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ABSTRACT: We present the first coordination-induced
spin-state switching with nickel chlorin and nickel
isobacteriochlorin. The spin-state switching was monitored
by UV−vis spectroscopy and NMR titration experiments.
The association constants (K1 and K2) and thermody-
namic parameters (ΔH and ΔS) of the coordination of
pyridine were determined. The first X-ray analyses of a
paramagnetic nickel chlorin and a nickel isobacteriochlorin
provide further information about the structure of the
octahedral complexes. Nickel chlorin and even more
pronounced nickel isobacteriochlorin exhibit stronger
coordination of axial ligands compared to the correspond-
ing nickel porphyrin and thus provide the basis for more
efficient spin-switching systems.

Nickel(II) can exist in two different spin states (S = 0 and 1).
The spin state of nickel complexes in solution is known to

depend on the coordination number and geometry. A frequently
used method to control the spin state is the addition of ligands to
a square-planar nickel complex (S = 0).1−4 Axial-ligand
coordination gives rise to the formation of square-pyramidal
and octahedral complexes and converts the nickel(II) to the S = 1
state.5−7 This process was coined coordination-induced spin-
state switching (CISSS).8 Preconditions for the design of efficient
spin-switching systems are rigid square-planar nickel complexes
that allow strong coordination of axial ligands. Nickel porphyrins
have proven to be suitable. With photochromic ligands, the
coordination number and spin state can be controlled by
irradiation with light (light-driven CISSS).9−12 As previously
shown, this process has been used to change the contrast in
magnetic resonance imaging (MRI).13,14 The square-planar
complex is MRI-silent (contrast off), whereas the axial complexes
are paramagnetic and active (contrast on). The CISSS approach
provides the basis for the design of smart MRI contrast agents,
which have a high potential for applications in functional medical
imaging.
The nickel porphyrin systems that have been developed

toward this end so far still suffer from drawbacks, mainly in view
of medical applications. Axial coordination has to be improved,
and the wavelength of light for addressing the systems in vivo has
to be shifted toward the biooptical window (650−950 nm),
where blood-supported tissue is transparent (penetration depth

of up to 20 mm). To solve these problems, we explore the
implementation of nickel chlorins and nickel isobacteriochlorins
in CISSS systems because they are known to have bathochromic-
shifted absorption bands compared to the corresponding
porphyrins.
We started from meso-tetrakis(pentafluorophenyl)nickel

porphyrin (Ni-TPPF20, 1), whose complex formation with
pyridine is well investigated and which is a common platform
for CISSS.8,9,11 Chlorins and isobacteriochlorins can be prepared
by the reduction of porphyrins. In the case of electron-deficient
porphyrins, however, cycloaddition reactions are more con-
venient to convert β double bonds to C−C single bonds
(Supporting Information). Hence, we applied the method of
Cavaleiro et al. using N-methylglycine and formaldehyde in
boiling toluene (Scheme 1).15−17 The corresponding chlorin

(Ni-TPCF20, 2) and isobacteriochlorin (Ni-TPIBF20, 3) were
obtained with 43 and 19% yield (Supporting Information). No
detectable amounts of bacteriochlorin and syn-configured
isobacteriochlorin were observed, which confirms the selectivity
of this reaction with the free base porphyrin.16

The nickel macrocycles 2 and 3were investigated with UV−vis
spectroscopy (Figure 1). The most bathochromic absorption
bands (Q bands) were found at 554 nm for the porphyrin, at 596
nm for the nickel isobacteriochlorin 3, and at 613 nm for the
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Scheme 1. Formation of 2 and 3 by the 1,3-Dipolar
Cycloaddition of 1 and anAzomethine Ylide Formed in Situ by
the Reaction of N-Methylglycine and Formaldehyde
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nickel chlorin 2. The latter absorption is close to the near-IR
window and has a measurable absorption at >650 nm. An even
larger bathochromic shift was observed for the metal-free chlorin
(652 nm).16 The extinction coefficients of the Soret bands are
decreasing from 1 to 2 to 3, in contrast to the more interesting Q
bands, for which the order is in reverse (3 to 2 to 1). All three
compounds exhibit a bathochromic shift of the Soret band upon
the addition of piperidine, which is due to formation of the
paramagnetic octahedral complex.18

The capability of a nickel complex to perform CISSS is
quantified by the association constants. It is important to consider
that there are two association processes. The coordination of the
first axial ligand to form the paramagnetic square-pyramidal
complex is described by the association constant K1, and the
coordination of the second ligand to form the octahedral complex
is denoted as K2 (Figure 2). Note that K1 is the key parameter

because in this step the spin state of the nickel changes from S = 0
(singlet) to 1 (triplet). Whereas the two sides of 1 and 3 are
homotopic, there are two different possibilities for the
coordination of the first ligand to the nickel chlorin 2 (Scheme
1). According to our calculations, both 1:1 complexes (syn and
anti to the pyrrolidine ring) are isoenergetic (ΔE = 0.13 kcal
mol−1; Supporting Information) because there is very little steric
repulsion between the axial ligand and the pyrrolidine unit.
Hence, we use the same binding model as that for the nickel
porphyrin 1 and nickel isobacteriochlorin 3 (Figure 2).
The association constants of pyridine with the nickel porphyrin

1, nickel chlorin 2, and nickel isobacteriochlorin 3 were
determined by 1H NMR spectroscopy (toluene-d8; see

Supporting Information). Surprisingly, the key parameter for
the spin switch, K1, drastically increases with the number of
saturated double bonds in the macrocycle (Table 1). The nickel

chlorin 2 binds pyridine 12 times stronger and the nickel
isobacteriochlorin 3 even 57 times stronger than the nickel
porphyrin 1. Hence, nickel chlorins, and even more so nickel
isobacteriochlorins, are better platforms for CISSS.
From temperature-dependent measurements of the associa-

tion constants, the thermodynamic parameters (ΔH andΔS) for
complex formation were determined (Table 2). The entropies

ΔS1 and ΔS2 for all processes are almost equal (−13.6 to −14.9
cal mol−1 K−1). Hence, the association enthalpies ΔH1 and ΔH2
exhibit the same trend as the association constantsK1 andK2. The
key parameter ΔH1 for 1−3 increases more strongly than ΔH2.
These trends are very well reproduced by quantum-chemical

calculations. Previously, we have shown that the B3LYP/
def2TZVP//PBE/SVP level of density functional theory
(DFT) is a good compromise between the computational costs
and accuracy for the calculation of binding energies in nickel
porphyrins.9,10 Table 3 compares the experimental and
theoretical values for 1−3. Obviously, this DFT level is also
reliable for nickel chlorins and nickel isobacteriochlorins.

We were able to obtain single-crystal structures of the
bis(pyridine) complexes of 1−3 (1·2Py, 2·2Py, and 3·2Py;
Figure 3), which allows (for the first time) the direct comparison
of the structures of paramagnetic nickel porphyrins and saturated
analogues. As expected from the increasing binding energies in
1−3, the coordinative Ni−N bond length decreases. The
coordination sphere of the nickel ion in all three complexes is
octahedral with tetragonal distortion (square-bipyramidal).
Whereas the porphyrin unit in 1·2Py is perfectly planar, slight

Figure 1. (top and bottom left) UV−vis spectra of compounds 1−3 in
pure MeCN (red, green, and blue) and with an excess of piperidine in
MeCN (black). (bottom right) Comparison of the extinction
coefficients of compounds 1−3.

Figure 2. Formation of square-pyramidal and octahedral nickel
complexes as described by the association constants (K1 and K2) and
the complex formation enthalpies (ΔH1 and ΔH2).

Table 1. Association Constants (K1 and K2; 300 K, Toluene-
d8) of Pyridine to 1,8 2, and 3a

K1 (L mol−1) K2 (L mol−1)

Ni-TPPF20 (1) 7.8 20.5
Ni-TPCF20 (2) 91.1 43.4
Ni-TPIBF20 (3) 441.0 77.5

aAll values and titration curves are given in the Supporting
Information.

Table 2. ΔH and ΔS Values for the Association of Pyridine to
1,8 2, and 3 Determined by the Temperature Dependence of
the Association Constants (Supporting Information)

ΔH1
(kcal
mol−1)

ΔS1
(cal mol−1

K−1)

ΔH2
(kcal
mol−1)

ΔS2
(cal mol−1

K−1)

Ni-TPPF20 (1) −5.3 −13.6 −6.0 −13.9
Ni-TPCF20 (2) −6.9 −14.1 −6.2 −13.0
Ni-TPIBF20 (3) −8.0 −14.6 −7.0 −14.9

Table 3. Experimental (ΔH) and Theoretical (Ef) Values
(B3LYP/def2TZVP//PBE/SVP) of Complex Formation
Energies of 1−3 with Two Pyridine Ligands

ΔH1 + ΔH2 (kcal mol−1) Ef (kcal mol−1)

Ni-TPPF20 (1) −11.3 −10.8
Ni-TPCF20 (2) −13.1 −12.1
Ni-TPIBF20 (3) −15.0 −13.6
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ruffling is observed in chlorin 2·2Py and is evenmore pronounced
in isobacteriochlorin 3·2Py, which is quantified by the maximum
torsion angle between the four porphyrin nitrogen atoms (N4
torsion; see Table 4). The axial pyridines are perfectly orthogonal

to the porphyrin plane in 1·2Py. In 2·2Py and 3·2Py, one of the
pyridines is 10° tilted, which is probably a packing effect. The
suboptimal binding angle results in a slightly increased bond
length (Table 4). In 1·2Py, the pyridines (Py1 and Py2) are
perfectly coplanar, whereas they are twisted in 2·2Py and are even
more pronounced in 3·2Py. Interesting structural parameters are
summarized in Table 4.
By crystallization in the absence of pyridine, we obtained

single-crystal structures of the diamagnetic nickel porphyrin 1
and a linear coordination polymer of the nickel chlorin 2. The
structures are in good agreement with the calculated structures at
the PBE/SVP level of DFT (Supporting Information).
In summary, we show that nickel chlorins and nickel

isobacteriochlorins are superior as square-planar platforms for
CISSS compared to the corresponding nickel porphyrins. The
association constants with axial ligands increase with the number
of double bonds that are replaced by single bonds (porphyrin <
chlorin < isobacteriochlorin). A strong coordination of the axial
ligand is important for the development of water-soluble systems
because the coordination strength in water is reduced by
hydrogen bonding to the ligand. Moreover, the absorption is
shifted to longer wavelengths. The nickel chlorin 2 has a Q band
at 613 nm, which extends into the biooptical window (650−950
nm). Nickel bacteriochlorins absorb at even longer wavelengths
(∼700 nm) and, therefore, are our next targets.16 Further studies
are devoted toward substitution of the pyrrolidine nitrogen with
photochromic azopyridine switches to prepare spin switches that
can be controlled with near-IR light.10,12,13 These compounds are
interesting candidates as functional MRI contrast agents with

potential applications in functional imaging and interventional
radiology.19
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Figure 3. Single-crystal structure of octahedral complexes of the nickel
porphyrin 1 (left), nickel chlorin 2 (middle), and nickel isobacterio-
chlorin 3 (right) with pyridine as the axial ligand. The C6F5 substituents
at the meso positions were omitted.

Table 4. Structural Parameters of 1·2Py, 2·2Py, and 3·2Pya

Ni−N bond/Å tilt Py1Py2 N4- space-

crystal calc. angle twist torsion group

1·2Py Py1 2.223 2.205 0° 0° 0° P-1
Py2 2.223 2.205 0°

2·2Py Py1 2.185 2.191 0° 20° 1.4° P21/c
Py2 2.199 2.198 10°

3·2Py Py1 2.181 2.185 2° 27° 3.1° P-1
Py2 2.192 2.185 10°

aThe overlay of calculated (PBE/SVP) and crystal structure is
provided in the Supporting Information.
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