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ABSTRACT

Ab initio calculations were carried out on zinc-porphyrins complexed to several amines: N-(3,5-dimethyl-pyridin-4-yl)-formamide, 1,4-diazabiciclo-
[2.2.2]octane (DABCO), and 1-azabiciclo[2.2.2]octane (quinuclidine). The proton chemical shifts of these complexes were calculated ab initio
at the GIAO-HF/6-311G*//HF/3-21G level of theory, and the obtained values agree satisfactorily with experimental results. The complexation-
induced changes in 1H NMR chemical shifts correlate well with differences in association constants of several host−guest complexes.

Supramolecules containing metalloporphyrins have been
widely used in host-guest chemistry.1 Metalloporphyrins
provide an advantageous class of building blocks for the
construction of large multicomponent architecture as a result
of their stability and facile synthesis. Oligomeric porphyrins
and metalloporphyrins are under intensive investigation
because of their potential application as new photonic and
electronic materials.2 For example, multiporphyrin arrays can
be used as photon funnels,3 molecular wires4 and switches,5

etc.
Zinc-porphyrins are often used as building blocks to create

receptors with a range of cavity shapes and sizes. The

strategy of this host-guest chemistry is based on the
fundamental Zn-N recognition event.6 The1H NMR chemi-
cal shift information is frequently used as a diagnostic tool
in complex stoichiometry. The characteristic changes in the
chemical shifts of the protonsR to the nitrogen atom of the
ligand (NL) upon binding are used to determine the geometry
of such complexes.

The interplay of theory and experiment in the field of
NMR spectra has been very productive,7 in particular for
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the elucidation of molecular structures and for the compre-
hension of chemical binding. Therefore, the computation of
chemical shifts is an ideal link between theory and experi-
ment, because it allows empirical proposal, as well as tests
for theoretically predicted structures. The prediction of NMR
parameters is a fundamental task during the process of
computer-assisted structure elucidation.

In this letter we attempt to illustrate the capability of the
theoretical method ab initio/GIAO at the HF/6-311G*//HF/
3-21G level by comparing the calculated chemical shift (δ)
values computed for free and complexed ligands with the
data obtained experimentally. The proximity of the porphyrin
π-system in these complexes causes the1H NMR signals to
experience large ring-current-induced upfield shifts relative
to the corresponding signals in free ligand.8 The aforemen-
tioned method is able to reproduce these complexation-
induced shifts in several zinc-porphyrin-amine complexes
in good agreement with experimental data. Additionally, we
report the influence that the geometric features of these
complexes have on the computed complexation-induced
shifts. This influence has been applied to explain differences
in experimental association constants of two diporphyrin-
dipyridine complexes.

Geometry optimizations9 and energy calculations were
done using the 3-21G basis set at the HF level by means of
the GAUSSIAN 98 program,10 since previous studies11 have
demonstrated that reliable quantitative results are obtained
at this level of theory.12 Furthermore, in one case (complex
7) we have extended our calculation to HF/6-31G for the
geometry optimization and no differences in the NMR
shielding tensor were observed. No side chains were attached
to the porphyrins evaluated in this study in order to keep
the size of the calculations approachable. No symmetry
constraints were imposed unless otherwise noted. Chemical
shifts were determined by comparisons with the1H NMR
isotropic shifts computed for tetramethylsilane at the same
level. GIAO calculations were performed according to the
reported method13 at HF/6-311G*//HF/3-21G.

Computed and experimental1H NMR chemical shifts (δ)
and complex-induced chemical shifts (∆δ) of free ligands
1-3and complexes5-8 (see Figure 1) are present in Table

1. 1H NMR spectra of free DABCO (1), quinuclidine (2),
andN-(3,5-dimethyl-pyridin-4-yl)-formamide (3) are remark-

ably well reproduced at the GIAO-HF/6-311G*//HF/3-21G
level of theory. Experimentally, when 1 equiv of ligand is
added to form a 1:1 binary complex, the1H NMR resonance
signals experience ring-current-induced upfield shifts. This
upfield shift is especially significant in the ternary 1:2
complex8 as a result of the proximity of the two porphyrin
π-systems. It merits mention that these large experimental
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Figure 1. DABCO (1), quinuclidine (2), N-(3,5-dimethyl-pyridin-
4-yl)-formamide (3), zinc-porphyrin (4), and its complexes (5-8).

Table 1. Calculated and Experimental1H NMR Chemical
Shifts (δ) and Complex-Induced Chemical Shifts (∆δ) in ppm

GIAO/6-311G*//HF/3-21G experimental

compound ASa δb ∆δ δb,c ∆δ

TMS 32.77 0 0
1 30.44 2.31 2.80
2 (HR) 30.27 2.50 2.85
2 (Hâ) 31.53 1.24 1.51
3 (HR) 24.04 8.73 8.38
3 (CH3) 30.51 2.26 2.26
5 36.75 -3.98 -6.29 -3.10 -5.90
6 (HR) 36.60 -3.83 -6.33 -3.49 -6.34
6 (Hâ) 33.82 -1.05 -2.29 -0.64 -2.15
7 (HR) 30.54 2.23 -6.50 2.07 -6.31
7 (CH3) 32.18 0.59 -1.67 0.70 -1.56
8 39.17 -6.40 -8.71 -5.20 -8.00

a Absolute shielding.b Relative to TMS.c In CDCl3 at 20°C.
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upfield shifts are in excellent agreement with the computed
∆δ, see Table 1. In no case is the difference between theory
and experiment greater than 0.4 ppm for the 1:1 complexes
5-7. The agreement for the ternary complex8 is also
remarkable; the computed∆δ is -8.71 ppm, which is
comparable to the experimental value (-8.00 ppm).

As an example for the diagnostic capacity of the theoretical
method, we studied experimentally14 the behavior of the
complexes shown in Figure 2 using UV-visible absorption

and1H NMR spectroscopy. To obtain the binding constant
for complexes12 and 13 we performed titrations of the
porphyrin dimers9 and 10, adding the pyridine dimer11
and studying the coordination shift of the Soret band in the
UV-visible absorption spectrum in methylene chloride.
Good isosbestic points were observed. Analysis of the
binding curves showed that simple 1:1 complexes were
formed with binding constants of 1.27× 107 M-1 for
complex12 and 1.26× 105 M-1 for complex13. A likely
explanation for this considerable difference in binding
constants (the difference is 2 orders of magnitude) is that
the geometry of the porphyrin-pyridine interaction is
different. Porphyrin dimer9 has a 2,6-pyridine-dicarbox-
amide group, which connects both porphyrins. This linker
has internal hydrogen bonds, which reduces the 120° angle
expected for meta-substituted arenes to 96° (Figure 2).15 This
linker has been also used to connect the two pyridine units
in dimer11. Therefore the geometries of host and guest prior

to complex formation12 (9 + 11) are almost optimal. On
the contrary, in complex13 (10 + 11), the linker of the
porphyrin dimer 10 does not have the intramolecular
hydrogen bonds (instead it has a repulsive C-H‚‚‚H-N
interaction), and thus the geometric complementarity of the
porphyrin to the diamine unit is reduced.

This explanation has been corroborated using theoretical
calculations. Clearly, the complexation-induced shift is
influenced by the geometries of host and guest in the
complex. We have calculated the∆δ of complex7 at several
orientations, varying the angle formed by the porphyrin N4

plane and the molecular plane of the ligand from 90° to 70°
in steps of 5°. Figure 3 shows the obtained relation (r2 )

0.96) between the orientation angle and the complexation-
induced chemical shift (∆δ). The optimum orientation is
achieved when the pyridine ligand is perpendicular to the
N4 plane of porphyrin. In this orientation the∆δ is maximum
(in absolute value). Experimentally, the|∆δ| (upfield shifted)
for complex12 are 6.31 ppm for HR and 1.55 ppm for the
methyl group. The values for complex13 are smaller in
absolute value, 6.15 ppm for HR and 1.52 ppm for the methyl
group, indicating that the geometrical orientation of this
complex is not as good as in complex12, as reflected in the
experimental binding constants.

In conclusion, we have shown that the GIAO method at
the HF/6-311G*//HF/3-21G level of theory is able to
reproduce effectively experimental chemical shifts. More-
over, it has been successfully applied to the theoretical
calculation of complexation-induced shift of zinc-porphyrin
complexes, where the1H RMN resonance signals experience
large ring-current-induced upfield shifts. Finally, we have
found a linear correlation between the orientation of the
ligand over the porphyrin plane and the computed complex-
ation-induced shift. The influence of this orientation on the
∆δ has been verified experimentally.
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Figure 2. Porphyrin dimers9 and10, pyridine dimer11, and its
complexes12 and13.

Figure 3. Plot of the regression between the angle defined by the
N4 plane and the pyridine molecular plane in degrees and the
complexation-induced shift of theR hydrogen atom in ppm
computed for complex7.
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