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Reactions between [NbgCli5(CN)gl*~ and [Mn(salen)]* in
MeOH/H,0 solvent mixture led to the formation of {{Mn-
(salen)(H,0)]2[(Mn(salen)),(NbgCly2(CN)g)]}-0.66 MeOH-
5.33H,0 (1) which has a 2D anionic 4,4'-network built of
[NbeCly5(CN)g]*~ and [Mn(salen)]* nodes linked by CN li-
gands. The layers in 1 stack perfectly on top of each other
and generate channels where dimeric complexes [Mn(salen)-
(H,0)],%* are located. Unusual cation-induced solvent-medi-
ated structural transformations have been observed when 1
was exposed to solutions of different cations. In contact with
(MeyN)Clin MeOH, 1 is transformed to the 2D framework of
the previously reported compound [Me,N],[(Mn(salen)),-
(NbeCli2(CN)g)] (2). In the presence of (Et3BzN)*, 1 is trans-
formed into a mixture of [Et3BzN],[(Mn(salen)(MeOH)),-
(NbeCl;5(CN)g)]-4MeOH (3) and [Et3BzN],[(Mn(salen)),-
(NbgCli2(CN)g)]:3H,O (4) which are formed as crystals suit-
able for single-crystal X-ray diffraction. Compound 3 consists

of heterotrimeric  supramolecular anions built of
[NbgCly5(CN)g]* linked to two [Mn(salen)(H,O)]* through
two CN ligands located in axial positions, while 4 features
2D anionic 4,4'-net with the same connectivity as that ob-
served for 1 and 2 but different layer stacking and interlayer
spacing. In contact with methanolic solution of (Et,;N)*, 1 is
converted to [EtyN];[(Mn(salen)(H;0))2(NbgCli2(CN)g)]*
6 H,O (5) which is built of heterotrimeric structural motif sim-
ilar to those found in 3. In the presence of M* [M* = Li*, Na*,
K*, (BuyN)*, or (PPhy)*], the 2D framework of 1 is transformed
to heteropentamers built of [NbgCl;,(CN)g]*~ linked to four
[Mn(salen)(MeOH)|*: [(Mn(salen)(MeOH))4(NbgCl;,(CN)g)]-
4MeOH (6). The mechanism for these unusual solvent-medi-
ated phase-to-phase transformation is discussed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Hybrid materials and coordination polymers have re-
ceived much attention in the past decade due primarily to
their potential use in heterogeneous catalysis, adsorption
and separation.l! Initial investigations focused on rigid
frameworks and evolved toward new generation of flexible
frameworks with dynamic structural transformations in re-
sponse to external stimuli.?! Most of the reported work has
focused on pore-size adjustment and giant structural
changes,®~1 however, only a few of these reports have inves-
tigated the mechanistic aspects of dynamic structural trans-
formations.®! Most transformations are believed to occur
through solid-state mechanism with either crystal-to-crystal
or amorphous-to-crystal transformations. In most reactions
it is believed that the solvent merely acts as a vehicle for
guest molecules or ions in the case of ion-exchange reac-
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tions. However, Schroder et al. have demonstrated that
anion exchange in Ag! coordination polymers is solvent-
mediated and involves slow dissolution of the initial crystal-
line phase and growth of another phase.”l Thus, when crys-
tals of Ag' coordination polymers were immersed in aque-
ous solutions containing different anions, the crystals do
not change size or shape but quickly lose optical trans-
parency and their single crystalline integrity. Transmission
electron microscopy (TEM) and atomic force microscopy
(AFM) experiments showed the crystals to slowly dissolve
when immersed in solvent, and a new crystalline phase
grows on the surface of the original phase and the process
continues until anion exchange is complete. The complex
behavior of coordination polymers in the presence of guest
molecules requires more careful investigations that are lack-
ing at the moment. In this paper ion exchange and other
structural transformations of cluster-based coordination
polymers is shown to occur through cation-induced solvent-
mediated mechanism.

Edge-capped M¢L/|,L% (M = Nb, Ta) or face-capped
MgLsL%% (M = Mo, W, Re; L = halide, chalcogenide) octa-
hedral metal clusters can be synthesized most conveniently
through solid-state reactions.['”) The clusters can sub-
sequently be excised from the solid and can be subjected
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to ligand-substitution reactions leading to the formation of
clusters functionalized with different terminal ligands. The
function, size, and charge of these clusters can be tailored
by judicious choice of ligands. Furthermore, the clusters are
characterized by their variety of electronic and magnetic
properties arisen from the presence of metal-metal bond
within the Mg octahedral core.l'7 The combination of Mg
clusters equipped with suitable bridging ligands and metal
complexes with specific geometry, coordination require-
ment, and functionality has been shown to be a promising
method for the preparation of nanomolecular assemblies
and hybrid inorganic-organic materials with different di-
mensions and topologies.''~1¢1 Compared with mononu-
clear species, the use of Mg clusters as nodes is rationalized
by their large size (=1 nm), availability of multiple coordi-
nation sites, as well as the potential to create materials with
structural features and chemical-physical properties that
can be affected by the use of different cluster types and
different metals.l!-1¢]

We have previously reported that depending on the
cation used, reactions between [NbgCl»(CN)¢]* and
[Mn(salen)]* in methanol lead to the formation of either
a 2D framework [Mey4N][(Mn(salen)),(NbgCl5(CN)e)] (2)
built of anionic layers formed through CN linkages between
[NbeCl»]** clusters and [Mn(salen)]*, or 3D hydrogen-
bonded frameworks based on heterotrimer dianions
[(Mn(salen)(H,0)),(NbCl1»(CN)g)]>~ connected to each
other through hydrogen bonding between coordinated
MeOH and CN ligand.l'"¥ The use of MeOH/H,O as sol-
vent mixture led to the formation of 1 which consists of a
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dications [Mny(L),]** act as charge-balancing tem-
plates.['>©®! Herein we report on the reactivity of 1 in the
presence of solutions containing different cations. The find-
ings indicate that 1 undergoes solvent-mediated ion-ex-
change reactions and structural transformation. A possible
mechanism for these chemical and structural transforma-
tions is proposed.

Results and Discussion

Structure of the [NbsCl;2(CN)g]*~ Building Unit

The structures of all four compounds contain the same
[NbeCly»(CN)g]* cluster unit, which is characterized by its
octahedral Nbg metal core with 12 edge-bridging Cl ligands
and six terminal CN~ ligands connected to the cluster
through their carbon end. A comparison of the most im-
portant bond lengths and angles of the compounds are
listed in Table 1. The bond lengths and angles of Nb—Nb,
Nb-Cl, Nb-C, C=N and Nb—-C=N are close to the corre-
sponding values reported for other compounds containing
16e octahedral cyanochloride niobium cluster units.['413]
The IR C=N stretching bands are near 2130 cm™! close to
that found for the starting material (MeyN)4[NbgCl,,-
(CN)¢] (2129 cm™1).114

Two-Dimensional Frameworks of 1, 2 and 4

The three compounds feature similar two-dimensional

2D anionic framework in which in-situ generated dimeric 4,4 -network with [Mn(salen)(H,0)],>*, [MesN]* and
Table 1. Important bond lengths [A] and angles [°] for some {Nbg}-Mn(salen) compounds.
1 pil 4 5 6 Al B
Nb-Nb (mean) 2.9320(8) 2.924(6) 2.928(2) 2.931(1) 2.9304(6) 2.934(6) 2.927(4)
Nb-Cl (mean) 2.4686(1) 2.460(8) 2.462(4) 2.462(2) 2.462(1) 2.465(8) 2.464(7)
Nb-Cl 2.291(5) 2.273(4) 2.271(15) 2.281(9), 2.283(5) 2.274(4), 2.282(7),
2.261(9) 2.283(4) 2.283(5)
Nb-ClI 2.275(5) 2.286(4), 2.275(17), 2.282(8) 2.302(4) 2.302(4) -
2.285(5) 2.277(4) 2.282(11) 2.287(4)
C=N (non-bridging) 1.152(6) 1.131(5) 1.116(18) 1.132(10), 1.138(6) 1.141(5), 1.13409),
1.147(11) 1.146(5) 1.126(6)
C=N (bridging) 1.142(5), 1.131(4), 1.166(17), 1.153(10) 1.139(5) 1.143(5) -
1.145(6) 1.137(4) 1.149(18) 1.141(5)
CI-Nb-ClI (mean) 88.74(4) 88.67(3) 88.8(1) 88.75(7) 88.75(4) 88.76(3) 88.61(6)
Nb-Nb-Nb (mean) 90.00(2) 90.00(1) 90.00(5) 90.00(3) 90.00(1) 90.00(1) 89.98(2)
C-Nb-Cl (mean) 81.5(1) 81.4(1) 81.5(4) 81.53(2) 80.7(1) 81.5(1) 81.5(2)
Nb-CI-Nb (mean) 72.93(3) 72.98(3) 73.1(1) 73.04(5) 73.03(3) 73.06(2) 72.86(5)
Nb-C=N (non-bridging)  176.9(4) 175.3(4) 175(2) 179.5(9), 175.2(4) 177.2(4), 178.6(6),
176.7(8) 172.7(4) 176.1(4) 177.8(7)
Nb-C=N (bridging) 177.0(4), 174.7(3), 173.1(14), 175.4(7) 177.7(5) 176.8(3) -
174.9(4) 175.2(3) 176.2(15)
Mn-Ncey 2.293(4), 2.233(3), 2.349(14), 2.284(7) 2.243(4) 2.295(3) -
2.321(4) 2.365(3) 2.328(14) 2.293(4)
Mn-Ogqpvent 2.187(4) - 2.316(5) 2.404(3) 2.320(3) -
2.313(3)
C=N-Mn 147.3(3), 155.0(3), 149.1(13), 161.4(7) 161.3(4) 157.2(3) -
150.0(4) 144.2(3) 144.4(13) 149.5(3)
Nen—Mn-Ney 166.39(14) 173.33(12) 164.6(4) - - - -

[a] A is [Et,N],[(Mn(salen)(MeOH)),(NbsCl;»(CN)e)]'2MeOH, data from ref.l'* [b] B is the starting material (Me4N)4[NbsCl;>(CN)g],
data from ref.l'¥ [c] Carbon from non-bridging cyanide ligand. [d] Carbon from bridging CN ligand.
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[Mn(salen)(H;0)],**

1[Et3BzN]+

[Me:N]"

’

Figure 1. (a) The structure of the 2D anionic 4,4-network. (b) The packing diagram of 1. (c) The packing diagram of 4. (d) The packing
diagram of 2. (e) The perfectly stacked packing mode of the layers in 1 and 4. (f) The staggered arrangement of the layers in 2. The salen
ligands and Cl atoms are omitted for clarity in (e) and (f). The diagrams in (a), (¢) and (f) are viewed along the a direction while in (b),

(c) and (d) the crystal structure is viewed along the b direction.

[Et;BzN]* as cations, respectively (Figure 1). The anionic
layer is built of [NbgCl;»(CN)e]* nodes that use four of
their six cyanide ligands to connect to four different Mn'!!
complexes, and each manganese complex connects two clus-
ters through cyanide bridges.

The four [Mn(salen)]” complexes are all located in the
equatorial plane of the octahedral cluster. Each Mn3* ion
has a distorted octahedral coordination environment that
consists of two N and two O from the tetradentate salen
ligand with bond lengths Mn-O 1.893(3) A and Mn-N
1.995(4) A for 1; Mn-O 1.878(3) A and Mn-N 1.99(2) A
for 2; Mn-O 1.86(1) A and Mn-N 1.96(1) A for 4, com-
pared with Mn—O 1.882(1) A and Mn-N 1.983(1) A in the
precursor [Mn(salen)CI(H,O)];!'7! and two N from bridging
cyanide ligands with Mn-Ncy bond lengths between
2.233(4) and 2.365(3) A. The [Mn(salen)]* complexes are
linked to the cluster node in axial positions with C=N-Mn
angles between 144.2(3) and 155.0(3)°. The 2D nets in 1, 2
and 4 are direct expansion of the network of (EtyN),-
[Mn(salen),Fe(CN)g] in which [Fe(CN)¢]* takes the place
of the cluster [NbgCl;»(CN)gJ* .18

Although the frameworks in the three compounds are
built from the same building blocks and have same connec-
2984
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tivity, there are some differences between them (Table 2).
First, depending on the counterion, the 2D network is dis-
torted differently, and the Non—Mn—Ncey angles are signifi-
cantly different (166.4, 173.3, 164.6° for 1, 2 and 4, respec-
tively). The manganese ions are found at different distances
from the plane defined by the centers of clusters within the

Table 2. Comparison of the three 4,4'-nets in 1, 2 and 4.

1 2 4
Cluster---cluster’®! 13.19 13.30,13.01 13.02
Mn--cluster 7.51 7.51; 744 7.54; 7.51
/ Cluster-Mn-—cluster 122.71 125.59 119.77
Mn--plane® 3.04 3.30 3.76
Anglel 50.94 52.14 60.27
Angle!! 17.3 349 15.6
/ Nen-Mn-Ney 166.4 1733 164.6
Layers distance 1491 11.58 13.76

Effective free voll! [A3]  539.7/11.9%  590.0/8.4% 251.0/6.2%

[a] The separation is defined as the distance between the centers of
the clusters. [b] The plane is defined by the centers of the clusters
within the same layer. [c] Angle between the plane and a line de-
fined by the non-bridging cyanide ligand (cluster tilting). [d] Dihe-
dral angle between the two benzene rings of salen ligand. [e] Free
solvent not included.
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same layer: 3.04, 3.30, 3.76 A for 1, 2 and 4, respectively,
yet the Mn3*--cluster separations are all close to 7.5 A in
the three nets. Second, the salen ligand is significantly more
distorted in 2 compared to 1 and 4. The dihedral angle be-
tween the two benzene rings of the salen ligand in 2 (34.9°)
is markedly different from that in 1 (17.3°) and in 4 (15.6°).
This distortion is probably due to halide-n electron donor-
acceptor charge-transfer interaction between the edge-
bridging Cl ligand and the benzene ring of salen ligand as
indicated by the remarkably short distances of 3.25 A be-
tween Cl and the benzene ring. The halides-arenes interac-
tions are well documented.['®! Third, the clusters’ tilt with
respect to the median plane of the layer is different in the
three compounds. The angle measured between a line con-
taining the two non-bridging cyanide ligands and the plane
defined by the centers of the clusters is 50.94, 52.14 and
60.27° for 1, 2 and 4, respectively.

Compound 1 uses the dimer [Mn(salen)(H,0)],>* as
charge compensating cation while 2 and 4 use (Me,N)™ and
[Et;BzN]*, respectively. Each Mn3* in the dimer is chelated
by 2N and 20 from the tetradentate salen ligand, and an
aqua ligand with Mn-O 2.187(4) A. The two Mn3* are
linked together by phenolic oxygen atoms which complete
their octahedral coordination environment [Mn-O
2.977(4) A]. The Mn---Mn separation and Mn-O—Mn angle
are 3.571(1) A and 92.1(1)°, respectively, within the range
reported for other Mn(salen)-type dimers (3.19-4.38 A and
91.1-102.4°, respectively).’ The formation of the dimers
results from the offset face-to-face m—m interactions between
the benzene rings of the salen ligands in the two manganese
complexes with shortest distance being 3.32 A. The dimers
further interact with the salen ligands from the Mn com-
plexes within the layers through another offset face-to-face
n—m interactions with distances of 3.48 and 3.68 A leading
to formation of 1D -7 stacking running along the crystal-
lographic ¢ direction. This n—n interactions help stabilize

Eur|IC
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the framework together with hydrogen-bond interactions
between the coordinated water molecules and non-bridging
cyanide ligands with O+N separation of 2.876(5) A and O—
H---N angle of 172.45(4)°. The layers are staked perfectly
on top of each other to generate channels along the « axis
where the dimeric cations and solvent molecules are lo-
cated. In 2, no strong interactions are found between the
(Mey4N)™ cations and the framework. In 4, The closest con-
tact between the benzene ring of the [Et;BzN]* cation and
the salen ligand is Hs,p-ring 2.82, indicating relatively
strong edge-to-face m—m interactions.

The cations have a significant effect on the layers’ stack-
ing and interlayer spacing (Table 2). In 1 and 4, the layers
stack perfectly on top of each other along the a direction
while in 2 the layers are stacked in a staggered fashion.
When [Mn(salen)(H>0)],>* is exchanged for the smaller cat-
ion [Et;BzN]* the interlayer spacing is decreased from
14.91 A to 13.76 A). While substitution of the dimeric cat-
ion by [Me,N]* leads to a decrease from 14.91 A to 11.58 A
in the interlayer spacing and a shift of 6.7 A between neigh-
boring layers along the b direction. The cations also have a
significant effect on the total effective free volume which is
found to be 539.7, 590.0 and 251.0 A3 for 1, 2 and 4, respec-
tively, comprising 11.9, 8.4 and 6.2% of the crystal volume,
as calculated by the program PLATON.?! In 2. only
[Me,N]* cations are captured in the channel, while in 1 and
4 both cations ([Mn(salen)(H,0)],>* or [Et;BzN]") and sol-
vent molecules are present in the channel.

Structure of 5 and 3

The crystal structure of 5 can be described as cation-
assisted hydrogen-bonded 3D framework built of dianionic
heterotrimers formed of [NbgCl;»(CN)¢* linked to two
[Mn(salen)]* by cyanide ligands located on oposite sides of

(2 (b

Figure 2. (a) The structure of the heterotrimer building block in 5. (b) The environment of the cation [Et;N]*. (¢) The hydrogen-bonded
networks and the environment of the heterotrimers. [Et,;N]* cations are represented as large grey spheres.
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the cluster with £ C=N-Mn 161.5(7)° (Figure 2). The octa-
hedral coordination environment of manganese is com-
pleted by an aqua ligand that form hydrogen bonds with
non-bridging cyanide ligands from neighboring trimers
(03-N102 2.89 A) to form 1D hydrogen-bonded double
chains that pack along the crystallographic a axis. Free
water molecules connect the chains first into layers
(N102--012 2.80 A; 012011 2.86 A; O11-*N103 2.86 A)
then into 3D hydrogen-bonded framework (O11:-03
2.75 A) with cavities where the cations (Et;N)* are located.
Each heterotrimer is surrounded by six (Et,N)* cations that
form a hexagonal ring with side length of 7.27-7.92 A while
each cation is surrounded by three trimers that form a tri-
angle with side length of ~11.5 A. Except for the solvent
molecules, the structure of 5 is similar to that of [Et,N],-
[(Mn(salen)(MeOH)),(NbgCl;5,(CN)g)]:2MeOH  obtained
by direct mixing of (Et4;N)4[NbgCl;»(CN)g] and [Mn(salen)]
ClO, in MeOH.!'4

Only low X-ray quality crystals of 3 could be obtained
(weak intensity reflections and twinning) which prevented
good and complete structural characterization. Neverthe-
less, the best data obtained was indexed to give a triclinic
unit cell, space group P1 with a = 13.051(2), b = 13.514(2),
c=14.863(2) A, a = 112.740), = 106.33(0), y = 95.42(0)°,
V' = 2258(3) A3. The overall structure of 3 was determined
to be built of heterotrimers similar to those found in 5 that
are terminated by coordinated methanol molecules. The
cation [Et;BzN]" acts as counterion.

[(Mn(salen)(MeOH))4(NbeCl;2(CN)¢)l-4 MeOH (6)

Crystal structure analysis shows that in 6, the octahedral
cluster is linked to four [Mn(salen)(MeOH)]* complexes
through four cyanide ligands from the equatorial plane with
C=N-Mn angles of 149.5(3) and 161.3(4)° (Figure 3). Ad-
jacent heteropentamers are linked to each other by hydro-
gen bonding between the N end of non-bridging cyanide

ligands and MeOH ligands [N103--:011 2.714(6) A, 2£011-
H11B---N103 173(6)°] to form hydrogen-bonded double
chains running along the a direction (Figure 3). The chains
are further connected through hydrogen bonds between the
MeOH ligand (O11 and O12) and MeOH solvent molecule
(013) [011-+-013 2.872(6) A, O13-H13C--O11 162(7)°;
013012 2.695(5) A, O12-H12B--013 168(6)°] to form
2D hydrogen-bonded frameworks with channels where free
methanol molecules (neither coordinated nor hydrogen-
bonded to other molecules) are located.

Synthesis and Cation-Induced Transformations

We have previously reported that reaction between
(Me4N)4[NbgCl,(CN)g] and [Mn(salen)]* in pure methanol
leads to formation of the 2D compound 2: [MeyN]»-
[(Mn(salen))»(NbgCl;»(CN)g)].['¥ When the same reaction
is carried out in a mixture of methanol and water as solvent
a new compound which bears similar 2D net but with di-
meric complexes [Mn(salen)(H,0)],>" as charge compensat-
ing ions is formed. Solvent-mediated structural transforma-
tions schematically presented in Scheme 1, have been ob-
served when 1 was exposed to solutions containing different
cations.

(A) When crystals of 1 are left in a solution containing
excess [Me4N]CI in methanol, the phase is irreversibly
transformed into the 2D framework of the previously re-
ported compound 2 with (Me4N)* as cation. The transfor-
mation is complete as indicated by PXRD, elemental analy-
sis and IR.

(B) In contact with a saturated solution of [Et;BzN]CI a
mixture containing compounds 3 (heterotrimer) and 4 (2D
framework), both using [Et;BzN]* as cations, was obtained
as single crystals.

(C) In the presence of excess [EtyN]* in methanol, the
heterotrimer 5, whose structure is almost the same as that

@

(b)

Figure 3. (a) The neutral heteropentamer in 6. (b) The hydrogen-bonded networks in 6; salen ligand and chlorine atoms are omitted for

clarity. Hydrogen bond is represented as dotted lines.
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3

Trimer, cation: [Et;BzN]*

4
2D net, cation: [Et;BzN]"

[Et:BzN]"

Li'/ Na'/K'/ [Bu,N] / [PPh,]’

‘ . ‘ _ [EtNY'

5
Trimer, cation: [Et;N]"

MeOH / MeOH +H,0 / MeCN

6
Neutral Pentamer

Scheme 1. A summary of all solvent-mediated structural transformations observed in this study.

obtained through direct reaction of (Et4N)4[NbgCl;»(CN)g]
and [Mn(salen)]* in methanol,['¥ was obtained.

(D) When 1 was exposed to a solution containing a mix-
ture of cations, either [MeyN]* and [Ety;N]*, or [Me4N]*
and [Et;BzN*] only 2 was obtained which indicates
that the reaction is cation specific most likely due to
lower solubility of compound 2 compared to the other
phases.

(E) In methanol solutions containing Li* (or Na*, K*,
[BusNJ*, [PPhy]"), or in the absence of any foreign species
(neat solvents) [either MeOH, or (MeOH + H,O), or
MeCN], only the heteropentamer 6 was obtained.

Two observations indicate that these transformations are
solvent-mediated: i) the mixtures remained as suspensions
rather than transparent solutions throughout the transfor-
mation process, and ii) 1 remains stable when left in THF
for more than a week or exposed in 100% humidity for
more than a month. As the product phase is formed, the
solubility equilibrium is shifted toward the product until
complete transformation of the precursor. The change in
[Mn(salen)]*/{Nbg} ratio between the precursor 1 (4:1) and
the products 2, 3, 4 or 5 (2:1) strongly suggests the involve-
ment of an intermediate with [Mn(salen)]*/{Nbg} ratio of
2:1. Thus a possible mechanism of these reactions can be
suggested as follows: In methanol, compound 1 dissociates
slowly to form the dimer [Mn(salen)(H,0)],>* and the het-
erotrimer [Mn(salen),(NbgCl;»(CN)g)]>". In the presence of
excess suitable cation, the heterotrimers reassemble to form
2D frameworks of either 2 ([MeyN]*) or 4 ([Et;BzN]*). In
excess [Et;BzN]* or [EtyN]*, the 0D heterotrimer
crystallizes directly as compounds 3 and 5. The cation
[Et;BzN]* is interesting in that it can yield either the hetero-
trimer or 2D 4, 4'-net. In the absence of suitable cations,
the heterotrimer captures the [Mn(salen)]* species present
in solution to form neutral heteropentamer 6.

Materials with 4,4'-network connectivity are among the
most dynamically flexible frameworks that can undergo
changes caused by external stimuli, either within the layers
or between them.[?>231 Thus, the reverse transformation of

Eur. J. Inorg. Chem. 2008, 2982-2990
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the edge-to-edge regular packing mode and the staggered
packing mode can be triggered by guest exchange.?*! The
transformation of 1 to 2 and 4 are cation-exchange pro-
cesses. Yet only certain cations can stabilize the 4,4'-net.
[Mn(salen)],>* and (Et;BzN)* can be captured because
their weak interactions with 4,4'-net such as m—n and/or
hydrogen bonds help stabilize the structures. The stability
of 2 can be attributed to its lack of solubility in methanol
and its thermodynamic stability.

Although most reports refer to solid-state and sometimes
even crystal to crystal mechanism for ion-exchange pro-
cesses and structural transformation in dynamic coordina-
tion polymers, 8! solvent-mediated ion-exchange processes
involving dissolution of one crystalline phase and crystalli-
zation of a new phase in the presence of new anions were
observed in Ag-based coordination polymers even though
the number, size and shape of the crystals remain the same
after the guest exchange reactions.”3 The findings here are
compatible with Schroders’ study with the major difference
being that in the present study the original framework is
regenerated only for specific cations. Perhaps that the most
interesting outcome of the current study is that solvent-me-
diated structural transformations can be used to develop
methodologies for the crystallization of compounds that
cannot be directly (or easily) obtained by direct mixing of
their molecular components. The key then will be to ident-
ify and prepare precursors that can serve as a source of well
defined molecular intermediate components that can be re-
leased in a slow fashion. A case in point is the fact that it
was not possible to synthesize compound 5 by directly mix-
ing [Mn(salen)]ClO42H,0 and (Et;BzN)4[NbgCl;»(CN)g]
in MeOH or MeOH/H,O. The product was found to be
amorphous to X-rays as confirmed by PXRD. Even more
important was the preparation of the compound
{IMn(salen)(MeOH)]x(dpyo)} {(dpyo)(Mn(salen)),NbeCl,,-
(CN)g]}dpyo which has 1D coordination framework built of
heterotrimer intermediates connected to each other by 4,
4'-dipyridyl N,N'-dioxide (dpyo) ligands when 1 was left in
a methanol solution containing excess dpyo.l'3©)
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Conclusions

A 2D cluster-based coordination polymer with 4,4'-net
was assembled in a MeOH/H,O solvent mixture using the
metal-ligand-directed assembly methodology. Its chemical
reactivity in solutions containing different cations has
shown that depending on the cation present in solution
either solvent-mediated ion-exchange reactions or struc-
tural transformations occur. This work, together with that
of Schroder confirm that ion-exchange in coordination
polymers can indeed be solvent-mediated. While solid-state
mechanism is obviously true for some transformations, it is
not the case for all transformations including ion-exchange
reactions. For those transformations involving the presence
of solvent, one cannot conclude that they occur through
solid-state mechanism based on the conservation of the
framework, even when the number, shape and size of crys-
tals remain the same. The solvent-mediated structural trans-
formation reactions described here may allow for the devel-
opment of synthesis methodology for the assembly of mate-
rials not directly (or easily) accessible via direct mixing of
their molecular components.

Experimental Section

General: (MeyN)y[NbgCl5(CN)g]'2MeOH and [Mn(salen)]ClO4
2H,0 were synthesized according to literature methods.!'291 LiCl
(99%), NbCls (99 %, metal basis), Nb powder (99.8 %, metal basis),
KCN (96 %), Me4NClI (98 %) and (BuyN)Br (99 %) were purchased
from Alfa Aesar. Mn(OAc);2H,0 (98%) and ethylenediamine
(99%) were purchased from ACROS. (Et;BzN)CI (99%), PPh,Br
(97%), and (Et,N)Br (99%) were purchased from Aldrich. NaCl,
KSCN, salicylaldehyde were purchased from Fisher. All chemicals
were used as received. The solvents EtOH, THF, MeCN and
MeOH were used as received without further purification.

Table 3. Crystal data and structure refinement for the complexes.

{[Mn(salen)(H,0)],[(Mn(salen)),(NbgCl;,(CN)6)]}-0.66 MeOH-
5.33H,0 (1): To 10.0 mL of 12.0 mm solution of [Mn(salen)]-
ClO42H,0 in methanol was added 10.0 mL of 4.0 mm aqueous
solution of (MeyN)4[NbsCl;2(CN)g]-2 MeOH. Brown microcrystal-
line precipitate formed immediately. The resulting mixture was kept
stirring for 30 min and the solid was collected by centrifugation
washed with MeOH then dried under vacuum for 20 min (Yield:
18.7 mg, 25%). Brown hexagonal plate-like crystals suitable for X-
ray analysis were obtained by layering the methanolic solution of
1.0 mL of the complex solution onto 1.0 mL of an aqueous solu-
tion of the cluster. Cyg 7H73 33C11,MnyN 4,NbO 4 (2577.36): calcd.
C 32.93, H 2.87; found C 32.73, H 2.70. IR: ven = 2131 cm ™.

Solvent-Mediated Structural Transformation: The procedure of a
typical reaction is outlined: (Me4N)CI (100 mg, 0.9 mmol) was
added to a suspension of microcrystalline 1 (26 mg, 0.01 mmol) in
methanol (10 mL) at room temperature. The reaction mixture was
left undisturbed for 2 d after which the solid was separated by cen-
trifugation, washed with water and methanol, then dried in
vacuo to get [MeyN][(Mn(salen)),(NbgClj,(CN)g)]  (2).
C46H5,Cl1,Mn,N (,NbgOy4 (1929.75): caled. C 28.63, H 2.78, N
8.31; found C 28.79, H 2.87, N 8.23. Compounds [Et;BzN],-
[Mn(salen)(MeOH)),(NbgCl;5(CN)e)]-4 MeOH (3) and [Et;BzN],-
[(Mn(salen)), (NbgCl15(CN)g)]-3H,O (4) were prepared as a mix-
ture by reaction of 1 in methanolic solution of (Et;BzN)CIl. Com-
pound [EtyN][(Mn(salen)(H,0))>,(NbCl;2(CN)e)]-6H,O (5) was
prepared by the reaction between 1 and (EtyN)Cl. Compound
[Mn(salen)(MeOH))4(NbgCl;5(CN)e)]-4MeOH (6) was obtained
by soaking 1 in methanol. Single crystals of 3, 4, 5 and 6 suitable
for X-ray structural analyses were also prepared by this method.
All the products were characterized by single crystal and powder
XRD, and IR absorption spectroscopy.

COmpOund 3: C70H96C112MH2N12Nb6010 (235836) calcd. C 3565,
H 4.10, N 7.13.

Compound 4: Cg,H;,Cl;,Mn,N,NbgO; (2214.08): caled. C 34.72,
H 3.28, N 7.59; found C 34.74, H 3.41, N 7.27.

COmpOund 5: C54H80C112MH2N12Nb6010 (215004) caled. C 3010,
H 3.79, N 7.65; found C 30.27, H 3.77, N 7.77.

1 4 5 6
Formula C10.67H73.33C1iaMngNyNbgO 6 CqH72ClinMnoN s NbgO7 - CsyHgoClioMn,NjpNbgO g CrgHgsClinMngN 4NbeO 6
M [gmol ] 2577.36 2214.08 2150.04 2582.25
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P2,/c P2y/c P2,/c P2y/n
a [A] 14.949(4) 13.960(2) 13.381(2) 13.9497(17)
b [A] 13.373(4) 13.033(2) 20.966(4) 12.8984(15)
¢ [A] 22.736(6) 22.548(4) 13.915(2) 27.432(3)
a [deg] 90 90 90 90
p [deg] 94.409(4) 99.825(3) 91.546(3) 96.004(2)
y [deg] 90 90 90 90
VIA3)Z 4532(2)12 4042.4(11)/2 3902.4(12)/2 4909(1)/2
dearea. [g/cm?] 1.889 1.819 1.830 1.813
F(000) 2547 2192 2136 2664
0 Range [°] 3.84-27.50 3.80-24.15 3.80-26.00 3.78-27.48
Reflections collected/unique  39497/10382 26900/6406 30471/7643 42828/11193
R(int) 0.0709 0.2026 0.0562 0.0645
Goodness-of-fit on F> 1.056 1.024 1.206 1.027
R1,21 3y R,[P]
1> 26 (1) R, =0.047, wR, = 0.095 R; =0.091, wR, = 0.18 R; =0.071, wR, = 0.148 R, =0.048, wR, = 0.097
All data R, =0.067, wR, = 0.103 R; =0.163, wR, = 0.197 R; =0.087, wR, = 0.15 R; = 0.066, wR, = 0.105

[a] Ry = X(|F.| — [FA)/ZIE,. [b] WRs = {Zw[(F2oFP)YEw[(F2)21105, w = [62(F2) + (aP) + bP]!, where P = (F2, + 2F2)/3. 1: a = 0.0358,
b = 3.6862; 4: a = 0.0710, b = 0.0000; 5: a = 0.0526, b = 20.6193; 6: a = 0.0488, b = 4.4476.
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Compound 6: C78H88C112MH4N14Nb6016 (258225) caled. C 3495,
H 3.31, N 7.32; found C 34.98, H 3.62, N 7.89.

Structural Determination: Intensity data for all compounds were
measured at 193(2) K with a Bruker SMART APEX CCD area
detector system. Data were corrected for absorption effects using
the multi-scan technique (SADABS). All structures were solved
and refined using the Bruker SHELXTL (Version 6.1) Software
Package. A summary of the most important crystal and structure
refinement data for all compounds is given in Table 3.

CCDC-644473 (for 1), -644474 (for 5), -675688 (for 4), -675689 (for
6) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_requ-
est/cif.

Other Physical Measurements: Elemental analyses were carried out
by Atlantic Microlab, Inc. Infrared spectra were recorded as KBr
pellets with a Mattson Infinity System FTIR spectrometer. X-ray
powder diffraction data was collected at room temperature using a
Bruker P4 general-purpose four-circle X-ray diffractometer
equipped with a GADDS/Hi-Star detector positioned 20 cm from
the sample. The goniometer was controlled using the GADDS soft-
ware suite.?”) The sample was mounted on tape and data was re-
corded in transmission mode. The data was reduced by area inte-
gration methods to produce a single powder diffraction pattern for
each frame. Individual powder diffraction patterns were merged
and analyzed with the program EVA to produce a single one-di-
mensional pattern.[?8]

Supporting Information (see footnote on the first page of this arti-
cle): Detailed description of crystal structure analysis, tables of
bond lengths and angles, IR spectra, and PXRD patterns.
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