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Introduction

Since the early days of template synthesis using transition
metal complexes to build macrocycles, the field has undergone
spectacular development. From Schiff base ligands, originally

used by Busch and co-workers’ the family of organic

fragments which have been utilized and incorporated into cyclic

structures has gradually expanded.

Several years ago, a three-dimensional template strategy

affording interlocking ring structurégcatenanes) and knéts

in high yields was proposed. The preparation of a [2]catenane
is based on a very simple concept. In a first step, one forms a
molecular “tangle” by intertwining two threads around a

transition metal center. Subsequently, the four ends of the tangle
are interconnected in the appropriate fashion so as to produce

the interlocking ring topology. (See Figure 1).

This construction principle, using a 2,9-diaryl-1,10-phenan-
throline in combination with copper(l) as assembling and

templating center has proven particularly successflihe

catenane so obtained contains a tetrahedral coordination site and
is particularly well suited to transition metals in low oxidation
state$ (copper(l), nickel(l), cobalt(l), etc.). To prepare interlock-
ing ring ligands able to complex metals in high oxidation states,
6-coordinate systems are preferable. This prompted us to use
2,2:6',2"-terpyridine (terpy) motifs. Due to the harsh conditions
required for the cyclization step, however, the intertwined
precursor had to be a ruthenium(ll) complex which could not

subsequently be demetalafedery recently, a molecular knot
incorporating Fe(terpy}* fragments has been reported.

By combining the high efficiency of the methodology based

on the ring-closing metathe${RCM) of olefins and the high

stability of bis(terpyridine)iron(ll) complexes, we planned to
construct catenanes by following the strategy depicted in Figure

2 (route a).
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Figure 1. Template synthesis of a [2]catenane.

Figure 2. Formation of complex6®" and the cyclization step. As
indicated in the diagram, the double bonds are either cis or trans.

Experimental Section

Solvents were of reagent grade and were used as received unless
otherwise stated. Reagents, except where otherwise noted, were
purchased from various commercial sources and used as received. FAB
mass spectral measurements were performed on a ZAB-HF apparatus,
using NBA as the matrix. Proton NMR spectra were recorded on Bruker
WP 200 SY (200 MHz) and AM (400 MHz) spectrometers.
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Compoundl was prepared according to the literatiitre.

Preparation of 5,5'-Diethoxy-2,2:6",2"-terpyridine (2).? In 39
mL of DMSO, the following reagents were dissolved in succession:
finely crushed KOH (7.8 g, 118 mmol), absolute ethanol (4.5 mL, 78
mmol), and1 (600 mg, 1.9 mmol). This mixture was stirred at 8D

Notes

= 2.5 Hz), 8.3 (d, 2H, H, Hs, 3J = 7.6 Hz), 7.89 (t, 1H, K, 3J = 7.9
Hz), 7.38 (dd, 2H, W Hs, ) = 8.7 Hz,%) = 2.8 Hz), 5.94 (qd of t,
2H, Hy, 3ians (bC) = 17.2 Hz,3Js(bc) = 10.4 Hz3J(ba) = 5.6 Hz),
5.29 (m, 2H, H), 5.20 (M, 2H, H), 4.05 (m, 4H, H), 4.4-3.6 (m,
16H, Hy, Hg, Hy, Hy).

for 24 h. After cooling, excess ethanol was evaporated under reduced Preparation of 62*. A solution of FeSQ@ (100 mg, 0.36 mmol) in

pressure. The resulting mixture was diluted with 300 mL of water, upon
which a brown solid precipitated. This solid was filtered off, dried in
air, and dissolved in CHGland the solution was filtered over alumina

water (100 mL) was added to a solution®{112 mg, 0.21 mmol) in
hot acetone. The solution, which immediatly turned deep purple, was
heated to 55C for 30 min, and the acetone was evaporated. The iron

(short column on sintered glass). Evaporation of the solvent afforded complex was then precipitated by the addition of a saturated solution

422 mg of2 (1.3 mmol, 71% yield) as a brown-beige solid (mp 175
°C).H NMR (CDCl5; 6): 8.54 (d, 2H, H, Hg-, 3J = 8.9 Hz), 8.38 (d,
2H, Hg, Her, 43 = 2.9 Hz), 8.3 (d, 2H, H, Hg, 3J = 7.9 Hz), 7.89 (dd,
1H, Hy, 8J = 7.6 Hz,33=8.1 Hz), 7.34 (dd, 2H, i Hs, 3] = 8.7 Hz,

4) = 2.8 Hz), 4.18 (q, 4H;~CHy-, 3J = 7 Hz), 1.49 (t, 6H,—CHs, 3J
=7 H2).

Preparation of 5,5'-Dihydroxy-2,2":6',2"-terpyridine (3).2 Tech-
nical grade pyridine (16 mL) was poured into a 100 mL three-necked
round-bottomed flask fitted with a thermometer and a magnetic stirrer.
Under rapid stirring, concentrated hydrochloric acid (17.6 mL) was
added. The flask was equipped for distillation, and water was distilled
from the mixture until its internal temperature rose to 200 After
the mixture was cooled t&140°C, 2 (390 mg, 1.2 mmol) was added
all at once as a solid and the reaction flask was fitted with a reflux

of KPFs (100 mL). The suspension was leftrf@ h in arefrigerator,

and the solid was filtered off, washed with water, and redissolved in
CH,Cl,. This organic phase was washed three times with water, dried
over MgSQ, and filtered. Evaporation of the solvent afforded 142 mg
of 627 (0.1 mmol, 95% yield) as a fuschia red sofitl. NMR (acetone-

ds; 0): 8.98 (d, 4H, H, Hg, 3J = 7.9 Hz), 8.8-8.6 (m, 6H, H, Hs",

Hz), 7.65 (dd, 4H, H, Hgr, 3 = 9.1 Hz,J = 2.7 Hz), 6.88 (d, 4H, k&l

He', 4 = 2.5 Hz), 5.94 (qd of t, 4H, b 3JyandbC) = 17.3 Hz,3Js(bc)

= 10.3 Hz8J(ba)= 5.7 Hz), 5.17 (M, 4H, k), 5.05 (m, 4H, H), 3.87

(m, 8H, H), 4.1-3.3 (m, 32H, H, Hz, H,, Hy).

Preparation of 72t. Complex 6t (280 mg, 201umol) and the
catalyst (Grubbs’s ruthenium(ll) carbene, 33 mg, 20% mol) were
dissolved at room temperature in freshly distilled and degassed
dichloromethane (25 mL), so as to obtain.01 M solution. After

condenser connected to a source of argon. The mixture was stirred andt0 h, the solvent was evaporated. The crude product was then purified

heated to reflux fo3 h (190 < T < 200°C), after which it was cooled

to ~110 °C and carefully diluted with 60 mL of warm water. This
mixture was neutralized with NaOH solution (end point: #H7.32),
upon which3 precipitated as a green solid, which was dried in air and
utilized without further purification (293 mg, 1.1 mmol, 91% yield).
IH NMR (DMSO-<s; 6): 8.44 (d, 2H, H, Hz, 3J = 8.6 Hz), 8.23 (d,
2H, Hs, He', 43 = 2.5 Hz), 8.19 (d, 2H, K, Hg, 3] = 7.4 Hz), 7.93
(dd, 1H, He, 3 = 7.1 Hz,3) = 8.4 Hz), 7.36 (dd, 2H, b Hy, 3J =

8.6 Hz,%J = 2.9 Hz).

Preparation of 4. Finely crushed GEO; (2 g, 6.1 mmol) was added
to a solution of3 (293 mg, 1,1 mmol) in DMF (120 mL). The mixture
was heated to 78C under vigorous stirring. Aftel h at 75°C, a
solution of 2-(2-chloroethoxy)ethanol (0.35 mL, 3.3 mmol) in DMF
(20 mL) was added dropwise over 15 min. This mixture was stirred at
75°C for 6 h. Then another solution of 2-(2-chloroethoxy)ethanol (0.35
mL, 3.3 mmol) in DMF (20 mL) was added dropwise, and the reaction
mixture was maintained at 78C under argon for 6 h. DMF was
evaporated (0.1 mmHg, 5), and the residue was dissolved in a 1:1

by column chromatography (4Ds; eluent CHCI,/0—5% MeOH) and
the impure fractions were purified by preparative TLC (Si€uent
100 mL of CHCN/20 mL of HO/1 mL of saturated KNg) to give
129 mg of 72t (97 umol, 48% yield), as a fuschia red solitH NMR
(acetoneds, 400 MHz;d): 8.99 (d, 4H, H, Hs, 3J = 8 Hz), 8.74 (t,
2H, Hy, ) = 8 Hz), 8.66 (d, 4H, B Hs, 3J = 9.1 Hz), 7.72 (dd, 4H,
Ha, Hy, 33 = 8.9 Hz,4J = 2.5 Hz), 6.89 (d, 4H, &l He, 41 = 2.4 Hz),
5.17-5.05 (m, 4H, H (Z or E)), 4.01 (m, 8H, H), 4.3-3.3 (m, 32H).
Anal. Calcd for GiHeaF12FeNsO1P2: C, 48.66; H, 4.69; N, 6.31.
Found: C, 48.55; H, 4.81; N, 6.10.

Crystals suitable for X-ray diffraction were obtained by slow
diffusion of benzene into a concentrated solution of compkExin
methylene chloride.

X-ray Crystallography for 72*. Suitable red single crystals of
7?7 (PFs™)2"CH.Cl CsHsWere obtained as described aboveHzZNeO1 P 1~
Cl,Fe, MW= 1499.98, triclinic;a = 12.4620(6)b = 16.7810(9)c =
17.3060(5) A;a. = 79.368(3),8 = 84.937(3),y = 72.513(2}; V =
3390.7(4) &, space groufPl, Z = 2, deac = 1.47 g cmi3, u = 0.445

H20/CHCE mixture. The organic phase was decanted, and the aqueousmm-1, Data were collected at-100 °C on a Nonius KappaCCD

phase was extracted three times with 100 mL of CGHThe organic
phases were combined, dried over MgsSénd filtered. Evaporation
of the solvent afforded 363 mg df(0.8 mmol, 75% vyield) as a beige
solid (mp 105°C). *H NMR (CDCls; 9): 8.55 (d, 2H, H, Hz", 3] =
8.6 Hz), 8.41 (d, 2H, K Hg', ¥J = 2.5 Hz), 8.30 (d, 2H, K, Hs, 3J =
7.9 Hz), 7.89 (dd, 1H, i, 33 = 7.4 Hz,% = 8.1 Hz), 7.39 (dd, 2H,
Ha, Hg, 33 = 8.8 Hz,4) = 2.9 Hz), 4.4-3.7 (m, 16H, H, Hg, H,, Hs).
Preparation of Ligand 5. To a degassed solution df(100 mg,

diffractometer using standard data collection procedures €265 <
32.5’) and Mo Ko graphite-monochromated radiatioh £ 0.710 73

A) for a crystal of dimensions 0.2& 0.10 x 0.05 mnd. A total of

26 324 reflections were collected, 8148 havirrg 30(l). The structure

was solved using direct methods and refined agakistAtoms O9,

04, and C24 are disordered over two positions. These positions were
refined with multiplicities of 0.5/0.5. Hydrogen atoms, with the
exception of those related to the disorder, were introduced in structure

0.23 mmol) in DME (50 mL) was added NaH (2.5 mmol) under argon. factor calculations as fixed contributors at their computed positions;
The mixture was stirred at room temperature for 10 min, and then allyl d(C—H) = 0.95 A, B(H) = 1.3Beq(C). Final results: R= 0.062,R, =
bromide (0.5 mL, 6 mmol) was added via a syringe. The mixture was 0.089, GOF= 1.551, largest peak in final difference m=g0.77 e A.
heated to reflux for 12 h. After cooling, excess NaH was destroyed by For all computations, the OpenMolé&Noackage was used.

adding 5 mL of ethanol. Solvents were then evaporated, and the residue  preparation of 82*. Complex72* (95 mg, 71umol) was dissolved
was dissolved in a 1:1 #/CH,Cl, mixture. The organic phase was  in a 1:1 mixture of CHCI/EtOH (40 mL). The catalyst (Pd/C, 5%
decanted, and the agueous phase was extracted three times with 10gho| in Pd) was then added. At room temperature and under vigorous

mL of CH,Cl,. The organic phases were combined, dried over MgSO
and filtered. Evaporation of the solvent afforded 112 mgbdD.21
mmol) in a quantitative yield as a beige solid (mpb50 °C). *H NMR
(CDCl; 6): 8.54 (d, 2H, H, Hy, 3J = 8.8 Hz), 8.4 (d, 2H, i Hg', 4J

(11) Thoda, Y.; Eiraku, M.; Nakagawa, T.; Usami, Y.; Ariga, M
Kawashima, T.; Tani, K.; Watanabe, H.; Mori, Bull. Chem. Soc.
Jpn.199Q 63, 2820.
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199§ 17, 3989.

(13) Curphey, T. J.; Hoffman, E. J.; McDonald, Chem. Ind.1967, 7,
1138.

stirring, the solution was maintained under a hydrogen atmosphere for
15 h. The reaction could be monitored ¥y NMR spectroscopy, since
the signal of the olefin progressively disappeared. The solvents were
evaporated, and the crude mixture was purified by column chroma-
tography (AbOs; eluent CHCI,/0—5% MeOH) to give 85 mg 082"

(64 umol, 90% yield) as a fuschia red solltH NMR (acetoneds; 0):

8.99 (d, 4H, H, Hg, 3J = 7.9 Hz), 8.73 (dd, 2H, I, %J = 8.61 Hz,
8)=7.38 Hz), 8.68 (d, 4H, & Hs, 3J = 8.9 Hz), 7.71 (dd, 4H, K

(14) OpenMoleN: Interactie Structure SolutignNonius BV: Delft, The
Netherlands, 1997.
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Hz, 3J=9 Hz,4J= 2.7 Hz), 6.9 (d, 4H, il Hg", *J = 2.5 Hz), 4.3-3 Z

(m, 48H, H, Hq, Hg, H,, Hy). s |
Preparation of 9.5 A solution of8%" (19.1 mg, 14.3imol) dissolved Y N 7

in a 1:1 mixture of HO/CH,CN (10 mL) was made alkaline by the X N N~ R

addition of aqueous potassium hydroxide (440 mg, 66.7 mmol in 2

mL of water). HO, solution (30%) was then added slowly until the ; Efggﬁ CH
purple color disappeared. The suspension was filtered to remove iron 3j R;OH 213
oxides, and the filtrate was extracted with CRCIhis organic phase ’

was washed with water, dried over Mgs@nd filtered. Evaporation

of the solvent afforded 10 mg & (10 umol, 70% yield) as a beige Z |
solid (mp 158°C). *H NMR (acetoneds; 6): 8.49 (d, 4H, H, Hgz', 3J N SN B
= 8.8 Hz), 8.36 (d, 4H, K| He:, 4 = 2.8 Hz), 8.27 (d, 4H, K, Hs, 3J SN No 2
= 7.8 Hz), 7,85 (t, 2H, H, 3J = 7.8 Hz), 7.31 (dd, 4H, & Hy, 3] = HO 3 OH
8.8 Hz,"J = 2.9 Hz), 4.2-3.4 (m, 48H, H, Ha, Hp, H,, H;). FAB*-
MS: m/z found 991.4 (MH), calcd 991.5.
Results and Discussion A
The synthesis of the acyclic ligarii consisting of a 5,5
disubstituted terpyridine bearing terminal olefins, was carried Z |
out in several steps from 3 linitroterpyridine1.11 2 N 7
By reaction ofl with ethanol and crushed KOH in DMS9® N N~

at 50°C, the diethoxyterpyridin@ was obtained in 71% yield.
2 was then converted to the dihydroxyterpyrididén molten
pyridinium chloride at 210C in 91% yield!® The reaction of
3 with 2-(2-chloroethoxy)ethanol and €30z in DMF at 75 OH

°C afforded ligandt (75%), which was quantitatively converted

into its diolefinic derivative5 by generating the dialcoholate B
with NaH and reacting the latter with a large excess of allyl
bromide in refluxing DME. (See Figure 3).

5 was readily converted into its iron(Il) complex by reaction
with aqueous ferrous sulfate. Addition of an excess of saturated
aqueous KPgsolution allowed comple®?™ to be obtained in
guantitative yield as its hexafluorophosphate stit. NMR
spectroscopy yielded clear evidence that is composed of
two terpyridine ligands$ entwined around the iron(ll) center
in a highly symmetrical geometry. Protons; ldnd H: are
upfield shifted by about 1.5 ppm, since in the complex they are
located in the shielding cone of the central pyridine of the
opposite ligand. ¢

Cycllza_tlon O.f the pr_ecursor_compleﬁ@* by rlng-c_losujg Figure 3. Terpyridine precursors leading to ligabdA: (1) CsCO;s,
metathesis of its terminal olefins was performed in dichlo- DMF, 75°C, 1 h: (2) 2-(2-chloroethoxy)ethanol, DMF, 7&, 12 h.

romethane at room temperature in the presence of Grubbs’g: (1) NaH, DME, room temperature, 10 min; (2) allyl bromide, DME,
catalyst (ruthenium(ll) dichloride phenylmethylene bis(tricy- 85°C, 12 h.

clohexylphosphine) [Ru@PhCH,(PCy),)]). The double-ring-

closure reaction, easily monitored Byl NMR, was complete 7%+ at almost identical positions. Such identical chemical shifts
after 40 h and afforded complé®* as a dark red solid in 48%  would of course not be expected in the spectrum of an
yield after a chromatographic purification over,®. TheH interlocked structure in which the proton resonances of the
NMR spectrum of7?* did not allow the determination of the  polyoxyethylenic chains located very near the various pyridine
E/Z ratio because of poorly resolved signals. These olefins were nuclei should differ significantly (deshielding ring current or
easily reduced (K 5% Pd/C), affording the corresponding shielding cone).

complex82™ (not presented here) in 90% yield. This complex The X-ray structure of the reaction produ@t", depicted in

e

was subsequently demetalated to give compo@r{dot pre- Figure 4, shows that, after cyclization, the two chains remain
sented here) in 70% yiel. far remote from the central bis(terpyridine) core.

To our surprise, the cyclization product turned oot to be This surprising result, reminiscent of that recently reported
interlockedbut simply macrocyclic. by Busch and co-worker$, indicates that if the precursor is

'H NMR spectroscopy showed first that the cyclization not “intertwined” sufficiently, the cyclization reaction takes place
product72* was not the expected catenate (route a of Figure 2) |aterally instead of “beyond” the metal. The new macrocyclic
but merely a large 58-membered macrocycle twisted around thecomplex adopts the shape of a figure 8 with a twisted core.
central iron(ll) core (route b). Indeed, the signals corresponding Considering the relative spatial locations and orientations of the
to the various—OCH,CH,O— units of the polyoxyethylenic  four oxygens 01, 06, 07, and 012 (see Table 1), two oxygen

chains (H, Hg, H,, and H, between 4.1 and 3.3 ppm f6#* atoms belonging to one terpyridine are further apart than two
and between 4.3 and 3.3 ppm f6t"), as well as those of the  such atoms belonging to two different terpyridine moieties
allylic protons (H, 3.87 ppm for6%" and 4.01 ppm foi72"), (Table 1).

appear for both the precursét™ and the final cyclic complex

(16) Vance, A. L.; Alcock, N. W.; Busch, D. H.; Heppert, A. thorg.
(15) Constable, E. C.; Ward, M. Dnorg. Chim. Actal988 141, 201. Chem.1997, 36, 5132.
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Figure 4. ORTEP diagram for the X-ray structure @+, with
hydrogen atoms omitted for clarity. The unit cell contains both
enantiomers, and the complex represented correspona$thelix.

Table 1. Distances (A) between Oxygens in Compl&x

distances between oxygens
of the same terpyridine

distances between oxygens
of two different terpyridines

d(01,012) d(04,0s)
d(0s,07) d(01,07)

The reaction between terminal olefins in the cyclization step
of 62" has certainly taken place by the less hindered pathway,
since formation of one ring of the corresponding catenane is

10.3
10.5

7.8
8.3

7.6 d(Os0m)
7.4 d(0,,01)

Notes

likely to be slower as a result of steric hindrance between the
bulky catalyst and the other perpendicular terpyridine.

In conclusion, the synthesis of transition-metal-containing
catenanes is not as simple as it might appear today, especially
if the strategy is not based on the well established copper(l)
bis(2,9-diaryl-1,10-phenanthroline) synthon. On the other hand,
the compound obtained contains a large macrocyclic ligand (58-
membered ring) whose synthesis would certainly not be
straightforward without the assistance of an Fe(tefdygore
used as a template. Interestingly, the two lateral portions of the
twisted ring, with their six oxygen atoms each, are reminiscent
of crown ethers and could be used to complex various cations
and thus allow control of the electronic properties of the central
iron(ll) complex.
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