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® Modulating the Shape of Short Metal-Mediated
Heteroleptic Tapes of Porphyrins

Alessio Vidal,” Daniel Rossato,” Elisabetta lengo,” Gabriele Balducci,” and Enzo Alessio*™

Abstract: In view of developing artificial light-responsive
complex systems, the preparation of discrete and robust
heteroleptic assemblies of different chromophores in pre-
cisely defined positions is of great value since they would
allow to investigate directional processes unavailable in
symmetrical architectures. Here we describe the preparation,
through a modular stepwise approach, and characterization
of four novel and robust metal-mediated heteroleptic 443
porphyrin tapes, labeled D,-T,-D,, D;—T,—D;, D,—T;—D,, and
D;—T;—D;, where a central meso-tetrapyridylporphyrin (either
3-TPyP=T; or 4-TPyP=T,) is connected to two equal cis-

dipyridylporphyrins (either 3'cisDPyMP =D, or 4'cisDPyMP =
D,) through four {tcc-RuCl,(CO),} fragments. Whereas
D,—T,—D, is flat, the tapes containing at least one 3'PyP, i.e.
D,-T, D, D,T;—D, and D;—T;—D;, have unprecedented -
and well defined — 3D geometries, and each exists in solution
as a pair of stereoisomers in slow conformational equilibrium.
The X-ray molecular structures of two such conformers, the C-
shaped (D;—T,—D;)c and the z-shaped (D,~T;—D,), were
determined and are fully consistent with the solution NMR
findings.

/

Introduction

In natural multi-chromophore systems the accomplishment of
ultra-fast and precise energy and electron transfer processes
requires full stereo-control on the light-absorbing units (i.e.
distance and angle between adjacent chromophores). For
example, in the light harvesting systems of plants and some
bacteria the precise circular arrangement of chlorophyll
chromophore molecules on a protein core maximizes the
number of photons captured by the reaction center, thus
allowing the photosynthetic process to occur.'?

Therefore, in view of developing artificial light-responsive
complex systems, the preparation of discrete and robust multi-
porphyrin assemblies with precise control over the number and
relative positioning of the chromophores, is an ambitious
synthetic goal.

Organic chemistry has provided relevant contributions in
this field. For example, fascinating nanorings of m-conjugated
porphyrins that mimic the photosynthetic light harvesting
systems were obtained by Anderson and co-workers by
template-directed covalent synthesis.®’ Compared to the rela-
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tively flexible linear m-conjugated porphyrin oligomers,”*® such

symmetrical cyclic architectures afford also good topological
and conformational control, which is required in artificial model
structures for accurately studying their photophysical
properties.” However, since a highly symmetrical architecture
results with limitations in function, an additional synthetic
challenge is the preparation of heteroleptic assemblies featur-
ing different chromophores in precisely defined positions. Such
model systems of higher structural complexity are of great
value since would allow the investigation of directional
processes unavailable in symmetrical architectures."®

In this general context, coordination-driven self-assembly is
particularly attractive as its modular nature allows one to
minimize the synthetic effort while taking advantage of the
strength and directionality of coordination bonds."" In the
past, this synthetic strategy — often coupled with subcompo-
nent self-assembly>'® — has afforded a variety of discrete and
symmetrical 2D and 3D systems of the type M,(porp), (porp=
porphyrin with peripheral donor sites), from linear assemblies
to hollow cages."”" However, in recent years the focus of self-
assembly is also progressively shifting from homoleptic systems
to more sophisticated and less symmetrical heteroleptic
architectures with increased structural and functional complex-
ity. Several strategies have been devised for achieving the non-
statistical formation of the desired heteroleptic product from
mixtures of individual components that are under dynamic
exchange.”*! However, the selective assembly of more than
two building blocks is particularly difficult when the reactions
occur under kinetic control (e.g. with relatively inert organo-
metallic fragments that lead to non-dynamic systems) and the
individual linkers share similar features that allow no stereo-
electronic discrimination. In this case, a stepwise synthetic
approach is preferred for achieving full control over the
stoichiometry and stereochemistry of the multi-component

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. One of the two complementary approaches for the stepwise modular preparation of the heteroleptic 2 + 2 metallacycle [{t,c,c-
RuCl,(CO),},(4'cisDPyP)(3'cisDPyP)] (1). The labile dmso-O ligands are in light grey.

product, often composed of one type of metal connector and
two or more different organic linkers.?**”)

Nevertheless, to date the examples of heteroleptic metal-
mediated assemblies of porphyrins are quite rare (and their
characterization not always unambiguous).**%44

With the aim of contributing to this field, we recently
developed a new flexible synthetic strategy that involves one
type of metal connector (specifically, the 90° angular and
neutral {t,c,c-RuCl,(CO),} fragment, Ru) and two types of meso-
pyridylporphyrins (PyPs) that differ in the number of meso
pyridyl rings (from two to four) and/or in the position of the
peripheral N atoms (4’ or 3'), a feature that is very relevant in
determining the geometry of the adducts.* As the coordina-
tion process occurs under kinetic control, our stepwise synthetic
approach requires the preparation of a polytopic “acceptor”
intermediate, i.e. a PyP in which each pyridyl ring is bound to
the reactive ruthenium fragment {t,c,c-RuCl,(CO),(dmso-0)} that
has one residual easily-available coordination site temporarily
occupied by the labile dmso-O. This intermediate is then
treated with the second porphyrin. As a proof of concept, the
novel 242 heteroleptic neutral metallacycle [{tc,c-
RuCl,(CO),},(4'cisDPyP)(3'cisDPyP)] (1) was prepared by us in
pure form and acceptable isolated yield through two comple-
mentary stepwise modular approaches that exploited the
ditopic reactive intermediates [{t,c,c-RuCl,(CO),(dmso-
0)},(4'cisDPyP)] or [{t,c,c-RuCl,(CO),(dmso-0)},(3'cisDPyP)]
(Scheme 1).#¢' Remarkably, we found that the alternative one-
pot synthetic strategy, i.e. the addition of two equiv. of the
ruthenium precursor [t,c,c-RuCl,(CO),(dmso-0),] to a 1:1 mix-
ture of 4'cisDPyP and 3'cisDPyP, was substantially ineffective for
the preparation of 1 in pure form.

Compound 1 has an unprecedented L-shaped geometry,
with the planes of the two porphyrins almost orthogonal to one
another. In addition, the calculated distance from the inter-
section between the average planes of the two porphyrins to
the centroid of 3'cisDPyP, 3.95 A, is less than half that to the
centroid of 4'cisDPyP, 9.36 A; thus, the 4'cisDPyP side of the L-
shaped metallacycle 1 is remarkably longer than the 3'cisDPyP
side (Figure 1). The geometry of 1 is fully consistent with those
of the corresponding homoleptic - and symmetrical — metalla-
cycles [{t,c,c-RuCl,(CO),},(4'cisDPyP),] (2) and [{tc.c-
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Figure 1. The pictorial representation of the 2+ 2 neutral metallacycles of
porphyrins 1 (with some relevant calculated distances), 2, and 3. Color code:
red =4'cisDPyP, green =3'cisDPyP, grey =Ru (i.e. {t,c,c-RuCl,(CO),}), gold =
centroid of the porphyrin.

RuCl,(CO),},(3cisDPyP),] (3) (Figure 1), determined by us in
previous years through X-ray crystallography.*“® A common
geometrical feature in 1-3 is that the equatorial coordination
plane of each Ru linker (N, N, C, and C) is coplanar to the
porphyrin plane of 4'PyPs but almost perpendicular to that of
3'PyPs.

In this work we demonstrate that our stepwise synthetic
strategy can be exploited for the preparation of four novel
heteroleptic 4+ 3 porphyrin tapes of the type [(D)Ru,(T)Ru,(D)]
that feature a central meso-tetrapyridylporphyrin (either 3'-
TPyP =T, or 4-TPyP=T,) connected to two equal cis-dipyridyl-
porphyrins (either 3'cisDPyMP =D, or 4'cisDPyMP =D,) through
four Ru fragments. For the sake of simplicity each neutral
porphyrin tape is labeled with a string of three symbols
corresponding to the three porphyrins: D;—T;—D;, D;—T,—D;,
D,~T;D, and D,~T,D,“ In addition, since porphyrins
maintain a coordination geometry similar to that found in the
metallacycles 1-3, we demonstrate that the tapes containing at
least one 3'PyP have unprecedented 3D geometries and each
exists as two stereoisomers in slow conformational equilibrium
on the NMR time scale: in one stereoisomer the two peripheral
porphyrins are syn with respect to the plane of the central one,
in the other they are anti. As an example, the two stereoisomers
of tape D;—T,—D; - one C-shaped and the other Z-shaped - are
schematically shown in Figure 2.

Stepwise synthetic procedures involving polytopic “accept-
or” intermediates with reactive metal centers have been
exploited before in the coordination-driven construction of
heteroleptic metallacycles and metallacages.’”**>® Neverthe-
less, the application of this approach to porphyrins — with their

"
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Figure 2. The pictorial representation of the two stereoisomers of tape [{t,c,c-
RuCl,(CO),},(3'cisDPYMP),(4'TPyP)] (D5—T,—D;): C-shaped (left), Z-shaped
(right). Color code: orange =4'TPyP, green =3'cisDPyP, grey =Ru.

peculiar chemical-physical properties and the possibility of
being metallated - brings it a step further, opening the way to
robust multi-chromophore assemblies with unprecedented geo-
metries and vast potentiality.”

Results and Discussion

First, by treatment of the meso-pyridyltolylporphyrins 3'cisD-
PyMP (D;) and 4'cisDPyMP (D,)* with an excess of the Ru(ll)
complex [t,c,c-RuCl,(CO),(dmso-0),], we prepared the two
ditopic reactive intermediates [{t,c,c-RuCl,(CO),(dmso-
0)},(3'cisDPyMP)] (4) and [{t,c,c-RuCl,(CO),(dmso-
0)},(4'cisDPyMP)] (5) respectively (Figure 3) (Supporting Infor-
mation, Scheme S1, Figures S1-S3). The methyl substituents on

Figure 3. The two ditopic reactive intermediates [{t,c,c-RuCl,(CO),(dmso-
0)},(3'cisDPyMP)] (4) and [{t,c,c-RuCl,(CO),(dmso-0)},(4'cisDPyMP)] (5). The
labile dmso-O ligands are in light grey.

cl
OC,, | wCO
R

the phenyl rings are expected to improve the solubility of the
products in chlorinated solvents and to facilitate the interpreta-
tion of the '"HNMR spectra by reducing the number and
multiplicity of the signals in the aromatic region (typically very
crowded) while adding diagnostic methyl singlets in a free
region.

Next, each intermediate was treated with ca. 0.5 equiv. of
4'TPyP (T,) or 3'TPyP (T,), for preparing the four heteroleptic
tapes (Schemes S2-S5). The reactions were performed at
ambient temperature in chloroform, where both 4 and 5 are
well soluble, monitoring by TLC analysis the decrease of the
TPyP spot. It is worth noting that each tape — despite having a
much larger molecular mass - has a higher TLC mobility
compared to the corresponding TPyP because all its pyridyl
rings are bound to ruthenium and do not interact with the
silica. The crude product was in each case purified by flash
column chromatography, thus demonstrating the robustness of
the tapes. Pure D;—T,—D; and D,—T,—D, were both obtained in
very low yields (< 10%), due to the scarce solubility of 4TPyP:
the initial suspension of 4TPyP remained muddy throughout
the preparation, even after the addition of 4 or 5, thus making
quite uncertain also the TLC monitoring. Attempts to improve
the dissolution of 4'TPyP by heating to reflux the initial
suspension for a few minutes, followed by addition of 4 or 5
after a rapid cooling, did not improve the yield significantly.
The long reaction times, due to the low reactivity of 4TPyP, had
another negative consequence: in solution the [{tc,c-
RuCl,(CO),(dmso-0)} fragments in 4 and 5 slowly undergo
isomerization (that instead does not occur when Ru is bound to
two pyridyl rings),®” thus decreasing the selectivity of the
reaction, and ultimately the yield of pure product. We found
that, consistent with the literature,®® the solubility of 4TPyP
could be improved by the addition of small amounts of
trifluoroethanol (TFE), but this medium increased the isomer-
ization rate of the ruthenium moieties in 4 and 5, leading to
complex mixtures of stereoisomers with very similar elution
times and thus not amenable of chromatographic separation.

Indeed, contrary to our expectations, the geometrically
simplest tape [{t,c,c-RuCl,(CO),},(4'cisDPyMP),(4'TPyP)]
(D,~T,—D,, Figure 4), for which no stereoisomers are predicted,
turned out to be the most difficult to obtain in pure form, due
to its low solubility in chlorinated solvents, most likely
attributable to its flat geometry leading to strong stacking
interactions (Supporting Information, Figure 54).""

OCl | >co
Cl

Figure 4. The pictorial representation of the tape [{t,c,c-RuCl,(CO),},(4'cisDPyMP),(4 TPyP)] (D,—T,—D,) superimposed to its schematic chemical structure. Color

code: red =4'cisDPyP, orange =4'TPyP, grey =Ru (i.e. {t,c,c-RuCl,(CO).,}).
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Conversely, reactions involving 3'TPyP - that is well soluble
in chloroform and thus more reactive, minimizing the above-
mentioned side-reactions - afforded pure D,~T;—D, and
D;—T;—D; in acceptable isolated yields.

The heteroleptic porphyrin tapes were fully characterized in
solution by 1D and 2D NMR experiments (COSY, ROESY, HSQC,
and DOSY) that, in addition to careful integration and
comparison with the spectra of the 2+2 metallacycles 1 (for
D,-T,—D; and D,—T;-D,), 2 (for D,~T,—D,), and 3 (for D;—T;—D5),
allowed us to assign most relevant resonances unambiguously
(with the exception of some overlapping signals, in particular
belonging to pyrrole and tolyl protons). The coordination of the
pyridyl rings to Ru mainly affects the resonances of the two
protons adjacent to N, that typically fall in the highest
frequency region of the spectrum: H2/6 (a doublet) in 4'PyPs,
H2" (a singlet) and H6' (a doublet) in 3'PyPs. A detailed
description of the assignments for each tape is reported in the
Supporting Information; only some more relevant aspects of
the NMR spectra are discussed below. The solution IR spectrum
of each tape featured two strong CO stretching bands,
consistent with the geometry of the Ru connectors (e.g.
Figure S22). Finally, as already noted several times in our works,
these neutral porphyrin adducts are not amenable for mass
spectrometry investigation.*® However, we managed to obtain
the X-ray structures of the two tapes D,—T,~D; and D,~T;—D,
that unambiguously confirmed their nature and geometry.

Tape D,—T,—D;

We describe first the neutral D;-T,—D; tape, [{tc.c-
RuCl,(CO),},(3'cisDPyMP),(4'TPyP)], obtained by the reaction
between 4 and ca. 0.5 equiv. of 4TPyP (Supporting Information,
Figures S5-511). The 'H NMR spectrum of the purified product
shows the presence of two similar sets of signals (same number
and relative intensity of the resonances) in ca. 5:1 ratio. Slow
diffusion of n-hexane into the CDCl; solution afforded thin
purple plate-shaped crystals that were analyzed by X-ray
diffraction at the Elettra synchrotron beamline. Even though the
data set was of very low quality, it nevertheless allowed us to
establish unambiguously the molecular structure shown in
Figure 5, corresponding to a C-shaped conformer, (D;—T,—Ds)c,
in which the two external syn 3'cisDPyMP’s are ca. orthogonal
to the central 4'TPyP unit (88.6° and 85.2°) and parallel to one
another at a distance of 18.1 A (measured between the
centroids of the two porphyrins). The distances from the
intersection between the average planes of two adjacent
porphyrins to their centroids are very different: 8.9 and 9.1 A for
4TPyP vs 4.1 and 4.2 A for the 3'cisDPyMP's (Figures S29 and
S31). Thus, the structure of (D;—T,—D,)c indirectly confirms also
the geometry that we had predicted for the 2+ 2 heteroleptic
metallacycle 1 (see Figure 1).¢ Each Ru fragment has the
expected coordination sphere, with two trans chlorides and two
adjacent carbonyls trans to the pyridyl rings.

We hypothesize that in solution one set of proton NMR
resonances belongs to (D;—T,—Ds)., and the other to the Z-
shaped anti conformer (D;—T,—D;),, in which the two peripheral

Chem. Eur. J. 2023, 29, e202300893 (4 of 12)
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Figure 5. ORTEP representation (50% probability ellipsoids) of sterecisomer
(Ds—T,4—D;)c in the crystal structure with some significant distances. Left: side
view; right: front view. Color code: N=blue, Cl=green, O =red. The meso-
tolyl groups on the two 3'cisDPyMP’s have been omitted for clarity.

porphyrins remain nearly orthogonal to the central 4TPyP but
lay on opposite sides (Figure 6).

Indeed, the two proton NMR patterns are in agreement with
the proposed geometries: in both stereocisomers (D;—T,—D;)c
(G, symmetry) and (D;—T,—D,); (G, symmetry) the two parallel
3'cisDPyMP’s are symmetry-related and a vertical reflection
plane makes equivalent the two halves of each porphyrin (i.e.
the front and the back of the tape). Noteworthy, the high
symmetry of the Ru fragment is instrumental for limiting the
number of possible stereoisomers.

The two pairs of resolved NH singlets in the low frequency
region, both with a 2:1 intensity ratio, are fully consistent with
the proposed stoichiometry of the tape: the double-intensity
singlets at —2.93 (minor) and —2.99 ppm (major) correspond to
4H each and belong to the two equivalent 3'cisDPyMP’s,
whereas the two singlets at lower frequencies (2H each) belong
to the central 4TPyP. The increased number of orthogonal
macrocycles in D;—T,—D; compared to 1 (3 vs 2) leads to an
increased mutual shielding, which is particularly relevant for the
central porphyrin: for example, the NH’ singlets of 4TPyP in the
two isomers of D;—T,—D; (—3.64 and —3.67 ppm, respectively)
fall at remarkably lower frequencies compared to that of
4'cisDPyP in 1 (—3.18 ppm).*? In each set there are four equally-
intense doublets for the protons on the four equivalent 4'-
pyridyl rings. This typical feature is consistent with the meso six-
membered rings laying orthogonal to the 4'TPyP plane: since
this latter is not a plane of symmetry for the molecule, the
proton facing the adjacent orthogonal 3'cisDPyMP (H6 in the
convention adopted by us) is more shielded and thus resonates
at lower frequency than the corresponding proton on the other
side of the ring (H2). Slow rotation about the C,,.,,—C,,, bond
interconverts the pairwise equivalent protons (H6/H2 and H5/
H3), and in fact their doublets are connected by exchange cross
peaks in the ROESY spectrum (Figure S8). A careful examination
of the COSY spectrum (Figures S5 and S6) allowed us to assign
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Figure 6. 'H NMR spectrum (CDCl;) of the mixture of the two stereoisomers of tape [{t,c,c-RuCl,(CO),},(3'cisDPyMP),(4'TPyP)] (Ds—T,—D,) with the labeling
scheme. The resonances of the minor isomer, attributed to (D;—T,—D;);, are labeled in blue. In both sets, primed H and NH labels belong to the central

4'TPyP. The curved red arrows indicate resonances of exchanging protons.

the elusive resonances of the pyrrole protons BH, that often
give weak correlation peaks in the HSQC spectrum: in each set
the less intense NH singlet, that belongs to 4'TPyP, has two
cross peaks with BH resonances, whereas the more intense NH
singlet, that belongs to the 3'cisDPyMP’s, has four such peaks.
The number of cross peaks is consistent with the proposed
geometries: in each isomer the pyrrole protons of 4TPyP are
expected to resonate as two singlets (31’ and 2'), whereas
those of 3'cisDPyMP’s as two doublets (the protons between a
pyridyl and a tolyl ring 2 and [33) and two singlets (31 and 34).
The assignments are consistent also with the NOE cross peaks
found in the ROESY spectrum between the resonances of the
pyrrole protons and those of the adjacent pyridyl and/or tolyl
protons. Finally, the calculated distance between the pyrrole
protons 31" on 4'TPyP and P1 on the adjacent 3'cisDPyMP’s
(average ca. 3.8 A) is consistent with the NOE cross peak
observed in the ROESY spectrum between their resonances
(Figures S8 and S9).

We were unable to establish which set of NMR resonances
belongs to the crystallized stereoisomer (D;—T,—D;)."” Never-
theless, based on chemical shift considerations, we believe that
the major set of resonances can be attributed to the C-shaped
isomer (D;—T,—D;)c in which the two vis-a-vis 3'cisDPyMP’s have
a (small) mutual shielding contribution; consistent with this
hypothesis, resonances of the major set belonging to protons
facing the inside of the molecule, such as H6, H2' and {1,
resonate at slightly lower frequencies compared to the
corresponding protons in the minor set.

Lastly, we were interested to establish if in solution there is
a conformational equilibrium between the two stereoisomers,
caused by slow rotation (on the NMR time scale) of the 3'pyridyl
rings about the C,,.;,—C,,, bonds, as demonstrated by us for the
homoleptic 242 metallacycle [{t,c,c-RuCl,(CO),},(3'cisDPyP).,]

Chem. Eur. J. 2023, 29, e202300893 (5 of 12)

(3).% Even though no intermolecular exchange cross peak was
found in the room temperature ROESY spectrum, a correlation
peak between the H6 doublets of (D;—T,—D,) and (D;—T,—D,),
was observed in the spectrum recorded at 50°C (Figure S10),
suggesting the presence of a very slow dynamic equilibrium
between the two stereoisomers.

Tape D,—T;—D,

The heteroleptic D,—T;-D, tape [{t.c.c-
RuCl,(CO),},(4'cisDPyMP),(3'TPyP)] was obtained in pure form in
decent isolated yield through a synthetic approach comple-
mentary to that described above, i.e. by treatment of the
reactive intermediate 5 with ca. 0.5 equiv. of 3'TPyP followed by
chromatographic purification (Supporting Information, Figur-
es $12-517). Depending on the syn or anti orientation of the
two pairs of adjacent 3'-pyridyl rings on the central 3'TPyP, two
limiting stereoisomers are possible also for D,—T;—D,. Their
expected shapes are similar to those of D;—T,—D;, but - by
virtue of the different geometrical features of 3’ vs 4PyPs
evidenced above and in 1 — with a smaller distance between
the parallel planes of the external porphyrins. For this reason
the two stereoisomers are labeled with lowercase letters,
(D,—~T5—D,). and (D,~T5;—D,),. Slow diffusion of n-hexane into a
solution of D;—T,—D; in CD,Cl, afforded single crystals that,
according to X-ray diffraction, in this case belonged to the z-
shaped stereoisomer (Figure 7).

Notwithstanding the low quality of the diffraction data set,
the structure unambiguously confirmed the nature of the
compound and its main geometrical features. In (D,—T;—D,), the
two symmetry-equivalent 4'cisDPyMP’s are almost perpendicu-
lar to the 3'TPyP plane (dihedral angle 77.6°), with a slipped-
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Figure 7. ORTEP representation (50% probability ellipsoids) of stereoisomer (D,—Ts—D,), in the crystal structure with some significant distances. Left: side view;

right: front view. Color code: N=blue, Cl=green, O=red.

cofacial geometry; the average planes through them are parallel
and the interplanar distance of 10.5A - as anticipated - is
much shorter (by ca. 40%) than in D;—T,—D;. On the other
hand, and not surprisingly, the distances from the intersection
between the average planes of two adjacent porphyrins to their
centroids are close to those found for D;—T,—D;: 9.2 A and 5.3 A
for the 4'cisDPyMP’s and the central 3'TPyP, respectively
(Figures S30 and S32).

The "H NMR spectrum of the purified product shows two
sets of resonances (ca. 1:4 ratio, Figure 8) that are similar to
those of tape D;—T,—D; but with some significant differences,
the most relevant of which concerns the singlets of the inner
NH protons. In the major stereoisomer the most intense singlet
(4H), that belongs to the two external 4'cisDPyMP’s, falls at
remarkably lower frequency compared to that of 3'TPyP (—3.72
vs —3.12 ppm), that partially overlaps with both singlets of the
minor isomer. This feature suggests that the major isomer is
(D,~T5—D,)., where the mutual shielding of the two vis-a-vis 4'-
porphyrins - due to the smaller separation - is remarkably
stronger than in the (Ds—T,—D;)c isomer, to such an extent that
the NH chemical shift order is reversed. In fact, contrary to what

X 2' ¢l
SN\ T
6 “"Ru’
]

o Q
oc” | Yco2
Cl

found in (D;—T,—Ds). in (D,~Ts—D,). the NH singlet of the
peripheral porphyrins falls at lower frequency than that of the
central one.” Consistently, all the resolved resonances of the
protons of the two equivalent 4'cisDPyMP’s of the major isomer
also fall at lower frequencies than those in the minor z-shaped
isomer.

In this case no intermolecular exchange cross peak between
resonances of the two sets was observed in the ROESY
spectrum. However, when the sample was dissolved in CD,Cl,
the relative abundance of (D,—T;—D,). and (D,—T;—D,), was
different than in CDCl; (ca. 1:2, Figures S15 and S16), suggest-
ing that also in this case the two isomers are in slow
conformational equilibrium (see also below).

Tape D;—T;—D;

The Dy;—T;—D; tape, [{t,c,c-RuCl,(CO),},(3'cisDPyMP),(3'TPyP)],
was obtained in pure form and acceptable isolated yield by the
reaction between 4 and 3'TPyP (Supporting Information,
Figures S19-522).

2 6 . P2+p4 BA+mtm
2, & Blaoepa Slovo’ 5e p1  CHs
6 p2 NH+NH  NH
, +m’ \
21p2' H NH A
__ _Jan .
100 95 9.0 8 80 75 70 2530 a5
3 (ppm)

Figure 8. 'H NMR spectrum (CDCl,) of the two stereoisomers of tape [{t,c,c-RuCl,(CO),},(4'cisDPyMP),(3'TPyP)] (D,~T;—D,) with the labeling scheme. The
resonances of the minor isomer, attributed to isomer (D,—T;—D,),, are labeled in blue. In both sets, primed BH and NH labels belong to the central 3'TPyP. The

CH; singlet of (D,~T;—D,) is cut.
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Figure 9. 'H NMR spectrum (CDCl;) of the two stereoisomers of tape [{t,c,c-RuCl,(CO),},(3'cisDPyMP),(3'TPyP)] (Ds—T;—D;) with the labeling scheme. The
resonances of the minor isomer, whose geometry remains unassigned (see text), are labeled in blue. In both sets, primed 3H and NH labels belong to protons
of the central 3'TPyP. The resonances of the pyridyl protons have the same labels, regardless if they belong to 3'TPyP or to the two equivalent 3'cisDPyMP’s

(see Supporting Information for the singlets of the H2' protons).

The 'HNMR spectrum (Figure 9) of the purified product
(single TLC spot) also contains two sets of signals (with some
overlapping), indicating the presence of two different stereo-
isomers in solution in ca. 3:2 ratio. Consistent with the
geometries of the previously discussed tapes, one stereoisomer
is expected to have a ladder geometry, (D;—T;—Ds), and the
other a Greek-frame geometry, (Ds—T5—D3)¢. In (D5—T5—D3)gr, Gy
symmetry, all four pyridyl rings of 3'TPyP have a syn orientation
and thus the two 3'cisDPyMP’s are on the same side of the
3'TPyP plane, whereas in (D;—T5—D;),, C,, symmetry, the pyridyl
rings of the central 3'TPyP have a pairwise anti orientation and
thus the peripheral porphyrins are on opposite sides of the
3'TPyP plane. The two stereoisomers have, as expected, the
same number of proton resonances with similar patterns that
also closely resemble that of the 242 homoleptic metallacycle
[{t,c,c-RuCl,(CO),},(3'cisDPyP),] (3).¥¢” The integrations of the
two pairs of NH singlets confirm that each species contains the
two different 3'PyPs in 2:1 ratio. Noteworthy, these are the only
resonances that, based on their intensity, can be easily and
unambiguously assigned to either 3'TPyP (2H) or to the two
equivalent 3'cisDPyMP’s (4H), all the other pyridyl and pyrrole
resonances having (in each set) the same intensity and multi-
plicity. Only for the resonances of the H2' pyridyl protons (both
isomers) it was also possible to distinguish between 3'TPyP and
to the two equivalent 3'cisDPyMP’s (Supporting Information).

In this case considerations on the mutual shielding among
the three macrocycles did not allow us to distinguish which set
of NMR signals belongs to which stereoisomer. However, the
existence of a slow conformational equilibrium between them
is supported by a clear exchange cross peak in the ROESY

Chem. Eur. J. 2023, 29, e202300893 (7 of 12)

spectrum between the two H2' resonances at 10.10 and
9.87 ppm, one belonging to (D;—T;—D;);s and the other
(D;—T;—D,),. In addition, the ratio between the two sets
changed when the sample was dissolved in CD,Cl,, becoming
nearly 1:1.

DOSY spectra were recorded for the three tapes described
above (Figures S26-528), affording the diffusion coefficients
and hydrodynamic radii reported in Table 1.

The two stereoisomers of each tape had undistinguishable
diffusion coefficients. The hydrodynamic radii of the 3+4
porphyrin tapes are very similar to one another and, consistent
with their size, ca. 1/3 larger than those of the smaller 2+2
metallacycles previously determined by us“**" and included for
comparative purposes in Table 1.

As in the case of the 242 metallacycle 1, the UV-vis spectra
of D;—T,—D; and D,~T;—D, are very similar to those of the
component porphyrins (Figures S11 and S17). On the contrary
the spectrum of D;—T;—D; showed an exciton splitting in the
Soret band (Figure 10) larger than that found by us for [{tc,c-
RuCl,(CO),},(3'cisDPyP),] (3) (659 vs 500 cm~).#%2 This finding —

Table 1. Diffusion coefficients and hydrodynamic radii for the tapes
determined by DOSY spectra.

Diffusion coefficientx 10° [cm?s™']  Hydrodynamic radius [A]

D, T,D, 3.75+0.06 109
D, T,+D, 3.84+003 106
D, T-D, 3.74£0.02 10.9
1Zn 6.0640.10 6.7
2Zn 5554001 73
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Figure 10. The normalized UV-vis spectrum of tape D;—T;—D; (CHCl,), with
an enlargement of the Q-bands in the inset.

typical for systems that feature slipped-cofacial porphyrins®-

- is fully consistent with the structures hypothesized for the
two conformers of D;—T;—D;, in which the three parallel
porphyrins basically repeat twice the slipped-cofacial geo-
metrical pattern of 3.

Host-guest chemistry

Treatment of the more abundant tapes D,—T;—D, and D;—T;—D,
with excess zinc acetate afforded in excellent yield the
corresponding fully-zincated tapes [{t,c,c-
RuCl,(CO),},(Zn-4'cisDPyMP),(Zn-3'TPyP)]  (ZnD,~ZnT,—ZnD,)
and [{t,c,c-RuCl,(CO),},(Zn - 3'cisDPyMP),(Zn - 3'TPyP)]
(ZnD;—ZnT,—ZnD;) (Supporting Information). Their 'H NMR
spectra are very similar to those of the parent compounds
(except for the absence of the NH resonances), including the
ratio between the two stereoisomers (Figures S18 and S23-
S25).

Based on the X-ray structure of (D,—~T;—D,),, and on the
demonstrated capability of the embedded zinc atom to form an
additional axial bond,”” simple molecular models suggested

L

+ 1 equiv.

3,5
I

that 4,4’-bpy would have an almost perfect fit as a guest inside
(ZnD,~ZnT;—ZnD,), making two axial coordination bonds to
the peripheral zinc atoms. On the other hand, the models
showed that the formation of a sandwich compound, with two
parallel (ZnD,~ZnT;—ZnD,), stereoisomers connected by three
axially-bound units of 4,4-bpy, would be disfavored by steric
clashes between the two tapes. Addition of 1 equiv. of 4,4-bpy
to a CDCl; solution of (ZnD,—ZnT;—ZnD,) induced remarkable
changes in the "HNMR spectrum, fully consistent with the
100% formation of the anticipated 1:1 host-guest adduct 4,4'-
bpy@(ZnD,~ZnT;—ZnD,). (Figure 11): 1) the resonances of the
minor isomer (ZnD,—ZnT;—ZnD,), disappeared whereas those
of the major conformer were only slightly affected in terms of
chemical shift and became sharper, consistent with the host-
guest equilibrium being slow on the NMR time scale; 2) in
agreement with a symmetrical coordination, 4,4-bpy gives only
two upfield-shifted doublets (4H each), one at 3.95 ppm (for the
inner H3,5 protons) and the other at ca. 1.4 ppm (partially
overlapped by the peak of water, but clearly visible in the COSY
spectrum) for the more shielded H2,6 protons; 3) integration
confirms the 1:1 host-guest ratio. Thus, the formation of 4,4'-
bpy@(ZnD,~ZnT;—ZnD,). induces the interconversion of the
minor z-shaped stereoisomer into the c-shaped one, indirectly
confirming the equilibrium between the two. In agreement
with the geometry anticipated for 4,4'-bpy@-
(ZnD4,~ZnT;—ZnD,),, its DOSY NMR spectrum yielded an hydro-
dynamic radius of 9.5A, very similar to that of D, T,—D,
(Table 1).

Conclusions

We prepared, through a modular stepwise approach, a series of
four neutral metal-mediated 3+4 porphyrin tapes of the type
[(D)Ru,(T)Ru,(D)], where a central meso-tetrapyridylporphyrin
(T or T,) is connected to two equal cis-dipyridylporphyrins (D,
or D,) through four {t,¢,c-RuCl,(CO),} (Ru) fragments. The robust
compounds were obtained in pure form by column chromatog-
characterized.

raphy and fully Whereas [{t.c,c-

2,6

"00 96 92 88 84 80 76 72
8 (ppm)

6840 38 2.6 2.4 22 20 1.8 1.6 14 12

Figure 11. The 'H NMR spectrum of (ZnD,~ZnT;—ZnD,) (CDCl;) before (top) and after the addition of 1 equiv. of 4,4'-bpy (bottom). The two resonances of 4,4’
bpy in the 1:1 host-guest adduct 4,4"-bpy@(ZnD,—ZnT;—ZnD,). shown on the right are labeled in green. In the top spectrum, the peaks of (ZnD,~ZnT;—ZnD,),,

that disappear upon addition of 4,4"-bpy, are labeled with a red asterisk.
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RuCl,(CO),},(4'cisDPyMP),(4 TPyP)] (D,~T,—D,) is flat (Figure 4),
the tapes containing at least one 3'PyPs, that is [{tc.c-
RuCl,(CO),},(3'cisDPyMP),(4 TPyP)] (Ds—T,—Dy), l{t,cc-
RuCl,(CO),},(4'cisDPyMP),(3'TPyP)]  (D,~T;—D,), and [{tcc-
RuCl,(CO),}4(3'cisDPyMP),(3'TPyP)] (Ds—T5—D;), have unprece-
dented 3D geometries and each exists in solution as a pair of
stereoisomers in slow conformational equilibrium on the NMR
time scale (Figure 12). The X-ray molecular structures of two
such stereoisomers, namely (D;—T,—D;). and (D,—T;—D,), were
obtained and are fully consistent with the solution NMR
findings.

To our knowledge, there is in the literature only one other
example of similar discrete metal-mediated heteroleptic multi-
porphyrin assemblies:*? in 1998 Drain and co-workers de-
scribed the one-pot formation of a square-shaped grid featuring
nine meso 4’-pyridylporphyrins (three different 4'PyPs in 1:4:4
ratio) connected by twelve {t-PdCl,} fragments. Pd(ll)- and Pt(ll)-
mediated heteroleptic tapes of porphyrins were also
reported.®® Compared to those assemblies, the heteroleptic
tapes described in this work have remarkable differences: 1)
They were obtained through a modular synthetic approach
with a predictable outcome. 2) They were isolated in pure form,
whereas the Pd(ll)-mediated nonameric grid was obtained only
in solution (and not isolated), and the Pd(ll)- and Pt(ll)-mediated
tapes were obtained as mixtures of compounds with different
nuclearities and characterized only through mass spectrometry.
3) Their nature and geometry are unambiguous. 4) They are
truly heteroleptic, since they can incorporate porphyrins that
differ not only in the number of meso pyridyl rings, but also in
the position of the N atom (4’ vs 3'). As a consequence, we have
controlled access to predictable precise geometries.

We also demonstrated that, upon metalation, the tapes can
be exploited as hosts for polytopic ligands of appropriate
geometry. As a proof of concept we prepared the 1:1 host-
guest adduct 4,4-bpy@(ZnD,~ZnT;—ZnD,).. We anticipate that
- similarly to what we did with 2Zn and 3Zn®%¢'%7 _ the
metallated tapes might be exploited also as three-point
molecular panels for the hierarchical construction of 3D multi-
porphyrin assemblies with novel — and precisely predictable —
geometries and increased stability owing to the larger number

Figure 12. Schematic representation of the two stereoisomers in slow
conformational equilibrium for the 3+ 4 porphyrin tapes D;—Ts—D; (top),
D,—T,—D; (bottom left), and D,—T;—D, (bottom right). Color code: red =4'-
cisDPyMP, orange =4'TPyP, green = 3'cisDPyMP, light green =3'TPyP, grey =
Ru.

Chem. Eur. J. 2023, 29, e202300893 (9 of 12)

of connecting points (6 vs 4 of 2Zn and 3Zn). For example,
treatment of 2 equiv. of D;—T;—D; with 3 equiv. of a ditopic
linear linker of suitable length is predicted to afford a double-
decker ladder and/or Greek frame.

Finally, our modular stepwise synthetic strategy - that
ultimately rests on the well-behaved Ru(ll) precursor [t.c,c-
RuCl,(CO),(dmso-0),] that allows for the stepwise replacement
of the two labile dmso-O ligands®® — opens the way to exciting
perspectives. For example: 1) new metal-mediated multi-
porphyrin heteroleptic assemblies might be designed by
changing the nature and geometry of the metal fragments and/
or of the porphyrins (e.g. 3" or 4’ trans-dipyridylporphyrins and
tris-pyridylporphyrins); 2) the stepwise synthetic procedure
offers the capability of inserting different metal ions inside the
porphyrins in precise relative positions (e.g. center vs periphery
in the tapes described here), thus allowing one to investigate
the directionality of photonic communication between chromo-
phores mediated by noncovalent interactions.

Experimental Section

Materials: All chemicals, including TLC silica gel plates, were
purchased from Sigma-Aldrich and used as received. Solvents were
of reagent grade. The Ru(ll) precursor [t,c,c-RuCl,(CO),(dmso-0),]
was prepared as described by us® and stored in a freezer at
—18°C. The meso-pyridylporphyrins and the reference 2+ 2 metal-
lacycles [{t,c,c-RuCl,(CO),},(4'cisDPyP)(3'cisDPyP)] (1), [{tc.c-
RuCl,(CO),},(4'cisDPyP),] (2), and [{t,c,c-RuCl,(CO),},(3'cisDPyP),] (3)
were prepared and purified as described in refs. [46-48].

Caveat: Over the years, we learned that the characterization of
these neutral metallacycles of porphyrins poses several challenges.
As always observed by us in the past for previous porphyrin—Ru
neutral assemblies (see Refs.[46-48]), the ESI-MS spectra of the
model complexes and metallacycles of porphyrins only showed
peaks deriving from the fragmentation (ESI mass spectra were
collected in the positive mode on a Perkin-Elmer APIl spectrometer
at 5600 eV). No molecular ion peak could be detected despite the
many attempts. Similarly, elemental analysis — unless is performed
on the crystal samples (such as those used for X-ray determinations)
- is poorly significant for these systems due to the typical presence
of crystallization molecules whose nature and number vary from
batch to batch. In addition, crystals are typically obtained in very
small amounts that do not allow us to perform other investigations
(e.g. elemental analysis or NMR spectroscopy) beside the collection
of X-ray diffraction data. As a consequence, unambiguous charac-
terization of the chromatographically pure products is achieved
through extensive NMR, IR, and UV-vis spectroscopic investigations
and - whenever possible - through the determination of X-ray
structures.

Instrumental methods: Mono- and bi-dimensional ('H-'H COSY,
ROESY, and 'H-C HSQC) NMR spectra were recorded at room
temperature - unless stated otherwise — on a Varian 400 or 500
spectrometer ("H: 400 or 500 MHz, *C{'H}: 100.5 or 125.7 MHz).
Mixing time for ROESY experiments was 100 ms, unless otherwise
stated (Supporting Information). 'H DOSY experiments were
recorded on the Varian 500 spectrometer at 25 °C (CDCls), using the
Bipolar Pulse Pair Stimulated Echo with Convection Compensation
Sequence implemented into the VnmrJ software. 'H chemical shifts
were referenced to the peak of residual non-deuterated solvent
(6=7.26 for CDCl;, 5.32 for CD,Cl,, 2.50 for DMSO-d,). Selected
carbon resonances, except for carbonyls, were assigned through
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the HSQC spectra. The UV-vis spectra were obtained on an Agilent
Cary 60 spectrophotometer, using 1.0cm path-length quartz
cuvettes (3.0 mL). Infrared spectra of chloroform solutions in the CO
stretching region were recorded between CaF, windows (0.5 mm
spacer) on a Perkin-Elmer Fourier-transform IR/Raman 2000 instru-
ment in the transmission mode.

X-ray diffraction: Data collections were performed at the X-ray
diffraction beamline (XRD1) of the Elettra Synchrotron of Trieste
(Italy) equipped with a Pilatus 2 M image plate detector. Collection
temperature was 100 K (nitrogen stream supplied through an
Oxford Cryostream 700); the wavelength of the monochromatic X-
ray beam was 0.700 A and the diffractograms were obtained with
the rotating crystal method. The crystals were dipped in the
cryoprotectant oil Paratone N and mounted on the goniometer
head with a nylon loop. The diffraction data were indexed,
integrated and scaled using the XDS suite of codes.”” The structure
was solved by the dual space algorithm implemented in the
SHELXT code.”" Fourier analysis and refinement were performed by
the full-matrix least-squares methods based on F? implemented in
SHELXL.”? The Coot and SHELXLE programs were used for
modeling.”*”¥ Anisotropic thermal motion was allowed for all non-
hydrogen atoms. Hydrogen atoms were placed at calculated
positions with isotropic factors U=1.2xU,, U, being the equiv-
alent isotropic thermal factor of the bonded non hydrogen atom.
Crystal data and details of refinements are in the Supporting
Information.

It seems appropriate to remark here once more that the quality of
the samples of both (D;—T,—D,)c, and (D,—T;—D,), compounds was
extremely poor. A single crystal having acceptable diffraction
properties could be found in both cases only after (literally) tenths
of attempts. This had unavoidable deleterious consequences on the
final results of the refinement, as evidenced (also) by the
suboptimal R values. In particular, for the (D;—T,—D;). compound,
extended regions of heavily disordered and poorly structured
electron density had to be modeled with the Squeeze procedure as
implemented in the PLATON tool.”® The “squeezed” electronic
charge was the equivalent of 447 electrons, corresponding to about
8 CHCl; solvent molecules.

Synthesis of the complexes

[{t,c,c-RuCl,(CO),(dmso-0)},(3'cisDPyMP)] (4): The synthetic proce-
dure is similar to that described by us for the corresponding
3'cisDPyP compound.®® To a 2404mg amount of [tcc-
RuCl,(CO),(dmso-0),] (0.7 mmol), dissolved in 40 mL di CHC;,
100.3 mg of 3'-cisDPyMP (0.157 mmol) was added (Ru:3’-cisDPyMP
ratio of 4.5). The purple solution was stirred at room temperature
for 50 min, and afterward the solvent was removed under reduced
pressure affording a purple solid, that was washed with H,O to
remove the unreacted complex and the free DMSO and dried under
vacuum. The solid was redissolved in chloroform, and dried over
Na,SO,. The solution was recovered, the solvent was removed
under reduced pressure, and the solid dried under vacuum. Yield
109.6 mg, 93%. CsHaNgCl,04S,RuU,, M, =1257.02. 'H NMR (DMSO-
dg) 0 (ppm): 9.69 (d, 2H, 2), 9.40 (d, 2H, 6'), 9.05 (dd, 2H, 4'), 8.97-
8.90 (m, 8H, Hp), 8.24 (br m, 2H, 5'), 8.13 (br d, 4H, 0), 7.66 (d, 4H,
m), 2.68 (s, 6H, CH3), —2.93 (s, 2H, NH). IR (selected bands in CHCI;,
cm™'): 2073 (vCO), 2003 (vCO).

[{t,c,c-RuCl,(CO),(dmso-0)},(4'cisDPyMP)] (5): A procedure similar
to that described above for 4 was followed, using 100.8 mg of [t,c,c-
RuCl,(CO),(dmso-0),]  (0.29 mmol), 41.8mg of 4'cisDPyMP
(0.065 mmol) (Ru:4’-cisDPyMP ratio of 4.5) in 20 mL of CHCl. Yield:
64.3 Mg, 87 %. Cs,H,4NsCl,065,Ru,, M, =1257.02. "H NMR (DMSO-d,)
d (ppm): 9.37 (d, 4H, 2,6), 8.92 (m, 8H, Hp), 8.62 (d, 4H, 3,5), 8.12 (d,
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4H, o), 7.66 (d, 4H, m), 2.68 (s, 6H, Me), —2.95 (s, 2H, NH). UV-vis
[CHCl5; Apax (nm), relative intensity (%)]: 424 (100, Soret band), 526
(5.97), 560 (2.96), 600 (2.39), 650 (1.94). IR (selected bands in CHCI;,
cm™'): 2072 (vCO), 2002 (vCO).

[{t,c,c-RuCl,(CO),},(3'cisDPyMP),(4TPyP)] (D,~T,—D,): A 47.6 mg
amount of 4'TPyP (0.076 mmol) was partially dissolved in 40 mL of
CHCl;. Prior to the addition of a 213.7 mg amount of 4 (0.17 mmol,
2.2 equiv.), the purple suspension was heated to reflux for 15 min
to promote the solubilization of the 4 TPyP and then rapidly cooled
to room temperature. The mixture was stirred at room temperature,
monitored by TLC (CHCI;:EtOH 98:2), and stopped after 17 h. The
solvent was then removed under reduced pressure and the crude
product purified by column chromatography (silica gel, CHCl;:n-
hexane 95:5). A large part of the raw material, most likely
attributable to unreacted 4'TPyP and oligomeric open-chain
species, remained stuck on the top of the column as a purple band.
Two of the three collected fractions were found to contain the
desired product and were pooled together. Yield 7.8 mg (3%).
Cy36HsoN»oClsOgRuU,, M, =2820.23. 'H NMR (CDCls), low-case m and
M stand for minor and major stereoisomer, respectively; primed BH
and NH labels belong to the central 4TPyP (see also Figure 6 for
the numbering scheme), & (ppm): 9.98 (s, 4H,,, 2',,), 9.93 (m, 4H,,,+
4H,, 6',,+6'y), 9.87 (d, 4Hy, 2'), 9.73 (d, 4H,, 2,.), 9.67 (d, 4Hy, 2\,
9.42 (d, 4H,, 6,1), 935 (d, 4Hy, 64), 9.10-9,02 (M, 8Hy+8Hop, B2u-+
B2+ B3u+B3m), 8.98 (5, 4Hy, B14), 8.96 (5, 4H,y, P1,,), 8.83 (s, 4H,,
B2',), 8.80 (M, 4H,, +4Hy, 4'm+4'w), 8.73 (5, 4Hy, B2'1), 8.68 (5, 4Hy,
B4y, 8.11 (M, 4H,,+4H,, 5 +5'w), 8.00 (d, 4H,, 5,), 7.98-7.86 (m,
16H,,+ 12Hy, 5m+ O -+ 3+ Om+ 3w, 7.53-7.44 (m, 8H,,+8H,, m,,
+my), 744 (s, 4H,, B1w), 7.30 (5, 4Hy, P1'w), 2.68 (s, 12H,, Me,),
2.64 (s, 12H,, Mey,), —2.93 (s, 4H,,, NH..), —2.99 (s, 4H,, NH,,), —3.64
(s, 2H,,, NH',), —3.67 (s, 2Hy, NH’,)). UV-vis [CHCl5; A,,.., (nm), (€ x 10*
(cm™"M™)]: 424 (71.6, Soret band), 521 (4.93), 557 (2.57), 593.5
(1.83), 649.5 (1.29). IR (selected bands in CHCl;, cm™): 2067 (vCO),
2002 (vCO).

[{t,c,c-RuCl,(CO),},(4'cisDPyMP),(3'TPyP)] (D,—T;—D,): To a 65.3 mg
amount of 5 (0.052 mmol) dissolved in 20 mL of CHCl;, 15.9 mg of
3'TPyP (0.026 mmol, 0.5 equiv.) was added. The purple solution was
stirred at room temperature, monitored by TLC (CHCI;:EtOH 98:2),
and stopped after 22 h. The solvent was then removed under
reduced pressure and the crude product (pre-dissolved in a CHCl;:
n-hexane 94:6 mixture) was purified by column chromatography
(silica gel, CHCly:n-hexane 97:3). Yield 10.7mg (15%).
Ci36HooN5,ClgOgRu,, M, =2820.23. 'H NMR (CDCl,), low-case m and
M stand for minor and major stereoisomer, respectively; primed H
and NH labels belong to the central 3'TPyP (see also Figure 8 for
the numbering scheme), & (ppm): 10.09 (s, 4Hy, 2'y), 10.05 (s, 4H,,
2'.), 10.03 (d, 4H,,, 6',), 10.01(d, 4H,, 6'y), 9.66 (d, 4H,, 2,.) 9.65 (d,
4Hy, 2), 9.57 (s, 4H,,, B2'), 9:36 (d, 4H,, 6,,), 9.35 (s, 4H,, 2') 9.18
(d, 4Hy, 6,), 9.02 (s, 4H,,, 1',.), 8.95 (s, 4Hy, B1'y), 8.89 (d, 4Hy, B3w),
8.85 (m, 4Hy, 4'\), 8.78 (s, 4H,,,, 4.), 8.76 (d, 4H,,, $2,,), 8.63 (d, 4H,,
B3,), 8.52-8.43 (M, 8Hy, B2y -+ P4y, 8.16 (dd, 4H,, 5'1), 8.11 (d, 4H,,
3,),8.08 (d, 4H,, 5',) 8.04 (d, 4H,,, 5,,), 7.98 (br m, 8H,, 0+0',,), 7.86
(d, 4Hy, 3w), 7.78 (d, 4Hy, O'y), 7.65-7.57 (M, 8Hy, 5y +0y), 7.54 (m,
12H,, B1n+m+m',) 740 (m, 8H,, m+m’y,), 7.06 (s, 4H,, B1y) 2.68
(s, 12H,, Me,), 2.62 (s, 12H,, Mey), —3.12 (s, 2H,,+2H,, NH’,+
NH',), —3.14 (s, 4H,, NH,), —3.72 (s, 4H,, NHy). UV-vis [CHCl5; Aoy
(nm), (€ x10* (cm "M ")I: 423 (57.9, Soret band), 519 (4.2), 555
(1.96), 592 (1.95), 648 (0.83). IR (selected bands in CHCl;, cm™): 2069
(vCO), 2005 (vCO). TLC R (silica gel, CHCl5): 0.10.

[{t,c,c-RuCl,(CO),},(Zn - 4'cisDPYMP),(Zn - 3'TPyP)]

(ZnD,~ZnT;—ZnD,): To a 10.7 mg amount of D,—T,—D, (3.79 umol)
dissolved in 10mL of CHCl;, 3.63mg of Zn(AcO),-2H,0
(0.017 mmol, ca. 4.5 equiv.) dissolved in 1 mL of MeOH was added.
The solution was stirred in the dark for 24 h and then washed with
water (3x30 mL). The organic phase was dried on Na,SO, the
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solvent was removed under reduced pressure and the solid dried
under vacuum. Yield 10.7 mg (3.55 umol), 94 %.
Ci36HgaNClgOsRuU,ZN,, M, =3010.32. 'H NMR (CDCl;), low-case m
and M stand for minor and major stereoisomer, respectively; primed
BH labels belong to the central 3'TPyP (see also Figure 8 for the
numbering scheme), d (ppm): 10.08 (s, 4H,, 2'y) 10.06 (s+d, 4H,,+
4H,, 2/ +6',), 9,98 (d, 4H,, 6'y), 9.66 (2d, 4Hy +4H,,, 2, +2,,), 9.54
(s, 4Hp, P2'), 9.38 (d+5, 4H,n+4Hy, 6,0+ B2'1), 9.24-9.16 (M, 8Hy, +
4H,, 6y +B1w+p1), 9.07-8.87 (m, 12H,, f2-4,), 8.85 (br t, 4H,,
4\, 872 (d, 4Hy, P3m), 8.63 (5, 4Hy, B4w), 8.57 (d, 4Hy, B24), 8.14 (br
t, 4H,, 5'4), 8.12-7.74 (m, 20H,, 5,,+ 5+ 3+ 0n-+0'), 7.86 (d,
4H,, 5y), 7.78 (d, 4Hy, 0'y), 7.70-7.58 (m, 8H,, Oy+ 3y), 7.55-7.49
(m, 12H,, m+m',+p1,), 7.44-7.34 (d+d, 8Hy, my+m'y), 7.14 (s,
4Hy, Blw), 2.69 (s, 12H,, Me,), 2.62 (s, 12Hy, Mey). UV-vis [CHCl;;
Amax (NM), (€ X 10% (cm™'M™")]: 427 (43.3, Soret band), 561 (2.80),
602.5 (1.08).

[{t,c,c-RuCl,(CO),},(3'cisDPyMP),(3TPyP)]  (D,—T,D;): To a
199.0 mg amount of 4 (0.16 mmol) dissolved in 40 mL of CHCI; a
49.5 mg amount of 3'TPyP (0.08 mmol) was added. The purple
solution was stirred at room temperature, monitored by silica gel
TLC (CHCI;:EtOH 98:2), and stopped after 18 h. The solvent was
then removed under reduced pressure and the crude product (pre-
dissolved in a CHCl;:n-hexane 94:6 mixture) was purified by column
chromatography (silica gel, CHCl;:n-hexane 97:3). One main
fraction was collected. Yield 50.6 mg (23%). Ci36HqoN,oClgOgRu,,
M,, = 2820.23. "H NMR (CDCl;), low-case m and M stand for minor
and major stereoisomer, respectively; primed PH and NH labels
belong to the central 3'TPyP (see also Figure 9 for the numbering
scheme), & (ppm): 10.10 (s, Hy, 2'y), 9.92 (s, 4H,,, 2'.,) 9.87 (s, 4H,,
2'), 9.81 (s, 4Hy, 2'y), 9.74 (d, 4H,, 6'\), 9.69 (d, 4H,, 6'y), 9.62 (d,
4H,, 6'y), 9.56 (d, 4H,, 6,), 9.27-8.83 (m, 16Hy+ 16H,, F2-4y+
B2'w+B2-4m+ P2, 8.28-7.96 (M, 16Hy,+16H,, 4y-+4m+on+
0,), 7.74-7.30 (m, 24Hy+24H,, 5+ mMu+PIn+P1Vnw+5m+mn+
Blm+PB1w), 2.75 (s, 12H,, Me,), 2.73 (s, 12H,, Mey,), —2.99 (s, 4H,,
NH,), —3.03 (s, 4H,, NH,), —3.26 (s, 2H,, NH',), —3.36 (s, 2H,,
NH'..). UV-vis [CHCl;; Aps (NM), (€ x10* (cm™'M™)]: 420.5 (50.4,
Soret band), 433 (54.8, Soret band), 520.5 (4.93), 555 (1.79), 591.5
(1.58), 647 (0.93). IR (selected bands in CHCl;, cm™): 2074 (vCO),
2014 (vCO). TLC R, (CHCl;) =0.12.
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and spectroscopic characterization of the reactive intermediates
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and UV-visible spectra for the reported compounds. Details of X-ray
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(D4~T5—D,),. This material is available free of charge via the Internet
at http://pubs.acs.org.
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