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Abstract: Modifications of the meso-octaethylporphyrinogen have been successful 
using a bifunctional approach in the application of organometallic methodologies. 
The homologation of meso-octaethylporphyrinogen to meso-octaethyl- 
tris(pyrro1e)monopyridine and to meso-octaethylbis(pyrro1e)bispyridine were 
carried out by reacting carbon monoxide with Zr-C and Zr-H functionalities 
respectively, supported by the auxiliary ligand meso-octaethylporphyrinogen, 
[Et8N4H4]. Such an homologation of a pyrrole to a pyridine ring within the 
porphyrinogen skeleton was achieved with high selectivity, controlled 
regiochemistry, good yield and on multiple gram quantities. A novel mode of 
electrophilic activation of aliphatic C-H bonds, assisted by zirconium(1V) in 
conjunction with an excess of MH [M = Li, Nay K], allows the metalation and then 
functionalization of the meso-octaethylporphyrinogen periphery. Reaction of 
(T bond metathesis allowed the isomerization of zirconium-alkyl functionalities 
and the activation of aliphatic hydrocarbons. 

1. Introduction 
The major aim of this lecture is to emphasize some conceptual approaches to the modification of 

organic substrates using organometallic chemistry. The keyword in this context is “bifunctionality”. 
Bifunctional coordination compounds have as part of their structure two complementary reactive sites 
which assist an organic substrate transformation. Such bifunctional compounds display the ability to carry 
polar functionalities, which are exemplified by alkali metal organometallics, and to assist their 
trasformations. For example, organocuprates (1) act as carriers of lithium organometallics and exhibit a 
bifunctional nature, expressed by the intervention of both lithium and copper during the reactions. Such 
characteristics are rarely found in other organometallic reagents (2). 

The bifunctional approach involves a lithium alkyl or a Grignard reagent being ‘carried’ by a transition 
metal and as a result with alterated reactivity. The generation of such bimetallic organic functionalities is 
exemplified in Scheme 1, where the ligand environment of M, L,, has appropriate basic sites for binding 
the alkali cation. 

SCHEME 1. Bifunctional Polar Organometallic Carriers 
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We used the meso-octaethylporphyrinogen [Et8N4H4], 1 (3), as the auxiliary ligand, L,, in these 
bifunctional complexes (4-9), with the added advantage that it could also act as the “organic substrate”. 
The choice of such a target molecule is particularly relevant to the chemistry of “artificial porphyrins“ 
formed from meso-octaethylporphyrinogens via non-conventional oxidation pathways (6). In this context, 
modification of the porphyrinogen skeleton may shed more light on the mechanism of t h i s  transformation. 
Traditionally, such modifications of the porphyrinogen skeleton could be achieved using conventional 
organic assembling methods but we will approach this problem using organometallic methodologies. We 
will focus on two different reactions. First, the homologation of a pyrrole to a pyridine ring. This is 
particularly interesting as it has led to a novel class of modified porphyrinogens (7) with altered metal 
binding and redox properties (Scheme 2) to those of the parent compound. Second, the functionaliidon 
of one or two out of the eight peripheral aliphatic chains (Scheme 3) (8). 
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SCHEME 2. Homologation of porphyrinogen skeleton 

SCHEME 3. Side chain functionalization of porphyrinogen 

2. Bifunctional metal-porphyrinogen complexes 
The binding of meso-octaethylporphyrinogen to a transition metal has been achieved via the 

intermediacy of the fully deprotonated form available as a tetralithium derivative only. Its structure and 
superbase properties have been recently described in detail (9). Compounds derived from the 
porphyrinogen metal complexation show some peculiar properties: 
i) the bifunctional nature of early transition metal complexes, where the central metal acts as a Lewis acid 
and the electron-rich periphery can bind, for instance, alkali cations, allows one to use them as 

I SCHEMEB. I SCHEYEI 

bifunctional carriers of polar organometallics (4-6); 
ii)the four pyrrolyl anions, due to the conformational 
flexibility assured by the meso sp3 carbons, can adapt their 
bonding mode (q', q3, or q') to the electronic requests of the 
metal (Scheme 4) ( 5 ) ;  
iii) the three-dimensional structure of the ligand engenders a 
protected cavity for very reactive species formed on the 
metal (6,7). 

The Zr-H and Zr-C functionalities play a primary role in 
the development of organometallic chemistry and in the 
application of organometallic methodologies to organic 

alkyl 

ally1 
avl LiR $1 

5 

synthesis and catalysis (10). In addition, an equally important role is played by the alkali- 
organometallics (1 1). The use of zirconium-rneso-octaalkylporphyrinogen complexes as carriers for polar 
organometallics (5,7,8) will take advantage of both approaches and eventually represents a move towards 
the use of such complexes as catalysts. We report here a number of examples of polar organometallics, 
involving alkalis, particularly potassium, carried by the zirconium-rneso-octaethylporphyrinogen 
complex, 3 (5,7,8). These potassium derivatives can add as such, or can be formed directly on the carrier 
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Bifunctional carriers of polar organometallics 3 

via a hydrozirconation reaction (12) or metathesis from another alkali derivative. Formation of bimetallic 
zirconium-alkali-hydrido and zirconium-alkali-alkyl complexes are shown in Scheme 5.  

The bimetallic alkyls have been obtained either from the reaction of 3 with the corresponding alkali 
organometallics, or via the hydrozirconation reaction requiring the addition of olefins to the dimeric 
zirconium-alkali hydride like 4. The reaction between 3 and alkali hydrides led to different results 
depending on the ZrMH ratio, the solvent, and the nature of the alkali metal (5) .  In the case of 4, for 
example, the reaction must be carried out in THF with a rigorous Zr:KH 1 : 1 ratio. 
3. The homologation of the porphyrinogen using carbon monoxide 

The homologation (1 3) of porphyrinogen involves the introduction of one carbon atom into one or two 
pyrrole rings, as depicted in Scheme 2. Such an homologation of pyrrole to pyridine leads to otherwise 
hardly accessible tris-pyrrole-monopyridine and bis-pyrrole-bis-pyridine porphyrinogen-based 
macrocycles (5e,7). 

The homologation of pyrrole to pyridine has been successfully achieved by exploiting some well 
known organometallic reactions, for example the insertion of carbon monoxide into Zr-H and Zr-C bonds 
via the migration of the hydride and alkyl ligands (1 0,14). This often-studied reaction produces carbenium 
ion q2-formyl and q2-acyl groups (14). The carbenium ion, when sterically protected towards 
dimerization (which would yield an enediolato complex or reduction, reacts as such. In the present report 
we describe the addition of a carbenium q2-formyl or q -acyl to a pyrrole ring, followed by the complete 
cleavage of a C-0  multiple (15) bond due to the presence of a very oxophilic metal center such as 
zirconium, hafnium, niobium and potassium. 

The meso-octaethylporphyrinogen ligand exhibits some interesting characteristics which assist the 
transformations mentioned above. Specifically, the conformations, derived from sp3 carbons in the 
meso-positions, and the porphyrinogen to zirconium bonding modes (5 )  create cavities (6,7) assuring the 
stabilization of reactive intermediates at the metal, and the geometrical proximity of reactive sites 
(pyrroles). Further, the electron rich periphery of porphyrinogen is capable of binding an alkali 
cation (4-9) and as will be seen, this property is of major assistance in the homologation reaction pathway. 

1 

1 

It is the reaction of these metal hydride bridged dimers with carbon monoxide which paves the way for 
the pyrrole to pyridine transformation. The migratory insertion reactions of carbon monoxide with Zr-H 
(and Zr-C) bonds have mostly focused on cyclopentadienyl and alkoxo-based systems (10,14). The 
analogous reaction performed with 4 emphasizes the unusual roles that porphyrinogen can play as an 
auxiliary ligand. Indeed, the ability to bind alkali metal cations has already been alluded to. Furthermore, 
the considerable three dimensional bulk of the ligand provides the necessary steric protection for the 
organometallic functionality. 

The absorption of carbon monoxide by 4 is a rather slow reaction requiring two days, but it nonetheless 
produces a white crystalline solid, 5, in high yield (78%) (Scheme 6). 

The hydrolysis of 5 with H20  under mild conditions gave 90% of the free meso-octaethylmono- 
pyridinetrispyrrole macrocycle 6. We have investigated the synthesis of 6 as either a multiple step or a 
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SCHEME 9. a , [)LiBu 2) HfC14 I @ , 
/ \ N  HN , - 3)LiMe -1 \ N  ’ 

Et 
E t \  1 t Et \ ’ - 4) co - 

Et Et 5) hydrolysis Et 

one pot synthesis, and on a large scale. Both strategies gave comparable yields of 40-60% and we are now 
able to Droduce 6 in auantities of UD to 50a.  The entire seauence leading to 6 from Et8N4H4 is 

The regiochemistry determined by 
niobium is different from that imposed 
by Zirconium, and may be due to 
different of the orientation pyrrole to and the bonding metal. mode An 

q3-bonding mode of the pyrrolyl anion 
to niobium may be responsible for 
orientating the pyrrole j3-carbon into a 
Dosition susceutible to electrophilic 

summariLed in Scheme j and works eqblly welrwhen NaH is usid. 
SCHEME 7. 

R 

4) co 

1 7 
KR = KH +>-< ; KH +- 

comes (14). Thus we can envisage in our case the electrophilic attack of the carbenium q2-formyl (16) on 
the pyrrole followed by ring expansion (1 7). The preliminary step of this reaction is reminiscent of the 
acylation of pyridine (1 8) which occurs via the intermediate formation of q*-acyl fimctionalities. 

The reactions involved in Scheme 7 emphasize the role of the oxophilic zirconium and potassium ions 
in enhancing the carbenium ion nature of the formyl functionality (16) (vide infiu). The stoichiometric 
result of the reaction is the homologation of the pyrrole to pyridine (1 7) by a ‘CH’ unit as a consequence 
of a complete cleavage of the C-0  bond. The oxygen from the CO molecule then forms a rare example of 

Let us consider the genesis of 
5. The insertion of carbon 
monoxide into the Zr-H bond is 
a classic reaction in organo- 
metallic chemistry (10,14). The 
reaction proceeds initially to the 
formation of a q2-formyl species 
driven by the strong oxophilicity 
of the metal, and then, in the 
absence of any steric protection, 
to a number of possible out- 

a terminal zirconyl unit (19). 

6 11 I ittack and thus for the formation of a 
p-methylpyridine instead of a 

m-methyl pyridine. This explanation emphasizes the ability of the pyrrolyl anion in the porphyrinogen 
complexes to display different bonding modes and to fluctuate within a complex (5). 
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Bifunctional carriers of polar organometallics 5 

For the second homologation, we proceeded as shown in Scheme 9. The compulsory use of Hf instead of 
Zr is still obscure. The organometallic pathway leading from 6 to 11 is quite similar to that clarified for 
the homologation of 1 to 6 (Scheme 6). 

Among the two positional isomers (consider the two non-equivalent metu positions), that shown in 
Scheme 9 is the only one we have identified. The selective formation of only one regioisomer having two 
cis pyridine rings (see compound 111 in Scheme2) aids our understanding of the homologation 
mechanism. Based on the structure of [Ets(C4H2N),(C5H3N)Hf-Me], 12, in the solid sfate, supported by 
the solution structure ('HNMR spectroscopy), the homologation occurs only on the q -bonded pyrrole 
and leads exclusively to the cis isomer I11 (Scheme 2). It seems very likely that the q5-pyrrolyl anions 
have the appropriate spacial orientation and proximity for a facile attack by the carbenium ion formed 
from the carbon monoxide insertion. The regiochemistry of both homologation reactions depends on the 
bonding mode of the ligand, which is directly determined by the nature of the transition metal. 

The results reported emphasize how we can modify the skeleton and control the related regiochemistry 
of rather complex structures, like those of macrocyclic polypyrroles, using organometallic methodologies. 
In addition, this does not remain just a chemical curiosity, since we can use this transformation as a good 
preparative method for a novel class of macrocycles. The introduction of one or two pyridines into a 
tetrapyrrolic macrocycle greatly modifies the geometric and electronic properties of this very important 
class of compounds. 
4. The functionalization of aliphatic chains at the porphyrinogen periphery. 

Although electrophilic metal-mediated aliphatic C-H cleavage is precedented in the literature (20), its 
application to the functionalization of complex substrates is almost unknown. The uresent reuort deals 

SCHEME 10. 
4 2  LnM + RH +M*H - LnM(R...M') 

KH excess 
TH F 
50°C 

14 

meso-Et not shown 

with a novel electrophilic CIH bond activation 
and its application to the functionalization of the 
porphyrinogen skeleton. 

Unlike the usual approach, in which a metal 
bonded alkyl or hydride is employed to remove an 
aliphatic hydrogen in. intra- or inter-molecular 
processes (20), we explored the following 
strategy. 

The removal of an aliphatic hydrogen by an 
alkali hydride M*H assisted by an electrophilic 
metal leads to the formation of a polar alkali 
metal-alkyl species complexed by L,M (Scheme 
10). 

The reaction occurs when specific demands are 
satisfied by the ligand environment of M, 
particularly that allowing the L,M complex to 
behave in a bifunctional manner. This allows for 
the complexation of alkali hydrides by the 
concerted action of the electron-rich periphery 
and the electron-deficient metal, as well as the 
complexation of the polar alkyl formed from the 
reaction (5). Meso-octaethylporphyrinogen, 1, 
provides the appropriate ligand environment to 
metals for the formation of such bifunctional 
complexes (5-8). In addition the calix[n]arene- 
type conformations of the porphyrinogen (2 1) 
allows the meso-ethyl substituents to approach the 
metal, so as to assist the intramolecular 
deprotonation of an alkyl chain. Therefore the 
process depicted at top of Scheme 10 is achieved 
intrholecularly by the use of alkali hydrides. 
Such a reaction is particularly intriguing and very 
dependent on factors such as: i )  the MH:Zr ratio; 
i i )  the nature of the solvent; iii] the nature of the 

alkali cation. The reaction of 3 with KH exemplifies the- complexity of this chemistry -(Scheme 10). The 
reaction of 3 with one mole of KH gave the dimeric hydride 4. When the 1:2 Zr:KH molar ratio is used 
we isolated the octahydride 13, whose solid state structure has been recently elucidated(5d). In both 
compounds the hydrido ligands display a bridging bonding mode across Zr and K. A spontaneous thermal 
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decomposition of 13 gave a mixture of 14,lS and 16. The complete transformation of 13 into a mixture of 
15 and 16 occurs only in the presence of an excess of KH. The same result is achieved when 3 is treated 
with a large excess of KH. Compound 14 has never been obtained pure using this strategy, but rather by 
alkali cation exchange reaction on 18 (vide infia). The 15:16 ratio is constant both in solution and in the 
solid state regardless of the genesis. 

Some significant insights into the metalation of the ethyl substituents come from the careful 
examination of the reaction between 3 and KH under various conditions. The zirconocene hydrido 
hctionality has been around for a long time in organometallic chemistry, and it has been involved in a 
number of key reactions such as hydrozirconation (1 2) and the reduction of carbon monoxide (1 4). The 
bonding mode of the hydride to Zr is usually either terminal or bridging. However, an alternative 
heterodimetallic bridging mode has been observed in complexes 4, 13 and 14 and for some other very 
electrophilic metals such as Y and A1 (22). This heterodimetallic interaction may be the key factor 
determining both the strength and the polarization of the metal-hydrogen bond appropriate for the 
metalation of C-H functionalities. 

The isolation of the mixture of 15+16 did not clarify the genesis of the side chain metalation and the 
relationship between 14 and 15+16. To this purpose we performed a number of experiments. We found 
that the isomeric 15 vs 16 ratio remains the same when 14 is heated in the presence of excess KH using 
similar conditions to those of the reaction performed on 3 and 13. The result outlined above can be 

.- I- 
SCHEME ll. 

LJr-R + R'H - L,Zr-R + RH 

I meso-Et not shown 

metalated form like 14 (Scheme 11). The alkali 
ion plays a major role in the metalation reaction. 
Using LiH and NaH, even under very drastic 
conditions and in a large excess, the reaction ends 
to the monometalated form 18 (Scheme 12). The 
alkali cation is very labile and can be exchanged 
to form the potassium derivative 14. A particular 
property associated with the potassium derivative 
is its ability to undergo intermolecular 
0-metathesis, as shown in Scheme 1 1. 

accounted for if the zirconium-carbon bond 
exchanges easily in an intramolecular fashion with 
the C-H bonds of other side chains of the 
porphyrinogen ligand. This can account for the 
transformation of 14 metalated exclusively at the 
P-carbon of the ethyl group, to give the mixture of 
15 and 16, metalated at the a and P carbons of the 
ethyl group, respectively. This form of 0-bond 
metathesis of Zr-C and C-H bonds has much 
precedent in high valent early transition and 
lanthanide metals (20). 

Further confirmation has been found in the 
intermolecular activation of hydrocarbon with the 

I SCHEME 12. ,TH F 

l8 meso-Et not shown I 
The Zr-C bonds made via the intramolecular metalation of the porphyrinogen periphery should allow 

its easy functionalization using conventional organometallic methodologies. Among the reactions that 
have been explored, we report the insertion of isocyanides and carbon monoxide. Some of the more 
significant results are summarized in Scheme 13. 

In conclusion we can say that the metalation of aliphatic chains at the periphery of meso-octaethyl- 
porphyrinogen has been achieved via the electrophilic activation of the C-H bond followed by the 
rsmoval of the P-proton using alkali hydrides. The success of such a class of reactions depends on two 
important features. Firstly, the bifunctional nature of metal-porphyrinogen complexes which possess the 
ability to bind cations at the electron rich periphery, and thus to function as polar organometallic carriers. 
Secondly, reactivity is very dependent on the conformation of the porphyrinogen which allows the C-H 
bond of the periphery to come in close proximity to the central electrophilic metal. An intramolecular IT 
bond metathesis between Zr-C and C-H bonds was observed in the conversion of P- to a-metalated forms 
of the ethyl groups of porphyrinogen. The migratory insertion of Bu'NC and carbon monoxide into the 
Zr-C bond allowed the introduction of functionalities at the periphery of the porphyrinogen and the 
attainment of novel forms of porphyrinogen. In particular, the insertioq of ButNC into the Zr-C bond of 
the monometalated form 18 allowed us to isolate the corresponding q -iminoacyl 19. Its carbenium ion 
properties were exemplified when it underwent hydrolysis reactions (Scheme 13). The electrophilic 
carbenium ion attacks the a-carbon of a pyrrole to give a hctionalized five-membered ring in 22. 
Complexes 20 and 21 can be considered as a model intermediates in the homologation of pyrrole to 
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SCHEME 13. 

22 

pyridine in the reaction with carbon monoxide. Further, the reaction of 18 with CO led directly to the 
homologation of one of the pyrrole rings, thus in 24 a pyrrole ring has been converted to a pyridine with a 
fused cyclopentene ring. The results we have reported emphasize how appropriate organometallic 
methodologies (bifunctional complexes, conformational effects, polar organometallic carriers) allow the 
activation and functionalization of aliphatic substituents in large organic molecules. 
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