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The self-assembly reaction of a cis-blocked 90° square planar metal acceptor with a symmetrical linear flexible
linker is expected to yield a [4 + 4] self-assembled square, a [3 + 3] assembled triangle, or a mixture of these.
However, if the ligand is a nonsymmetrical ambidentate, it is expected to form a complex mixture comprising
several linkage isomeric squares and triangles as a result of different connectivities of the ambidentate linker. We
report instead that the reaction of a 90° acceptor cis-(dppf)Pd(OTf)2 [where dppf ) 1,1′-bis(diphenylphosphino)-
ferrocene] with an equimolar amount of the ambidentate unsymmetrical ligand Na-isonicotinate unexpectedly yields
a mixture of symmetrical triangles and squares in the solution. An analogous reaction using cis-(tmen)Pd(NO3)2

instead of cis-(dppf)Pd(OTf)2 also produced a mixture of symmetrical triangles and squares in the solution. In both
cases the square was isolated as the sole product in the solid state, which was characterized by a single crystal
structure analysis. The equilibrium between the triangle and the square in the solution is governed by the enthalpic
and entropic contributions. The former parameter favors the formation of the square due to less strain in the
structure whereas the latter one favors the formation of triangles due to the formation of more triangles from the
same number of starting linkers. The effects of temperature and concentration on the equilibria have been studied
by NMR techniques. This represents the first report on the study of square-triangle equilibria obtained using a
nonsymmetric ambidentate linker. Detail NMR spectroscopy along with the ESI-mass spectrometry unambiguously
identified the components in the mixture while the X-ray structure analysis determined the solid-state structure.

Introduction

The design and synthesis of discrete molecular architec-
tures via directional self-assembly of polytopic organic
donors and metal based acceptors have undergone significant
development for more than a decade.1 There are many
examples of molecular architectures prepared using a direc-

tional self-assembly approach including rhomboids, triangles,
squares, rectangles, pentagons, hexagons, and many other
structures of complex topologies.2-8 The simplest reaction
among all the known directional self-assembly reactions is
the assembly of a 90° ditopic acceptor with one equivalent
linear donor. The expected product for this combination
should be a [4 + 4] self-assembled molecular square. In fact,
Fujita et al. reported in 1990 the exclusive formation of a
molecular square using this approach from the combination
of cis-(en)Pd(NO3)2 and 4,4′-bipyridine.9,10 Later on, was
established that the combination of a cis-blocked square
planar metal acceptor with a linear donor can yield, in some
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cases, interesting equilibrium between a molecular triangle
and the expected square. Further research established that
the relative amount of the components (square or triangle)
depends upon concentration of the components, temperature
of the reaction medium, and amount of the reacting com-
ponents.11 The driving force for such self-assembly reaction
is under thermodynamic control. The molecular square is
wider and less strained compared to the triangle, and thus
enthalpy favors the formation of the square. On the other
hand, entropy favors the formation of a triangle since more
triangles compared to squares are formed from the same
number of starting building units. As a result of this
thermodynamic balance, triangles become the major products
in equilibrium if the ligands are flexible and reduce the strain
by allowing the ligand to bend. Similarly, the squares become

the major entity of the mixture if the reacting ligands are
too rigid so that the enthalpic benefit overcomes the entropic
penalty in the square formation.12,13 In a majority of the
cases, for the design of discrete molecular architectures,
symmetrical polypyridyl ligands have been used with a few
recent examples where we and others have utilized sym-
metrical oxygen donor ligands with Pt(II) acceptors to
generate neutral assemblies.5a,13d,14 Nonsymmetric/ambiden-
tate bridging ligands are not the right choices for this purpose
since they may generate a mixture of isomers due to different
connectivities, and thus it is difficult to control both the
reaction and the isolation of the products in pure form.14a,b

Despite the possibility of formation of several linkage
isomers, our recent report established the selective formation
of a single isomeric triangle using a nonsymmetric ambi-
dentate nicotinate donor and a Pd(II) 90° acceptor.14a To
the best of our knowledge the formation of a triangle-square
equilibrium using a nonsymmetrical ambidentate ligand has
not so far been reported. The present paper reports the
synthesis and characterization of two self-assembled mac-
rocyclic squares (1a, 2a) from cis-(LL)Pd(X)2 and nonsym-
metric isonicotinate donor [where LL ) 1,1′-bis(diphe-
nylphosphino)ferrocene (dppf), X ) CF3SO3

- for 1a and LL
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NO3
- for 2a] (Scheme 1). The ligand isonicotinate was

considered to be flexible because of the presence of the
carboxyl group, and the electron on the donor sp3 hybridized
oxygen is not restricted in its orientation unlike that on the
sp2 hybridized pyridyl nitrogen. The formation of triangle-
square equilibria was established in both cases, and the
equilibria between 1a, 2a (square) and 1b, 2b (triangle) and
the relative amount of the components in the mixture were
studied by electrospray ionization (ESI) mass spectrometry,
diffusion ordered spectroscopy (DOSY) NMR, and variable
temperature multinuclear NMR.

Result and Discussion

Synthesis and Characterization of the Metallamacro-
cycles. The primary target of this work was the synthesis of
a molecular square using an ambidentate isonicotinate as a
linear linker in combination with appropriate cis-blocked 90°
Pd(II) acceptors. The preparation of the corner units cis-
(dppf)Pd(CF3SO3)2 and cis-(tmen)Pd(NO3)2 [tmen ) N,N,
N′,N′-tetramethylethane-1,2-diamine] involves the reaction
of the corresponding dichloride with 2 equiv of AgOTf or
AgNO3, respectively, at ambient temperature. The self-
assembly reactions were monitored by 1H and 31P NMR
spectroscopy in solution. The cis-(dppf)Pd(OTf)2 was treated
with 1 equiv of sodium isonicotinate in methanol-d4 for 1 h
with continuous stirring to obtain a wine red solution. 31P
NMR (Figure 1) of the resulting solution showed the
appearance of two major peaks at 38.8 ppm and 33.9 ppm
of equal intensity with the complete disappearance of the
peak at 46.4 ppm due to the starting cis-(dppf)Pd(OTf)2. This
upfield shift of the 31P peak and the complete disappearance
of the peak due to the starting linker indicated the ligand to
metal coordination.15

Along with those major peaks are two small peaks at 38.7
and 35.3 ppm that appeared in the 31P NMR spectrum. As a
result of the nonsymmetrical nature of the donor linker,
several linkage isomeric squares or triangles are expected
for this combination (Figure 2). In case of symmetric isomers
1a or 1b two peaks in 31P NMR with equal intensity are
expected. For other expected nonsymmetrical linkage isomers
(both for triangle and square) more than two peaks in 31P
NMR with appropriate intensity ratios are expected (Figure
2).

The smaller peaks are of equal intensity as well, and the
relative intensity of the major and minor peaks does not fit

with any expected nonsymmetrical square or triangle. This
observation clearly suggests the formation of a mixture of
two symmetrical macrocycles rather than the formation of
nonsymmetrical analogues. Hence, a 31P NMR study indi-
cates the existence of both symmetrical square 1a and triangle
1b in solution. Proton NMR also (Figure 1) shows two sets
of peaks for pyridine-HR at 8.2 ppm (small) and 8.1 ppm
(major) along with pyridine-H� and cyclopentadienyl ring
protons. The phenyl ring protons appeared as a multiplet in
the region 7.1-7.9 ppm. The equimolar reaction between
cis-(tmen)Pd(NO3)2 and sodium isonicotinate in methanol-
d4 was similarly monitored by 1H NMR. The aromatic region
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Scheme 1. Self-Assembly of Inter-Converting Molecular Squares and
Triangles from an Ambidentate Linker Isonicotinate and cis-Protected
90° Palladium Acceptors

Figure 1. 31P NMR (above) and 1H NMR (below) spectra of 1a-1b at
273 K.

Figure 2. A few possible linkage isomers of squares and triangles.
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of the 1H NMR spectra showed the appearance of two peaks
at 8.8 ppm and 7.6 ppm along with two more peaks of low
intensity at 8.9 and 7.7 ppm (Figure 3).

The peaks at 8.8 and 8.9 ppm are 0.3 and 0.4 ppm
downfield shifted, respectively, with respect to the HR of
isonicotinate whereas the peaks at 7.6 and 7.7 ppm are 0.2
and 0.1 ppm upfield shifted, respectively, with respect to
H� of the isonicotinate. Moreover, the peaks at 2.6 and 2.8
ppm corresponding to the NCH3 and CH2 protons of tmen
appear as a doublet instead of a sharp singlet indicating the
presence of both the square and the triangle as observed
recently by Hollo-Sitkey et al. in a mixture of squares and
triangles.16n This observation also indicates the formation
of both symmetrical 2a and 2b in solution at room temper-
ature.

Mass Spectrometry. Although the NMR study gives the
primary indication of the self-assembly reaction, it does
not give any information on the exact composition and
the nature of the species (squares or triangles). Mass
spectrometry is established to be a good tool to determine
the species in the solution. ESI can be used as the soft
ionization method in this case because of the weak
coordinative bonds in supramolecular assemblies.15 The
supramolecular complexes can be ionized in the ESI ion
source by stripping off some counteranions and generat-
ing species of different charges. Figure 4A shows the ESI
mass spectrum of the equimolar reaction mixture of cis-
(dppf)Pd(OTf)2 and Na-isonicotinate after formation of
the complexes in solution. The peak at m/z ) 1714.6
corresponds to M2+ for the square 1a which comes after
removal of two triflate anions from the square and can be
considered [M1a - 2CF3SO3

-]/2; the peak at 1249.0
corresponds to M2+ for the triangle 1b. Similarly, the peak
at 782.00 corresponds to the M4+ of the square 1a and
M3+ of the triangle 1b which may be considered as [M1a

- 4CF3SO3
-]/4 for the square and [M1b - 3CF3SO3

-]/3
for the triangle. The intensity of the peak for M2+ of the
square 1a is less than that of the triangle 1b. Figure
4B shows the ESI mass spectrum of 2a-2b in methanolic
solution. The peak at 752.20 is due to the M2+ of the
square 2a which comes after removal of two nitrate anions
from the square 2a and can be considered as [M2a -
2NO3

-]/2 and a small peak at 547.00 appears which
corresponds to M2+ of the triangle 2b. The most intense

peak at 344.5 corresponds to M4+ of the square and M3+

of the triangle which can be represented as [M2a -
4NO3

-]/4 for 2a and [M2b - 3NO3
-]/3 for 2b. So, mass

spectrometry showed the formation of a mixture of squares
and triangles in solution.

DOSY NMR Spectroscopy. To detect the simultaneous
existence of squares and triangles in solution, a pulsed field
gradient spin-echo NMR (PGSE) experiment was per-
formed. The size of the supramolecules can be determined
experimentally by measuring the diffusion coefficients.16 In
this case a rough approximation of each molecule can be
considered as a sphere, and the radius of the sphere can be
correlated to the diffusion coefficient according to Stokes-
Einstein equation (eq 1).

where T is the absolute temperature, kB the Boltzmann
constant, r the hydrodynamic radius, and η the solvent
viscosity at temperature T. The 1H DOSY NMR study of
both 1a-1b and 2a-2b will be discussed here.

The 2D DOSY NMR spectrum of 1a-1b in methanol-
d4 is showed in Supporting Information. In the 1H NMR
spectrum two sets of signals appear for square 1a and
triangle 1b for pyridine-HR and pyridine-H� protons at 8.2,
6.8, and 8.1, 6.7 ppm, respectively. However, both the
sets of signals appeared in the DOSY NMR spectrum with
the same diffusion coefficients. This can be attributed to
the fast ligand exchange in the DOSY time scale in
methanol-d4 for 1a and 1b (Figure S3, Supporting
Information). The fast ligand exchange in case of 1a-1b
compared to 2a-2b may be due to the presence of π
acceptor dppf ligand in case of 1a-1b. As the π acceptor
dppf ligand has larger trans-effect compared to the
N-donor tmen ligand, the exchange rate of isonicotinate
ligands trans to dppf in 1a-1b are faster than the exchange
rate of the same ligands trans to tmen in 2a-2b. As
the 1H NMR spectrum of this system was too complex,
we used 31P NMR as a tool to assign the peaks due to 1a
and 1b. In principle, the assignment of the peaks due to
the square and triangle should be strongly supported by
the effect of concentration on the equilibrium. The

(16) (a) Kapur, G. S.; Findeisen, M.; Berger, S. Fuel 2000, 79, 1347. (b)
Consoli, G. M. L.; Granata, G.; Garozzo, D.; Mecca, T.; Geraci, C.
Tetrahedron Lett. 2007, 48, 7974. (c) Cabrita, E. J.; Berger, S.; Brauer,
P.; Karger, J. J. Magn. Reson. 2002, 157, 124. (d) Eads, C. D.; Noda,
I. J. Am. Chem. Soc. 2002, 124, 1111. (e) Delsuc, M. A.; Malliavin,
T. E. Anal. Chem. 1998, 70, 2146. (f) Durand, E.; Clemancey, M.;
Quoineaud, A.-A.; Verstraete, J.; Espinat, D.; Lancelin, J.-M. Energy
Fuels 2008, 22, 2604. (g) Nilsson, M.; Morris, G. A. Anal. Chem.
2008, 80, 3777. (h) Antalek, B. Concepts Magn. Reson., Part A 2007,
30, 219. (i) Lucas, L. H.; Otto, W. H.; Larive, C. K. J. Magn. Reson.
2002, 156, 138. (j) Kapur, G. S.; Cabrita, E. J.; Berger, S. Tetrahedron
Lett. 2000, 41, 7181. (k) Macchioni, A.; Ciancaleoni, G.; Zuccaccia,
C.; Zuccaccia, D. Chem. Soc. ReV. 2008, 37, 479. (l) Pastor, A.;
Martinez-Viviente, E. Coord. Chem. ReV. 2008, 252, 2314. (m) Ferrer,
M.; Gutierrez, A.; Mounir, M.; Rossell, O.; Ruiz, E.; Rang, A.;
Engeser, M. Inorg. Chem. 2007, 46, 3395. (n) Hollo-Sitkey, E.;
Tarkanyi, G.; Parkanyi, L.; Megyes, T.; Besenyei, G. Eur. J. Inorg.
Chem. 2008, 1573.

Figure 3. 1H NMR spectra for 2a-2b at 293 K.

D ) kBT/(6πηr) (1)

Ghosh and Mukherjee

2608 Inorganic Chemistry, Vol. 48, No. 6, 2009



equilibrium between the triangle and square can be written
as

44 y\z
K

30 where K ) equilibrium constant

As per the Le Chatelier’s principle, with increase in
concentration of the components in the mixture the equilib-
rium will shift from triangle to square. With increase in the
concentration of the 1a-1b mixture, the intensity 31P NMR
peak of the minor product increases gradually (Figure 5).
This observation is in strong support that indeed the minor
product in the solution is square.

The signals for the Py-HR and Py-H� protons in 1H NMR
spectra of 2a-2b were well separated in the case of square
2a and triangle 2b. Hence, in the case of 1H DOSY NMR
spectra the peaks at 8.9 ppm, 8.8 ppm, 7.7 ppm, and 7.6
ppm were taken into account, and the diffusion coefficients
for these peaks have been measured from the plot of gradient
strength vs the log of difference of intensity (Table 1). For
2a-2b two different diffusion coefficients in methanol-d4

are clearly observed in Figure 6. This indicates that the ligand
exchange between 2a-2b is slow in the DOSY NMR time
scale under this condition.

The diffusion coefficients for the peaks at 8.9 ppm and
7.7 ppm are smaller than those for the peaks at 8.8 ppm and
7.6 ppm. Hence, the peaks at 8.9 ppm and 7.7 ppm can be
correlated to the square 2a and the peaks at 8.8 ppm and 7.6
ppm can be correlated to the triangle 2b. From Table 1 the
ratio of the diffusion coefficients of the peaks at 8.9 ppm
and 8.8 ppm as well as at 7.7 ppm and 7.6 ppm was found
to be approximately 0.8, and the ratio of the hydrodynamic
radius of the triangle 2b to the square 2a is also 0.8. A similar
ratio between hydrodynamic radius of square and triangle
has been recently reported for other triangle/square
equilibria.16m,n Hence the result of the 1H DOSY NMR
(Figure 6) clearly suggests that at room temperature in
solution triangle 2b (more intense peaks at 8.8 ppm and 7.6
ppm in 1H NMR spectra) remains as the major component
with respect to the square 2a (less intense peaks at 8.9 ppm
and 7.7 ppm in 1H NMR spectra).

Figure 4. Mass spectra of 1a-1b (A) and 2a-2b (B) in methanol.

Figure 5. 31P{1H} NMR spectra of 1a/1b at different concentrations in
methanol-d4.

Figure 6. 2D 1H DOSY NMR spectra of 2a/2b recorded at 273 K in
methanol-d4.

Table 1. Peaks and the Corresponding Diffusion Coefficients of 2a/2b

peak (ppm) diffusion coefficient × 10-10 (m2/s)

8.9 4.032
8.8 4.588
7.7 3.962
7.6 4.59
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Temperature Effects on the Equilibrium. The equilib-
rium between 1a vs 1b and 2a vs 2b can be significantly
influenced by temperature. The 31P NMR spectra of the
mixture of 1a and 1b in methanol-d4 were recorded at
temperatures varying from 293 to 208 K in 10 K intervals.
At 293 K only two sharp peaks come at 38.8 ppm and 33.9
ppm (Figure 7), whereas at 273 K two small peaks arise at
38.7 ppm and 35.3 ppm and with further lowering of
temperature the intensity of these peaks increases. As the
diffusion correlation NMR suggests the intensity of the peaks
at 38.8 ppm and 33.9 ppm, which may be considered for
the triangle 1b, decreases whereas the intensity of the peaks
at 38.7 ppm and 35.3 ppm considered for square 1a increases
with lowering of temperature.

At 233 K the intensity of the peaks corresponding to the
square 1a and the triangle 1b becomes almost equal. In the
case of 2a and 2b the proton NMR spectra were recorded at
temperatures varying from 293 to 218 K by an interval of
10 K. The intensity of the peaks at 8.9 ppm and 7.7 ppm
which are due to the square 2a (as the DOSY NMR suggests)
increase by lowering of temperature whereas the intensity
of the peaks at 8.8 ppm and 7.6 ppm which are corresponding
to the triangle 2b decreases.

At 243 K the intensity of the peaks for both square 2a
and triangle 2b becomes equal (Figure 8). Equilibrium

constants for the square-triangle equilibria (for 1a-1b and
2a-2b) can be determined from eqs 2 and 3.

The values of ∆Heq and ∆Seq can be determined from the
plots of ln K against 1/T according to eq 3 (Supporting
Information, Figure S1 and Figure S2). The values of ∆Heq

and ∆Seq for the 1a-1b and 2a-2b square-triangle
equilibria were calculated from the respective plots of ln K
versus 1/T and were found to be 17.43 ( 1.27 kJ mol-1 and
81.20 ( 5.10 J mol-1 K-1 for 2a-2b and 53.70 ( 2.30 kJ
mol-1 and 236.1 ( 9.97 J mol-1 K-1 for 1a-1b, respectively.
The large positive value of ∆H in both the cases indicates
the greater strain in the molecular triangles 1b and 2b
compared to the corresponding squares 1a and 2a. The
greater value of ∆Heq (53.70 kJ mol-1) in the case of 1a-1b
compared to that of 2a-2b (17.43 kJ mol-1) can be
accounted for the larger strain in 1a-1b as a result of the
presence of large ferrocenyl moieties and phenyl rings in
the corner of 1a-1b rather than small tmen moieties in the
corner of 2a-2b. The positive entropy in both 1a-1b and
2a-2b overcomes the positive enthalpy at higher temperature
by the term -T∆Seq. Increase in the amount of square upon
cooling can be explained by the thermodynamic parameters.
The positive ∆H value for the 1a-1b equilibrium indicates
that the formation of triangle 1b from the corresponding
square 1a is an endothermic process. As per the Le
Chatelier’s principle, the reaction proceeds in the backward
direction upon further cooling of the reaction medium, and
thus more of the square will form.

Crystal Structures of 1a and 2a. Red color crystals of
1a were grown from the wine red methanolic reaction
mixture by slow diffusion of ether. Crystals become amor-
phous in a few seconds upon being taken out of the mother
liquor. Structure determination confirmed the formation of
the square 1a (Figure 9), although an equilibrium exists
between the square 1a and the triangle 1b in solution.
Structure refinement parameters are assembled in Table 2,
and the selected bond parameters are shown in Table 3.

The structure contains four triflate counteranions and three
unique methanol molecules in the lattice per square molecule.
The cationic square molecules are stacked to form one-
dimensional square shaped channels containing methanol
molecules (Figure 1014). Two methanol molecules are
H-bonded to the carboxylate oxygens O(4) and O(2) in the
square. The hydrogen bond distances are of O(81)-
H(81) · · ·O(4) ) 2.900(4)Å and O(82)-H(82) · · ·O(2) )
2.813(6) Å, respectively. Similarly the third methanol
molecule was hydrogen bonded to the O(1A) of the CF3SO3

-

anion with a distance of O(83A)-H(83A) · · ·O(1A) )
2.766(4) Å. The shortest Pd-Pd distance between the parallel
squares in the solid state is 13.12 Å. The disordered triflate
counteranions remain in between two square molecules.

Figure 7. Variable temperature 31P NMR of 1a and 1b in methanol.

Figure 8. Variable temperature 1H NMR spectra of 2a-2b in methanol.

K ) [triangle]4

[square]3
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Two of the three methanol molecules per square molecule
run through the channel formed by the square molecules.
The coordination geometry around the Pd(II) centers is
pseudo-square planar with the P-Pd distance of ∼2.3 Å and
the P-Pd-P bite angle of 95.93°. The N-Pd-O angle is
86.7°, and the N-Pd and O-Pd bond distances are 2.08 Å
and 2.06 Å, respectively (Table 3). The intramolecular
shortest Pd-Pd distance is 8.97 Å, which measures the length
of the square. The triangular analogue was not crystallized,
although both mass spectrometry and NMR suggest that the
triangle 1b remains as the major component with respect to

the square 1a in the solution. This may be due to high lattice
energy of formation of the square compared to the triangle
in solid state at room temperature.

In the case of 2a, two equivalents of tetraethyl ammonium
perchlorate were added into the methanolic solution, and the
cream-colored precipitate obtained was dissolved in ni-
tromethane. Needle shaped pale yellow crystals were grown
by slow diffusion of diethyl ether into the nitromethane
solution over three days. Several attempts to crystallize the
nitrate analogue of the square resulted in the formation of
microcrystalline powder. One suitable single crystal was
mounted under paratone oil, and the data were collected at
150 K. The structure showed the formation of the square 2a

Figure 9. Molecular view of the square 1a with atom numbering scheme.
Anions and solvent molecules are omitted for the sake of clarity.

Table 2. Crystallographic Data and Details of Refinements for 1a and
2a

1a 2a

empirical formula C170H152F12Fe4N4O26P8Pd4S4 C48H80Cl4N12O24Pd4

fw 3919.961 1776.64
crystal system triclinic, tetragonal
space group Pj1 Ij4
a, Å 13.1243(3) 20.8701(19)
b, Å 18.9229(4) 20.8701(19)
c, Å 20.2725(5) 9.6882(17)
R, deg 101.0170(10) 90
�, deg 105.5100(10) 90
γ, deg 105.5460 (10) 90
V, Å3 4482.70(18) 4219.8(9)
Z 1 2
Fcalcd, g cm-3 1.452 1.398
µ, mm-1 0.901 1.032
F(000) 1988 1792
θ range, deg 1.71-27.50 1.95-24.97
total data 20555 3721
temp, K 123 150
GOFa 1.059 1.196
R1b [I > 2σ(I)] 0.0374 0.1173
wR2c [I > 2σ(I)] 0.0882 0.3057

a GOF ) {∑[w(Fo
2 - Fc

2)2]/(n - p)}1/2, where n and p denote the number
of data points and the number of parameters, respectively. b R1 ) (∑||Fo|
- |Fc||)/∑|Fo|. c wR2 ) {∑[w(Fo

2 - Fc
2)2]/∑|w|(Fo

2)2]}1/2, where w ) 1/[
σ2(Fo

2) + (aP)2 + (bP)] and P ) [max(0, Fo
2) + 2Fc

2]/3.

Figure 10. (A) Packing view of the square 1a in solid state showing the
methanol molecules in the channel. Phenyl rings of the dppf ligands and
the OTf counteranions are omitted for the sake of clarity. (B) Packing view
of 2a in solid sate, counteranions are omitted for clarity.

Table 3. Important Bond Lengths (Å) and Angles (deg) for Complexes
1a and 2a

1a
Pd(1)-N(1) 2.083(2) Pd(1)-P(1) 2.3029(6)
Pd(1)-P(2) 2.2608(6) Pd(1)-O(3) 2.0601(18)
Pd(2)-N(2) 2.086(2) Pd(2)-P(3) 2.261(6)
Pd(2)-P(4) 2.277(6) Pd(2)-O(1) 2.062(17)
O(1)-C(6) 1.279(3) O(2)-C(6) 1.225(3)
O(3)-C(12) 1.281(3) O(4)-C(12) 1.232(4)

O(3)-Pd(1)-N(1) 86.70(8) O(3)-Pd(1)-P(2) 175.6(6)
N(1)-Pd(1)-P(2) 91.10(6) O(3)-Pd(1)-P(1) 85.85(5)
N(1)-Pd(1)-P(1) 170.5(6) P(2)-Pd(1)-P(1) 95.93(2)
N(2)-Pd(2)-P(3) 88.73(6) N(2)-Pd(2)-P(4) 170.6(6)
P(3)-Pd(2)-P(4) 99.82(2)

2a
Pd(1)-O(1) 1.952(12) Pd(1)-N(1) 2.031(12)
Pd(1)-N(2) 2.046(18) Pd(1)-N(3) 2.066(10)
O(1)-C(12) 1.270(18) O(2)-C(12) 1.261(17)

O(1)-Pd(1)-N(1) 90.6(5) O(1)-Pd(1)-N(2) 170.7(14)
N(1)-Pd(1)-N(2) 86.1(6) O(1)-Pd(1)-N(3) 90.2(5)
N(1)-Pd(1)-N(3) 177.3(9) N(2)-Pd(1)-N(3) 92.8(6)
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although both the square 2a and the triangle 2b were in
equilibrium in solution. As the square 2a was crystallized
from nitromethane solution, it was of our interest to see
whether the nitromethane solution contains either both the
components or the square alone. NMR in nitromethane-d3

showed the presence of both square and triangle in solution
(Supporting Information). All the four Pd(II) centers in the
structure were identical with a PdN3O coordination environ-
ment (Figure 11). Four highly disordered perchlorate coun-
teranions were present in the lattice per molecule of the
square. All the N-Pd bonds were ∼2 Å, the bite angle
formed by the bidentate tmen is 86.24°, and the N-Pd-O
angle is 89.10°. Hence, the environment around the palladium
is almost square-planar. Packing in the solid state showed
the stacking of one molecule over the other to form square
shaped open frameworks containing no solvent or counter-
anions (Figure 10). The crystallographic information and
structure refinement parameters for both 1a and 2a have been
assembled in Table 2, and the CIF corresponding to the
structures 1a and 2a have been given in Supporting Informa-
tion.

Conclusion

Coordination driven self-assembly reactions of a nonsym-
metric ambidentate ligand isonicotinate with two different
cis-blocked square planar Pd(II) 90° acceptors resulted in
the formation of dynamic equilibria between [4 + 4] and [3
+ 3] assembled macrocycles. Although quite a few examples
of square--triangle equilibria have been reported in the
literature, no such example is known using a nonsymmetrical
linker because of the possibility of formation of a mixture
of several linkage isomeric triangles and squares due to
different connectivities of the nonsymmetrical linker (Sup-
porting Information). Much to our surprise, only a mixture
of symmetrical isomeric triangles and squares has been

formed in both of the cases (1a-1b and 2a-2b). The equal
electron density distribution around the Pd(II) centers is
probably a reason for the formation of these four symmetrical
linkage isomers. The detailed thermodynamic and kinetic
behavior of both the equilibria have been studied using NMR
techniques. Though square was the species that crystallized
predominantly in both cases, the solution composition was
surprisingly a mixture of square and triangle with the latter
one as the major component in both the cases. The ratio of
the component depends on the temperature as well as the
concentration of the medium. Temperature dependent NMR
study in case of the 1a-1b equilibrium showed the prefer-
ence of formation of the entropy-favored triangle (1b) in
solution. Decrease in temperature favored the formation of
more molecular squares (1a). Similarly, an increase in
concentration of the reaction mixture increases the amount
of squares in the mixture, which was corroborated well with
the Le Chatelier’s principle. The exclusive formation of the
squares in both the cases may be due to the high lattice
energy of formation compared to the triangles.

Experimental Section

Materials and Methods. 1H and 31P NMR spectra were recorded
on a Bruker Avance 400 (400 and 162 MHz, respectively)
instrument with the solvent signals as the internal standard. ESI
mass spectra were recorded on FINNIGAN LCQ DECAXP MAX
mass spectrometer. Elemental analyses (C, H, N) were performed
using a Perkin-Elmer 240-CHNS analyzer. Ionization parameters
were adjusted as follows: capillary voltage 29.71 V and tube lens
voltage -60.00 V. cis-(dppf)PdCl2, N,N,N′,N′-tetramethyethane-
1,2-diamine (tmen), isonicotinic acid, silver triflate (AgOTf), and
deuterated solvents were purchased from Aldrich Chemical com-
pany and were used without further purification. cis-(dppf)P-
d(OTf)2

17 and cis-(tmen)Pd(NO3)2
18 were prepared according to

the literature procedure treating the corresponding chlorides with
two equivalents of appropriate silver salts followed by filtration of
the AgCl precipitate through a celite bed.

Synthesis of 1a-1b. To a 2-mL methanol solution containing
10.8 mg (0.01 mmol) of cis-(dppf)Pd(H2O)2(OTf)2, a methanol
solution of 1.5 mg (1 mL) of Na-isonicotinate (0.01 mmol) was
added drop-by-drop with continuous stirring (5 min). A sharp color
change from light blue to wine red was noticed. Ether was added
to the solution to obtain the product as red precipitate. 1a:
C164H128F12O20N4P8S4Fe4Pd4, 3723.92 g/mol. 1b: C123H96F9O15-
N3P6S3Fe3Pd3, 2792.94 g/mol. 1H NMR (methanol-d4, 400 MHz,
273 K): 8.20 (1a), 8.10 (1b) (d, Py-HR); 7.86-7.10 (m, phenyl);
6.90 (1a), 6.77 (1b) (d, Py-H�); 5.20 (1a), 5.30 (1b) (d, Cp-H);
4.40 (1a), 4.47 (1b) (dd, 12H, Cp-H); 3.56 (1a), 3.77 (1b) (d, Cp-
H) ppm. 31P NMR (methanol-d4, 162 MHz, 273 K): 38.7 and 35.3
(1a); 38.8 and 33.9 (1b) ppm. ESI-MS (methanol): m/z ) 1714.60
[M1a - 2CF3SO3

-]2+; 1249.00 [M1b - 2CF3SO3
-]2+; 782.00 [M1a

- 4CF3SO3
-]4+, [M1b - 3CF3SO3

-]3+. Anal. Calcd for
(C41H32NO5P2PdF3SFe)n: C, 52.79; H, 3.43; N, 1.50%. Found: C,
52.48; H, 3.62; N, 1.72%. Isolated yield: 8.5 mg (91%).

Synthesis of 2a-2b. To a 3-mL methanol solution containing
3.5 mg (0.01 mmol) of cis-(tmen)Pd(NO3)2, a 2 mL methanol
solution of 1.5 mg (1 mL) of Na-isonicotinate (0.01 mmol) was

(17) Stang, P. J.; Olenyuk, B.; Fan, J.; Arif, A. M. Organometallics 1996,
15, 904.

(18) Lim, M. C.; Martin, R. B. J. Inorg. Nucl. Chem. 1976, 38, 1911.

Figure 11. Molecular view of the square 2a with atom numbering scheme.
Counter anions and hydrogens are omitted for the sake of clarity.
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added drop-by-drop with continuous stirring (30 min). The yellow
reaction mixture was concentrated to 1 mL and diethyl ether was
added to obtain the product as yellow powder. The methanolic
solution of the product was treated with slight excess of Et4NClO4

to obtain the perchlorate analogue of the product as a cream color
precipitate. 2a (nitrate analogue): C48H80N16O20Pd4, 1624.18 g/mol.
2b: C36H60N12O15Pd3, 1218.14 g/mol. 1H NMR (methanol-d4, 400
MHz, rt): 8.90 (2a), 8.80 (2b) (d, Py-HR); 7.70 (2a), 7.60 (2b) (d,
Py-H�); 2.80 (d, CH2); 2.60 (d, CH3) ppm. ESI-MS (methanol):
m/z ) 752.20 [M2a - 2NO3

-]2+; 547.00 [M2b - 2NO3
-]2+; 344.53

[M2a - 4NO3
-]4+, [M2b - 3NO3

-]3+. Anal. Calcd for (C12H20-
N4O5Pd)n: C, 35.44; H, 4.96; N, 13.77%. Found: C, 35.68; H, 4.71;
N, 13.62%. Isolated yield: 3.5 mg (86%).

Crystallography. Both the samples displayed rapid loss of
solvent when removed from the mother liquor. X-ray data were
collected using a Bruker X8 Apex II diffractometer equipped with
monochromated Mo KR radiation (λ ) 0.71073 Å). Collection
temperatures were maintained at 123 and 150 K for 1a and 2a,
respectively. Data integration and scaling were performed using
the Bruker Apex II suite of programs and corrected for the effects
of absorption with SADABS.19 Initial structure solutions were
obtained via direct methods with SHELXS-9720 before refinement
using conventional alternating cycles of least-squares on F2 with
SHELXL-9720 using the graphical interface package X-Seed.21 In
all cases non-hydrogen atoms were refined anisotropically. Hydro-
gen atoms were fixed in idealized positions and allowed to ride on

the atoms to which they were attached. Hydrogen atom thermal
parameters were tied to the atom to which they were attached. In
the case of complex 1a only three unique methanol molecules could
be accurately located from the Fourier difference map, although
there was evidence of other highly disordered solvent. The
SQUEEZE routine of PLATON22 was used to calculate the residual
electron density in the structure (216 electrons in 652 Å3), which
calculates as 12 methanol molecules per unit cell (giving a total of
18 methanol molecules per cell). One trifluoromethanesulfonate
(CF3SO3

-) counteranion is disordered over two positions with the
occupancies freely refined against each other (68:32). Cell param-
eters of several crystals were identical in both of the cases, which
indirectly indicated the formation of square in both the cases.
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