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The dual role of Cu(1) as a protective group and a template in the
synthesis of a tetra-rhodium(iuir)porphyrin [2]catenane
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A new [2|catenane containing four Rh(ii1) porphyrins has been
prepared following a three-step strategy: (i) Cu(1)-driven entwining
of two free base porphyrin-bearing bidentate chelates, followed
by (ii) insertion of rhodium in the porphyrin nuclei, and finally
(iii) cyclisation via the formation of N—Rh coordination bonds.
Direct metalation of porphyrinic compounds with [Rh(CO),Cl],
was not met with success when the bidentate chelate used as a
connector was metal free, thus making the Cu(i) protecting
approach very attractive.

The transition metal-induced formation of non-covalent
assemblies has produced spectacular examples of large multi-
functional architectures.! Most of the time, the assembly
reaction is a dynamic process performed under thermodynamic
control, ultimately leading to the most stable structure.> This
is particularly true for first-row transition metals and Pd(i),
whose coordination spheres are sufficiently labile to allow
formation of the thermodynamic product. In contrast, second-
and third-row transition metals can be very slow to exchange
their ligands, and thus these metals may lead to non-equilibrium
products rather than to thermodynamic ones. These differences
are particularly well illustrated in the field of catenanes and
rotaxanes. Use has been made of the Pd—N bond by Fujita and
co-workers to prepare several types of catenanes,’ including
Cu(1)-complexed systems.* In all cases, the catenane formation
reaction is performed under very mild conditions and it is
quantitative. Porphyrin-incorporating interlocking systems
are particularly promising in relation to electron and energy
transfer processes, as well as molecular machines.” Several
types of non-covalently-assembled porphyrinic catenanes or
rotaxanes have been reported, either based on the formation
of hydrogen bonds or coordination bonds.® In particular,
advantage has been taken of the interaction between a
pyridinic nitrogen atom or a related ligand and the central
zinc atom of a porphyrin.

We would now like to report that Rh(ir) porphyrins can
also be used in the synthesis of catenanes assembled via the
formation of coordination bonds, conferring to compounds
obtained a relatively high stability compared to their zinc
homologues. The principle is depicted in Scheme 1. Rhodium
is an important metal in homogeneous catalysis. More specifically,
rhodium-complexed porphyrins have been used as catalysts in
various reactions such as cyclopropanations,’ enolisations,®
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C-H bond activations,’ the oxygenation of olefins,'® and the
reduction of ketones'' or alkenes'? in presence of a boro-
hydride. It seemed to be promising to combine potential
rhodium-based catalysts and photoactive copper complexes
of the bis-dpp type (dpp: 2,9-diphenyl-1,10-phenanthroline)."?
The formation and the utilisation of the presently-described
catenane appears to be an interesting approach in this respect.

The chemical structures of free-base bis-porphyrin 1,'* the
non-metalated and metalated entwined species 2+ and 37,
respectively, 2,7-dipyridyl-naphthalene 4, and final [2]catenane
5% are depicted in Scheme 2.

Porphyrin metalation with [Rh(CO),Cl],, followed by an
oxidation step with I,, according to the method described by
Grigg et al."® and later by Sanders and co-workers, '® was tried
on free-base bis-porphyrin 1. A complex mixture of products
was obtained, including compounds originating from ortho-
metalation of the dpp fragment component of 1, ie. the
formation of complexes containing Rh—C and Rh—N bonds.
Thus, the insertion of Rh(11) into a porphyrin in presence of a
metal-free dpp unit seemed to be of no practical use. Therefore,
the following strategy using Cu(1) as a protecting group for
this dpp unit was chosen.

Complex 2-PF¢ was made quantitatively from 1 by adding
0.5 equivalents of Cu(CH;CN),-PF. In this entwined species,
the 1,10-phenanthroline chelate is coordinated to Cu(y),
implying that the dpp fragment is fully protected against
ortho-metalation. Metalation of the four porphyrins with
[Rh(CO),Cl], was carried out on 2" according to the following
procedure. To a solution of 2-PFg in CH,Cl,, were added 2.2
equivalents of [Rh(CO),Cl], and exactly 2 equivalents of
NaOAc per porphyrin. After stirring the mixture for 4 h at
r.t., I, was added (8 equivalents) and the solution stirred for a
further 16 h. The crude product was washed with a saturated
solution of KI, followed by an exchange of counterion with a
saturated solution of KPF4. The resulting product was then
purified by several precipitations in CH,ClL,—~CH3;CN and
CH,Cl,—CH;0H. 3-PF4 was obtained as a deep red solid in
62% yield. This complex was characterized by mass spectro-
metry ESI-MS, UV-vis spectroscopy and '"H NMR, including
COSY and ROESY. Since rhodium porphyrins are penta-
coordinated and because the rotation of the phenyl groups in
such metalloporphyrins is slow, the protons located above and
below the plane (op protons) of the porphyrins are not
equivalent.'” Representative signals of complex 3* are shown
in Fig. 1.

A recent report highlighted the importance of geometrical
factors in terms of angles and distances in non-covalently-
assembled edifices built using coordination chemistry.'*” The
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Scheme 1 The stepwise formation of a non-covalent [2]catenane. (i) Synthesis of the entwined precursor 2* due to a Cu(1) template effect followed
by (i) rhodium metalation to give 3% and finally (iii) a ring-closing reaction based on Rh(im)-pyridine interactions to afford 5. The diamonds
stand for porphyrin units, the black dot is a Cu(1) atom and the U-shaped symbol designates a dpp connector. In 4, the curved arc stands for a
naphthalene unit. An arrow symbolises a 4-pyridyl nucleus and Rh indicates Rh(ii)-1I.

3-PFg, M = Rh''-|

5-PFg

Scheme 2 Chemical structures of the free-base porphyrin 1, the entwined Cu(1) complexes 2-PFg and 3-PFg, the dipyridyl naphthalene 4 and the

tetra-rhodium(imn)porphyrin-containing [2]catenane 5-PFs.

average angle between the two porphyrins linked on a dpp
is 60°, and with pyridines coordinating zinc porphyrins
approximately orthogonally, the two pyridyl group axes borne
by the spacer must form an angle of 120° in order to obtain the
best fit. This is the case if they are connected by positions 2 and
7 of the naphthalene unit, as in 4. 4 (two equivalents) and 3-
PF¢ are thus expected to lead to a very stable [2]catenane.
Experimentally, 3-PF¢ and 2 equivalents of 4 were mixed in
THF, allowed to react at r.t. for 2 h and the solvent pumped
off. Contrary to a similar case'*” in which a [2]catenane was
formed with ligand 1 bearing Zn(u1) in both porphyrins,
5-PF¢ was not formed quantitatively because the reaction
is no longer performed under thermodynamic control but
rather under kinetic control. Purification appeared to be
delicate because of the high instability of the product on

chromatography stationary phases, with no separation of the
impurities on a size exclusion stationary phase (Sephadex
LH-20, Biobeads). Nevertheless, after several cycles of flash
chromatography on silica, the desired catenane, 5, could be
isolated as a deep red solid, but with a low yield of 19%
compared to the yield of the reaction, estimated to be 70%.
The compound was characterized by mass spectrometry
ESI-MS, UV-vis spectroscopy and 'H NMR, including COSY
and ROESY. Upon complexation, the pyridine protons of 4
undergo an expected strong upfield shift due to the porphyrin
ring current (chemical shifts: 5.59 ppm for my,, and 1.15 ppm for
Opy IN 5% compared to 7.68 ppm for my,y and 8.74 for opy in 4),
as already observed in similar systems (Fig. 1).'8 In addition,
their signals are sharp, which means that, a priori, the N-Rh
interaction is strong and there is no ligand exchange.
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Fig. 1 Partial '"H NMR (300 MHz, CD,Cl,, 25 °C) spectra of (a) 3%, (b) 4 and (c) 5*.

The present study illustrates the important role of Cu(i),
which acts as a central template, but also as a dpp protective
group for the rhodium metalation of the porphyrin units
attached to the dpp fragment. A tetraporphyrinic[2]catenane
was subsequently synthesised via the formation of four
non-covalent but irreversible Rh(i)—pyridine interactions.
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Experimental

Dry dichloromethane was distilled from calcium hydride. Thin
layer chromatography was carried out using pre-coated polymeric
sheets of silica gel (Macheray-Nagel, POLYGRAM, SIL
G/UVys,). 'H nuclear magnetic resonance (NMR) spectra
were acquired on a Bruker AVANCE 300 spectrometer. The
spectra were referenced to residual proton solvent reference
("H: CD,Cl, at 5.32 ppm). In the assignments, the chemical
shift (in ppm) is given first, followed (in brackets) by the
multiplicity of the signal (s: singlet, d: doublet, t: triplet, m:
multiplet or bs: broad singlet), the number of protons implied,
the value of the coupling constants in Hz, if applicable, and
finally the assignment. Mass spectra were obtained by using a
Bruker MicroTOF spectrometer (ESI-MS). UV-visible spectra
were recorded with a Kontron Instruments UVIKON 860
spectrometer at 25 °C with a 1 cm path cell.

All chemicals were of the best commercially available grade
and were used without further purification (unless mentioned).

The syntheses of 1'° and 4'* have already been reported.

Compound 2-PFg

In a round-bottomed flask, was dissolved 1 (87 mg, 0.042 mmol)
in 7 mL of freshly distilled CH,Cl,. The solution was de-gassed
with three vacuum-argon cycles. In a Schlenk flask, was
dissolved Cu(CH3;CN)4-PFg (8.2 mg, 0.022 mmol) in 3 mL of
de-gassed CH3CN. This solution was added via a cannula to
the solution of 1 in CH,Cl,. The mixture was allowed to react
for 3 h at room temperature under argon. The solvents were
removed under a reduced pressure, and the purple solid was
taken up in CH,Cl, and washed with water (3 x 10 mL). The
organic layers were dried under vacuum, and 94.1 mg of a
purple solid, 2-PFg, were obtained (100%).

'H NMR (300 MHz, CD,Cl,, 298 K). 6 (ppm): 8.92 (d, 8 H,
3] = 4.7 Hz, py,), 8.91 (d, 8 H,*J = 4.8 Hz, py,), 8.89 (d, 8 H,
3] = 4.7 Hz, py;). 8.61 (bs, 8 H, 3, 8 + 4, 7), 8.48 (d, 8 H,
3] = 8.7Hz, 0), 8.38 (d, 8 H, °J = 4.8 Hz, py;), 8.09 (d, 16 H,
4J = 1.8 Hz, opy), 8.08 (d, 8 H, *J = 2 Hz, op,), 7.86 (t, 4 H,
4J = 1.7Hz pp,), 7.82 (t, 8 H,*J = 1.7 Hz, ppy), 7.77 (d, 8 H,
3J = 8.1 Hz, m), 7.37 (s, 4 H, 5, 6), 1.53 (s, 72 H, rBu,), 1.50
(s, 144 H, Buy), —2.85 (s, 8 H, NH).

Compound 3-PFg¢

A round-bottomed flask was charged with 2-PFg (94.1 mg,
0.022 mmol), NaOAc (143 mg, 0.172 mmol) and
[Rh(CO),CI], (40.2 mg, 0.10 mmol). The mixture was
de-gassed with three vacuum-argon cycles, dissolved in
10 mL of freshly distilled and de-gassed CH,Cl,, and stirred
at room temperature under argon. After 4 h, I, (43.7 mg,
0.172 mmol) was added to the solution and the mixture
allowed to react for a further 16 h. The crude product was
washed with a saturated aqueous solution of KI (25 mL) and
water (3 x 25 mL). The organic layers were taken up in a
mixture of CH,Cl,—acetonitrile (5:1 v/v), and 1 mL of an
aqueous saturated solution of KPF¢ added. The mixture was
vigorously stirred under argon for 1 h. The organic solvents
were removed under reduced pressure, and the red precipitate
that formed was filtered and washed with water. The red
powder was next dried under vacuum. The crude product
was then purified by several precipitations from a mixture of
CH,Cl,-MeOH and several precipitations from a mixture of
CH,Cl,—acetonitrile. The impurities precipitated, allowing
eventual isolation of 3-PFg¢ from the filtrate as a deep red solid
(72.5 mg, 62%).

'H NMR (300 MHz, CD,Cl,, 298 K). 6 (ppm): 9.02 (d, 8 H,
3J = 5.1 Hz, pya), 9.00 (d, 8 H, °J = 5.1 Hz, pys), 8.97
(d, 8 H,3J = 5.1 Hz, py»), 8.63 (d, 4 H, ’J = 8.4 Hz, 3, 8), 8.58
(d,4H,% = 82Hz 4,7),847 (dd, 4 H,>J = 84 Hz, *J =
1.7 Hz, 0), 8.44 (d, 8 H, °J = 5.1 Hz, py,), 8.44 (dd, 4 H, *J =
8.2 Hz, *“J = 1.8 Hz, o), 8.18 (t, 8 H, *J = 1.5 Hz, opy’), 8.15
(t,4H,*J = 1.5Hz, op,), 8.11(d, 4 H,*J = 1.6 Hz, op,/), 8.10
(dd, 4 H,3J = 8.6 Hz, *J = 1.4 Hz, m’), 7.93 (t, 4 H, *J =
1.8 Hz, pp,), 7.87 (t, 8 H, *J = 1.6 Hz, ppy), 7.46 (d, 4 H, *J =
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8.4 Hz, m), 7.30 (s, 4 H, 5, 6), 1.60 (s, 36 H, Bu,), 1.60 (s, 36 H,
1Bu,’), 1.56 (s, 72 H, /Buy), 1.53 (s, 72 H, Buy’).

ESI/MS. m/z 513312 [3*];

Cro6H312N20CuRhyly.

calc. 5132.65 for

UV-vis (toluene). /.., (log &) = 436 (5.82), 543 (4.94), 580
(4.69) nm.

Compound 5-PFg

A round-bottomed flask was charged with 3-PFg (46.3 mg,
0.009 mmol) and 4 (5 mg, 0.018 mmol), and de-gassed with
three vacuum-argon cycles. The mixture was dissolved in
10 mL of freshly distilled and de-gassed THF. The mixture
was then allowed to react for 2 h at room temperature
under argon. The solvent was removed under a reduced
pressure, the crude product absorbed onto neutral alumina
and then purified by column chromatography on silica eluted
with a gradient of CH,Cl,-MeOH (99.5/0.5 to 95/5) to
yield a red solid (4 mg). Part of the product became stuck
on the alumina and was desorbed by crushing it and
adding CH,Cl,. The mixture was filtered and 6 mg of
additional product isolated. Finally, 5-PF¢ was isolated as a
red complex (19%)).

"H NMR (300 MHz, CD,Cl,, 298 K). & (ppm): 9.08 (dd, 4 H,
3] = 8.5Hz, *J = 1.5 Hz, 0), 9.06 (d, 8 H, *J = 5.1 Hz, py»),
9.01 (d, 8 H,*J = 5.1 Hz, pys), 8.92(d, 8 H, *J = 4.9 Hz, py»),
8.89 (d, 8 H,*J = 5.1 Hz, py,), 8.76 (d, 4 H, °J = 8.6 Hz, 3, 8),
8.65 (dd, 4 H, 3J = 8.1 Hz, *J = 1.3 Hz, m’), 8.41 (dd, 4 H,
3J=8.1Hz % = 1.6 Hz, 0'),8.39(d,4H,>J = 8.6 Hz, 4, 7),
8.17(t,4H,*J = 1.8 Hz, op,), 8.11 (m, 12 H, opy + op,’), 7.95
(t, 8 H,*J = 1.3 Hz, op,/), 7.91 (t, 4 H, *J = 1.5 Hz, pp,), 7.84
(t, 8 H,*J = 1.6 Hz, ppy), 7.47 (d, 4 H, °J = 8.8 Hz, 4'), 7.40
(dd, 4 H, %) = 8.1Hz,*J = 1.2 Hz, m), 7.31 (s, 4 H, 5, 6), 7.12
(bs, 4 H, 1), 6.83 (dd, 4 H, *J = 8.6 Hz, *J = 1.3 Hz, 3/), 5.59
(d, 8 H,%J = 6.6 Hz, m,,), 1.60 (s, 72 H, (Bu,), 1.51 (s, 108 H,
Buy + tBu,’), 1.48 (s, 372 H, tBuy’), 1.19 (d, 8 H, *J = 6.6 Hz,

Opy)-

ESI/MS.  mj/z
C336H340N24CuRhyly.

5697.4 [5%]; cale. 56969 for

UV-vis (toluene). 1. (log &) = 434 (5.77), 543 (4.85), 580
(4.57) nm.
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