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Reaction of the ditopic semirigid ligand 1,2-bis(imidazolylmethyl)benzene (1,2-bimb) or the flexible ligand 1,4-bis-
(2-benzimidazolyl)butane (C4BIm) with AgX (X = ClO,~, BF4~, CF3CO,") afforded five new complexes, namely,
[Ag2(1,2-bImb),)(ClO4), (1), [Aga(1,2-bIMb),](BF4) (2), [Aga(1,2-bImb),](CF5CO,)22CH;OH (3-2CH30H), [Ag2(C4BIM)o]-
(ClOy),-2DMF (4-2DMF), and [Aga(C4BIm),](CF3CO,),-2H,0 (5-2H,0), all of which contain a centrosymmetric,
rectangular-shaped cationic disilver(l) metallacycle [Aga(L)]J**. In 1-3, a pair of 1,2-bimb ligands takes on the syn
conformation to connect two Ag(l) ions to give a compressed rectangle with a transannular Ag---Ag separation of
3.27-3.36 A, whereas in 4 and 5, the pair of planar C4BIm ligands acts in the cis conformation to connect two
Ag(l) ions to yield a normal rectangle with a transannular Ag-++Ag separation of 7.67-7.91 A. The anions form
Ag-+-O or Ag---F weak interactions in 1-3 and O—H---O or N—H---O hydrogen bonds in 4 and 5 in crystal
packing but exhibit no significant influence on the formation of the disilver(l) macrocycles. The solution structure
and dynamic behavior of the complexes studied by electrospray ionization mass spectrometry, *H NMR, and variable-
temperature NMR indicated that the dynamic equilibrium between the [Agy(L),]** cation and the open-ring oligomers
or other potential species occurs via solvent-assisted dissociative exchange. The metal—-ligand exchange barrier
was estimated to be 54.5 kJ mol™.

Introduction specific self-assembly with various coordination centers
provided by the plethora of metal ions. This strategy has

The programmed self-assembly of discrete molecular a4 1o be effective for the organization of molecular

architectures, such as coordination polyhedral cages and,,yq0ns23n contrast, the construction of relatively simple

polygonal macrocycles, has been the subject of extensive g .tanqjar-shaped molecules with low symmetry presents
studies over the past decade because of their potentialyiicifies, mainly because a combination of metal ions with
applications in molecular recognition, separation, and stor- two kinds of organic ligands of different length tends to give

| .
age- The most common approach to synthesize SUCh 5 iyire of small and large squares rather than a rectangle.
compounds is to combine organic ligands favoring structure- We recently proposed hgand-directedconstruction ap-
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proach by designing organic molecular clips that provide two interesting conversion of discrete coordination assemblies
parallel coordination sites facing the same direction and to polymeric structures, and the formation of infinite
achieved spontaneous assembly of molecular rectangles angolymers from ring-opening isomerization of closed cyclic
prismatic cage$.This may be an alternative approach with or cage precursors has been speculated. This prompted us
respect to Stang’s clips by avoiding the predesign of to conduct an investigation of the solution structure and
organometallic precursops. dynamics, hoping to gain some insight into the general
Because our previous approach made use of rigid or mechanism of self-assembly and the relationship between
semirigid ligands, we are interested in extending it to flexible the closed and extended structures.
ligands bearing similar “clip” characteristics. Construction The solution dynamics behavior monitored by NMR and
of discrete molecular structures with flexible ligands is far mass spectrometry (MS) techniques has been vigorously
less common in comparison to the conformationally rigid explored in various self-assembled supramolecular sys-
ligands because of the less predictable assembly précesstemsl®!! where variable-temperature NMR (VT-NMR)
However, the incorporation of flexible components may represents a useful tool to elucidate structural conversions
endow the molecular architectures with potential advan- such as enantiomerizatiéh,conformational and linkage
tages: for example, a “breathing” ability in the solid state jsomerizatiort?and ligand exchange or equilibriuthSilver-
and adaptive recognition properties as a function of coexist- (1) complexes are known to be labile in solution, and rapid
ing guests or counteriof<On the other hand, the ﬂEXIbI|Ity exchange may occur on the NMR time scale at ambient
of the ligand leads to the formation of both discrete temperaturdS Although solution dynamics investigations
macrocycles and infinite polymeric structures on the basis have been well carried out for several silver(fiitrogen
of the conformational freedom of the connecting fragnfent. donor systemd;41516fyrther work is warranted in view of
In most cases, the coordination polymers can be crystallized,the large assortment of Ag(l) coordination assemblies
but little attention has been paid to their assembly mechanismconstructed hitherto. We have previously reported a series

in solution. Our group and othéfs recently reported the
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Scheme 1. Preparation of Ligands and Their Ag(l) Complexes

disilver(l) metallacyclic structures synthesized using a semi-
rigid ligand, 1,2-bis(imidazolylmethyl)benzene (1,2-bimb),
and a flexible ligand, 4/4bis(2-benzimidazolyl)butane
(C4BIm), namely, [Ag(1,2-bImb}](CIO4). (1), [Aga(1,2-
bimb)](BF4)2 (2), [Ag2(1,2-bImb}](CF;CO;),2CH;OH (3¢
2CH;0H), [Agy(C4BIm)](ClO4),2DMF (4:2DMF), and
[Ag2(C4BIM)](CFCOy,)2-2H,0 (5-2H,0). Complexed—3
provide a feasible model to acquire solution structure
information via*H NMR and electrospray ionization MS
(ESI-MS) measurements, whilé and 5 can be used to
explore the dynamic equilibrium of solution species by
variable-temperaturéd NMR. Different anions were selected
to explore the effect of their coordination ability, size, and
shape on the resulting structures.

Results and Discussion

Synthesis and Characterization.Two structurally related
ligands, flexible C4BIm and semiflexible 1,2-bimb, have
been employed to synthesize disilver(l) complekes. The
ligand C4BIm contains the aliphatic (G}4 backbone with
two 2-benzimidazolyl (BIm) rings acting as terminal coor-
dinating groups, while the ligand 1,2-blmb consists of the
rigid o-xylylene spacer and two 1-imidazolyl (Im) rings.

Chen et al.

of a noncoordinated perchlorate i6hThe absorption band
at 1076 cm? indicates the existence of the BFanion in
complex2. The strong absorption bands at 1685 and 1459
cmtin complex3 are assigned to,s and v vibrations of
the CRCO,” anion!® respectively. The IR spectra of
complexest and5 feature basically C4BIm ligand absorp-
tions. The characteristic bands of the “free” perchlorate ion
in 4 appear at 1089v) and 621 cm? (v,4). The absorption
band at 1659 cmt occurs as a result of the stretching
vibrationvc—o of solvated DMF molecules, which is slightly
red-shifted compared to that of “free” DM#&,probably
owing to the formation of N-H---O hydrogen bonds with
C4BIm. The broad band centered at 3280 ¢in 4 can be
assigned tay—y of the C4BIm ligand, and the broadness is
indicative of hydrogen bonding in accordance with the crystal
structural analysis. In complé thev,sandvs bands of the
CRCO, anion appear at 1674 and 1454 ¢prespectively.
The solvated water molecule B shows a broad band at
3310-3450 cm!, which overlaps with the NH absorption.
Crystal Structure. The crystallographic analyses of
complexesl—3 showed that they are all composed of a
dimeric cation [Ag(1,2-blmb}]?*, which weakly interacts
with two counteranions, as depicted in Figure 1. Because
of the semiflexibility arising from the methylene groups
(—CH,—), two imidazolyl arms of each ligand adopt the syn
conformation, with the two imidazole rings nearly parallel
to each other (dihedral angles: 15°Z6r 1, 15.53 for 2,
and 17.57 for 3). Thus, two Ag(l) ions join two 1,2-bimb
ligands to result in a “compressed” rectangular-shaped
macrocycle containing intramoleculat---z interactions
(centroid-to-centroid distances: 3.494 A fr3.491 A for
2, and 3.527 A for3). The metallacycle exhibits an overall
chairlike conformation possessing a crystallographically
imposed inversion center. Each silver(l) ion is coordinated
to two imidazole N donors, with the NAg—N bond angles
close to linearity (see Table 2). Two diametrically positioned
anions weakly bridge the two Ag(l) ions in a bidentate
manner [Ag(A)-+O(3) 2.899 A and Ag-0O(2) 2.992 A in
1; Ag(A)-++F(4) 2. 964 A and Ag-F(3) 2.959 A in2; and
Ag(A)---O(2) 2.696 A and Ag-O(1) 2.953 A in 3].
Although the BR~ anions in2 are slightly disordered, the
bridging fluorine atoms are well located. The short transan-
nular Ag--Ag separations (3.339 A i, 3.364 A in2, and
3.271 Ain3) in these dimeric cations are comparable with
the sum of the van der Waals radii of two silver atoms (3.440
A),% precluding any effective space inside the metallacyéles.
Therefore, formation of such compressed metallacycles may

Scheme 1 illustrates the synthetic procedure of the two be attributed to the synergistic effects involving intramo-

ligands and their reaction with silver salts AgX €&XCIO,™,
CRCO,, or BR,). It was found that altering the anions of
various shapes and coordinating ability did not affect the
formation of binuclear [Ag.,]?>" cations but showed a slight
influence on their cavity siZe and a remarkable influence
on their packing in the solid sate (vide post).

The infrared spectra of complexés-3 all exhibit char-
acteristic absorptions for ligand 1,2-bimb with a slight shift
due to coordination. In compleg, the absorption bands
appearing at 1085-¢) and 623 cm? (v4) are characteristic
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Figure 1. View of the cationic metallacycles [A{lL,2-bimb}]2" clamped

by weakly interacted anions in (&) (b) 2, and (c)3. Displacement ellipsoids
drawn at the 50% probability level with anions in a ball-and-stick mode.
Symmetry code: (Ayx+1,-y+2,—z+ 1.

clamping of silver(l) ions by anions. Two solvated &»H

mOIe-CUIeS Ir form O—H---O hydrogen bonds (&0 2.751 Figure 2. View of the cationic metallacycles [A¢C4Bim)]?" showing

A) with the oxygen atoms of GEO, ™. hydrogeﬁ—bonded anions and solvated molecules if-@PMF and (b)
X-ray crystal structure analyses confirmed that complexes 5-2H,0. Displacement ellipsoids drawn at the 50% probability level with

4 and5 consist of a centrosymmetric dimeric cation [Ag ~ &nions in a ball-and-stick mode. Symmetry codd2DMF, (A) —x + 1,

(C4BIm),]2*, two noncoordinated anions, and two solvated Y "1 72+ 25280, B =~y ~z

molecules, as depicted in Figure 2, with each C4BIm ligand CRCO,~ and noncoordinating ClQ anions do not form

acting in the ditopic bis(monodentate) mode. Each silver Ag---O interactions to “clamp” two Ag(l) ions. Alternatively,

atom is almost linearly coordinated by two ligands{Ng— each dimeric cation forms four hydrogen bonds with the two

N 170.09(11) (4) and 176.28(1%)(5)], and the two BIm counteranions and two solvated molecules via the NH groups

arms of each ligand adopt the cis conformation such thatof the BIm rings. In5, the hydrogen-bonded [Ag

the macrocycles id and5 are nearly coplanar. The mean (C4BIm)]?" cation, CECO,~ anion, and solvated water

deviations of the plane including all non-H atoms of the further constitute two three-component rings on both sides

cation are 0.0784 A fo# and 0.4061 A for5. Therefore, of the metallacycle (Figure 2).

the dimeric [Ag(C4BIm)]?* cations exhibit the normal Crystal Packing. As one of important types of supramo-

rectangular shape, which is significantly different from the lecular forcesm--wr stacking shows a specific structural

“compressed” one il—3. The transannular AgAg separa- requirement for substrate recognition or the arrangement of

tions (7.669 A in4 and 7.906 A in5) are more than twice  complicated architectur@sln complex1 (or 2), two types

as long as those in—3, excluding the formation of  of intermolecularz--- stacking are present, as shown in

intramolecularz--- stacking and Ag-Ag interactions. In Figure 3a, besides the intramolecular-- interactions

contrast to those irnl—3, both the weakly coordinating mentioned above. One is formed between phenyl rings

Inorganic Chemistry, Vol. 44, No. 23, 2005 8513
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Figure 3. =z---m stacking (indicated by dashed lines) and its schematic vietv(e) and4 (b).

(labeleda, centroid-to-centroid distances: 3.750 Alimnd solvated molecules interbedded between,[Afft cationic
3.752 A in2) and the other between imidazolyl rings (labeled layers, as depicted in Figure S4b in the Supporting Informa-
B, centroid-to-centroid distances: 3.640 Alimnd 3.720 A tion. Them---;r interactions between Blm units (centroid-
in 2). The a-type &+ interactions link the dimeric  to-centroid distances: 3.725 and 4.131 A) in comfetso
[Ag.L,]?" cations in an offset way to give an infinite 1D link the dimeric cations into a 2D brick layer (Figure S5a in
chain. Such chains are further recognized via the staggeredhe Supporting Information). More interestingly, two solvated
pB-type z---7r interactions to result in a 2D layer in tlee H>O molecules and two GEO,~ anions form a hydrogen-
plane, as shown in Figures 3a and S2a in the Supportingbonded cyclic motif (@O 2.784-2.892 A and0OHO
Information. The molecules are stacked up in these layers,153—173), which connects the dimeric cations via-N-
leaving a large space in between to accommodate the:-O hydrogen bonds (N-O 2.724-2.788 A andONHO
counteranions (ClQ or BF,~) as demonstrated in Figures 153-175) into a 1D chain, as shown in Figure S5b in the
S1 and S2b in the Supporting Information. By contrast, Supporting Information. The combination of--x interac-
complex3 shows only thex type of intermoleculavr:-- tions and hydrogen bonds generates a 3D framework (Figure
interactions, which join the dimeric [Al},]*" cations into S5c in the Supporting Information) with counteranions and
a 1D chain, as shown in Figure S3a in the Supporting water molecules located between the layers of the metalla-
Information. Thepj-type interactions are absent probably cycles, as shown in Figure S5d in the Supporting Information.
because of the existence of the solvatecsGH molecules, Solution Structure and Dynamics.At room temperature,
which form C-H-+-O hydrogen bonds (&0 2.483 A) with the IH NMR spectra of all complexes generally show a
the anions (Figure S3a in the Supporting Information). simple pattern containing one set of signals, indicative of
However, the layered crystal packing mode is still main- either the formation of one single species in solution or the

tained, with the [AgLo]*" cationic layer and the GEO," presence of rapid equilibration between exchanging species.
and CHOH anionic layer alternately stacking up as shown Compared to the spectra of the “free” ligands, the proton
in Figure S3b in the Supporting Information. signals of the complexes are shifted (downfield or upfield)

The rectangular [Ag ,]?" cations in complex stack up  and broadened to varied extents. This supports the second
in an offset way with the formation of---7 interactions postulation due to the labile nature of the silver(l) complexes
between BIm units (centroid-to-centroid distances: 3.718 andin solution as observed in related systet#sl62223The
3.896 A), thus generating a 2D layer, which is shown in questions then arise as to the nature and structure of the main
Figure 3b. Each dimeric cation overlaps with four neighbor- species in solution.

ing cations in a manner similar to bricks in a masonry wall.  Figure 4 displays théH NMR spectra of 1,2-bimb and
Furthermore, the hydrogen bonds are formed between theits complexes recorded in GDN or DMSO+4s at room
cations and CI@~ anions and DMF molecules (NO temperature. The proton resonance assignments have been

2.704-2.955 A andOONHO 153_1750, Figure S4a in the confirmed by the 2D H’H-COSY Spectrum of 1,2_b|mb,

Supporting |nf0rmati0n), which make the counteranions and where correlations between ldnd H and between Hand
He are evident, as shown in Figure S6 in the Supporting

(21) (a) Ponzini, F.; Zagha, R.; Hardcastle, K.; Siegel, Argew. Chem.,
Int. Ed.200Q 39, 2323. (b) Fyfe, M. C. T.; Stoddart, J. Acc. Chem.

Res.1997, 10, 3393. (c) Janiak, Cl. Chem. Soc., Dalton Tran2000 (22) Caulder, D. L.; Powers, R. E.; Parac, T. N.; Raymond, KANgew.
3885 and references cited therein. (d) Ma, J. C.; Dougherty, D. A. Chem., Int. E1998 37, 1840.
Chem. Re. 1997, 97, 1303. (23) Levin, M. D.; Stang, P. J. Am. Chem. So200Q 122, 7428.
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a) H4
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: 4
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Figure 5. Partial'H NMR spectra for C4BIm and its complexdsand5
in DMSO-ts.

78 70 85 8.0 55 PPM

b)

1,2-bImb . protons (H, Hs, and H) show the usual downfield shift,
H TH which is caused by the overall loss in electron density upon
Hs coordination. It is noticeable that different anions cause
B slightly different shifting values but do not alter the opposite
-J- - shifting tendencies of two groups of signals, indicating that
B H the same solution structures of the dimeric JAg>" cations

3

are formed with different counteranions. Similar proton shifts
were observed by using DMS@-as the solvent. However,
1 ] 1 the shifts are not as significant as those in,CH, suggesting
that such proton shifts are also solvent-dependent.
Hss H: H Figure 5 shows the partidH NMR spectra of C4BIm
H | and its complexes recorded in DMSip-at ambient tem-
perature. Unambiguous proton signal assignments were
I achieved by measuring and analyzing the 2D HEDSY
— . . e spectrum of C4BIm, as depicted in Figure S7 in the
. Pv.s - N’\;oR t .e.s - s.; L 55 ng § Supporting Information. All protons experience a downfield
3'?n“g’D3'CN;a(L')alv2_blmbZazci{:“céapléxasgndz”m'S,\josngfdz an shift upon coordination, indicating that no intramolecular
aromaticsr stacking is present and the dimeric [Ag]?"

Information. In CRCN, the signals of the protons from cation may take the planar conformation as revealed in the
imidazole rings (H, H,, and H) are shifted upfield while solid-state structures. On the other hand, the signals of phenyl
those of others (i Hs, and H) downfield after coordination. ~ Proton H and H, resonances were significantly broadened,
This observation is obviously contrary to the normal Suggesting a dynamic process around this temperature, which
expectation that the ligand proton resonances should peWill be discussed in detail later. Further verification of the
shifted downfield in general upon coordination, and the dimeric structure comes from fast atom bombardment (FAB)
signals of the protons near the coordination sites should beMass spectra recorded férand5. The peaks appearing at
shifted downfield more than those of others because of theM2z 795, 505, and 397 are attributable to the {KeABIm)-
inductive effect of the metal iorf§:2% The most probable  HI™, [Ag(C4BIm)-HJ", and [Ag(C4BIm)]" species, respec-
reason for such conflicting shifts is that the major species in tively.

solution retains its structure as observed in the solid state; More detailed information on the solution structure can
that is, the two imidazole rings are face-to-face-arranged with b€ convincingly obtained by ESI-MS. Figure 6 displays the
protons on each ring shielded by the neighboring ring, ESI-MS spectra of complex&sands, in which most of the
resulting in an upfield shift due to the ring current effect. Salient peaks are assignable to potential coordination species
Such upfield shifts have been widely used to investigate in solution. Each species was verified by careful comparison
aromaticsr stacking in solution and found to be concentra- Of the isotopic patterns between the observed peak and the

tion-depender® In contrast, the methylene and phenyl theoretical simulation, confirming the consistency of the
molecular mass and the stoichiometric formulation. The ESI-

(24) (a) Shetty, A. S.; Zhang, J.: Moore, J. 5.Am. Chem. Sod996 MS spectrum of3 recorded in acetonitrile shows peaks at
118 1019. (b) Mizutani, M.; Kubo, I.; Jitsukawa, K.; Masuda, H.; m/z 804.9 (base peak), 585.1, 567.0, 387.9, and 347.3,
Einaga, Hnorg. Chem1999 38, 420, (c) Fischer, B. B Sigel, H. o\ iqantly indicating the formation of coordination species

J. Am. Chem. S0d.98Q 102 2998. (d) Yamauchi, O.; Odani, A.
Am. Chem. Sod 985 107, 5938. {[Ag2(1,2-bImb}](CFCO,)} *, [Ag(1,2-bimb}] *, {[Ag2(1,2-
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Figure 6. ESI-MS spectra o8 (top) and5 (bottom) in MeCN. Isotopic distribution of the selected peak is amplified with its simulation as the inset.

bImb)](CRCO,)} *, [Ag(1,2-bimb)+ MeCN]t, and [Ag(1,2- species attributable to [Ag(1,2-blimb}y, [Ag(1,2-bimb)+
bimb)I*, respectively. In addition to the dimeric cation MeCN]*, [Ag(1,2-bimb)+ DMSO]", and{[Ag2(1,2-bimb}]-
[Ag.L2]?", there also exist the oligomeric species A, (ClOg)}* (for 1) or {[Ag2(1,2-bImb}](BF4)}* (for 2) were
monomeric species [Agltland [AgLy]*, and solvated motif ~ clearly detected, as shown in Figure S8 in the Supporting
[AgL + MeCN]'. These findings suggest that several Information. Similar equilibria may also exist for complex
solution species (or intermediates) simultaneously coexist,5 in DMSO solution. The peaks appearing ratz 795.0,
in agreement with what Lehn has termed “virtual combina- 687.1, and 399.4 are attributed to [AG4BIm)-H]*, [Ag-
torial libraries”, in which the prerequisite precursors will (C4BIm)]*, and [Ag(C4BIm)}, respectively. Compared to
converge to the final product under normal circumstadges. those of3, the dimeric cation [Ag-2]>" and monomeric
The presence of the [Agh- MeCN]" motif may suggest species [Agk]™ and [AgL]t are observed, but the oligomeric
that the dynamic equilibria among these species are estabspecies [AgL]?" and solvated motif are absent, although the
lished via a solvation-assisted dissociative pathway, as showrformer is detected by FAB-MS mentioned above. This again
in Scheme 24¢15To further confirm this speculation, ESI-  suggests that the solvent played an important role in solution
MS spectral measurements were carried out for complexesdynamics and also affected ESI-MS measurement. Therefore,
1 and2 in a MeCN/DMSO mixture. As expected, solution distribution of the species in solution was not estimated on
the basis of the ESI-MS results. Alternatively, titration of a

(25) (@) Huc, 1; Lehn, M.-JProc. Natl. Acad. Sci. U.S.A997 94,2106,  C4BIm solution with AgCECO, monitored by in situ H
(b) Lehn, J.-M.; Eliseev, A. VScience2001, 291, 2331. NMR was carried out.

8516 Inorganic Chemistry, Vol. 44, No. 23, 2005



Disilver(l) Rectangular-Shaped Metallacycles

Scheme 2 Potential Solution Dynamic Process for Compkexor 5)
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Figure 7. Titration of C4BIm with AgCRCO; in DMSO-ds. Metal-to-
ligand ratios: (a) 1:4; (b) 1:2; (c) 1:1; (d) 2:1.

As shown in Figure 7, when a small portion of silver(l)
salt was added to the solution of the ligand (L:#v4:1),
the H NMR spectrum essentially displayed the "free” ligand
signal profile with a slight downfield shift. Continued
addition of metal salts led to further downfield shift but not

[
T
&:
x
T
-‘:
T
ES
L
3

structural information, it is rational to speculate that the
disilver(l) cyclic [Ag:L,]?" motif is thermodynamically
favored and predominant over other potential species in
solution, consistent with the NMR and ESI-MS investigation
results for complexe$—3.

The reason for Hand H, showing broadened resonances
upon coordination can be easily explained by Scheme 2. In
the absence of metaligand interaction, the amino proton
moves rapidly between two tautomerized N atoms. Therefore,
the phenyl protons Hand H, and the protons pHand H; are
equivalent, giving rise to two sets of overlapping multiple
signals. After coordination, the amino proton is fixed to one
N atom so that the two N atoms become nonequivalent. This
will make the adjacent Hand H, distinguishable, while the
farside H and H; are less affected, similar to the case of
2-substituted benzimidazole derivativds. other words, the
signals of H and H, resonances tend to separate while those
of H, and H still remain overlapped when Agigand
interactions happen. Because the-A¢ bond is labile in
solution, such a separation of; ldnd H, signals will reflect
the metat-ligand exchange, which can be monitored by VT-
NMR once the dynamic process falls onto the NMR time
scale. As a consequence, variable-temperatifdMR was
performed for comple® in DMF-d;, which resembles polar

two separate sets of signals corresponding to the complexS°Ivent DMSO but has a lower freezing point, to elucidate

and the “free” ligand. In addition, the overlapped multiple

signals of H and H, started to broaden. These observations

indicated complex formation, but the labile A§l bonds

the solution dynamics.

As shown in Figure 8, the spectrum 6fin DMF-d; at
283 K exhibited the same broadened peak fpaHd H, as

allowed rapid chemical exchange on the NMR time scale. that in DMSO#ds. When the solution was cooled to 273 K,
The maximum signal shift and peak broadening was found the broad signal was split into two separate peaks. At 223
for a 1:1 metal-to-ligand ratio, corresponding to quantitative K, two sharpened signals corresponding to well-resolved H

formation of a disilver(l) metallacycle. Excess addition of

and H, appeared. This clearly indicated that the meligland

metal salt showed little influence on chemical shifts but exchange slowed when the temperature was decreased. The
slightly sharpen the broadened peak. On the basis of thesecoalescence temperatufgwas estimated at 278 K, and the
titration results, a combination of ESI-MS and solid-state exchange barrierAG* (in kJ mol?) can be determined by
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fore, the structure of the final product can be easily influenced
by various subtle factors such as the solvation effect,
counterion interaction, and other supramolecular forces. This
283K might partly account .for why astonlshlngly d|ver§|f|ed
JL/\ structures and topologies could be obtained from silver(l)
and resembling ligands, giving rise to supramolecular
isomerism. In the present instance, the dimeric At
278K motif represents the smallest cyclic entity in solution.
J Formation of open-ring oligomers is disfavored for enthalpic
reasons, while larger macrocycles are disfavored because of
entropic factors. However, on the basis of the equilibria
273K among the dimeric cation and the potential oligomers and
monomers, which may act as precursors, it is always possible
H, for such precursors to polymerize, resulting in extended

Hss
H,
structures under appropriate conditions (Scheme 2). In other
223K J’L "‘ words, the energy barrier for the cyclic structure to convert
78 76 74 72 PPM

J

into the extended structure should be comparable with subtle

84 62 80 kinetic contributions upon crystallization. In this context, the
Sigure 8. Temperature-dependettt NMR spectra of comple in DMF- polymeric structures are closely related to the cyclic ones.
" Solution dynamic investigation of the cyclic structure may
using the following Eyring equation (eq 1) together with P helpful to elucidate the assembly mechanisms for the
equation 28 polymeric isomers because the coordination polymers are
known to show sparing solubility in most cagés.

Counteranion Effect. It is known that the counteranions
often play important roles to affect the assembly process of
Ag(l) coordination polymers, leading to diversified network

£ _3 topologies due to the unique shape, size, and coordination
AGT= 19.14I'c(10.32+ log K) x 10 ) ability of the aniong® The template effect and influence on
the shape and size of the Ag(l) metallacycles have also been
wherex is the transmission coefficient (equal to k)js the reported’. In the present cases, the counteranions weakly
exchange rate f( x Av)/)«/i) at T,, and Av the peak interact with the disilver(l) metallacycles, either throughAg
separation in the absence of exchange. --O and Ag--F secondary bondind.{-3) or through O-H-

The calculated metalligand exchange barrier is 54.5 kJ <O and N-H-:-O hydrogen bonding4( and 5), slightly
mol~* with the exchange rate 3.% 1% s%, which is tuning the shapes of the metallacycles, but do not signifi-
comparable with the energy barrier 58.5 kJ maletermined cantly influence their formation. Altering the anions from
for the trinuclear silver(l) complex with thiazole N dondfa. noncoordinating BF or CIO,~ to weakly coordinating
Taking account of a few minor coordination motifs or CFCO,™ does not make a remarkable difference, indicating
intermediates in solution (vide ut supra), the energy barrier that the shape and size of the disilver(l) macrocycles depend
here may just represent the averaged free energy minimummainly on the ligands rather than the counteranions. This is
for structural conversion between different solution species. contrary to the findings of the disilver(l) macrocycles formed
On the other hand, because it is obvious that solvents playby the N-methylated bis(amidopyridine) ligafidut con-
important roles in the proton chemical shifts and solution sistent with our previous resuf® On the other hand, the
species formation as discussed above, the potential dynamierystal packing was found to be significantly influenced by
process may be considered to undergo a solvent-assistedhe counteranions through the formation of distinguished
dissociative exchanging mechanism (Scheme 2). Similar supramolecular forces. As discussed in the Crystal Packing
dynamic equilibria have been observed for other related section, because the ligand 1,2-bimb has no NH hydrogen
systemg#15.22.27 donor groups, all of the anions choose to interact with the

The activation energy estimated here suggests that theAg(l) ions and leave the ligand alone to forme:-x
interaction between the Ag(l) ion and the N-donor ligand is interactions inl—3. The use of the spherical CiOand BR~
comparable with that of strong hydrogen bondifd@here- anions leads to the formation of similar 2D brick wall layers
in 1 and 2, whereas the use of the linear £¥,~ anion

(26) Friebolin, H.Basic One- and Two-Dimensional NMR Spectroscopy i i7ati i
Wiley-VCH: Weinheim, Germany, 1991 p 263. results in cocrystallization of a methanol molecule to give

T
k= Xk%e—AGt/RT Q)

TC

(27) (a) Baxter, P. N. W.; Lehn, J.-M.; Rissanen Ghem. Commuri997, rise to a 1D chain ir8. By contrast, the presence of NH
1323. (b) Xu, J.; Parac, T. N.; Raymond, K. Angew. Chem., Int.
Ed. 1999 38, 2878. (29) (a) Chen, C.-L.; Su, C.-Y.; Xu, A.-W.; Zhang, H.-X.; Feng, X.-L,;

(28) (a) Khlobystov, A. N.; Blake, A. J.; Champness, N. R.; LemenovskKii, Kang, B.-SActa Crystallogr.2002 E58 916. (b) Tan, H.-Y.; Zhang,
D. A.; Majouga, A. G.; Zyk, N. V.; Schider, M.Coord. Chem. Re H.-X.; Ou, H.-D.; Kang, B.-SInorg. Chim. Acta2004 357, 869. (c)
2001, 222, 155. (b) Blake, A. J.; Champness, N. R.; Hubberstey, P.; van Albada, G. A,; Lakin, M. T.; Veldman, N.; Spek, A. L.; Reedijk,
Li, W.-S.; Withersby, A.; Schider, M.Coord. Chem. Re 1999 183 J.Inorg. Chem1995 34, 4910. (d) van Albada, G. A.; Veldman, N.;
117. Spek, A. L.; Reedijk, JJ. Chem. Crystallogr200Q 30, 69.
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Table 1. Crystallographic Data for Complexds-5

formula GgH28Ag2CI2NgOs CagH28Ag2B2FgoNs C34H36Ag2FsNsOs C42H50Ag2C12N10010 Ca0H20Ag2FsNgOs
Mw 891.22 865.94 982.45 1141.56 1058.54
crystal system triclinic triclinic triclinic triclinic triclinic

space group P1 P1 P1 P1 P1

alA 8.184(2) 7.999(4) 9.418(2) 7.397(4) 9.450(5)
b/A 8.478(2) 8.397(4) 10.244(3) 11.331(6) 10.407(5)
c/A 12.504(3) 12.717(6) 11.219(3) 14.200(8) 11.061(6)
o/deg 99.007(3) 100.271(6) 69.045(3) 92.149(9) 101.076(9)
pldeg 92.494(4) 91.555(6) 88.145(4) 93.439(9) 98.593(9)
yldeg 110.729(4) 110.988(5) 74.178(4) 107.522(9) 94.408(9)
VIA3 796.8(4) 780.8(6) 970.0(4) 1131.0(10) 1049.3(9)

z 1 1 1 1

Dd/(g cm3) 1.857 1.842 1.682 1.676 1.675
ulmm™t 1.460 1.337 1.092 1.053 1.016

R1 0.0425 0.0348 0.0447 0.0364 0.0397
wR2 0.1041 0.0955 0.1087 0.1206 0.1304

groups in the ligand C4BIm facilitates the formation of
N—H---O hydrogen bonds; therefore, both GiOand
CRCO,~ anions choose to interact with the ligand rather
than the Ag(l) ions it and5. The crystal packing is directed
via a synergistic effect involving-+-sr stacking and hydrogen
bonding. In4, a DMF molecule is incorporated in the crystal
lattice by use of CI@™ and a 2D brick layer is formed, while
in 5, a water molecule participates in crystallization by use
of CRCO,~ and a 3D framework is generated in comparison
to the 2D layer im4.

Conclusion

Safety NotéAlthough we hae not encountered any trouble with
the siber perchlorate, it should be handled with appropriate
precautions because perchlorate salts are known for their potential
hazards.

Preparation. The ligands 1,2-blmb and C4BIm were prepared
according to the literature metho®Complexesl—5 were prepared
in a similar manner. A CECN solution of the silver salt AgX [0.10
mmol; X = CIO4~ (1 and4), CRCO,™ (3 and5), BF,~ (2)] was
added dropwise to a stirred GBIH solution of 1,2-bImk2H,0
(0.027 g, 0.10 mmol) at room temperature for3. For complex
4 or 5, C4BIm (0.029 g, 0.10 mmol) was used, and the reaction
media were DMF/EtOH (1:1, v/v) fod and EtOH for5. The
resulting mixture was continuously stirred for 10 min and then
filtered. Colorless single crystals &f-5 suitable for single-crystal

Five new silver(l) complexes have been prepared in which x-ray diffraction analyses were obtained by slow diffusion ofEt

the dimeric cations [Ag.,]?" are exclusively formed,
indicating that the semirigid 1,2-bimb bearing a xylylene
spacer or the flexible C4BIm bearing an aliphatic gH

into the clear reaction filtrate.

[Ag2(1,2-bimb),](ClO4), (1). Yield: 65%. Elem anal. Calcd (%)
for ngHngQzC'stOg: C, 37.74; H, 3.17; N, 12.57. Found: C,

spacer can both be utilized to construct rectangular metal-38.09; H, 3.19; N, 12.87*H NMR (DMSO-ds, 25 °C): ¢ 7.55

lacycles. The solution structures explored by mean¥-of

(dd, 4H; H), 7.52 (dd, 4H; H), 7.41 (s, 2H; H), 7.14 (d, 2H; H),

NMR and ESI-MS suggested that the predominant species8-94 (d. 2H; H), 5.42 (s, 4H; H). IR (KBr): v 3132 (w), 3060

in solution are consistent with the solid-state structures. The

solution dynamics information obtained from NMR titration
and VT-NMR measurement indicated that dynamic equilibria

are established among a dimeric cation and other potentialf

(w), 2936 (w), 1626 (w), 1516 (m), 1454 (w), 1386 (w), 1355 (m),
1299 (m), 1239 (m), 1113 (s), 1085 (s), 1030 (m), 949 (w), 831
(m), 789 (w), 734 (m), 654 (m), 623 (M) crh
[Ag2(1,2-bimb),](BF4)2 (2). Yield: 80%. Elem anal. Calcd (%)
or CogHsAg2BFgNg: C, 38.84; H, 3.26; N, 12.94. Found: C,

oligomers and monomers via a solvent-assisted dissociativesg o3: H, 2.94; N, 13.05. IR (KBr)» 3138 (m), 3055 (w), 2935

exchange mechanism. The methgand exchange barrier

(W), 1623 (w), 1517 (m), 1458 (w), 1404 (w), 1343 (w), 1301 (m),

is estimated to be comparable with the energy of a strong 1241 (m), 1113 (s), 1076 (s), 1031 (s), 949 (w), 860 (w), 831 (m),

hydrogen bond, which may partly account for the fact that
formation of silver(l) complexes can be easily affected by

various subtle factors to lead to supramolecular isomerism.

Experimental Section

793 (w), 761 (m), 734 (m), 713 (m), 653 (m), 619 (m) Tm
[Ag2(1,2-bImb);](CF5CO,)2*2CH50H (3-2CH3OH). Yield: 35%.
Elem anal. Calcd (%) for £H36Ag2FsNgOs: C, 41.57; H, 3.69;
N, 11.41. Found: C, 41.61; H, 3.50; N, 11.83H NMR (DMSO-
ds, 25°C): 0 7.53 (s, 2H; H), 7.49 (m, 8H; H¢), 7.15 (d, 2H;
Hy), 6.96 (d, 2H; H), 5.39 (s, 4H; H). IR (KBr): v 3144 (w),

All chemicals were of reagent grade from commercial sources 3112 (w), 3063 (w), 2957 (w), 1685 (m), 1574 (m), 1514 (s), 1459
and used without further purification. Elemental analyses were taken (m), 1401 (m), 1356 (w), 1345 (w), 1286 (m), 1235 (m), 1110 (m),
on a Perkin-Elmer 240 elemental analyzer. IR spectra were recorded1083 (m), 1028 (m), 932 (w), 837 (m), 747 (m), 718 (m), 659 (s),

on a Bruker EQUINOX55 FT-IR spectrophotometer using KBr
disks in the 4006-400-cnT? regions.*H NMR measurements were
carried out on an INOVA 500NB spectrometer or a Mercury-Plus
300 spectrometer with SiMeas the internal standard. FAB mass
spectra were recorded on a VG ZAB-Hs instrument. ESI-MS was

622 (s) cnTl.

[Ag2(C4BIm),](CIO 4),*2DMF (4-2DMF). Yield: 60%. Elem
anal. Calcd (%) for @H2sAgCINsOs: C, 44.19; H, 4.41; N, 12.27.
Found: C, 44.20; H, 4.37; N, 12.284 NMR (DMSO-dg, 25°C):
0 7.70 (b, 4H; H 4), 7.26 (m, 4H; H 3), 3.09 (t, 4H,—CCH,CH,—

performed on a Thermo Finigan LCQDECA XP ion trap mass ), 1.93 (m, 4H,—CCH,CH,—). IR (KBr): v 3280 (s, br), 3061

spectrometer or a LCMS-2010A liquid chromatograph/mass spec- (w), 2926 (w), 2858 (w), 1659 (s), 1624 (m), 1597 (m), 1535 (m),
trometer. The accelerating cone voltage was set as low as possiblel489 (w), 1454 (s), 1426 (m), 1382 (m), 1316 (m), 1280 (m), 1223
to minimize the fragmentation process. (m), 1089 (s), 1047 (m), 1003 (m), 929 (w), 847 (w), 747 (m), 668
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(m), 621 (m), 436 (w) cmi. FAB-MS: m/z 795 [Ag(C4BIm),- Table 2. Selected Bond Distances (&) and Angles (deg) for Complexes
H]*, 505 [Ag(C4BIm)-HI*, 397 [Ag(C4BIm)T. 1-5

[Ag2(C4BIm),](CF3CO,),2H,0 (5:2H,0). Yield: 63%. Elem Complex1
anal. Calcd (%) for GeH10Ag2FsNgOs: C, 45.39; H, 3.81; N, 10.59. Ag—N(1) 2.109(4) Ag-N(3)#1 2.116(4)
Found: C, 45.48; H, 3.78: N, 10.634 NMR (DMSO-ds): 0 7.67 N(1)-Ag—NE)#1 174.3(2)
(b, 4H; Hy0), 7.26 (M, 4H; H ), 3.08 (t, 4H,—CCH,CH,—), 1.92 Complex2
(m, 4H,—CCH,CH,—). IR (KBr): v 3450-3310 (s, br), 3029 (w), Ag—N(1) 2.099(3) Ag-N(3)#1 2.098(3)
2957 (W), 2913 (w), 1674 (s), 1625 (m), 1535 (m), 1485 (w), 1454  N@)#1-Ag—N(1) 174.7 (1) 174.7 (1) 174.7 (1)
(s), 1421 (m), 1345 (w), 1316 (w), 1281 (m), 1202 (s), 1045 (w), Complex3
1003 (w), 921 (w), 824 (m), 798 (m), 744 (s), 718 (m), 629 (W),  Ag—N(L)#1 2.124(4) Ag-N(3) 2.126(4)
591 (w), 518 (w), 434 (w) cmt. FAB-MS: mVz 795 [Ag,(C4BIm),- N(1)#1—-Ag—N(3) 168.2 (1)
H]*, 505 [Ag(C4BIm)-HI*, 397 [Ag(C4BIm)T. Complexa

X-ray Crystallography. Experimental details of the X-ray Ag—N(1) 2.094(3) Ag-N(3)#1 2.099(3)
analysis as well as the crystallographic data are listed in Table 1. N(1)—Ag—N(3)#1 170.1(1)
Selected bond distances and bond angles are listed in Table 2. All Complexs
diffraction data were collected on a Bruker Smart 1000 CCD  ag—n(1) 2.076(3) Ag-N(4)#1 2.088(3)
diffractometer with graphite-monochromated Ma Kadiation ¢ N(1)—Ag—N(4)#1 176.3(1)

=0.71073 A) at room temperature, using the'program SMRRT aSymmetry transformations used to generate equivalent atbrt.

and processed by SAINT.3! Absorption corrections were applied  #1 —x+ 1, —y+2 —72+ 1.4 #1,—x+1,—y+ 1,2+ 2.5 #1,—x,

using the SADABS prograrft.Space groups were determined from -y, —z

systematic absences and further justified by the results of the

refinements. In all cases, the structures were solved by direct pically. F1 and Flatoms of anion BE in 3 are disordered and

methods and refined using the full-matrix least-squares method |ocated at two positions, with an occupancy of 0.5 for each.

againstF2 using SHELXTL softwaré? The coordinates of the non- )

hydrogen atoms were refined anisotropically. All hydrogen atoms ~ Acknowledgment. This work was supported by NNSF
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