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nt Conjugation Transmitted across a d-Electron Metallocene in
Ferrocenothiaporphyrin Macrocycles**
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The investigation of ferrocenophanes has been effectively
stimulated by the search for useful starting building blocks for
the preparation of new organometallic complexes and func-
tional materials, efficient catalyst components, and redox-
active modifiers of biomolecules.!! The ability of ferroceno-
phanes to produce functional metallopolymers by ring-open-
ing polymerization (ROP) provides a continuous momentum
to the field.”! The electronic properties of metallocene units
embedded in ansa structures are of fundamental importance
in determining their overall molecular properties (Scheme 1).
However, in the majority of systems explored to date, the
electronic communication between externally bridged cyclo-
pentadienyl (Cp) rings was rather limited, as shown by
structural and spectroscopic data.”!

1 2, 2a

Scheme 1. Incorporation of ferrocene into a porphyrinoid macrocycle.
(1: X=N, NH, O, S; 2: R'=Me, R*=tolyl (Tol), 2a: R'=R?*=H).

Another approach to probing the effectiveness of elec-
tronic conjugation across a sandwich complex is the incorpo-
ration of a metallocene subunit into an otherwise fully -
conjugated macrocycle. However, none of conjugated ferro-
cenophanes reported to date revealed features characteristic
of macrocyclic aromaticity.**! More recently, we have con-
sidered heterocyclic macrocycles of the general structure 1,
combining the structural features of ansa-metallocenes and
porphyrinoids.”! To date, a number of bridged pyrrolic ansa-
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ferrocene,! ferrocene—calixpyrrole,® and ferrocene—calix-
phyrin/®*! hybrids have been reported (e.g., 2),”"! which were
based on a similar structural paradigm except that & conju-
gation in the oligopyrrin chain was interrupted by sp’-
hybridized meso bridges.

We have surmised that upon achieving complete conju-
gation in the oligopyrrin, the metallocene unit, occasionally
described as a three-dimensional equivalent of m-electron
aromatic units,'” will contribute to metallomacrocyclic aro-
maticity in a similar fashion as various “two-dimensional”
hetero- and carbocyclic rings commonly incorporated into
porphyrinoid analogues.'"!! Herein we report the synthesis
and characterization of ferrocenothiaporphyrin 5 and dihy-
droferrocenothiaporphyrin 6, which possess macrocyclic anti-
aromaticity and aromaticity, respectively. These two systems
provide evidence for direct transmission of m-electron con-
jugation across a d-electron metallocene.

The title compound, ferrocenothiaporphyrin ([1-4,21-
24.25,291-25,29-dihydro-25,29-dicarba-27-thiapentapyrrin-
25,29-diyl]iron(II)) 5, was obtained in a [34+1] macrocycliza-
tion reaction that involved 1,1’-bis[phenyl(2-pyrrolyl)me-
thyl]ferrocene 3 and 2,5-bis[hydroxy(p-tolyl)-methyl]thio-
phene 4, which were condensed under Lindsey-type condi-
tions (Scheme 2). After oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and column chromatog-
raphy, the procedure afforded 5 as a dark brown compound in
9% yield.
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Scheme 2. Synthesis and reactivity of 5 and 6 (R'=Ph, R*=Tol). The
partial m-electron pathway is shown in bold.
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The molecular structure of 5, obtained from an X-ray
structural analysis, is shown in Figure 1.1% The & system of 5 is
uniformly torsionally distorted, with the dihedral angles of
25,29-dihydro-25,29-dicarba-27-thiapentapyrrin-25,29-diyl
varying in the range —1.0-13.8°.

The bond lengths and angles in the ferrocene unit
resemble those determined for the eclipsed conformer of
plain ferrocene (average Fe-C 2.059 A and C-C 1.431 A).¥
The observed partial localization of double bonds in the
25,29-dihydro-25,29-dicarba-27-thiapentapyrrin-25,29-diyl is
consistent with the valence bond structure of 5 (Scheme 2).
The two cyclopentadienyl rings adopt an anticlinal eclipsed
conformation (the C(4)-Ct-Ct'-C(21) torsional angle equals
144°, Ct, and Ct’ denote centroids of the respective Cp rings).

The electronic spectrum of 5 (Figure S16 in the Support-
ing Information) is significantly different from the spectrum
of 2 both in appearance and intensity, thus reflecting the
influence of sp*-hybridized meso bridges in 5 on the extent of
n-conjugation. The absorption profile of 5 is dominated by a
Soret-like band at 409 nm (loge =4.73), which is accompa-
nied by a broad and much less intense absorptions at 510 nm
(loge =3.98) and 735 nm (loge =3.62).

Cyclic voltammograms recorded for 5 revealed one quasi-
reversible oxidation process and one quasi-reversible and one
irreversible reduction processes. The redox events are
assigned to the 25,29-dicarba-27-thiapentapyrrin centered
redox processes, that is, one-electron oxidation at 0.94 V and
to two one-electron reductions at —1.36 V and —-1.76 V
(relative to ferrocene/ferrocenium (Fc/Fc")), respectively.

The identity of § has been confirmed by high-resolution
mass spectrometry and 'H NMR spectroscopy. The assign-
ment of resonances given
for 5 in Figure 2 was made
on the basis of relative
intensities and detailed
two-dimensional NMR
analyses (involving COSY,
NOESY, 'H-“C HMQC,
and HMBC spectra) car-
ried out between 190-

ellipsoids represent 50% probability.
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meso-aryl

Figure 1. Crystal structure of 5 (top: perspective view, bottom: side
views; aryl groups and hydrogen atoms omitted for clarity. Thermal

300K in [D,]dichloro-
methane. The observed

"H NMR spectrum of 5 is b)
consistent with the C, sym-
metry of the helical molec-

ular framework. The four ‘
'H resonances that corre-

meso-aryl S,

riﬂl

spond to the ferrocene-1,1'-
diyl unit are found at 11.22 S
(H(25,29)), 7.10 (H(1,24)), ©) meso-aryl

5.28 (H(2,23)), and 2.52
(H(3,22)) ppm, and serve
as the fingerprint of an

unprecedented electronic
structure. To the best of
our knowledge, such a
large spread of chemical
shifts (ca. 8.7 ppm) has not
been detected for any fer-
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Figure 2. "H NMR spectra of a) aromatic 6 (250 K, [Ds]toluene), b) antiaromatic 5 (215 K, [D,]dichloro-
methane), and c) 5-H" (190 K, [D,]dichloromethane). Resonance assignments follow the numbering given in

(a).
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rocene derivatives, including in particular ansa-ferrocenes
that contain fully conjugated bridges.!*>'*]

Titration of 5 with trifluoroacetic acid (190K,
[D,]dichloromethane) affords a well-defined monocation 5-
H*, which was observed by 'HNMR spectroscopy. The
protonation lowers the observed symmetry, thus rendering all
positions inequivalent. The process can be readily reversed by
addition of an amine base. Protonation takes place at the
N(26) nitrogen atom, as confirmed by the rise of the
corresponding N(26)H resonance at 11.64 ppm (Figure 2c¢),
which reveals a scalar coupling to the H(7) and H(8) pyrrolic
protons observable in the COSY map.

Reduction of § with zinc amalgam was performed in
[Dg]toluene under strictly anaerobic conditions to yield the
dihydroferrocenothiaporphyrin 6. The macrocyclic diatropic-
ity of this species is reflected by the chemical-shift pattern
observed in the "M NMR spectrum (Figure2a). At the
intermediate stages of reduction, separate sets of resonances
corresponding to 5 and 6 are clearly seen, indicating that the
electron exchange between 5 and 6 is very slow on the
'"HNMR time scale. It is noteworthy that exposure of a
solution of 6 in toluene to atmospheric dioxygen results in the
quantitative recovery of 5 in a matter of hours. The UV/Vis
spectrum of 6 (Figure S16 in the Supporting Information)
shows a Soret-like absorption at 435 nm (loge =4.67), and a
broad band in the Q region (704 nm; loge =3.63).
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In the case of porphyrin analogues, 'H NMR chemical
shifts remain the convenient experimental measure of aro-
matic character,”"! and were proved to be equally applicable
to porphyrinoid Hiickel and Mobius systems.'® Typically,
protons that are located inside the macrocyclic ring and are
strongly affected by ring currents serve as a sensitive
aromaticity probe. Here, the most striking effect observed
in the '"HNMR spectra of 5, 5-H", and 6 is the unusual
differentiation of chemical shifts within the ferrocene frag-
ment (Figure 2). The spread of ferrocene shifts observed in 5
(0=11.30-2.55 ppm) and 5-H" (6 =13.42-1.55 ppm) is con-
sistent with a macrocyclic paratropic ring current creating
considerable magnetic anisotropy above and below the ring
plane. This paratropic current also influences the shifts of
pyrrole and thiophene f protons, which experience upfield
relocations (relative to the non-aromatic reference system 2)
similar in magnitude to those observed in other paratropic
Hiickel™ 718 and Mobius*” porphyrinoids (Figure 3).

Significantly, in the dihydro derivative 6, the sign of the
anisotropy is reversed, which is consistent with the presence
of a diatropic current in the macrocycle. Indeed, the chemical
shifts of peripheral protons on heterocyclic subunits are
comparable with those reported for other porphyrinoids that
display Hiickel®! or M&bius!""'*2! aromaticity. This switching
of the ring current sign upon formal two electron reduction/
oxidation is a typical feature of m-electron aromatic species. In
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Figure 3. Through-space magnetic shielding contour maps calculated for ferrocene, 2a, 5a, and 6a. Shielding signs are reversed to match the
direction of the 0 scale. Cross-sections shown in the top row are 1 A above and parallel to the mean plane of the cyclopentadienyl ring. Cross-
sections in the bottom have their normals aligned to the Fe-S vector and pass through the point located halfway between the two N atoms (see
Figure S22 in the Supporting Information). For ferrocene, the plane was parallel to the fivefold axis and was chosen to lie 3.37 A from the Fe
atom, which is the average distance used for 5a and 6a. Skeletal projections of the molecules (red) are superimposed on some of the graphs.

Color scales are different for the top and bottom rows.
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the present case, however, the macrocyclic conjugation in §
and 6 must necessarily involve the ferrocene iron atom, which
principally participates in bonding with its d orbitals.

To gain further insight into the electronic structure of the
new ferrocenoporphyrinoids, DFT calculations were per-
formed for the meso-substituted species 2, 5, 5-H", and 6 and
some of their unsubstituted variants (la, 5a, and 6a).
Comparison of the geometries optimized for 5 and 6 at the
B3LYP/LANL2DZ level of theory reveals that the effect of
macrocyclic -conjugation on the bond length is rather subtle.
Specifically, the average C,,,,_pc-Cpeso distances are 1.466 and
1.463 A in 5 and 6, respectively, and the bond lengths within
the ferrocene subunits are only slightly perturbed relative to
the equilibrium geometry of unsubstituted ferrocene opti-
mized at the same level of theory (C-C 1.443 A, Fe-C
2.121 A). Comparison of the bond lengths in the tripyrrin
section of § and 6 relative to the DFT-optimized geometries of
their linear analogues that contain no ferrocene bridge (see
the Supporting Information) shows that a weak bond-equal-
izing effect is indeed present in 6, consistent with the observed
aromaticity of this species. This effect however is not strong
enough to provide a self-sufficient evidence for aromaticity of
6.

As the essential experimental proofs for the aromaticity of
6 and antiaromaticity of § came from NMR spectroscopic
data, we made an attempt to computationally reproduce the
observed ring current effects. To this end, we evaluated GIAO
(gauge-independent atomic orbital) chemical shieldings in
appropriately chosen molecular cross sections by using an
approach similar to that developed by Kleinpeter et al.
(Figure 3).12! We preferred this method to the more conven-
tional uses of shielding calculations (either as nucleus-
centered or nucleus-independent chemical shifts, see the
Supporting Information for relevant data) because it enables
easy visualization of the macrocyclic contribution to the
overall ring current. To eliminate ring current contributions
from meso substituents, DFT optimized geometries of unsub-
stituted structures 2a, 5a, and 6a were used in the calcu-
lations. Comparison of the shielding cross sections passing
through the center of the macrocycle (Figure 3, bottom row)
reveals spectacular differences between the differently con-
jugated ferrocenoporphyrinoids. In the case of 2a, small
diatropic contributions from both pyrrole rings are seen,
consistent with their residual local aromaticity. These two
contributions are also seen in the cross-section obtained for
5a, but in this case they are superimposed with a macrocyclic
paratropic contribution, which gives rise to a characteristic
deshielding zone above and below the center of the macro-
cycle. Conversely, in the aromatic macrocycle of 6a, the
diatropicity of the large ring adds to the ring currents of the
pyrrole units, producing an extensive shielding zone above
and below the macrocycle surface. The observed differences
between 2a, Sa, and 6a originate exclusively from macro-
cyclic contributions because the shielding from the ferrocene
subunit is very weak at the distance of the macrocyclic cross-
sections. The shielding zone in 5a and deshielding zone in 6a
extend into the volume occupied by the ferrocene unit, as
seen in the cross sections passing 1 A above the Cp rings
(Figure 3, top). The resulting unsymmetrical shielding envi-
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ronment is in agreement with the experimentally observed
differentiation of chemical shifts observed in § and 6.

In the simple yet very effective description of m conjuga-
tion in porphyrinoids known as the “annulene model”, a
monocyclic conjugation pathway (CP) is selected that
1) encompasses the macrocycle and 2) contains an alternating
pattern of single and double bonds. A properly constructed
CP is thus described by two Kekulé-like structures with a
shifted double bond pattern. The electron count in the CP is
then used to characterize the system as aromatic or antiar-
omatic, according to the Hiickel rules™ (for Hiickel systems)
or the Hiickel-Heilbronner rules (for Mobius systems).” The
major obstacle to applying the annulene model to 5 or 6 is that
in each case the CP passes through the ferrocene subunit,
which does not easily lend itself to the valence bond
theoretical description.™ On the other hand, the portion of
the CP contained in the thiatripyrrin brace is easily identified
in both 5 and 6 (and shown in bold in Scheme 2) and it
contains 14 and 16 & electrons, respectively.

With the available experimental and computational data
it is unclear whether one can select a single pathway passing
through the ferrocene. Consequently, it is difficult to decide
how many electrons of the metallocene actually participate in
the CP and whether the pathway itself is of Hiickel or M6bius
type. Given the experimentally observed tropicities of 5 and 6,
the ferrocene subunit can be said to behave as a (4m +2)-
electron reservoir without internal phase twist. These elec-
tronic properties result in a Hiickel antiaromatic CP in § and a
Hiickel aromatic CP in 6. However, if the ferrocene unit is
assumed to introduce a phase shift to the orbital basis, it will
act as a (4m)-electron reservoir, with 5 and 6 emerging as
Mobius m-conjugated molecules. In fact, the two m-conjuga-
tion topologies can even coexist, as was suggested in earlier
work on aromaticity of planar metallacycles.?**! Choosing
between the Hiickel and Mobius-type conjugation is not
straightforward because of the properties of the d orbitals,
which contribute to the macrocyclic conjugation in § and
6.[27‘28]

Porphyrins and porphyrinoids provide a uniquely versatile
platform for exploration of macrocyclic & aromaticity. -
electron conjugation in porphyrin analogues depends on the
topology of the molecular framework, conformation of the
macrocycle, tautomerism, and metal coordination."! In
appropriately designed macrocycles, it may result in a
number of potentially useful features, such as multiple
oxidation states, aromaticity switching through tautomeric
equilibria, or the recently explored Mobius-type conjuga-
tion.'*?l The present work reveals a hitherto unknown facet
of porphyrinoid aromaticity, namely the possibility of includ-
ing a d-electron subunit in a w-electron conjugation pathway.
Further experimental work aiming to address the general-
ization of metallomacrocyclic aromaticity is currently in
progress.
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