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Carbenaporphyrins: No Longer Missing Ligands in N-Heterocyclic

Carbene Chemistry
Theo Maulbetsch and Doris Kunz*

Abstract: The synthesis of an NHC-containing porphyrinoid
ligand is presented. The formally antiaromatic 20 e~ macro-
cyclic framework can be obtained via a 1,3-dipolar cyclo-
addition (“click-reaction”) to form two triazole moieties which
were alkylated to the respective triazolium macrocycle. Depro-
tonation of the ligand precursor with lithium bases to the
respective dilithio carbenaporphyrin complex and transmetal-
lation to scandium lead to complexes that exhibit orange
fluorescence. Optical property combined with TD-DFT studies
verify an aromatic character for each heterocyclic moiety
rather than an antiaromatic macrocycle in the ligand precursor
as well as in the complexes. While the geometric features of the
carbenaporphyrin ligand strongly resemble those of porphyrin,
DFT calculations reveal a stronger electron-donating ability of
the new ligand.

P orphyrins are an abundant ligand class in nature as well as
within coordination chemistry.'! Complexes of almost every
metal ion are known with these ligands, whose diverse
properties also define the reactivity and application, for
example, catalysis,” supramolecular chemistry,” chemo sen-
sors,”l and organic electronics.”’! The aromatic 18 e~ macro-
cyclic structure (Figure 1) has been adapted by nature as well
as by chemists varying the substituents at the porphyrin ring,!
synthesizing expanded and contracted variations”-*! as well as
altering the nature of the donor atoms or the position of the
heteroatoms.®™! An interesting example of the latter are so-
called N-confused porphyrins,” in which one or two C atoms
instead of the N atoms of the pyrrole moieties are coordi-
nated to the metal. Thus, the carbon donor atom gains
carbene character."”

N-heterocyclic carbene ligands (NHCs) are stable
(“bottleable™) singlet carbenes!'!! that show strong overall
donor-properties which can be beneficial in coordination
chemistry!'>*¥ and catalysis."¥ They are suitable to build up -
conjugated poly(NHC) ligands and porphyrin-fused NHCs.!*!
A porphyrin with an embedded NHC moiety is also known.['!
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Figure 1. The regular porphyrin ligand (left) and our carbazole-triazol-
ylidene porphyrin (CTP) 1. The conjugated mt-system (green) is Hiickel-
aromatic in porphyrin (18 e7), and formally antiaromatic in 1 (20 e7).

The idea to not only invert pyrrole moieties of the porphyrin
but to substitute them by NHCs has existed for a long
time!'—however, its realization has remained elusive. Our
own early research on this topic showed that precursors based
on methylene-connected pyrrole and imidazolium units are
not suitable for this purpose owing to an elimination reaction
upon deprotonation'®!*! and therefore, we introduced a car-
bazole moiety®™ in which connecting sp®carbon atoms
prevent this elimination.™®! This still led to major synthetic
problems in constructing an alternating imidazolium—pyrrole
macrocycle.”!! However, triazole- instead of imidazole-based
NHCs are readily accessible by a 1,3-dipolar cycloaddi-
tion®™?! and thus could be used to build up the desired
macrocycle 1 based on carbazole 2 using compounds 3 and 4
as building blocks (Scheme 1). After initial attempts™®! we set
out again to synthesize the formally antiaromatic (20 me™)
carbazole-triazolylidene porphyrin (CTP) 1. The synthesis of
1 and the investigation of its special properties are the
objectives of this work.

The key step of the synthesis is the copper-catalyzed
alkyne-azide cycloaddition (CuAAC),* the so-called click-
reaction,”” in which both triazole moieties are built up under
formation of the macrocycle. Both alkyne 3 and azide 4 are
literature-known compounds and can be obtained from
carbazole 2.%*%*! The azide formation from the respective
1,8-bromocarbazole did not work in our hands following the
literature procedure.! Instead, we applied a Sandmeyer-type
reaction™! and succeeded in isolating 4 in 93 % yield from the
respective 1,8-diaminocarbazole as a kinetically stable (slow
decomposition above 100°C) but light sensitive product. The
tert-butyl groups in 2 are not only beneficial as protecting
groups but also enhance the solubility of the product.

The copper-catalyzed 1,3-dipolar cycloaddition to form
the triazole macrocycle 5 was described by Arnold to proceed
only with 17 % yield using a high catalyst loading and TBTA
(tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine) as
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Scheme 1. Synthesis of macrocycle 5 in a CuAAC reaction of 3 and 4, which are both derived from carbazole 2, and methylation to the CTP

precursor 6.

ligand.P”!! After optimizing the conditions of this reaction as
regards concentration, solvent, and stoichiometry of the
reactants, we were able to isolate macrocycle 5 in 52 % yield
as a colorless crystalline product.

The 'H NMR spectrum ([Dg]THF) shows five aromatic
signals of equal ratio (four from the chemically inequivalent
carbazoles at 8.10, 8.18, 8.24, and 8.41 ppm, and one from the
two equivalent triazole moieties at 9.82 ppm), two broad N—H
signals (10.19 (Carb-N) and 9.43 ppm (Carb-C)) and two
singlets for the tert-butyl groups (1.54 and 1.56 ppm). X-ray
structure analysis of a colorless single crystal—obtained from
slow evaporation of a solution in tetrahydrofuran—confirms
the identity of 5 (Figure 2).’% The absence of color already
indicates that an aromatic 18 e~ annulene core, like in
porphyrin, cannot be expected. Indeed, the individual aro-
maticity of the carbazole and triazole moieties is retained,
which results, in addition to steric congestion of the C—H and
N—H protons, in a small inclination of the carbazole planes
(9.2°) and a larger of the triazole planes (72.3°) into the
opposite direction (tilting of the triazole plane against the
carbazole plane 36° (mean)), so that the C—H and N—H
groups are pointing away from each other. It is enhanced by
N—-H hydrogen bonds to one molecule of tetrahydrofuran.
This coordination provides an explanation for the broadened
N—H signals in the '"H NMR spectrum.

Figure 2. The solid-state molecular structure of macrocycle 5 (aniso-
tropic atomic displacement parameters at 50% probability level).
Hydrogen atoms (except for the N—H and triazole C—H) and three co-
crystallized THF molecules are omitted for clarity. One THF is hydro-
gen-bonded (O1-H9=2.095 A, O1-H19=2.171 A).
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The alkylation of 5 to form the triazolium moieties in 6 did
not proceed with methyl iodide but required the stronger
Meerwein’s salt (trimethyloxonium tetrafluoridoborate). The
dicationic macrocycle 6 was obtained quantitatively as a color-
less crystalline material. In the 'H NMR spectrum product 6 is
identified by the signal of the methyl groups at 4.55 ppm.
Although the N—H groups are chemically inequivalent, only
one (broad) signal (2H) at 9.40 ppm is observed, possibly due
to fast exchange. The downfield-shifted signal of the triazo-
lium C—H moiety at 9.92 ppm, which indicates a higher acidic
character of the hydrogen atom than in §, and its carbon
chemical shift at §(**C) =132.2 ppm compared to 124.8 ppm
in § are very characteristic features.

The X-ray structure analysis of single crystals obtained
from slow evaporation of a solution in tetrahydrofuran
confirms the successful formation of the triazolium macro-
cycle 6.5

Similar to macrocycle 5, hydrogen bonding to the acidic
hydrogen atoms is observed, which in the case of 6 also
includes the triazolium hydrogen atoms. They have short
contacts to the tetrahydrofuran oxygen, while the carbazole
N—H atoms are hydrogen-bonded to the fluorine atom of one
of the BF,~ counterions (Figure 3). As already recognized in

Figure 3. Two views of the solid-state molecular structure of the
triazolium macrocycle 6 (anisotropic atomic displacement parameters
at 50% probability level). Left: hydrogen atoms (except for the acidic
N—H and triazolium C—H), the two BF,~ counterions and one hydro-
gen bonded THF molecule are omitted for clarity. Right: Hydrogen
bonding between one BF,” counterion to the carbazole N—H and
between one THF and the triazolium hydrogen atoms. The macrocycle
is depicted in wireframe for clarity reasons.
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5, the carbazole planes are only slightly tilted toward each
other, while the hydrogen bonding to the fluorine atom is
realized through a small tetrahedralization of the nitrogen
atoms (sum of angles at N9 and N19 =350°). The triazolium
planes are inclined by 87.1° and are tilted by an average of
44.1° against the carbazole planes (mean values).

Like macrocycle 5§ the CTP precursor 6 is a colorless
compound, (porphin is dark red), which indicates that 6 lacks
antiaromatic character (20 e~; for example, isophlorin®®) nor
is it a macrocyclic aromatic m-system like porphyrin (18 7).
Instead, it resembles other carbazole porphyrinoids regarding
this feature.®**! In the UV/Vis spectrum (THF) an absorp-
tion maximum at 359 nm is detected, while it lacks the
characteristic Soret band at 400-450 nm of porphyrins that
originates from a m—m* transition of the delocalized 18 e~
aromatic ring system.”) DFT calculations confirm that the
carbazole and NHC moieties keep their individual aromatic
character and only very small contributions to the molecular
orbitals of the other moieties are observed, for example, the
HOMO is almost fully localized on one carbazole moiety
(Figure 4). TD-DFT calculations indicate that the first
relevant absorption maximum at 359 nm consists of electronic
transitions from a carbazole-centered orbital (HOMO-3) to
an unoccupied orbital of the triazole moieties (LUMO +1).

Figure 4. HOMO (top left) and LUMO (top right) of 6 and the orbitals
HOMO-3 (bottom left) and LUMO+1 (bottom right) whose transi-
tion (374 nm) contributes strongest to the absorption at 359 nm
(isosurface 0.02).

It is comprehensible that 6 exhibits fluorescence. Excita-
tion at 358 nm in THF leads to a broad emission band with
a maximum at 553 nm. In the solid state the excitation band is
broader, and the maximum shifted to 380 nm. Irradiation at
380 nm leads to a hypsochromic shift of the emission
maximum to 492 nm (Figure 5).

As the carbazole N—H moieties are more acidic than the
triazolium C—H moieties, formation of the mesoionic carbene
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Figure 5. Left: experimental (black) and calculated (red) absorption
spectrum of 6 (TD-DFT B3LYP DEF2-TZVP, CPCM(THF)). Right:
excitation and emission spectra of 6 in solid state (excitation at
380 nm) and in solution (excitation at 358 nm; tetrahydrofuran,
c=5x10"°M).

cannot be achieved without deprotonation of the carbazole,
so that a free carbene carbazole porphyinoid “1-2H"” is not
accessible. To elucidate the properties of the “free” dianionic
CTP ligand 1, we calculated its structure and the photo-
chemical properties by means of DFT (Supporting Informa-
tion). The classic MOs of carbene o-character are lower in
energy (HOMO-2 and HOMO-3) than two occupied -
orbitals of the carbazole moieties (Supporting Information).
The calculated UV spectrum shows a relevant absorption at
435 nm, which would result in an orange color of the “free”
CTP ligand.

While other carbazole porphyrinoids can be oxidized
experimentally to aromatic 18 me~ species,***! already cal-
culations of the oxidized CPT ligand 1 with a macrocyclic
18 e~ m-system did not converge to a stable minimum
structure nor did the oxidation product of 6 lead to a singlet
ground state (Supporting Information).

Deprotonation of macrocycle 6 with 4 equiv of lithium
bis(trimethylsilyl)amide led to isolation of the carbene
porphyrine dilithium complex 7 as a yellow solid along with
two equivalents of LiBF,, which was not removed due to its
similar polarity (Scheme 2). Complex 7 was identified in the
"H NMR spectrum via the absence of the N—H and triazole
C—H peaks as well as a high-field shift of the aromatic signals
of the two carbazole moieties (7.69, 8.03, 8.22 (2 x) ppm). In
the *C NMR spectrum, the signal of the mesoionic carbene
carbon atom is detected at 187.9 ppm, which is 13-18 ppm
lower than that of typical free mesoionic carbenes (201-
206 ppm).”2%1 This fits well with the expected incremental
chemical shift upon coordination of lithium.'**) In the
"Li NMR spectrum, a broad peak at 0.6 ppm indicates a fast
ion exchange between complex 7 and LiBF,. Cooling to
—80°C slows down this exchange so that separate signals for
complex 7 at typical 1.90 ppm™ and LiBF, (—0.6 ppm) can be
observed. According to DFT calculations each lithium atom is
coordinated in an N,C,N-n’-coordination mode by the CTP
ligand and by two THF molecules, resulting in a C, symmetric
complex (see Supporting Information). In the known dilithio
tetraphenylporphyrin, an n*-coordination of the pyrrole
nitrogen atoms to both lithium ions as well as coordination
of one Et,0 molecule per lithium atom was revealed by X-ray
structure analysis.””! In the >*C NMR spectrum of complex 7
at —80°C the simple signal set of the C, symmetric complex is
observed. The carbene signal is broadened but the 'Ji;c
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complexes, which leads to
cis coordination of addi-
tional ligands.*! Only two

N Lcp NN Vs P N<N porphyrin scandium chlor-
N ThE N S|° \_N ido complexes (intense
- LiCl g N N purple) have been structur-

ally characterized so far.[*4*]
Both have a coordination
9 number of 5 and the Sc is
located 0.6-0.7 A above the

Scheme 2. Deprotonation of the macrocycle 6 to yield the dilithium complex 7 and synthesis of the CTP

scandium complexes 8 and 9. Likely, two THF molecules are coordinated to each of the lithium atoms in

complex 7.

coupling is not resolved (which is typical for Li carbene
complexes due to fast Li exchange).

Transmetallation of 7 with scandium trichloride in tetra-
hydrofuran resulted in an orange solution of the desired
scandium porphyrin complex 8 (Scheme 2) that exhibits
orange fluorescence under UV light (366 nm). Compared to
the dilithium complex 7, the signals of the aromatic protons in
the "TH NMR spectrum are slightly shifted to lower field,
which coincides well with the increased Lewis acidity of
scandium. Due to the strong quadrupole moment of the
scandium nucleus (“Sc: I =7/2), the carbene signal could not
be detected. However, a “*Sc NMR spectrum confirms the
formation of a new scandium complex with a signal at
285.0 ppm, while the signal of the starting material [ScCl;-
(THF);] (217.8 ppm) is no longer observed.

All attempts to isolate complex 8 by removal of the
solvent resulted in decomposition of this highly moisture
sensitive complex. However, from a supersaturated solution
of 8 in tetrahydrofuran, orange single crystals were obtained
and subjected to X-ray structure analysis.”? The molecular
structure (Figure 6) confirms the n*-coordination mode of the
CTP ligand to scandium by substitution of two chlorido and
two tetrahydrofuran ligands. The CTP ligand takes in a basal
coordination, so that the scandium is located 0.99 A above the
plane spanned by the coordinating atoms N9-C5'-N19-C10'.
This coordination is typically found in porphyrin lanthanoid

Figure 6. The solid-state molecular structure of 8. Anisotropic atomic
displacement parameters shown at 50% probability and hydrogen
atoms are omitted for clarity.

www.angewandte.org © 2020 The Authors. Angewandte Chemie International Edition published by Wiley-vCH GmbH

porphyrin coordination
plane. In complex 8 the
additional tetrahydrofuran
ligand leads to a coordina-
tion number of 6 in a distorted prismatic arrangement. The
carbazole planes are almost coplanar (4.0°) and the inclina-
tion of the triazole planes is reduced to only 44.1°. They are
tilted against the carbazole planes by 22° (mean). The angles
at the carbene atoms (N1-C5-C4" 102.8°, N6-C10'-CY
103.4°) are reduced (by 3°) compared to the carbene
precursor 6 as it is typically found for NHC ligands and
their respective azolium precursors.

While the geometric features of the CTP coordination to
Sc are similar to that of the porphyrin ligand, the electronic
properties of the carbene moiety should impart a stronger
electron-donating character to the CTP ligand. Therefore, we
calculated the Mulliken charge of complex 8 and the
porphyrin Sc complex TTPScCI*¥! with and without coordi-

nated THF. In both cases, the scandium atom is significantly
less positively charged in the CTP than in the porphyrin
complexes (Figure 7).

TTPScCI 8

Figure 7. Comparison of the Mulliken population analysis of the
scandium metal centers between 8 and TTPScCl (Ar=p-tolyl). The
optimized structures (BP86/def2-TZVP) are identical within the error
of the X-ray structures available.

It is known from the mixed Cp-porphyrin sandwich
complex [ScCp(OEP)] (OEP = octaethylporphyrin)*! that
the macrocyclic aromatic ring current exerts a strong shield-
ing effect on the Cp protons (6(*H)=1.68 ppm). To probe
a potential ring current in our CTP ligand, we added CpLi to
a solution of complex 8 in [Dg]THF (Scheme 2). The
formation of complex 9 is detected in the “Sc NMR with
a signal at 136.4 ppm, which is about 150 ppm at higher field
than that of 8 and a good indicator for the substitution by
a Cp ring.” The Cp—H signal is detected at 5(*H) =5.21 ppm
(LiCp: 6(*H) = 5.69 ppm), which is comparable to other CpSc
complexes.F This clearly precludes any macrocyclic aromatic
or antiaromatic ring current effect. Complex 9 can also be
synthesized in a one-pot procedure starting from the ligand
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precursor 6 in 80 % isolated yield as an orange solid. The color
results from a weak absorption with a maximum at 485 nm
and a stronger one with a maximum at 408 nm in THF. The
complex shows orange fluorescence in the solid state (Aq.=
449 nm, A., =614 nm) and yellow fluorescence in solution
(Aexe=411nm, A, =517 nm (THF)) (Supporting Informa-
tion).

To conclude, we have synthesized and investigated the
properties of the carbenaporphyrin ligand 1 (CTP) and its
lithium and scandium complexes. A potential aromatic or
antiaromatic character of an 18 or 20 me™ macrocycle in the
carbene precursor 6 or in the complexes 7-9 can be excluded.
Instead, the heterocyclic moieties keep their individual
aromaticity, but provide the geometric features of porphyrins
upon complexation with lithium and scandium. Thus, a por-
phyrinoid character can be attributed to ligand 1, and in
addition it features stronger electron-donor properties than
porphyrins owing to its mesoionic NHC moieties. The
influence of the electronic properties on the reactivity of
these complexes and on those with redox-active metal centers
is subject of our current research.
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