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Abstract 

Infrared, electronic and X-ray photoelectron spectroscopic data are reported for a series of 
(mes~tetraphenylporphyrin)chromium(~~~) chloride adducts: Cr(tpp)ClL, where L = pyridine, 
2-picoline, 4-picoline, 2,6-lutidine, 4-cyanopyridine and morpholine. The data are interpreted in 
terms of increased symmetry of the porphinato moiety upon metallation and changes to the metal 
electronic environment resulting from the inductive and steric effects of the axial base-ligand L. A 
correlation is shown to exist between the E:(c~ 2 ~ 3 , ~ )  binding energy and the band I electronic 
transition energy for these complexes, which quantifies the influence of the base-ligand L on the 
electronic environment of the coordinated metal. 

Introduction 

meso-Tetraphenylporphyrin (H2tpp) has been widely used as the ligand in 
metalloporphyrin systems to model the natural haem proteins. Such studies have 
involved a large number of metals Fe, Mn, Zn, Au, Re, Mg, Co, Ni and others. 
Studies on chromium porphyrins have, however, been meagre in comparison. As 
far as the chromium(111) porphyrins are concerned, work on octaethylporphyrin 
ch romium(~~~)  complexes such as Cr"'(oep)O~ ' s 2  and ~ r " ' ( o e ~ ) ( O H ) ( ~ h 0 ~ ) ~  has 
been reported. Studies on the substitutional lability of Cr"'(tpps) complexes, where 
tpps = meso-tetrakis(p-sulfonatophenyl)porphine, have shown that the porphyrin 
ligand has a labilizing effect on Cr"' substitution reactions, which are lo3-lo4 times 
faster than normal chromium ~ o m ~ l e x e s . ~ - ~  Labilization has been attributed to very 
strong mixing (7-bonding) of the chromium d,,, d,,-orbitals and the lowest, unfilled 
porphyrin T*-orbitals, causing the metal to lose its d3 character. Leipoldt et uZ.,~ 
however, have shown that the lability of Cr"' porphyrins is due to the porphyrin 
ligand promoting a dissociation reaction along the axial ligandse7 The empty dX2-$ 

t Dedicated to the memory of Maxwell J. O'Connor. 
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and dZ2-orbitals on the chromium are available for a-bonding with axial ligands and 
porphyrin macrocycle. Most cr"' porphyrin studies have involved cr"'(tpp)X(L) 
complexes, where X is a coordinated counterion and L is a neutral axial ligand.8-'8 

cr"'(tpp)cl complexes do not possess an oxidation state conducive to axial ligation 
by dioxygen. They do, however, have a high affinity for coordination of a sixth ligand. 
Further, axial ligation can influence the electronic structure of the metalloporphyrin. 

In this paper the effects, brought about by changing axial ligation, on the electronic 
environment in Cr(tpp)Cl, through the formation of pyridine and morpholine adducts, 
have been examined by using X-ray photoelectron spectroscopy (xps), infrared and 
electronic spectroscopy. 

Experimental 
All solvents were purified by the methods of Perrin et al.19 mescFTetraphenylporphine (H2tpp) 

was supplied by Aldrich: the 2-10% mesc~tetraphenylchlorin (H2tpc) was removed by refluxing 
H2tpp in dimethyl sulfoxide for several hours followed by elution through an alumina (Grade I) 
column (40 by 12 cm) with c h l o r ~ f o r m . ~ ~ , ~ ~  (mescFTetraphenylporphyrin)chromium(~~~) chloride 
was synthesized and purified according to the method of Adler et (Found: C, 72.9; H, 
4.5; C1, 4.6; N, 8.9. C47H35C1CrN50 requires C, 73.0; H, 4.6; C1, 4.6; N, 9.1%) which 
suggest a stoichiometry of Cr(tpp)C1.HCONMez. (mes~Tetraphenylporphyrin)chromium(~~~) 
base adducts, Cr(tpp)Cl(L), L = pyridine (py), 2-picoline (tpic), 4-picoline (fpic), 2,6-lutidine 
(lut), 4-cyanopyridine (cypy) and morpholine (mor), were synthesized23 by recrystallization of 
the parent complex in the appropriate base, where the following exchange reaction has been 
suggested to o c c ~ r : ~ , ~ ~  

Cr(tpp)Cl(py): (Found: C, 75.1; H, 4.5; C1, 4.1; N, 8.0. C49H33C1CrN5 requires C, 75.5; H, 
4.3; C1, 4.6; N, 9.0%). Cr(tpp)Cl(lut): (Found: C, 75.1; H, 4.6; C1, 4.1; N, 8.9. C51H37C1CrN5 
requires C, 75.9; H, 4.6; C1, 4.4; N, 8.7%). Cr(tpp)Cl(mor): (Found: C, 72.9; H, 4.8; C1, 4.1; 
N, 8.7. C48H37C1CrN50 requires C, 73.2; H, 4 7; C1, 4.5; N, 8.9%). 

* Summerville, D. A., Jones, R. D., Hoffman, B. M., and Basolo, F., J. Am. Chem. Soc., 1977, 99, 
8195. 
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Phys., 1975, 62, 2343. 
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l5  Newton, C. M., and Davis, D. G., J. Magn. Reson., 1975, 20, 446. 
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pp. 142-99 (Pergamon Press: Oxford 1966). 
20 Barnett, G. H., Hudson, M. F., and Smith, K. M., Tetrahedron Lett., 1973, 30, 2887. 
21 Datta-Gupta, N., and Williams, G. E., J. Org. Chem., 1971, 36, 2019. 
22 Adler, A. D., Longo, F. R., Kampas, F., and Kim, J., J. Inorg. Nucl. Chem., 1970, 32, 2443. 
23 Buchler, J. W., in 'Porphyrins and Metalloporphyrins' (Ed. K. M. Smith) p. 212 (Elsevier: 
Amsterdam 1975). 
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Infrared spectra in the range 4000-250 cm-I were recorded on a Perkin-Elmer 457 grating 
infrared spectrophotometer by using the KBr disc method, with band calibration relative to 
polystyrene. Far-infrared spectra, in the range 500-200 cm- l ,  were recorded on a Perkin-Elmer 
180 grating infrared spectrophotometer by using the Nujol mull technique with polythene 
cylindrical plates and a Nujol reference. 

Ultraviolet and visible spectra were recorded on a Shimadzu UV-240 recording 
spectrophotometer with 1-cm matched quartz cells and chloroform as solvent. 

Elemental analyses were obtained from the Australian Microanalytical Service, Melbourne. 
X-Ray photoelectron spectra were recorded on a spectrometer previously described by Kemeny 

et 0 1 . ~ ~  using A1 Ka  photons of 1486.6 eV energy. Powdered samples were adhered to a copper 
sample holder with double-sided adhesive tape. All core level binding energies (E:) were 
calibrated relative to the Cu 2p3/2 core level binding energy (932.5 e ~ ) ~ ~  of the reversible copper 
sample holder, relative to the spectrometer Fermi Level. The copper metal surface was scraped 
and passivated in air for 1-2 min prior to exposure to vacuum hPa). The xps spectra were 
checked for surface charging effects on the core level binding energies by varying the intensity 
of the A1 K a  X-rays (50-300 W, Leybold-Heraeus RQ 10163 X-ray source). The copper sample 
holder with adhered sample were situated inside a cylindrical metal housing. The X-rays entered 
through a slot in the side of the cylinder and the photoelectrons passed through a fine slit in the 
same cylinder prior to entering the energy analyser. No surface charging effects were observed 
with variation of X-ray intensity which suggests that the generation of secondary electrons inside 
the housing was sufficient to act as a 'flood-gun' for the sample surface. Hence, no correction 
to binding energies for a 'floating' Fermi edge was necessary. The overall uncertainty associated 
with reported E: is k 0  3 eV. 

Results and Discussion 

X-Ray Photoelectron Spectroscopy (xps) Investigations 

The study of porphyrins and metalloporphyrins by xps has been limited26-32 
with investigations restricted, in the main, to the nitrogen 1s core electron binding 
energies. These investigations showed that the E[(N 1s) was a very sensitive probe 
in analysing the charge distribution in the porphyrins. A number of workers 
have reported26-30 two types of nitrogen atoms in porphyrin free bases, namely, 
the aza- and pyrrole-types, where EE(N 1s) is approximately 398 eV and 400 eV, 
respectively. On metallation, the four nitrogen atoms become equivalent with an 
E:(N Is) value of 399 eV. Thus, replacement of free base protons by a metal ion to 
form a metalloporphyrin increases the symmetry of the molecule27 and introduces, 
what is, in fact, an electron-withdrawing group into the centre of the ligand. 

The results obtained in the present study are shown in Table 1. It will be seen 
that for H2tpp, only one value for E[(N 1s) at 391.0 eV is observed. 

For the chromium metalloporphyrins, chromium 2plI2,,,, core electron binding 
energies are reported for the pyridine and morpholine Cr(tpp)Cl adducts and also 
Cr(tpp)C1(HCONMe2) and CrC1, .6H20. 

24 Kemeny, P. C., Maclachlan, A. D., Battye, F. L., Poole, R. T., Leckey, R. G. G., Liesegang, 
J., and Jenkin, J. G., Rev. Sci. Instrum., 1973, 44, 1197. 
25 Barr, T. L., J. Phys. Chern., 1978, 83, 1801. 
26 Macquet, J. P., Millard, M. M., and Theophanides, T., J. Am. Chern. Soc., 1978, 100, 4741. 
27 Karweik, D. H., and Winograd, N., Znorg. Chem., 1976, 15, 2336. 
28 Niwa, Y., Kobayashi, H., and Tsuchiga, T., J. Chem. Phys., 1974, 60, 799. 
29 Zeller, M. V., and Hayes, R. G., J. Am. Chem. Soc., 1973, 95, 3855. 
30 Niwa, Y., Kobayashi, H., and Tsuchiga, T., Znorg. Chem., 1974, 13, 2891. 
31 Falk, H., Hofer, O., and Lehner, H., Monatsh. Chem., 1974, 105, 366. 
32 Karweik, D., Winograd, N., Davis, D. G., and Kadish, K. M., J. Am. Chem. Soc., 1974, 96, 
591. 
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The E;(N Is) and E;(c~ 2p1,2,3,2) levels for all adducts of Cr(tpp)Cl were not 
observed due to the low population of those atoms in the metalloporphyrins. In general, 
steric hindrance by an axial ligand group is reflected in the decreased E: levels for 
the central metal ion. Further, extensive delocalization of the porphinato T-electron 
system is reflected in the decreased E:(c~ 2p112,312) levels of Cr(tpp)C1(HCONMe2) 
(580.4 eV and 570.8 eV, respectively) compared to those levels in CrC13.6H20 
(58 1 - 6  eV and 572 3 eV, respectively), since the decrease in E:(c~ 2p) levels is too 
large for only lattice energy considerations. 

Table 1. xps binding energy (eV) data for selected porphyrins and Cr(tpp)ClL complexes 
pc -- phthalocyanine, dmf -- dimethylformamide 

- 

Corn- E;(N is) ~ : ( ~ 1 2 ~ 1 , 2 , 3 , 2 )  ~ : ( ~ r 2 ~ 1 1 2 )  E [ ( C ~ ~ P ~ / ~ )  
pound (see footnotes) (this work) (this work) (this work) 

A From ref. 9. From ref. 10. From ref. 11. From ref. 12. 

From a comparison of the XPS data for the pyridine and morpholine adducts with 
those for the dimethylformamide adduct, it is proposed that the increased binding 
energies for the pyridine, 2-picoline and 4-cyanopyridine adducts are consistent with 
an electron-donating effect from the dimethylformamide and electron-withdrawing 
effects of the pyridyl groups. Minor variations are likely to be due to variations in 
steric hindrance (strain) factors. 

The decreased E!(c~ 2p) levels for Cr(tpp)Cl(fpic) and Cr(tpp)Cl(lut), relative to 
the ~ E ( c r 2 ~ )  levels of Cr(tpp)C1(HCONMe2), are caused primarily by steric factors, 
such as axial ligand influence on the porphinato core, and to the lattice energy of the 
crystalline solids. 

The morphyl adduct, Cr(tpp)Cl(mor), exhibits high E!(c~ 2p) levels at 582.9 eV 
(Cr 2pl,,) and 573 3 eV (Cr 2 ~ ~ ~ ~ )  as a result of the electron-withdrawing effect of 
the morpholine ligand. 

Infrared Investigations 

The infrared spectral data are recorded in Table 2. Metallation appears to reduce 
the number and intensity of the observed porphyrin vibrational bands, as a result of 
increased symmetry of the porphinato moiety. 
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Summerville et have shown by e.p.r, studies on Cr(tpp)ClL complexes that axial 
ligation by chloride ion moves the chromium slightly out of the porphinato plane. The 
influence of the axial amine ligand is markedly reflected in the y(Cr-C1) stretching 
vibrations of the 4-substituted pyridine adducts, namely, in Cr(tpp)Cl(fpic) and 
Cr(tpp)Cl(cypy), where y(Cr-C1) is 339.5 cm-' and 266.5 cm- ' ,  respectively. All 
other adducts exhibit y(Cr-C1) at approximately 298 cm-'. The electron-withdrawing 
nature of the cypy ligand augments the electron-withdrawing nature of the chromium, 
thus reducing the electron charge distribution in the Cr-Cl bond and reducing the 
frequency of the band. The reverse is the case in the 4-picoline adduct, Cr(tpp)Cl(fpic). 

Table 2. Infrared spectral data for Cr(tpp)ClL complexes 

LA V C = N ~  ~ C H  ~ C H  ~ C H  S C H  ~ C H  V C ~ - N ~ , ~  v c r - v A  6cT-vD V C ~ - C I  ~ c , - N ~  
"C=Cc v9 "10 " C = C , ~ I ~  A2u v C T - N ~  

dmf 1596s 1350s 1160m 1075s 850w 803s 447.5s 408,5111 341.0111 298s 
1568w 1342111 - 1068m - 799s 449.0s 404.0m 322m 298s 

$c 1568s 1342111 1148m 1068m - 800s 445.5s 406.5m 340111 310m 332m 
fpic 1570m 1340m 1150w 1070s - 800s 449.5m - - 339.5m 372m 
lut 1570s 1342s 1152m 1065s 850w 832w 449.0s 407.0~ 338w 298.5m 318.5~ 
cypy 1572w 1342m - 1070m - 800s 448.5s 407.7111 342.5m 266.5m 375.5111 
mor 1590111 1342m 1155w 1068s 850w 800s - - - - - 

A Axial base-ligand. (Abbreviations are as in Experimental section; dmf -- dimethylformamide.) Pyrrole. 
Phenyl. Porphyrin. In plane. Out of plane. 

The porphinatochromium in-plane stretching mode y(Cr-N) occurs, in all the 
adducts at 448. O f  1 . 0  cm- ', which suggests no significant influence of the axial 
ligands on the chromium Cr-porphyrin bond strengths. 

It is interesting to note that repeated exposure of the Cr(tpp)Cl(cypy) adduct 
to infrared radiation over a period of 30 min resulted in the loss of the y(Cr-N) 
band of the Cr-cypy moiety with concomitant decrease in the Cr-porphinato mode 
S(Cr-N) from 342.5 to 339 5 cm- ' . This indicates decomposition of the adduct by 
loss of the Ccyanopyridine ligand and subsequent loss of its inductive effect on the 
Cr-porphinato moiety. 

Electronic Spectra 

The electronic spectral data for the adducts studied and also literature data reported 
for similar adducts are recorded in Table 3. 

The data suggest variation in the electronic bands due to solvent effects and 
changing axial ligands. The spectra of all the adducts studied in the present work are 
consistent with those for hyperporphyrins.13 Prominent near-ultraviolet bands are, 
therefore, attributed to a2u(.rr),alu(.rr)+eg(d~)-allowed charge-transfer transitions; 
the visible bands Q(0,0), Q(1,O) and Soret B(0,O) bands to a2u(.rr),a1u(.rr)-+e,(~*) 
transitions. 

The near-infrared and visible (Q) bands in the adducts exhibit a variation in energy 
with changing axial ligands, which suggests significant influence from the inductive 
effects of the axial ligands on the overall electron density of the chromium, reflected 
in the a2u(.rr),alu(.rr)-+eg(.rr*) transition energy. Further, it is suggested that, as 
the electron-withdrawing inductive effect of the axial ligand decreases, the degree of 
aZu(7r),alu(.rr)4eg(.rr*) transition increases and vice versa, which is the consequence 
of an effective increase in electron density on the chromium and leads to decreased 
electron withdrawing by the chromium on the porphinato nitrogen atoms. 
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574 - 

Fig. 1. E[(c~ 2 ~ ~ ~ ~ )  binding energy 
(f 0.3 eV) v. band I electronic 
trans~tion energy (t 2 nm) 
for Cr(tpp)Cl(L) complexes: 

h 
1,  L = PY; 

N 2,  CYPY; 
3,  mor; 
4, tpic; 

La 5, HCONMe2; 
W 6, lut; 

7, fpic. 
570 - 

7 
1 

1 

780 790 800 810 820 830 840 

Band I (nm) 

Fig. 1 represents the relationship between ~ f ; ( ~ r  2p,,,) as determined by XPS 

measurements and the near-infrared electronic band I (Table 3). The results 
reflect an increase in E;(C~ 2p3,,) with decrease in the band I electronic transition 
a Z u ( ~ ) , a l u ( ~ ) - t e g ( ~ * )  and concomitantly a decrease in electron density on the 
chromium. Fig. 1 also reflects the degree of delocalized T-electron density over the 
central metal from the porphinato ligand. The deviation of Cr(tpp)Cl(mor), and to 
some extent Cr(tpp)Cl(lut) and Cr(tpp)Cl(tpic) from the line of best fit in Fig. 1, may, 
it is suggested, be due to the combination of steric and inductive effects. 
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