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Palladium(1r) has been used as a gathering and threading metal centre, using a terpy-incorporating ring and a
string-like compound containing a monodentate ligand (pyridine derivative). Preliminary experiments show that the
fourth ligand of the square planar complex can be exchanged (pyridine-based ligand/aliphatic amine) by modifying
the H* concentration of the medium, allowing us to envision new molecular machines set in motion by protonation/

deprotonation.

Introduction

Rotaxanes and catenanes constitute nowadays an important
family of multicomponent molecular systems,' whose specific
properties are promising in relation to photoinduced electron
transfer? and controlled molecular motions,® in particular.
Transition-metal containing rotaxanes and catenanes have been
of special interest to our group in the course of the last 20
years.* The metal centre plays an essential gathering and tem-
plating role in the elaboration of such molecules. Its electronic
properties are also important in order to control intramolecular
electron transfer processes, in relation to the modelling of the
photosynthetic reaction centre,? or to trigger electrochemically
driven motions in artificial molecular machines and motors.’
Traditionally, tetrahedral copper(1) has been the metal of choice
to induce the formation of entangled structures from two co-
ordinating molecular threads or to drive the formation of a
pseudo-rotaxane from a ring and a molecular string.* Recently,
we have also utilised octahedrally coordinated metal centres
such as ruthenium(ir) to assemble and preorganise the various
organic fragments to be incorporated in catenanes and rotax-
anes containing a three-bidentate chelate coordination site.® In
addition, five-coordinate geometries have been exploited, based
on Zn** associated to a set of ligands consisting of a ter-
pyridine and a phenanthroline, allowing the preparation of cat-
enanes containing a five-coordinate complexation site.” Besides
a tetrahedron, a square pyramid, a trigonal bipyramid or an
octahedron, a square is potentially an interesting transition
metal complex geometry to investigate, in order to generate
threaded species. Three of these template strategies are repre-
sented in a schematic fashion in Fig. 1.

We would now like to report that pseudo-rotaxanes can be
prepared following strategy (c) of Fig. 1, based on palladium(ir)
as the assembling metal and 2,2',6',2"-terpyridine (terpy) as the
terdentate which is incorporated into the cyclic component.

Experimental

'"H NMR spectra were acquired on either a Bruker WP200 SY
(200 MHz) or a Bruker AC 300 (300 MHz) spectrometer, using
the deuterated solvent as the lock and residual solvent as the
internal reference. Fast atom bombardment mass spectroscopy
(FAB MS) data were recorded in the positive ion mode with a
xenon primary atom beam in conjunction with a 3-nitrobenzyl
alcohol matrix and a ZAB-HF mass spectrometer. A VG BIOQ
triple quadripole spectrometer was used for the electrospray
mass spectrometry measurements (ES-MS) also in the positive
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Fig. 1 Transition metal-directed threading of a ring by a coordinating
molecular string. (a) The metal centre is tetrahedrally coordinated to
four ligands in the final complex (two donor atoms in the ring and two
in the thread). This reaction has been extensively used with copper(1).
(b) The 4 + 2 approach based on an octahedral metal centre able to
promote the gathering and threading process. The ring contains two
bidentate chelates which must lead to a C, symmetry compound after
coordination to the metal. The thread contains a bidentate chelate.
Ru(1) has been used recently following this strategy. (¢c) The central
metal is square planar (3 + 1 approach). The ring incorporates a
terdentate chelate and the string contains a monodentate ligand.

ion mode. MALDI-TOF spectra were taken on a Briicker
Spectrometer Protein TOF using o-cyano-4-hydroxycinnamic
acid as matrix.

Synthesis of the ligands

Oxygen- or water-sensitive reactions were conducted under
a positive pressure of argon in oven-dried glassware, using
Schlenk techniques. Common reagents and materials were pur-
chased from commercial sources. The following materials were
prepared according to literature procedures: 1,7 2,7, 2-(2'-
iodoethoxy)ethyl-2"-tetrahydropyranyl ether.”

Monofunctionalized lutidine 6. A degassed solution of 2,6-
lutidine (3.01 g, 0.028 mol) in anhydrous THF (50 mL) was
cooled to —78 °C. While this temperature was maintained, a
freshly prepared solution of LDA (20 mmol in THF) was added
via the canula transfer technique. The solution turned red and
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was stirred at —78 °C for a further 3 h. A solution of 2-(2'-
iodoethoxy)ethyl-2"-tetrahydropyranyl ether (12.6 g, 0.042 mol)
in freshly distilled THF was then added and the resulting solu-
tion was stirred for 24 h at room temperature. After hydrolysis
with 10 mL of water, the solution turned yellow. The solvent
was evaporated and the residue taken up in a CH,Cl,/H,O mix-
ture. The organic layer was separated and dried over MgSO,.
After the solvent was evaporated, the resulting yellow oil was
chromatographed (AL O;; eluent : hexane—ethyl acetate (1-3%)
to give NMR-pure 6 as a pale yellow oil in 83% yield (6.47 g,
0.023 mol). '"H NMR (200 MHz, CDCl,): 6 7.42 (t, *J = 7.6 Hz,
1H, H,); 6.91 (m, 2H, H;5); 4.60 (m, 1H, H,); 3.86 (m, 2H, H,);
3.50 (m, 6H, H, 4.); 2.77 (m, 2H, H,.); 2.47 (s, 3H, -CHj;); 2.00
(m, 2H, H,); 1.90-1.46 (m, 6H, H,4); (protons a, b, c, d, e
correspond to the protons of the -OTHP moiety).

Lutidine-diOTHP 7. The monosubstituted lutidine 6 (3.4 g,
0.012 mol) was reacted successively with LDA (20 mmol in
THF) and 2-(2'-iodoethoxy)ethyl-2"-tetrahydropyranyl ether?
(5.7 g,0.019 mol), following the method described for preparing
6. After chromatographing several times using a Chrom-
atotron® (ALQ;, eluent: hexane-EtOAc (98 : 2 to 90 : 10), a
yellow oil (1.5 g. 0.003 mol) was obtained in 30% yield. 'H
NMR (200 MHz, CDCl,): § 7.45 (t, 1H, H,, *J = 7.6 Hz); 6.94
(d, 2H, Hs, 3J = 7.6 Hz); 4.62 (m, 2H, H,); 3.87 (m, 4H, H,);
3.53-3.59 (m, 12H, H, 4 .); 2.80 (m, 4H, H,), 1.98 (m, 4H, Hy,);
1.90-1.40 (m, 12H, H,_4); (protons a, b, ¢, d, e correspond to
the protons of the THP moiety).

Ligand 8. Compound 7 (395 mg, 0.87 mmol) dissolved in
ethanol (30 mL), was brought to reflux under argon before 1
drop of 37% HCI was added. The solution was refluxed for 3 h
and ethanol was then removed. The residue was taken up in
CH,CI,/H,0. The aqueous layer was washed with a saturated
solution of NaHCO; and extracted with CH,Cl, (2 X 50 mL).
Drying over MgSO, left, after the solvent was removed, a
yellow oil whose purity was good enough (>90% by NMR) to
be used without further purification. 'H NMR (200 MHz,
CDCly): 6 7.48 (t, 1H, H,, *J = 7.6 Hz); 6.94 (d, 2H, H,,,
3J =7.6 Hz); 3.67 (m, 4H, H,); 3.59-3.22 (m, 8H, H. 4); 2.93
(m, 4H, H,); 1.92 (m, 4H, Hy).

Synthesis of the Pd complexes and ligand exchange reactions

Chromatography over silica gel or alumina of the palladium
complexes caused the complexes to decompose. Their form-
ation was thus observed by 'H NMR spectroscopy. They were
purified if necessary by precipitation with ether or by
crystallization.

3(BF,),. PdA(CH;CN),(BF,), (49.5 mg, 0.11 mmol) dissolved
in degassed CH;CN (2 mL) was added under argon and at
room temperature to a stirred degassed solution of 2 (70.3 mg,
0.11 mmol) dissolved in a mixture of CH;CN-THF. A yellow
coloration appeared instantly. After the solution was stirred for
1 h under argon, the solvents were removed under high vacuum
to afford the complex as a bright yellow crystalline solid. NMR
showed that the reaction proceeded quantitatively. 'H
NMR (200 MHz, CDCl,): § 8.40 (t, 1H, H,, *J=7.65 Hz); 8.19
(m, 8H, H,;3); 6.98 (d, 4H, H,, °J = 8.8 Hz); 6.79 (d, 4H, H,,,
3J=8.8 Hz); 4.01 (m, 4H, H,); 3.66 (m, 4H, H,); 3.52 (t, 4H, H,,
3J=5.6 Hz); 2.90 (t, 4H, H,, *J = 7.2 Hz); 2.00 (m, 4H, H,); 1.52
(s, 6H, -CH,). ®C NMR (CDCl,):  157.7; 156.9; 155.5; 155.4;
153.8; 146.6; 145.0; 144.0; 143.8; 128.4; 126.0; 124.8; 115.1;
70.2; 69.8; 68.8; 42.1; 30.9; 30.4.

4(BF,),. Complex 3** (10 mg, 0.01 mmol) in CH;CN (1.5
mL) was introduced in a 5 mL flask and 1 mL of a 0.01 mol L™!
solution of 2,6-lutidine in CH;CN (0.01 mmol) was added.
After 15 min at room temperature, the solvent was removed

under high vacuum: a yellow powder of 4** was obtained.
NMR showed that the reaction proceeded in a quanti-
tative yield. "H NMR (200 MHz, CDCl;) é: 8.50 (t, 1H, H,,
3J=7.4 Hz); 8.27 (m, 6H, H,3,); 7.31 (d, 4H, H,, *J = 8.8 Hz);
7.07 (m, 3H; Hq,,); 6.87 (d, 2H, H3, *J = 7.8 Hz); 6.79 (d, 4H,
H,,, 37 = 8.8 Hz); 3.94 (m, 4H, H,); 3.62 (m, 4H, H,); 3.41 (t,
4H, H,, *J = 5.8 Hz); 3.04 (s, 6H, -CH; (1)); 2.74 (t, 4H, H,,
3J=17.2Hz); 1.83 (m, 4H, H,); 1.75 (s, 6H, -CH, (2)).

5(BF,),. Complex 3** (10 mg, 0.01 mmol) dissolved in
CH,CN (1 mL) was introduced in a 5 mL flask and 1 mL of a
0.01 mol L™! solution of diethylamine in CH;CN (0.01 mmol)
was added. After 15 min at room temperature, the solvent was
removed under high vacuum: a yellow powder of 5(BF,), was
obtained. NMR showed that the reaction proceeded quanti-
tatively. 'H NMR (200 MHz, CDCl;) § 8.44 (t, 1H, H,,
3J=7.4 Hz); 8.23 (m, 6H, H, ;3); 7.94 (d, 2H, H,, *J = 1.8 Hz);
7.12 (d, 4H, H,, *J = 8.8 Hz); 6.79 (d, 4H, H,,, *J = 8.8 Hz);
5.41(br s, 1H, NH); 4.04 (m, 4H, H,); 3.70 (m, 4H, H,); 3.56
(t, 4H, H,, *J = 6 Hz); 3.14 (m, 4H, H,); 2.90 (t, 4H, H,,
3J=17.4 Hz); 1.96 (m, 4H, H,); 1.61 (s, 6H, -CH, (2)); 1.22-1.09
(m, 6H, Hy).

9(BF,),. Complex 3*" (30 mg, 0.03 mmol) dissolved in
acetonitrile (2 mL) was added to a solution of 8 (8.5 mg, 0.03
mmol) in acetonitrile (1 mL). The solvent was then removed to
afford 9(BF,), as a yellow powder (35 mg). '"H NMR (200 MHz,
CDCl,) 6 8.46 (t, 1H, Hy,, *J = 8 Hz); 8.27-8.19 (m, 6H, H, ;3);
7.33 (d, 4H, H,, *J = 8.8 Hz); 7.03 (m, 3H; Hg,); 6.82 (d, 2H,
H,;, 37 =8 Hz); 6.78 (d, 4H, H,,, *J = 8.8 Hz); 3.92 (m, 4H, H,);
3.60 (m, 8H, Hg,); 3.37-3.31 (m, 8H, H,.); 3.23 (m, 4H, H.,.);
3.15 (m, 4H, Hy); 2.70 (t, 4H, H,, *J = 6 Hz); 2.38 (t, 2H, -OH);
1.80 (m, 4H, H,); 1.75 (s, 6H, -CH,).

X-Ray structural study

Single crystals suitable for X-ray analysis were obtained for the
complex 3** by slow diffusion of diethyl ether vapour into a
solution of 3** in acetonitrile. Crystal data and details of data
collection are provided in Table 1.

CCDC reference number 213163.

See http://www.rsc.org/suppdata/dt/b3/b306277¢/ for crystal-
lographic data in CIF or other electronic format.

Results and discussion

(a) Design of the system and synthesis of the terpy-containing
ring

Palladium(11) forms stable square planar complexes with a var-
iety of ligands, this geometry being generally strongly favoured
over other coordination geometries.® Our experience of terpy
and its derivatives® prompted us to use this terdentate ligand
and to incorporate it in a ring. The fourth donor atom was
designed so as to be the central part of the thread to be passed
through the ring. The choice of this monodentate ligand is crit-
ical since it has to be easily derivatized in order to be incorpor-
ated in a string-like fragment, with the donor atom oriented
in such a way that the Pd-donor atom bond is roughly
perpendicular to the main axis of the thread. We considered
various motifs, represented in Chart 1, because of their co-
ordinating ability towards Pd(m) but also for their structural
features, which should allow us to design thread-like molecules
incorporating them.

< \>
@CEN 7 N NH

Chart 1
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Table 1 X-Ray experimental data for 3(BF,),

Formula

Molecular weight
Crystal system
Space group

alA

bIA

clA

al®

pr

y0°

VIA3

VA

Color

Crystal dimensions/mm
DJgcm™?

F(000)
wmm-
Transmission (min./max.)

T/IK

A

Radiation

Diffractometer

Scan mode

hkl limits

0 Limits/°

Number of measured data

Number of data [I > 3a(])}

Number of variables

R

RW

GOF

Largest peak in final difference map/e A~

1

CosHy45B4F16NoOyoPd,
=2(C,,H,,N,0,Pd)-4BF,-CH,CN-2C,H,,0
2091.04

Triclinic

Pl

13.1827(2)

18.5474(2)

20.6953(4)

101.281(5)

90.583(5)

102.957(5)

4828.2(1)

2

Yellow

0.20 x 0.14 x 0.10
1.44

2156

0.465

0.9626/1.0000

173

0.71073

Mo-Ka graphite monochromated
KappaCCD

‘Phi scans’

0, 17/—24, 23/-26, 26
2.5-27.47

21436

13539

1216

0.048

0.073

1.316

1.476

Table 2 Selected bond lengths (A) and angles (°) for 3(BE,),

Pd,-N, 2.013(4) Pd, N, 2.035(4)
Pd,-N, 2.030(4) Pd,-N, 2.030(3)
Pd,-N, 1.911(3) Pd, N, 1.928(4)
Pd,-N, 2.029(3) Pd,-N, 2.035(3)
N,-Pd,-N, 81.2(1) N,-Pd,-N, 81.3(1)
N;-Pd,-N, 81.1(1) N;-Pd, N, 80.9(1)
N,—Pd,-N, 179.4(1) N,-Pd,-N, 178.1(1)
N,-Pd,-N, 162.3(1) N,-Pd, N, 162.1(1)

Pd, and Pd, refer to the two independent molecules in the asymetric
unit.

The terpy-incorporating macrocycle 2 and its precursor 1 are
depicted in Fig. 2(a). Its synthesis was recently described.’

(b) Preliminary coordination chemistry studies

Before threading string-like fragments through the ring, we
investigated a few simple coordination reactions with pal-
ladium(m). The acetonitrile complex 3*" was obtained quanti-
tatively from 2 and Pd(CH;CN),(BF,),, as indicated in Fig.
2(b). 3(BF,), is a yellow crystalline solid, whose formation was
first evidenced in solution by 'H NMR. As expected, the signals
of the terpy fragment are downfield shifted by complexation to
the Pd(m) centre (Ad ~0.5 ppm for the hydrogen atoms para to
the coordinated nitrogen atoms). A single crystal was obtained
by slow diffusion of diethyl ether vapour into an acetonitrile
solution of the complex and the X-ray structure of 3**2BF,”
could be determined.

The asymetric unit contains two independent molecules,
whose structures are very similar. The conformation of the
dioxodiethylene chains make them slightly different. The values
of the N-Pd-N; angles and of the Ni-Pd distances indicated in
Fig. 3 are the average values. The values concerning the Pd—Ni
distances and N,~Pd-N; angles of the two molecules in the cell
are listed in Table 2. As shown in Fig. 3, the geometry around
the palladium(u) centre is roughly square-planar. The three
N atoms of the terpy motif are bound to the metal and this
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situation originating in a noticeable "pinching” of the terpy as
already observed for other Pd(u) terpy complexes:'® the ortho
substituents (at positions 2" and 6") of the central pyridine form
an angle of 113° to be compared to the theoretical value of
120°. In addition, significant distortion from square planar
geometry around Pd(m) is observed: the N;-Pd-N, and N,~-Pd—
N, angles are ~80° instead of 90° for a true square planar situ-
ation. The fourth coordination site is occupied by a CH;CN
molecule which is located in the mean plane formed by the
nitrogen atoms of the terpyridine and the palladium centre.

For the preparation of other Pd(i1) macrocyclic complexes,
the acetonitrile complex 3** turned out to be a convenient start-
ing compound. The bound CH;CN molecule could be dis-
placed quantitatively by other ligands, such as 2,6-lutidine or
diethylamine. The substitution reaction of CH,CN in 3** by
2,6-lutidine is depicted in Fig. 2(c). The '"H NMR spectrum of
the lutidine complex, 4**, Fig. 4, provides evidence in support of
the formation of this compound.

In particular, the protons of the lutidine nucleus (l;, 1,)
undergo a significant upfield shift (—=0.1 and —0.46 ppm,
respectively) by coordination to Pd(1) in spite of the electron-
withdrawing character of Pd(m), whereas the protons of the two
methyl groups connected to the same nucleus at positions 2 and
6 undergo a remarkable downfield shift of +0.6 ppm. A similar
effect is observed for the 6 and 6” protons of the terpy fragment.
These observations tend to indicate that a mutual interaction
between the macrocyclic part and the lutidine nucleus is taking
place, locating certain protons of a given component in the
shielding region of the other one, as suggested by the drawing
of Fig. 2(c): the ring current effects of the lutidine fragment and
the bis-phenol A motif induce upfield shifts of Hg, Hg and 15, 1,.

The diethylamine complex 5** was prepared similarly to 4**
by adding a stoichiometric amount of HNEt, to 3*' in
acetonitrile. Here again, the substitution turned out to be quan-
titative. "H NMR provides evidence in support of the formation
of the complex (see Experimental section). Interestingly, the
2,6-lutidine ligand of 4** can also be displaced by HNEt, in a
quantitative fashion, as shown by '"H NMR. This is not surpris-
ing in view of the respective pK, values'' of lutidine (pK, ~5)
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Fig. 2 (a) The terpyridine containing 34-membered ring 2 and its ultimate precursors 1 and the “bisphenol A”. (b) Preparation of the macrocyclic
Pd(11) complex 3**. i: Pd(CH,CN),(BF,),, CH,CN-THF, 100%. (c) Substitution of the CH,CN ligand by 2,6-lutidine. j: 2,6-lutidine, CH,CN, 100%.
(d) Protonation/deprotonation-induced exchange of the fourth ligand. The 2,6-lutidine nucleus of complex 4** is quantitatively expelled by addition
of HNEt, but the reverse is true under less basic conditions: addition of [2,6-lutidine-H]* to 5** displaces quantitatively HNEt, to afford its
protonated form and 4?*. (e) The threading reaction affording the pseudo-rotaxane 9** quantitatively. k: CH,CN.

and HNEt, (pK, ~11.5). Preliminary studies show that clean by lowering the apparent pH of an acetonitrile solution of 5**
ligand exchange can easily be driven by changing the pH. in the presence of lutidine or by adding one equivalent of a 2,6-
Under very basic conditions, diethylamine is preferred, whereas, lutidinium salt to 5**, ligand exchange on the palladium(ir)
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Pd-Nj : 2.02 A
Pd-N, : 2.03 A
Pd-N;: 1.92 A
Pd-N; :2.03 A

Fig. 3 X-Ray crystal structure of the macrocyclic Pd(1) complex 3.
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Fig. 4 'H NMR spectrum of 4**.

centre takes place simultaneously with proton transfer from the
protonated lutidine to HNEt,. The ligand exchange reaction is
represented in Fig. 2(d).

The ligand exchange process of Fig. 2(d) may open the
gate to molecular motions induced by changing the pH of
the medium.”? Incorporation of both aliphatic amines and
pyridinic fragments into rings or open-chain compounds
may be envisaged, which could afford new molecular
machines if used in conjunction with the coordinating ring 2
and Pd(m).

In order to test the feasibility of such an approach, a string-
like compound containing a central pyridine nucleus was made

3774 | Dalton Trans., 2003, 3770-3775

THPO
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Jo L

HO OH
Fig. 5 Synthesis of the string-like compound 8. i: LDA, ICH,CH,-
OCH,CH,0THP, THF, —78 °C, 83%. ii: LDA, ICH,CH,0CH,-
CH,OTHP, THF, —78 °C, 30%. iii: cat. HCI, EtOH (reflux), 95%.

and reacted under “threading” conditions. The sequence of
reactions leading to the 2,6-lutidine derivative used in the
threading reactions is indicated in Fig. 5.

Unfortunately, the disubstitution of the starting 2,6-lutidine
could not be carried out in one step. In a two step procedure,
the protected compound 7 was obtained. Diol 8 was thus pre-
pared in 23% yield from 2,6-lutidine, in a three-step procedure.

The pseudo-rotaxane 9** was prepared quantitatively by
threading 7 through the ring of complex 3** (Fig. 2(e)). The
reaction is a simple ligand exchange whose principle is identical
to the conversion of 3** to 4*" in the presence of 2,6-lutidine
(Fig. 2(d)). The main difference is that the fourth ligand is
now incorporated in a string-like compound (19 atoms in the
thread from one end to the other). The coordination reaction
forces the acyclic fragment to pass through the ring in a way
similar to previously reported reactions utilising copper(1) or
ruthenium(i) as templating metal.

Full assignment of the 'H NMR signals of 9** was made
with the help of 2D (ROESY) NMR. By comparing the
spectra of the string 8 and of the pseudo-rotaxane 9**, the
same effects as those noticed in the formation of 4** are
observed: upfield shift of the pyridinic protons 15, 1, (0.12 and
0.45 ppm, respectively) and of the terpy protons 6 and 6"
(1.51 ppm).

Conclusion

Stable complexes of Pd(i1) were prepared with a 35-membered
macrocycle containing a terpyridine motif. A few square-planar
complexes have been obtained by varying the nature of the
fourth ligand. In particular, the CH;CN complex could be



crystallized and studied by X-ray crystallography, thus confirm-
ing the expected geometry of the compounds. Ligand exchange
reactions between the very basic ligand HNEt, and the much
less basic compound 2,6-lutidine are easily triggered by modify-
ing the H* concentration in the medium, opening the way to
new protonation/deprotonation-driven molecular machines.
Finally, by threading a long string-like fragment through the
ring, a pseudo-rotaxane could be made. The synthesis of
multisite molecular strings is presently underway as well as the
elaboration of real rotaxanes, by attaching bulky groups at both
ends of the thread.
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