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The synthesis of dimeric porphyrins with a diphosphonium
bridge in a direct one-pot electrochemical reaction is re-
ported. The variation in the yields of this coupling reaction
depends on the conditions of the electrolysis, and was exam-
ined mainly with respect to the detected by-products. An in-
terpretation of this selective formation of dimers is proposed.
Monomers and trimers were also obtained. These new com-
pounds were characterized by 'H NMR, 3'P NMR, UV/Vis

spectroscopy and microanalysis. Important excitonic interac-
tions were observed when the two porphyrin chromophores
were linked with a short diphosphonium bridge. The NMR-
spectroscopic data suggest that isomers are present in solu-
tion. Electrochemical data indicate that the two phosphon-
ium groups of the bridge are not electrochemically independ-
ent in the zinc dimers.

Introduction

The synthesis of porphyrin dimers is being extensively
pursued as these compounds provide models for the study
of electron-transfer processes. Over the years, many models
with various extended porphyrin structures have been pre-
pared and studied with a particular interest in the depend-
ence of the geometric factors on their physical
properties.! 8 The structural flexibility of the models is
largely determined by the nature of the bridge. The totally
rigid, covalently linked bis(porphyrins)®~ '3 have chrom-
ophores fixed at well-defined distances and orientations,
whereas conformational effects can be observed with less
rigid systems.['4716] To observe efficient interactions be-
tween the different chromophores, a large variety of
bridging chains have been used as spacers in the building
of dimers, but only a few reports!!” 2% have been devoted
to phosphanylporphyrins. Electrochemistry has been shown
to be an appropriate synthetic tool in the coupling of
porphyrins.[2! =231 Recently, we reported a dimeric porphy-
rin,?* with a diphosphonium bridge, which was synthesized
by controlled potential electrolysis, a method that readily
provides a convenient access to a large variety of new
homometallated porphyrin dimers and trimers in a direct
one-pot electrochemical reaction. This paper demonstrates
the power of this approach and describes the efficient syn-
thesis of various diphosphonium-bridged porphyrins using
more or less rigid diphosphanes with variable length (Fig-
ure 1).
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Physical characteristics of the synthesized porphyrins
have been analyzed to identify the interactions between the
different moieties in the dimers and the trimers.

Results

Electrosynthesis

The starting point for the synthesis is the electrochemical
oxidation of (meso-tetraphenylporphyrin)zinc (ZnTPP) in
the presence of various di- and triphosphanes. The oxida-
tion waves of ZnTPP are reversible one-electron reactions
in CH5;CN/1,2-C1,C,Hy (1:4).267281 In the presence of di-
phosphanes or ARPHOS, the second oxidation step be-
came irreversible (Figure 2) and a new cathodic peak ap-
peared, as observed in the reduction of electrochemically
generated isoporphyrins.?# 7311 Only the first oxidation step
of ZnTPP was taken into account in this work.

In a typical experiment, a solution of the metalloporphy-
rin ZnTPP (1 equiv.) and bis(diphenylphosphanyl)methane
(0.5 equiv.) was oxidized in the presence of 2,6-lutidine (2,6-
Lut). 2,6-Lut was used to trap protons liberated during the
course of porphyrin oxidation>’! and to prevent diphos-
phane-induced demetallation of ZnTPP before electrolysis.
After maintaining the working potential at +0.85 V vs.
SCE for 3 h, the initial violet solution turned green. The
decrease in the oxidation current was not exponential with
time. When this current reached the residual current meas-
ured in the absence of electroactive moieties, the electrolysis
was stopped. The number of Coulombs consumed calcu-
lated from the recorded current—time curve i = f(¢) indic-
ated that 2 Faradays per mol of ZnTPP were consumed in
the reaction. After extraction and purification (see Exp.
Sect.) the dimer 1-Zn-Zn was characterized as the only new
bis(porphyrin), obtained in 81% yield.

Increasing the diphosphane concentration caused a dras-
tic decrease in the yield of the dimer, even in the presence
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n-Hz-HZ (M,M)=(H2,H2)
n-Zn-Zn (M,M) = (Zn,Zn)

5-H2-H2 MM) = (H2,H2)
5-Zn-Zn (M,M) (Zn,Zn)

Figure 1. Porphyrins synthesized in this study

ia (nA)

Figure 2. Cyclic voltammetry of ZnTPP in the absence of [1) dotted
line] and in the presence of [2) full line] 1,2-bis(diphenylphosphanyl-
ethane) (10 equiv.); *: first oxidation step only, in both cases;
CH;CN/1,2-Cl,C,Hy (1:4) + T.E.A.PF¢ (0.1 m); working electrode
Pt (v = 100 mV-s™ 1)

of a large excess of 2,6-Lut. No dimer was obtained when
more than 10 equiv. of diphosphanes were used. This unex-
pected feature is interpreted in the discussion on the ana-
lysis of the side-products of the reaction. Diphosphane ox-
ide and/or violin were recovered in these experiments; the
overall yields of these compounds were high when using
high concentrations of diphosphane and 2,6-lutidine.

By using 0.5 mol-equiv. of diphosphane (0.33 mol-equiv.
of triphosphane in the case of the trimer 8-Zn-Zn-Zn), only
the desired dimers (or trimer) were produced in good yield.

In the present electrosynthesis, the formation of the
dimers is described by Equation (1).
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7-H2-PI2 MM) = (H2,H2)
7-In-Zn (M,M) = (Zn,Zn)

8-H2-H2-H2 MMM) = (HZ’HZ’HZ)
8-Zn-Zn-Zn M,M,M) = (Zn,Zn,Zn)

6-H2-H2 (MM) = (H2,H2)
6-Zn-Zn (M,M) = (Zn,Zn)

6-H,, (M) = (H,)
6-Zn (M) = (Zn)

2P+ Nu-O-Nu 5, (P.ANu-O-Nu-ZP)2+ + 4 ¢ + 2 H*
m
(P = ZnTPP, Nu-00-Nu = diphosphane)

B-Monosubstituted porphyrin was also formed during
the synthesis of the dimer 6-Zn-Zn, in the presence of more
than 0.5 equiv. of bis(diphenylphosphanyl)acetylene, as al-
ready described.?’]

UVI/Vis Absorption Spectra

All the synthesized porphyrins exhibit a red shift of the
Soret (B) and visible (Q) bands relative to the porphyrin
subunits ZnTPP and H,TPP. Complete UV/Vis data are re-
ported in the Exp. Sect. for the electrosynthesized porphyr-
ins. This bathochromic shift results from the electron-with-
drawing effect of the positive charge located on the phos-
phonium cation(s). In the case of the metallated dimers, the
Soret band shows significant broadening and its extinction
coefficient is less intense than expected. These results sug-
gest the presence of excitonic interactions between the two
porphyrin rings in the dimers. These effects are greatly en-
hanced in the short-bridged 1-M-M dimers (M = Zn and
Cu) as shown in Figure 3 by the large red shift and by the
splitting of the Q bands associated with a broad Soret band,
with an extinction coefficient that is the lowest of those ob-
served in the case of the 1-Zn-Zn dimer.

This is clearly the result of exciton coupling which has
been reported to become important when two porphyrin
moieties are brought into close proximity>—3* and/or
when going from the nonmetallated porphyrin to the
metallated parent.[34

'H NMR Spectra

The 'H NMR spectra of the monomers, dimers and
trimers show the well-known downfield shift of the aro-
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Figure 3. UV/Vis absorption spectra of the bis(porphyrin) 1-Zn-Zn and of its monomeric subunit in CH,Cl,

matic proton signals of the porphyrin ring which character-
izes the B-substitutions.*] In the porphyrin rings of the
dimers, the two B-H protons adjacent to the spacer give two
distinct well-separated singlets, whereas the other B-proton
signals appear as six doublets. The signals for the alkyl pro-
tons of the spacers are further downfield than those of the
neutral ligands as owing to the presence of a positive charge
on the phosphonium group. (For a full assignment, see Exp.
Sect.) These protons coalesce into broadened signals or
complex multiplets, with a splitting of the signal for the
protons of the —CH,— groups bearing the phosphonium
cations. A typical spectrum,® illustrated for the dimer 3-
H,-H, (Figure 4) shows a broad peak at 6 = 2.42, corres-
ponding to the internal —CH,— of the linker and two dis-
tinct multiplets at 3 = 2.80 and 3.00, corresponding to the
external —CH,— groups.

Such a distinct pair of multiplets is not observed in the
corresponding neutral diphosphane which gives a triplet at
6 = 2.25. The appearance of two sets of resonances for the
protons of the CH, groups bearing the phosphorus atoms
as well as for the adjacent B-H protons, whose correspond-
ing resonance signals are separated by A5 = 0.03 in the
synthesized dimers and trimers, indicates the presence of a
mixture of two isomers (Table 1). This is in agreement with
previous studies of dimeric porphyrin systemst3237-31
which connect two rings through their B-pyrrole positions.
In particular, conformational analysis predicts a great con-
formational freedom when the two phenyl groups of the
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porphyrin unit are not substituted.l*! Furthermore, one of
the B-H resonance doublets is shifted significantly down-
field from the others. This could suggest that it experiences
more shielding than the others, and may indicate the posi-
tion of the phosphorus-linked phenyl groups.

The signals for the inner N—H protons of all the free-
base porphyrins appear upfield as singlets and ruled out a
cofacial conformation of the dimers which would induce a
large upfield shift of the internal N—H protons*! that is
not observed.

3P NMR Spectra

In the different neutral diphosphanes, the two phos-
phorus atoms are equivalent and their signals appear up-
field as a singlet. In the bis(2-diphenylphosphanylethyl)-
phenylphosphane, the signals of the two lateral phosphorus
atoms appear as a doublet at 6 = —13.15, whereas the cent-
ral atom gives a triplet at 6 = —17.15.

As expected, the two phosphonium cations of the dimers
give rise to signals further downfield. Two well-separated
signals are observed. A clear-cut evolution of these signals
is depicted by the increase in the relative chemical shift Ao
(Table 1) between the two phosphonium groups which cor-
relates with the increase in the length of the bridge linking
the porphyrin subunits. These two signals indicate that the
two phosphonium cations are in different environments.
This result is not surprising because it is energetically not
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Figure 4. 'TH NMR and 3'P NMR spectra of A) 1,3-bis(diphenylphosphanyl)propane in [Dg]acetone; B) the bis(porphyrin) 3-H,-H, in

[DgJacetone; for the region & = 3.2—1.5, see ref.%(’]

Table 1. 3'P NMR: chemical shifts (A8) of the phosphonium and
phosphane* in the series; 'H NMR: chemical shifts (A8) of the
B-H protons adjacent to the phosphonium in the series

Porphyrins & P*(Ph), or & P(Ph), AS$ S B-H adj. AS

1-Zn-Zn 20.02 18.64 1.38  9.08 9.05 0.03
2-7Zn-Zn 31.55 25.11 6.44 882 879 0.03
3-Zn-Zn 28.19 18.68 9.51 891 8.88 0.03
4-7Zn-Zn 29.67 18.52 11.15 894 891 0.03
5-Zn-Zn 23.03 - 9.10 9.07 0.03
6-Zn 4.64 3.51%* - 7.80 —

6-Zn-Zn 14.03 13.62 041 8.80 8.79 0.01
7-Zn-Zn 26.43 15.88 10.55 9.71 9.68 0.03
1-H,-H, 19.83 18.08 1.75  9.08 9.04 0.04
2-H,-H, 29.70 26.81 2.89 876 873 0.03
3-H,-H, 27.66 18.08 9.58 896 893 0.03
4-H,-H, 30.02 21.02 9.00 9.01 898 0.03
5-H,-H, 23.54 - 9.13  9.10 0.03
6-H, 18.95 3.81%* - 8.93 —

6-H,-H, 24.80 16.51 8.29 9.06 9.02 0.04
7-H,-H, 25.87 15.61 10.24 9.82 9.79 0.03

favorable to have a dimer when the two phosphorus atoms
are in identical environments.

There is clear evidence that this is the case: Both the
(Ph),P(CH,)P(Ph), and (Ph),P(CH,),P(Ph), linkages show
doublets in the 3'P spectra (see Exp. Sect.) indicating the
coupling of the phosphorus atoms in different environ-
ments. It is quite likely that this is true for the longer con-
geners, but that the coupling is too small to show it.
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Electrochemistry

All electrochemical data are collated in Table 2. Owing to
adsorption phenomena that occurred at the Pt electrode
and inhibited the reduction signals, the cathode redox be-
havior of the different synthesized porphyrins was examined
on an Hg electrode. The number of exchanged electrons for
each system was determined by exhaustive coulometry, and
by comparing the limiting currents of the different waves
characterizing a given system.

The observed electron transfers were assigned to the =-
systems of the porphyrins*! =42 or to the phosphonium cat-
ions,[*3 based on their known general redox characteristics.
This assignment was also achieved by the use of the re-
corded spectroelectrochemical data. All the spectra show
typical features of porphyrin m-cation or m-anion radical
complexes: broad o,p bands and a Soret band with de-
creased intensity as illustrated in Figure 5.

Redox behavior of the substituted monomers has previ-
ously been reported.*’] The dimers and trimers exhibit
three distinct electroactive sites, namely the spacer and the
two or three lateral porphyrin units. The electrochemical
ring oxidations and reductions of the porphyrin subunits
occur on both sides of the electroactivity range of the
spacer. The oxidation potentials of the porphyrins in the
dimers and trimers are more positive than the correspond-
ing ones in the unsubstituted subunits. This positive shift
may be ascribed to the electron-withdrawing effect of the
positively charged spacer.[**] The close values observed be-
tween the reduction potentials of the dimers and trimers,
and those of the corresponding porphyrin subunits were ex-
pected because this reduction occurred in neutral molecules,
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Table 2. All potentials in V/SCE obtained from stationary (RDE) or cyclic voltammetry in CH;CN/1,2-Cl,C,H, (1:4), T.E.A.PF¢ (0.1 M)
medium; transfers are reversible one-electron steps, except when noted; working electrode: Pt

Porphyrins Ring oxidation Reduction of P(Ph),™" Ring reduction
11 1 aI]1Id for As(Ph)," 1 1 1

Eip Eip Eipn Eip Eip Eip
H,TPP 1.34 1.10 —1.10 —1.48
ZnTPP 1.16 0.80 —1.37 —1.75
CuTPP 1.33. 1.06 —-1.22 —1.68
Violine 1.521 1.081r -0.82 —1.301r
1-H,-H, 1.222eirr —0.74% [al —1.10%lal —1.55%¢ll
1-Zn-Zn 1.17% 0.97% —1.0411 —1.16M —1.422%lal —1.77%M]
1-Cu-Cu 1.22% 0.98%¢ —0.97 —1.14] — —1.72%¢lal
2-H,-H, 1.282%eirr —0.742<lal —1.10%lal —1.55%]
2-Zn-Zn 1.23% 1.02?» —0.99[2"‘][ ] —1.171 —1.3853{"‘} —1.76%¢Ml
3-H,-H, 1.322%eir —().732¢la —1.08>¢l
3-Zn-Zn 1.40% 1.10% —1.00t1 —1.110 —1.37%lal —1.75%l
4-H,-H, 1.31%eir —0.70%¢( —1.05%(al —1.73%¢la
4-7Zn-Zn 1.19% 0.90% —0.9411 —1.10M] —1.35%lal —1.68%¢lal
5-H,-H, 1.34%¢ir —0.63%¢ll —0.98%lal —1.382¢lal
5-Zn-Zn 1.32% 1.07%¢ —0.97%l —1.120] —1.341al —1.66121 —2.08%¢la]
6-H, 1.171%r —0.930l —1.18M
6-Zn 1.18 0.89 —1.041a1 —1.220al —1.411l
6-H,-H, 1.322%¢irr —0.73Ml —1.02t —1.30%lal —1.52%¢lal
6-Zn-Zn 1.35 1.25 1.0325' 70.73[7‘*][ ] —1.12[ 71.30?{“}
7-H,-H, 1.342%eirr —0.622¢l —1.01%¢
7-Zn-Zn 1.29% 1.00% —0.920 —1.101 —1.38%lal —1.68%¢(al
8-H,-H,-H, 1.273¢irr —0.673l —0.943¢lal
8-Zn-Zn-Zn 1.373eirr 1.023%¢ —0.933¢lal —1.273%lal —1.65%

[a Potentials obtained by polarography (dropping mercury electrode).
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Figure 5. a) UV/Vis absorption spectra recorded during the oxida-
tion of 4-Zn-Zn in CH;3CN/1,2-Cl,C,H, (1:4) + T.E.A.PF¢ (0.1 m)
at 1.0 V vs. SCE; b) UV/Vis absorption spectra of 4-Zn-Zn:
(————) unoxidized form, (------ ) two-electron oxidized species
(first wave, 1.00 V), and (-+===* ) four-electron oxidized species (se-
cond wave, 1.27 V)
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and the positively charged spacers become neutral before
the reduction of the side porphyrin rings. In the synthesized
porphyrins, each of the different oxidation and reduction
steps observed appears as reversible or quasi-reversible,
with an exchange of one electron per porphyrin subunit,
except for the oxidation step of the nonmetallated com-
plexes. The irreversible two-electron transfer observed in the
free-base porphyrins may be explained by the instability of
the radical cation.l?¥

The reduction signal of the phosphonium cations ap-
peared in CV at —0.70 V vs. SCE for the free bases and
—1.1 V vs. SCE for the zinc complexes. This cathode signal
corresponds to a two-electron reduction step. Two distinct
reduction peaks are observed in all the zinc dimers and in
the 6-H,-H, dimer, each corresponding to a reversible elec-
tron transfer. This feature indicates that the two phosphon-
ium cations are not independent.

By analyzing both the redox and UV/Vis results of the
synthesized dimers, a common behavior appeared that de-
pended on the nature (metallated or not) of these com-
pounds. While the free-base dimers showed only minimal
excitonic effects, the corresponding metallated dimers
showed significant interactions between the chromophores.
Similarly, the two phosphonium cations appeared as inde-
pendent electroactive centers in the free-base dimers, but
showed an interaction in their metallated homologs. This
behavior could be analyzed as a consequence of d—n inter-
actions present in the metalloporphyrins. These interactions
would thus favor a coupling between the different subunits
(spacer, porphyrin). Consequences of these d—m interac-
tions have already been reported with the redox behavior of
substituted metalloporphyrins.[*4
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Discussion

Previous results on the electrochemical preparation of
porphyrin dimers with a viologen as a spacer have estab-
lished that the synthesis is achieved by means of a two-
electron reaction per mol of porphyrin.**! This sequence
was also validated in the synthesis of the above porphyrins.

Nevertheless, a large increase in the diphosphane present
in solution somewhat limits the range of the experiments.
When a large excess of diphosphanes is added, the concen-
tration of the 2,6-lutidine has to be increased to prevent the
diphosphane-induced demetallation of ZnTPP. Owing to
the lengthy electrolysis and the hygroscopic nature of 2,6-
lutidine, an increase in its concentration leads to the intro-
duction of significant amounts of water in the coulometric
solution. Thus, if the hydroxide ions become the main nu-
cleophile present in solution and if they react with the gen-
erated m-cation radical of the porphyrin, then, hydroxyisote-
traphenylporphyrin is produced. Further a-attack of the
OH~™ ions would lead to violin formation, as already de-
scribed by Dolphin et al.*! The final purple complex isol-
ated as a by-product exhibited electronic and 'H NMR
spectra similar to violins, in which only three of the pyrrole
rings are conjugated. When phosphanes are the main nucle-
ophiles in solution, phosphonium isoporphyrin would be
formed before further a-attack of the OH™ ions would take
place. This a-attack would give betaine and a four-mem-
bered ring transition state!*®! (intermediate in the Wittig re-
action), leading to the formation of (meso-tetraphenylpor-
phyrin)zinc and phosphane oxide. This reaction would ex-
plain the drastic decrease in the yield of the dimers and of
the characterized side-products collected when the concen-
tration of 2,6-lutidine and/or of the diphosphanes was in-
creased.

The most intriguing feature in this synthesis is the select-
ive formation of dimers even with excess nucleophile. This
was not observed with the rigid linear 4,4’-bipyridine linker.
This result may be explained if one considers that the phos-
phorous atoms act as more efficient nucleophiles than the
nitrogen atoms in these experiments, and that the phos-
phorus ligands used as linkers are flexible chains. The fact
that both monomers and dimers are formed when the more
rigid acetylene chain is used agrees with this hypothesis.
This is also supported by the higher yield of desired dimer
observed in the case of the long flexible diphosphane: 1,4-
bis(diphenylphosphanyl)butane chain. Steric hindrance is
most probably the reason why only two porphyrin units are
linked with 1,1,1-tris(diphenylphosphanylmethyl)ethane,
while the trimer 8-Zn-Zn-Zn is formed when using the
stretched bis(2-diphenylphosphanylethyl)phenylphosphane
chain.

Conclusion

The results presented in this paper clearly illustrate that
phosphorus ligands act as powerful nucleophiles which al-
low electrochemical B-substitutions on meso-tetra-
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phenylporphyrins. When 0.5 mol-equiv. of diphosphanes is
used, only the dimers are produced in good yields (> 60%).
Selective dimer formation in a one-pot electrochemical step
is particularly noteworthy when considering that only the
monomer was generated in the case of the 4,4'-bipyridine
nucleophiles.

Evidence for excitonic coupling is observed in the dimers.
This effect is particularly enhanced in the metallated 1-M-
M dimers and demonstrates that bridging with the short
1,2-bis(diphenylphosphonium)methane chain keeps the two
porphyrin chromophores in an interactive proximity. Iso-
mers are therefore possible because of the two different elec-
trophilic B-sites. Both 'TH NMR and *!'P NMR spectroscopy
results suggest that geometric factors modulate the mutual
interactions of the two porphyrin units in the dimers. The
preparation of the trimer further validates this electrochem-
ical method as a direct route to oligomeric porphyrins
linked by phosphonium bridges.

Experimental Section

1. Materials: All solvents and chemicals were of reagent-grade qual-
ity, purchased commercially and used without further purification
unless otherwise stated. CH,Cl,, for use in exhaustive electrolysis
or UV/Vis spectrophotometry, was heated at reflux in the presence
of CaH, and then distilled off. The supporting electrolyte tetra-
ethylammonium hexafluorophosphate (T.E.A.PF¢) was used with-
out further purification. All the diphosphanes and triphosphanes
were purchased from Strem Chemical Inc. Thin-layer chromato-
graphy (TLC) was performed on commercially prepared alumina
or silica gel plates purchased from Roth Sochiel.

II. Apparatus: All electrochemical measurements were carried out
under argon at 25 °C on a dropping mercury electrode or on a disk
electrode. Voltammetric data were obtained with a standard three-
electrode system using a Bruker E 130 M potentiostat and a high-
impedance millivoltmeter (minisis 6000, Tacussel).
Current—potential curves were obtained from an Ifelec If 3802 X-
Y recorder. The working electrode was a platinum disk (E.D.I. type,
Solea Tacussel) with a surface area of 3.14 mm?2. A platinum wire
was used as the auxiliary electrode. The reference electrode was a
saturated calomel electrode (SCE) that was electrically connected
to the studied solution by a junction bridge filled with the corres-
ponding solvent/supporting electrolyte solution. — For polaro-
graphic and differential pulse polarographic experiments, a signal
generator (GSATP from Solea-Tacussel) was associated with a po-
tentiostatic device (Solea-Tacussel), comprising of a potentiostat
(PRT 20—2X) and a voltage pilot unit (Servovit 2). — Coulometric
measurements and quantitative electrochemical synthesis were per-
formed either in a standard 50-mL cell or in a large 300-mL cell.
In the standard cell, the working electrode was a platinum wire
(@ = 0.8 mm) with a length of 60 cm. In the large cell, the working
electrode was a cylindrical platinum grid ( = 5cm, & = 7 cm).
For the controlled-potential electrolysis, the anodic and cathodic
compartments were separated by a fritted glass disk to prevent dif-
fusion of the electrogenerated species. — The spectrophotometric
analyses were performed with a Hewlett—Packard 8452 A diode
array spectrometer. The thin-layer spectroelectrochemical cell has
been described previously.*”l — UV/Vis spectra were recorded with
a Shimazu UV-260 spectrophotometer and a Hewlett—Packard
8452 A diode array spectrometer. — 'H and 3'P NMR spectra were
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obtained in [Dglacetone with a Bruker AC 300 spectrometer
(300 MHz and 120 MHz, respectively). — Elemental analyses were
performed by the microanalysis services of the Chemical Depart-
ment of I.U.T. Sud (Strasbourg).

III. Synthesis: Compounds H,TPP, ZnTPP and CuTPP were pre-
pared and purified by known procedures. 84

Electrochemical Synthesis. — General Procedure: Prior to electro-
lysis, the corresponding mixtures were stirred and degassed by bub-
bling argon through the solution for 10 min. The desired working
potential was then applied. During anodic oxidation, the elec-
trolyzed solution was continuously stirred and maintained under
argon. The course of the reaction was monitored by TLC (silica
gel/1% CH3;OH in CH,Cl,) and UV/Vis spectrophotometry. Elec-
trolysis was stopped when the current reached the residual current
measured in the absence of electroactive material (i.e., 0.1 M solu-
tion of T.E.A.PFy). After electrolysis, the solvents were removed in
a rotary evaporator. The residue was dissolved in a minimum
amount of CH,Cl,; the mixture was then poured into water, and
the organic layer was washed three times. The organic solution was
dried with CaSO,, concentrated (to 5mL), and then purified by
chromatography. Typical preparation and characterization of a
dimer 1-Zn-Zn, 1-H,-H, and 1-Cu-Cu are reported below.

1-Zn-Zn: ZnTPP (200 mg, 2.95 X 10~% mol), 2,6-Lut (50 pL, 4.30
10~* mol) and (Ph),P—CH,—P(Ph), (57 mg, 1.475 X 10~* mol)
were dissolved in a solution of T.E.A.PF¢ (0.1 m, 300 mL) in 1,2-
Cl,C,H4/CH;CN (4:1). The electrolysis was carried out for 6 h at
+0.85 V vs. SCE. After the workup, as described above, the organic
extract (5 mL) was purified by chromatography on silica gel. The
first fraction (eluted with CH,Cl,) was unchanged ZnTPP (32 mg,
0.47 X 10~* mol). The desired product was eluted with a mixture
of CH,Cl,/CH;0H (99:1). After evaporation of the solvent, 1-Zn-
Zn was recrystallized from CH,Cl,/n-hexane to afford the product
as green crystals (242mg, 1.19 X 107* mol, 81%). — UV/Vis
(CH,CL): Apax (8, M tem™1): = 442 (186900), 580 (9100), 624
(10800), 644 nm (10700). — '"H NMR [300 MHz, (CD3),CO, 25
°Cl: 6 = 9.08 [s, 1 H, B-H adj. to —P(Ph),—*], 9.05 [s, | H, B-H
adj. to —P(Ph),—"], 8.85 (d, J.;, = 4.77Hz, 2 H, B-H), 8.83
(d, J., = 480Hz, 4 H, B-H), 8.79 (d, J.;;, = 477 Hz, 2 H, B-H),
8.64 (d, J; = 477Hz, 2 H, B-H), 8.17 [dt, J, = 7.71 Hz, J,,=
1.47 Hz, 4 H, o-H of —P(Ph),— "], 8.15 (d, J.;,;, = 4.77 Hz, 2 H, B-
H), 8.13 [dt, J,= 7.71 Hz, J,, = 1.47 Hz, 4 H, 0-H of —P(Ph),—"],
8.02 [dt, J, = 7.71Hz, J,, = 1.47Hz, 4 H, o-H of Ph adj. to
—P(Ph),"], 7.84—7.49 (m, 36 H, H of Ph), 7.40 (t, J, = 7.71 Hz, 3
H, p-H of Ph), 7.39 [t, J, = 7.71 Hz, 3 H, p-H of Ph], 7.13 [t, J, =
7.71 Hz, 2 H, p-H of Ph adj. to —P(Ph),"], 7.00 [t, J, = 7.71 Hz,
4 H, p-H of —P(Ph),—"], 3.71 (d, 'J = 12.12Hz, 1 H, —CH,),
3.65(d, 'J = 12.12Hz, 1 H, —~CH,—). — 3'P NMR [120 MHz,
(CD3),CO, 25 °C]: § = 20.02 [d, 2Jp_p = 15.01 Hz, —P(Ph),"],
18.64 [d, 2Jp_p = 15.01 Hz, —P(Ph),—"], —145.44 (sept, 'Jp_p =
700.80 Hz, PF47). — C;13H76F 2NgP,Zn, (2028.54): caled. C 66.91,
H 3.77, N 5.52, P 6.11; found C 66.80, H 3.87, N 5.61, P 6.08. —
M.p. > 300 °C.

1-H,-H,: Hydrochloric acid (25%, 100 mL) was added to a solution
of 1-Zn-Zn in acetone, and the mixture was stirred for 30 min at
room temperature. After the addition of water (200 mL), the or-
ganic layer was separated, washed with water and neutralized with
saturated sodium acetate solution. The solution was again washed
with water, dried with CaSO,4 and concentrated. Recrystallization
of the residue with CH,Cl,/n-hexane gave 1-H,-H, in almost quant-
itative yield. — UV/Vis (CH,Cly): Ama (e, M~ lem™!) = 432
(461600), 530 (22600), 560 (8200), 604 (8300), 670 nm (16000). —
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'H NMR [300 MHz, (CD5),CO, 25 °CJ: § = 9.08 [s, 1 H, p-H adj.
to —P(Ph),—*], 9.04 [s, 1 H, B-H adj. to —P(Ph),—*), 9.04 (d,
J.s = 441 Hz, 2 H, p-H), 9.02 (d, J,;, = 4.41 Hz, 2 H, p-H), 8.82
(d, Jus = 441 Hz, 2 H, B-H), 8.76 (d, J.,, = 4.41 Hz, 2 H, p-H),
8.71 (d, J.;, = 4.41 Hz, 2 H, p-H), 8.40 (d, J.,, = 4.41 Hz, 2 H, p-
H), 8.24 [d, J, = 7.35 Hz, 4 H, 0-H of —P(Ph),—*], 8.18 [d, J, =
7.35Hz, 4 H, 0-H of —P(Ph),—*], 8.11 [d, J, = 7.35 Hz, 4 H, o-
H of Ph adj. to —P(Ph),—*], 7.85—7.39 (m, 42 H, H of Ph), 7.21
It, J, = 6.99 Hz, 2 H, p-H of Ph adj. to —P(Ph),—*], 7.05 (t, J, =
6.99 Hz, 4 H, p-H of Ph), 3.72 (d, 'J = 12.12 Hz, | H, —CH,—),
3.67(d, 'J = 12.12Hz, | H, ~CH,—), —2.47 (s, 4 H, N—H). —
3P NMR [120 MHz, (CD5),CO, 25 °C]: & = 19.83 [d, Jp_c =
14.18 Hz, —P(Ph),*], 18.08 [d, 2Jp_p = 14.18 Hz, —P(Ph),]. —
C113HgoCLNgP, (1682.80): caled. C 80.65, H 4.79, N 6.66, P 3.68;
found C 80.81, H 4.83, N 6.52, P 3.60. — M.p. > 300 °C.

1-Cu-Cu: 1-H,-H, was dissolved in a CH,Cl,/CH;OH (1:1) mixture
with an excess of Cu''(CH;COO),-H,O (10 equiv.). The mixture
was heated at reflux for 3 h, and after cooling, was treated with
tetraecthylammonium hexafluorophosphate (100 equiv.). After
evaporation of the solvent, the residue was dissolved in a minimum
amount of CH,Cl,, washed with water (4 times) and dried with
CaSO, for 6 h. The solution was concentrated to 5 mL in a rotary
evaporator and then purified on a silica gel column (CH,Cl,) to
afford black—violet crystals of 1-Cu-Cu in more than 90% yield. —
UV/Vis (CH,CL): Amayx (8, M~ Tem™1) = 440 (246500), 576 (13600),
625 (16500), 643 nm (15000). — C;;3H76Cu,F[,NgP, (2024.89):
caled. C 66.97, H 3.78, N 5.53, P 6.11; found C 66.81, H 3.82, N
5.48, P 6.01. — M.p. > 300 °C.

2-Zn-Zn: The same procedure as described for 1-Zn-Zn was applied
using ZnTPP (200 mg, 29.5 mmol, 1equiv.), 2,6-Lut (50uL,
43 mmol) and (Ph),P—CH,—CH,—P(Ph), (57 mg, 14.8 mmol,
0.5 equiv.). The product 2-Zn-Zn (196 mg; 9.6 mmol) was obtained
in 65% yield. — UV/Vis (CH,Cl): Apax (e, M~ lem™!) = 436
(420800), 568 (18500), 614 nm (22100). — 'H NMR [300 MHz,
(CD;),CO), 25 °C]: 8 = 9.04 (d, J.;; = 4.80 Hz, 2 H, B-H), 8.91 (d,
J.is = 480 Hz, 2 H, B-H), 8.82 [s, I H, B-H adj. to —P*(Ph),—],
8.79 [s, 1 H, B-H adj. to —P*(Ph),—1], 8.76 (d, J..,, = 4.80 Hz, 2 H,
B-H), 8.68 (d, J., = 4.77 Hz, 2 H, B-H), 8.66 (d, J.,, = 4.77 Hz, 2
H, B-H), 8.16 (d, J.;,;, = 4.80 Hz, 2 H, B-H), 8.12 [d, J, = 6.60 Hz,
4 H, o-H of —P*(Ph),—], 8.04 [d, J, = 7.70Hz, 4 H, o-H of
—P*(Ph),—], 8.00 [d, J, = 6.60Hz, 4 H, o-H of Ph adj. to
—P*(Ph),], 7.83—7.35 (m, 48 H, H of Ph), 2.40—2.17 (m, 4 H,
—CH,—). — 3'P NMR [120 MHz, (CD;),CO, 25 °C]: 8 = 31.55
[d, 3Jp_p = 53.00 Hz, —P*(Ph),—], 24.11 [d, 3Jp_p = 53.0 Hz,
—P*(Ph),—], —145.35 (sept, Jp_g = 700.70 Hz, PF¢"). —
C,14H7sF1,NgP,Zn, (2042.57): caled. C 67.03, H 3.84, N 5.49;
found C 67.17, H 3.80, N 5.53.

2-H,-H,: The same procedure as described for 1-H,-H, was used
to obtain quantitatively 2-H,-H,. — UV/Vis (CH,Cl): Anax (€,
M~ lem™!) = 432 (450000), 532 (22400), 560 (8000), 604 (7800), 668
nm (16000). — '"H NMR [300 MHz, (CD5),CO), 25 °C]: & = 9.02
(d, J.s = 5.1 Hz, 2 H, B-H), 8.96 (d, J.,, = 5.1 Hz, 2 H, B-H), 8.79
(d, J,; = 5.1 Hz, 2 H, B-H), 8.76 [s, 1 H, B-H adj. to —P*(Ph),—],
8.73 [s, 1 H, B-H adj. to —P*(Ph),—], 8.72 (d, J,;; = 4.8 Hz, 2 H,
B-H), 8.67 (d, J..,, = 4.8 Hz, 2 H, B-H), 8.41 (d, J.;,, = 5.1 Hz, 2 H,
B-H), 8.20 [dt, J, = 6.6 Hz, J,, = 1.5 Hz, 4 H, 0-H to —P*(Ph),—],
8.16 [dt, J,= 6.6 Hz, J,, = 1.5Hz, 4 H, 0-H of —P(Ph),—"], 8.08
[d, J,= 6.6 Hz, J,, = 1.5Hz, 4 H, 0-H of Ph adj. to —P*(Ph),],
7.87—7.45 (m, 44 H, H of Ph), 7.26 [t, J, = 7.7 Hz, 4 H, p-H of
—P*(Ph),—], 2.35-2.15 (m, 4 H, —CH,—), —2.53 (s, 4 H, N—-H
internal). — 3P NMR [120 MHz, (CD3),CO, 25 °C]: § = 29.70
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[S, —P+(Ph)2—], 26.81 [S, —P+(Ph)2] - C114H82C12N8P2 (175878)
caled. C 80.70, H 4.87, N 6.60; found C 80.72, H 4.92, N 6.55.

3-Zn-Zn: This was prepared by the same method as 1-Zn-Zn using
ZnTPP (200 mg, 29.5 mmol, 1 equiv.), 2,6-Lut (50 uL, 43.0 mmol)
and (Ph),P—CH,—CH,—CH,—P(Ph), (61 mg, 14.8 mmol,
0.5 equiv.). After 5h of electrolysis at 0.85 V vs. S.C.E., 3-Zn-Zn
(213 mg, 10.4 mmol) was obtained in 70% yield. — UV/Vis
(CH,CLy): Apay (8, M~ lem™1) = 438 (308400), 572 (12900), 620 nm
(15900). — '"H NMR [300 MHz, (CD5),CO), 25 °C]: 6 = 891 [s, 1
H, B-H adj. to —P*(Ph),—1], 8.88 [s, 1 H, B-H adj. to —P*(Ph),—],
8.81 (d, J.,, = 4.8 Hz, 2 H, B-H), 8.80 (d, J.;,, = 4.8 Hz, 2 H, B-H),
8.79 (d, J.,; = 4.8 Hz, 2 H, B-H), 8.77 (d, J.;,;, = 4.8 Hz, 2 H, B-H),
8.64 (d, J.,, = 4.8 Hz, 2 H, B-H), 8.18 (d, J;,, = 4.8 Hz, 2 H, -H),
8.18—8.10 [m, 8 H, 0-H to —P*(Ph),—], 8.01 [dt, J,= 6.2 Hz, J,, =
1.5Hz, 4 H, o-H of Ph adj. to —P*(Ph),], 7.86—7.30 (m, 48 H, H
of Ph), 2.64 (dt, 'J = 10.65 Hz, 3J = 7.35 Hz, 2 H, —CH,—), 2.46
(dt, 'J = 10.65Hz, 3J = 7.35Hz, 2 H, —CH,—), 1.94 (m, 2 H,
—CH,— internal). — 3'P NMR [120 MHz, (CDs),CO, 25 °C]: § =
28.19 (s, —P*(Ph),—], 18.68 (s, —P"(Ph),], —145.47 (sept, 'Jp_r =
700.8 Hz). — C;,5HgoNgP,F1,Zn, (2056.60): caled. C 67.16, H 3.92,
N 5.45; found C 67.27, H 4.01, N 5.40.

3-H,-H;: 3-H,-H, was obtained quantitatively by the same method
described for 1-H,-H,. — UV/Vis (CH,Cl): Apax (€, M~ 'em ™) =
432 (427600), 530 (22300), 568 (5700), 612 (6800), 670 nm (17800).
— 'H NMR [300 MHz, (CD3),CO), 25 °C]: & = 9.05 (d, J.; =
48 Hz, 2 H, B-H), 9.00 (d, J;; = 4.8 Hz, 2 H, B-H), 8.96 [s, | H,
B-H adj. to —P*(Ph),—], 893 [s, 1 H, B-H adj. to —P*(Ph),—],
8.84 (d, J.,, = 5.1 Hz, 2 H, B-H), 8.74 (d, J.,, = 4.8 Hz, 2 H, B-H),
8.69 (d, J.;,, = 4.8 Hz, 2 H, B-H), 8.44 (d, J.,, = 5.1 Hz, 2 H, B-H),
8.22 [dt, J, = 5.9 Hz, J,, = 1.8 Hz, 4 H, 0-H of —P*(Ph),—], 8.18
[dt, J, = 59 Hz, J,, = 1.8 Hz, 4 H, 0o-H of —P*(Ph),—], 8.12 [d,
J, = 6.6 Hz, J,, = 1.8 Hz, 4 H, o-H of Ph adj. to —P*(Ph),],
7.86—7.58 (m, 44 H, H of Ph), 7.46 [t, J, = 5.9 Hz, 4 H, p-H of
Ph adj. to —P*(Ph),—], 7.41 [tt, J, = 59 Hz, J,, = 1.8 Hz, 4 H, p-
H of —P*(Ph),—], 7.32 (tt, J, = 7.0 Hz, J,, = 2.8 Hz, 8 H, p-H of
Ph), 2.78 (dt, 3J = 10.68 Hz, 'J = 7.40 Hz, 2 H, —CH,—), 2.66
(dt, 3J = 10.68 Hz, 'J = 7.40 Hz, 2 H, —CH,—), 2.13 (m, 2 H,
—CH,—), —2.53 (s, 4 H, N—H internal). — 3'P NMR [120 MHz,
(CD3),CO, 25 °C]: 8 = 27.66 [s, —P*(Ph),—], 18.08 [s, —P*(Ph),].
— C;5Hg4ClL,NgP, (1710.86): caled. C 80.73, H 4.95, N 6.55; found
C 80.74, H 4.93, N 6.48.

4-Zn-Zn: 4-Zn-Zn was prepared by the same method as 1-Zn-Zn
using ZnTPP (200 mg, 29.5 mmol, 1 equiv.), 2,6-Lut (50 puL,
43.0 mmol) and (Ph),P—CH,—CH,—CH,—CH,—P(Ph), (63 mg,
14.8 mmol, 0.5 equiv.). After recrystallization, 4-Zn-Zn was ob-
tained (284 mg; 13.8 mmol, 93%). — UV/Vis (CH,Cl): Amax (€,
M lem™!) = 444 (293700), 536 (5300), 580 (11200), 638 nm
(15800). — 'H NMR [300 MHz, (CD3),CO), 25 °C]: § = 8.94 [s, 1
H, B-H adj. to —P*(Ph),—], 8.91 [s, 1 H, B-H adj. to —P*(Ph),—],
8.80 (d, J.;, = 4.77 Hz, 2 H, B-H), 8.74 (d, J.;, = 4.77 Hz, 2 H, B-
H), 8.70 (d, J.;,;, = 4.77 Hz, 2 H, B-H), 8.67 (d, J.;,;, = 4.77 Hz, 2 H,
B-H), 8.53 (d, J.;; = 4.77 Hz, 2 H, B-H), 8.10—8.02 [m, 10 H, o-H
of —P*(Ph),— + 2 B-H], 7.97 [d, J, = 6.00 Hz, 4 H, o-H of Ph
adj. to —P(Ph),—"], 7.84—6.80 (m, 48 H, H of Ph), 2.35—2.25 (m,
2 H, -CH,-), 2.00—1.75 (m, 2 H, —CH,—) 1.30—1.15 (m, 2 H,
—CH,—), 0.92—0.80 (m, 2 H, —CH,—). — 3'P NMR [120 MHz,
(CD5),CO, 25 °Cl: & = 29.67 [s, —P*(Ph),—], 18.52 [s,
—P*(Ph),—], —145.35 (sept, YJp_gp = 700.7Hz, PFqs). —
Cy16HgoF12NgP4Zn, (2070.63): caled. C 67.29, H 3.99, N 541;
found C 67.42, H 4.04, N 5.38.

4-H,-H,: 4-H,-H, was obtained quantitatively as described for 1-
H,-H,. — UV/Vis (CH,CL): Apax (8, M~ lem™!) = 432 (418500),
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530 (23300), 566 (7000), 612 (7500), 668 nm (16800). — 'H NMR
[300 MHz, (CD5),CO), 25 °C]: § = 9.09 (d, J.;; = 4.77 Hz, 2 H, p-
H), 9.06 (d, J;, = 4.77 Hz, 2 H, B-H), 9.01 [s, 1 H, p-H adj. to
—P*(Ph),—], 8.98 [s, | H, p-H adj. to —P*(Ph),—], 8.87 (d, J..; =
4.77Hz, 2 H, B-H), 8.79 (d, J.,, = 4.77 Hz, 2 H, B-H), 8.74 (d,
Jus = 477Hz, 2 H, B-H), 8.42 (d, J., = 5.16 Hz, 2 H, p-H),
8.28—8.17 [m, 12 H, o-H to —P*(Ph),— and o-H Ph adj. to
—P*(Ph),—], 7.90—7.07 (m, 48 H, H of Ph), 2.49—2.38 (m, 2 H,
—CH,—), 1.90—1.81 (m, 2 H, —CH,—) 1.37-1.21 (m, 2 H,
—CH,—), 0.92—0.75 (m, 2 H, —CH,—), —2.46 (s, 4 H, N-H in-
ternal). — 3'P NMR [120 MHz, (CD5),CO, 25 °CJ: & = 30.02 [s,
—P*(Ph),—], 21.02 (s, —P*(Ph),]. — C;;sHssCLNgP, (1724.87):
caled. C 80.78, H 5.03, N 6.50; found C 80.91, H 5.09, N 6.46.

5-Zn-Zn: This compound was prepared by the same method as 1-
Zn-Zn using ZnTPP (200 mg, 29.5 mmol, 1 equiv.), 2,6-Lut (50 pL,
43.0 mmol) and (Ph),P—CH,—CH,—As(Ph), (65 mg, 1.7 mmol,
0.5equiv.). The product 5-Zn-Zn was obtained (184 mg,
0.881 mmol, 60%). — UV/Vis (CH,Cly): Apayx (€, M~ lem™1) = 436
(426000), 568 (15500), 614 nm(18300). — 'H NMR [300 MHz,
(CD;),CO), 25°C]: 8 = 9.10 [s, 1 H, B-H adj. to —P*(Ph),—], 9.07
[s, 1 H, B-H adj. to —P*(Ph),—], 8.89 (d, J.,, = 4.77Hz, 1 H, B-
H), 8.86 (d, J.,, = 4.77 Hz, 1 H, B-H), 8.85(d, J.;; = 4.77Hz, 1 H,
B-H), 8.82 (d, J.,, = 4.77 Hz, 1 H, B-H), 8.81 (d, J.;; = 4.80 Hz, 2
H, B-H), 8.79 (d, J..,, = 4.80 Hz, 2 H, B-H), 8.68 (d, J.;,, = 4.77 Hz,
2 H, B-H), 8.25 (d, J.,, = 480Hz, 1 H, B-H), 8.22 (d, J =
4.77 Hz, 1 H, B-H), 8.18—8.03 [m, 12 H, 0-H of —P*(Ph),— and
o-H of Ph adj. to —P*(Ph),], 7.90—6.50 (m, 48 H, H of Ph), 2.68
(m, 2 H, —CH,—), 2.39 (m, 2 H, —CH,—). — 3'P NMR [120 MHz,
(CD;),CO, 25 °C]: & = 23.23 [s, —P*(Ph),—], —143.39 (sept,
Jp_p = 700.7Hz, PF¢"). — C;4H73AsF,NgP3Zn, (2086.52):
caled. C 65.62, H 3.77, N 5.37; found C 65.72, H 3.82, N 5.34.

5-H,-H,: Compound 5-H,-H, was obtained quantitatively as de-
scribed for 1-H,-H,. — UV/Vis (CH,Cl,), Apax (€, M~ lem™1) = 432
(370000), 500 (21100), 566 (7400), 612 (6700), 670 nm (12800). —
'"H NMR [300 MHz, (CD5),CO, 25 °C]: § = 9.13 [s, 1 H, B-H adj.
to —P*(Ph),—], 9.10[s, 1 H, B-H adj. to —P*(Ph),—], 9.08 (d,
J.s = 5.16 Hz, 2 H, B-H), 9.05 (d, J.;; = 5.16 Hz, 2 H, B-H), 8.97
(d, J = 5.1Hz, 2 H, B-H), 8.79 (d, J.; = 4.80Hz, 2 H, B-H),
8.74 (d, J;, = 4.80 Hz, 2 H, B-H), 8.47 (d, J..,, = 5.16 Hz, 1 H, B-
H), 8.46 (d, J.;; = 5.16 Hz, 1 H, B-H), 8.28—8.12 [m, 12 H, 0-H of
—P*(Ph),— and o-H of Ph adj. to —P*(Ph),], 7.92—7.20 (m, 48
H, H of Ph), 2.75 (m, 2 H, —CH,—), 2.42 (m, 2 H, —CH,), —2.44
(s, 4 H, N—H internal). — 3'P NMR [120 MHz, (CD;),CO, 25 °C]:
8 = 22.54 [s, =P*(Ph),—]. — C,14Hg»AsCl,NgP; (2030.72): calcd.
C 75.95, H 4.59, N 6.22; found C 76.11, H 4.64, N 6.20.

6-Zn and 6-Zn-Zn: ZnTPP (20 mg, 29.5 mmol), 2,6-Lut (20 pL,
17.20 X 1073 mol) and (Ph),P—C=C—P(Ph), (11.6 mg, 2.95 X
10~ mol) were dissolved in a solution of T.E.A.PFg (0.1 M) in 1,2-
Cl,C,Hy/CH;CN (4:1). The stirred reaction mixture was elec-
trolyzed for 3 h at 0.80 V vs. SCE. After workup, the unchanged
ZnTPP was separated from the monomeric (6-Zn) and dimeric (6-
Zn-Zn) porphyrins by column chromatography (silica gel), eluting
with CH,Cl,/0.1% CH3;OH. Further elution did not allow for the
effective separation of the two porphyrins (6-Zn and 6-Zn-Zn).
Pure monomer and dimer were obtained only after demetallation
of the mixture and chromatography as described below. After cou-
lometry, the solvents were evaporated. The residue was dissolved
in a minimum amount of CH,Cl,/CH3COCHj; (1:1) and dilute HCI
(25%, 100 mL) was added. This mixture was stirred for 30 min at
room temperature. After the addition of water (200 mL), the or-
ganic layer was collected, washed again and neutralized with so-
dium acetate. The porphyrins 6-H, and 6-H,-H, were then separ-
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ated by column chromatography (CH,Cl,/0.1% CH;OH) to give,
after recrystallization from CH,Cl,/n-hexane, brown powders: 6-H,
(6.8 mg, 22%) and 6-H,-H, (16.7 mg, 66%).

6-H,: H,TPP-B-P*+(Ph),—C=C—P(Ph),, ClI~: UV/Vis (CH,Cl,):
Amax (£, M~lem ™) = 426 (269200), 522 (17400), 558 (8400), 598
(7800), 655 nm (8300). — 'H NMR [300 MHz, (CD),CO), 25 °C]:
5 =893 (s, 1 H, p-H), 8.77 (d, J.,, = 4.8 Hz, 1 H, B-H), 8.76 (d,
Jus = 48 Hz, 1 H, p-H), 8.73 (d, J.;, = 4.8 Hz, 1 H, B-H), 8.56 (d,
J.u = 48Hz, 1 H, p-H), 842 (d, J., = 48Hz 1 H, p-H),
8.25-8.18 [m, 5 H, 4 o-H of —P*(Ph), — and 1 B-H], 8.06 [dt,
J, = 6.6Hz, J,, = 1.7Hz, 2 H, o-H of Ph adj. to —P*(Ph),—],
7.86—7.76 (m, 10 H, 0-H of Ph), 7.72—7.42 (m, 16 H, H of Ph),
7.36 (t, J, = 7.7 Hz, 3 H, p-H of Ph), 7.35 [t, J, = 7.0 Hz, 2 H, p-
H of P(Ph),], 7.23 [t, J, = 7.7 Hz, 1 H, p-H of Ph adj. to P*(Ph),],
7.16 [t, J, = 7.7Hz, 2 H, p-H of —P*(Ph),—], —2.57 (s, 2 H,
N-H). — 3P NMR [120 MHz, (CD),CO, 25 °C]: § = 18.95 [s,
—P*(Ph),—], 3.51 [s, —P(Ph),—]. — CyoHswCIN,P> (1043.60):
caled. C 80.57, H 4.73, CI 3.40, N 5.37, P 5.94; found C 80.70, H
4.78, C1 3.40, N 5.41, P 6.02.

6-H,-Hy: H,TPP-B-P*+(Ph),— C=C—P*(Ph),-p-H,TPP, 2 CI:
UV/Vis (CH>CLy): Aumax (6, M~ lem™1) = 430 (214200), 527 (16600),
564 (4900), 607 (7300), 666 nm (10900). — 'H NMR [300 MHz,
(CD;),CO, 25 °CJ: & =9.06 (d, J.,;, = 5.5 Hz, 2 H, p-H), 9.02 (d,
Jus = 5.5Hz, 2 H, p-H), 8.87 (d, J.;;, = 5.5Hz, 1 H, p -H), 8.85
(d, Jos = 5.5Hz, 1 H, B-H), 8.76 [s, 1 H, -H adj. to —P*(Ph),—],
8.71 [s, 1 H, B-H adj. to —P*(Ph),—], 8.67 (s, 1 H, p-H), 8.64 (s, 1
H, p-H), 8.46 (d, J.,, = 5.5Hz, 1 H, B-H), 8.41 (d, J.;;, = 5.5 Hz,
1 H, p-H), 8.26—8.19 [m, 10 H, 8 0-H of —P*(Ph),— and 2 B-H],
8.14—8.05 [m, 4 H, 0-H of Ph adj. to —P*(Ph),—], 7.93—7.14 (m,
48 H, H of Ph), —2.48 (s, 2 H, N—H), —2.51 (s, 2 H, N—H). —
3IP NMR [120 MHz, (CD3),CO, 25 °CJ: § = 24.80 [s, —P*(Ph),—],
16.51 [s, —=P*(Ph),—]. — C,14H75CL,NgP, (1692.80): caled. C 80.89,
H 4.64, C14.19, N 6.62, P 3.66; found C 80.75, H 4.78, Cl 4.34, N
6.70, P 3.81.

6-Zn: Compound 6-H, was dissolved in a solution of
(CH5C0O0),Zn" (10 equiv.) in CH,Cl,/CH;OH (1:1). The mixture
was maintained at reflux for 3 h. After cooling at room temper-
ature, the mixture was treated with an excess of tetraethylammo-
nium hexafluorophosphate (100 equiv.). After evaporation of the
solvent, the residue was dissolved in a minimum amount of
CH,Cl,. The mixture was then poured into water, and the organic
layer was washed (4 times) and dried with CaSO, for 6 h. The solu-
tion was then concentrated (to 5mL) and purified by chromato-
graphy on a silica gel column (elution with CH,Cl,/CH;O0H, 99:1)
to give a dark green powder of 6-Zn in 90% yield. — UV/Vis
(CH,CL): Amax (8, M~ lem™1) = 428 (209200), 560 (9400), 603 nm
(5000). — 'H NMR [300 MHz, (CD;),CO, 25 °C]: § = 8.84 (d,
J.is = 48 Hz, 1 H, B-H), 8.800 (d, J.;; = 4.8 Hz, 1 H, B-H), 8.798
[s, 1 H, B-H adj. to —P*(Ph),—], 8.77 (d, J.;, = 4.8 Hz, 1 H, B-H),
8.768 (d, J.;,; = 4.8 Hz, 1 H, B-H), 8.63 (d, J.;, = 4.8 Hz, 1 H, B-
H), 8.17 (d, J;; = 4.8 Hz, 1 H, B-H), 8.11 [dd, J, = 8.8 Hz, J,, =
1.8 Hz, 4 H, o-H of —P*(Ph),—], 8.01 [dd, J, = 8.1 Hz, J,, =
1.5 Hz, 2 H, o-H of Ph adj. to —P*(Ph),—], 7.94-7.55 (m, 26 H,
0-H and m-H of Ph), 7.49 [t, J, = 7.4 Hz, 2 H, p-H of P(Ph),], 7.41
(t, J, = 7.4 Hz, 3 H, p-H of Ph), 7.31 [t, J, = 7.4 Hz, 1 H, p-H of
Ph adj. to —P*(Ph),], 7.03 [t, J, = 7.4 Hz, 2 H, p-H of —P*(Ph),],
— 3P NMR [120 MHz, (CD;),CO, 25 °Cl: § = 4.64 [s,
—P*(Ph),—], 3.51 [s, —P"(Ph),—], —145.44 (sept, Jp_p =
700.8 Hz, PFs™). — Cy0Hy,F¢N4P3Zn (1216.47): caled. C 69.12, H
3.89, N 4.61, P 7.64, Zn 5.37; found C 69.31, H 4.05, N 4.74, P
7.75, Zn 5.56.
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6-Zn-Zn: The same procedure described for 6-Zn was used to ob-
tain 6-Zn-Zn from 6-H,-H; in 90% yield. — UV/Vis (CH>Cl,): Apax
(g, M lem™1) = 438 (215600), 569 (10600), 623 nm (11800). — 'H
NMR [300 MHz, (CDs),CO, 25 °C]: 6= 8.87 (d, J., = 4.8 Hz, 2
H, B-H), 8.82 (d, J.;,;, = 4.8 Hz, 4 H, B-H), 8.80 [s, 1 H, B-H adj.
to —P*(Ph),—], 8.79 [s, I H, B-H adj. to —P*(Ph),—], 8.78 (d,
J.s = 48 Hz, 2 H, B-H), 8.65 (d, J.;,, = 4.8 Hz, 2 H, B-H), 8.18 (d,
J.is = 48Hz, 2 H, B-H), 8.16 [d, J, = 7.7Hz, 4 H, o-H of
—P*(Ph), -], 8.12[d, J, = 7.7 Hz, 4 H, o-H of —P*(Ph),—], 8.03
[d, J, = 7.7Hz, 4 H, o-H of Ph adj. to —P*(Ph),—], 7.90—7.10
(m, 48 H, H of Ph), — 3'P NMR [120 MHz, (CD;),CO, 25 °C]: § =
14.03 [s, —=P*(Ph),—], 13.62 [s, —P"(Ph),—], 145.44 (sept, 'Jp_f =
700.8 Hz, PFs7). — Cy14H74F ,NgP,Zn, (2038.54): caled. C 67.17,
H 3.66, N 5.50, P 6.08, Zn 6.41; found C 67.32, H 3.74, N 5.42, P
6.22, Zn 6.52.

7-Zn-Zn: This was prepared by the same method as 1-Zn-Zn, using
ZnTPP (200 mg, 2.95 X 10~*mol, 1 equiv.), 2,6-Lut (50 uL, 4.3 X
10~* mol) and 1,1,1-tris(diphenylphosphanylmethyl)ethane (61 mg,
0.98 X 107* mol. 0.33 equiv.). Product 7-ZnZn was recovered
(184 mg, 0.88 X 107* mol, 75%). — UV/Vis (CH,CL): Apay (&,
M~ lem™!) = 446 (298000), 582 (12100), 640 nm (19900). — 'H
NMR [300 MHz, (CDj3),CO, 25 °C]: 6 = 9.71 [s, 1 H, B-H adj. to
—P*(Ph),—1], 9.68 [s, 1 H, B-H adj. to —P*(Ph),—], 8.90 [d, J;; =
4.80 Hz, 4 H, B-H adj. to —P*(Ph),—], 8.82 (d, J.;; = 4.80 Hz, 2
H, p-H), 8.80 (d, J.;,, = 4.80 Hz, 2 H, B-H), 8.76 (d, J.;,; = 4.77 Hz,
2 H, B-H), 8.51 (d, J.;; = 477 Hz, 2 H, B-H), 8.24 [dt, 4 H, J,, =
1.83 Hz, J, = 6.99 Hz, o-H of Ph adj. to —P*(Ph),—], 8.20—8.13
[m, 12 H, o-H of —P*(Ph),— and PO(Ph),], 7.99—6.67 (m, 54 H,
H of Ph), 4.60 [d, 3J = 13.30 Hz, 2 H, —CH,—PO(Ph),], 2.69 [d,
1J = 13.30 Hz, 1 H, —CH,—P*(Ph),—], 2.62 [d, 'J = 13.30 Hz, 1
H, —CH,—P*(Ph),—], 192 [d, 'V = 1330Hz, 1 H,
—CH,—P*(Ph),—], 1.86 (d, 'J = 13.30 Hz,1 H, —CH,—), 0.80 (s,
3 H, —CH;3—). — 3'P NMR (120 MHz, (CDs),CO, 25 °C): § =
26.43 [s,PO(Ph),- and —P*(Ph),—], 15.88 [s, —P*(Ph),—], —143.35
(sept, \Jp_g = 700.7 Hz, PF4 7). — C 20Ho3F ,NgOPsZn, (2284.83):
caled. C 67.81, H 4.10, N 4.90, P 6.78; found C 68.00, H 4.08, N
4.88, P 6.61.

7-H,-H,: This was prepared by the same method as 1-H,-H, and
was obtained in 93% yield. — UV/Vis (CH,Cly): Amax (€,
M~ lem™!) = 438 (308000), 534 (16600), 578 (5300), 620 (5200), 680
nm (14200). — '"H NMR [300 MHz, (CD3),CO, 25 °C]: § = 9.82
[s, 1 H, B-H adj. to —P*(Ph),—], 9.79 [s, 1 H, B-H adj.
to—P*(Ph),—], 9.13 (d, J.;; = 5.16 Hz, 2 H, B-H), 9.10 (d, J; =
5.16 Hz, 2 H, B-H), 8.92 (d, J,, = 5.13Hz, 2 H, B-H), 8.79 (d,
J.s = 477 Hz, 2 H, B-H), 8.72 (d, J.;; = 4.77 Hz, 2 H, B-H), 8.63
(d, J. = 5.13Hz, 2 H, B-H), 8.34—8.20 [m, 16 H, o-H of Ph of
—P*(Ph),— and PO(Ph),— and o-H of Ph adj. to P*(Ph),—],
8.05-6.79 (m, 48 H, H of Ph), 412 [d, 3J = 13.30Hz, 2
H,-CH,—PO(Ph),], 2.61 [d, Y = 1410Hz, 1 H,
—CH,—P*(Ph),—], 259 [d, Y = 1410Hz, 1 H,
—CH,—P*(Ph),—], 1.85 [m, 2 H, —CH,—P*(Ph),—], 0.80 (s, 3 H,
—CH;—). — 3P NMR [120 MHz, (CD3),CO, 25 °C]: § = 25.87 [s,
PO(Ph),— and —P*(Ph),—], 1563 [s, —P*(Ph),—]. -
C1290Hg7CLLNgOP5 (1939.09): caled. C 79.90, H 5.04, N 5.78, P 4.79;
found C 80.20, H 5.10, N 5.80, P 4.31.

8-Zn-Zn-Zn: The method employed in the synthesis of 1-Zn-Zn,
using ZnTPP (200 mg, 2.95 X 10~ mol, 1 equiv.), 2,6-Lut (50 pL,
43 X 107* mol) and TRIPHOS (61 mg, 0.976 X 10~* mol,
0.33 equiv.), led to the formation of product 8-Zn-Zn-Zn (184 mg,
0.88 X 107* mol, 70%). — UV/Vis (CH,Cl,): Apax (€, M~ lem™!) =
441 (298000), 583 (12100), 628 nm (19900),. — '"H NMR [300 MHz,
(CD3),CO, 25 °C]: 8 = 9.70 [m, 3 H, B-H adj. to —P*(Ph),—], 9.88
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[d, J., = 477 Hz, 3 H, B-H adj. to —P*(Ph),—], 8.82 [d, J.;; =
4.77 Hz, 3 H, p-H adj. to —P*(Ph),—], 8.77 (d, J.;;, = 4.77 Hz, 3
H, B-H), 8.63 (d, J.;;, = 4.77 Hz, 3 H, p-H), 8.22—8.04 [m, 19 H,
16 0-H of Ph adj. to —P*(Ph),— + 3 B-HJ, 7.91—7.06 (m, 69 H,
H of Ph), 3.10-2.90 [m, 4 H, —CH,—P*(Ph),—], 2.72—2.36 [m,
12 H, —~CH,—P*(Ph),—]. — 3P NMR [120 MHz, (CD5),CO, 25
°CJ: § = 29.82 [d, *Jp_p = 45.2 Hz, —P*(Ph),—], 27.25 [t, *Jp_p =
45.2 Hz, —P*(Ph),—], —143.54 (sept, 'Jp_p = 700.7 Hz, PF¢"). —
Cre6H 1 14F 15N 12PeZ 15 (3000.78): caled. C 66.44, H 3.83, N 5.60, Zn
6.54; found C 66.27, H 3.76, N 5.58, Zn 6.41.

8-H,-H,-H,: This was prepared by the same method as 1-H,-H,
and was obtained from 8-Zn-Zn-Zn in 93% yield. — UV/Vis
(CH,Cly): Amax (5, M~'em™!) = 432 (325100), 530 (18000), 567
(7000), 611 (7900), 667 nm (14400). — 'H NMR [300 MHz,
(CD3),CO, 25 °C]: & = 9.88 [s, 3/2 H, B-H adj. to —P*(Ph),—],
9.82[s, 3/2 H, B-H adj. to —P*(Ph),—], 8.98 [d, J;; = 4.77 Hz, 3
H, B-H adj. to —P*(Ph),—], 8.96 [d, J.;; = 4.77 Hz, 3 H, B-H adj.
to —P*(Ph),—], 8.90 (d, J,;; = 4.77 Hz, 3/2 H, B-H), 8.87 (d, J.;; =
4.77 Hz, 3/2 H, B-H), 8.76 (d, J., = 4.77 Hz, 3 H, B-H), 8.74 (d,
J. = 477Hz, 3 H, B-H), 8.69 (d, J,, = 4.77Hz, 3 H, B-H),
8.26—8.03 [m, 19 H, 16 0-H of Ph adj. to —P*(Ph),— + 3 B-H],
7.89—6.63 (m, 69 H, H of Ph), 3.43-3.10. [m, 4 H,
—CH,—P*(Ph),—], 2.80—2.39.[m, 12 H, —CH,—P*(Ph),—],
—2.67 (s, 4 H, N—H of H,TPP external), —2.45 (s, 2 H, N—H of
H,TPP internal). — 3'P NMR [120 MHz, (CD5),CO, 25 °C]: § =
29.54 [d, 3Jp_p = 45.2 Hz, —P"(Ph),—], 26.74 [t, 3Jp_p = 45.2 Hz,
—P*(Ph),—], —143.54 (sept, Jp_p = 700.7Hz, PFs"). —
Ci66H120CI3N,P5 (2482.17): caled. C 80.33, H4.87, N 6.67, P 3.74;
found C 80.47, H 4.69, N 6.74, P 3.93.
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