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Synthesis and Complexation of Multiarmed Cycloveratrylene-Type Ligands:
Observation of the “Boat” and ‘“Distorted-Cup” Conformations of a
Cyclotetraveratrylene Derivative

Christopher J. Sumby,**"! Keith C. Gordon,'! Tim J. Walsh,'! and Michaele J. Hardie*!"!

Abstract: Investigations of a previously
reported ligand, hexakis(2-pyridylme-
thyl)cyclotricatechylene (1), and a new
tetrameric bridging ligand, octakis(2-
pyridylmethyl)cyclotetracatechylene

(2), the latter constructed on a larger

dium(II) salts. An unexpected chelating
mode was observed for 1 in the struc-
ture of DMFC[Pd;Cl¢(1)]-DMF, where-
by the palladium cations bridge two ve-
ratrole subunits rather than chelating
within a single subunit. In the structure

mation, whereas in [Pd,Clg(2)]-4 H,O,
"H NMR spectroscopic studies and cal-
culations indicate that the ligand is
present in a previously unobserved
“distorted-cup”  conformation. This
conformation was calculated to be ap-

cyclotetraveratrylene (CTTV) scaffold,
are described. Variable-temperature
NMR studies support a “sofa” confor-
mation for 2, akin to studies on the
parent compound. The coordination
chemistry of 2 and its smaller trimeric
homologue have also been investigated
with silver(I), copper(Il) and palla-

Introduction

The conformational mobility of the cyclic tetramer of vera-
trole, cyclotetraveratrylene (CTTV), has been the subject of
some attention"® since its structure, and that of the smaller
trimer cyclotriveratrylene (CTV), was firmly estab-
lished.™>” Unlike CTV, which generally adopts a rigid
bowl-shaped conformation,®” CTTV and its derivatives
have been demonstrated to undergo pseudo-rotations of
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of [Agy(2)][Co(C,BgHyy),]42.8 CH;CN-
H,O, ligand 2 adopts a “boat” confor-
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proximately 90 kJmol™' lower in
energy than the alternative “sofa” con-
formation. Thus, coordination-induced
conformational control over CTTV de-
rivatives offers new routes to exploit
the host-guest chemistry of these com-
pounds.

con-
coordina-

equivalent conformations at room temperature.*® Two con-
formations have been deliberated: a C,, symmetry “sofa”
conformation and a C,, symmetry “boat” conformation. Dy-
namic NMR spectroscpic investigations of CTTV and the re-
lated demethylated compound, cyclotetracatechylene
(CTTC), have determined that the solution species are con-
sistent with a sofa conformation. This converts through fast
pseudo-rotations about the sp>-sp>-sp’sp’ bonds,>® and not
through a postulated C,, symmetric “crown” conforma-
tion.l"?! This latter crown is postulated to be unstable due to
steric clashes between the aromatic rings.? However, for
host—guest studies, this unstable crown conformation is
highly desirable, as it allows for complexation of large spher-
ical guests, such as fullerenes, akin to reported ball-and-
socket-type complexes with CTV.!! One report describes an
attempt to stabilise the crown conformation through chemi-
cal modification.

We have been investigating the use of chelating deriva-
tives of CTV functionalised with pyridyl transition-metal
binding moieties, to prepare coordination polymers display-
ing porosity and unusual host-guest phenomena.'y! To this
end, we have synthesised and reported the hexadentate
three-connecting ligand, hexakis(2-pyridylmethyl)cyclotrica-
techylene (1).1 The related veratrole tetramer CTTV
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caught our attention as a route to a four-connecting chelat-
ing ligand with a useful three-dimensional displacement of
the donor groups.*>*) Thus, the ligand octakis(2-pyridylme-
thyl)cyclotetracatechylene (2) was prepared to extend this
approach.

While there are a few known examples of discrete metal
complexes of CTV derivatives,'l none are reported for de-
rivatives of CTTV. The two ligands display identical N,O,
coordination sites potentially suitable for the chelation of
transition-metal atoms. Ligand 1 displays three such pockets,
whereas 2 has four identical coordination sites, which sug-
gests that these ligands could serve as bridging ligands for
three and four transition metals, respectively, in a manner
suitable for the formation of discrete complexes or coordi-
nation polymers. Multidentate ligands of this nature, with
six and eight donor arms, have previously been investigated
with simple planar arene scaffolds.'>!¢ Ligands with two-
atom linker groups between the terminal heterocycle and
the central arene ring that contains at least one sulfur or
oxygen atom, such as 1 and 2, have been described.*’)
Most of the reported examples have benzyl or picolinyl
cores with the heteroatom directly bonded to the terminal
heterocycle."*'31 Metal complexes of these ligands typical-
ly show chelation to transition-metal atoms by the ortho-
positioned heterocyclic donor groups in a manner that has
led to the formation of either discrete coordination com-
plexes or extended coordination polymers. Notably, the
sulfur and oxygen atoms adjacent to the heterocycle in the
linker groups are involved in coordinating to the metal
atom.*)

Herein, we describe the synthesis of the tetrameric ligand
2, and variable-temperature (VT) NMR investigations of
this new compound. Discrete coordination complexes of the
two pyridyl ligands 1 and 2 are reported for silver(I), cop-
per(Il) and palladium(II) salts. In addition to observing an
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unexpected chelating mode for
1, coordination-induced confor-
mational control over ligand 2
was observed for silver(I) and
palladium(II) complexes.

Results and Discussion

Synthesis of 2: The synthetic
procedure for the preparation
of 1 was described in a previous
publication.'” By using the pro-
tocols previously described, the
larger octadentate ligand 2 was
prepared in relatively low yield
(Scheme 1). Carrying out the
alkylation reaction of CTTC in
acetone effected the transfor-
mation to 2 in a low 17 % yield,
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Scheme 1. Two variations on the synthetic approach to the synthesis of
compound 2.

whereas a slight improvement (28 %) was obtained by per-
forming the reaction in DMF with a more soluble base, cae-
sium carbonate. Although these yields are modest, they are
workable considering that a total of eight alkylation reac-
tions is required to form each molecule of 2.

The new ligand 2 was characterised by mass spectrometry,
elemental analysis and NMR spectroscopy. '"H NMR spec-
troscopy of 2 highlighted the distinctive feature of CTTV
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chemistry that distinguishes it from the chemistry of the
trimer; namely, the slow room-temperature interconversion
(on the NMR timescale) of the conformation of the tetra-
meric core. The '"H NMR spectrum of 2 at room tempera-
ture (303 K) consists of several broad peaks for the benzyl
protons, the aryl ring protons and the methyl protons, indi-
cative of this slow conversion (Figure 1a). The pyridyl
proton signals are slightly less broadened by comparison, as
these are more remote from the central cyclododecatetraene
ring. The room-temperature spectrum of 2 is consistent with
that of the parent compound, CTTC, which exists in four
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CDCl,
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— h L_L JL
303 K

B UL I

_,JHMJ LA

95 90 85 80 75 70 65 60 55 50 45 40 35 30
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Figure 1.a) VT '"H NMR spectra of ligand 2 in CDCl, at 233, 303 and
333K and b) the 'H NMR spectrum of [Pd,Cly(2)]-4H,0 in [Dg]DMSO
at 303 K.
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equivalent “sofa” conformers.”) Recording the 'HNMR
spectrum of 2 at a higher temperature (333 K) leads to a
sharpening of the spectrum to give one set of signals consis-
tent with rapid conversion (on the NMR timescale) of these
sofa conformations (Figure 1a). Cooling the sample down to
233 K freezes out this dynamic process and gives a spectrum
that is consistent with a C,, sofa conformer (Figure 1a). This
spectrum consists of two sets of signals for the chemically
non-equivalent pyridyl rings, two singlets for the two chemi-
cally non-equivalent aryl protons and a splitting of the
signal for the benzenoid protons of the base of the CTTV
ring. The remaining two signals arise from the sp’-~CH,
linker on the upper rim of the CTTV bowl; one signal ap-
pears as a singlet, whereas the other appears as a doublet of
doublets. The VT solution behaviour of the new ligand 2 is
consistent with that observed for the parent compounds
CTTVIEZ and CTTC,"™ and other related compounds.!'?

Complexes of 1: To examine the coordination chemistry of
1, the ligand was reacted with a number of transition-metal
salts including silver(I) cobalticarborane, copper(II) chlo-
ride, copper(1l) bromide, palladium(II) chloride and palla-
dium(II) trifluoroacetate (Scheme 2). A trinuclear silver

Ag[Co(C;BgH,).] [Ags(1)][Co(C,BH, ).l
CH,Cl,/MeOH
CuCl,.2H,0

DMF [Cu,Cls(1)]-H,0
QNJNQ '\Q\l /’> CuBr2
—» [Cu,Brg(1)]
Na,PdCl,
‘ CH,Cl,/MeOH
or DMF

or DMSO
1 \ [Pd,Cl(1)]-solvent

Pd(CF,COO0),
CH,CI,/MeOH

[Pd(CF,CO0)(1)]

Scheme 2. Complexes formed with ligand 1 and routes to prepare these
complexes.

complex, [Ag;(1)][Co(C,B¢H,)),];, was prepared by layering
a solution of Ag[Co(C,ByH;),] in methanol over a dichloro-
methane solution of the ligand. This gave a yellow solid that
was characterised by combustion analysis, IR spectroscopy
(shifts of several bands) and "H NMR spectroscopy. The tri-
nuclear silver complex was also observed in solution by elec-
trospray mass spectrometry (ESMS). The complex displays
C; symmetry in solution and a number of coordination-in-
duced shifts (CIS = 0ompiex—O1igana) confirm coordination to
three silver centres (see the Supporting Information). Simi-
larly, trinuclear copper(Il) complexes of 1 were prepared
from copper(II) chloride and copper(II) bromide, which an-
alysed with the compositions [Cu;Clg(1)]-H,O and
[Cu;Brg(1)], respectively. Despite extensive efforts, none of
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the three complexes could be recrystallised to provide crys-
tals suitable for X-ray crystallographic studies.

In contrast, reaction of 1 with two palladium salts yielded
single crystals. Reaction of a methanol solution of Pd-
(CF;COO0), with a dichloromethane solution of the ligand
yielded small yellow crystals of [Pd;(CF;COO)¢(1)] after
several days. Unfortunately these crystals were extremely
sensitive to solvent loss; removal from the mother liquor re-
sulted in almost instantaneous loss of crystallinity. Various
attempts to mount the crystals in sealed capillaries were un-
successful. Reaction of the ligand with Na,[PdCl,] however,
yielded crystals of [Pd;Cl¢(1)]-solvent that were found to be
more stable. The complex was obtained by a number of
routes, as outlined in Scheme 2. Small yellow block-shaped
crystals of DMFC[Pd;Cl4(1)]-DMF suitable for X-ray crys-
tallography were obtained from the reaction of Na,[PdCl,]
and 1 with DMF as the solvent, in a capped vial at 100°C.
The filtrate of this reaction also yielded small petal-shaped
crystals in a minuscule yield of (DMF),sC[Pd,Cl,(1)]2H,0O
by vapour diffusion of ethanol, the structure of which was
also elucidated. A DMSO solvate, [Pd;Cls(1)]-2DMSO,
could also be obtained by carrying out the reaction under
the same conditions in DMSO solvent. The palladium chlo-
ride complexes of 1 proved to be very insoluble in common
laboratory solvents, and thus no characterisation was under-
taken in solution.

Structure of DMFC[Pd;Cl;(1)]-DMF: A C;-symmetric trinu-
clear palladium chloride complex was proposed on the basis
of combustion analysis. This composition was confirmed by
X-ray crystallography that also revealed an unexpected twist
in the mode of coordination—instead of chelating to a palla-
dium atom within each veratrole unit, the pyridyl groups are
oriented to place the palladium centres between two vera-
trole groups. The complex DMFC[Pd;Cl4(1)]-DMF crystal-
lised in the monoclinic space group P2,/m with one half of
the complex (located on the mirror plane) and two DMF
molecules (also located on the mirror plane) in the asym-
metric unit (Figure 2). Two perspective views of the
[Pd;Cl¢(1)] complex are shown in Figure 3, highlighting the
threefold complexation and bowl-shaped nature of the com-
plex.

The palladium centres both have a square-planar geome-
try with bond lengths typical of such a coordination environ-
ment. In the complex, ligand 1 has much the same overall
bowl conformation as it possesses when crystallised from
methanol,'? but the pyridyl groups are oriented in the op-
posite direction. The palladium cations bridge between the
veratrole groups rather than the expected binding mode.
This may arise because the ligand possesses a pocket more
suited to binding a square-planar palladium centre in this
conformation; the distance between the coordinating nitro-
gen atoms is between 4.07 and 4.09 A, whereas the distance
between the pyridyl nitrogen atoms within a veratrole ring
in the crystal structure of 1 is 4.44 A"’ In the palladium
complex, the distance between the C3 atoms of the pyridyl
rings within a veratrole ring is between 4.91 and 5.56 A. In
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Figure 2. ORTEP representation (at the 50% probability level) of the
asymmetric unit of the trinuclear palladium complex DMFC
[Pd;Cl4(1)]-DME, with selected atomic labelling. The symmetry-generated
hydrogen atoms of the encapsulated DMF molecule are shown for clarity.
Selected bond lengths [A] and angles [°]: Pd1-N21 2.044(8), Pd1—Cl4
2.285(3), Pd1—CI3 2.294(3), Pd2—N31 2.027(7), Pd2—N41 2.047(8), Pd2—
Cl6 2.275(3), Pd2—CI5 2.307(3); N21-Pd1-N21 176.6(4), N21-Pd1-Cl4
91.00(17), N21-Pd1-CI3 89.01(17), Cl4-Pd1-CI3 179.6(2), N31-Pd2-N41
172.8(3), N31-Pd2-Cl6 89.4(2), N41-Pd2-Cl6 90.1(2), N31-Pd2-CI5
89.71(19), N41-Pd2-CI5 91.3(2), Cl6-Pd2-CI5 175.70(17).

Figure 3. Two perspective views of the trinuclear complex DMFC
[Pd;Cl4(1)]'DMF from a) above the central CTV core and b) the side
with the guest DMF molecule shown in a space-filling representation.

the conformation observed in the crystal structure, the
CH,O0 linkages are almost maintained in the plane of the ve-
ratrole rings to which they are attached (torsion angles for
C-C-O-CH, between 12.2 and 29.5°).

Chem. Eur. J. 2008, 14, 4415—-4425
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Interestingly, the trinuclear palladium complex does not
crystallise with C; symmetry; instead, a mirror plane run-
ning through Pd1, C1 and the opposite veratrole ring bisects
the molecule. This unexpected symmetry is represented by
the separations between the centroids of the veratrole rings.
Along the mirror plane, the centroid—centroid distance is
4.82 A, wheras across the mirror plane the corresponding
distance is 4.38 A. This finding indicates that the CTV base
of the ligand may be pinched to provide a better fit to the
included DMF guest molecule in the solid state. This DMF
molecule is also located along the mirror plane with the
formyl hydrogen atom and a methyl group placed within the
cavity of the host ligand. The body centre of the DMF mole-
cule is located 5.14 A above the —(CH,);— centroid of the
CTV base, which indicates that the guest perches above the
cavity. No significant interactions (CH-m interactions) are
obvious as none of the hydrogen atoms of the guest are di-
rected toward any of the veratrole rings.

Within the extended structure of DMFC[Pd;Cl¢(1)]-DMEF,
the individual host-guest species are arranged into weakly
hydrogen-bonded one-dimensional tapes (along the b axis of
the unit cell). Each complex forms two long C—H--O hydro-
gen bonds (d=2.67 A, D=3.59 A) to the guest DMF mole-
cule of two adjacent host-guest species. In the resulting
tapes the complexes are arranged in alternating bowl-up-
bowl-down orientations that give a zigzag appearance to the
hydrogen-bonded chains. The tapes are then assembled into
layers in the bc plane with edge-to-face and face-to-face -
stacking interactions apparent between the tapes. Packing of
these layers within the crystal completes the crystal packing.

During attempts to obtain the above structure, crystals of
a dinuclear palladium complex were obtained and the struc-
ture determined by X-ray crystallography. Again, the unex-
pected coordination mode is observed for the ligand. There
are two crystallographically distinct dinuclear complexes in
the structure and both show significant disorder of their un-
bound pyridyl groups. As before, the dinuclear complex acts
as a host for a DMF guest molecule that is orientated along
a mirror plane within the complex, although this guest could
only be well resolved for one of the two complexes
(Figure 4). The same contrac-
tion of the CTV cavity is ob-
served across the mirror plane
with the vacant coordination
site  heavily disordered. This \
may indicate that the binding of
a third palladium centre is
more difficult than the first two,
and that the pinched conforma-
tion of the complex may result
from binding the guest DMF
molecule.

Complexes of 2: Initial reac-
tions of 2 with silver salts, in \
particular  Ag[Co(C,BoHy;),],
yielded microcrystalline pow-

Chem. Eur. J. 2008, 14, 4415—-4425
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Figure 4. One of the two crystallographically independent dimeric com-
plexes from the X-ray structure of (DMF),sC[Pd,Cl,(1)]-2H,0, with se-
lected atomic labelling. Selected bond lengths [A] and angles [°]: Pd1—
N31 2.012(10), Pd1-Cl4 2.281(3), Pd1—CI3 2.302(3); N31-Pd1-N41
174.4(3), N31-Pd1-Cl4 88.9(3), N41-Pd1-Cl4 91.5(3), N31-Pd1-CI3
90.7(3), N41-Pd1-CI3 89.1(3), Cl4-Pd1-CI3 178.21(15).

ders. Slowing the rate of precipitation of the complex down
sufficiently provided yellow crystals of [Ag,(2)][Co-
(C,ByH;),]42.8 CH;CN-H,O that were suitable for X-ray
crystallography. An 'HNMR spectrum of the [Ag,(2)]*"
complex, which is not particularly soluble in common NMR
solvents, indicates that the complex is labile and possibly
conformationally mobile in solution, as indicated by very
broad signals. ESMS showed no evidence for the molecular
ion in solution. As shown in Scheme 3, a tetranuclear
copper bromide complex of 2, [Cu,Brg(2)], was also isolated
and characterised by combustion analysis and IR spectrosco-
py (shifts in various absorption bands).

The most interesting and significant result observed for
ligand 2 occurred upon reaction of this ligand with four

Na,PdCl,
CH,Cl,/MeOH

or DMF
or DMSO

CuBr,
DMF

[Pd,Cl(2)]-4(H.0)

———» [Cu,Bry(2)]

U AGICO(C,BgH )]

H Cl, /CH CN

N [Ag4( NICo(C,BeH, 1)l
2-8CH,CN-H,0O
2

Scheme 3. Complexes reported for ligand 2.
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equivalents of Na,[PdCl,]. Undertaking the reaction in a va-
riety of solvents (CH,Cl,/CH;OH, DMF or DMSO) led to
the isolation of a tetranuclear complex, [Pd,Clg(2)], that was
characterised by combustion analysis and IR spectroscopy.
The stoichiometry of this complex in solution was confirmed
by ESMS, which showed a peak at m/z: 927.5, consistent
with the doubly charged tetranuclear complex [Pd,Clg(2)]*".

The 'HNMR spectrum of [Pd,Cl(2)] at room tempera-
ture (303 K) in [Dg]DMSO shows several interesting and un-
expected features. The most notable and significant of these
features are the sharpness of the spectrum and the observed
high symmetry of the compound (Figure 1b). Whereas
direct comparisons of chemical shifts are not possible as the
ligand and palladium complex have incompatible solubilities
in common NMR spectroscopic solvents, the [Pd,Clg(2)]
complex has a much sharper and simpler spectrum than the
equivalent '"H NMR spectrum of 2 at 303 K. A number of
general downfield shifts for various signals are observed in
the spectrum of [Pd,Clg(2)] that are consistent with coordi-
nation. The significant downfield shift of the pyridyl H6 (6=
9.42 versus 8.55 ppm) supports the coordination of the palla-
dium centre. Most significantly, the methylene —(CH,),— sig-
nals of the base of the CTTC core sharpen into two distinct
doublets with one of the doublets moving significantly
downfield. The —(CH,),— signals adopt the appearance and
chemical shifts typically observed for the equivalent methyl-
ene signals in the smaller trimer CTV, indicating that, at
least on an NMR timescale, ligand 2 in [Pd,Clg(2)] adopts a
“distorted-cup” conformation that is previously unobserved
for CTTV. The distorted-cup conformation is intermediate
between the C,-symmetric “crown” conformation and the
“boat” conformation. Further supporting this assertion, the
signal for the aryl protons of the CTTC core move dramati-
cally downfield to approximately 7.96 ppm (cf. 6=6.29 and
6.72 ppm). This result is consistent with the hydrogen atom
being heavily deshielded by both the adjacent aryl rings of
the CTTC core and the coordinated palladium(II) cations,
which occurs within a distorted-cup conformation for the
complex. Similar downfield shifts are observed for the
OCH,py signals of the ligand, which are located in a similar
environment.

A VT NMR spectroscopic study on [Pd,Clg(2)] revealed
no significant changes to the 'H NMR spectrum on warming
or cooling the sample (293-353 K). This indicated that the
complex formed is conformationally locked in solution.
Conformational locking of [Pd,Clg(2)] is only anticipated if
the palladium atoms bridge between pyridyl rings on differ-
ent veratrole units in 2, as was the binding mode observed
in the crystal structure of DMFC[Pd;Cls(1)]-DMF. This
binding mode also necessitates either a crown or distorted-
cup conformation. The alternative and less likely arrange-
ment of the complex, whereby chelation to the palla-
dium(II) cations is by the pyridyl donors of each individual
veratrole moiety, is likely to present a species with a boat or
sofa conformation that rapidly converts in solution. Note
that the [Ag,(2)]** complex shows the alternative ligand-
binding mode and does exist in the boat conformation in the
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solid state, and in solution at room temperature appears to
undergo slow interconversion of the equivalent boat confor-
mations consistent with a broad '"H NMR spectrum for the
compound.

Calculations on [Pd,Clg(2)]: In an attempt to better under-
stand the conformation and ligand-binding mode of
[Pd,Cl(2)], a series of density functional theory calculations
was undertaken. The geometries of the complex in both a
distorted-cup conformation, with palladium atoms bridged
by pyridyl rings from different veratrole units, and a sofa
conformation, with the palladium atoms bridged by pyridyl
rings from the same veratrole units, were optimised. These
calculations provide the energies of each structure and the
distorted-cup conformation is more stable by approximately
90 kJmol ™. A snapshot of this calculated structure is given
in Figure 5 and shows a distorted-cup conformation that

Figure 5. A view of the calculated structure of the conformation of
[Pd,Clg(2)], which shows that the veratrole units are all pointing up to
generate a “distorted-cup” conformation of the CTTC core.

possesses a cavity suitable for guest binding, somewhat like
the crown conformation with its strict C,, symmetry. From
these data, the IR spectrum may be calculated and com-
pared to the observed spectrum (Figure 6).

1509 1663

1157 1286

Absorbance

c)

400 600 800 1000 1200 1400 1600 1800 2000

Wavenumber / cm™'

Figure 6. IR spectra of [Pd,Cly(2)]: a) experimental IR (KBr disc); b) cal-
culated “distorted-cup” form; c) calculated “sofa” form.
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The experimental and simulated IR spectra are shown in
Figure 6. The experimental data show strong bands at 768,
1509, 1610 and 1663 cm™ with a group of features from
1157 to 1286 cm™'. The simulated spectra are significantly
different between the sofa and distorted-cup forms; the sofa
form has a very strong predicted band at 1312 cm™' with
very weak transitions at lower wavenumbers. In the case of
the distorted-cup form, a number of bands are predicted
that correspond to the observed transitions between 1157
and 1286 cm™!; these include the bands predicted at 1185,
1236 and 1327 cm™'. In addition to these differences in the
calculated spectra, the two conformers show a number of
common bands at approximately 795, 1500 and 1596 cm™.
These common bands are due to stretching and torsional
modes of the peripheral pyridine units. The conformer dis-
tinct bands in the 1150 to 1350 cm ™' region are, however, as-
sociated with vibrational modes of the CTTC moiety. The
normal modes for the sofa 1312 cm™ band and the distort-
ed-cup 1327 cm™! band are shown in Figure 7. The IR data
are consistent with the presence of a distorted-cup confor-
mation in [Pd,Cl(2)] and the proposed cross-veratrole coor-
dination mode.

The distorted-cup conformation postulated for [Pd,(2)Clg]
suggests that this complex would make an ideal host for
small organic molecules. However, the disposition of the co-
ordinated chloride anions may preclude such a species from
functioning as a host for larger guest molecules, such as car-
boranes and fullerenes. Nonetheless, during efforts to pre-
pare crystals of [Pd,Clg(2)], co-crystallisations of the com-
plex were attempted with a large range of small organic
guests (as solvents) and larger guests, such as neutral carba-
boranes. Unfortunately no crystals were obtained. Recently,
a metallo-locked extended calix[4]arene derivative, capable
of including cavitands within its own host cavity, was report-
ed.” This species is conformationally locked by the metal
centres akin to the palladium species described herein.

Structure of [Ag,(2)][Co(C;ByHy;),14-2.8 CH;CN-H,0: The
crystal structure of this complex represents the first solid-
state structural evidence of the boat conformation of the
CTTV motif. In the [Ag,(2)]** complex, the ligand adopts a
boat conformation with two alternate veratrole moieties
lying in a plane and the intervening two moieties perpendic-
ular to those and mutually in plane (Figure 8). The adoption
of this boat conformation appears to be stabilised by intra-
and possibly intermolecular m-stacking interactions. In par-
ticular, there are intramolecular m-stacking interactions be-
tween the two veratrole units (benzene and pyridyl rings)
that comprise the two sides of the boat. The ring centroid—
centroid distances are 3.35 A (veratrole rings), and 3.78 and
3.75 A (pyridyl groups).?'! Despite appearances, silver—silver
interactions do not appear to be significantly stabilising this
boat structure.

The tetranuclear silver complex crystallises in the triclinic
space group P1 with one complete cation of the [Ag,(2)]**
complex, four cobalticarborane anions, and three acetoni-
trile and one water solvate molecules in the asymmetric
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Figure 7. Normal modes associated with [Pd,Clg(2)]: a) 1312 cm ™' band of
the “sofa” form; b) 1327 cm™! band of the “distorted-cup” form.

Figure 8. ORTEP representation (at the 50% probability level) of the
cationic [Ag,(2)]'" moiety of the crystal structure of [Ag,(2)][Co-
(C,BoH,)),]4-2.8 CH;CN-H,O. The intramolecular m-stacking interactions
are shown with dashed bonds. Hydrogen atoms, solvate molecules and
anions are omitted for clarity.
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unit. The ligand chelates to four different silver atoms in the
binding pockets initially proposed for this ligand. Each
silver centre is coordinated by two pyridyl nitrogen atoms
(Ag—N bond lengths: 2.158(4)-2.219(4) A) and interacts
with the ether oxygen linkers of the ligand to varying ex-
tents (Ag—O distances: 2.555(3)-2.793(3) A). These bonding
interactions result in a four-coordinate silver centre with a
distorted planar geometry.”? The silver cations are prevent-
ed from making any further bonds to solvate molecules by
the adjacent, sterically demanding carborane anions
(Figure 9); in one case, a weak 3c—2e interaction with an

Figure 9. Perspective view of the local packing environment of the dis-
crete complexes of [Ag,(2)]**. The complexes form a dimeric assembly
(weak m stacking indicated by dashed bonds) in which six of the silver
cations are “capped” by cobalticarborane anions. One of these forms a
long 3c—2e bond (dashed bond). An acetonitrile molecule packs into the
cleft between the two [Ag,(2)]** complexes. Hydrogen atoms (except the
hydrogen atoms involved in the 3c—2e bond), non-coordinated solvate
molecules and remaining anions are omitted for clarity.

Agl--H-B distance of 2.35 A complements the coordinate
bonds. This distance is slightly longer than other reported
examples of Ag---H—B interactions with carbaborane anions
that tend to be in the range 2.0-2.2 Al An acetonitrile sol-
vate molecule also makes a weak interaction with Ag3 (Ag—
N distance: 2.803(4) A). The intramolecular distance be-
tween the two silver atoms located in the “sides” of the boat
is 3.550(1) A and thus well outside the range considered to
represent Ag—Ag bonding interactions.”"

Within the crystal structure, discrete complexes pack as
dimers with intermolecular m-stacking interactions (cent-
roid—centroid distances of 3.78-3.89 A) between the two
molecules.?!! The ring centroid—centroid distances are
longer than the intramolecular values given above, which in-
dicates that these intermolecular m-stacking interactions are
weaker. The intermolecular silver-silver distances are too
long to be considered bonding (3.582(1) A), and thus -
stacking interactions and steric repulsions between the li-
gands govern the separation between the molecules in the
dimeric motif (Figure 6). The packing is completed by asso-
ciation of these dimers into chains by m-stacking interactions
(involving the veratrole moieties not capped by carbaborane
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anions), which in turn appear to be surrounded by a “coat”
of cobalticarborane anions that isolate individual chains.

The boat conformation of the CTTV core has previously
been observed in solution for dodecamethoxyorthocyclo-
phane in polar solvents at room temperature in
[Ds]nitrobenzene and for CTTV in acetonitrile at —40°C.['%]
Previously reported inclusion complexes of CTTV and
CTTC showed that the host veratrylene has always adopted
a sofa (“chair”) conformation.***! To our knowledge, this
represents the first solid-state observation of the boat con-
formation. The boat conformation observed here may, in
part, be an artefact of crystallisation, but importantly is fav-
oured by the coordination of the four silver cations in the
manner observed. This constrains the pyridyl groups and ve-
ratrole rings to which they are appended into the same
plane, favours the m-stacking interactions and hence sup-
ports the observed boat conformation. The silver(I) cation is
a better fit to the chelating veratrole sites of the ligand than
a palladium(II) cation, as the silver(I) centre can accommo-
date slightly longer M—L bonds.

Conclusion

We have reported the synthesis of the new ligand 2, which
was demonstrated by a VT NMR spectroscopic investigation
to adopt a sofa conformation. This conformation intercon-
verts on the NMR timescale at elevated and room tempera-
ture. This is in distinct contrast to the chemistry of the relat-
ed trimeric homologue 1, which exists in a stable bowl con-
formation. Ligand 1 readily forms trinuclear complexes with
silver(I), copper(Il) and palladium(II). For palladium(II)
chloride, crystal structures revealed the metal centres to lie
in a position that bridged adjacent veratrole moieties, rather
than chelating within a single veratrole subunit as initially
expected.

The coordination chemistry of 2 revealed insights into
possible ways to control the conformation mobility of
CTTV derivatives. Whereas the free ligand adopts a sofa
conformation in solution, the tetranuclear palladium com-
plex of 2 adopts a distorted-cup conformation in solution at
room temperature and this conformation is also stable
across a large temperature range. Furthermore, when 2 was
reacted with Ag[Co(C,BoH,,),], a tetranuclear silver com-
plex was obtained that adopts a boat conformation in the
solid state. Hence, we have demonstrated the sofa confor-
mation for the free ligand 2, the boat conformation in a
silver complex of 2, and a structure showing some features
of the elusive crown conformation for [Pd,Clg(2)]. This
latter distorted-cup structure promises interesting possibili-
ties in terms of host—guest chemistry.

Experimental Section

General experimental: IR spectra were measured for compounds as
solid-state samples on a Perkin-Elmer FTIR spectrometer. The micro-
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analytical laboratory at the University of Leeds performed elemental
analyses, typically on samples that were dried in vacuo for several hours.
ESMS were recorded by using Micromass LCT or Bruker MicroTOF
Focus mass spectrometers. NMR spectra were recorded on a range of in-
struments including Bruker DPX 300- and Bruker Avance 500-MHz
spectrometers by using 5mm probes. The '"HNMR spectra recorded
were referenced relative to the internal standard Me,Si, or to the solvent
peak: [Dg]DMSO, 6 =2.6 ppm. *C NMR spectra were all referenced to
their solvent peaks: CDCl;, 6 =77.0 ppm; [Dg]DMSO, 0=39.6 ppm. VT
NMR spectroscopic studies on [Pd,Cly(2)] were conducted in [Dg]DMSO
over a temperature range of 293-353 K and spectra were collected at
10K increments. Unless otherwise stated, reagents were obtained from
commercial sources and used as received. The following compounds were
prepared by literature methods: CTTV,?! CTTC?* and 1.2

Synthesis of 2

Method A: A suspension of CTTC (245 mg, 0.502 mmol), 2-bromome-
thylpyridine hydrobromide (1078 mg, 4.30 mmol), [18]crown-6 (105 mg,
0.40 mmol) and sodium carbonate (1.70 g, 12.3 mmol) was refluxed in
acetone (60 mL) for 96 h under a nitrogen atmosphere. After cooling, the
solvent was removed in vacuo and the solid extracted with dichlorome-
thane (3x50mL). The combined extracts were washed with water
(50 mL), dried over magnesium sulfate and taken to dryness to give an
oily solid. The solid was triturated with methanol, collected, washed with
methanol then diethyl ether and dried under vacuum to give 2 (105 mg,
17%).

Method B: A suspension of CTTC (245 mg, 0.502 mmol), 2-chloromethyl-
pyridine hydrochloride (701 mg, 4.27 mmol) and caesium carbonate
(2.59 g, 7.96 mmol) was heated at 80°C in DMF (10 mL) for 96 h under a
nitrogen atmosphere. After cooling, water (100 mL) was added and the
suspension extracted with dichloromethane (3x75mL). The combined
extracts were dried over sodium sulfate and taken to dryness to give an
oily solid. The solid was triturated with methanol, collected, washed with
methanol and dried under vacuum to give 2 (170 mg, 28 % ).

M.p. 229-232°C; '"HNMR (500 MHz, CDCl;, Me,Si, 233 K): 6=2.92 (d,
J=159Hz, 4H; CH,), 3.48 (d, J=159Hz, 4H; CH,), 486 (d, J=
13.6 Hz, 4H; OCH,), 4.97 (d, J=13.6 Hz, 4H; OCH,), 5.47 (s, 8H;
OCH,), 6.10 (s, 4H; aryl H), 6.60 (s, 4H; aryl H), 7.25 (m, 8H; HS5, H5),
7.42 (d, J=7.8 Hz, 4H; H3), 7.66 (t, J=7.6 Hz, 4H; H4), 7.78 (d, J=
79 Hz, 4H; H3), 7.87 (t, J=7.6 Hz, 4H; H4), 8.54 (d, /=4.4 Hz, 4H,
H6), 8.64 ppm (d, J=4.3Hz, 4H; H6); 'HNMR (500 MHz, CDCl,,
Me,Si, 303 K): 6=3.00 (brs, 4H; CH,), 3.51 (brs, 4H; CH,), 5.04 (brs,
8H; OCH,py), 5.38 (brs, 8H; OCH,py), 6.29 (brs, 4H; aryl CH), 6.72
(brs, 4H; aryl CH), 7.18 (s, 8H; pyHS5), 7.70 (brm, 16H; pyH3/H4),
8.55 ppm (s, 8H; pyH6); 'H NMR (500 MHz, CDCl;, Me,Si, 333 K): 6=
3.33 (brs, 8H; CH,), 5.15 (brs, 16 H; OCH,py), 6.53 (brs, 8H; aryl CH),
7.13 (dd, /=6.7, 5.3 Hz, 8H; pyHS), 7.55 (brs, 8H; pyH3), 7.64 (t, /=
6.8 Hz, 8H; pyH4), 8.52ppm (d, /=43 Hz, 8H; pyH6); “CNMR
(125.64 MHz, CDCl;, Me,Si, 333 K): 0=34.74, 72.39, 117.41, 121.44,
122.41, 132.54, 136.59, 147.15, 149.15, 157.97 ppm; ESMS: m/z (%):
1240.1 [M+Na]*, 1217.1 (M*); HRMS: m/z: caled for C,sHgNgOg*:
1217.4920; found: 1217.4869; elemental analysis caled (%) for
C;sHuNgOgH,0: C 73.9, H 5.4, N 9.1; found: C 73.5, H 5.25, N 8.7.
[Ag;(1)][Co(C,ByHj;),]5: A solution of 1 (9.8 mg, 0.011 mmol) dissolved
in dichloromethane was layered with methanol (1 mL) and then a metha-
nolic solution of Ag[Co(C,ByHy;),] (15.1 mg, 0.035 mmol) layered over
the top. Following slow mixing of the layers, a yellow solid precipitated.
Yield 9.5 mg (39%); '"H NMR (500 MHz, CD;CN, 303 K): 6=3.57 (d, /=
143 Hz, 3H; CH,), 3.85 (brs, 12H; carbaborane CH), 4.71 (d, J=
142 Hz, 3H; CH,), 525 (m, 12H; CH,~O), 7.17 (s, 6H; aryl CH), 7.45
(t, J=6.7Hz, 6H; pyHS), 7.64 (d, J=7.8Hz, 6H; pyH3), 791 (t, /=
7.6 Hz, 6H; pyH4), 8.66 ppm (d, /=4.8 Hz, 6H; pyH6); IR: 7,,,=3651,
3040, 2922, 2864, 2511, 1605, 1573, 1509, 1488, 1442, 1403, 1390, 1338,
1306, 1270, 1224, 1190, 1158, 1141, 1095, 1058, 1018, 981, 944, 919, 885,
759, 723, 686, 643, 628, 617, 580, 535, 471 cm™'; ESMS: m/z (%): 1452.5
([A2(D][CO(C;BH )Y, 10213 ([Ag()]*), 913.4 (1%), 779.7 ([Ags(D)]
[Co(C,BoH ) ),J*), 564.2 ([Ag,(1)]**); elemental analysis caled (%) for
CgoH,14,B5,N3O4CozAg;: C 37.5, H 5.2, N 3.8; found: C 38.4, H 4.9, N 3.7.
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[Cu;(1)Cl]-H,0: CuCl,2H,0 (6.8 mg, 0.040 mmol) and 1 (10.0 mg,
0.011 mmol) were mixed together in DMF (ca. 1 mL) and heated at
100°C for 60 min. During this time a pale-blue precipitate formed that
was collected by filtration, washed with methanol then diethyl ether, and
dried under vacuum. Yield 6.4 mg (44 %); IR: #,,,=3540, 3072, 2923,
1641, 1610, 1573, 1515, 1481, 1447, 1401, 1340, 1278, 1231, 1190, 1140,
1092, 1049, 1029, 945, 883, 837, 767, 729, 691, 648, 640, 631, 605, 536,
487 cm™'; elemental analysis calcd (%) for Cs;HNqO4ClsCuyH,0: C
51.3, H 3.8, N 6.3; found: C 51.3, H 4.15, N 6.4.

[Cu3(1)Brg]: CuBr, (8.8 mg, 0.039 mmol) and 1 (10.5mg, 0.011 mmol)
were mixed together in DMF (ca. 1 mL) and heated at 100°C for 60 min.
During this time a khaki-green precipitate formed that was collected by
filtration, washed with methanol then diethyl ether, and dried under
vacuum. Yield 7.7 mg (44%); IR: v,,,=3544, 3074, 3031, 2919, 1667,
1608, 1574, 1511, 1493, 1477, 1447, 1392, 1347, 1318, 1298, 1273, 1228,
1190, 1154, 1098, 1057, 1028, 944, 933, 883, 835, 766, 725, 660, 648, 637,
607, 536, 487 cm™!; elemental analysis caled (%) for Cs;H,sNgO¢BrsCus:
C43.2,H3.1, N 5.3; found: C 43.3, H 3.3, N 5.55.

[Pd;(1)Cl]-solvent

Method A: A solution of Na,[PdCl,] (10.4 mg, 0.035 mmol) in methanol
was layered over a dichloromethane solution of 1 (10.8 mg, 0.012 mmol).
After standing overnight, small yellow crystals with a needle-like mor-
phology formed in the vial. Removal of the crystals from the mother
liquor resulted in rapid loss of solvent, preventing characterisation by X-
ray crystallography. Yield 6.3 mg (40%); sample contaminated with
sodium chloride. Elemental analysis calcd (%) for Cs;H;sNO4ClPd;: C
47.4, H 3.35, N 5.8; caled for C5;H;sNyO4ClcPd;2NaCl: C 43.8, H 3.1, N
5.4; found: C 44.1, H 3.15, N 4.9.

Method B: Na,[PdCl,] (20.4mg, 0.069mmol) and 1 (20.0mg,
0.022 mmol) were mixed together in DMF (3 mL) and heated at 100°C
for 60 min. This gave a moderate amount of a crystalline yellow solid
that contained crystals suitable for X-ray crystallography. This crystalline
solid was collected by filtration, washed with small quantities of hot
water (to remove precipitated NaCl), methanol, and then diethyl ether.
The solid was finally dried. Yield 14.8 mg (42%); IR: 7, =3454, 3079,
2921, 1667, 1608, 1575, 1515, 1493, 1440, 1386, 1346, 1270, 1216, 1190,
1143, 1092, 1064, 1025, 942, 883, 833, 764, 721, 660, 636, 607, 536,
485 cm™'; elemental analysis caled (%) for Cs;HgNOClsPd;-2 DMF: C
47.6, H 3.94, N 7.04; found: C 46.2, H 4.15, N 7.4 (analysis carried out on
a sample of crystals formed in the reaction). Additionally, the filtrate
could be used to grow crystals of [Pd, Cl, (1)] by vapour diffusion of eth-
anol into the filtrate over a period approximately two months. Small
orange petal-shaped crystals formed in minuscule yield, which were suita-
ble for crystallography although too poorly diffracting to yield a publish-
able structure.

Method C: Na,[PdCl,] (20.6mg, 0.070 mmol) and 1 (19.8mg,
0.022 mmol) were mixed together in DMSO (2 mL) and heated at 100°C
for 60 min. This gave an orange solution from which a moderate amount
of yellow solid precipitated. This solid was collected by filtration, washed
with a small quantity of water, methanol, and diethyl ether, and the re-
sulting solid was then dried. Yield 13.0 mg (39 %); IR: #,,,=3402, 3082,
2910, 1661, 1608, 1575, 1519, 1493, 1436, 1403, 1386, 1346, 1270, 1216,
1190, 1143, 1090, 1139, 1091, 1060, 1025, 951, 884, 847, 833, 764, 720, 660,
636, 608, 536, 485cm’'; eclemental analysis caled (%) for
Cs;H,sNO(ClePd;-2 DMSO: C 45.8, H 3.8, N 5.25; found: C 45.9, H 4.0,
N 5.45. The precipitates and crystals obtained in the above reactions
were insoluble in common laboratory NMR solvents, and therefore no
characterisation was undertaken in solution by NMR spectroscopy.

[Pd;(CF;C00)s (1)]: A yellow solution of Pd(CF;COO), (11.8 mg,
0.035 mmol) in methanol was mixed with a dichloromethane solution of
1 (10.2 mg, 0.011 mmol). After standing for several days, small yellow
crystals formed within a black precipitate (Pd metal). Separation and col-
lection of the yellow crystals was achieved by decanting the solution and
black precipitate. The crystals were washed with methanol followed by
diethyl ether, and then dried in vacuo. Removal of the crystals from the
mother liquor resulted in extremely rapid decomposition consistent with
loss of solvent. Yield 3.2 mg (15%). IR: 7,,=3122, 3064, 2937, 1685,
1610, 1577, 1509, 1493, 1446, 1403, 1379, 1282, 1182, 1154, 1089, 1068,
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1039, 1010, 966, 946, 899, 870, 852, 790, 773, 733, 661, 629, 573, 523,
485 cm™!; elemental analysis caled (%) for CgHygNO,F sPdy: C 43.4, H
2.5,N 4.4; found: C 43.1, H 2.1, N 3.8.

[Ag,(2)]1[Co(C,ByH};),]42.8 CH;CN-H,0: A solution of 2 (20.1 mg,
0.016 mmol) dissolved in dichloromethane was mixed with an acetonitrile
solution of Ag[Co(C,B¢H,;),] (28.6 mg, 0.066 mmol). Slow evaporation of
the reaction mixture gave yellow crystals. Yield 22.0 mg (45%); IR:
Tmax = 3413, 3038, 2924, 2532 (BH stretch), 1604, 1572, 1512, 1449, 1407,
1389, 1364, 1279, 1226, 1193, 1149, 1096, 1016, 981, 883, 760, 722, 686,
620, 558, 478 cm™'; ESMS: m/z: no peaks corresponding to the expected
molecular ion; elemental analysis calcd (%) for
Cg76H1624B72N10509C0,Ag,: C 38.2, H 5.3, N 5.0; found: C 41.9, 41.9; H
5.15,5.15; N 4.8, 4.5.

[Cuy(2)Brg]: CuBr, (14.9 mg, 0.0168 mmol) and 2 (20.5 mg, 0.067 mmol)
were mixed together in DMF (ca. 2 mL) and heated at 100°C for 60 min.
During this time a khaki-green precipitate formed that was collected by
filtration, washed with methanol and dichloromethane, and dried under
vacuum. Yield 18 mg (51%); IR: #,,,=3468, 3065, 3035, 2900, 2865,
1673, 1609, 1574, 1514, 1446, 1409, 1392, 1359, 1285, 1251, 1228, 1193,
1159, 1102, 1050, 1029, 939, 891, 852, 833, 788, 767, 727, 646, 632, 593,
553, 534, 517, 495cm’'; elemental analysis caled (%) for
C;sHuNgOgBrgCuy: C 43.2, H 3.1, N 5.3; found: C 42.6, H 3.05, N 5.15.
[Pd,CL(2)]-4H,0

Method A: A filtered methanol solution of Na,[PdCl] (51.3 mg,
0.174 mmol) was added dropwise to a stirred solution of 2 (50.3 mg,
0.041 mmol) in dichloromethane (10mL). A fine yellow precipitate
formed immediately and the suspension was stirred for 10 min. The solid
was collected by filtration and washed with a small quantity of DMSO,
methanol, dichloromethane, and finally diethyl ether before drying under
vacuum. A second crop was obtained from the washings. Yield 67 mg
(82%); '"HNMR (500 MHz, [Dg]DMSO, 303 K): 0=4.04 (d, J=14.5 Hz,
4H; CH,), 487 (d, /J=144Hz 4H; CH,), 6.12 (d, /J=14.0Hz, 8H;
OCH,py), 6.27 (d, J=142Hz 8H; OCH,py), 7.70 (t, /=6.7 Hz, 8H;
pyHS5), 7.96 (s, 8H; aryl CH), 8.00 (d, J=7.7 Hz 8H; pyH3), 8.26 (t, /=
8.1 Hz, 8H; pyH4), 9.42 ppm (d, /=52 Hz, 8H; pyH6); IR: ¥, =3522,
3077, 2962, 1608, 1573, 1505, 1441, 1404, 1378, 1284, 1228, 1186, 1160,
1098, 1065, 1033, 935, 895, 823, 768, 718, 658, 630, 502, 455 cm™'; ESMS:
mlz (%): 927.5 ([Pd, Cls (2)]**); elemental analysis caled (%) for
C;sHeuNgOsClPd,«4 H,O: C 45.7, H 3.6, N 5.6; found: C 45.6, H 3.55, N
5.5.

Method B: Na,[PdCl,] (199 mg, 0.068 mmol) and 2 (19.8mg,
0.016 mmol) were mixed together in DMF (3 mL) and heated at 80°C
for 60 min. A small amount of a precipitate was removed by filtration
and then vapour diffusion of methanol into the filtrate of the reaction
mixture yielded a yellow solid. Yield 16.0 mg (50%); IR: #,,=3438,
3080, 2919, 2849, 1707 (C=O stretch), 1664, 1609, 1576, 1514, 1439, 1402,
1362, 1261, 1220, 1195, 1151, 1090, 1024, 937, 881, 848, 769, 720, 660, 627,
591, 557, 530, 454cm’'; elemental analysis caled (%) for
C;sHuNgOsCliPd,«4H,O: C 45.7, H 3.6, N 5.6; found: C 455, H 34, N
5.45.

Method C: Na,[PdCl,] (192mg, 0.065mmol) and 2 (19.9 mg,
0.016 mmol) were mixed together in DMSO (3 mL) and heated at 80°C
for 60 min. This gave an orange solution from which a moderate amount
of solid precipitated. Vapour diffusion of methanol into the filtrate of the
reaction mixture yielded a yellow solid. Yield 10.8 mg (34%); V=
3524, 3080, 2911, 1609, 1575, 1513, 1440, 1402, 1377, 1284, 1197, 1152,
1095, 1123, 937, 846, 766, 719, 660, 622, 557 cm™'; elemental analysis
caled (%) for C,sHgNyO4ClPd-4H,0: C 45.7, H 3.6, N 5.6; found: C
457, H 3.4, N 5.25.

X-ray crystallography: Crystals were mounted under oil or grease onto a
glass fibre and X-ray data were collected at low temperatures with Moy,
radiation (1=0.71073 A) on either a Nonius Kappa CCD diffractometer
or a Bruker Nonius X8 diffractometer fitted with an Apex II detector
and FR591 rotating anode operating at 4 kW. Data sets were corrected
for absorption by using a multiscan method.”” Structures were typically
solved by direct methods by using SHELXS-97 and refined by full-
matrix least-squares on F? by SHELXL-97, interfaced through the pro-
gram X-Seed.’” In general, all non-hydrogen atoms were refined aniso-
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tropically and hydrogen atoms were included as invariants at geometri-
cally estimated positions. Deviations from this procedure are described
with specific structures in the section that follows. Diagrams were gener-
ated by using the program X-Seed™ as an interface to POV-Ray.”!
CCDC-669036, 669037 and 669038 contain the supplementary crystallo-
graphic 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_request/cif.

Crystal data for DMFC[Pd;Cl(1)]'DMF: CgHg,CIgNgOgPd;; Fy=
1591.11; monoclinic; P2y/m; a=10.4340(6), b=19.342(1), c=
17.0617(9) A; f=100.733(3)°; V=3383.0(3) A’; Z=2; p=1.562 mgem™;
1=1.084 mm~'; F(000)=1600; yellow plate; 0.26 x0.11 x 0.03 mm; 26,,,, =
56.94°; T=150(2) K; 36190 reflections, 8714 unique (99.2% complete-
ness); R, =0.0344; 427 parameters; GOF=1.048; wR2=0.2998 for all
data; R, =0.0854 for 5022 data with /> 20(J).

Additional crystallographic information: The largest peak (2.68 ¢ A%) in
the Fourier difference map is located 0.90 A from one of the Pd atoms.
Other peaks are located around the Cl atoms of the structure. The bond
lengths of the lattice including the DMF molecule, which is disordered
across the mirror plane with symmetry-imposed 50 % occupancy of both
sites, were restrained with DFIX commands generating three restraints.

Crystal data for (DMF),s;C[Pd,Cl,(1)]-2H,0: Csz5Hs05ClNgsO;5Pd,;
Fy=1344.23; orthorhombic; Pnma; a=20.8290(4), b=22.1910(5) c¢=
265780(7) A;  V=12284.8(5) A%, Z=8; p=1454mgem™>; u=
0.817mm™'; F(000)=5472; yellow petal-shaped plate; 0.23x0.12x
0.05 mm; 26,,,=50.12°; T=150(2) K; 57204 reflections, 11125 unique
(99.3% completeness); R;,=0.0882; 634 parameters; GOF=1.030;
wR2=0.3080 for all data, R,=0.0896 for 6775 data with /> 20([).

Additional crystallographic information: The unbound pyridyl groups
showed significant disorder and were each refined over two positions
with rigid body refinement (AFIX 66) and occupancies set to rounded re-
fined values. Atoms in the unbound pyridyl groups were refined with iso-
tropic displacement parameters. The residual electron density was too
diffuse to adequately model all solvent molecules.

Crystal data for [Ag4(2)][Co(C,ByH}),]42.8 CH;CN-H,O:
Cy;6H1624A2B7,CoyN;sOy; Fyy=3076.71; triclinic; P1, a=18.5966(2), b=
19.0694(2), ¢=20.8202(3) A; a=91.3293(5), B=108.7731(5), y=
95.2327(5)°; V=6950.6(2) A>; Z=2; p=1.470 mgem™>; x=1.073 mm™';
F(000)=3103; yellow plate; 0.20x0.16x0.04 mm; 26,,,,=54.96°; T=
150(1) K; 128345 reflections, 31670 unique (99.5% completeness); Ry, =
0.0725; 1771 parameters; GOF=1.018; wR2=0.1842 for all data, R,=
0.0615 for 20968 data with I>20([).

Additional crystallographic information: The hydrogen atoms on the sol-
vate water molecule could not be located in the Fourier difference map;
one CH;CN molecule was refined at 80 % occupancy and with isotropic
displacement parameters. The largest q peaks in the Fourier difference
map are located around ColA and the largest shifts in the refinement
are associated with methyl hydrogen atoms of a CH;CN solvent mole-
cule.

Calculations: Density functional theory calculations were implemented
by using the Gaussian suite of programs (GO3W, C02 revision).*” The
B3LYP method was used for geometry and frequency calculations with a
6-31G(d) basis set for all atoms except Pd which were described by the
LANL2DZ ECP.
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