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Heating Cu(ll)tetraphenylporphyrin (TPPCu) with chromocene at 120 °C affords the
crystalline self-doped multimetal porphyrin system TPPCu/TPPCr in good yield. The X-
ray structural analysisrevealsarandom configuration of TPPCu and TPPCr with a Cu:Cr
ratio of about 71:29 %. Exploratory DFT calculations indicate significant electron transfer
in a hypothetical cationic TPPCu/TPPRu system, in contrast to TPPCu/TPPCr.

Chemists have broadened the chemical scope of naturally occurring metalloporphyrins
significantly by synthesizing derivatives with sterically and electronically different
substituents and different transition metals,! and/or by focusing in the same way on
structurally related metallophthalocyanines®? or metallocorroles.? This ongoing research
is driven, inter alia, by the realization that many of these materials exhibit unexpected
electronic characteristics such as wunusual magnetic or electrically conducting
properties,’3 including surface chemistry of metalloporphyrins and
metallophthalocanines.* Catalysis using metalloporphyrins and structurally related
complexes also continues to be an exciting research area.'3° The key observation by
Marks that appropriate oxidants functioning as dopants greatly influence the magnitude
of such properties in metallophthalocyanines established a convenient way to influence
metallo-systems in general,® a strategy that had been reported earlier by Shirakawa,
MacDiarmid and Heeger for increasing the electrical conductivity of polyacetylene.’

Inspired by these developments, we envisioned a system consisting of a
metalloporphyrin harboring metal X and a second metalloporphyrin with metal Y, the
latter serving as a reducing or oxidizing dopant. Here we report initial steps toward
implementing such a self-doping metalloporphyrin system. Rather than mixing two
different metalloporphyrins to achieve this end, commercially available Cu(ll)-
tetraphenyl-porphyrin (TPPCu) in benzonitrile was heated in a benzonitrile solution of
chromocene at 120 °C for 6 hours (Scheme 1).8 Following filtration and storage of the
solution for several days at room temperature, dark violet quadratic-bipyramidal crystals
formed, which were collected, washed with hexane and dried under high vacuum.
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Scheme 1. Synthesis of the mixed metallo-tetraphenyl-porphyrin system TPPCu/Cr by
heating TPPM (M*=Cu) with chromocene (metallocene with M?=Cr) at 120 °C.

Elemental analysis of a crudely purified sample revealed an approximate composition of
Cu:Cr =58:42 (C: 78.20%; H: 4.55%; N: 8.55%; Cu: 5.32%; Cr: 3.19%). In the IR-spectrum,
the known characteristic bands of chromocene at 1090, 990 and 770 cm™! were absent
(see Supp. Info, Fig. S3), showing that chromocene had not survived the reaction
conditions, and that Cr had possibly embedded itself in the porphyrin ligand. We
therefore surmised that the unknown crystalline material is indeed the mixed
metalloporphyrin system TPPCu/Cr, formed by a new type of metal/ligand substitution
reaction via a hitherto unknown mechanism.

The crystal structure analysis of a purified sample reveals a random configuration of
TPPCu and TPPCr with a Cu:Cr ratio of about 71:29 (Fig. 1). The mixed metal porphyrin
crystallizes in the tetragonal space group /42d and is isostructural with one crystal form
of the parent metal-free 5,10,15,20-tetraphenyl porphyrin TPP° and 5,10,15,20-
tetraphenylporphyrin complexes of divalent iron,*° cobalt,** nickel,*> copper,?®13
palladium??® and platinum.'* In all these latter structures, the metal is strictly square
planar coordinated, and the porphyrin ligand adopts a ruf (ruffled) conformation. In
TPPCu/Cr the Cu/Cr-N distances are 1.987(2) A and the shortest distance between the
metal atoms is 8.295(1) A. For the complexes that crystallize in this space group the
shortest metal to metal distances are 8.250/8.317 A Fe(ll),’° 8.300/8.236/8.310 A
Co(Il),** 8.290/8.307 A Ni(ll),12 8.289/8.237/8.286/8.245 A Cu(l1),12>13 8.315 A Pd(Il),*22
8.308 A Pt(I1).1* Clearly, the nature of the metal does not appear to have a significant
effect on the crystal packing.
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Figure 1. Structure of TPPCu/Cr in the solid state, showing the atom numbering scheme
(left) and a view along the a axis of the tetragonal unit cell (right). H atoms have been
removed for clarity.

This packing arrangement is, however, not unique for 5,10,15,20-tetraphenyl porphyrin
metal complexes. TPP metal complexes also crystallize without solvents in triclinic P1 [Li
radical,*> zn(11),'® Pt(l1),Y” Cd(l1),*® Ag(l1)'®* and remarkably Au(ll),*® in which the metal
adopts the less common +2 oxidation state and where the shortest intermolecular gold
to gold distance is 6.17 A], monoclinic P21/n [Cu(ll),2° Zn(11)2!] and orthorhombic P212121
[Zn(11)1??] space groups, whereby it is notable that TPPAg also forms a solid solution with
the parent metal-free porphyrin which crystallizes in the same space group P1.22 The
two compounds appear to be perfectly miscible.??

In contrast, the crystal structure of TPPCr has only been reported as a toluene solvate.?*
In this case, the macrocycle is almost planar, with the phenyl groups bent circa 70° out
of the plane. The space group (P21/c, no. 14) requires only that the molecule exhibits a
centre of symmetry.?* In addition, TPPCu,?®> TPPGe?® and TPPAg?’ are reported to
crystallize in the space group /4/m, though the presence of voids in the crystal structures
indicate that the structures may not be solvent free.

Whether a metal atom lies in the plane of the porphyrin ring affects the crystal packing
and largely depends on the size of the metal. The average covalent radii of metals
derived from the Cambridge Structural Database give an indication of the size of the
metal. Radii are for lithium 1.28(7) A, chromium 1.39(5) A, iron 1.32(3)/1.52(6) A
(low/high spin), cobalt 1.26(3)/1.50(7) A (low/high spin), nickel 1.24(4) A, copper 1.32(4)
A, palladium 1.39(6) A, platinum 1.36(5) A, and cadmium 1.44(9) A.28 Interestingly, in
TPPCd the cadmium atom appears too large to fit in the plane of the macrocycle and the
porphyrin adopts a domed-shaped conformation in the pure solid state with the Cd
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atoms lying 0.578(6) A out of the mean plane through the N atoms of the porphyrin
ring.*® A similar structure is observed for TPPGe, but the germanium atom is disordered
over two positions, one below and one above the plane of the macrocycle.?®

In principle, short metal-metal distances are possible for metal porphyrin structures,
causing an additional disturbance to the crystal packing. For the TPPCd the shortest
Cd---Cd distance is 4.14 A.*® For a B,B-linked porphyrin-chlorin di-copper heterodimer,
the shortest intermolecular Cu..Cu distance is 4.88 A.2° For solid TPPZn the
intermolecular Zn...Zn distance is 6.44 A.16 The shortest metal-metal distance for neutral
metal porphyrins in general has been observed for [TPPMo], benzene decalin solvate,
where the Mo...Mo distance is 2.24 A.3°

The mixed metal tetraphenyl porphyrin TPPCu/Cr described here was synthesized by
reacting copper tetraphenyl porphyrin with chromocene as a source for Cr. This
contrasts with a report of a crystal of cobalt tetraphenylporphyrin and dibenzene
chromium, in which the two molecules coexist.3!

The key feature of the TPPCu/Cr crystal structure is that the two metal centers are
spatially fairly far away from each other (ca. 8.3 A), which means that electron transfer
and thus a possible dopant effect may be impeded. Indeed, magnetic measurements did
not reveal definitive electron transfer.2 The present system is thus quite different from
polymeric metallophthalocyanine in which the externally doped phthalocyanine entities
are nicely positioned for smooth electron transfer within the stack.®

In order to provide an initial theoretical understanding of our material, exploratory
density functional theory (DFT) calculations at the GGA level of approximating exchange-
correlation effects including a semiempirical dispersion correction scheme (BP86-
D3/def2-SVP) were performed.3? Computational investigations on an unrelaxed dimer
model of the co-crystal TPPCu/Cr (Figure 2a, b) support the notion of negligible dopant
effect as indicated by a simple atomic partial charge scheme (natural population
analysis, NPA).3% The two neighboring molecules, extracted from the unit cell and
chosen to contain Cu and Cr, respectively, indeed show slightly less positive partial
charges at the metal centers compared to the optimized monomer structures TPPCu and
TPPCr (Table 1). However, this is due to the increase in M-N bond distance in the
optimized complexes (2.034 and 2.040 A for TPPCu and TPPCr) compared to the
unrelaxed dimer (1.986 A), since both metal-ligand complexes remain overall neutral —
in line with the long M1-M2 distance of 8.3 A. One key question regarding these
complexes is their electronic ground state. From previous work, we expect TPPCu/TPPCr
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to contain Cu(ll) (d®) and Cr(ll) (d*). While TPPCu shows a low-spin doublet ground
state,'®1¢ porphyrin complexes of Cr are discussed as paramagnetic,'® indicating a high-

spin configuration (quintet), but can possibly become low-spin in the solid state.!® This is

reflected in our analysis showing the high-spin configuration to be energetically
preferred for TPPCr (intermediate spin: +25.3 kcal mol?, low spin: +22.9 kcal mol?),

while for the unrelaxed dimer structure high and intermediate spin are isoenergetic (low

spin: +22.9 kcal mol?). This demonstrates the limits of our exploratory computational

method and indicates the need for higher-level calculations with multireference

wavefunction-based approaches to settle this question. Nevertheless, we can suggest a
possible strategy to achieve the desired goal. Although, the TPPCu/TPPCr complex shows

indications for an insignificant charge transfer, a related model system seems more

promising.
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Figure 2. Extracted dimer of experimental structure of TPPCu/TPPCr in a) side and b) top
view. Computationally optimized (BP86-D3/def2-SVP) dimer for cationic TPPCu/TPPRu

model system in c) side and d) top view.
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If we substitute Cr(ll) by more redox-active Ru(ll), our computations show that cationic
complexes result that have not been isolated yet, but show the features we propose
(Figure 2). With the parent porphyrin (Por) as ligand, a high-spin model complex
PorCu/PorRu results with a stacked arrangement of the metal atoms in close contact
(2.765 A) and moderate charge transfer of 0.41 e (PorRu=>PorCu) indicated by NPA.
Even the experimentally more relevant TPPCu/TPPRu complex shows a close M1-M2
distance of 2.785 A and a charge transfer of 0.44 e. This is possible due to the staggered
arrangement of the phenyl groups (Figure 2d) that enables close packing and makes this
structure a promising synthetic target.

With regard to the suitability of TPPRu to form a complex with other metal
tetraphenylporphyrins, it is worth noting that of the 266 crystal structures of ruthenium
porphyrin complexes in the Cambridge Structural Database (CSD, December 2019),33 all
contain additional ligands attached to the metal, reflecting the relatively high Lewis
acidity of ruthenium when situated in a porphyrin ring. Complete transfer of one
electron has been observed for alkali metal metalloporphyrin complexes of formally
Co(1),3* Fe(l) and Fe(0).3®

The computations thus point toward possible design principles for self-doping by
choosing redox-active metal centers and “stackable” ligands.

Table 1. Key structural parameters and partial charges for monomeric and dimeric
metalloporphyrin complexes from computations (BP86-D3/def2-SVP).[2!

Lm? TPPCu TPPCu TPPCr PorCu TPPCu
Lm? TPPCrlb] - - PorRu TPPRu
d(M?*-N) 1.986 2.034 2.040 2.037 2.037 -2.051
d(M2-N) 1.986 2.041 2.042 -2.043
<(N-N-N-N) 3.1 0.4 0.3 0.0 0.6/2.6
d(M-M) 8.3 - - 2.765 2.785
q(M/M2)lel +0.85/+0.77 +0.89 +0.85 +0.86/+0.64 +0.86/+0.60

glLem/L@m?) -0.85/-0.77 -0.89 -0.85 -0.45/-0.05 -0.42/-0.04
CTEl LM2>Lm? 0.00 0.41 0.44

[a] Distances in A, angles in degree, charges in e.
[b] Dimer extracted from x-ray structure, not optimized.
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[c] Charges derived by NPA scheme of the metal atoms (M?!, M?), the ligands (L) and the
complexes (M!-L and M?-L) in the TPPM complexes and TPPM/TPPM? dimers. The
charges of the dimeric complexes sum up to the total charge of the dimer (neutral
TPPCu/TPPCr and cationic LCu/LRu for L = Por, TPP).

[d] Amount of charge transfer (CT) from LM? to LM? in e as determined via NPA.

In conclusion, we have undertaken the first experimental and theoretical steps toward
achieving a self-doping mixed metalloporphyrin system. We learned that 1) for smooth
electron transfer, it is necessary to use two transition metals which differ notably in
their redox characteristics, that 2) the stacked arrangement is preferred either by
“stackable” ligands or by fixing the porphyrin, phthalocyanine or corrole entities closer
together, possibly in a polymeric stacked manner,®> and that 3) a sound theoretical
treatment requires sophisticated quantum mechanical techniques beyond DFT. These
challenges are worth pursuing in future work, because a wide variety of non-innocent
ligands'3 with different transition metals can be envisioned with potential applications
as electronic materials and catalysts.
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