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Zn Pyropheophorbide a: A β-Face Selective Nicotine Receptor
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Nicotine binds to a semisynthetic chlorophyll a derivative, Zn
pyropheophorbide a, in a receptor-like manner to form a 1:1
complex with β-face diastereomeric configuration. The ge-
ometry of the complex structure was evidenced by 1H NMR,
ROESY and DOSY spectroscopic experiments combined with
molecular modelling DFT B3LYP calculations at the 6-31G*
level. The observed binding between the chlorin and nico-
tine takes place through a “two-point binding” mechanism,
in which the nicotine N-pyridyl moiety coordinates to the
chlorin zinc atom, whilst the nicotine N-methyl pyrrolidine

Introduction

In photosynthetic systems, protein-bound chlorophylls
are ligated either in an α- or β-face selective manner by
imidazole histidine residues (Scheme 1).[1] The crystal struc-
ture of the light-harvesting complex II (LH II)[2] reveals
that the α-ligated diastereomer in which the imidazole resi-
due is located below the chlorin plane is predominantly
populated with a ratio of 6:1 over the β-diastereomer
(Scheme 1).[1] Moreover, the latter mode of ligation is ener-
getically unfavourable, and this has been concluded by sta-
tistical analysis and computational studies.[3,4] Distinctly,
the protein-bound β-diastereomers are located apart from
the α-diastereomers in the inner core of antenna systems.[3]

Concomitantly, Balaban suggested that β-ligated chloro-
phylls have a specific role in light harvesting photosynthetic
antennae forming energy traps for the excitation energy
transfer.[1,3,5] Recent findings showed that the 131-carbonyl
of β-ligated chlorophylls in LH II has a strong tendency to
H-bond with the neighbouring protein subunits, thus mani-
festing the key role of the ligation face in the antennae
structure.[6]
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unit forms an ion pair with the chlorin acid group. The bind-
ing mechanism was further confirmed by association con-
stants (Ka) obtained from titration experiments in CDCl3 with
1H NMR spectroscopic monitoring (8.0�105 M–1) and in tolu-
ene with UV/Vis (6.1�104 M–1) monitoring. The correspond-
ing binding constants obtained for nicotine with one-point
binder, Zn pyropheophorbide a methyl ester, were 4.8�105

and 2.3�104 M–1, respectively.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Scheme 1.

It is very likely that selective chlorin β-face ligation has
been formerly achieved by using a covalent approach by
trivially replacing the phytyl group of chlorophyll with an
N-propyl imidazole moiety.[7] In this work, we were in-
trigued to study whether β-face chlorin ligation could be
achieved in a supramolecular manner. We envisioned that
selectively α- or β-ligated chlorophyll derivatives could pave
the way for their use as stereocontrolled building blocks in
the construction of artificial self-assembled photosynthetic
systems. The group of D’Souza showed that nicotine can
be complexed on face-symmetric zinc porphyrin acid in a
receptor-like manner by a “two-point” binding strategy.[8]

This encouraged us to extend this strategy to the simple and
chemically stable chlorophyll derivative Zn pyropheophor-
bide a (1), which has an asymmetric acid residue oriented
above the chlorin plane. Our research hypothesis was that
the propionic acid group of 1 (pKa ≈ 4.5) would form an ion
pair with the pyrrolidine nitrogen atom of nicotine (pKaH ≈
8.1 in water),[9] and the thus bound nicotine would further
coordinate with its pyridine nitrogen atom to the zinc of
the chlorin ring from the above side of the plane to form a
β-ligated nicotine complex.
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Beyond this study, compound 1 has a known affinity to
substitute heme in the pocket of myoglobin.[10] In general,
pyropheophorbides and their metal complexes have been
applied as fluorescing intercellular binding probes[11] and
tissue accumulating photosensitisers in photodynamic ther-
apy.[12] However, to the best of our knowledge, there are no
reports of supramolecular small molecule/free acid metal
chlorin complex formation.

Results and Discussion

We prepared semisynthetic chlorophyll derivative 1 from
pyropheophorbide a methyl ester by using classic methods
in acidic hydrolysis of the propionic acid methyl ester[13]

and zinc insertion.[14]

The characteristics of the formation of the complex be-
tween Zn pyropheophorbide a (1) and nicotine (2) was
studied by NMR spectroscopy in CDCl3. In the 1H NMR
spectrum of the mixture of nicotine (2) and chlorin 1, the
signals for the A–D pyridine protons are notably shielded
relative to the chemical shifts of the signals for these pro-

Figure 1. 1H NMR spectrum (500 MHz) of (a) nicotine (2), (b) 1.3:1 mixture of Zn pyropheophorbide a (1; 39 m)/nicotine (2; 31 m),
(c) Zn pyropheophorbide a methyl ester (3) measured in CDCl3.
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tons in free nicotine (Figure 1). Zn pyropheophorbide a
methyl ester (3) (Figure 1c) was chosen as a reference com-
pound due to the poor solubility of free chlorin acid 1 in
less-polar solvents like chloroform. The observed shielding
indicates the formation of a strong complex: the pyridine
moiety of the nicotine is exposed to the aromatic ring cur-
rent of the chlorin ring when coordinated to the Zn atom
of chlorin 1, which leads to significant shielding effects.[15]

Comparison of the spectrum of the complex with that of
Zn pyropheophorbide a methyl ester reveals that the 10, 5
and 132 chlorin ring protons are clearly deshielded in the
complex. These deshielding effects arise evidently from the
interaction of Zn chlorin with the nicotine pyridine moiety.

We were able to assign most of the complex signals with
the aid of 2D ROESY, DQF-COSY and HSQC NMR spec-
troscopic techniques.[16] Additionally, the strong- and me-
dium-sized ROE correlations observed between the protons
of the propionic acid side chain and the proximate protons
were informative in the elucidation of the conformation of
the side chain. Even though the broad line shapes in the 1H
NMR spectrum (Figure 1) implies that there is some degree
of structural fluctuation in the complex, the ROESY spec-
trum implies that the supramolecular complex has notable
structural specificity. The observed ROE correlations can
be expected to arise from the conformation depicted in
Scheme 2. Importantly, the correlations between the 18 and
172 protons indicate that these protons are located on the
same side of the chlorin plane. Evidently, therefore, the pro-
pionic acid side chain in the complex is oriented above the
tetrapyrrolic plane, which also suggests β-face ligation of
nicotine. Finally, the detected weak ROE correlations fur-
ther support a ligation stereochemistry: the observed ROE
between the 132 and pyrrolidine protons (grey arrow in
Scheme 2) designates the stereochemistry for the β-face.[16]
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Scheme 2.

The strength of the complex formation was estimated
from 1H NMR titration of nicotine (2) in CDCl3 by adding
variable amounts of chlorin 1 into the solution. By moni-
toring the pyridine proton (HA, Figure 1) and by plotting
∆δ versus the amount of 1 added, an association constant
(Ka) of 8.0�105 –1 was obtained for the binding (Fig-
ure 2). Furthermore, the titration data was also analysed
with a Job’s plot type of analysis, which resulted in a 1:1
ratio for the complex formation (Figure 3). A correspond-
ing titration with methyl ester reference compound 3, which
is only capable of a one-point contact, yielded only a
slightly weaker Ka of 4.8�105 –1. This indicates that the
Zn/pyridine interaction dominates in the complex forma-
tion at NMR concentrations [m].

Figure 2. The ∆δ of proton A of nicotine is plotted vs. the molar
amount of Zn pyropheophorbide a. The data was analysed by fit-
ting the curve presented in Equation (1) to the data points (δs = δ
value of unbound specie, δobs = observed δ value, ∆δ = δobs – δs, S0

= [substrate], R0 = [receptor], Ka = 1/Kd).[17]

(1)

In spite of the above molecular ratio evidence (1:1), the
possibility of larger aggregate formation (n:n, n � 1) could
not be ruled out. Zinc chlorophyll derivatives are known to
be prone to aggregation behaviour especially in the presence
of polar substituent groups.[19] Therefore, diffusion-ordered
NMR spectroscopy (DOSY) measurements were performed
to evaluate the molecular weight of the complex.[20] The
diffusion coefficients (D values) were measured for related
compounds and the obtained values were plotted against
molecular weight (Figure 4). The measured diffusion coeffi-

www.eurjoc.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2008, 4932–49374934

Figure 3. An approximate Job’s plot type analysis of the 1H NMR
titration data. The top of the curve is located close to 0.5 mol frac-
tion of nicotine denoting 1:1 complex formation.[18]

cient for the Zn pyropheophorbide a/nicotine complex is
approximately the same as that for monomeric Zn pyro-
pheophorbide a methyl ester, that is, it is a 1:1 complex.
Interestingly, measurement of pure Zn pyropheophorbide a
shows a low D value (8.6�10–10 m2 s–1), which corresponds
to a molecular aggregate with an average molecular weight
of ≈2100 gmol–1, indicating formation of chlorin tetramers
or pentamers, as evaluated on the basis of other reference
compounds (Figure 4).

Figure 4. Diffusion coefficients vs. molecular weight for (A) nico-
tine, (B) Zn pyropheophorbide a methyl ester, (C) Zn pyropheo-
phorbide a/nicotine complex, (D) Zn pyropheophorbide a dyad
(linked with amidation by using 2,2�-dithioethamine) and (E) Zn
pyropheophorbide a aggregate (MW is estimated on the basis of
the D value).

A theoretical examination of the system was carried out
by the use of molecular modelling with DFT B3LYP at the
6-31G* level. Prior to the DFT calculations, conforma-
tional search was performed with the semiempirical
RM1[21] method for the flexible part of the system (Fig-
ure 5). The subsequent B3LYP geometry optimisations gen-
erated overall 11 structural minima for the “two-point”
bound complex below an energy frame of 12 kcalmol–1.[16]

Expectedly, the lowest-energy structures were β-ligated and
only in two of the found structures was the nicotine α-lig-
ated. Those are also clearly energetically disfavoured and
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are 9.1 and 11.5 kcalmol–1 higher in energy (∆H) relative
to that of the global minimum structure. The rest of the
structures are β-ligated and have some conformational dif-
ferences in the propionic acid side chain and the orienta-
tions of the nicotine pyrrolidine moiety. The obtained
global minimum structure lies at an energy level that is
2.9 kcalmol–1 lower than the following energy minimum
and can be defined as the energetically most favourable
structure (Figure 5).[16] In the global minimum structure,
the propionic acid side chain is in an approximate gauche+
(g+) conformation with respect to the C17–C171

bond,
whereas the C171

–C172
bond has a gauche– (g–) conforma-

tion. In the next most favourable conformer, the C171
–C172

bond is turned to the g+ conformation. In contrast, the α-
ligated complexes are not only found to lie at a higher en-
ergy level, but they are also in a distorted conformation
with limited spatial freedom: they are in approximate g–
and g+ conformations for the C17–C171

and C171
–C172

bonds, respectively.[16] Whereas the used calculation method
gave binding energies of 15.3 and 12.2 kcalmol–1 for the
“one-point” bindings chlorin Zn/nicotine pyridine and
chlorin COOH/nicotine pyrrolidine, respectively, the found
“two-point” bound complex minimum was found to have a
binding energy of 23.3 kcalmol–1.[16] Even though the per-
formed modelling omits both solvation and dynamic effects,
which can be essential for the formation and stability of a
supramolecular structure, the obtained results are in good
agreement with the structural data obtained from NMR
spectroscopic studies (Scheme 2 and Figure 5).

Figure 5. B3LYP 6-31G* geometry-optimised minimum energy
structure of Zn pyropheophorbide a/nicotine complex. The confor-
mational search was performed for the flexible part of the system
(the whole complex apart from the black chlorin moiety).[16]

Direct estimation of the nicotine (2)/Zn chlorin 1 popula-
tion ratios with Bolzmann distribution (∆G = RTln[N2/N1])
by using the calculated energy differences and an approxi-
mation that ∆H ≈ ∆G for each complex[22] indicate that the
found 2.9 and 9.1 kcalmol–1 energy differences between the
global minimum and the next advantageous structure, in
which the nicotine is above or below the plane, favours the
global minimum structure with populations of 1:130 and
1:4.7�106, respectively, at 25 °C.

Optical properties of the complex formation were studied
with UV/Vis absorption and steady-state fluorescence emis-
sion spectroscopy. The UV/Vis titration of Zn pyropheo-
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phorbide a was performed by adding amounts of nicotine
in toluene (Figure 6). A nonpolar solvent was chosen to
maximise the noncovalent interactions. Despite the low sol-
ubility of compound 1 in toluene, the sensitivity of the op-
tical measurements was an advantage in these experiments
in comparison to those performed with NMR spectroscopy.
Clear spectral changes can be observed with increasing ni-
cotine concentration. However, the changes are more dras-
tic in the beginning of the titration (the grey-coloured spec-
tra) and can be attributed to the breaking of the oligomeric
chlorin acid aggregate structure. After the addition of one
equivalent of nicotine, the spectral drifting decreased. The
Scatchard analysis[23] above this titration range resulted in
Ka = 6.1�104 –1 (inset Figure 6). In the literature, similar
spectral behaviour was reported for a single pyridine mole-
cule coordinated to Zn chlorins in pyridine UV/Vis ti-
trations.[24] A reference UV/Vis titration experiment with
“one-point” binding compound 3 yielded a lower value: Ka

= 2.3�104 –1. This indicates that two-point binding has a
more pronounced effect on the formation of the complex
at lower concentrations [µ] in nonpolar solvents, as was
observed above in CDCl3 in the NMR spectroscopic
studies.

Figure 6. UV/Vis monitored titration of Zn pyropheophorbide a
(14.2 µ) adding nicotine (0–77.8 µ) in toluene. In the grey-col-
oured spectra the amount of nicotine is below 1 equiv. with respect
to the amount of chlorin. The inset figure shows Scatchard analysis
at Soret.

Clear quenching of the fluorescence emission Qy band
(659 nm) was observed in the corresponding fluorescence
titration in chloroform (Figure 7).[16] Also, the isosbestic
point at 668 nm indicates formation of a new molecular
species. Dilution-corrected Benesi–Hildebrandt analysis[25]

of quenching resulted in Ka = 6.1�104 –1.[16]

Overall, the conducted NMR spectroscopic studies sup-
ported by molecular modelling showed that nicotine is
tightly β-face ligated on Zn pyropheophorbide a with “two-
point” binding. The obtained Ka values vary in the range
from 6.1�104 to 8.0�105 –1 and are dependent on con-
centration; however, the values are still close to that (Ka =
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Figure 7. Fluorescence titration of Zn pyropheophorbide a (2.75 µ) by adding nicotine (0–44.5 µ) in chloroform (irradiation at 429 nm).
The inset chart below shows Benesi–Hildebrandt analysis[25] at 659 nm.

4.6�105 –1) reported earlier for a “two-point” porphyrin-
based nicotine chemosensor.[8]

Conclusions

The current results demonstrate that the applied “two-
point” binding strategy can be a useful tool to control
supramolecular organisation of chlorophyll derivatives in
more advanced applications such as the mimicry of chloro-
phyll components in the photosynthetic antennae or reac-
tion centre. We are currently applying the herein reported
phenomenon to construct chlorin-based β-face selective
supramolecular photoinduced electron donor–acceptor sys-
tems.

Experimental Section
General: NMR experiments were performed at 27 °C with a Varian
Unity INOVA 500 NMR spectrometer. UV/Vis spectra were re-
corded with a Varian Cary5E spectrophotometer. Fluorescence
spectra were measured with a BioLogic MOS250 fluorometer. IR
spectra were measured with a PE Spectrum One (ATR) FTIR spec-
trometer.

Molecular Modelling: Geometry optimisation calculations for Zn
pyropheophorbide a/nicotine complexes were performed with the
DFT B3LYP method at the 6-31G* level by using GAUSSIAN03
program. Prior to the DFT calculations conformational search was
performed for the propionic acid side chain and for the pyrrolidine
moiety of nicotine with semiempirical RM1 method (by Hyper-
Chem interface). In the search all the propionic side chain rotamers
and nicotine pyrrolidine orientations were systematically studied.
Structures showing (pyridine/Zn, COOH/N-pyrrolidine) “two-
point” coordination were chosen for further optimisations at the
DFT level. As a result, 11 different structures were obtained under
12 kcalmol–1 energy frame.[16]

Chlorophyll a was extracted and purified from Spirulina Pacifica by
a slightly modified procedure of Smith et al.,[26] and subsequently
converted into pyropheophorbide a methyl ester.[27] Zn pyropheo-
phorbide a (1) was synthesised from pyropheophorbide a methyl
ester according to previously reported procedures.[13,14] The crude
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product was purified with SiO2 column (MeOH/CH2Cl2, 1:10) to
afford the product (50 mg, 8.3�10–2 mmol, 40%). 1H NMR
(500 MHz, DMSO, 27 °C): δ = 9.64 (s, 1 H, 10-H), 9.33 (s, 1 H, 5-
H), 8.59 (s, 1 H, 20-H), 8.19 (dd, 3Jcis = 11.5 Hz, 3Jtrans = 18.0 Hz,
1 H, 31-H), 6.26 (dd, 2Jgem = 1.5 Hz, 3Jtrans = 18.0 Hz, 1 H, 32

trans-
H), 6.08 (dd, 2Jgem = 1.5 Hz, 3Jcis = 11.5 Hz, 1 H, 32

cis-H), 5.14 (d,
2Jgem = 19.5 Hz, 1 H, 132-H), 5.08 (d, 2Jgem = 19.5 Hz, 1 H, 132�-
H), 4.57 (m, 1 H, 18-H), 4.30 (m, 1 H, 17-H), 3.81 (m, 2 H, 81-H),
3.62, 3.376, 3.286 (each s, 3 H, 121-, 21-, 71-H), 2.61–1.27 (m, 4 H,
171-, 172-H), 1.80 (d, 3J181,18 = 7.0 Hz, 3 H, 181-H), 1.70 (t, 3J82,81

= 7.5 Hz, 3 H, 82-H) ppm. 13C NMR (125 MHz, DMSO, 27 °C):
δ = 1533.86 (1-H), 135.54 (2-H), 13.24 (21-H), 138.87 (3-H), 131.20
(31-H), 121.17 (32-H), 147.74 (4-H), 98.82 (5-H), 151.26 (6-H),
133.99 (7-H), 11.63 (71-H), 144.18 (8-H), 19.69 (81-H), 18.54 (82-
H), 145.58 (9-H), 106.69 (10-H), 147.69 (11-H), 133.78 (12-H),
13.16 (121-H), 132.30 (13-H), 196.51 (131-H), 48.70 (132-H), 161.25
(14-H), 105.84 (15-H), 157.51 (16-H), 51.08 (17-H), 30.34 (171-H),
31.27 (172-H), 175.24 (173-H), 48.90 (18-H), 24.22 (181-H), 169.21
(19-H), 93.36 (20-H) ppm. IR: ν̃ = 3600–2400 (br., COOH), 1609
(C=O), 1534 (C=O) cm–1. HRMS (ESI + H): calcd. for
C33H32N4O3Zn 596.1760; found 596.1746.

Supporting Information (see footnote on the first page of this arti-
cle): Molecular modelling; ROESY, COSY and HSQC spectra;
DOSY parameters.
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