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Robust Bis-rhodium(I) complex of π-extended planar, anti-
aromatic hexaphyrin[1.0.1.0.1.0] 
Srinivas Samala,a Ranjan Dutta,a Qing He,b Yeonju Parka Brijesh Chandra.a Vincent M. Lynch,c Young 
Mee Junga, Jonathan L. Sessler*,c and Chang Hee Lee*,a

β,β’-phenylene bridged hexaphyrin[1.0.1.0.1.0] 
(naphthorosarin), an expanded porphyrin possessing C3v-
symmetry, has been shown to possess unique electronic 
features. We now report a bimetallic Rh(I)-complex of 
naphthorosarin retaining 24 π-antiaromatic characteristics. 
The two Rh(I) cations reside on opposite sides of the 
macrocyclic π-system and are separated at a distance 
consistent with a possible Rh(I)-Rh(I) metallic bond interaction.

Antiaromatic, expanded porphyrins are a unique class of porphyrin 
analogues1 that often display interesting structural features and 
redox behaviour. Within this class, β,β’-phenylene bridged 
hexaphyrin[1.0.1.0.1.0] (naphthorosarin; e.g., 2, Figure 1) is of 
particular interest. It is a conformationally rigid 24 π-electron system 
with bona fide antiaromatic character which exhibits proton-coupled 
electron transfer (PCET) upon protonation.2 Prior investigations have 
served to confirm that the redox potential and electronic features 
are strongly influenced by the substituents and that by preparing 
appropriate derivatives. Such subtle structural modifications enabled 
stabilization of an one electron reduced form i.e. a 25 π-electron 
radical species in the case of one particular naphthorosarin.3 
However, in spite of this attention to the basic chemical features of 
naphthorosarin, its metalation chemistry remains all but unexplored. 
In marked contrast, numerous metal complexes of other porphyrin 
analogues have been reported with a variety of metalation protocols 
suitable for use with inter alia porphyrins, corroles, carbaporphyrins, 
N-confused porphyrins and numerous expanded porphyrins being 
known. The resulting metal complexes have been widely studied and 
have been successfully used in both catalytic4 and biological 
applications.5 In this context rhodium porphyrin complexes have 

attracted considerable attention because of their unusual catalytic 
activity, including promoting selective C–H or C–C bond activation6 
as well as cycloadditions.7 In the case of expanded porphyrins, both 
mono- and bis-rhodium complexes have been obtained depending 
on the size of the macrocyclic cavity and the number of nitrogen 
atoms present within the central core.8, 9,10-11 This prior effort has 
provided us with an incentive to target for synthesis rhodium 
complexes of naphthorosarin. Here, a key goal was to determine 
what effect, if any, metalation would have on this quintessential 24 
π-electron antiaromatic system.

Figure 1. Chemical structures of hexaphyrin[1.0.1.0.1.0] (1) and β,β’-phenylene 
bridged hexaphyrin[1.0.1.0.1.0] (2).

To address this challenge, we elected to work with the meso-
pentafluorophenyl β,β’-phenylene-bridged hexaphyrin[1.0.1.0.1.0] 
2 (naphthorosarin). From a structural point of view, this rosarin 
differs from the parent system 1 (Figure 1) in that it is 
conformationally rigid. Thus in 2 the α,α ′-positions are coplanar as 
revealed by prior structural studies.2 As importantly, the 24-electron 
antiaromatic form is very stable in solution. In contrast, the 
corresponding two electron reduced, aromatic (26 π-electron) form 
is unstable in solution. It undergoes rapid two-electron oxidation 
under ambient conditions to give the 24 π-electron antiaromatic 
form. A 1H NMR spectral analysis of this latter form revealed that the 
core N–H protons resonate at  26.02 ppm (in CDCl3). This chemical 
shift value presumably reflects an effective C3v-symmetry, a strong 
paratropic ring current effect with increased rigidity and, possibly, 
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stronger intramolecular hydrogen bonding. In contrast, conversion 
of 2 to a rhodium complex was expected to lead to the loss of one or 
more of these core pyrrolic protons, resulting in changes that would 
be readily apparent in the 1H NMR spectrum.
As shown in Scheme 1, treatment of meso-pentafluorophenyl 
naphthorosarin 2 with [Rh(CO)2Cl]2 in dichloromethane in the 
presence of excess sodium acetate afforded the bis-rhodium(I) 
complex 3 in 60% isolated yield. [Rh(CO)2Cl]2 is commercially 
available and is a standard reagent used in the synthesis of 
many rhodium complexes, including those of porphyrins.12

Scheme 1. Synthesis of Rh(I) complex 3.

No other products could be isolated from the reaction 
mixture in appreciable quantities. Initial evidence that two 
rhodium centres were coordinated within the macrocyclic core 
came from MALDI-TOF mass spectrometric studies. For instance, 
a parent ion peak at m/z 1349.981 (calcd m/z 1349.954 for 
C63H19F15N6Rh2) was observed, as would be expected for 
complex 3. A 1H NMR spectral analysis (Figure 2) provided 
support for the notion that complex 3 retains the antiaromatic 
character and paratropic ring current effects seen in 2. For 
instance, one pyrrolic N–H resonance, appearing as a sharp 
singlet at 33.07 ppm, is observed. The downfield shift in this 
signal relative to the metal-free form 2 (26.02 ppm; see above) 
could reflect this proton existing in the form of an hydrogen 
bond bridge (μ-hydrido) as inferred from the fact it proved non-
exchangeable under standard D2O-exchange conditions 
(CD2Cl2/D2O). Support for this contention came from a 1H–15N 
2D HSQC NMR experiment. As shown in Figure 3, a strong 
correlation was observed between the signals at 33 ppm (1H) 
and 282 ppm (15N). The chemical shift of 15N of complex 3 
appeared at 282 ppm, which is significantly downfield shifted 
compared to that of aromatic porphyrins.13 

Figure 2. 1H NMR spectrum of the bis-rhodium complex 3 in CDCl3 (400 MHz) at 
25 oC. The inset shows the inner pyrrole N–H resonance at δ 33.07 ppm.

The signals for the protons on the bridged phenylene group in 
compound 2 appear as two sets of doublets at 6.99 and 6.86 

ppm in the 1H NMR spectrum, while the same protons appeared 
as multiplets ranging from 6.98 to 6.95 ppm in complex 3. This 
increase in signal complexity is expected in light of the 
presumed C2v symmetry of complex 3. The indole protons in 
complex 3 appear as three sets of singlets at 4.08, 4.02, and 3.93 
ppm, respectively. A 13C NMR spectral analysis of complex 3 
revealed the presence of four carbonyl groups, as inferred from 
the observation of four distinct signals at 196.4, 195.8, 195.5, 
and 195.8 ppm, respectively (Figure S2, ESI). Furthermore, two 
strong absorption features, at 2010 and 2064 cm-1, ascribable 
to carbonyl stretching modes are seen in the IR spectrum of 3 
(Figure S15, ESI).

Figure 3. 850 MHz 1H–15N HSQC 2D NMR spectrum (partial) of complex 3 
recorded in CDCl3 at 25 oC.

The solid state structure of complex 3 was determined 
unequivocally via a single-crystal X-ray diffraction analysis. 
Diffraction grade crystals of the complex 3 were obtained via 
the slow evaporation of solvent (CHCl3) at ambient temperature.

Figure 4. Single crystal X-ray diffraction analysis of complex 3. ORTEP diagrams 
showing top (a) and side (b) views. The displacement ellipsoids have been scaled 
to the 50% probability level.

As shown in Figure 4, the ligand maintains its planarity but the 
two rhodium ions reside on opposite sides of the molecule 
resulting in inherent chirality. Two adjacent pyrrole nitrogen 
atoms (dipyrromethane-like) are bound to each Rh(I) centre 
with two carbonyl groups satisfying the coordination sphere 
giving rise to distorted square planar ligand geometry. The 
pyrrole nitrogen N–Rh distances are 2.119 Å (Rh1–N2), 2.128 Å 
(Rh1–N3), 2.164 Å (Rh2–N4), and 2.169 (Rh2–N5), respectively. 
Both rhodium centres lie outside the macrocyclic N6-plane (by 
1.039 Å for Rh1 and 1.052 Å for Rh2). Similarly, Rh1 is located 
0.136 Å out of the mean N2-N3-C1A-C2A plane, whereas Rh2 is 
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found to lie 0.098 Å out of the mean N4-N5-C3A-C4A plane. The 
intramolecular rhodium(I)-rhodium(I) distance (3.143 Å) could 
reflect the presence of a metallophilic interaction between the 
two Rh(I) ions.14 The d8 electronic configuration and square 
planar geometry of Rh(I) ions also fulfil the criteria required for 
such a putative metallophilic interaction.15

Figure 5. UV-vis absorption spectra of the bis-Rh(I)-complex 3 (red) and free base 
2 (black) in CH2Cl2. [3] = [2] = 6.83 X 10-6 M.

The UV-vis spectra of 2 and 3 are shown in Figure 5. The 
absorption spectrum of the bis-rhodium complex 3 was distinct 
from that of the free base 2. In 3, multiple absorption bands 
were observed between 416 nm and 496 nm, along with bands 
at 623 and 653 nm, respectively. In order to check the stability 
of complex 3 in the presence of acid and also to monitor its 
protonation behaviour, a UV-vis-spectral titration with 
trifluoroacetic acid (TFA) was performed in dichloromethane 
(ESI). The original absorption band appearing at 496 nm is 
shifted to 546 nm. This is most likely due to the formation of 
mono-protonated species. Notably, original absorption bands 
are fully recovered upon addition of triethylamine, leading us to 
conclude that complex 3 is stable in acid (Figure S17, ESI). 
Since we previously demonstrated that the tri-protonated form 
of naphthorosarin 2 can oxidize halide anions under proton 
coupled conditions to form one- or two-electron reduced 
species, the protonation behaviour of naphthorosarin 2 and 
complex 3 were studied. Titrations with various acids, including 
HCl, HClO4, MSA, and HI, were performed. A red-shifted 
absorption band at 546 nm was observed upon titration with 
HClO4 and MSA, which was ascribed to formation of a 
protonated form of complex 3 (S18, ESI). This protonated 
species is easily converted back to the original complex 3 upon 
treatment with TEA. However, different protonation features 
are observed upon titration with HCl and HI. For example, the 
addition of HCl to complex 3 resulted in gradual demetallation 
to give both naphthorosarin 2 and a one-electron reduced 25 π-
electron dication radical form of the free base 2 (S19, ESI). 
Similar behaviour was observed upon addition of HI, but in this 
case the resulting 25 π-electron species is further reduced to 
the corresponding 26 π-electron aromatic species. This latter 
form is easily distinguished from other possible species due to 
the presence of a characteristic intense absorption band at 611 
nm in its visible spectrum. Further treatment of the reduced 26 
π-electron aromatic species with DDQ serves to regenerate the 
free-base rosarin 2 (Figure S20, ESI).

The cyclic voltammogram (CV) of complex 3 recorded in CH2Cl2 is 
shown in Figure 6. The CV of complex 3 mirror that recorded 
previously for the parent system (naphthorosarin 2), although with 
cathodic shifts in the oxidation and reduction waves. Two reduction 
potentials are seen in the CV of 3 at -1.18 and -0.69 V, whereas two 
reversible oxidation waves are observed at 0.25 and 0.68 V, 
respectively. An irreversible oxidation wave is also found at 1.05 V, 
which could reflect oxidation of the Rh(I) centre. The tendency to 
undergo reduction or oxidation seems less pronounced in the 
case of complex 3 than in the parent system 2. As a 
consequence, reduction of compound 2 to the corresponding 
aromatic form becomes more difficult upon insertion of two 
rhodium(I) centres to produce complex 3.

Figure 6. Cyclic voltammogram of complex 3 (left) and corresponding free base 
2 (Ar=C6F5), (right) measured at a scan rate of 100 mV/s in CH2Cl2 using 
[nBu4N][PF6] (0.1 M) as the supporting electrolyte.

In summary, we have synthesized and characterized a 
antiaromatic binuclear Rh(I)-naphthorosarin complex 3. The 
synthesis was accomplished by the replacement of two inner 
core NH protons by Rh(I), which results in dramatic changes in 
the 1H NMR and UV-vis absorption spectra. A 2D 1H–15N HSQC 
spectral analysis serve to confirm that the downfield shifted N-
H proton is involved in an intramolecular hydrogen bonding 
interaction with a neighbouring pyrrolic nitrogen atom, a 
finding that is thought to explain the lack of facile exchange in 
the presence of D2O. A single crystal X-ray diffraction analysis 
revealed that the two rhodium(I) centres reside above and 
below the mean macrocyclic plane. The bound rhodium(I) 
centres are coordinated by two rosarin-derived nitrogen atoms 
and two ancillary CO ligands and exist in a distorted square 
planar geometry. The bis-rhodium complex 3 is protonated in 
the presence of TFA but is otherwise stable. A CV study revealed 
that reducing and oxidizing power of the complex 3 is reduced 
compared to that of that the starting free base naphthorosarin 
2. The present study thus reveals a manner whereby the 
fundamental properties of antiaromatic expanded porphyrins, 
such as rosarin, may be fine-tuned.
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Graphical Abstract

A bimetallic Rh(I)-complex of a 24 π-electron hexaphyrin 
with intrinsic antiaromaticity is reported.
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