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Molecules that possess a concave shape are especially
attractive for the construction of effective recognition sites
and supramolecular architectures.!) When the concave struc-
ture consists of an extended, delocalized m system, some
features, such as aromaticity, vary as a function of the
curvature of the bowl, as well as the face—i.e., exo or
endo—on which the property is measured.” Furthermore, the
two chemically distinct surfaces, concave or convex, that
result from distortions from planarity can exhibit disparate
reactivity patterns upon, for example, reactions with electro-
philes, formation of supramolecular complexes, or treatment
with reactive metal fragments. This can give rise to a greater
diversity of structures, reaction products, and, in some cases,
additional topologies compared to what is seen in the case of
classical, planar structures.**
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Among the several distinct categories of curved m surfa-
ces, boron(III) subphthalocyanines (SubPcs, Scheme 1) are
particularly attractive. SubPcs are contracted phthalocyanine
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Scheme 1. Chemical structures of SubPc and its SubPz and SubP
analogues.

analogues made up of three isoindole moieties. The resulting
14-m-electron aromatic system adopts a nonplanar, cone-
shaped conformation. The SubPcs display features consistent
with nonplanar aromaticity and are characterized by rather
unique spectroscopic and electronic features. In addition,
SubPcs with C; or C; symmetries display intrinsic chirality.!
Taken in concert, these attributes enhance their potential
utility as building blocks for the construction of complex
molecules. The electronic and physical properties of SubPcs
can be modulated by introducing various substituents at the
axial (X in Scheme 1)) and/or peripheral positions.’” The
original SubPc backbone has also been subjected to further
structural modifications through the preparation of the
corresponding subporphyrazines (SubPzs)® and subporphyr-
ins (SubPs, Scheme 1).17

As with other concave systems, the distinct nature of the
SubPc faces has been demonstrated. For example, SubPc—C,
donor-acceptor hybrids show different electron-transfer
abilities related to the different modes of electronic inter-
action between the two redox units, either through the
concave!'l or through the convex"?! faces of the SubPc cone.
Surprisingly, however, direct functionalization of the SubPc
wt faces has not hitherto been reported. This lack of precedent
prompted us to explore whether SubPcs and its analogues
could behave as m ligands during their reaction with organ-
ometallic fragments. Herein we report the synthesis and
complete characterization of novel SubPc m complexes in
which the arenophilic ruthenium(II) center Cp*Ru* (Cp* =
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Cs;Mes) is coordinated to either of the two distinct SubPc
nt surfaces, namely the concave or convex faces of this classic
nonplanar chromophore. As detailed below, this approach
involves functionalizing the m surface by dropping an organ-
ometallic “pin” at a specific location. To help understand the
reactions leading to the formation of the complexes and the
effect of ; coordination on the electronic features of SubPcs,
comparisons with the corresponding axially substituted ruth-
enoarene SubPzs are also described. Taken in concert, this
study provides a complement to established efforts to
functionalize porphyrins and related pyrrolic systems with
organometallic fragments.['*")

We began our investigation with SubPz, since it is a simpler
system than SubPc. We envisioned that t complexes of SubPz
might be prepared by treating compound 1 (Scheme 2) with
a Cp*Ru” salt by a procedure previously reported for the
preparation of porphyrin-"* and porphycene-ruthenocene
hybrids.™! SubPz 1 contains two different aromatic units,
namely the pyrrole and the axial benzene ring. Although
previous studies on m-indole and isoindole complexes
revealed that this metal fragment reacts preferentially with
the benzene rings,'® in the case of porphyrins, & complexes
were formed wherein the metals were attached to the pyrrole
rings."*'>'71 Tt was thus an open question as to whether this
particular arenophile (i.e., Cp*Ru") would react with SubPzs
and, if so, which of the three available t surfaces (convex,
concave, or the aryl moiety present on the axial ligand) would
dominate. Treatment of SubPz 1 with excess [Cp*Ru-
(MeCN);]PF; in dichloromethane afforded the ruthenoarene
7t complex 2 exclusively and in 86 % yield (Scheme 2).

The structure of 2 was initially assigned by 'H NMR
spectroscopy. In particular, as would be expected for a n’-
complex such as 2, the axial benzene protons are shifted 6 =
1.2-1.6 ppm upfield relative to those of the precursor 1;
presumably, this reflects the diatropic ring current of the
cyclopentadienyl anion (see Figure S4 in the Supporting
Information). Further confirmation of the structure came
from a single-crystal X-ray diffraction analysis (Figure 1). In
an effort to force the ruthenium m coordination on the pyrrole
rings, the same reaction was attempted starting from SubPz
derivatives lacking the axial arene ring, that is, bearing
fluorine or chlorine substituents in the axial position. How-
ever, only starting materials were recovered in this case.

Subsequently, we examined the formation of SubPc
7 complexes. Treatment of 3a with [Cp*Ru(MeCN);]|PF in
dichloromethane yielded a mixture of complexes 4a, Sa, and
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Scheme 2. SubPz t complexes.
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Figure 1. X-ray crystal structures of a) 6a, b) 4¢, and c) 2 with the
thermal ellipsoids drawn at the 50% probability level. Solvent mole-
cules and counteranions are omitted for clarity.

6a,in 36 %, 11 %, and 18 % yields, respectively (Scheme 3 and
Table S1 in the Supporting Information).

As expected, no ruthenoarene complexed to a pyrrole
subunit.'® However, coordination to both the axial and
isoindolic benzene rings was seen. The slightly higher
reactivity of the axial benzene ring related to that of the
isoindolic benzene ring could arise from the electron-with-
drawing substitution pattern in the latter case, which renders
the ring more electron poor. In the case of substitution of the
isoindole fragment, no dominant reactivity pattern was
observed, although a slight (5:3) preference towards exo
rather than endo binding was observed.

As was the case for complex 2, compound 4a could easily
be distinguished from 5a and 6a by '"H NMR spectroscopy.
Again, upfield shifts of the protons corresponding to the n°-
coordinated benzene ring were seen (see Figures S9, S13, and
S15 in the Supporting Information). The structures of the
endo (5a) and exo (6a) coordinated compounds were then
assigned on the basis of a NOESY NMR study, which
revealed a correlation between the methyl groups corre-
sponding to the Cp* subunit and the axial
phenoxy group. Such an interaction is
only possible in the case of complex 6a
(see Figure S14a,b in the Supporting
Information). A single-crystal X-ray dif-
fraction analysis of 6a (Figure 1) con-
firmed the structural assignments drawn
from the NMR analysis.

Next, we examined whether it was
possible to increase the selectivity with
which the incoming ruthenium areno-
phile attacks the x framework of either
the axial phenyl or isoindolic benzene
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Scheme 3. Synthesis of SubPc 1t complexes.

ring. With this goal in mind, we elected to elaborate these
disparate subunits with fluorine atoms. Here, our thinking was
that the presence of such classic electron-withdrawing sub-
stituents would serve to reduce the relative reactivity of the
subunit in question towards m complexation. In fact, this
strategy proved effective. For example, by using SubPc 3b
bearing five fluorine atoms on the axial benzene ring as the
precursor, it proved possible to obtain selectively the
st complexes Sb and 6b of the isoindolic benzene ring in
22% and 52 % yield, respectively. In contrast, when dodeca-
fluorinated SubPc 3¢ was used as the starting material, the
axial substituted complex 4c¢ was isolated as the exclusive
product. In the case where both phenyl rings were perfluori-
nated, the starting material (SubPc 3d) was recovered
unchanged after being subjected to our standard reaction
conditions. The reaction could also be directed to the
isoindolic benzene rings by using a SubPc that lacks
a phenyl ring. For example, treatment of the fluoroSubPc 7
(in which fluoride serves as the axial substituent) with
[Cp*Ru(MeCN);]PF, in dichloromethane afforded a 2:7
mixture of endo- and exo-ruthenated compounds 8 and 9
(see Scheme S1 in the Supporting Information). For compa-
rative purposes we also used this organometallic fragment to
prepare the n°-complex of benzene (10, see Figures S1-S3 in
the Supporting Information).
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Inspection of the chemical
shifts of the cyclopentadienyl
methyl protons for all the
compounds reported herein
(see Table S1 in the Support-
ing Information) shows that
the values are strongly depen-
dent on how the metallocene
is attached to the macrocycle.
The largest diatropic effect on
the Cp* ligand was observed in
the case of the endo-coordi-
nated compounds 5a,b and §;
here, the signals for the cyclo-
R pentadienyl methyl protons
=N~ are shifted upfield by approx-
imately o=1.7ppm  with
respect to the those of the
starting  cyclopentadienylru-
thenium salt. This shift is
noticeably larger than that
seen with the corresponding
phthalocyanine (ca.0=
0.7 ppm shift),'®!  porphyrin
(ca. 1-1.5 ppm shift),™ or por-

= phycene (ca. 6=1.1 ppm

7 N-B'N R . .
% IT\I\?@R shift)™  complexes.  This
< N y; N R occurs despite the larger elec-
6a,b tronic circuits present in these

R R L

latter  porphyrinoids (18
R R w electrons versus 14 melec-

trons in the case of the

SubPcs). It is also much

larger than the exceptionally
modest shifts (< 0.1 ppm) seen in the case of the exo-bound
complexes 6a,b and 9. An intermediate diatropic shift effect
was observed in the case of the axially bound ruthenoarenes 2
and 4a,c; here, the Cp* methyl signals were shifted by about
0=0.5 ppm with respect to the precursor. On the basis of
comparison studies involving the i complex of benzene 10,
for which the Cp* methyl protons are not shifted compared to
the starting complex, we ascribe the bulk of the diatropic
shielding effect seen in the case of complexes 2 and 4a,c to the
subazaporphyrin rather than to the phenyl-containing axial
ligand (see Table S1 in the Supporting Information).

We currently rationalize the above spectroscopic differ-
ences in structural terms. For example, a single-crystal X-ray
diffraction analysis of the exo-bound m complex 6a (Fig-
ure 1a) revealed that the Cp* methyl protons reside outside
the 14-m-electron aromatic perimeter because of the convex
curvature of the SubPc. They are thus expected to be exposed
to very different ring-current effects compared to the Cp*
methyl protons of the congeners, where s complexation
occurs to the axial phenyl moiety or to the SubPc concave
face.

Although we have not succeeded in obtaining diffraction
grade crystals for the endo-bound compounds 5a,b, it is
expected that the concave curvature will serve to orient the
Cp* methyl protons under the SubPc moiety, where they
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should be subjected to a strong aromatic ring current effect. In
the case of axial mcomplexation, a single-crystal X-ray
structure of complex 4c¢ (Figure 1b) reveals an orientation
for the Cp* methyl protons that is substantially offset from
the SubPc surface. Nevertheless, these protons do fall within
the macrocycle perimeter, as would be expected given the
chemical shifts observed in the '"H NMR spectra discussed
above. In the case of the ostensibly analogous SubPz complex
2 (Figure 1c¢), the Cp* methyl groups are also displaced from
the SubPc surface, although to a much smaller extent than in
the case of complex 4¢. In the solid state, all three complexes
(6a, 4¢, and 2) for which structural data are available, are
characterized by similar bowl-shaped structures. However,
the actual degree of curvature depends on the position of the
ruthenoarene moiety and the specific choice of macrocycle
(SubPc or SubPz). In the case of the SubPc complexes, the
bowl depth, as defined by the distance from the lowest edge of
the macrocycle (the mean plane of the peripheral six carbon
atoms of the benzene rings) to the boron atom, increases from
2.501 A in the precursor (3¢)" t0 2.684 A in the exo complex
6a and to 2.780 A in the axial ruthenoarene 4c.

The effect of & coordination was also analyzed by UV/Vis
spectroscopy. In the case of the SubPz complex 2, the effect of
metal coordination on the absorption spectrum proved
minimal (see Figure S7 in the Supporting Information).
Likewise, i coordination to the axial phenoxy group in the
case of the SubPcs (i.e., forming complexes 4a,c) gave rise to
only modest changes, namely a 5 nm bathochromic shift of the
Q-like band (Figure 2a and Figure S33 in the Supporting
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Figure 2. Electronic spectra of a) precursor 3a (dotted line) its 7w com-
plexes 4a (solid line) and 6a (dashed line) in CHCl;, and b) precursor
3b (dotted line), its endo and exo t complexes 5b (dashed line) and
6b (solid line) in CHCl;.

Information). On the other hand, and in accord with what
might be expected, coordination of the ruthenium center to
the isoindolic benzene rings produced more substantial
perturbations. In this case, the complexes displayed similarly
sharp Q bands and an additional weak feature between 397
and 411 nm, which is assigned to a charge-transfer (CT)
transition. Relative to the relevant precursor (3a and 3b), exo
7t coordination gives rise to a 14 nm bathochromic shift of the
Q band (complexes 6a and 6b; Figure 2a,b). However, an
even greater spectral perturbation was seen when  coordi-
nation takes place on the concave face of the SubPc; in this
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case, a red shift of 24 nm is seen for 5b relative to its
precursor, 3b (Figure 2b).

The electrochemical properties of the isolated m com-
plexes were examined and compared with those of their
precursors by cyclic voltammetry (see Figure S41, S42, S43,
and S44 in the Supporting Information) and differential pulse
voltammetry (DPV) of solutions in CH,Cl, containing 0.10M
Bu,NPF; as the supporting electrolyte (Table 1 and Table S2
in the Supporting Information give the redox potentials and

Table 1: Electrochemical oxidation and reduction data for the SubPzs
and SubPcs studied.”

Epw,red Epz,red Ep3,red Ep4,red Ep],ox Epz,ox
1 -1.72 - - - +0.83 -
2 —1.52 - - - +0.97 -
1 -1.72 - - - +0.84 -
3a —1.54 —2.05 —2.39 —2.50 +0.57 -
4a -1.37 —1.94 -2.11 —2.38 +0.72 +1.16
6a -130  -179 -217" - +077  +1.22%
3b —1.47 —2.03 —2.31 —2.44 +0.64 +1.35
5b -1.16 —1.69 —2.27 —2.53 +0.92 +1.13
6b -1.23 -1.75 —2.17 —2.45 +0.82 -
3c —1.04 —1.65 —2.29 - +1.00 -
4c —0.88 —1.54 -1.95 -2.17 +1.00 -
7 —1.52 —2.00 —2.40 - +0.55 -
8+9 —1.25 —1.76 —2.23 - +0.74 -

[a] Measurements were made in CH,Cl, containing Bu,NPF; as the
supporting electrolyte. £, values (from DPV at RT) are in V versus the
ferrocenium/ferrocene couple (Fc*/Fc). [b] In the window limit.

the HOMO-LUMO gaps derived from these measurements).
While [Cp*Ru(MeCN);]|PF; displays only a reversible oxida-
tion process at 032V (see Table S2 in the Supporting
Information), reference compound 10 was found to resist
oxidation and reduction within the potential window of
dichloromethane. On the other hand, SubPz 2 exhibits two
reversible redox processes that we, therefore, assigned to the
macrocycle. The attachment of the Cp*Ru moiety to the axial
position of SubPz 1 shifts the first reduction peak in the
anodic direction by 200 mV, from —1.72 to —1.52 V. The first
oxidation peak is also shifted by 140 mV in the same
direction, from +0.83 to +0.97 V. In other words, the
SubPz mcomplex 2 is considerably easier to reduce and
more difficult to oxidize than its precursor 1. It is interesting
to note that, as a general rule, the axial electron-withdrawing
groups, such as fluorine, have only a small effect on the redox
properties of SubPzs. For example, replacing the phenoxy
group in 1 by a boron-coordinated fluoride anion (11, see
Figure S41 in the Supporting Information) has little effect on
the reduction potential and shifts the oxidation potential in
the anodic direction by only 10 mV (see Table 1).

SubPcs are easier to reduce and oxidize electrochemically
than SubPzs. The SubPc precursors 3a—c¢ showed four
reversible reduction peaks, as well as one or two oxidation
processes. Substitution with 12 fluorine atoms at the periph-
ery of the macrocycle shifts all the redox processes to more
positive values."” In particular, the first reduction peak of 3a
is shifted in the anodic direction from —1.54 V to —1.04 V
(500 mV shift) in 3¢, while the first oxidation peak moves

Angew. Chem. 2012, 124, 11499 —11504
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from +0.57 V to +1.00 V (430 mV shift). As is the case for
the SubPz discussed above, the effect of changes to the axial
ligand is more modest. For example, the synthetic attachment
of five fluorine atoms to the axial phenoxy ring shifts the
potentials towards positive potentials, albeit only by 70 mV
(for both reduction and oxidation).

The introduction of a ruthenoarene fragment at any
position on the SubPcs also produces readily apparent anodic
shifts. The extent of these shifts increases for these m com-
plexes in the following order: axial position < exo coordi-
nated < endo coordinated. Thus, for example, the first reduc-
tion process appears at —1.37 V for 4a (170 mV shift relative
to 3a)®! and —0.88 V for 4¢ (160 mV shift relative to 3c).
Likewise, the precursor 3b exhibits a first reduction peak at
—1.47 V, while the same redox process occurs at —1.23 V in
the case of the exo-coordinated SubPc 6b (240 mV shift). A
290 mV shift is also seen in the case of the endo isomer Sb
relative to the same starting material. A similar pattern was
seen for the oxidation processes, with the exception of the
dodecafluorinated compounds 3¢ and 4¢. Here, the oxidation
peak remains invariant on going from the precursor to the
7t complex.

The HOMO-LUMO gaps were calculated using the
electrochemical data (Table S2 in the Supporting Informa-
tion). The estimated values generally reflect what would be
inferred from the observed optical spectra. The one exception
is compound 4e¢, for which a value considerably lower than
that of the precursor 3¢ is calculated. This could reflect
a combination of steric and electronic effects associated with
the fluorine substituents that are not readily accounted for by
the modeling program.

SubPcs and SubPzs are known to interact well with
excited-state quenchers, such as electron donors, electron
acceptors, energy acceptors, and agents that facilitate inter-
system crossing. In light of this, we probed the excited-state
features of 4¢, Sb, and 6b and compared them with the
respective precursors 3¢ and 3b. In line with what was
observed by UV/Vis spectroscopy, only a slight effect is seen
on the SubPc and SubPz singlet excited state when the
ruthenoarene fragment is in the axial position. We deter-
mined fluorescence maxima at 578 and 583 nm, fluorescence
quantum yields of 0.27 and 0.25, and fluorescence lifetimes of
1.7 and 1.5ns, for 3¢ and 4c, respectively. Likewise, we
observed in pump probe experiments (Figures S45 and S46 in
the Supporting Information) that the SubPc singlet excited
states of 3¢ and 4c—maxima at 430, 600, 615, 750, 800, 910,
and 1100 nm and minima at 550, 574, and 630 nm—transform
with the same (1.5+0.2) ns kinetics into the corresponding
SubPc triplet excited states—maxima at 460, 610, and 790 nm
and minima at 550 and 570 nm.?" In stark contrast, endo and
exo positioning of the ruthenocene fragment changes the
SubPc singlet excited-state features rather dramatically. In
particular, the steady-state and time-resolved attributes of Sb
and 6b differ significantly from those noted for 3b. In terms of
steady-state measurements, the fluorescence quantum yields
are 0.26, 2.9x 107, and 1.2x107%, while the corresponding
fluorescence maxima are 572, 583, and 593 nm for 3b, 5b, and
6b, respectively.
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Detailed time-resolved analyses (see Figures S47-S49 in
the Supporting Information) were also carried out to inves-
tigate the above findings. These investigations revealed that
3b, S5b, and 6b give rise to singlet excited-state decays of
(1600 +100), (3.34+0.2), and (4.2 +0.1) ps, respectively. It is,
however, the SubPc triplet excited states—maxima at 460,
610, and 790 nm and minima at 555 and 575 nm—that evolve
from a more effective intersystem crossing in 5b and 6b
compared to 3b. Support for this hypothesis came from
phosphorescence measurements of singlet oxygen; these
revealed quantum yields for Sb and 6b as high as 0.46 and
0.39, respectively, which contrast the much lower values of
0.25 found for 3b. Interestingly, the overall deactivation of
the excited state follows the trend noted in the electrochemi-
cally induced anodic shifts, namely axial substitution (4¢) <
exo coordinated (6b) < endo coordinated (5b).

In summary, cyclopentadienylruthenium s complexes of
subporphyrazines and subphthalocyanines have been pre-
pared for the first time. The resulting complexes highlight
a new approach to the functionalization of subazaporphyrins.
The curved SubPc surface shows higher reactivity towards
metal ; coordination on its convex side than on the concave
one. However, ruthenoarenes fused on the SubPc concave
face give rise to a stronger perturbation of the electronic and
spectral features of the macrocycle. In turn, the concave side
shows a more effective diatropic effect on the methyl signals
of the bound cyclopentadienyl ligand. Fusion of the cyclo-
pentadienylruthenium unit to any of the reactive axial, endo
or exo m surfaces produces subazaporphyrins that are easier
to reduce and more difficult to oxidize than the parent
complexes. The effect of m-metallocene complexation is
considerably larger than that produced by exhaustive fluori-
nation of an axially coordinated, or one or more isoindolic
benzene rings. It also has the advantage of allowing “drop-
pin” functionalization, wherein a specific m surface may be
modified in a way that is not currently possible using other
known approaches.
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