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Abstract: Mixed metallo-porphyrin

with smaller templates. In the case of

upon changing the identity of the Ru/

cages were selected and amplified from
dynamic combinatorial libraries
(DCLs) by using appropriate tem-
plates. The cages are composed of two
bisphosphine substituted zinc(1m) por-
phyrins as ligand donors and two rho-
dium(11) or ruthenium(r) porphyrins as
ligand acceptors, and are connected
through metal-phosphorus coordina-
tion. Ru and Rh porphyrins that dis-
play a large structural diversity were
employed. The templating was ach-
ieved by using 4,4'-bpy, 3,3’-dimethyl-
4 4'-bipyridine and benzo[l/mn]-3,8-phe-
nanthroline, and acts through zinc-ni-
trogen coordination. The absolute
amount of amplification from the
DCLs is strongly dependent on the
combination of the Ru/Rh porphyrin

tert-butyl-substituted TPP (TPP =tetra-
phenylporphyrin), cages are not
formed at all. The formation of the
cages is usually complete within 24 h at
an ambient temperature; in the case of
the cage containing Rh"'OEP (OEP=
octacthylporphyrin) and bpy, the
pseudo-first-order rate constant of cage
formation was determined to be 2.1+
0.1x10*s™ (CDCls, 25°C). Alterna-
tively, heating the mixtures to 65°C
and cooling to room temperature
yields the cages within minutes. The 'H
NMR chemical shifts of several charac-
teristic protons show large differences
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Rh porphyrin and the central metal;
this is most likely to arise from varia-
tions in the geometry of the cages. The
X-ray crystal structure of a cage, which
contains Rh™OEP as a porphyrin ac-
ceptor and bpy as template, demon-
strates that the cages can adopt severe-
ly distorted conformations to accom-
modate the relatively short templates.
An extension to mixed DCLs showed
that only limited selectivity is displayed
by the various templates. Formation of
mixed cages that contain two different
rhodium porphyrins prevents effective
selection, although the kinetic lability
of the systems allows for some amplifi-
cation. This lability, however, also pre-
vents isolation of the individual cages.
Removal of the template leads to re-

and the template; cages with sterically

. ‘ self assembly
demanding porphyrins can only form
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equilibration, thus the templates act as
scaffolds to keep the structures intact.

Introduction

The study of dynamic combinatorial libraries (DCLs), and
the selective amplification of species complementary to tem-
plates is a rapidly growing field of research.!! The main dif-
ference from classical combinatorial libraries is the use of
reversible bond formation, such that individual library mem-
bers are interconverting at thermodynamic equilibrium. The
technique creates large libraries of possible receptor com-
pounds, and a template may be used to screen for its opti-
mal receptor through a best-fit selection process. While the
remaining library members are kinetically labile and inter-
converting under given experimental conditions, the target
receptor will be thermodynamically stabilized as a non-cova-
lent complex with the template. Thus the target receptor
will be amplified, and in the best case, the whole library will
be transformed to one specific molecule. DCLs have been
prepared by using a variety of reversible bond formation
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processes, that include cova-
lent,” non-covalent hydrogen- Donor
bonding,®! and metal-ligand ex- —
change.) Much of conventional

coordination chemistry that +
leads to the formation of a
dominant product could retro-
spectively be thought of as dy-
namic combinatorial, with the
corresponding metal ion acting
as a template. DCLs formed
through metal-ligand coordina-
tion encompass a large range of
systems with kinetically labile metal-complexes, and are of
particular interest for the formation of supramolecular sys-
tems which might have useful redox or magnetic properties.
A variety of different systems have been explored to date,
for example, Co'-terpy complexes,“¢ Pd'-pyridine com-
plexes,*! and Ga"- or Zn'"“hydroxyquinoline complexes.!l
These systems have generally utilized metal ions or organic
molecules as the guest, and form the target complex through
ionic interactions. Combination of metal-ligand and n—m in-
teractions have been used to form crown ethers.!*"

In the system described here, reversible metal-ligand
binding is used for two roles simultaneously, both to form
the DCL and for templating. The concept is applied to gen-
erate mixed-metal porphyrin cages selectively, and virtually
completely, from DCLs. This study is a continuation of our
earlier work,"! in which we prepared a tetraporphyrin cage
composed of two bisphosphine-substituted Zn" porphyrins
as donors, two Rh™TPPs as phosphine acceptors, and one
44'-bpy as a template (ligand), the cage being stabilized
through orthogonal Zn"-nitrogen and Rh™'-phosphorus co-
ordination modes (Scheme 1). We now extend the study to
include several different Rh™/Ru" porphyrins and different
templates, and also to combine Rh™ or Ru" porphyrin
building blocks in complex mixtures to examine the pros-
pects for selective templating of new mixed-metal porphyrin
cages (Table 1)

From previous studies on phosphorus®” and nitrogen®®*
complexes with metallo porphyrins, we know that the Ru/
Rh—P bond is kinetically more inert than the Zn—N bond.
This is manifested in, for example, the '"H NMR spectrum
for bpy bound to zinc porphyrin: the resonances appear
broad, and the chemical shift is concentration dependent,
which indicates fast exchange between free and bound spe-
cies. The first binding constant of bpy to ZnTPP is 6x
10°M~LP! For phosphines bound to rhodium or ruthenium
porphyrins with a binding constant in the range of 10° to
10’mM71*7 the resonances are generally sharp and well re-
solved, which indicates slow ligand exchange. These values
were determined by using a model ligand, diphenyl(phenyla-
cetenyl)phosphine (DPAP), that has an identical substitu-
tion pattern on the phosphorus but does not possess the por-
phyrin moiety. In the DCLs, which are prepared at the milli-
molar concentration level, most of the Ru/Rh sites will
therefore be complexed by phosphine ligands. Despite the
lability of the Zn—N bond, formation of the cage traps the
template in a two point binding mode, thus increasing the

|
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Scheme 1. Schematic representation of the DCL formation and templating of the cage. Arrowheads represent
the ligands (P, N) to the central metal of the porphyrins (bars).

Table 1. Composition of the cages.

Ph,P

Ph,P.
\ ‘ Vi
Cage A B C
1 Rh2 Rh2 bpy
2 Rh3 Rh3 bpy
3 Rh4 Rh4 bpy
4 Ru2 Ru2 bpy
5 Ru3 Ru3 bpy
6 Ru4 Ru4 bpy
7 Rh/Ru5 Rh/Ru$s bpy
8 Rh2 Rh2 6
9 Rh2 Rh2 7
10 Rh3 Rh3 6
11 Rh3 Rh3 7
12 Rh3 Rh2 bpy
13 Rh3 Rh2 6

thermodynamic stability by a chelate effect, and allowing
for amplification.

Results and Discussion

Structural diversity in the acceptor porphyrin: To examine
the steric influence of substituents on the acceptor porphy-
rin, we investigated the ability of four rhodium porphyrins
Rh2-Rh5, and four ruthenium porphyrins Ru2-Ru5, to
form cages, as shown in Scheme 2. The composition and
numbering of the cages formed throughout the study is also
displayed, and Table 2 gives selected relevant NMR data
which are discussed below. 'H NMR studies on equimolar
mixtures of Znl with each of the acceptor porphyrins prior
to addition of bpy showed the formation of dynamic combi-
natorial libraries containing numerous complexes.”! Titra-
tion of one equivalent of bpy into the mixtures followed by
annealing (see Experimental Section) resulted in the series
of spectra shown in Figure 1. The sharp and well resolved
signals of the spectra in Figure 1b—g suggest that a single
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Rh/Ru3

Rh/Ru4

Scheme 2. Porphyrin and template structures with key protons labeled. For the rhodium porphyrins, M—X =

Rh'"—; for the ruthenium porphyrins, M—X =Ru"-CO.

Table 2. 'H NMR data [0] of the cages. The labeling of the resonances is in accordance with Scheme 2.

The cages formed were also
characterized by two dimen-
sional 'HNMR spectroscopy.
Figure2 shows a selected
region of the 'H'H NOESY
spectrum of cage2 as a repre-
sentative example. NOEs are
observed from the bpy protons
(H, and H,) to the ethyl side-
chain protons on the OEP por-
phyrins (H,; and H,;,), and also

R=H Rh/Ru2

R = tBu Rh/Ru5

Y from H, of the donor porphyrin
A Ho  (Znl) to H,, of the acceptor
porphyrin  (Rh3). Combined

|N/ with the upfield shifted reso-

nances of the bpy signals (H,,
and H,, see Table 2), this con-
firms that the final complex
formed does have a cage-type
structure, as depicted.s] A
broad peak at 2.48 ppm in the
spectrum of cage2 showed
NOEs to most of the protons
except H, and H, of the bpy

cagel cage2 cage3 cage5 cage6 cage7 cage8  cage9 cagel0 cagell (dashed line in Figure 2). After
Zom 1005 1016 1021 998 1008 1010  10.11 10.11 1028 1012  adding the rhodium porphyrin
Rm/Rf 8.68 9.68 9.84 8.05 8.86 9.11 8.60 8.60 9.54 9.70 as MeOH-solvate, this signal
a 42 386 407 462 423 444 418 418394 378 384 imogt certainly represented
b 6.62 6.43 6.53 6.51 6.34 6.43 6.65 6.72, 6.44 6.39 6.41 displaced methanol from the
c 705 69 696 679 667 672 706 709,698 687 6.88 , cthanol - :
i 807 819 819 793 799 798  8.00 8.14 8.18 822  Thodium, which in this case, is
g 7.82 7.47 744 805 7.55 7.58 n.d.l! n.d.! 6.61 7.53 preferentially absorbed within
1 -0.17 027 the cage. This was not observed
oo o amoa
o ’ ’ ’ ’ ’ ’ 1.83 ndl NMR studies on cages 1-6
P 354 477 show that the chemical shifts of
q 1.91 nd®  most protons are independent
r 2-944 320 of the identity of the porphyrin
s n.d.l? 245

acceptor. However, a few spe-

[a] n.d. =not detected.

cage structure (cagel to cage6) templated by bpy is formed
in each case. On addition of bpy to the DCL that contain
the more sterically hindered RuS or RhS, the NMR spec-
trum (Figure 1a) remains complex, which implies that these
systems still exist as mixtures of various compounds, and
that no templating effect occurs. Thus with neither rutheni-
um nor rhodium porphyrins, cage 7 does seem to be accessi-
ble in this way. Titration of excess pyridine into the solution
that contains the amplified cagel (with a heating-cooling
annealing procedure performed after every addition) re-
vealed that 50 equivalents of pyridine were required to
reduce the amount of cage present by 40%; this suggests
that the cage displays significant stability.”) The preparation
of ruthenium porphyrin cages was more complex due to the
presence of the carbonyl group, which had to be removed
prior to the formation of the cage by repeated dissolving/
evaporating of the ruthenium porphyrin phosphine mix-
ture.’”
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cific protons are influenced by

the overall composition of the

cage (Table 2). For the Rh por-
phyrins, the proton H,, which is pointing into the cages, is
more deshielded in cage1 (6 =7.82 ppm) than in cage2 (6=
7.47 ppm) or cage3 (0="7.44 ppm). The Ru porphyrins show
an analogous trend, except that all protons are deshielded
by 0.2ppm compared with their Rh counterparts. The
changes in chemical shift for the different acceptor porphyr-
ins can be attributed to the overall geometry of the cage,
the geometries of cage2, cage3, cage5, and cage6 are simi-
lar, while the more sterically restricted cagel and cage4
might adopt different conformations. In the latter two cages,
H, is located in an overall less shielded region. The proton
H;, which is located on the outside of the cage, shows the
opposite trend but with smaller ¢ values. The Ar—C=C—P—
M—-P—C=C—Ar unit must be sufficiently flexible to allow
twisted conformations, as suggested previously.”! This con-
clusion is also confirmed by the X-ray crystal structure de-
termination of cage3 (see below). In all cages, the effective
symmetry of the Rh or Ru porphyrin is retained in solution
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6 5 4 3/ppm

Figure 1. '"H NMR spectra of the amplification of the cages from the DCLs: a) cage 7(Rh), b) cage 2, c) cage 3, d) cage 1, €) cage5, f) cage 6, g) cage 4. Key

resonances are labeled according to key protons of the porphyrins.

with a single resonance for each type of proton; this indi-
cates rapid rotation about the P-M bond. Thus, the reso-
nances observed reflect an average value for the protons lo-
cated on the interior and on the outside of the cage.

The chemical shifts of the protons for the phosphine
phenyl substituents are noteworthy. These protons undergo
characteristic upfield shifts on binding to the Rh/Ru por-
phyrins, with the largest shift observed for H,, the proton
closest to the shielding region of the porphyrin. Similar
shifts are observed for model complexes of the Ru and Rh
porphyrins with DPAP.%"% H, occurs in the most upfield
position in cage2, whereas in the cages1 and 3 the down-
field shifts are slightly smaller. H, shows a similar trend but
with a smaller shift differences between the various cages,
and H, resonates at approximately the same value for all
cages. The signals for the protons H,, H, and H, for cagel
and cage4 are shown in Figure 3. The '"H NMR data (Table
2) show that the chemical shifts of analogous protons be-
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tween the same cages but with different metals, for example,
in cage1 (Rh) vs cage4 (Ru), vary by about 0.5 ppm for H,.
An X-ray crystallographic study on model complexes of
DPAP with all the acceptor porphyrins described here,
except for Rh3,'” has demonstrated that the geometry
around the phosphorus—-metal bond does not change signifi-
cantly between different rhodium and ruthenium porphyrins.
It is not clear at this point which factors contribute to these
chemical shift effects.

The bpy proton signals show large upfield shifts in the
complexes, consistent with being positioned in the shielding
region of the Zn-porphyrin. The chemical shifts of H, and
H,, additionally depend on the identity of the porphyrin ac-
ceptor in the cage (Figure 3 and Figure 4). In the rhodium
cages, H, and H,, are shifted to the most upfield position for
cagel (0=4.49 and 2.14 ppm, respectively), and are most
deshielded in cage2 (0=5.43 and 2.45 ppm, respectively). In
the mixture of RhS, Znl, and bpy, the 'H NMR spectrum

www.chemeurj.org  Chem. Eur. J. 2003, 9, 6039 - 6048
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Figure 2. Partial 'H'H NOESY spectrum of cage2 showing relevant
through-space connectivities. For assignments see text.

shows a broad signal at approximately 6 ppm for H,; this in-
dicates that bpy is weakly bound to Znl though no cage is
formed. A similar pattern is observed in the Ru cages,
except that the signals are shifted by 0.2-0.3 ppm upfield
compared with the equivalent Rh cage. The fact that cagel
and cage4 are the most shielded while cage2 and cage5 are
the most deshielded suggests that the bpy protons experi-
ence additional shielding from the aromatic rings in the
meso positions of Rh/Ru2, not present for Rh/Ru3.

Structural diversity of the template: The effect of the tem-
plate structure on the formation of cages was also examined.
The study was restricted to the Rh2 and Rh3 systems, since
these are easier to handle than the Ru systems, and repre-
sent the two extremes in terms of steric hindrance of the
substituents on the porphyrin acceptors. With Rh2, incom-
plete cage formation was generally observed when templates

Chem. Eur. J. 2003, 9, 6039-6048  www.chemeurj.org
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Figure 3. '"H NMR spectra of selected regions of a) cage1 and b) cage4,
which show the change in chemical shift of protons a, b, and c.

cage13

other than bpy were used. With template 7, cage9 was
formed in about 80 % yield, while for template 6 only 50 %
of the mixture was transformed into cage8. The incomplete
formation of these two cage systems is ascribed to the steric
requirements of the more bulky templates 6 and 7.

In cage9, two sets of signals are observed for H,, Hy,
and H, as a result of restricted rotation of the dimethyl-bpy
ligand 7, the methyl substituents on the bpy rendered the
two sides of the cage inequivalent. This effect is not ob-
served for cagell; the phenyl groups on the phosphine
ligand were equivalent in the '"H NMR spectrum. This indi-
cates that rotation of template 7 is less hindered. The
methyl substituent of 7 occurs at around O ppm in both
cage9 and cagell, and NOEs are observed between this
methyl group and the -pyrrole ethyl side-chains of the ac-
ceptor porphyrins; this confirms the close spatial arrange-
ment within the cage. Besides the influence of 7 on the sym-
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Figure 4. '"H NMR spectra of selected regions of a) cage 7(Rh), b) cage 2,
c) cage3, d) cagel, e) cage 5, f) cage6, g) cage4 which show the change in
chemical shift of proton n.

metry of cage9, the chemical shifts of most of the protons
are influenced only marginally by a change in the template.
The chemical shifts of H,, H,, and H, show no difference
relative to the equivalent bpy cages. In contrast, the chemi-
cal shift of H, is similar in cage 11 (6 =7.53 ppm) and cage 2
(0=7.47 ppm); however, the chemical shift undergoes a
large upfield shift upon binding of 6 into cage10 (6=6.61
ppm; Figure 5). This large change of Ad=—0.86 ppm must
take place, because this proton points into the shielding
region of 6 in cage10. Template 6 also has a small shielding
effect on the ethyl side-chains of Rh3 in cage10 (Table 2).
However, since the porphyrin is rapidly rotating around the
P-M-P axis, an average chemical shift is observed between
the ethyl side-chains pointing inwards and outwards with re-
spect to the cage. Since the chemical shifts of the ethyl pro-
tons is not likely to be strongly influenced by 6 when outside
the cage, the ethyl side-chains must be rather close to 6
when inside the cage.

Formation and stability of the cages: In order to completely
form the cages, the systems require either 24 h at room tem-
perature or a cycle of heating to 65°C for two minutes, and
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7.5 7.0 S/ppm

Figure 5. '"H NMR spectra of selected regions of a) cage 10, b) cage 2, and
c) cage 11 which show the change in chemical shift of proton g.

cooling back to room temperature. The formation of the
cages by using the latter method could be followed by varia-
ble temperature '"H NMR spectroscopy. When a mixture of
Znl, Rh2, and bpy was warmed from room temperature to
45°C, there was a considerable increase in the amount of
cagel present. Above 45°C, the thermodynamic stability is
lost, and the mixture completely transforms back into a li-
brary. The signal for H, at 6=4.49 ppm is not seen in the
spectra above 27°C; this indicates that at elevated tempera-
tures the bpy is outside the cage to a large extent, even
though the cyclic porphyrin-complex is intact.

The DCL was also monitored for 12 h at room tempera-
ture after addition of bpy (Figure 6). Successive build up
and decay of intermediate species is observed in the meso
proton region of Zn2 (6~10.3 ppm), shifted upfield relative
to the cage signals. Since the chemical shift of the meso pro-
tons of Znl are mainly influenced by the presence or ab-
sence of any rhodium porphyrin, the upfield shift suggests
that the intermediate complexes are composed of various
mono- and bisphosphine complexes of the composition
[Zn1/Rh2], [Rh2/Zn1/Rh2] and [Znl/Rh2/Znl], with or
without a bound bpy group. Given the binding constants of
K,=3x10"m"" for the first binding of phosphine to Rh2 and
K,=4x10*m7! for the second binding,® we can determine
that over 99 % of the first binding site has phosphine bound,
while 88 % of the second binding site is occupied under the
experimental conditions. The depletion of Znl is therefore
considered to follow pseudo-first-order kinetics, and the rate
constant for the process was determined to be (2.1+0.1)x
10~*s7'. The cage is rapidly formed at ambient temperatures
in comparison with other cages reported in the literature, in
which higher temperatures and long reactions times are re-
quired for successful formation of the cages.!*!!

X-ray crystal structure of [cage2]**[I],”-7CHCI;: Single
crystals of cage2 (crystallized as the di-iodide salt [cage2]**
[I],~-7 CHCIl;) were prepared from a stoichiometric (2:2:1)
mixture of Znl, [Rh3]I and bpy in a chloroform solution

www.chemeurj.org  Chem. Eur. J. 2003, 9, 6039 - 6048
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the least-squares planes through
the Rh3 porphyrins are tilted
by 60.1(1)° with respect to the
planes through the Znl por-
phyrins. The perpendicular sep-
aration between the least-

squares planes of the Znl por-
phyrins is about 11.55 A, and
the two porphyrins are offset
from each other, such that the
bpy ligand is tilted by about 17°
from the normal to the Znl
porphyrin planes. The Zn-N
distances of 2.201(4) A are rela-
tive to those in pyridyl com-

Figure 6. '"H NMR spectra of cage 1 after addition of bpy monitored with time.

layered with hexane. The crystals were small and relatively
weakly diffracting, and required a synchrotron source for
collection of diffraction data suitable for structure solution.
The complex crystallizes in space group P2,/n as a centro-
symmetric unit, and displays several notable conformational
features. The porphyrin core of Znl adopts a saddle confor-
mation in which the core atoms display an average perpen-
dicular deviation (denoted o) of 0.190 A from the least-
squares plane defined through all 24 core atoms, and the Zn
atom is displaced towards the N atom of the bpy by 0.306 A
from the least-squares plane. The core distortion is some-
what greater than that observed in the closest analogous
Zn-diaryl porphyrin, and bears a DPAP group in one meso
position, and a di-fert-butylphenyl group in the opposite
meso position, for which 6=0.107 A (the crystal structure of
Zn1 itself has not yet been determined). The porphyrin core
of Rh3 deviates considerably less from planarity (o=0.086
A), comparable to the distortions observed in the isolated
di-DPAP complexes of Rh2, Rh4, and Rh5." The angle of
the Rh—P bond from the Rh3 porphyrin least-squares plane
(86.7°) is also relative to those observed in the isolated di-
DPAP complexes, although the Rh-P distances of 2.356(1) A
are slightly shorter (cf. 2.371(1), 2.369(1), and 2.369(1) A in
[Rh2(dpap),], [Rh4(dpap),], and [Rh5(dpap),], respective-
ly).[l()]

To accommodate the bpy template effectively within the
cage cavity, the overall geometry of the cage deviates con-
siderably from the ideal conceptual “box” represented in
Scheme 1. Projection approximately along the cross-cage
Zn--Zn vector reveals that the 5,15-axes of the Znl porphy-
rins are rotated by about 10° from the plane passing through
all four metal atoms (Figure 7a). To accommodate this twist,
the dihedral angles formed between the meso-phenyl groups
and the least-squares plane of Znl differ significantly, one
being close to perpendicular (84.3(1)°), and the second devi-
ating considerably from it (70.9(2)°). This substantial distor-
tion of the cage geometry is in accordance with our previous
suggestions, derived from 'H NMR data.® Projection ap-
proximately along the Rh-Rh vector (Figure 7b) shows that

Chem. Eur. J. 2003, 9, 6039-6048  www.chemeurj.org
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plexes of other Zn porphyrins.
Projection onto the plane, that
contains four metal atoms
(Figure 7c), reveals that the

Rh3 porphyrins adopt angles of

Figure 7. Centrosymmetric cage 2 moiety from the crystal structure of
[cage2]**[I],7 CHCI; (H atoms and hexyl side chains on Zn1 omitted),
a) projected along the cross-cage Zn--Zn vector, b) projected along the
cross-cage Rh-+Rh vector, and c¢) projected onto the plane containing all
four metal atoms.
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rotation about the P-Rh—P axes that brings the acetylenic
groups of the DPAP moieties approximately over the unsub-
stituted meso positions; a conformation similar to that ob-
served in isolated [Rh4(dpap),].'” This rotation brings two
ethyl substituents in (3-pyrrole positions into close proximity
with the bpy template in the cage cavity, consistent with the
observed NOEs between the bpy protons (H,, and H,) and
the ethyl side chains on Rh3 (H,; and H,;,) in solution. The
bpy substituent displays orientational disorder about the
Zn-Zn axis (modelled in two closely related orientations),
consistent with the observation of the rapid rotation of bpy
(and also template 6) within the cage cavity in solution.

Complex mixtures: To evaluate the scope of the system, we
examined the selectivity of the templates for the formation
of one specific cage from complex mixtures. Those DCLs
were prepared by mixing different rhodium or ruthenium
porphyrins with Znl, and, after
addition of various templates,
the DCLs were examined by 'H
NMR spectroscopy. As a first
observation, we found that it
was necessary to have sufficient
amounts of each building block
for complete formation of all
possible cages. Without suffi- b)
cient template or Znl, the Rh/
Ru porphyrins compete for the
template through metal-nitro-
gen complexation, and interfere
with cage formation.

Hvamz
'

H_anz i

H
HanE fm2

Mixture 1: This mixture was
prepared from Znl, Rh2, Rh3
and 6 in the ratio 2:1:1:1. From
the experiments described
above, we expected that in this
system cagel0 should form d)
preferentially. The final 'H
NMR spectrum observed corre-
sponded to the superposition of

Han
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Mixture 2: A mixture of Znl, RhS, Rh3, and bpy in the
ratio 2:1:1:1 was studied next. Since RhS does not form a
cage with bpy in isolation, no cage that incorporates RhS
should be observed, and cage2 should be formed exclusive-
ly. On titration of bpy into the DCL, a superposition of the
two expected spectra for cage2 and the DCL formed from
the remaining building blocks is observed. The signal for H;
bound to Znl and one sharp Hy,, signal integrate to 50 %
of the total for Hy,,, which corresponds to cage2. The re-
maining small signals in the spectrum, indicate that no
mixed cage is observed. Thus, as expected from the individu-
al DCLs, the selection and amplification of cage2 from this
complex mixture is virtually complete.

Mixture 3: The DCL was prepared from Znl, Rh2, and Rh3
in a 2:1:1 ratio (Figure 8). On titration of the required
amount of bpy into the solution, the formation of three

an H

n12

3

I
==
T

several spectra, which were at- T T
tributable to the spectra of 10 o
cage8, cagel0, and the mixed
cage13. The signals for Hy,, at
10.23 ppm and H, at 3.03 ppm,
which appear in-between the
resonances for cage8 and cage 10, are assigned to the mixed
cage13. By contrast, the chemical shifts for the porphyrin
protons Hg and Hg,,, and the phosphorus phenyl substitu-
ents H,, Hy, and H, are insensitive to the overall composi-
tion of the cage. The ratio of the cages was not statistical
with cage 10 comprising 40 %, cage 13 comprising 20 %, and
cage 8 comprising 12 % of the mixture; the rest of the build-
ing blocks remained in dynamic equilibrium, as seen in the
appearance of some broad signals. Although cagel0 is
indeed the preferred cage, the templating effect of 6 is not
sufficient to specifically select cage10 from the complex
mixture.

t=4 days, c) cage2, d) cagel.
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6 5 3/ppm

Figure 8. '"H NMR spectra of a) mixture3 (containing cage2, cagel and cage12) at t=0 min, b) mixture3 at

cages is observed: cagel, cage2, and a mixed cage12. The
cages are formed in the ratio 0.16:1:0.58, with '"H NMR sig-
nals for H, at 6=4.49, 5.43 and 5.16 ppm, respectively. The
resonance for the bpy proton H, in cage12 is not exactly
halfway between those for cagel and cage2, but is shifted
by 0.2 ppm downfield towards the signal that corresponds to
cage2. The fact that the electronic effects of the porphyrins
Rh2 and Rh3 are not superimposable when combined in a
cage complex, suggests that, the geometry of cage12 is not
simply an average of cagel and cage2. Clearly, not all of
the Rh2 present in the mixture is used for cage formation,
since the expected statistical ratio of 1:2:1, or even a 1:1 for-
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mation of cagel and cage2, is not observed. Cagel appears
to be disfavoured and kinetically more labile than the other
cages, as judged from its broader signal for H,. A variable
temperature 'H NMR study showed that this signal disap-
peared upon heating to 35°C, which indicates that the bpy is
in more rapid exchange with free species in cagel than in
either cage2 or cagel12. Hy, of the Rh3 porphyrin appears
as a singlet, while Hg for the Rh2 porphyrin appears as
three different signals, which corresponds to cagel, cage12,
and the remaining porphyrin which is not part of a cage
NOESY experiments performed on this mixture resulted in
exchange peaks between all three H, signals for the three
different cages, which showed that the bpy is exchanging be-
tween the cages, and that the mixture, as a whole, remains
dynamic. The relative amounts of the three cages were
found to alter with time, being 0.36:1:1.07 (cagel:cage2:
cage 12) after four days: the relative amounts of cage1 and
cage 12 increase at the expense of cage2. After four days, no
further change in the composition was observed. Thus, the
initial ratio, formed upon cooling the mixture from 65°C to
25°C during the annealing process, represents the kinetic
distribution, in which cage?2 initially appears to be favoured.
After four days, the thermodynamic equilibrium is reached,
which contains a greater proportion of cagel and cage12.
To rule out the possibility that cagel dissociates at lower
concentrations, which could explain the smaller amount of
cagel present, a series of dilution experiments was per-
formed on cages1 and 2 to test the relative stabilities of the
cages. Between the concentrations of 2.14x107> and 1.79 x
10~* molL ™, there was no significant change in composition
of the cage as expected from the estimated stability constant
of ~10*m™! of the cages.

Mixture 4: The final mixture examined was the most com-
plex, which involves Znl, Rh2, Rh3, 6, and bpy in the ratio
4:2:2:1:1. On titrating 6 and bpy into the mixture, all possi-
ble cages are formed with the expected initial preference for
cage2 and cage10. Two Hy,, signals are observed for Rh3,
that correspond to the two cages formed with the templates
bpy and 6. Multiple signals are observed for the Hy; protons
at 8.68, 8.67, and 8.65 ppm which are associated with cagel,
cage8, cage12, cage13, and Rhl not bound within a cage.
More than six signals are observed for the Hy,,, protons that
correspond to the six possible cages and to incomplete for-
mation of the cage with Rh1 and 6 (Table 3). Initially, the

Table 3. Selected 'H NMR chemical shift data [6] for the mixed cages.

cagel cage2 cage 12 cage8 cage 10 cagel3
Znm 10.05 10.16 10.11 10.11 10.28 10.23
n 4.49 5.43 5.16
k 2.94 3.20 3.05

cages were formed in the ratio 1:0.71:0.25:1.97:0.97 for ca-
ge2:cage12:cage l:cage 10:cage 13 (the amount of cage8
cannot be determined since the signal is obscured). After
four days, the relative signal intensities had changed to give
a final ratio of 1:1.35:0.44:1.60:1.23, that corresponds to in-
creased amounts of cage12, cage1 and cage 13 (as observed
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for mixture 3). This confirms that although the cages are
thermodynamically stable, their kinetic lability allows the
system to equilibrate, and hence, reach final thermodynamic
distribution after several days. Since the cage composed of
Rh2 and 6 (cage8) has limited stability, it might have been
expected that the mixture would give rise only to cage1 and
cage 10. However, this is not the case, and all possible com-
binations are observed. Thus, it has not been possible to
select and amplify any specific cage from this complex mix-
ture. The initial preference of the system for cages involving
Rh3 probably arises as a result of the lesser steric hindrance
of Rh3 compared to Rh2. The ability of the system to form
the mixed cage 13 suggests that this cage also has enhanced
stability compared with cage 8.

Conclusion

In this study, we have enlarged the structural diversity in
cyclic tetraporphyrin cages. Both rhodium(in) and ruthe-
nium(1) porphyrins have been incorporated, and the homo-
porphyrinic cages (with respect to the Ru or Rh porphyrin)
can be selected and amplified from dynamic combinatorial
libraries by using various ligands as templates. In general,
the rhodium cages are easier to handle, because of the inher-
ent problems of removing the carbonyl ligand from ruthe-
nium porphyrins. In addition, the "H NMR spectra obtained
with rhodium porphyrins are usually better resolved than
those of their ruthenium counterparts. The absolute amount
of amplification from the DCLs is strongly dependent on
the combination of the Ru/Rh porphyrin and the template:
the more sterically demanding the porphyrin, the smaller
the template should be to obtain virtually complete amplifi-
cation. In the case of Ru/RhS, which bears bulky tertiary
butyl groups on the meso phenyl substituents, cages are not
formed at all. The largest template 6 forms cages quantita-
tively only with Rh/Ru3, the least sterically demanding por-
phyrin.

'"H NMR spectroscopy reveals that the chemical shifts of
several characteristic protons, that is, H, and H,., show
large differences upon changing the identity of the acceptor
porphyrin and the central metal. These chemical shift differ-
ences are unlikely to arise only from variation in the geome-
try around the rhodium or ruthenium metal centre, since
these are too small to account for the observed variations.
The large differences in the shielding of the characteristic
protons are most likely to arise from variations in the geom-
etry of the cages, in combination with variable ring current
effects that depend on the identity of the central metal in
the acceptor porphyrins. The X-ray crystal structure of
cage2 demonstrates that the cages can adopt severely dis-
torted conformations to accommodate the relatively short
template bpy.

An extension to mixed DCLs showed that only limited
selectivity is displayed by the various templates. Formation
of mixed cages that contain two different rhodium porphyr-
ins prevents effective selection, although the kinetic lability
of the systems allows for some amplification. This lability,
however, also prevents isolation of the cages. Effective am-
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plification can only be achieved if the system is biased in
such a way that some of the porphyrins used are inherently
unable to form cages, that is, Ru/RhS5.

Experimental Section

All porphyrins were prepared following literature procedures!'>' from
either pyrrole and the appropriate aldehyde refluxed in propanoic acid,
or dipyrromethane and the appropriate aldehyde in TFA-methanol. Oc-
taethyl porphyrin was used as purchased from Acros. Znl was prepared
from the reaction of the meta-bis(acetylene)porphyrin with CIPPh, under
anaerobic and water free conditions following the literature synthesis.”!
Ruthenium was inserted by using standard ruthenium insertion condi-
tions; triruthenium dodecacarbonyl and the required porphyrin were
heated in decalin for 48 h to give the ruthenium porphyrin.'”¥ Rhodium
porphyrins were prepared according to the literature procedure!™* by stir-
ring the porphyrin and Rh(CO),Cl, with NaOAc in anaerobic conditions
for four hours, and then I, was added to give the iodo porphyrin. Bpy
was used as purchased from Aldrich. Templates 6 and 7 were prepared
by following literature procedures.>!%!

Cages were formed as NMR samples in CDCl; by combining the compo-
nents, either by heating to 65°C and appling a cooling cycle, or by leaving
the solutions to equilibrate for 24 h.! In all experiments, Zn2 (2.00 mg,
1.50 umol) was dissolved in CDCl; (200 uL) in a degassed NMR tube,
fitted with a rubber septum; the acceptor-porphyrins (1.50 umol in 200
uL CDCl;) and the templates (0.75 pmol in 20 uL. CDCl;) were added by
using a syringe, and the solvent was adjusted to 600 uL. NMR spectra
were then recorded. In the case of the ruthenium-containing cages, the
DCLs were prepared as follows: the ruthenium porphyrins and Znl were
mixed in equimolar amounts in CHCIl;, and the solvent was removed
under reduced pressure. The mixture was redissolved, and the procedure
was repeated twice to completely remove the carbonyl. The mixture was
finally taken up in CDCl; and used for the formation of the cages.

"H NMR measurements were performed in CDCl; at 300 K (unless other-
wise stated) by using either a Bruker DRX500 or a Bruker DPX400. The
2D spectra for mixture 4 were collected on a 500 MHz Bruker DRX
fitted with a cryoprobe.

Single-crystal X-ray diffraction data for [cage2]**+21"-7CHCI; were col-
lected at Station 9.8, Daresbury SRS, by using a Bruker SMART diffrac-
tometer equipped with a PROTEUM200 CCD detector. Two of the four
independent hexyl chains were disordered and modelled in two equally
occupied orientations, and all hexyl chains were refined with restrained
geometry and isotropic displacement parameters common to carbon
atoms at equivalent positions C2—C6 along each chain (five independent
parameters in total). The bpy moiety was also disordered and refined in
two equally occupied orientations with restrained geometries. Five inde-
pendent chloroform solvent molecules were located and refined with re-
strained geometries, three with full site occupancy, and two with 25%
site occupancy (summing to seven CHCI; molecules per centrosymmetric
cage).

Crystal data for [cage2]**-21"7CHCly: CyesHpy Cly LN P, Rh,Zn,, FW =
5186.85, T=150(2 K, synchrotron radiation 1=0.6850 A, red plate 0.25 x
0.18x0.02 mm, space group P2,/n, Z=2, a=25.1838(9), b=16.5456(6),
c=32.5020(11) A, f=93.902(2)°, V=13511.6(8) A>, pey.=1.275 gem™3,
1=0.808 mm™', 3.39<6<25.35° 68284 total data, 26878 unique data
(Rin=0.0426), R1 [I>20(1)] =0.0804, wR2=0.2545, S=1.03.
CCDC-213358 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-
336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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