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Transformative Binding and Release of Gold Guests from a Self-

Assembled Cugl, Tube**
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The highly specific binding, transformation and protection of
chemical compounds are functions associated with biomolec-
ular systems’ inner phases,!'! pockets of space that are well-
isolated from the external environment. A growing number of
abiological host molecules have been developed to emulate
these functions.’”! Container molecules have been developed
that can encapsulate xenon® and sulfur hexafluoride with
the specificity that hemoglobin and myoglobin exhibit when
binding and transporting dioxygen within the body.”! The
ability of enzymes to transform substrates by binding to the
transition state of a reaction has inspired the use of container
molecules to catalyze reactions!” and the protection of the
highly reactive active sites of nitrogenases!”’ from atmospheric
oxidation,® has been mimicked, allowing sensitive com-
pounds to be stabilized within synthetic hosts.”’

Whereas nature makes use of narrow tubular channels for
purposes ranging from carbon monoxide reduction'” to ion
transport,'!! most synthetic capsules have compact binding
cavities.?*!? In order to investigate the specific binding and
transformation of linear substrates within rigid tubular hosts,
we designed and synthesized tetramine subcomponent A
(Figure 1). Based on modeling studies!™ and our prior
experience with copper(I)-templated subcomponent self-
assembly," we predicted A to have the correct geometry to
assemble into a CugL,*" host with a narrow central channel.

Indeed, A, 6-methyl-2-formylpyridine and tetrakis(aceto-
nitrile)copper(I) tetrafluoroborate reacted in the ratios
shown in Figure 1 to form the deep red-purple product 1 in
acetonitrile. Electrospray ionization mass spectra (ESI-MS)
and elemental analysis of 1 were consistent with the formula
[CugL,](BF,)s, but 'H and *C NMR spectra indicated the
presence of two distinct product structures.

Vapor diffusion of diethyl ether into an acetonitrile
solution of 1 led to the isolation of opaque crystals having
two different crystalline aspects. Single-crystal X-ray diffrac-
tion experiments revealed that two isomeric structures had
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crystallized separately, allowing the structures of both to be
determined (Figure 2). In both isomers, four self-assembled
ligands, each formed from one residue of A and four 2-formyl-
6-methylpyridine residues, are observed to wrap around eight
Cu' template ions to create tube-like complexes with approx-
imate D,,; and D, point symmetries, in which the copper(I)
ions form an elongated cuboidal structures. The ligands adopt
different conformations in these two diastereomers of 1, as
shown in Figure 1. In 1-D,,, the long faces of the cuboid form
isosceles trapezoids, with the shorter faces forming rectangles.
The parallel ligands of 1-D,, thus come together in such a way
as to eliminate internal void volume, as shown in Figure 2¢
and d. In 1-D,, the cuboid approximates a right square prism
in which one of the square faces is twisted by 40° with respect
to the other. This ligand arrangement results in a narrow
tubular channel having a radius of ca. 2.1 A and a volume of
193 A35) In the crystal structure two acetonitrile molecules
were found encapsulated in this channel (Figure 2a and b).

The 1-D,,; and 1-D, diastereomers in the solid state were
also observed in solution by 'H and *C NMR spectroscopy.
The different symmetries of these isomers led to different
NMR peak multiplicities. Kinetic studies (described in the
Supporting Information) revealed activation enthalpies and
entropies of 148 +5 kJmol™" and 134 + 15 JK~'mol ™" respec-
tively for the isomerization from 1-D, to 1-D,,;, and 85+
7kImol™' and —624+21JK 'mol™! for the reverse trans-
formation (from 1-D,, to 1-D,). The rate constants for both
transformations were identical at 323 K, marking 1-D, as the
dominant species in solution below this temperature, and 1-
D,, above.

As the interior of 1-D, was observed to accommodate two
acetonitrile molecules in the crystal, we reasoned that other
linear guests!'® might also bind within this host. No new peaks
were observed in the 'H NMR spectrum, however, following
the addition to an acetonitrile solution of 1 (1.8 mm) of either:
1) the potassium salts of Ag(CN),”, Cu(CN),”, CN~, OCN™,
SCN™, SeCN™, N;7, H,F, or F~ (1equiv in each case),
2) CuCN, Ni(CN),, Hg(CN),, CS,, 1,4-dichlorobut-2-yne,
succinonitrile, butyronitrile, C4F4, or but-2-yne (5 equiv), or
3)N,0, CH,, or CH,, (by bubbling the gas through the
acetonitrile solution for 5 min at 25°C), suggesting that no
guest binding occurred.

Despite these other guests’ failure to bind, the addition of
KAu(CN), to an acetonitrile solution of 1 produced a new
host-guest complex 2, as identified by NMR spectroscopy
(Figure S40, Supporting Information) and ESI-MS. Mass
spectra indicated that the dicyanoaurate adduct of 1 was not
a simple 1:1 complex, however, but rather that the guest
species was the complex anion Cu(Au(CN),),, leading to the
formulation of 2 as [Cu(Au(CN),),c1-D,]”" (Figure 3). The

SWILEY i

ONLINE LIBRARY

1881


http://dx.doi.org/10.1002/anie.201108450

Angewandte

1882

Communications

—~
HoN O NH,
16 /)

4

O 8 Cu(NCMe),BF, L

O CD5CN N
H,N NH,

A
N

Figure 1. Formation of the two diasterecisomers of CuglL, complex 1, 1-D, and 1-D,,, by subcomponent self-assembly.

Figure 2. Crystal structures of the two diastereoisomers of 1. All views
omit solvent molecules and anions, and non-space-filling views omit
hydrogen atoms, for clarity. a,b) 1-D,, with one ligand highlighted and
the two encapsulated acetonitrile molecules emphasized as space-
filling representations: a) side view down the pseudo-C, axis; b) space-
filling representation of top view down the pseudo-C, axis. c,d) 1-D,,
with two ligands of different orientations highlighted in lighter shades:
c) view down the pseudo-mirror plane; d) space-filling representation
of view down the pseudo-G, axis.

presence of bridging cyanides was confirmed by the observa-
tion of two C=N resonances in the infrared spectrum (2144
and 2190 cm™) at higher wavenumbers than free dicyanoau-
rate (2142 cm ™).
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When a 1:1 stoichiometry of KAu(CN),:1 was employed,
the Cu' required to generate the Cu(Au(CN),),” guest was
obtained through decomposition of a portion of the host
molecules present. This partial host consumption was indi-
cated by the appearance of free 6-methyl-2-formylpyridine,
which was observed by "H NMR in proportion to the amount
of 2 produced, together with 2, 1-D,, and 1-D,, in solution
(Figure S22). When host 1, KAu(CN),, and Cu(CH,CN),BF,
were mixed in a 1:2:1 ratio, host decomposition was sup-
pressed; analysis of the product of this reaction enabled the
calculation of the stability constant of 2 to be 1.21 x 10°m .

Further evidence for the structure of 2 was provided
through its preparation from “C-labeled KAu(CN),. In the
BC NMR spectrum (Figure S26), the *C-labeled guest gave
rise to a pair of coupled doublets (3/.c = 47.6 Hz), consistent
with the two inequivalent carbon environments of the NC-
Au-CN-Cu-NC-Au-CN anion observed in solution, whereas
free KAu(*CN), showed one singlet. The addition of excess
KAu("CN), allowed for the observation of both [Cu(Au-
(®CN),),c1-D,]"* and free KAu("*CN), simultaneously.

When KAu(**CN), and Cu(CH,CN),BF, were mixed in a
molar ratio of 2:1 in CD;CN or dimethylsulfoxide (DMSO) in
the absence of 1 an insoluble precipitate formed and only free
dicyanoaurate was observed in solution; no evidence of
Cu(Au(CN),),” was observed. This observation suggests that
the linear binding pocket of 1-D, served as a protective cover
for the complex Cu(Au(CN),),” anion, suppressing the
formation of cyanide-bridged insoluble polymeric and oligo-
meric species."®!” In seeking thermodynamic equilibrium,
this host—guest system may thus be observed not only to
stabilize an otherwise inaccessible guest,”) but to generate an
optimal guest from amongst the different possibilities latent
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Figure 3. Transformations between host and host—guest complexes.

in the system, although this guest has no observed independ-
ent existence.

The system’s ability to discriminate between Au(CN),”
Ag(CN), is also remarkable. We hypothesize that Ag(CN),"
is not a competent guest for 1 because of the ability of silver(I)
to adopt a wide range of coordination geometries, whereas
gold(I) complexes tend to adopt a linear 2-coordinate
geometry.””

Although no evidence of interaction was observed
between KAg(CN), and 1, Ag' was able to take the place of
the central Cu' ion within 2 to generate complex 3,
[Ag(Au(CN),),c1-D,]. This complex could be prepared
under identical conditions to those used to make 2 when
AgBF, was substituted for Cu(CH;CN),BF,. The titration of
AgBF, into an acetonitrile solution of 2 resulted in the
displacement of Cu' by Ag' within the guest, allowing the
stability constant of 4.2x10"m~* for 3 to be obtained, 34
times greater than that of 2; the larger Ag' center appears
better stabilized by van der Waals contacts and favorable
interactions with the m-electron density”®"! of the host frame-
work than the smaller Cu'. The C NMR spectrum of 3
prepared using *C-labeled dicyanoaurate was consistent with
a NC-Au-CN-Ag-NC-Au-CN guest structure, wherein the
signals of the carbon atoms closest to silver were further split
due to coupling to the NMR-active silver centers (Figures S34
and S35).

The addition of excess KAu(CN), to 1 did not result in
generation and encapsulation of the Au(Au(CN),),” guest;
only [Cu(Au(CN),),c1-D,]”" was observed, followed by
precipitation of the complex once five equivalents had been
added. The use of other Au™ precursors with less strongly
bound ligands is under investigation.

When dissolved in DMSO, complexes 1, 2, and 3 were
observed to transform into 1-D,,;, with disappearance of all 1-
D, and its guest complexes, as shown in Figure 3. The complex
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guests of 2 and 3 were not stable in DMSO solution;
dissolution of 2 or 3 prepared with “C-labeled
Au(CN),” in DMSO gave only a simple *C NMR
signal corresponding to free Au(CN), . Evaporation of
the DMSO and addition of acetonitrile resulted in the
partial regeneration of 1-D, and 2 or 3 along with
insoluble material which we infer to be oligomer or
polymer generated from Au(CN), .['#1% We attribute
the instability of the host—guest complexes 2 and 3 in
DMSO to the greater ability of this more polar solvent
to solvate the separated 1" and Au(CN),” ions; less-
polar acetonitrile would be expected to favour the ion
pairing required for host-guest complex formation.
DMSO also appears too large to fit into the cavity of 1-
D,, thus depriving this diastereomer of the inner-cavity
solvation that likely stabilizes it in acetonitrile.

Host 1 thus displays an ability to bind gold with
high affinity and remarkable selectively, not through
simple encapsulation of Au(CN),”, but by transform-
ing this anion into an optimal guest that is not observed
in the host’s absence. This behavior emerges from the
complex interactions of the parts of a system, as it
reconstitutes itself for binding during the process of
thermodynamic equilibration. This process comprises
several distinct chemical events, including 1) the elimination
of the D,, isomer of 1, the cavity of which is too small, 2) the
consumption of part of the host, if required, to provide a
necessary copper(I) building block for the optimal guest, and
3) the construction of this optimal guest by arranging two
dicyanoaurate units around a single linearly coordinated
copper(I) or silver(I) ion. This adaptive response to pertur-
bation is much less complex than what is observed in
biological systems, but the response nonetheless occurs at a
system-wide level and achieves the potentially useful function
of tight and selective binding of dicyanoaurate, a substrate of
considerable economic value. Given current record gold
prices, the ability to specifically bind and release dicyanoau-
rate, the form in which gold is extracted from ores in modern
mines,?? might allow for economic and environmental
benefits to be realized during the extraction and refining of
this increasingly useful metal.[*’!

CCDC 846044 and 846045 contain the supplementary
crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.

Received: November 30, 2011
Published online: January 17, 2012

Keywords: coordination chemistry - host—guest systems -
metal-organic capsules - self-assembly -
supramolecular chemistry

[1] D.J. Cram, Nature 1992, 356, 29 —36.

[2] a) R. Chakrabarty, P. S. Mukherjee, P. J. Stang, Chem. Rev. 2011,
111, 6810-6918; b) S. Liu, B. C. Gibb, Chem. Commun. 2008,
3709-3716; c) M. Mastalerz, M. W. Schneider, I. M. Oppel, O.
Presly, Angew. Chem. 2011, 123, 1078 -1083; Angew. Chem. Int.

www.angewandte.org

1883


http://dx.doi.org/10.1038/356029a0
http://dx.doi.org/10.1038/356029a0
http://dx.doi.org/10.1038/356029a0
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1021/cr200077m
http://dx.doi.org/10.1039/b805446k
http://dx.doi.org/10.1039/b805446k
http://dx.doi.org/10.1002/ange.201005301
http://dx.doi.org/10.1002/anie.201005301
http://www.angewandte.org

Angewandte

1884

Communications

Ed. 2011, 50, 1046-1051; d) D. M. Vriezema, M. Comellas Ar-
agones, J. A. A.W. Elemans, J.J.L.M. Cornelissen, A.E.
Rowan, R.J.M. Nolte, Chem. Rev. 2005, 105, 1445-1490;
e) M. Yoshizawa, J. K. Klosterman, M. Fujita, Angew. Chem.
2009, 121, 3470-3490; Angew. Chem. Int. Ed. 2009, 48, 3418 -
3438; f) W. Meng, B. Breiner, K. Rissanen, J. D. Thoburn, J. K.
Clegg, J. R. Nitschke, Angew. Chem. 2011, 123, 3541-3545;
Angew. Chem. Int. Ed. 2011, 50, 3479 —3483.

[3] H. A. Fogarty, P. Berthault, T. Brotin, G. Huber, H. Desvaux, J.-
P. Dutasta, J. Am. Chem. Soc. 2007, 129, 10332-10333.

[4] 1. A. Riddell, M. M. J. Smulders, J. K. Clegg, J. R. Nitschke,
Chem. Commun. 2011, 47, 457 —459.

[5] E. Antonini, Physiol. Rev. 1965, 45, 123 -170.

[6] a) M. D. Pluth, R. G. Bergman, K. N. Raymond, Science 2007,
316,85-88;b) J. Kang, J. Rebek, Nature 1997, 385, 50-52; c) M.
Yoshizawa, M. Tamura, M. Fujita, Science 2006, 312, 251-254;
d) V.F. Slagt, J.N. H. Reek, P.C.J. Kamer, P. W.N. M. van
Leeuwen, Angew. Chem. 2001, 113, 4401 -4404; Angew. Chem.
Int. Ed. 2001, 40, 4271-4274; e) F. P. Schmidtchen, Angew.
Chem. 1981, 93, 469 —470; Angew. Chem. Int. Ed. 1981, 20, 466 —
468.

[7] L. E. Mortenson, R. N. F. Thorneley, Annu. Rev. Biochem. 1979,
48, 387-418.

[8] P. Fay, Microbiol. Mol. Biol. Rev. 1992, 56, 340—373.

[9] a) R. Warmuth, Angew. Chem. 1997, 109, 1406—1409; Angew.
Chem. Int. Ed. Engl. 1997, 36, 1347-1350; b) P. Mal, B. Breiner,
K. Rissanen, J. R. Nitschke, Science 2009, 324, 1697-1699;
¢)D.J. Cram, M. E. Tanner, R. Thomas, Angew. Chem. 1991,
103, 1048-1051; Angew. Chem. Int. Ed. 1991, 30, 1024-1027,
d) T. Sawada, M. Yoshizawa, S. Sato, M. Fujita, Nat. Chem. 2009,
1,53-56.

[10] T.1. Doukov, L. C. Blasiak, J. Seravalli, S. W. Ragsdale, C. L.
Drennan, Biochemistry 2008, 47, 3474 —3483.

[11] W. A. Catterall, Annu. Rev. Biochem. 1995, 64, 493 -531.

[12] a) M. Fujita, M. Tominaga, A. Hori, B. Therrien, Acc. Chem. Res.
2005, 38,369-378; b) P. Jin, S. J. Dalgarno, J. L. Atwood, Coord.

Chem. Rev. 2010, 254, 1760-1768; c) D. J. Tranchemontagne, Z.
Ni, M. O’Keeffe, O. M. Yaghi, Angew. Chem. 2008, 120, 5214—
5225; Angew. Chem. Int. Ed. 2008, 47, 5136-5147; d) M. D.
Ward, Chem. Commun. 2009, 4487-4499; e)S. Welsch, C.
Groger, M. Sierka, M. Scheer, Angew. Chem. 2011, 123, 1471 -
1474; Angew. Chem. Int. Ed. 2011, 50, 1435-1438; f) W. Meng,
J. K. Clegg, J. D. Thoburn, J. R. Nitschke, J. Am. Chem. Soc.
2011, 733, 13652-13660; g) R. A. Bilbeisi, J. K. Clegg, N.
Elgrishi, X. d. Hatten, M. Devillard, B. Breiner, P. Mal, J. R.
Nitschke, J. Am. Chem. Soc., DOI: 10.1021/ja2092272.

[13] R. W. Saalfrank, H. Maid, A. Scheurer, Angew. Chem. 2008, 120,
8924 -8956; Angew. Chem. Int. Ed. 2008, 47, 8794 —8824.

[14] J. R. Nitschke, M. Hutin, G. Bernardinelli, Angew. Chem. 2004,
116, 6892-6895; Angew. Chem. Int. Ed. 2004, 43, 6724 -6727.

[15] G.J. Kleywegt, T. A. Jones, Acta Crystallogr. Sect. D 1994, 50,
178 -185.

[16] P. Liao, B. W. Langloss, A. M. Johnson, E.R. Knudsen, F.S.
Tham, R. R. Julian, R.J. Hooley, Chem. Commun. 2010, 46,
4932-4934.

[17] V. E. Campbell, J. R. Nitschke, Synlett 2008, 20, 2077 —3090.

[18] B. M. Chadwick, S. G. Frankiss, J. Mol. Struct. 1976, 31, 1-9.

[19] a) T. D. Harris, J. R. Long, Chem. Commun. 2007, 1360-1362;
b) J. Lefebvre, R. J. Batchelor, D. B. Leznoff, J. Am. Chem. Soc.
2004, 726, 16117-16125; c¢) M. A. Rawashdeh-Omary, M. A.
Omary, H. H. Patterson, J. Am. Chem. Soc. 2000, 122, 10371 —
10380.

[20] M. A. Carvajal, J. J. Novoa, S. Alvarez, J. Am. Chem. Soc. 2004,
126, 1465 -14717.

[21] M. Miiller, M. Albrecht, V. Gossen, T. Peters, A. Hoffmann, G.
Raabe, A. Valkonen, K. Rissanen, Chem. Eur. J. 2010, 16,
12446 -12453.

[22] G. Hilson, A.J. Monhemius, J. Cleaner Prod. 2006, 14, 1158 -
1167.

[23] a) D.J. Gorin, F. D. Toste, Nature 2007, 446, 395-403; b) R. J.
Puddephatt, Chem. Soc. Rev. 2008, 37, 2012 -2027.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 1881-1884


http://dx.doi.org/10.1002/anie.201005301
http://dx.doi.org/10.1021/cr0300688
http://dx.doi.org/10.1002/ange.200805340
http://dx.doi.org/10.1002/ange.200805340
http://dx.doi.org/10.1002/anie.200805340
http://dx.doi.org/10.1002/anie.200805340
http://dx.doi.org/10.1002/ange.201100193
http://dx.doi.org/10.1002/anie.201100193
http://dx.doi.org/10.1021/ja073771c
http://dx.doi.org/10.1039/c0cc02573a
http://dx.doi.org/10.1126/science.1138748
http://dx.doi.org/10.1126/science.1138748
http://dx.doi.org/10.1038/385050a0
http://dx.doi.org/10.1126/science.1124985
http://dx.doi.org/10.1002/1521-3757(20011119)113:22%3C4401::AID-ANGE4401%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4271::AID-ANIE4271%3E3.0.CO;2-H
http://dx.doi.org/10.1002/1521-3773(20011119)40:22%3C4271::AID-ANIE4271%3E3.0.CO;2-H
http://dx.doi.org/10.1002/ange.19810930507
http://dx.doi.org/10.1002/ange.19810930507
http://dx.doi.org/10.1146/annurev.bi.48.070179.002131
http://dx.doi.org/10.1146/annurev.bi.48.070179.002131
http://dx.doi.org/10.1002/ange.19971091234
http://dx.doi.org/10.1002/anie.199713471
http://dx.doi.org/10.1002/anie.199713471
http://dx.doi.org/10.1126/science.1175313
http://dx.doi.org/10.1002/ange.19911030848
http://dx.doi.org/10.1002/ange.19911030848
http://dx.doi.org/10.1038/nchem.100
http://dx.doi.org/10.1038/nchem.100
http://dx.doi.org/10.1021/bi702386t
http://dx.doi.org/10.1146/annurev.bi.64.070195.002425
http://dx.doi.org/10.1021/ar040153h
http://dx.doi.org/10.1021/ar040153h
http://dx.doi.org/10.1016/j.ccr.2010.04.009
http://dx.doi.org/10.1016/j.ccr.2010.04.009
http://dx.doi.org/10.1002/ange.200705008
http://dx.doi.org/10.1002/ange.200705008
http://dx.doi.org/10.1002/anie.200705008
http://dx.doi.org/10.1039/b906726b
http://dx.doi.org/10.1002/ange.201005910
http://dx.doi.org/10.1002/ange.201005910
http://dx.doi.org/10.1002/anie.201005910
http://dx.doi.org/10.1021/ja205254s
http://dx.doi.org/10.1021/ja205254s
http://dx.doi.org/10.1002/ange.200702075
http://dx.doi.org/10.1002/ange.200702075
http://dx.doi.org/10.1002/anie.200702075
http://dx.doi.org/10.1002/ange.200461308
http://dx.doi.org/10.1002/ange.200461308
http://dx.doi.org/10.1002/anie.200461308
http://dx.doi.org/10.1107/S0907444993011333
http://dx.doi.org/10.1107/S0907444993011333
http://dx.doi.org/10.1039/c0cc00234h
http://dx.doi.org/10.1039/c0cc00234h
http://dx.doi.org/10.1016/0022-2860(76)80113-5
http://dx.doi.org/10.1039/b615141h
http://dx.doi.org/10.1021/ja049069n
http://dx.doi.org/10.1021/ja049069n
http://dx.doi.org/10.1021/ja001545w
http://dx.doi.org/10.1021/ja001545w
http://dx.doi.org/10.1021/ja038416a
http://dx.doi.org/10.1021/ja038416a
http://dx.doi.org/10.1002/chem.201001534
http://dx.doi.org/10.1002/chem.201001534
http://dx.doi.org/10.1016/j.jclepro.2004.09.005
http://dx.doi.org/10.1016/j.jclepro.2004.09.005
http://dx.doi.org/10.1038/nature05592
http://dx.doi.org/10.1039/b708622a
http://www.angewandte.org

