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ABSTRACT: Structural control among hexagonal (trimer), rhomboi- r 7 en+

dal (dimer), and infinite-chain supramolecular complexes with three
different supporting ligands of ethylenediamine (en), N,N,N',N'- o
tetramethylethylenediamine (en*), and 1,2-bis(diphenyl)- ' ki
phosphinoethane (dppe) [(en)Pd(L)];(OTf)s 1t-OTf, [(en*)Pd-

// Pd
._.-f v\.l
P | .

- 3—
(L)](PFy), 2dPE, and [(dppe)Pd(L)(OTD,)., 3OTF (OTF = e W
trifluoromethane sulfonate; L = 1,3-bis(4-pyridylethynyl)benzene) in pg &~ Npd — Y / il e
the solid and solution states was investigated. The encapsulation of a . 7! % B 9'3'3'{'9 .
large Keggin-type polyoxometalate [@-PW,,0,0]*~ by these complexes s Pd Sy ¢ J_,.r‘.r‘ Pd .f‘foy

was also examined. As the steric bulkiness of the supporting ligands

increased in the order of en < en* < dppe, the hexagonal, rhomboidal,

and infinite-chain structures were obtained, as confirmed by X-ray crystallography. In solution, equilibrium between the
molecular hexagon (1t-OTf/2t-PF) and the molecular thomboid (1dOTf/2d-PF) was observed in the en/en* ligand systems,
whereas 3:OTf with the dppe ligand did not exhibit equilibrium and instead existed as a single species. These phenomena were
established by cold-spray ionization mass spectroscopy (CSI-MS) and 'H diffusion ordered NMR spectroscopy (DOSY). The
addition of the highly negatively charged Keggin-type phosphododecatungstate [@-PW;,0,0]*" to a solution of 2t/2d-PF4
resulted in the encapsulation of the tungstate species in the cavity of the molecular hexagon to form {[(en*)Pd(L)];[Da-
PW,0,0]}(PFy); 2t:[@-PW,0,,]%, as confirmed by a combination of 'H and 3'P DOSY and CSI-MS spectral data.

B INTRODUCTION

The molecular recognition of specific chemical species using
nanosized porous materials has attracted significant atten-
tion' ™ because these materials may have applications in gas
storage,4 drug delivery,5 catalysis,6 molecular magnets,7
molecular modifiation,® and anion transport.’” To exploit
molecular recognition in artificial systems, the use of supra-
molecules such as molecular polygons and polyhedra is
preferable because such supramolecules typically possess large
cavities with sizes and shapes that can be tuned by applying
various bridging ligands.10 Although hexagonal structures often
occur in nature and can be observed in structures such as
beehives, ice crystals, and chemical compounds including
benzene and graphite,11 hexagonal supramolecules are rare.’? In
2003, Stang et al. reported the discovery of molecular hexagons
and rhomboids consisting of M,L, units (M, metal complex
fragment; L, bridging ligand; n = 2, 3) equilibrated in solution.
Only the rhomboidal crystal structure of [(Et;P),Pt-
(L")],(PFs)s (L' = 3,5-di(pyridylethynyl)pyridine) was ob-
served during X-ray crystallography,'* although the existence
of the molecular hexagon [(Et;P),Pt(L')];(PF)s was con-
firmed by electron spray ionization mass spectrometry (ESI-
MS) and nuclear magnetic resonance (NMR) spectroscopy. As
a result of the limited data concerning molecular hexagons,
significant effort has been applied to determining the structures
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of these compounds and to the detailed elucidation of their
equilibrium properties.'*™>*

Polyoxometalates (POMs) are nanosized anionic metal-oxide
clusters that exhibit thermal stability and are well suited for use
as inorganic building blocks.** Many examples of inorganic—
organic hybrid compounds based on transition-metal com-
plexes and POMs have been reported to date, whereas
combinations of discrete supramolecules and POMs are still
2*2% Previously, we have reported the encapsulations of a
hexatungstate [W40,,]*” and a decatungstate [W,,0,]*" into
the molecular square [(en*)Pd(4,4-bpy)],(NO;); (en* =
N,N,N’,N’-tetramethylethylenediamine and 4,4'-bpy = 44'-
bipyridine) to form {[(en*)Pd(4,4"-bpy)],[DW0,5]}(NO;),
and {[(en*)Pd(4,4"-bpy)],[DW1303,]}[W190;,], respective-
ly.*** The encapsulation of POMs takes place only in cases
where the size and symmetry of the POM corresponds to those
of the cavity of the molecular square. Therefore, a larger sized
supramolecule with a cavity possessing C; or Cg symmetry
would be required to encapsulate nanosized Keggin-type
POM:s.

In this Article, structural control in the solid state between
hexagonal, rhomboidal, and infinite-chain supramolecules
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through tuning the steric hindrance of the three different
supporting ligands ethylenediamine (en), N,N,N’,N’-tetrame-
thylethylenediamine (en*), and 1,2-bis(diphenylphosphino)-
ethane (dppe) was studied. The encapsulation of the negatively
charged Keggin-type phosphododecatungstate [@-PW,,0,,]*~
in the cavity of the molecular hexagon in solution was also
investigated using the pulse-field gradient echo (PFGE) NMR
technique.”®~

Bl RESULTS AND DISCUSSION

Synthesis and Characterization of Molecular Hexagon
(Trimer), Rhomboid (Dimer), and Infinite-Chain Supra-
molecules, [(L,,)Pd(L)],(X),, (n = 2, 3, and o). A series of
supramolecular compounds was synthesized via the dechlori-
nation of (L,)PdCl, (L, = ethylenediamine (en) and L, =
N,N,N’,N’-tetramethylethylenediamine (en*)) with AgX (X =
OTf  or PF,") followed by the reaction of the resulting
[(L)Pd(solv.),],(X),, with 1,3-bis(4-pyridylethynyl)benzene
(L) in CH;CN (Scheme 1). Pale-yellow products consisting of

Scheme 1
(Lip}PdCl, [(Lo)Pd(salv.)o](X)y ———— {[{Ln)PA(L)](X)2}
MeCN (n=2,3)
_ trimer  dimer | yield
L= N & X / m | Lm X mt md (%)
N « N |1] en |OTt |0765 0285 | 72
1,3-bis(4-ethynylpyridyl)oenzene 2 | en | PR | 0550 0450 | 62

1t-OTf (72% yield) or 2d-PFy (62% yield) were obtained by
recrystallization from a solvent mixture of MeNO, and Et,O.
The successful complexations of [(L,)Pd(L)(X),], (1t-OTf:

L, = en and X = OTf; 2d*PF4: L, = en* and X = PF,) were
confirmed by infrared spectroscopy (IR), NMR (‘H, C, “F,
3p, and HMQC), cold-spray ionization mass spectroscopy
(CSI-MS), and elemental analyses, whereas molecular
structures were determined by X-ray crystallography (Figure
1). The crystallographic data and selected bond distances and
angles are summarized in Tables 1 and 2.

Compound 1t*OTf was isolated as a molecular hexagon,
[(en)Pd(L)(OTH),]s, which crystallized in the P3 space group
with a C; axis along the principle ¢ axis (Figure 1a). All of the
anions were located near the palladium center and were outside
the cavity of the molecular hexagon. Each intramolecular Pd---
Pd distance was 17.963 A. In the crystal lattice of 1tOTf, three
neighboring molecular hexagons interact with each other at the
phenyl rings via 7—7 stacking interactions (3.645 A, Figure 2),
and hexagonal columns with layer distances of 8.587 A are built
up along the c-axis.

In contrast, compound 2d-PF4 was isolated as a molecular
rhomboid, [(en*)Pd(L)],(PF),, which crystallized in the PT
space group and consisted of two crystallographically
independent rhomboidal molecules (Figure 1b). The structure
of the cationic moiety is analogous to that of [(Et;P),Pt-
(L")],(PFy),, as reported by Stang et al.'** The hexafluor-
ophosphate anions were located near the palladium center and
outside the cavity. Their diagonal Pd---Pd distances were 16.265
and 16.185 A, respectively. Two crystallographically independ-
ent molecules were stacked at the phenyl and pyridyl rings
through 7—n stacking interactions whose closest distance
(C(Ph)---C(Py)) was calculated to be 3.751 A. Rhomboidal
columnar channels along the a axis with layer distances of 9.994
A are formed in the crystal lattice (Figure 3).

N12 p-QN11
N101 N111

(a)

g}fi; Pd1 4

(3

Figure 1. ORTEP views of (a) [(en)Pd(L)];(OTf)¢ 1t-OTf, (b) [(en*)Pd(L)],(PFq), 2d-PF, and (c) {(dppe)Pd(L)[W¢O1o]}s 3* W40y, at the

30% probability level. Anionic moieties are omitted for clarity.
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Table 1. Crystallographic Data for 1t-OTf, 2d'PF, and 3*W,0,

empirical formula
formula weight
crystal system
lattice type

space group

lattice parameter

z

dcalcd

Fooo
u(Mo Ka)

no. of reflections measured

no. of observations
no. of variables
RS

wR,”

“I > 2.000(1).

1¢OTf
CesHeoN1,Pdy
1340.5433
trigonal
primitive
P3 (No. 147)
a = 30.4650(10) A

c=8.7859(4) A

y = 120°

V = 7061.9(5) A3

2

0.63 g cm™
1356

0.40 mm™"
13068
5695

244

0.0678
0.221

2d-PF
Cio4H 04N Pdy
1001.82
triclinic
primitive
PT (No. 2)
a = 19.7695(9) A
b = 21.0669(9) A
¢ =24.6332(15) A

a =99.229(2)°
B =92209(3)°
y = 117.576(4)°
V = 8901.2(8) A3

2

0.751 g cm™

2064

0.427 mm™*

43 946
12442
973

0.1077
0.2892

3:WsOy9
CoHepN,O35P,Pd, W,
4384.42
monoclinic
C-centered
C2/c (No. 15)
a = 57.0002(8) A
b =17.0179(3) A
¢ =34.8057(7) A

A = 122.5000(10)°

V = 28474.9(9) A’
8

2,045 g cm™
15968

10.001 mm™
39328

20784

745

0.0931

0.2955

Table 2. Selected Bond Distances (Angstroms) and Angles (Degrees) of 1t:OTf, 2d-PF, and 3-W0,,

2d-PF,
1t-OTf compound A compound B 3:W(O0yy
Pd—X(L,,) 2.017(3), 2.012(3) 2.064(8), 2.083(7) 2.114(8), 2.054(8) 2.257(4), 2.263(4)
2.097(7), 2.112(8) 2.109(8), 2.112(8) 2.249(4), 2.251(5)
Pd-L(Py) 2.031(3), 2.040(3) 2.043(4), 2.036(5) 2.042(5), 2.050(5) 2.122(5), 2.063(6)
2.026(4), 2.033(4) 2.035(4), 2.043(5) 2.075(7), 2.079(7)
X(L,,)-Pd—X(L,,) 84.50(14) 85.9(3), 85.8(3) 84.2(4), 86.7(3) 84.3(5), 85.1(2)
X(L,)—Pd—L(Py) 91.92(13), 91.16(14) 95.1(3), 95.2(3) 94.6(3), 95.5(3) 94.0(3), 96.4(2)
95.2(3), 95.5(3) 93.8(3), 95.1(3) 92.0(3), 94.7(3)
L(Py)—Pd—L(Py) 92.40(13) 85.0(2), 83.5(2) 85.7(2), 84.5(2) 85.1(3), 88.1(4)
Pd---Pd 17.969 16.265 16.185 16.628
n-n stacking
Pd " Pd
d Pd ] Pd Pd 4
L
1 ‘a5 A <0
- },lv
P
A &/‘
éf 4
“,/
-4 P 9
' 4

a

Figure 2. Crystal packing of 1t:OTf viewed along the (a) ¢ axis and (b) a axis.
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Figure 3. Crystal packing of 2d-PF4 viewed along the (a) a axis and (b) b axis.

Employing the more highly sterically hindered 1,2-bis-
(diphenylphosphino)ethane (dppe) supporting ligand disal-
lowed the formations of the molecular hexagon or rhomboid
and instead resulted in the formation of [(dppe)Pd(L)-
(OTf),]s (3-OTE, 95% yield). A single crystal suitable for X-
ray crystallography was successfully obtained as a hexatungstate
derivative by anion exchange with (TBA),[W,O,] (TBA =
tetra(n-butyl)ammonium).* X-ray crystallography demonstra-
ted the formation of an infinite-chain complex {(dppe)Pd(L)-
[WeO1ol}eo 3'W4O;o (Figure 1c). The X(L,)—Pd—L(Py)
angles (92.0(3)—96.4(2)°) were relatively wide compared to
those of 1t:OTf and were comparable to those of 2d‘PF,
(Table 2). The steric repulsion between the supporting ligand
(dppe) and the bridging ligand (L) in 3-W4O, generates these
wider angles. Because the L(Py)—Pd—L(Py) angles (85.1(3)
and 88.1(4)°) were also wider than or comparable to those of
2d-PF, (83.5(2)—85.7(2)°), 3*W¢0,, (having the bulkier dppe
supporting ligand) does not adopt the rhomboidal structure but
instead forms the infinite-chain structure to decrease the steric
repulsion between neighboring bridging ligands. These results
show that steric hindrance between the supporting and bridging
ligands is one of the most important factors controlling the
resultant solid-state structures.

Steric Effects on the Supramolecular Structures. The
steric effects between supporting and bridging ligands on the
supramolecular structure have been discussed in our previous
report on the equilibrium between molecular square and
triangle structures. * The Pd—X(L,,) (2.017(3) and 2.012(3)
A) and Pd—L(Py) distances (2.031(3) and 2.040(3) A) in 1t
OTf were shorter than or comparable to those in 2d-PF¢ (Pd—
X(L,), 2.054(8)—2.114(8) A and Pd—L(Py), 2.026(4)—

2.050(5) A), suggesting the weak coordination of ligands in
2d-PF;. Similarly, the L(Py)—Pd—L(Py) angles in 1h-OTf
(92.40(13)°) were wider than those in 2dPF, (83.5(2)—
85.7(2)°), whereas the X(L,)—Pd—L(Py) angles in 1h-OTf
(91.92(13) and 91.16(14) A) were narrower than those of 2d
PF, (93.8(3)—95.5(3)°). These results indicate that close
contact between the methyl substituents of the en* supporting
ligand and the bridging ligand (L) are avoided. The effects of
steric interactions were also observed in the '"H NMR spectra of
these structures. The Py(a) and Py(f) signals of 1t-OTf (8.81
and 7.81 ppm) and 2tPF4 (9.19 and 7.84 ppm) were observed
at lower magnetic-field positions than those of 1d-OTf (8.70
and 7.78 ppm) and 2d-PF¢ (9.13 and 7.78 ppm), respectively.
Because the cavity of the molecular rhomboid is narrower than
that of the hexagon, it follows that the magnetic shielding of the
molecular rhomboid will be greater than that of the hexagon.
The most prominent difference was that the signal at the 2
position of the phenyl ring in 1t*OTf was observed at 7.88
ppm, whereas that of 1d-OTf was shifted upfield (7.54 ppm).
In the case of the supporting ligand, however, the shift
tendency was different from that of the bridging ligand. Because
the X(L,,)—Pd—L(Py) angles in 2t-PF4 were wider than those
in 2d*PF, as might be predicted from the 1t*OTf spectra, the
signal corresponding to the methyl substituents in 2t-PF¢ (2.63
ppm) was shifted downfield compared to that of 2d-PF¢ (2.55
ppm).

Behaviors of Molecular Hexagons and Rhomboids in
Solution. The CSI-MS spectra of 1t*OTf and 2d-PF, exhibited
peaks at m/z = 1340.88 and 2085.78, assignable to {[(en)Pd-
(L)1,(0Tf),,1}, and at m/z 1441.04 and 2233.01,
assignable to {[(en*)Pd(L)],(PF4),,—1}* (n = 2, 3) (Figures
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{[(en)Pd(L)]o(OTH)3}* {l(en)Pd(L)]5(OTf)s}*
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Figure 4. CSI-MS spectrum of [(en)Pd(L)],(OTf),, 1t/1d-OTf (n = 2, 3).

{len*)Pd(L)](PFg)s}* {l(en*)Pd(L)]s(PFg)s}*

Measured 1441.04 Measured 2233.01

Simulated 1440.79 Simulated 2233.66
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Figure 5. CSI-MS spectrum of [(en*)Pd(L)],(PF),, 2t/2d"PF (n = 2, 3).

4 and 5). The 'H NMR spectra of 1t/1d*OTf and 2t/2d-PF
(S mM) exhibited two sets of signals (1t-OTf/1d-OTf =
0.765:0.235 in DMSO-d, at 298 K) and 2t/2dPF, (2t-OTf/
2d-OTf = 0.550:0.450 in DMSO-d, at 298 K). The behaviors of

1t/1d-OTf and 2t/2d'PF in solution were confirmed using the
pulse-field gradient echo (PFGE) NMR technique. 'H diffusion
ordered NMR spectroscopy (DOSY) of 1t/1d-OTf revealed
that the diffusion coefficients of 1t*OTf and 1d*OTf in 1t/1d*
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OTf at 303 K were 6.23(1) x 107! and 8.95(1) x 107! m?
s, respectively, and the corresponding effective molecular
radii (R.) were 1.83 and 1.25 nm, respectively, on the basis of
the Stokes—Einstein equation (Table 3 and Figures $9—S11 in

Table 3. Diffusion Coeficients Obtained from Diffusion
Ordered NMR Spectroscopy (DOSY) in DMSO-d, at 303 K

diffusion coefficient, stokes radius

D (107 m?s7!) (r nm™)*

compound 'H 3p/YF cation anion
1+OTf 0.623(1) 1.5(1)° 1.83 0.747
1d-OTf 0.895(1) 1.25
2t-PF; 0.758(5) 6.99(3)° 1.48 0.160"
2d-PF, 1.06(7) 1.06
3-OTf 1.76(2) 2.73(4)" 0.637 0.411
2t[a-PW,,0,0]>" 0.724(3) 0.736(3)¢ 1.55 1.52¢4
2d-[a-PW;,0,,]>~ 1.05(3) 1.06
H;[a-PW,,0,] 1.90 (3) 0.590

“Obtained from the Stokes—Einstein equation r = kT/(6mnD) (k =
Boltzmann constant and 7 = viscosity (0.00198 for DMSO) (g m™
s72)). YThe value derived from OTf". “The value derived from PF .
“The value derived from [a-PW,,0,,]>".

the Supporting Information). The Ry of 1t/1d-OTf was
slightly larger than those of the molecular hexagon (1.46 nm)
and rhomboid (1.31 nm), as determined by DFT calculations
(Figure 6).° On the contrary, the diffusion coefficients of 2t*

Figure 6. Space-filling models of the cationic moieties of the molecular
hexagon and rhomboid as optimized by DFT calculations: (a) 1t, (b)
1d, (c) 2t, and (d) 2d.

PF, and 2d'PF, in 2t/2d'PF, at 303 K were 7.58(5) x 107!
and 1.06(7) X 107" m* 5™, respectively, and the corresponding
R were 1.48 and 1.06 nm (Figures S13—S1S in the Supporting
Information) and thus were slightly smaller than those of 1t/
1d-OTHf. These results indicate that 2t/2d*PF in solution also
exists as the molecular hexagon (1.46 nm) and rhomboid (1.29
nm). As the solution temperature is increased, the 1d-OTf and
2d'PF; signals increase in intensity because of entropic effects
on the systems. Similarly, as the concentration of the molecular
rhomboid increases, the molecular hexagon signals increase in
accordance with Le Chatelier’s principle. The behaviors of
these substances are consistent with those observed in previous

work with regard to the equilibrium between the molecular
square and triangle.

In the 'H NMR spectra of 3+OTH{, only a single set of signals
was observed, suggesting no equilibrium in solution. The
diffusion coefficient of 3+OTf was calculated to be 1.76(2) X
107"° m* s7', and the corresponding R is 0.637 nm (Figures
S17 in the Supporting Information). On the basis of these
results, infinite-chain compound 3-OTf likely exists in solution
as a mononuclear species such as [(dppe)Pd(L)(solvent)]-
(OTf),. The CSI-MS spectrum of 3-OTf exhibited peaks at m/
z = 934.09 that are attributed to {[(dppe)Pd(L)](OTf)}*
providing support for this theory (Figure S5 in the Supporting
Information). In addition, the diffusion coefficients for
trifluoromethane sulfonate (OTf ) and hexafluorophosphate
(PF4™) were calculated to be 1.5(1) x 107 for 1t/1d°OTf,
2.73(4) x 107! for 3-OTf, and 6.99(3) X 107" m?s™* for 2t/
2d-PF, and the corresponding R.¢ were 0.747, 0.411, and 0.160
nm, respectively (Figures S12, S16, and S18 in the Supporting
Information). These radii are almost in agreement with those
(ca. 0.275 and 0.174 nm) obtained from DFT calculations.>>**
Because the diffusion coeflicients of cationic and anionic
moieties are quite different, the electrostatic interactions
between the cationic ring and the counteranions are considered
to be very weak.

Encapsulation of a Keggin-Type Polyoxometalate in
the Molecular Hexagon Cavity. To confirm the ability of
the molecular hexagon to encapsulate POMs, reactions of 1t
OTf and 2d-PF; with H;[a-PW,,0,] were carried out.
Unfortunately, because this reaction generated a product that
was only sparingly soluble in the case of 1*OTf, no information
concerning the encapsulation of [a-PW,0,,]*" in the 1+OTf
cavity was obtained. However, the reaction of 2d-PF4 with
H,[a-PW,,0,] at a 1:1 molar ratio in DMSO-d, resulted in
the successful encapsulation of [@-PW;,0,,]*" in the cavity of
2t to form {[(en*)Pd(L)];D[a-PW,,0,0]}(PFs); 2t[a-
PW,,0,]*". 'H DOSY NMR spectra demonstrated that the
diffusion coefficients of 2t/2d:[@-PW,,0,,]>~ were 0.724(3) X
107'° (R, 1.55 nm) and 1.05(3) X 107*° (R.g 1.06 nm) m? s~
(Figures S19—S21 in the Supporting Information). The
diffusion coefficients of 2t/2d*[a-PW,,0,,]>" were almost
identical to those of 2t/2d*PF; after the complexation between
2t/2d'PF, and H,;[a-PW,,0,,].

Subsequent to encapsulation, the signals of the molecular
thomboid decreased, whereas those of the corresponding
molecular hexagon appeared, as shown in Figure 7. The
protons at the 2 position of the phenyl moiety on the bridging
ligand (at 7.78 ppm) are evidently shifted to a lower magnetic
field region (7.89 ppm), likely because these protons are in
close proximity to the [@-PW,0,,]>” ion and thus interact
with the ion via hydrogen bonding. The SP{H}NMR spectra
shows a peak at —14.34 ppm, which is lower than that of pure
H;[a-PW,0,4] (—14.36 ppm), also suggesting slight deshield-
ing resulting from complexation with highly charged molecular
hexagon 2t. The in situ CSI-MS spectra showed a primary peak
at m/z = 4675.98, assignable to the molecular hexagon complex
{[(en*)PA(L)]5[a-PW,,04,] (PF¢),}* (m/z = 4675.52), where-
as a peak originating from the molecular rhomboid complex
{[(en*)Pd(L)],[a-PW,04]} (m/z = 3365.98) was not
observed (Figure 8). Although a single crystal of the product
could not be obtained, the product composition was deduced as
[(en*)PA(L)]5[a-PW,,04](PF¢); on the basis of MS data
together with the results of elemental analysis. In addition, we
determined from *'P DOSY NMR spectra that the diffusion
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Figure 7. '"H NMR spectra of (a) [(en*)Pd(L)],(PF,), 2t/2d-PF
and (b) 2t/2d'PF4 in the presence of H;[a-PW,0,0] (asterisks
represent peaks derived from unknown species or solvent).

coefficient of the [a@-PW,,0,,]>~ moiety was 7.36(3) x 107!
m”s™!, whereas the corresponding molecular radius was
calculated to be 1.52 nm (Figure S22 in the Supporting
Information). The diffusion coefficients of 2t and [a-
PW,,0,0]*" were practically identical, which suggests that 2t
and [a-PW,0,,]%" interact with each other and that [a-

PW,,0,]* is encapsulated in the cavity of 2t to form
{[(en*)Pd(L)]5[2a-PW,04,]}(PF¢);. Molecular dynamics
calculations concerning the {[(en*)Pd(L)];[Da-PW,0,0]}*"
2t-[a-PW,0,4]°>" complex using universal force field (UFF)
parameters also indicated that the molecular hexagon
encapsulates the Keggin-type POM while maintaining the
framework of 2t intact (Figure 9).

B CONCLUSIONS

We have demonstrated that the structural control of hexagonal,
rhomboidal, and infinite-chain complexes through the
application of three different supporting ligands is attainable
and that steric hindrance between the supporting and bridging
ligands is the most important factor in determining the
resulting solid-state structure. On the basis of data obtained
from 'H and *'P DOSY NMR spectra, we also conclude that
the internal cavity of the hexagonal structure possesses an
adequate size and the appropriate symmetry to allow the
successful encapsulation of [@-PW;,0,,]*” in solution.

B EXPERIMENTAL SECTION

Compound manipulations were carried out using standard Schlenk
techniques under argon. The ligands 1,3-bis(4-pyridylethynyl)benzene
(L), (L,)PdCl, (L, = ethylenediamine, N,N,N’,N’-tetramethylethyle-
nediamine (en*), and 1,2-bis(diphenylphosphino)ethane) were
synthesized according to procedures in the literature.*”** Tetrahy-
drofuran (THF) was distilled with NaK,; under argon, and
acetonitrile was distilled with P,Os under argon. Dodecaphospho-
tungstic acid (H;[a-PW,0,]), diethylamine, nitromethane, dieth-
ylether, n-hexane, and DMSO-dg were used as-received. 'H (270
MHz), BC{H} (67.8 MHz), *'P{H} (109.25 MHz), and “°F (465.89
MHz) NMR spectra were recorded on a JEOL ECA-500. Infrared
spectra were acquired on a JASCO FT-IR 580, and CSI-MS spectra
were obtained with a JEOL T100-CS. Elemental analysis was
performed with a LECO CHNS-932 VTE-900.

Synthesis of [(en)Pd(L)],(OTf),, 1t/1d-OTf (1t, n = 3; 1d, n =
2). The starting material (en)PdCl, (0.169 g 0.712 mmol) was
dissolved in MeCN (10 mL) followed by the addition of 2 equiv of
AgOTf (0.367 g, 1.43 mmol). After the solution was stirred for 2 h, the

Measured

{I(en)PA(L)I3[PW12040](PFg)2}*
4675.98

Simulated 4675.52
{[(en*)Pd(L)]z(PFs)a}"
144112 4600 4650 4700 4750
(1441 16) Mass [m/Z]
{l(en")Pd(L)]13(PFe)st* \
2233.36
2233.23
L L l L b A { ( ) A A PRI STV Y WY _A_JJ Jofa A
LA Su S S B B SN SR S (LN A S e S S S S S S S S B S S S S S R S S B S S S S S S S S SO S S S S S B S S S R S B s
1000 2000 3000 4000 5000 6000
Mass [m/z]

Figure 8. In situ CSI-MS spectrum of 2t/2d'PFy in the presence of Hy[a-PW,,0,,] in DMF (263 K).
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(a) o el

Figure 9. Molecular structure of {[(en*)Pd(L)];[Da-PW,,0,0]}** 2t:[@-PW,,0,,]*" optimized by molecular dynamics with UFF: (a) top and (b)

side views.

resulting AgCl was removed by filtration. The bridging ligand 1,3-
bis(4-pyridylethynyl)benzene (L; 0.200 g, 0.713 mmol) was added to
the filtrate, and the mixture was stirred overnight. The solvent was
removed by evaporation. The crude product was dissolved in
nitromethane, and the residual solid was centrifuged and recrystallized
from nitromethane/Et,O to give pale-green crystals of 1t-OTf (0.382
g, 0.171 mmol, 72% yield). IR (KBr, cm™): 3234 m (v(N—H)), 3138
(1(C—H)), 2216 m (1(C=C)), 1612 s (1(C=N)), 1500 w, 1430 w
(v(C=CQ)), 1255 vs, 1226 s (v(C—F)), 1166 s (v(S—0)), 1060 m,
1030 vs, 835 m, 797 m, 759 m, 682 m, 639 vs, 573 m, 551 m, 518 m,
478 m, 278 w, 254 m. "H NMR (270 MHz, DMSO-d,) 5y (ppm) 8.81
(brs, a-Py(1t)), 8.69 (d, ] = 6.72 Hz, f-Py(1d)), 7.87—7.69 (m), 7.62
(t, 5-Ph (1t)), 5.71 (brs, NH, (1d)), 5.57 (brs, NH, (1t)), 2.67 (brs,
CH, (1t, 1d)). *C{H} NMR 6. (ppm) 151.88 (a-Py), 135.17
(CeH,), 13375 (ipso-Py), 129.97 (C¢H,), 127.96 (p-Py), 123.03
(C¢H,), 121.31 (CgH,), 118.28 (C¢H,), 96.20 (C=C), 86.26 (C=
C), 46.78 (CH,). F NMR (465.89 MHz, DMSO-dy) &z (ppm)
—79.13. CSI-MS (DMF, 263 K) m/z 2085.78 (calcd m/z 2085.98).
Anal. Calcd for C,,H,,F 5N ;,0,,Pd;S¢ ([(en)Pd(L)];(OTf)4-6H,0):
C, 36.91; H, 3.11; N, 7.17. Found: C, 37.18; H, 3.09; N, 6.75.
Synthesis of [(en*)Pd(L)],(PF¢),, 2t/2d-PFs (2t, n = 3; 2d, n =
2). The starting material (en*)PdCl, (0.0524 g, 0.178 mmol) was
dissolved in MeCN (10 mL) followed by the addition of 2 equiv of
AgPF (0.0904 g, 0.357 mmol). After the solution was stirred for 4 h,
the resulting AgCl was removed by filtration. The bridging ligand 1,3-
bis(4-pyridylethynyl)benzene (0.0502 g, 0.178 mmol) was added to
the filtrate, and the mixture was stirred overnight. The solvent was
then removed by evaporation, and the crude product was dissolved in
nitromethane. Finally, the residual solid was centrifuged and
recrystallized from nitromethane/Et,O to give pale-green crystals of
2d'PF, (0.0874 g, 0.0551 mmol, 61.9% yield). IR (KBr, cm™) 3655 m,
3587 m, 3108 w, 2994 w, 2930 w, 2858 w, 2216 m (v(C=C)), 1611 s
(v(C=C and C=N)), 1558 w, 1501 m, 1473 m, 1431 m, 1297 w,
1214 m, 1169 w, 1124 w, 1065 m, 1042 w, 1007 w, 9SS m, 839 vs
(v(P—F)) 768 m, 738 m, 683 w, 557 s. '"H NMR (500 MHz, DMSO-
dg) 8y (ppm) 9.19 (d, J = 6.90 Hz, a-Py(2t)), 9.15 (d, ] = 6.60 Hz, -
Py(2d)), 7.84 (d, ] = 6.90 Hz, B-Py(2t)), 7.82 (d, ] = 6.60 Hz, a-
Py(2d)), 7.79 (brs, 2-C¢H,(2t)), 7.78 (brs, 2-CsH,(2d)), 7.72 (d, ] =
8.00 Hz, 4-C4H,(2t)), 7.68 (d, ] = 8.00 Hz, 4-C;H,(2d)) 7.60 (t, ] =
8.00 Hz (m, 5-C4H,(2t)), 7.59 (t, J = 8.00 Hz (m, 5-C;H,(2d)), 3.01
(brs, CH, (2d)), 2.99 (brs, CH, (2t)) 2.64 (s, Me(2d)), 2.57 (s,
Me(2t)). *C{H}NMR (124.50 MHz, DMSO-d;) & (ppm) 151.13
(a-Py(2t)), 150.04 (a-Py(2d)), 133.73 (ipso-Py), 132.30 (CsH,)),
128.76 (C¢H,), 121.26 (ipso-CgH,), 121.18 (ipso-C4H,), 96.44 (C=
C), 8623 (C=C (2t)), 85.63 (C=C (2d)), 62.19 (CH,), 50.41
(Me(2d)), 50.29 (Me(2t)). *'P{H} NMR (109.25 MHz, DMSO-d)
5, (ppm) —142.95 (sept, Jp_z = 387.83 Hz). "’F NMR (465.89 MHz,

DMSO-dy) 8¢ (ppm) —71.51 (d, Jo_g = 711.60 Hz, PF;"). CSI-MS
(DMEF, 263 K) m/z 1441.04 (calcd m/z 1440.79). Anal. Calcd for
Cs;HgO,NsPFy,Pd, ([(en*)P(L)],(PFs),2H,0): C, 38.51; H,
3.73; N, 6.91. Found: C, 38.57; H, 3.89; N, 6.89.

Synthesis of [(dppe)Pd(L)(OTf),], 3:OTf. The compound
(dppe)Pd(OTf), (0.321 g, 0.357) was reacted with 1,3-bis(4-
pyridylethynyl)benzene (0.100 g, 0.357 mmol) in CH,Cl, (20 mL)
for 1 h. After the solution was concentrated by evacuation, the addition
of n-hexane produced {(dppe)Pd(L)(OTf),} (0.368 g, 0.340 mmol)
as a yellow solid in 95% yield. '"H NMR (500 MHz, DMSO-d;) &y
(ppm) 8.67 (d, *Jy_y = 6.30 Hz, Py(a)), 7.82 — 7.78 (m, m-Ph
(dppe), 5-C¢H,), 7.72 (t, *Jy_y = 7.75 Hz, p-Ph (dppe)), 7.68 (dd,
3g_n = 7.68 Hz, *Jy_y = 1.15 Hz, 4,6-C4H,), 7.60 (ddd, 3Jy_p = 745
Hz, Jyq_g = 7.75 Hz, *Jyy_y; = 1.15 Hz, 0-Ph), 7.57 (d, 3Jg_g = 6.30 Hg,
Py(f)), 7.57 (d, *Jyu_y = 7.68 Hz, 2-CH,), 3.09 (d, ¥yy_p = 23.75 Hz,
CH,). BC{H} NMR (124.50 MHz, DMSO-d;) &c (ppm) 150.34
(Py(a)), 134.97 (5-C4H,), 133.32 (d, *Jc_p = 10.7 Hz, m-Ph), 133.27
(p-Ph), 132.94 (2-C4H,), 129.90 (4,6-C4H,), 129.55 (d, J = 11.8 Hz, o-
Ph (dppe)), 127.49 (Py(B)), 125.62 (d, ¥Jc_p = 56.0 Hz, ipso-Ph),
124.58 (brs, p-C¢H,),121.37 (ipso-Py), 120.70 (q, YJc_r = 321.86 Hz,
CF,S0;), 95.52, 86.38 (C=C), 27.23 (d, Jc_p = 40.52 Hz, CH,).
3'p{H} NMR (200.43 MHz, DMSO-dy) 8, (ppm) 68.31. ’F NMR
(465.89 MHz, DMSO-d,) ;. (ppm) —79.18. CSI-MS (MeCN, 263 K)
m/z 934.09 (caled m/z 934.23). A single crystal was obtained as the
hexatungstate derivative of {[(dppe)Pd(L)][W¢O;o]}s by recrystalli-
zation from DMSO/acetone. Anal. Caled for C,sH;40,0N,P,PdW
({[(dppe)Pd(L)][W0,0)-6H,0}: C, 24.02; H, 2.10; N, 1.02.
Found: C, 2398; H, 2.17; N, 0.99. The reproducibility of the
formation of 3*W40,, as single crystals was checked four times by
NMR (purity >99%).

Diffusion Ordered NMR Spectroscopy (DOSY). DOSY NMR
measurements were carried out at 303 K using bipolar pulse pair
longitudinal eddy current delay (BPP-LED) for 'H and '°F nuclei and
bipolar pulse pair stimulated echo (BPP-STE) pulse sequences for 'H
and *'P nuclei. The diffusion (A s) and gradient times (6 ms) and the
gradient control (0.05—0.27 [T/m]) were carefully controlled for the
respective measurements. Curve-fitting analyses were carried out with
the JEOL Delta 5.0.2 program and the data were fit to eq 1, where I is
the observed intensity, I, is the observed intensity without gradients, y
is the gyromagnetic ratio of the observed nucleus, ¢ is the length of the
gradient pulse, G is the gradient strength, A (diffusion delay) is the
delay between the midpoints of the gradients, and D is the diffusion
coefficient.

1;{%] = —(yé)z(A - g)DGZ i~
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Encapsulation of [a-PW,;,0,>~ with 2t/2d:PFs. Compound
2t/2d-PF4 (20.0 mg, 8.41 ymol as the molecular hexagon) and 1 equiv
of Hy[a-PW,0,] (24.2 mg, 8.41 pmol) were dissolved in 0.75 mL of
DMSO-d, following which 'H and *'P DOSY NMR spectra were
obtained at 303 K. The resulting solution was then diluted with DMF,
and CSI-MS measurement was performed at 263 K. Molecular
dynamics calculations were performed with universal force field (UFF)
parameters using the Forcite algorithm within the Materials Studio
software package. Elemental analysis was carried out on the nitrate
derivative, [(en*)Pd(L)];[a-PW;,0,0](NO;);-2DMF-5H,0. Anal.
Caled for CgPd;W,,H,,0N,P: C, 21.00; H, 2.14; N, 4.96.
Found: C, 21.29; H, 2.55; N, 4.67. IR (KBr, cm™): 3093 w, 3004
w, 2912 w (v(C—H)), 2215 m (v(C=C)), 1611 s (v(C=C) and
v(C=N)), 1533 w, 1498 w, 1470 w, 1430 m, 1384 m (v(C—N)),
1320 w, 1217 w, 1080 vs, 1041 m, 1027 m, 1006 m, 977 vs, 896 s, 816
vs, (l(W=0), v(P=0), and v(W—0-W)), 683 m, 666 w, 595w,
571 w, 549 w, 953 m, 389 s, 337 w, 302 w, 265 m, 254 m.

Single-Crystal X-ray Crystallography. Diffraction measurements
of 1tOTf, 2d*PF,, and 3‘W40,y were obtained using a Rigaku
MicroMax-007 with Mo Ka radiation (4 = 0.71069 A). A total of six
and four anion molecules of 1t*OTf and 2d:PF4 were apparently
observed, but were highly disordered. As a result, the disordered
anions and solvents were squeezed and removed from the structural
solution. Details concerning the crystallographic analysis are provided
in the Supporting Information. CCDC 942775 (1t-OTf), 942776 (2d-
PF), and 942777 (3*W40y,) contain the crystallographic data, and
these data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/conts/
retrieving. html.
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