
Monatshefte fiir Chemie 126, 51 59 (1995) 
Monatshefte f/it C/lem/e 
Chemical Monthly 
© Springer-Verlag 1995 
Printed in Austria 

Molecular Complex Formation Between 
Gadolinium(Ill) Tetraphenylporphyrin 
and Vitamin E 

S. Radzk i  1 and P. Krausz  2 

i Department of Chemistry, Maria Curie-Sklodowska University, 20031 Lublin, Poland 
2 Laboratoire de Chimie des Substances Nature!les, Universit6 de Limoges, 87060 Limoges Cedex, 

France 

Summary. The complex formation between Gd(IlI) tetraphenylporphyrin or free-base tetraphenylpor- 
phyrin and vitamin E have been studied by spectrophotometric titration in chloroform and cyclo- 
hexane solutions. It has been shown that tetraphenylporphyrin and its gadolinium complex form 1 : 1 
molecular complexes with vitamin E. The absorption spectra of titrated porphyrins contain well 
defined isosbestic points. The equilibrium constants were found using curve fitting procedure. The 
observed interactions are stronger for metallated than for non-metallated porphyrin and in less polar 
than in polar solvents. 
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Ausbildung von Molekiilverbindungen zwischen Gadolinium(III)-tetraphenylporphyrin 
und Vitamin E 

Zusammenfassung. Die Ausbildung von Molekfilverbindungen zwischen Gd(III)-Tetraphenylpor- 
phyrin oder der freien Base und Vitamin E wurden mittels spektrophotometrischer Titration in 
Cyctohexan und Chloroform untersucht. Es wird gezeigt, dal3 Tetraphenylporphyrin und sein 
Gadoliniumkomplex mit Vitamin E Molekfilverbindungen aquimolarer Zusammensetzung bilden. 
Die Absorptionsspektren der titrierten Porphyrine zeigen gut definierte isosbestische Punkte. Die 
Gteichgewichtskonstanten wurden unter Zuhilfenahme eines curve-fittiny-Algorithmus ermittelt. Die 
beobachteten Wechselwirkungen sind starker far metatliertes als far nichtrnetalliertes Porphyrin und 
in unpolaren als in polaren L6sungsmitteln. 

Introduct ion 

In teres t  in the chemis t ry  of l an than ide  p o r p h y r i n  complexes  has been growing since 
their  successful synthesis in 1976 Eli. These  c o m p o u n d s  have been appl ied as non  
des t ruct ive  p robes  inserted into molecules  of  biological  interest  [2, 3]. Gadol i -  
n ium(I I I )porphyr ins  have a t t rac ted  par t icu la r  a t t en t ion  as in these complexes  the 
t u m o r  concen t r a t i on  abili ty of  po rphyr in s  [4, 5] combines  with the special 
p roper t ies  of  the fv e lect ronic  conf igura t ion  of  gado l in ium (III). P a r am ag n e t i c  G d  3 + 
ions i nco rpo ra t ed  into the p o r p h y r i n  moie ty  m a y  be used as a cont ras t  agent  in 



52 S. Radzki and  P. Krausz  

NMR or EPR imaging processes [6]. The possibility of employing Gd(III) hemato- 
porphyrin as a tumor diagnostic localizer and at the same time as a sensitizer 
for the photoradiation therapy has been recently described [7]. 

Contrary to the complexes of other metalloporphyrins, the coordination 
chemistry of lanthanide porphyrin in solutions is a rather unexplored area [8, 9]. 
Especially many aspects of the transition metal-porphyrin coordination chemistry 
have been investigated [10]. 

It is well established that porphyrins and metalloporphyrins form 1 : 1 molecular 
complexes with electron acceptors and donors [11-13]. Theoretical analysis [14] 
of the electronic structure of the porphyrins demonstrates that porphyrins can 
exhibit ampholytic character. The carbon atoms of the pyrrole ring should be good 
electron donors as they have an excess of)z-electrons. On the other hand, the carbon 
atoms in the methene bridges are electron deficient and could be good electron 
acceptors. Formation of these donor-acceptor (charge transfer) molecular complexes 
involving porphyrins play pivotal roles in many processes of biological importance 
[13, 15-17]. According to the literature, the interaction of vitamin E has not yet 
been investigated, neither with Gd(III) tetraphenylporphyrin (GdTPP) nor with 
free-base tetraphenylporphyrin (H 2 TPP). 

This work was undertaken to control the formation of the molecular complex 
between GdTPP and vitamin E and to estimate the force of this usually weak 
interaction by calculation of the apparent stability constants in two solvents with 
different polarity: chloroform and cyclohexane. To understand how the complex 
formation is affected by the gadolinium(III) inserted into the porphyrin moiety, the 
GdTPP(acac)-vitamin E interaction is compared with the H2TPP-vitamin E 
interaction. 

Results and Discussion 

The solutions of tetraphenylporphyrin and its gadolinium complex in chloroform 
or cyclohexane in the concentration range of 10-6-10 - s mol 'dm 3 were spectro- 
photometrically titrated with 0.2 M vitamin E solutions in chloroform or cyclo- 
hexane, respectively. The porphyrins obey Beer-Lambert's law in this concentration 
range [25]. Figs. 1 and 2 are examples of the spectral changes upon titration. The 
spectra shown were recorded in one spectrophotometrical cell. For illustration, 
some part of the spectra were enlarged or expanded. Vitamin E does not show any 
band neither in the Soret nor in the Q-band region of the porphyrin spectra. Fig. 1 
shows the UV-Vis spectral changes that occur upon titration of a chloroform 
solution of H2TPP with a vitamin E solution in chloroform. The B-band of the 
starting solution at 417 nm was not significally shifted, only diminished in intensity. 
The same was observed with all four components of the Q-band. However, the 
evolution of the spectra is different from that which usually occurs during diluting 
the porphyrin solutions, as ten sharp isosbestic points (two for each peak) were 
present at 412, 431, 512, 530, 548, 566, 596, 612, 644, and 676 nm. 

Evolution of the absorption spectra for the Gadolinium(Ill) tetraphenylporphyrin 
titration with vitamin E is displayed in Fig. 2. The B-band of starting the solution 
at 426 nm was red-shifted into 428 nm, and its intensity increased. Three sharp 
isosbestic points were observed at 414.2, 426.5, and 437.8 nm. 
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Fig. 1. Evolution of the absorption spectra upon titration of a 2.3.10-6M chloroform solution of 
H2TPP with 0.24 M vitamin E in chloroform 
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Fig. 2. Evolution of the absorption spectra upon titration of a 3.1.10-6M cyclohexane solution of 
GdTPP(acac) with 0.19 M vitamin E in cyclohexane 

The evolution of the porphyrin spectra upon titration with vitamin E indicated 
that a process of molecular complex formation has taken place; however, interac- 
tions were very weak. Formation of new bands was not observed. To find definitive 
a answer if interactions between porphyrins and vitamin E occur, the observed 
absorbance change at the Soret band during titration with vitamin E was plotted 
against the molar concentration of the porphyrins and compared with the 
absorbance calculated using Beer-Lambert's law. The calculated plot shows how 
absorbance would change with the assumption that interaction does not take place 
and only dilution effects are observed. These plots were compared with identical 
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plots for titrations with pure solvents. Examples are shown in Fig. 3. The linearity 
of the plots was controlled using a linear regression routine. The corresponding data 
are presented in Table 2. In all cases where interactions are absent the slopes of the 
observed and calculated straight lines are almost identical; Linear regression 
coefficients (R 2) for interacting pairs of compounds are lower. 

The experimental results presented here prove the formation of a complex 
between vitamin E and H2TPP and GdTPP(acac) in both chloroform and 
cyclohexane. The conclusion is supported by the presence of isosbestic points and 
the deviation from linearity in Beer-Lambert's law plots. However, the small shift of 
the Soret band and the absence new band formation suggest that interactions are 
weak. Vitamin E is commonly considered as antioxidant and in many processes 
plays the role of an electron donor [26]. 

For the interaction of porphyrin (P) with vitamin E (V) in equilibrium given by 
equation (1), 

P & PV & PV2 ... v PV, (1) 

the equilibrium constants (Ki) can be written as 

[ P V i ]  
Ki = (2) 

[PVi- 1] IV] 

Among several methods available in literature to calculate the values of association 
constants [27], the most popular is the Benesi-Hildebrandt method [15, 20, 27, 28J. 
Applying this method to our system is not possible as the absorption bands of the 
formed complex are located at the same wavelength as those of porphyrin. 

To evaluate the stoichiometry and the magnitude of the vitamin E and porphyrin 
binding constants (K), the expression described by Beck [23] was used for the 
determination of stability constants in the case of successive complex formation: 

A = e° + el"Kl"[V] + e 2 " K e ' [ V ] 2  + "'" + e n ' K n ' [ V ] n  [Po] (3) 
1 + KI . [V  ] + K 1 "K2"[V]  2 + ... + K1 ' K  2 . . . . .  K n ' [ V ]  n 

where A is the absorbance, eo the molecular absorbance coefficient for porphyrin, el 
and Ka, e2 and K 2 , . . .  , e tc .  are the molecular absorbance coefficients and stability 
constants for complexes with the stoichiometry 1 : 1, 1:2,. . . ,  etc., and IV] and [Po] 
are the analytical concentrations of vitamin E and porphyrin with the assumption 
that IV] >> I-Po]. 

To calculate K, the experimental data were fitted to equation (3) using the 
non-linear fitting procedure based on the Marquardt-Levenberg algorithm (program 
SigmaPlot) [24]. The fitting was performed for the complexes with the stoichiometry 
1 : 1 and 1: 2, but only results for 1 : l complexes gave a good accordance between the 
calculated curve and the experimental points. An example of fitting is shown in Fig. 4 
where experimental points cover very well the theoretical curve generated from 
equation (3) for 1:1 complexes. The values of the association constants K for the 
analyzed complexes are given in Table 2. The association constants are low 
comparable with literature data [15], suggesting a rather weak interaction. 

The interactions between GdTPP(acac) and vitamin E are stronger than those 
between H2 TPP and vitamin E in both solvents. This indicates that the metal is 



56 S. Radzki and P. Krausz 

0 .9  

0 8  

0 . 7  

i 

O 

HzTPP + V i t a m i n  E [ c h l o r o f o r m ]  

i i i 

o 

0,.. 

c i r c l e s  - e x p e r i m e n t a l  b 

l i n e  - c a l c u l a t e d  

0 . 7 0  

A 

0 6 8  

0 . 6 6  

0 . 6 4  

0.62 

I I I I I 0.60 

10 20 30 40 50 60 70 80 

3 
C m  V i t a m i n  E x l O  

G d T P P ( a c a c )  + V i t a m i n  E [ c y c l o h e x a n e ]  

G. 0 
0 0 

: i r c l e s  - e x p e r i m e n L a ]  

l i n e  c a l c u l a t e d  

0 

0 

0 

I I i 

10 2 0  3 0  4 0  

C m  V i t a m i n  E x l O  a 

Fig. 4. Plot of the absorbance change at the Soret band upon titration with vitamin E vs. C M of 
vitamin E. Circles are experimental points. The theoretical curve was generated from equation (3) 

involved in complex formation. On the other hand, it is difficult to expect that 
vitamin E could enter the gadolinium coordination sphere, even with the "tail" side 
of the molecule. However, the additional coordination of the gadolinium(III) ion, 
which is coordinatively unsaturated in the porphyrin complex, can not be entirely 
excluded. The process of axial ligand exchange must be excluded as the expected 
values of K for such a processes are much higher. The presence of the metal in the 
porphyrin moiety probably alters the electron distribution and facilitates charge 
transfer processes. 

The complexes formed in cyclohexane have higher association constants than 
complexes in chloroform, Chloroform is the more polar solvent; stronger solvent 
effects probably make charge transfer processes more difficult. The stronger interac- 
tions in cyclohexane also suggest stronger interactions in fatty tissues, where vitamin 
E is commonly soluble. This observation may be significant for the insertion of 
gadolinium as a magnetical probe into material of biological importance. 

Experimental 

Materials. 5, 10, 15, 20-Tetraphenyl-21H, 23H porphyrin and vitamin E (DL-~-tocopherol, see Scheme 
1) were obtained from Aldrich, gadolinium(III) acetylacetonate hydrate from Strem Chemicals, and 
1, 2,4,-trichlorobenzene from Merck. All substances were used without further purification. Neutral 
AIzO 3 (activity 90, 70-230 mesh, Merck) was used for column chromatography. All solvents used were 
of analytical grade (SDS - Solvants, Documentation, Synthese) and were kept over molecular sieves 

(3 A). 

Synthesis. The tetraphenyl porphyrin complex of gadolinium Gd(Ill)TPP(acac), where H2TPP = 

tetraphenylporphyrin and Hacac = acetylacetone (see Scheme 1), was prepared by the method 
described originally by Horrocks and Won9 [-1, 18, 19] and later modified by other authors [-20, 21]. 
A mixture of hydrated Gd(acac)3 (150 mg) and porphyrin (50 mg) in 1,2,4-trichlorobenzene was heated 
under reflux in an argon atmosphere for 4 hours. The course of the reaction was followed by UV-Vis 
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Scheme 1 
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OH 3 HOOCH3 
CH 3 k, CH3 / 3 

Table 1. Band centers in the absorption spectra of the tetraphenylporphyrin and Gd(III) tetraphenyt- 
porphyrin complexes 

Compound Solvent 2 [nm] (log e) 

Gd TPP(acac) toluene 
chloroform 
cyclohexane 

H 2 TPP chloroform 
cyclohexane 

421 (5.39) 515 (3.50) 555 (4.07) 593 (3.57) 
425 (5.43) 517 (3.48) 553 (4.12) 591 (3.64) 
426 (5.32) 517 (3.46) 556 (4.04) 593 (3.52) 
417 (5.62) 515 (4.22) 552 (3.95) 594 (3.70) 650 (3.60) 
420 (5.62) 517 (4.17) 550 (3.85) 595 (3.66) 655 (3.54) 

Table 2. Comparison of the deviation from linearity of the observed and calculated absorbance plot 
vs. CM of porphyrins and values of the association constants K 

Compound Slope R 2 Slope" R 2 K 

observed observed calculated calculated [dm3.mol-  t] 

(in cyclohexane) 

H2TPP + cyclohexane 0.39576 0.99989 0.40951 0.99975 
H2TPP + vitamin E 0.36127 0.99945 0.41679 1.00000 
GdTPP(acac) + @clohexane 0.20496 0.99957 0.20895 1.00000 
GdTPP(acac) + vitamin E 0.34960 0.70761 0.20843 1.00000 
(in chloroform) 

H2TPP + chloroform 0.41759 0.99894 0A1532 0.99993 
H2TPP + vitamin E 0.32375 0.99881 0.41689 1.00000 
GdTPP(acac) + chloroform 0.27333 0.99979 0.26752 0.99994 
GdTPP(acac) + vitamin E 0.13699 0.99552 0.26930 1.00000 

no interaction 

8.1_+1 
no interaction 
15.6_+2 

no interaction 
2.4_+2 

no interaction 
3.7_+1 

absorption spectroscopy. After completion of the reaction, the 1.2,4-trichlorobenzene was removed by 
evaporation under reduced pressure. The solid residue was vacuum dried overnight, dissolved in 
CH2C12 and applied to the top of a neutral A120 3 column. The unreacted H2TPP was eluted first with 
toluene and then with a mixture of toluene and MeOH (98:2 v/v). The pure GdTPP(acac) (purity was 
checked by UV-Vis absorption spectroscopy and TLC) was eluted with dimethylsulfoxide (DMSO) 
followed by extraction of gadolinium porphyrin from the eluate with chloroform. The solvent was 
removed by vacuum evaporation. The final product was obtained as an amorphous powder. Anal.: 
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calc. for GdTPP(aeae).6H20 (GdC49H47N4Os): C, 60.23; H, 3.61; N, 5.73~o; found: C 1 59.88; H, 3.81; 
N, 5.29~. The UV-Vis absorption spectra are documented in Table 1. 

Measurements. Absorption spectra were recorded wth a Perkin Elmer Lambda 7 spectrophotometer, 
using 1 cm quartz cells, in the 300-700nm region at a temperature of 21 _+ I°C. Spectra were stored 
on disk under control of the program PECSS (Perkin Elmer) and converted to ASCII files using the 
JCAMP option. The database program SigmaPlot was used for manipulating and plotting the data 
[22]. 

Method. Equilibrium constants for vitamin E binding to H2TPP and GdTPP(acac) were determined 
by the spectrophotometric titration procedure in a covered 10ram spectrophotometric cell equipped 
with a magnetic stirrer. The vitamin E solutions in chloroform or cyclohexane were added in 
increments to 2 ml chloroform or cyclohexane solutions of porphyrin with a Hamilton syringe until 
no further change in the spectrum was observed. In parallel experiments, pure solvents were added in 
the same increments to solutions of porphyrins of the same concentrations. Apparent stability 
constants were calculated using the Beck equation [23]. The equation was fitted with a non-linear 
regression procedure based on the Marquardt-Levenberg algorithm using the SigmaPlot program [24]. 
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