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Abstract: The preparation,

isolation, and characterization of several new peripherally functionalized

monomeric porphyrins and metalloporphyrins and of porphyrin dimers are described. These dimers are
obtained by linking with metal ions two monomeric porphyrins bearing at their periphery an enaminoketone
chelate fully conjugated with the aromatic ring. Porphyrin dimers linked by metal ions display large
interactions in the ground state as evidenced by their electronic spectra and their electrochemical behavior.
Compared to the monomeric analogue, these dimers show absorption spectra with intensified red-shifted
Q-bands and their first oxidation potentials are substantially lowered and split into two distinct redox steps.

Introduction two porphyrinic rings do not lead to substantial interactions in
Ithe ground state. Therefore, multiply linked systems have been

Tetrapyrrolic macrocycles, such as porphyrins, and their meta ) ) )
Py y porpny prepared in which the properties of the assembly are no longer

complexes are involved in many biological processes, namely,

molecular catalysis, electron transfer, binding or transport of
small molecules, light harvesting, and photosynthesis. Model
systems for these biological systems have been developed by
numerous research groupsdowever, the development of
efficient syntheses of the appropriate tetrapyrrolic macrocycles
still remains a major problem. Recently, the potential use of
porphyrins or oligoporphyrins as new molecular materials has
also led to an increase of the synthetic efforts toward artificial
porphyrin assembliesThe building of larger arrays (covalently
linked porphyrin oligomers) presents an even greater synthetic
challenge These syntheses have culminated in the preparation
of a linear array of 128 porphyrifor a molecular bandana
made of 21 covalently linked porphyrifikeeping in mind the
potential use of these systems as new materials, the efficiency
of the syntheses (less than 1% for the 21-mer) has to be
improved markedly before practical applications might be
considered.

For many potential applications, interactions between the
linked porphyrins are necessary. With the notable exceptions
of acetylenic or ethylenic linkagésingle connections between
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the simple sum of the properties of each porphyrin: these porphyrins bearingmesepyridinyl groups, since the wide
additional properties might lead to molecular materials for new coordination spectrum of the pyridine group allows large
applications’. However, the syntheses of multiply linked por- assemblies to be built. Due to noncoplanarity betweemtbss
phyrin oligomers becomes even more tedious than those ofpyridines and the porphyrin ring, one does not expect much
singly connected porphyrin oligomers. information to be transmitted through the coordinated metal.
On the other hand, one might use noncovalent bonds to build A porphyrin bearing a peripheral coordinating site, preferably
greater assemblies. Hydrogen bofdsatenation of ring$2 with chelating properties and coplanar with the macrocycle,
metal-linked sandwich structurésr coordination of porphyrin  would combine the efficiency of the covalent approach in terms
peripheral groups to metals have been used to build finite or of porphyrin—porphyrin interaction and the modularity of the
infinite assemblie$? Linking the macrocycles through coordina-  connection of porphyrins via metal coordination. In addition,
tion bonds offers additional variations, with each metal center since the formation of coordination bonds might be considered
presenting specific properties: oxidation levels, coordination as a reversible reaction in many cases, if the different compo-
numbers, and geometries. However, most examples deal withnents of the assembly (metalloporphyrin as ligands and metal
ions as connectors) are carefully chosen, one might reach the
ideal case of a purely thermodynamically driven reaction whose
yields should be very high. In these systems, the possibility of
modulating the properties of the macrocycle through the internal
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reactions, and the coordination properties of enaminoketo-
porphyrin ligands and demonstrate that strong porphyrin
porphyrin interactions can be detected spectroscopically and
electrochemically when two such ligands are connected by a
metal.

Preparation of Enaminoketones

Preparation of Ketones 1 and 2.The usual route to ketone
1 requires first the formylation of a metalloporphyrin under
Vilsmeier—Haack conditions followed by acid-catalyzed cy-
clization of the aldehyde and demetalation of the porph¥#in.
The cyclization reaction was usually run under the oxidative
conditions described by Ishkov and Zhiliato optimize the
conversion to the ketone. Demetalation had to be done carefully
to avoid a second cyclization previously described by Dolphin
and co-workers fomesetetraanisylporphyring® The overall
yield of this sequence is fair(50—60%; Scheme 1).

To improve the solubility of the porphyrinic oligomers we
wished to prepare ketor2 However, specific achievement of
such a substitution pattern of tineesearyl groups, as well as
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regiospecific formylation, is out of reach. Also, the use of benzene gave the acid chloride, which was used as such. The
symmetricaimesetetra-ditert-butylphenyporphyrin would end  FriedetCrafts reaction proceeded in good yield when the acid
in an unwanted highly hindered coordination site. Last but not chloride was treated with SnCin benzene to give keton@
the least, the efficiency of the formylation route is limited by (80—90% yield). The extension of this reaction sequence to
the fact that, under more drastic conditions, mixtures of obtain diketones from diesters will be presented elsewhere.
polyformylporphyrins are obtained, thus limiting the scope of  Amination of Ketones 1 and 2 and Related Reactiong he
the reaction to the preparation of monoketones. The Friedel amination of ketoned or 2 is an easy reaction that occurred
Crafts reaction offered an alternative, provided that the ap- upon treatment with various nitrogen nucleophiles bearing a
propriate groups could be positioned omasephenyl group  potential leaving group (Scheme 3) (only products due to 1,4-
such that they could subsequently be cyclized onto a pyrrolic addition were observed): hydroxylamine, hydrazine, tosyl-
carbon (Scheme 2). hydrazine, and hydroxylamin®-sulfonic acid. This last com-
Porphyrin6 was obtained under Lindsey’s conditiéhand pound is the choice reagent, giving enaminoketdrand17
isolated by chromatography from the mixture of esters. Hy- in excellent yields (8590%).

drolysis of the ester group (LIOH in dioxane/water) and  The NMR and UV-visible data for enaminoketort0 are
treatment of carboxylic acifl with oxalyl chloride inrefluxing 1y consistent with the proposed structure and very similar to
(16) Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C.; Marguerettaz,

A. M. J. Org. Chem1987, 52, 827. Littler, B. J.; Ciringh, Y.; Lindsey, J. (17) Richeter, S.; Jeandon, C.; Ruppert, R.; Callot, Helrahedron Lett2001,
S.J. Org. Chem1999 64, 2864. Lindsey, J. S. in ref 1a: Vol. 1, p 45. 42, 2103.
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Scheme 3
(s
‘ NH,OH or NH,NH,
or  TsNHNH, + AcOH
or  NH,0SOzH
Ph 2 — Ph
Ph 1
Scheme 4

that of ketonel, except for two NMR signals due to the NH

Ar

TSNHNH,, 20°C
CH,Cly, AcOH

—_— = Ph

o M Ar
‘ 10 H, Ph
NH, 15 Cu Ph
16 Ni Ph
Ar 17 H, 3,5-dit-butyiPh
18 Cu 3,5-di-t-butylPh
19 Ni  3,5-di-t-butylPh
20 Pd 3,5-ditbutylPh
10, 15-20

substituted porphyrins). The X-ray structure of the pyridinozinc

group instead of a pyrrolic singlet. These signals are far apart complex ofl11 has been solveH.

(9.0 and 5.48 ppm), suggesting that one pronr=(9.0 ppm)
is strongly hydrogen-bonded to the carbonyl oxygen atom, while
the other one is shielded by the vicinal phenyl ring.

Small variations of the reaction conditions allowed us to
illustrate the versatile reactivity of ketong (Scheme 4).
Replacement of AcOH by C#DH in the reaction of hydrazine
resulted in the clean formation of chlorit®, arising from the
reduction of a pyrrole double bond. Air oxidation of hydrazine
to diimide was clearly the source of the reducing agent. As
expected? the pyrrole that was reduced is opposite to the
functionalized one.

When run at room temperature rather than in refluxing
CHxCIl,, the reaction with tosylhydrazine gave substituted
tosylhydrazinel3 (see below for structural data f@B). In this
case, air oxidatiorrdisfavored in a refluxing solvertmay occur
faster than the elimination of tosylamide.

In addition to the products described above, all reactions run
in acidic solutions, including the plain demetalation of ketone
1, produced the same byproduct, namely, a doubly cyclized
ketonell (already described by Dolphin et'&lfor meseanisyl-

(18) Crossley, M. J.; Burn, P. L.; Chew, S. S.; Cuttance, F. B.; Newsom, I. A.
J. Chem. Soc., Chem. Commu®91, 1564.

The amination reaction described above is limited to the free
base porphyrins, and metal complexes do not react at all even
under forcing conditions. 4-AminokH#1,2,4-triazole has been
used as an amination reagent for pyridines and activated benzene
rings in the presence of a strong base (t-Bu®@kyve found
that ketoned and2 were aminated in high yield by this reagent,
using NaOH as the base, and also that the reaction could be
extended to the corresponding nickel, copper, and palladium
complexes.

Crystal Structures of Monomeric Porphyrins. We could
not obtain crystals of the aminoketones, either as free bases or
as metal complexes, suitable for X-ray structure determination.
However, related compounds possessing an additional ring gave
suitable crystals and two corresponding structures were solved.
A first structure determination, albeit of low resolution, was
published for the copper complex of ketahi& 19801%2During
the course of this work, we determined the structure of chlorin
144 (Figure 1) and tosylhydrazin&s3.

(19) (a) Bakke, J. M.; Svensen, H.; Trevisan,JRChem. Soc., Perkin Trans.
12001, 376. (b) Katritzky, A. R.; Laurenzo, K. Sl. Org. Chem1986
51, 5039. (c) Katritzky, A. R.; Laurenzo, K. §. Org. Chem198§ 53,
3978.
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by the large NMR upfield shift of the tosyl signalé & 7.37
(ortho to SQ group), 5.94 (meta to SQYroup), and 1.12 ppm

for the aryl and methyl protons, respectively). This stacking is
favored by the formation of a seven-membered ring including
a hydrogen bond (&-H = 1.617 A) between the NH vicinal

to the tosyl group and the carbonyl oxygen. The general shape
of the porphyrin ring ofL3 and 14 is that of a saddle.

Preparation of Porphyrin Dimers. Dimers were assembled
by several routes, either by exhaustive metalation of all sites of
an enaminoketone free base, by coordination of two molecules
of a metalloenaminoketone on a selected metal ion, or by
selective coordination of a metal ion to the external sites of
two enaminoketone free bases, followed by the metalation of
the internal sites.

The most complex situation was observed upon direct
metalation of enaminoketone free bases (Scheme 5). Reaction
of 10 with 1 equiv of Ni(acag) rapidly gave an insoluble dark
material, believed to be the product of external coordination of
two free bases and one nickel ion. Prolonged heating resulted

‘ in the formation of the porphyrin internal complé%. In the
Figure 1. X-ray structures of (a) nickel chlorii4 and (b) hydrazine3 more soluble dtert-butylphenyl series, the same sequence of
(all hydrogen atoms omitted except+). reactions could be followed in solution, but the instability of

In addition to specific features, the two structures have in the initial dimer (two free bases connected by one nickel ion)
common a six-membered ring fused to the porphyrin at a meso- precluded its isolation. It was later observed that, although stable
and ap-position. The major effect of this ring is to bring into  as solids, dimers connected by metals such as nickel, copper,
the porphyrin plane thenesephenyl to which it is bound and  or zinc decompose quantitatively upon attempted chromatog-
to enforce a close contact between one hydrogen of this phenylraphy, or upon standing as dilute solutions. Actually, the simplest
and one of the closest noncyclized pyrrole rings-(H= 2.127 route for preparind.6 or 19 takes advantage of this unstability:
Ain 13 and 2.222 A in14). A useful consequence of this heating enaminoketond® or 17 with an excess nickel acetyl-
proximity is a strong deshielding effect on the hydrogen of this acetonate gave the fully metalated dimers which, in turn, were
last pyrrole, a NMR touchstone for cyclization. cleaved with acetic acid to give monomefi6 or 19. In the

The structure of tosylhydrazing3 confirmed the stacking  case of palladium, the internal metalation is much slower and
of the side chain and the porphyrin ring, which was suggested the stability of the externally metalated dim&6 (di-tert-

Ar
Ar

Scheme 5 2

(0] Ar
Ar,
H
N\
" M
N \o Ar
H
R
Ar

Mol

NH,
M1|-n
Ar
0 Ar
Ar,
NH; Ar, . (o] H
ML, NP2
/ M
Ar - N \ Ar
H H o
Ar

aIn order, meso group (MM1/My). 21: Ph (Ni/Ni/Ni). 22 Ph (Ni/Cu/Ni). 23: Ph (Ni/Pd/Ni).24: Ph (Cu/Pd/Cu)25. Ph (Cu/Cu/Cu)26: 3,5-di-
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Ar

Figure 2. Relevant ROESY cross signals observed 26r M4, Pd; M,
Ha.

butylphenyl series) is sufficient to allow its isolation. Further
heating slowly gave the internal metalation product and exhaus-
tive metalation allowed the one-pot preparation of trimetallic
dimer 28.

Much simpler procedures were followed to specifically
prepare dimers from previously metalated enaminoketones.
Dimers were obtained by treating these monomeric metal
complexes (M= Ni, Cu, Pd) with 0.5 equivalent of the
corresponding metal derivative M(OAcfM = Cu, Pd) or
Ni(acac). On the other hand, the palladium comp&could
be quantitatively metalated with zinc in the internal sites to give
29, without cleaving the porphyrin-palladium-porphyrin con-
nections.

None of the dimers yielded crystals suitable for a X-ray
structure determination. For-NO ligands, and in particular for
enaminoketones, it is known that in the solid state the square
planar metal complexes were found with the trans geometry
(centrosymmetric). In solution, the cis form might be present if
the nitrogen is substituted with an H-atéfhNo conclusions
could be drawn from the electronic spectra, due to the presenc
of the strong bands of the porphyrins. Th& NMR spectra of

€

Scheme 6

Ar.

Ar
30 :Ar=Ph
31 : Ar = 3,5-di-t-butylPh

Table 1. Electronic Spectra: Lowest Energy Band for Monomers
and Dimers
Amax (€) AE (eV)
monomer
H» 10 709 (7000) 1.75
Culs 656 (25 000) 1.89
Ni 16 649 (18 600) 191
H, 17 711 (85 00) 1.74
Cul8 656 (30 500) 1.89
Ni 19 650 (20 700) 1.90
Pd20 634 (31 600) 1.95
dimer

Ni/Ni/Ni 21 700 (32 800) 1.77
Ni/Cu/Ni 22 677 (30 800) 1.83
Ni/Pd/Ni 23 696 (47 100) 1.78
Cu/Pd/Cw24 696 (45 100) 1.78
Cu/Cu/Cu25 678 (59 600) 1.82
Ho/Pd/H; 26 730 (39 000) 1.69
Cu/Pd/ICw27 696 (69 000) 1.78
Pd/Pd/P®8 676 (79 400) 1.83
Zn/Pd/Zn29 696 (75 400) 1.78
Ni/Pd 30 686 (25 200) 1.80
Ni/Pd 31 686 (26 000) 1.80

electronic interactions (efficientr-overlap) whereas for a
phenylene bridge (orthogonal to the porphyrin plane) only
electrostatic interactions have been obseRledls a conse-
qguence, the modifications of the chromophore are more
important for planar conjugated systems, in particular, for

the dlamagnetlp dimers showed that the§e gompounds arémyitiply covalently linked porphyrins.
present as one isomer. Whether the isomer is cis or trans could  thase new porphyrin dimers all showed similar electronic

not be determined from the NMR spectra because of the high
symmetry (center or plane of symmetry for respectively the trans
and cis isomers) of these dimers.

However,'H—1H COSY coupled with NOESY experiments
unambiguously allowed structural determination. HH ROESY
cross signals (see Figure 26) were observed between two
protons of the cyclized phenyl and the para proton andette
butyl protons of amesearyl group belonging to the other
porphyrin. We think that the cis isomer was never observed
due to the proximity of the bulkynesearyl group close to the
N—H group. We assume that the paramagnetic dimers should
have the same geometries as the diamagnetic ones.

Reaction of the nickelenaminoketorigsor 19 with Pd(acac)
in excess led t@0 and31 (see Scheme 6) along with traces of
dimers. In this case, both nickelporphyrins are complexed at
the periphery with a Pd(acac) fragment.

Electronic Spectra and Electrochemical Behavior.The
electronic interactions between two connected porphyrin rings
might be estimated from their electronic spectra. For covalent
linkages, it is known that a 1,4-butadiynylene bridge allows

(20) See, for example: (a) Holm, R. H.; O’'Connor, M.RIog. Inorg. Chem.
1971, 14, 241. (b) Maverick, A. W.; Fronczek, F. R.; Martone, D. P.;
Bradbury, J. RJ. Coord. Chem1989 20, 149 and references therein.

spectra indicative of the interaction introduced between the two
aromatic rings through the connecting metal. The lowest energy
absorption bands for metalloporphyrin monomers were found
between 634 and 656 nm, whereas for the dimers they were
located between 676 and 700 nm (see Table 1 and Figure 3). A
similar red-shift is observed for the two porphyrin bases linked
by palladium(ll). In addition to the bathochromic shift, the molar
extinction coefficient value increases for the lowest energy
band. For example, nickel complé&% absorbs at 649 nme (&=
18 600) and the dimer Ni/Pd/NA3 at 696 nm ¢ = 47 100).
These effects are clearly a consequence of two cumulative
factors. The coordination of a metal complex to the external
site leads to a bathochromic shift of 37 nm (compaéeand
30in Table 1). Adding a second porphyrin leads to a further
wavelength and extinction coefficient increase of the lowest
energy band (compaB®and23in Table 1). These effects have
already been discussed for a nickel porphyrazine diffdrhe
distance between the two nickel ions in a dimer can be estimated
quite precisely to be 14 A from an X-ray structure of a related

(21) (a) Ribo, J. M.; Bdfill, J. M.; Crusats, J.; Rubires, Ghem. Eur. J2001,
7, 2733. (b) Piet, J. J.; Taylor, P. N.; Wegewijs, B. R.; Anderson, H. L.;
Osuka, A.; Warman, 1. Phys. Chem. 001, 105 97 and references
therein.
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Table 2. Cyclic Voltammetry Data for Monomers and Dimers@

Compound Eveda Evedz Eredl EO><1 onz on3 onl_ Eredl
Cuils —1.76(1) —1.38(1) 0.46(1) 0.76(1) 1.84
Ni 16 —1.63(1) —1.26(1) 0.60(1) 0.95(1) 1.86
Hp 17 —1.65(1) —1.36(1) 0.46(1) 0.72(1) 1.82
cuis —1.85(1) —~1.51(1) 0.39(1) 0.71(1) 1.90
Ni 1% —1.80(1) —1.44(1) 0.45(1) 0.79(1) 1.89
Pd20 —1.45(1) 0.46(1) 1.91
Ni/Ni/Ni 21 —1.90(1) —1.80(1) -1.37(2) 0.32(1) 0.48(1) 0.67(2) 1.69
Ni/Cu/Nib 22 —2.25(2) —1.74(2) -1.22(1) 0.30(1) 0.47(1) 0.82(2) 1.52
Ni/Pd/Ni 23 —1.94(1) —1.86(1) —1.45(2) 0.32(1) 0.48(1) 0.82(2) 1.77
Cu/Pd/C24 —1.50(2) 0.29(1) 0.45(1) 0.75(2) 1.79
Ho/Pd/H 26 —-1.50(2) 0.32(1) 0.45(1) 0.65(2) 1.82
Cu/Pd/C27 -1.52(2) 0.26(1) 0.42(1) 0.72(2) 1.78
Pd/Pd/P®8 —2.10(1) —1.90(1) —1.48(2) 0.34(1) 0.50(1) 0.50(1) 1.82

e (x 107)
150 : ; - 2 1A
Fe/Fe

23 0-
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Figure 3. Comparison of the electronic spectra of monorhér(nickel
enaminoketone) and dim@83 (Ni/Pd/Ni).

compound? Therefore, excitonic coupling alone cannot account
for the large shift observe#. Since the metal fragment is E (V vs. Fc'/Fo)
coplanar with the porphyrin and the chelate fully conjugated 2 iy 0 )

with the macrocycle, the complexation has an effect similar to rigure 4. Cyclic voltammetry of monomet6 (nickel enaminoketone) (top)
the addition of at least one fused benzene ring. The controversialand dimer23 (Ni/Pd/Ni) (bottom). For experimental conditions, see Table
concept of metalloaromaticifif2 first introduced by Calvin as

early as 1945 for copper(acagf® might be invoked to explain ) . . . -
the stability of our complexes and the optical properties &€ N good agreement with the red shifts observed in the visible

displayed after anchoring a Pd(acac) fragment or a secondSPectra of these compounds= 634-656 nm/1.89-1.95 eV).
porphyrin. With the exception oR2, all dimeric species showed rather

The electrochemical behavior of these porphyrins was studied similar electr(_)chemical behavior_in GEll,, illustrated in Figl_Jre
by cyclic voltammetry and linear sweep voltammetry. All 4 by the cyclic voltammetry of dime23. The redox potentials
monomeric compounds, except palladium com@exgave two of all compounds studied are summa_nzed in ‘_rable 2. AII
well-defined one-electron reversible oxidation steps as well as electron transfers are chemlcally reversible. The first reduction
two well-defined one-electron reversible reduction steps whose Step involves two overlapping one-electron steps on two almost
redox potentials are summarized in Table 2 and illustrated in independent redox centetswhereas the second peak corre-
Figure 4 for nickel comples6. In the case 020, only the first sponds to the overlap of two o_ne-_electron transf(_ers separated
oxidation and the first reduction steps gave well-defined signals, PY 80-200 mV. The first two oxidation steps each involve one
whereas the second steps gave spreadout signals due to electrocj’é‘?won’ whereas the.thlrd oxidation step shows the character-
inhibition. Compared to unfunctionalized metalloporphyrins, Stics of two overlapping one-electron transfers separated by

these compounds are easier to oxidize whereas their reduction$0—60 mV. The oxidation yielded ligand-centered radical
occur at rather similar potentials. The potential difference cations. These radical cations should be mainly localized near

between the first oxidation and the first reduction is equal to the external coordination site, since the region of the aromatic
1.854+ 0.05 V. These values are much smaller than the ones "1Ng substituted by heteroatoms is the most susceptible site of

reported for unfunctionalized porphyrins (2.250.15 V5 and thg fir§t electron. removal. This leads to the Ioweri.ng of Fhe first
oxidation potentials and to the rather large potential split {130
(22) ZRGi%heter, S.; Jeandon, C.; Ruppert, R.; Callot, Kthem. Commur2002 170 mV) observed between the first two one-electron oxidations.
(23) Kasha, M.; Rawls, H. R.; Ashraf El-Bayoumi, Mure Appl. Cheml965 “Significant redox splitting is a hallmark of strongly interact-
11, 371. ing ground-state redox centers and indicates that the resultant

(24) (a) Masui, H.Coord. Chem. Re 2001, 219-221, 957 and references
therein. (b) Calvin, M.; Wilson, K. WJ. Am. Chem. Sod.945 67, 2003.

(25) Kadish, K. M.; Royal, G.; Van Caemelbecke, E.; Gueletti, L. in ref 1a: (26) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, FJCAm. Chem. Soc.
Vol. 9, p 1. 1978 100 4248.
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charge ... is considerably delocalized over both porphyrin and at 696, 782, and 850 nm for the oxidation, were obsei/ed.
centers” was stated by Theri€nTo quantify more precisely  Electrolysis of dime23 on the plateau potential (at1.55 V)

the importance of the delocalization, compared to covalently of the first reduction gave U¥visible spectral evolution with
linked dimers already known, one might compare the redox well-defined isosbectic points. The generated species showed
splitting values found in the metal-linked dimers with values typical absorption bands at 708, 762, and 813 nm, characteristic
reported in the literature. These interactions are extremely of radical aniong8 After electrolysis, the initial spectrum could
variable and the splitting values range from 0 to 0.44 V, be recovered quantitatively by reoxidation. Oxidation on the
depending on the type of connection used, where the connectionplateau potential of the first step (at 0.40 V) as well as for the
were made, and how many connections were placed betweersecond step (at 0.58 V) gave WVisible spectral evolution with

the two porphyrins. For example, a butadiyfiybyrrole-linked a decrease of the absorbance in the Soret bands and new
dimer showed no splittinf,whereas the same spacer between absorption bands at lower energy around 780 nm (probably
two meso positions gave a splitting value of 0.12 V. A simple radical cations$® Again, the initial spectrum could be recovered
trans-ethene or ethynyl mesaneso linkage gave respectively by stepwise reduction, demonstrating the stability of the dimeric
0.1 or 0.26 V20 Of course, the highest splitting values were structure during coulometric experiments.

reported for the triply fused dimers described by Osuka et al.
since the distance between the two porphyrins is minimized (no
spacer at all) and three connections were created. For this kind The straightforward synthesis of porphyrins bearing external
of dimer, the splitting values range from 0.25 to 0.44 We enaminoketone coordination sites allows the preparation of new
found redox splitting values in the range 0-1R17 V for metal- dimers linked by metal ions. The efficient porphytiporphyrin
linked dimers, and thus the strength of the porphyrin-porphyrin interaction is a consequence of the planar nature of the linkages
interaction for this new type of connection might be placed and is illustrated by their electronic spectra and their electro-
between one double and one triple bond. chemical data. Since these new compounds allow the coordina-

The potential difference between the first oxidation and the tion of metal ions internally and externally, we have also started
first reduction for the dimers is lowered to 1:69.82 V and the preparation of trimetallic dimers containing magnetically
correlates well with the HOMOLUMO gap estimated from active metals (Cu, Mn, V, etc.). Preliminary results show that
the electronic spectra (see Table 1). This correlation is a goodmagnetic interactions are also observed between the metals
confirmation that the first oxidation and reduction processes are coordinated inside and outside the porphyfhs.
located on the aromatic rings and are not metal-centered. The synthesis of bisenaminoketoporphyrins where two ex-

In the case of dime22, an additional one-electron reduction ternal coordination sites are located in divergent directions has
is observed before reduction of the porphyrin cores. This step P€€n achieved recently. These compounds allow the preparation
probably corresponds to the one-electron reduction of the linking ©f higher oligomers, with even larger interactions between the
copper(ll) and therefore leads to a large cathodic shift of the different porphyrin moieties? _ . .
two porphyrin reduction steps. It is known that cyclic voltam- ~_Last, but not the least, the new ligands and the trimetallic
metry studies of the copper(Il) complexes of simple enamino- dimers described in this article are very easy to prepare and the
ketone ligands gave fully irreversible (electrochemically and Syntheses may be scaled up. The use of coordination bonds to
chemically) waves upon reduction, at potentials arotids build porphyrin .ollgorlners seems to be a very suitable rqute
V.27 In our case, a reversible one-electron reduction (on the from a synthetic point of view and represents a possible
cyclic voltammetry time scale) was observed. However, coulo- alternative to the_ _covalent approach. The numper _of possibilities
metric reduction of dimeR2 in a spectroelectrochemical cell ~ Offéred by transition metals in terms of coordination geometry
rapidly showed that the dimeric structure was lost. After OPens up the synthesis of oligomers with variable shape and
consumption of more than one electron per dimer, the mono- dimensions.
meric nickel enaminoketong0 was recovered quantitatively  gyperimental Section
and identified by U\~visible spectroscopy and NMR. For this
compound, the potential differencBqf; — Ereqr) taken from
electrochemical dataAE = 1.52 V) and the optical gap

e;tlmated from the eleptromc SpQCtrumH.Z 1.83 eV) are AM 400, and ARX 500 instruments. Elemental analyses were performed
different, because the first reduction step is metal-centered. i e service de Microanalyse, Univefsiteuis Pasteur (Strasbourg,
Spectroelectrochemical investigations were carried out on France). Chromatographic separations were obtained using Merck 9385
dimer 23 and its precursofl6 (see Supporting Information).  silica gel or Merck 1076 alumina. All monomeric porphyrins gave
During the first reduction as well as during the first oxidation, correct masses (Finnigan TSQ 700, El, 12 eV), and the dimers gave
16 showed U\~visible spectral evolution with well-defined ~ molecular mass peaks (FAB, Micromass Autospec).
isosbestic points. The generated spectra are characteristic of the Preparation of Ketone 1.This standard procedure combines steps
radical anion and the radical cation, which confirm ligand- from several sourcé$.*® To a suspension of coppenesetetra-
centered electron transfers. Indeed, the Soret band decreasef!®"IPorPhyrir (CUTPP, 3.2 g, 4.7 mmol) in 1,2-dichloroethane (500

.~ mL) was added dry DMF (26 mL) and PQQRO mL). The mixture
whereas low-energy bands, at 788 and 850 nm for the redUCtIonwas brought to reflux for 17 h and then poured into a solution of NaOAc

(250 g) in water (1 L). After 1 h, the organic phase was decanted,

(27) For simple big¢-ketoenamine) complexes, it is known that copper \yashed with water (4 1 L), dried (NaSQy), and concentrated to 100
complexes are easier to reduce than the corresponding nickel or palladium ! !

complexes by 8061000 mV. See, for example: (a) Cinquantini, A.; Seeber,

Conclusion and Perspectives

General Information. UV —visible spectra were obtained on the
Hewlett-Packard 8453 (Ci&l,). NMR (CDCl; data were obtained at
298 K unless otherwise stated (ppm) vs TMS) with Bruker AC 300,

R.; Cini, R.; Zanello, PJ. Electroanal. Cheml982 134, 65. (b) Bradbury, (28) Kadish, K. M.; Van Caemelbecke, E.; Royal, G. in ref 1a: Vol. 8, p 3.
J. R.; Hampton, J. L.; Martone, D. P.; Maverick, A. Worg. Chem1989 (29) Richeter, S.; Jeandon, C.; Ruppert, R.; Callot, H. J.; Sutter, J.-P., unpublished
28, 2392. results.
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mL. Addition of methanol induced the crystallization of copper
2-formylTPP 4 (3.08 g, 92%). Copper 2-formylTP® (3.08 g) was
added to a solution of TsOH,0 (0.64 g) and chloranil (2.15 g) in

(%) for CegH74N4ONi: C, 80.15; H, 7.21; N, 5.42. Found: C, 80.18; H,
7.33; N, 5.13.
Demetalation of Ketone 9.Nickel complex9 (254 mg, 0.246 mmol)

1,2-dichloroethane (175 mL) and benzene (2.5 mL). After 1.5 h at was dissolved in a TFA (18 mL)4$0, (3 mL) mixture and the solution
reflux, the organic phase was washed with saturated aqueous NaHCO kept at room temperature for 45 min. It was then poured on ice, diluted

and water and dried (N80,). Chromatography on alumina (500 mL,
1,2-dichloroethane) gave copper compteas a green fraction which
was concentrated and crystallized in £H/MeOH (1.74 g, 57%).
Demetalation was performed in a TFA (84 mL)$0O, (16 mL) mixture

for 0.5 h. The acidic solution was poured slowly on ice, neutralized

with saturated aqueous NaHgCextracted with CHCIl, (100 mL),
washed with water, and dried (b&0). Crystallization from CHCI,/
MeOH gave the free basg® (1.5 g, 96%).

Mesotris(3,5-di-tert-butylphenyl)-mono-ortho-carbomethoxy-
phenylporphyrin 6. To a solution of methyl 2-formylbenzoate (246
mg, 1.5 mmol), 3,5-dtert-butylbenzaldehyde (981 mg, 4.49 mmol),
and pyrrole (402 mg, 6 mmol) in G&l, (750 mL, freshly distilled
over calcium hydride), kept under argon, was addegtBFO (0.5 mL,
3.95 mmol). Afte 2 h in thedark, chloranil (1.5 g, 6.1 mmol) was

added and the solution refluxed for 1 h. Filtration through a bed of
alumina and evaporation of the solvent gave a residue which was
chromatographed (silica gel, 500 mL, hexane). Hexane followed by

increasing CHCI, in hexane elutedmesetetra-3,5-ditert-butyl-
phenylporphyrin (190 mg, 12%), monoes€ef251 mg, 17%), crystal-
lized from CHCI,/MeOH, followed by polyesters which will be
described elsewhere. F6r*H NMR: ¢ = 8.88 (s, 4H, pyrrole), 8.84,
8.65 (2d AB, 2+ 2H, J = 4.8 Hz, pyrrole), 8.40 (dd, 1Hl = 7.4 and
1.8 Hz, benzoate H), 8.18 (dd, 1Bl= 7.0 and 1.6 Hz, benzoate H),
7.9-7.8 (m, 2H, benzoate H), 8.13, 8.08, 8.05, 8.03 (4de;; 2+ 1
+ 2H,J = ~1.6 Hz, Ar Hyno), 7.78 (3 superimposed dd, 3d,=
~1.6 Hz, Ar Har, 2.79 (s, 3 H, OCH), 1.54, 1.52, 1.51 (3s, 18 18
+ 18H, tert-butyl), —2.60 (br s, 2H, NH); UV-visible: Amax= 422 (

= 500 000), 518 (18 700), 554 (9900), 594 (5600), 648 (5000) nm.

Elemental Anal. Calcd (%) for fgHsoN4O2: C, 83.29; H, 7.99; N, 5.55.
Found: C, 83.40; H, 8.03; N, 5.35.

Ketone 9.Ester6 (388 mg, 0.384 mmol) was dissolved in toluene
(110 mL). Addition of nickel(Il) acetylacetonate (200 mg, 0.78 mmol)
and heating (100°C, 24 h) gave a red solution. Evaporation and
chromatography (silica gel, 150 mL, GEl,) gave the nickel complex
7, which could be used as such afterward. To a solution of é&ster
(410 mg, 0.385 mmol) in dioxane (225 mL) were added L&D (6
g, 0.143 mol) and water (25 mL). The mixture was refluxed for 24 h.

with CHxCl, (150 mL), neutralized with saturated aqueous NaHCO
washed with water, dried (N80y), and evaporated. Chromatography
of the residue on alumina (150 mL) and elution with £ gave free
base2, which was crystallized from Ci€l,/MeOH (232 mg, 97%).
IH NMR: ¢ = 9.33, 8.66 (2d, &+ 1H, J = 4.9 Hz, pyrrole), 9.25 (s,
1H, pyrrole), 8.59, 8.60 (2d, + 1H, J = 4.5 Hz, pyrrole), 8.53, 8.57
(2d, 1+ 1H, J = 5 Hz, pyrrole), 8.52 (dd, 1H) = 8.3 and 1.3 Hz,
cyclized Ph), 8.44 (dd, 1H] = 7.8 and~1 Hz, cyclized Ph), 7.80
(ddd, 1H,J = 8.3, 7.8, and 1.3 Hz, cyclized Ph), 7.50 (ddd, TH+
8.3, 7.8, and~1 Hz, cyclized Ph), 7.98, 7.94, 7.92 (3d;22 + 2H,
J= 1.8 Hz, Ar Hyino), 7.79, 7.75 (2 superimposedttt, 2+ 1H,J =
1.8 Hz, Ar Harg, 1.53, 1.51, 1.49 (3s, 18 18 + 18H, tert-butyl),
—0.45 (br s, 2H, N-H). UV—visible: Amax = 332 (€ = 34 000), 394
(49 600), 466 (135 200), 581 (7600), 644 (11 200), 746 (13 800) nm.
Elemental Anal. Calcd (%) for §H7eN4O: C, 84.79; H, 7.84; N, 5.73.
Found: C, 84.86; H, 8.10; N, 5.53.

Reaction of Ketone 1 with Tosylhydrazine.A solution of ketone
1 (50 mg, 0.078 mmol) and tosylhydrazine (62 mg, 4.25 equiv) in
AcOH (5 mL) and CHCI, (10 mL) was brought to reflux for 72 h.
The solution was washed with saturated aqueous Naj#DQ water
and dried (Na&S0y). The residue was chromatographed (silica gel, 80
mL, CH,Cl,) to give some starting material followed by enaminoketone
10(21 mg, 41%, crystallized from G&l,/MeOH).'H NMR: 6 = 9.39,
8.71 (2d, 1+ 1H, J = 4.9 Hz, pyrrole), 8.56, 8.50, 8.43,8.30 (4 d, 1
+ 1+ 1+ 1H,J = 4.6 Hz, pyrrole), 8.63 (dd, 1H] = 7.7 and 1.5
Hz, cyclized phenyl), 8.60 (dd, 1H] = 7.8 and~1 Hz, cyclized
phenyl), 7.84 (ddd, 1HJ) = 7.7, 7.8, and 1.5 Hz, cyclized phenyl),
7.59 (ddd, 1HJ = 7.7, 7.8, and~1 Hz, cyclized phenyl), 8.68.14
(m, 9H, phenyl), 7.347.85 (m, 6H, phenyl), 9.0 (br s, 1H, NH), 5.48
(br s, 1H, NH),—0.8 (br, 2H, NH). UV~visible: Amax = 451 € =
102 000), 568 (9000), 614 (20 000), 709 (7000). Elemental Anal. Calcd
(%) for CusH2oNsO: C, 82.42; H, 4.46; N, 10.68. Found: C, 82.62; H,
4.38; N, 10.42.

A solution of ketonel (30 mg, 0.047 mmol) and tosylhydrazine
(35 mg, 4 equiv) in AcOH (20 mL) and CH&(5 mL) was kept under
air at 20°C for 72 h. The solution was diluted with G8l,, washed
with saturated aqueous NaHg@nd water, and dried (N&Oy). The
residue was chromatographed (silica gel, 80 mL.Clpj to give some

The solvents were evaporated, and toluene (20 mL) was added andstarting material followed by tosylhydrazinoporphyti (20 mg, 52%,
evaporated. The resulting solid was put on top of a silica gel column crystallized from CHCl/MeOH). *H NMR: 6 = 9.30, 8.71 (2d, 1

(200 mL, CHCl./hexane 1:1). The same solvent eluted the untrans-

formed ester (73 mg), while Gi&l, + 1% AcOH eluted acid8 (310

1H,J= 5.0 Hz, pyrrole), 8.58, 8.30 (2d,t 1H, J = 5.0 Hz, pyrrole),
8.49, 8.43 (2d, X 1H, J = 4.6 Hz, pyrrole), 8.53 (dd, 1H] = 7.8

mg, crude product), used as such for the next step after evaporation ofand 1.3 Hz, cyclized Ph), 8.28 (br dd, 1= 8.5 and~1 Hz, cyclized

the solvent. To the solid crude ac&lwas added benzene (200 mL)

Ph), 7.83 (ddd, 1HJ = 8.5, 7.8, and 1.3 Hz, cyclized phenyl), 7.56

and oxalyl chloride (6 mL). The mixture was stirred at room temperature (ddd, 1H,J = 8.5, 7.8 and~1 Hz, cyclized Ph), 8.157.9, 7.85-7.65

for 2 h. Distillation of 20 mL of solvent, to remove excess reagent,
was followed by addition of Sn¢l(4 mL). After 1 h at room
temperature, CkCl, (200 mL) was added, and the solution was

(2m, 15H, phenyl), 7.37, 5.94 (2d,2 2H, J = 8.0 Hz, tosyl), 1.12 (s,
3H, tosyl), 12.25 (d, 1HJ = 6.7 Hz, NH), 7.52 (d, 1HJ = 6.7 Hz,
NH), — 1 (very br, 2H, NH). U\~visble: Amax = 376 € = 57 100),

neutralized with agueous NaOH. The organic phase was washed four400 (59 600), 474 (78 000), 578 (8500), 630 (13 400), 728 (7200) nm.

times with water, dried (N&QO;), and evaporated. Chromatography
(silica gel, 400 mL, hexane/Ggl, 1:1) gave a green fraction.
Crystallization from CHCl,/MeOH afforded keton® (357 mg, 87%).
H NMR: ¢ = 9.25, 8.70 (2d, & 1H, J = 5.1 Hz, pyrrole), 9.15 (s,
1H, pyrrole), 8.53, 8.52, 8.45, 8.41 (4d:11 + 1 + 1H,J = 5.0 Hz,
pyrrole), 8.47 (dd, 1HJ = 7.0 and 1 Hz, cyclized Ph), 8.01 (dd, 1H,
J=7.7 and 1 Hz, cyclized Ph), 7.70 (ddd, 1H+= 7.7, 7.0, and 1 Hz,
cyclized Ph), 7.59 (ddd, 1H] = 7.7, 7.0, and 1 Hz, cyclized Ph),
7.76,7.74,7.72 (3d, 2 2+ 2H,J = 1.7 Hz, Ar Hyuno), 7.70, 7.67 (2
superimposed # t, 2+ 1H,J = 1.7 Hz, Ar Hya9, 1.47, 1.45, 1.44
(3s, 18+ 18+ 18H, tert-butyl). UV—visible: Amax= 322 (€ = 27 300),

Elemental Anal. Calcd (%) for £H36NsOsS: C, 75.71; H, 4.40; N,
10.19. Found: C, 75.64; H, 4.35; N, 10.25.

Reaction of Ketone 1 with Hydroxylamine.To a solution of ketone
1 (40 mg, 0.062 mmol) in CHGI(10 mL) and AcOH (10 mL) was
added NHOH-HCI (35 mg, 0.5 mmol) and NaOAc (200 mg). The
solution was heated at 5@ for 96 h and then washed with saturated
aqueous NaHC@and dried (NaSO,). Chromatography (silica gel, 80
mL, CH,Cl,) gave recovered starting material (17 mg) and enamino-
ketonel0 (16 mg, 40%, crystallized from CHgMeOH).

Reaction of Ketone 1 with Hydrazine.A solution of ketonel (20
mg, 0.031 mmol) in MeOH (4 mL) and GBI, (12 mL) was treated

382 (40 000), 465 (125 500), 649 (18 600) nm. Elemental Anal. Calcd with NH2NH»*H,0 (0.2 mL, 4.1 mmol). After 120 h, the solution was
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evaporated to dryness. Chromatography (silica gel, 100 mLCGH
gave successively recovered starting material (5 mg) and chl@in
(11 mg, 55%, crystallized from CGi€l.,/MeOH). *H NMR: 6 = 9.08,
8.24 (2d, 1+ 1H, J = 4.5 Hz, pyrrole), 8.79 (s, 1H, pyrrole), 7.95,
7.80 (2d, 1+ 1H, J = 5.1 Hz, pyrrole), 8.43 (d, 1H) = 7.8 Hz,
cyclized phenyl), 8.26 (d, 1H] = 7.5 Hz, cyclized phenyl), 7.9, 7.7,
and 7.5 (3m, 16H), 7.45 (t, 1H} = 7.5 Hz, cyclized phenyl), 3.87
(narrow m, 4H, reduced pyrrole);0.6 (very br, 2H, NH). U\
visible: Amax = 344 € = 41 800), 476 (136 000), 504 (39 400), 644
(7700), 702 (11 500) nm. Elemental Anal. Calcd for (YapHzoN4O-
1.5H,0: C, 80.70; H, 4.97; N, 8.36. Found: C, 80.76; H, 4.66; N, 8.33.
When the same reaction was run with AcOH replacing MeOH,
enaminoketond0 (3 mg) and ketond 1 (8 mg) were produced.
Reaction of Ketones 1 and 2 with HydroxylamineO-Sulfonic
Acid. To a solution of ketond (250 mg, 0.39 mmol) in CkCl, (60
mL) was added hydroxylamine O-sulfonic acid (400 mg, 3.5 mmol),
NaOAc (300 mg, 3.7 mmol), and AcOH (60 mL). The mixture was

(46 200), 394 (47 300), 456 (107 800), 571 (9100), 617 (21 500), 711
(8500) nm. Elemental Anal. Calcd (%) forsgEl7zNsO: C, 83.51; H,
7.82; N, 7.06. Found: C, 83.43; H, 7.94; N, 6.80.

Copper Complex 18 of Enaminoketone 17Compound18 was
prepared by amination of copper ketoBewith 4-amino-4-1,2,4-
triazole in 87% yield. UV~visible: Amax = 380 € = 34 000), 400
(36 300), 464 (153 700), 602 (12 700), 656 (30 500) nm. Elemental
Anal. Calcd (%) for GeH7sNsOCu: C, 78.63; H, 7.17; N, 6.64. Found:

C, 78.73; H, 7.39; N, 6.50.

Nickel Complex 19 of Enaminoketone 17.To a solution of
enaminoketon&7 (35 mg, 0.035 mmol) in toluene (30 mL) was added
Ni(acac) (80 mg,~10 equiv). The solution was heated at 8D for
24 h. Evaporation of the solvent gave a residue, which was dissolved
in CH.ClI; (50 mL) and AcOH (50 mL), and then stirred for 30 min at
room temperature. The solution was washed with saturated aqueous
NaHCG; and water, dried (N&0Oy), and filtered through a silica gel
column (100 mL, CHCI). The dark green product (34 mg, 92%) was

brought to reflux for 24 h and then treated with a large excess Saturatedcrystallized from CHCl/MeOH. 'H NMR: ¢ = 9.19, 8.73 (2d,

aqueous NaHC¢) washed twice with water, and dried (D).
Chromatography (silica gel, 300 mL, GEl;) gave enaminoketonk)
(228 mg, 87%, crystallized from GiEl,/MeOH). Enaminoketoné&?7
was obtained similarly fron2 in 89% yield.

Reaction of Ketones 1, 2 and Their Metal Complexes with
4-Amino-4H-1,2,4-triazole. To a solution of a ketone or its metal
complex (0.06 mmol) in toluene (40 mL) were added ethanol (4 mL),
4-amino-4-1,2,4-triazole (60 mg, 0.7 mmol), and NaOH (300 mg).
The solution was brought to reflux for 1 h, cooled, washed with water,
and dried (NaSQy). Filtration on a short silica gel column and elution
with CH,Cl, gave the enaminoketone, which was crystallized from
CH,Cl,/MeOH.

Copper Complex 15 of Enaminoketone 10The reaction starting
from the enaminoketone free bak@is very slow, due to the formation
of rather stable external metalation products. For this reakdmas
prepared by amination of the known ketdhwith 4-amino-4-1,2,4-
triazole in 88% yield. UV-visible: Amax = 400 € = 28 400), 462
(129 400), 602 (10 700), 656 (25 000) nm. Elemental Anal. Calcd (%)
for CasHo7/NsOCu: C, 75.35; H, 3.79; N, 9.76. Found: C, 75.64; H,
3.59; N, 9.47.

Nickel Complex 16 of Enaminoketone 10.To a solution of
enaminoketon&0 (50 mg, 0.076 mmol) in toluene (25 mL) was added
Ni(acac) (20 mg, 0.078 mmol). The solution was heated at8dor

24 h. Evaporation of the solvent gave a residue, which was dissolved

in CH.CI; (50 mL) and AcOH (50 mL) and then stirred for 30 min at
room temperature. The solution was washed with saturated aqueou
NaHCQ; and water, dried (N&0Oy), and filtered through a silica gel
column (100 mL, CHCI,). The dark green produdi6 (49 mg, 90%)
was crystallized from CkCl,/MeOH.*H NMR: 6 = 9.21, 8.70 (2d, 1
+ 1H, J = 5.1 Hz, pyrrole), 8.46, 8.31 (2d, + 1H, J = 5.0 Hz,
pyrrole), 8.40, 8.29 (2d, # 1H, J = 4.9 Hz, pyrrole), 8.55 (dd, 1H,
J = 8.0 and 1 Hz, cyclized phenyl), 8.13 (dd, 1H= 8.2 and 1 Hz,
cyclized phenyl), 7.75 (ddd, 1H] = 8.2, 8.0, and 1 Hz, cyclized
phenyl), 7.53 (ddd, 1H] = 8.2, 8.0 and 1 Hz, cyclized phenyl), %6
7.9 (m, 15H, phenyl). UV-visible: Amax = 458 € = 92 000), 599
(10 800), 649 (18 600) nm. Elemental Anal. Calcd (%) fagHZ/Ns-
ONi: C, 75.87; H, 3.82; N, 9.83. Found: C, 75.68; H, 3.72; N, 9.67.
Enaminoketone 17.This compound was obtained in 89% vyield
(same procedure as ff) from ketone2 and hydroxylamined-sulfonic
acid.*H NMR: 6 = 9.40, 8.74 (2d, - 1H, J = 5 Hz, pyrrole H),
8.62, 8.37 (2d, H 1H, J = 4.8 Hz, pyrrole H), 8.47, 8.54 (2d, &
1H,J = 4.6 Hz, pyrrole H), 8.66 (dd, 1H,= ~8.0 and 1.5 Hz, cyclized
Ph), 8.65 (dd, 1HJ = ~8.0 and 1.5 Hz, cyclized Ph), 7.84 (ddd, 1H,
J=~8.0, 8.0, and 1.5 Hz, cyclized Ph), 7.59 (ddd, I+ ~8.0, 8.0,
and 1.5 Hz, cyclized Ph), 7.99, 7.95, 7.85 3d+2 + 2H,J = 1.8
Hz, Ar Horno), 7.88, 7.77, 7.74 (3t, + 1 + 1H,J = 1.8 Hz, Ar Har),
9.0,5.45 (2 br s, # 1H, NH), 1.2-1.75 (group of s, 54Hert-butyl),
—0.75 (br s, 2H, NH). UV-visible: Amax = 315 € = 28 200), 371

S

1H, J = 5 Hz, pyrrole), 8.49, 8.35 (2d, + 1H, J = 4.9 Hz, pyrrole),
8.48, 8.39 (2d, X 1H, J = 4.8 Hz, pyrrole), 8.56 (dd, 1H] = 7.8
and~1 Hz, cyclized Ph), 8.17 (dd, 1H,= 8.0 and~1 Hz, cyclized
Ph), 7.75 (ddd, 1H) = 8.0, 7.8, and~1 Hz, cyclized Ph), 7.51 (ddd,
1H,J = 8.0, 7.8, and~1 Hz, cyclized Ph), 7.87.6 (m, 9H, Ar H),

5.3 (very br, 1H, N-H), 1.46, 1.43, 1.26 (3s, 1& 18 + 18H, tert-
butyl). UV—visible: Amax = 370 € = 27 700), 399 (28 400), 462
(99 400), 600 (10 800), 650 (20 700) nm. Elemental Anal. Calcd (%)
for CegH7sNsONi: C, 79.00; H, 7.21; N, 6.68. Found: C, 79.16; H, 7.38;
N, 6.50.

Palladium Complex 20 of Enaminoketone 17To a solution of
ketonel (24 mg, 0.037 mmol) in toluene (50 mL) was added Pd(QAc)
(20 mg, 0.089 mmol). The solution was heated under reflux for 6 h
and then evaporated. The palladium complex of ketbwas obtained
in 82% vyield, after crystallization of the solid residue from £/
MeOH. The amination of this metalated ketone with 4-amifb342,4-
triazole gave palladium comple0in 77% yield.*H NMR: 6 = 9.38,
8.77 (2d, 1+ 1H, J = 5.0 Hz, pyrrole), 8.58, 8.56, 8.52, 8.35 (4d, 1
+1+1+1H,J=4.9 Hz, pyrrole), 8.77 (dd, 1H] = 7.5 and~1
Hz, cyclized Ph), 8.17 (dd, 1H,= 8.0 and~1 Hz, cyclized Ph), 7.75
(ddd, 1H,J = 8.0, 7.5, and~1 Hz, cyclized Ph), 7.51 (ddd, 1H,=
8.0, 7.5 and~1 Hz, cyclized Ph), 7.95, 7.90, 7.83 (3d;t22 + 2H, J
= 1.8 Hz, Ar Hyino), 7.87, 7.76, 7.73 (3t, + 1 + 1H,J = 1.8 Hz, Ar
Hpard, 5.4 (very br, 1H, N-H), 1.52, 1.48, 1.47 (3s, 18 18 + 18H,
tert-butyl). UV—visible: Amax= 370 € = 29 700), 398 (31 000), 468
(117 500), 584 (14 000), 634 (31 600) nm. Elemental Anal. Calcd (%)
for CsoH7sNsOPaH,0: C, 74.34; H, 6.96; N, 6.28. Found: C, 74.11;
H, 6.69; N, 6.16.

Dimer 21. Treatment of a solution of nickel enaminoketatf(25
mg, 0.035 mmol) in toluene (10 mL) with Ni(aca¢p mg, 0.018 mmol)
at 40 °C for a few minutes gave a brown solution. Evaporation of
toluene and crystallization of the residue from £H.MeOH gave dark
brown crystals of dimeR1 (22 mg, 85%).*H NMR: ¢ = 8.98, 8.58
(2d, 2+ 2H,J = 4.9 Hz, pyrrole), 8.43, 8.28, 8.14, 8.01 (4d;22 +
2+ 2H,J= 4.8 Hz, pyrrole), 8.30 (dd, 2H,= 8.8 and~1 Hz, cyclized
Ph), 8.05 (dd, 2HJ = 8.8 and~1 Hz, cyclized Ph), 7.62 (ddd, 2H,
= 8.8, 8.8, and-1 Hz, cyclized Ph), 7.94 (ddd, 2H,= 8.8, 8.8, and
~1 Hz, cyclized Ph), 7.957.85 and 7.77.6 (2m, 30H, Ar H), 6.00
(s, 2H, NH). UV-visible: Amax = 441 € = 99 500), 468 (98 000),
504 (125 900), 645 (26 200), 700 (32 800) nm. Elemental Anal. Calcd
(%) for CooHs2N1002Nis: C, 72.96; H, 3.54; N, 9.45. Found: C, 73.16;
H, 3.42; N, 9.14.

Dimer 22. To a solution of nickel enaminoketord® (25 mg, 0.035
mmol) in toluene (10 mL) was added Cu(OA¢).O (4 mg, 0.02
mmol), and the mixture was heated under reflux for 24 h. Evaporation
of toluene and crystallization of the residue from £i/MeOH gave
dark green crystals of dim&?2 (20 mg, 75%). UV-visible: Amax =
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416 € = 55800), 468 (90 200), 489 (105 700), 640 (21 700), 677 for CiagH14dN100,Pc : C, 72.13; H, 6.49; N, 6.10. Found: C, 72.19;
(30 800) nm. Satisfactory analytical data could not be obtainedZor H, 6.46; N, 6.01.

Dimer 23. To a solution of nickel enaminoketori® (25 mg, 0.035 Dimer 29. This compound was prepared (85% from £iH-MeOH)
mmol) in toluene (20 mL) was added Pd(OA¢ mg, 0.018 mmol). by metalation of26 (Zn(OAc):2 H,O in CH.CIl,/MeOH) or by
After 24 h at 80°C and evaporation of the solvent, dim28 was metallating the internal site of the enaminoketone with Zn(Q#c)
crystallized from CHCIl/MeOH (23 mg, 86%)*H NMR (CDCl;, 318 H-O (external zinc complex is highly unstable) and treating the product

K): 6 = 8.93, 8.52 (2d, 2+ 2H, J = 4.7 Hz, pyrrole), 8.28, 8.27, with Pd(OAc). 'H NMR: 6 = 9.36, 8.70 (2d, 2+ 2H, J = 4.7 Hz,
8.15, 8.02 (4d, 2+ 2 + 2 + 2H, J = 4.8 Hz, pyrrole), 8.50, 8.24, pyrrole), 8.51, 7.99 (2d, 2 2H, J = 4.6 Hz, pyrrole), 8.48, 8.42 (2d,
8.05, 7.77 (br dd and ddd,2 2 + 2 + 2H, cyclized Ph), 7.667.93 2+ 2H,J=4.5Hz, pyrrole), 8.88 (dd, 2H,= 7.7 and~1 Hz, cyclized
(m, 30H, phenyl), 7.52 (s, 2H, NH). UV—visible: Anax= 439 € = Ph), 8.59 (dd, 2HJ = 7.4 and~1.5 Hz, cyclized Ph), 8.02 (ddd, 2H,
81 100), 470 (100 200), 500 (137 900), 638 (26 900), 696 (47 100) nm. J = 7.7, 7.4, and~1 Hz, cyclized Ph), 7.93 (ddd, 2H,= 7.7, 7.4,
Elemental Anal. Calcd (%) for §Hs2N1¢0O2Ni.Pd.CHOH: C, 70.01, and~1.5 Hz, cyclized Ph), 8.05, 7.99, 7.93 (3d;+44 + 4H,J = 1.7

H, 3.62; N, 8.97. Found: C, 69.81; H, 3.76; N, 8.73. Hz, Ar Honno), 8.26, 7.76, 7.72 (3t, 2 2 + 2H,J = 1.7 Hz, Ar Har),
Dimer 24. This compound was obtained in 83% vyield (same 8.20 (s, 2H, NH), 1.61, 1.54, 1.49 (3s, 3636 + 36H, tert-butyl).
procedure as foR3) from copper enaminoketonks and Pd(OAG). UV —visible: Amax= 378 € = 75 800), 428 (100 800), 500 (245 800),

UV —visible: Amax = 378 (€ = 43 200), 422 (63 500), 496 (132 700), 634 (31 100), 674 (53 700), 696 (75 400) nm. Elemental Anal. Calcd
636 (27 300), 656 (29 000), 696 (45 100) nm. Elemental Anal. Calcd (%) for CiagH14dN1002ZMPd: C, 74.8; H, 6.73; N, 6.32. Found: C, 75.08;
(%) for CooHs2N100.CwpPd: C, 70.24; H, 3.41; N, 9.1. Found: C, 70.24; H, 6.55; N, 6.06.

H, 3.19; N, 9.06. Compound 30.To a solution of Pd(acag)250 mg, 0.822 mmol)
Dimer 25. The compound was obtained in 73% vyield (same in CHCl; (25 mL) at 50°C was added dropwise dugr8 h asolution
procedure as fo2) from copper enaminoketonts and Cu(OAc) of 16 (40 mg, 0.056 mmol) in CHGI(25 mL). After chromatography

H,0. UV—visible: Amax = 372 € = 59 000), 414 (80500), 486  (silica gel, 100 mL, toluene) and crystallization from &Hy/MeOH,
(270 000), 626 (28 500), 678 (59 600) nm. Elemental Anal. Calcd (%) 30was obtained in 35% yieldH NMR: 6 = 9.03, 8.58 (2d, 1 1H,
for CooHs2N100.Ce*H-0: C, 71.39; H, 3.59; N, 9.25. Found: C, 71.51; J = 5.0 Hz, pyrrole), 8.30, 8.16 (2d, * 1H, 4.9 Hz, pyrrole), 8.28,
H, 3.62; N, 9.27. 8.14 (2d, 1+ 1H, 4.8 Hz, pyrrole), 8.75 (dd, 1H,= 7.5 and~1 Hz,

Dimer 26. To a solution of enaminoketori& (42 mg, 0.0423 mmol)  cyclized Ph), 8.26 (dd, 1H]) = 7.8 and~1 Hz, cyclized Ph), 7.50
in toluene (30 mL) was added Pd(OAs mg,~0.5 equiv). After 24 (ddd, 1H,J = 7.8, 7.5 and~1 Hz, cyclized Ph), 7.597.90 (m, 16 H,
h at 80°C and evaporation of the solvent, the residue was chromato- 15H phenyl+ 1H cyclized Ph), 6.32 (s large, 1H,H), 5.45 (s, 1H,
graphed (silica gel, 100 mL). Elution with increasing ratios of,CH Hacac), 2.02, 2.19 (2s,-8 3H, acac Me). UV-visible: Amax= 420 (
in hexane gave the product as a green solid (28 mg, 63%, crystallized= 49 300), 458 (57 400 sh), 484 (81 400), 640 (12 900), 686 (25 200)
from CH,Cl,/MeOH).H NMR: 6 = 9.38, 8.71 (2d, 2+ 2H,J = 4.9 nm. Elemental Anal. Calcd (%) forsgHssNsOsNiPd.CHOH: C, 64.55;
Hz, pyrrole), 8.56, 8.10 (2d, 2 2H, J = 4.9 Hz, pyrrole), 8.44, 8.41  H, 3.93; N, 7.38. Found: C, 64.71; H, 3.81; N, 7.30.

(2d, 2+ 2H,J = 4.5 Hz, pyrrole), 8.89 (dd, 2H] = 7.8 and~1 Hz, Compound 31.This compound was obtained in 64% yield fra®
cyclized Ph), 8.59 (dd, 2H] = 7.9 and~1 Hz, cyclized Ph), 8.03 and Pd(acag)using the same procedure as 8@ 'H NMR: 6 = 9.06,
(ddd, 2H,J = 7.9, 7.8 and~1 Hz, cyclized Ph), 7.94 (ddd, 2H,= 8.63 (2d, 1+ 1H, J = 5.0 Hz, pyrrole), 8.39, 8.24 (2d, + 1H,J =
7.9, 7.8 and~1 Hz, cyclized Ph), 8.06, 8.01, 7.94 (3d;+44 + 4H, J 4.9 Hz, pyrrole), 8.30, 8.18 (2d, *+ 1H, J = 4.8 Hz, pyrrole), 8.78

= 1.7 Hz, Ar Houno), 8.26, 7.77, 7.72 (3t, 2 2+ 2H,J = 1.7 Hz, Ar (dd, 1H,J = 7.5 and~1 Hz, cyclized Ph), 8.33 (dd, 1H,= 7.8 and
Hpard, 8.30 (s, 2H, NH)~0.2 (br s, 4H, NH), 1.61, 1.54, 1.49 (3s,36  ~1 Hz, cyclized Ph), 7.78 (ddd, 1H,= 7.8, 7.5, and-1 Hz, cyclized
+ 36 + 36H, tert-butyl). UV—visible: Amax= 375 (€ = 84 900), 429 Ph), 7.54 (ddd, 1H) = 7.8, 7.5, and~1 Hz, cyclized Ph), 7.727.74
(119 000), 475 (119 200), 507 (181 700), 588 (31 500), 639 (34 300), (3d, 2+ 2+ 2H,J = 1.8 Hz, Ar Hyno), 7.61, 7.64, 7.66 (3t, + 1 +
660 (25300), 730 (39000) nm. Elemental Anal. Calcd (%) for 1H,J= 1.8 Hz, ArHyar), 6.34 (s large, 1H, NH), 5.43 (s, 1H, Hacac),
CiagH150N100-Pd.2CHOH: C, 78.09; H, 7.49; N, 6.50. Found: C, 77.84;  2.01, 2.18 (2s, 3+ 3H, acac Me), 1.42, 1.43, 1.46 (3s, 818 +

H, 7.40; N, 6.44. 18H, tert-butyl). UV—visible: Amax = 420 € = 47 600), 458 (58 300
Dimer 27. This compound was obtained in 84% yield (same sh), 484 (79 800), 640 (13 000) nm, 686 (26000). Elemental Anal. Calcd
procedure as fo23) from copper enaminoketon8 and Pd(OAc). (%) for C74Hs:NsOsNiPd: C, 70.90; H, 6.51; N, 5.59. Found: C, 70.74;

UV —visible: Amax = 378 € = 58 900), 424 (93 300), 496 (238 700), H, 6.50; N, 5.34.

636 (30 600), 664 (34 900), 696 (69 000) nm. Elemental Anal. Calcd  Electrochemical Experiments;Dichloromethane (Merck, spectro-

(%) for CragH14dN100:CPd: C, 74.92; H, 6.74; N, 6.33. Found: C,  scopic grade) was dried over molecular sieves (4 A) and stored under

75.06; H, 6.71; N, 6.17. argon. Tetrabutylammonium hexafluorophosphate (W% Fluka,
Dimer 28. To a solution of enaminoketori& (60 mg, 0.061 mmol) electrochemical grade) was used as received. The electrochemical

in toluene (60 mL) was added Pd(OA¢L4 mg, 0.062 mmol). After experiments were carried out at room temperature ipGltontaining

48 h at 110°C and evaporation of the solvent, the residue was 0.1 M NBwPFsin a classical three-electrode cell. The working electrode

chromatographed (silica gel, 100 mL). Elution with increasing ratios was either a platinum (Pt, 2-mm diameter) or a glassy carbon disk (GC,

of CH,Cl; in hexane gave dime28 (16 mg, 23%, crystallized from 3-mm diameter). The auxiliary and the pseudoreference electrode were

CH,Cly/MeOH). Alternatively,28 might be prepared by reactir Pt wires. All potentials were referenced to the ferricinium/ferrocene
with 0.5 equiv of Pd(OAg)in refluxing toluene for 24 h'H NMR: 6 (Fc/Fc) couple used as an internal standard. The electrochemical cell
= 9.31, 8.70 (2d, 2+ 2H, J = 4.8 Hz, pyrrole), 8.45, 7.97 (2d, 2 was connected to a computerized multipurpose electrochemical device

2H,J = 5.0 Hz, pyrrole), 8.44, 8.38 (2d,2 2H, J = 4.8 Hz, pyrrole), Autolab (Eco Chemie BV, Utrecht, The Netherlands) driven by a GPES
8.78 (dd, 2H,J = 8.0 and~1 Hz, cyclized Ph), 8.58 (dd, 2H,= 7.8 software running on a personal computer.

and 1.6 Hz, cyclized Ph), 8.01 (ddd, 28l= 8.0, 7.8, and~1 Hz, Crystal Data and Data Collection. Crystal data forl4: CssHos
cyclized Ph), 7.93 (ddd, 2H] = 7.8, 8.0, and 1.6 Hz, cyclized Ph),  NsNi-CH,Cl, M = 768.39, monoclinic, space groupl2/cl; a =
8.00, 7.94, 7.88 (3d, 4 4 + 4H,J = 1.7 Hz, Ar Hyuno), 8.19, 7.75, 17.995(1) Ab = 12.345(1) A,c = 32.486(1) A 8 = 104.558(5), V
7.71 (3t, 24+ 2+ 2H,J=1.7 Hz, Ar Har, 8.19 (br s, 2H, NH), 1.59, =6985(1) B, Z= 8, D, = 1.46 gcm3. A total of 12 577+h+k+I
1.53, 1.47 (3s, 36~ 36 + 36H, tert-butyl). UV—visible: Amax = 368 reflections was collected on a dark blue crystal of dimensions 8.15
(e = 67600), 424 (118 100), 468 (114 700), 500 (246 500), 620 0.13 x 0.10 mnd, using a KappaCCD diffractometer, graphite-
(35 600), 636 (35 600), 676 (79 400) nm. Elemental Anal. Calcd (%) monochromated Mo &, 2.5 < 6 < 20.83, temperature 173 K. A total
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of 2663 unique reflections having> 30(l) were used to determine  application to CCDC, 12 Union Rd., Cambridge CB21EZ, U.K. (E-
and refine the structure. Final resul®= 0.054, Rw= 0.070, GOF mail: deposit@ccdc.cam.ac.uk).
= 1.118, and largest peak in final difference, 0.33A®. Crystal- . .
lographic data (excluding structure factors) for the structure reported Ack.nowledgment. We thank A. D¢C|a}n a”?' N. Kyritsakas
in this paper have been deposited with the Cambridge Crystallographic (Service Commun de Rayons X, Univefsiteuis Pasteur) for
Data Centre (CCDC) as supplementary publication CCDC-172526. Solving the structures, R. Graff (Service Commun de RMN,
Crystal Data for 13: Cs;H3sNgOsS, M = 824.97, monoclinic, space  Universite Louis Pasteur) for the NMR experiments, and E.
groupP12,/cl; a = 16.2410(6) Ab = 15.0840(4) Ac = 16.6350(7) Mastio, P. Wehrung, R. Huber for the mass spectra.
A, B =94.516(2), V = 4062.6(4) B, Z = 4,D. = 1.35 gcm™ 3. A _ _ _
total of 31 367+th=k+1 reflections was collected on a dark red crystal Supporting Information Available: X-ray structures ofl1
of dimensions 0.22x 0.20 x 0.04 mni, using a KappaCCD (as pyridinozinc complex)13, and14, spectroelectrochemical

diffractometer, graphite monochromated M@ K2.5 < 6 < 32.44, investigations ofL6 and23 (electronic spectra of6 after first
temperature 293 K. A total of 4857 unique reflections havirg3o(l) reduction and first oxidation and of dim8 after first reduction
were used to determine and refine the structure. Final reBui#s0.052, and after first and second oxidation step). This material is

Rw = 0.075, GOF= 1.431, and largest peak in final difference, 0.215  ayailable free of charge via the Internet at http:/pubs.acs.org.
eA-3. Crystallographic data (excluding structure factors) for the See any current masthead page for ordering information and
structure reported in this paper have been deposited with the Cambridgeweb access instructions.

Crystallographic Data Centre (CCDC) as supplementary publication

CCDC-172527. Copies of the data can be obtained free of charge onJA017531N
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