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The catalytic activity of Cobalt tetraphenyl-porphyrin is measured as a function of 
substituents on the phenyl ring. The model reaction is the oxidative dehydrogenation of 
cyclohexadiene-1,4, using nitrobenzene as the oxidant. Catalytic activity is mectsured 
heterogeneously as well as homogeneously under the same conditions of temperature and 
pressure. Infrared frequencies of a specific metal-dependent deformation absorption are 
measured in solution as well as the solid phase. 

A smooth correlation is shown to exist between catalytic activity, homogeneous as well 
as heterogeneous, and infrared frequency, measured in solution. No such correlation 
exists with I.R. frequency measured in the solid state. This is explained by conformation 
differences of the tetraphenyl porphyrin molecule in solution and in the solid state. The 
causes of the similarities in catalytic behavior between the homogeneous and the heter- 
ogeneous system are discussed. 

INTRODUCTION plex formation) (3). In the case of t,he cobalt 

In the past,, we have reported that there complex, it was further shown t,hat it is the 

exist correlations between t’he catalytic ac- central metal ion that transfers the electron, 

tivities of metallo-porphyrins for a redox re- and not the ligand (4). 
action and their physical properties. The With these complexes, it is possible to 

reaction in question was the oxidative de- modify the electron density at the central 

hydrogenation of cyclohexadiene-1,4 using metal atom (and with it the catalytic ac- 

nitrobensene or air as the oxidant (Ox) : tivity) by substituents on the periphery of 
the r-electron-system. 

For phthalocyanine complexes, we could 

8 
hx. cat, 0 + Ox.H2 

show that fluorine substitution has a dra- 
matic influence on catalytic activity, which 
could be correlated with the equilibrium 

H constant of charge-transfer complex forma- 

Scheme I 
tion between catalyst and oxidant or cata- 
lyst and hydrogen donor (3). 

Contrary to the phthalocyanines, the tet- 
Correlations were shown to exist between raphenylporphyrin molecule is not planar 

catalytic activity and the redox potential of and the phenyl rings make an angle of near 
the catalyst, with nitrobenzene (1) as well to 90” with the rest of the molecule (Scheme 
as air (2) as the oxidant. II). 

The rate determining step in Scheme I was One would expect, therefore, that reso- 
shown by us to be the electron transfer from native influences of substituents on the 
catalyst to oxidant (nitrobenzene or oxy- phenyl groups are not relayed to the center 
gen), which may be total (radical ion for- of the molecule, where the metal atom is 
mation) (1) or partial (charge transfer com- situated. On the other hand, it has been sug- 
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Scheme II 

gested on the basis of spectral and surface 
tension measurements (5, 6) that in the dis- 
solved state the phenyl groups are more co- 
planar t’han in the solid state. Furthermore, 
it, has been sho\vn by NMR techniques t’hat, 
in Ru-tetraphenylporphyrin, the phcnyl 
group starts to rotate in solut,ion at about’ 
100°C (7). Therefore it might be that in 
solution resonative influences arc felt) morcb 
than in the solid state. 

On the other hand, studies have been per- 
formed on the infrared spectra of mctallo- 
porphyrins showing that the ligand defor- 
mat,ion absorption in the 920P1000 cm-’ 
region is metal-dependent. The infrared sta- 
bilit,y order followed the order of stability 
of the metalloporphyrins as derived from 
consideration of replacrmentj reactions, dis- 
sociation reactions and various electronic 
spectral data (8-10). By measuring this in- 
frared frequency, 0111: can obtain an indica- 
tion of how t,he stabilit,y of the cobalt-ligand 
bond changes as a function of substiturnts 
on the phenyl ring, and this can be done in 
solution as well as in the solid state. 

The metallo-tetraphenyl porphyrins, be- 
cause of their solubility in organic solvents, 
afford t’he possibility of measuring catalytic 
activities of the solid as well as its solution, 
We report here measurements of infrared 
absorptions of substituted porphyrins in the 
solid state as well as in solutjion, which are 
compared with their catalytic act,ivities in 
the solid state (heterogeneous catalysis) as 
well as in the dissolved phase (homogeneous 
catalysis). 

EXPERIMENTAL 

Syntheses 

Hz (tetrakis p-OCH3)T.P.P., Hs (tetrakis 
p-SOz)T.P.P. and Hz (tetrakis p-CH3)T.P.P. 
n-erc synthesized from pyrrole and the cor- 
responding p-substituted benzaldehyde, ac- 
cording to the method of Martell (11). 

Hz T.P.P. was symhesizrd from pyrrole 
and benzaldehydc in propionic acid accord- 
ing to the modified method of Adler (1.2). 

Hz (tetrakis .&pyridine) T.P.P. was syn- 
thesized from pyrrole and 4-pyridine car- 
boxaldehyde according to G. B. Fleischer 
(18. 

Hz (tetrakis pentafluoro) T.P.P. was syn- 
thesized from pyrrolc and pentafluorobenz- 
aldchyde, according to Long0 (14). 

HT (tetrakis 3-pyridine) T.P.P. \vas syn- 
thrsized by reacting pyrrole and 3-pyridine 
carboxnldehyde in propionic acid, followed 
by chromatographic separation on Kiesel gel 
in chloroform solution. 

H2 (tetrakis na-.Y02) T.P.P. was symhe- 
sized by reacting pyrrole and m-nitro benz- 
aldehyde in a mixture of l/25 chloroacetic 
acid-benzene. Separation was carried out, 
chromatographically on Kiesel grl in chloro- 
form solution. 

solution in ampoules at 170°C. After hydro- 

to the met’al-free complex, using 1OS HCl, 
purification was carried out on Iiiesel gel 
in CHCla-ether solution. 

Hz (tetrakis p-OH) T.P.P. was prepared 
by reacting pyrrole and p-hydroxy-benzalde- 
hyde in propionic acid and was purified by 
Sohxlet extractions with ether. 

Hz (tetrakis p-diva+) T.P.P. was prepared 
by potemiometric tit,ration of Hz (tctrakis 
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p-OH) T.P.P., with a st>andard solution of 
NaOH. 

Co” complexes of all the above metal-free 
(subst,ituted) T.P.P. were prepared by re- 
acting Co” acet,ate with the porphyrin li- 
gands in either pyridine or acetic acid solu- 
tions. After adding chloroform or benzene, 
the mixture was treated repeatedly with dis- 
tilled water until all the pyridine (or acetic 
acid) and Co” were removed. 

More detailed descriptions will be given 
in a separate art’icle dealing wit)h the syn- 
thesis of these porphyrin compounds. 

Heterogeneous Catalysis 

The details of t,his technique have been 
described previously (1). A mixture of nitro- 
benzene and cyclohexadiene-1,4 is passed by 
means of a syringe pump into a vertical 
Pyrex reactor, where it’ is vaporized and 
passes over the catalyst in t,he gaseous phase. 
The catalyst’ consists of several grams of t,he 
solid metallo-organic material. We have in- 
dicated in the past (15) that, with hhe 
materials in questsion, surface area is not, to 
be relied upon for measuring specific cata- 
lytic activities, and that it is better to calcu- 
late activity per mole of catalyst’. 

The products benzene and aniline are scp- 
arated by gas chromatography, using a sili- 
con gum column, and conversion i&o both 
are used for computing the catalytic activity. 
Conversions can be measured this way with 
a reproducibility of 0.1%. 

Homogeneous Catalysis 

The technique known as “support,ed liquid 
phase catalysis” was used (Ifi). The catalytic 
material (10 mg) is dissolved in 5 ml of chlo- 
roform, together with 1 g of a high boiling 
solvent (Arochlor 5460, a chlorinated bi- 
phenyl plasticizer, which is not volatile un- 
der our reaction conditions). To this solu- 
tion, 5 g of a catalyst support is added 
(SAHT 99, a low-surface sintered alumina, 
surface area 2.6 m2/g, pore size dist,ribution 
between 0.03 and 10 pm, obtained from the 
Carborundum Company, Latrobe, Pa.). The 
chloroform is evaporated under vigorous ag- 
itation, and the catalytic material remains 
dissolved in the Arochlor wit,hin the pores 
of the support. 

This system is heated under argon t,o the: 
same temperature as used with the solid 
phase catalysts and the react,ion performed 
under exactly the same conditions. It is as- 
sumed that the reaction occurs in t)hc homo- 
geneous solution of the catalytic material and 
it is remarkable that 10 mg of material is 
capable of giving about’ the same conversions 
as several grams of solid catalyst). Also in 
this case, catalytic act,ivity was computed 
as conversion per mole of catalyst. 

Although the diffusion of reactants into 
the solution and of products out of the solu- 
t,ion, is certainly a fact’or determining the 
reaction velocity, it may be assumed to be 
approximately equal for all catalysts con- 
cerned, because the difference in velocity 
caused by t,he substitucnts is comparatively 
small. 

Infrared Measurements 

All I.R. spectra were measured on a Perkin 
Elmer 125 instrument,, which allows for 
measuring these frequencies with an accu- 
racy of fl cm-‘. The solid phase spectra 
were measured on material dispersed in hexa- 
chlorobut’adiene, while solution spectra were 
measured as CH&lz solutions in 45 cm cells. 

RESULTS 

In Table 1, the characteristic infrared frc- 
quencies are given in the solid as well as the 
dissolved phase. They are arranged in order 
of descending elect,ron donating power of the 
substituents according to the Hammett- 
Taft scale. Dimethylamino is t,hr most elec- 
t’ron-donating substit,uentj and pentafluoro 
the most clect’ron-attracting one. 

We see that, the frequencies, which are 
measured in solution, decrease gradually 
with decreasing electron-donating power of 
the substituentjs. The frequencies measured 
in the solid phase do not show t’his gradual 
dependence, but show a maximum with t’he 
p-methyl substituent and the non-substi- 
tuted phenyl. 

In Table 2, the catalytic results arc given 
for the oxidative dehydrogenation of cyclo- 
hexadiene-1,4 wit(h nitrobenzene as the 
oxidant. In order to be able to compare the 
results of the heterogeneously catalyzed re- 
action with those of the homogeneous ca- 
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TABLE 1 
CHARACTERISTIC INFRARED FREQUENCIES FOR 

SUBSTITUTED COBALT TETRAPHENYLPORPHYRINS 

IN CM-1 

Dissolved 
T.P.P. Substituent Phase Solid Phase 

CH, 
/ 

P-N 997 996 

\ 
CH, 

p-OH 998 991 
p-ONa 998 991 
p-OCHz 996 993 
P-C& 993 1002 
H 991 1000 
3-Pyridine 987 992 
4-Pyridine 9% 992 
3-NO2 985 994 
4-NO2 984 994 
Pentafluoro 980 955 

talysis, conversions into benzene and aniline, 
calculated per mole of catalyst, were taken as 
unit’y for the non-substituted catalyst in 
both phases. The other numbers in Table 2 
are the relative activit)ies, compared to the 

I)issolvrd phase”,” Solid phnl;e~~h 
T.P.P. (Ilonrc~genecn~s (Heterogelleous 

Substiittelll Cat al~sis) Catalysis) 
~~. 

(‘IT, 

/ 
p-N 1 4-l 

\ 
CII, 

p-t )I1 1.51 7 .:3s 
p-ON:1 1.70 1.5‘4 
p-WII,, 1.1s 1 .I” 
p--(X:, 1.4-l 1. OS 
II I 00 I 00 
4-l’yridillca 0. !)-I 0, !H 
X-NO:! 0, ss 0 92 
4-x0, O.S% O.SY 
Penlafi~~or~~ 0.w 

a Tempera1 we. 23OY’. 
b 1\101:~r ratio (7J/$?JC)y = 4,‘l. 

FIG. 1. Cat,alytic activity as a function of liquid 
phase infrared absorption frequency. 0, heteroge- 
neous catalysis; X, homogeneous cat,alysis. 

non-substitut’ed catalyst’ under identical 
conditions. 

The diffcrenccs in catalyt’ic activity caused 
by the substitucnts are small. However, even 
changing the central met,al atom in the non- 
substit,ut’cd tekaphenylporphyrin does not 
cause much greater changes, and these, 
nevert’helcss, can be dire&y connected wit,h 
changes in redox potential (1). Therefore, 
here also, although the changes are small, 
they are reproducible and are t,o be consid- 
ered as significant’ differences in cat)alyt,ic 
activity. 

In Fig. 1, catalytic activit,ies in both 
phases are given as a function of t)he infrared 
frequency measured in t,he liquid phase, and 
in Fig. 2, the same activit,ics are plotted as 
a function of the infrared frequency, meas- 
ured in t,he solid phase. Both for homo- 
geneous and hekrogeneous cat,alysts, there is 
seen to be a correlation bet,wecn the activities 
and infrared frequencies measured in solu- 
tion. No correlat’ion whatsoever exists with 
the frequencies measured in the solid phase. 

The use of Co-porphyrins in t,he study of 
het’erogeneous catalysis has cert’ain advan- 
tages. Most heterogeneous catalyst#s have a 
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FIG. 2. Catalytic activity as a function of solid 
phase infrared absorption frequency. 0, heteroge- 
neous catalysis; X, homogeneous catalysis. 

range of cat’alytic sites that are not identical. 
In Co-porphyrin, on the other hand, the 
sites are identical and can be defined as a 
Co2+-ion, surrounded by a geometrically 
fixed ligand with a certain T-electron density. 

By chemical substit’ution on the ligand, 
the I.R. absorption frequency as well as the 
catalytic activity can be changed, and from 
Fig. 1 we see that they correlate well. The 
correlation, however, is not a linear one. 

A change of 2 cm-’ from 996 to 998 cm-’ 
corresponds with an increase in catalytic 
activity of about 60%. On the other hand, a 
change of 16 cm-l in the range of 980-996 
corresponds with an increase in catalytic 
activity of only 40%. It appears that sub- 
stituents that are more electron-donating 
than hydrogen influence catalytic activity 
significantly in this system without affecting 
the infrared frequency very much. Substit- 
uents more electron-withdrawing than hy- 
drogen, on the other hand, influence the 
infrared absorption frequency without af- 
fecting catalytic activity very much. There- 
fore, the response to induced changes in 
elect,ron density is different for catalytic 
activity and infrared frequency in this 
system. 

Catalytic activity is seen to be especially 

sensitive to strong electron-donating sub- 
stituents, and if the purpose is to get higher 
catalytic activity, substit,uents have to be 
selected in this region. It is difficult to find 
substit,uents, however, that are more elec- 
tron-donating than the dimethyl-amino- 
group, but it might’ be t’hat in polymeric 
compounds, where t,he metal-ion containing 
a-electron syst)ems are connected by conju- 
gated double bonds, higher electron densities 
on the cobalt ion can be obtained. Alterna- 
tively, a change of the metal ion in the 
monomeric system can convert it into one 
that has a lower oxidation potential, and in 
that case a greater dependence of catalytic 
activity and I.R. absorption on electron- 
withdrawing substituents can be expected. 

From Fig. 2 we see t,hat no correlation can 
be found between catalytic act’ivity and in- 
frared absorption measured in the solid state. 
In order to understand t’his we have to use 
the approach of Thomas and Martell (8). 

The effects exerted by substituents on 
aromatic systems are considered to be of an 
inductive (I) or resonat,ive (R) nature, or a 
combination of the two. For resonative in- 
fluences to be felt, r-orbital overlap is neces- 
sary, and the syst)em has to be more or less 
planar. This does not apply to induct’ive 
effects. If we are concerned with a substit- 
uent like a methoxy-group, its R-effect is 
felt as electron donation and its I-effect as 
electron withdrawal. In planar systems, the 
R-effect is dominant and the methoxy group 
is considered t,o be an electron-donating sub- 
stituent. However, Thomas and Martell, in 
their study on infrared spectra of metallo- 
tetraphenylporphyrins, which were meas- 
ured in the solid phase, found the methoxy- 
group to be even mom electron withdrawing 
than a chlorine substituent. This was ex- 
plained by the non-planarity of the tetra- 
phenylporphyrin molecule in the solid stat)e, 
since t,he R-effect of the methoxy substituent 
is not measured in t’he center of the porphin 
molecule, and only the I-effect is found. 

Our results, as given in Table 1, cover a 
much wider range of substituents and con- 
firm this hypothesis. Maximum frequencies 
are found for the substituents hydrogen and 
methyl, which have the smallest electron- 
withdrawing I-effect as measured by the 



Taft a*-scale. All other substituents, includ- 
ing those that are electron-donat’ing in solu- 
tion, absorb at a lower frequency in the solid 
phase. This seems to confirm that, in the 
solid phase, only I-effects are felt, while in 
solution It-effects also contribut,r. 

There remains the question as to why the 
results of heterogeneous catalysis show ap- 
proximat,ely the same correlation wit,h t’he 
infrared frequency as do those of homo- 
geneous catalysis. This is in accordance with 
results we found in the past, where catalyt,ic 
activity in t,he heterogeneous phase was com- 
pared with physical parameters of t(he cata- 
lyst measured in solutlion. 

The reason might be sought in the high 
temperat,urc of the reaction, since the phenyl 
groups oscillate enough even in the solid 
state t)o allow for a greater dcgrrc of 
coplanarity. 

We must take into account, however, that 
our solid is a molecular crystal, which is 
held together by intermolecular forces only. 
Therefore, when reagents are adsorbed on 
its surface, there is no clear difference bo- 
tween adsorbent and adsorbate. WC may 
say that the porphyrin is dissolved in the 
nitrobcnzene layer as well as t’he nitroben- 
zene is adsorbed on the surface. In such a 
case, the catalyt,ic reaction takes place in 
this “solution” and behaves similarly to the 
homogeneous case. This might, also explain 
why conversions are dependent more on the 
weight of the catalyst t,han on surface area. 
This effect is now being studied. 

Figure 1 reveals t,hat the catalytic activity 
of bhe methyl-substituted porphyrin in the 
dissolved phase falls far out of the correla- 
tion found for all the other substitucnts. We 
have no ready explanation for this anomaly. 
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