, Chem.—Eur. J., 2005, 11, 4743.

28 (a) A. Alexakis, C. L. Winn, F. Guillen, J. Pytkowicz, S. Roland and
P. Mangeney, Adv. Synth. Catal., 2003, 345, 345; (b) K.-S. Lee, M. K.
Brown, A. W. Hird and A. H. Hoveyda, J. Am. Chem. Soc., 2006, 128,
7182.

29 (a) M. Naodovic and H. Yamamoto, Chem. Rev., 2008, 108, 3132; () J.
Iglesias-Sigiienza, A. Ros, E. Diez, A. Magriz, A. Vazquez, E. Alvarez,
R. Fernandez and J. M. Lassaletta, Dalton Trans., 2009, 8485.

This journal is © The Royal Society of Chemistry 2010

Dalton Trans., 2010, 39, 5432-5435 | 5435


http://dx.doi.org/10.1039/C003352A

