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Abstract: The general synthetic methods presented in this paper make available, on a preparative scale,
unprecedented porphyrinogen-derived skeletons, including their functionalization at the meso positions. The
stepwise dealkylation omesoectaalkylporphyrinogen #sH4 [R = Et, 1; R = Bu", 2] was chemically,
mechanistically, and structurally followed until the formation of porphomethene and porphodimethene derivatives
5—13, obtained with a sequential use of SpCh particular, the porphodimethene derivative §{)SnCh],

9, was reductively transmetalated using Li metal teNgLi,, 14, subsequently hydrolyzed to d&iyH», 15.

The porphodimethenrenickel complex [(E§N4)Ni], 16, was used for studying the reactivity and the ligand
modification of the porphodimethene skeleton. The reactivity®ftoward nucleophiles led to otherwise
inaccessible meso-substituted-meso-functionalized porphyrinogerhlJ&ziNiLi,], [R = H, 18; R = Bu",

19, R = CH,CN, 20], thus exemplifying a general methodology to meso-functionalized porphyrinogens. In
addition, when [NMg]~ was used as the nucleophils§ was converted into mono- and bis-vinylidenepor-
phyrinogen derivative Eu(=CHMe)Ns} NiLi], 21, and [ Ets(=CHMe)xN4} NiLi ], 22, through the interme-

diacy ofmese(dimethylamino)-porphyrinogens undergoingaiti elimination from the meso positions. Such
intermediates were isolated and characterized in the stepwise reactldgnwith LiNMe, leading to [ Ets-
(NMey)aN4tLig], 23, and [ Ets(NMey)(=CHMe)Ng} Lig], 25. Both compounds, as a function of the reaction
solvent, undergo the thermal elimination of HNMeith the formation of { Ety(=CHMe),N4} Li4], 24, which

is then protonated tq Ety(=CHMe)xNg4} Hg], 27. Transmetalation fror@3to 24 can be used as the methodology

for the synthesis of a remarkable variety of meso-substituted and functionalized porphyrinogen complexes.
The deprotonation 016 is reversible, therefor@2 and23 can be protonated back to their starting materials.

We took advantage of the nucleophilicity of the vinylidene carbo2irand 22 for establishing a general
synthetic method to produce meso-functionalized porphodimethenes. This approach was exemplified with the
alkylation and the benzoylation @2 and21 leading to [ Et4Pr2N4} Ni], 28, [Ets{ CH(Me)(PhCO)2N4Ni], 29,

and [Et{ CH(Me)(PhCO)Ny4Ni], 30, respectively. Comple21 displays a bifunctional behavior, as shown by

the formation of30, whereas in the reaction with LiBu, led t¢Hts(Bu")(=CHMe)N4} NiLi 5], 31

Introduction redox and acid-base chemistry.This paper deals with the
genesis of porphodimethene, the skeleton paving the way from

Porphyrinogen, namely theesotetrahydro-tetraalkyl(aryl)- o- porphyrinogen to porphyritiand its chemistry, which revealed

porphyrin, a keystone in the scenario of chemically and bi

logically relevant molecules, still remains a mysterious molecule
due to its instability toward spontaneous autoxidation to por-
phyrin! The recent modeling studies performed using the much
more stablemeseoctaalkyl derivativé disclosed, however, a

number of so-far unforeseen but fundamental features of its
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the interesting relationship with the porphyrinogen skeleton.
Chart 1 displays the stepwise oxidationmé&soectaalkylpor-
phyrinogen to porphomethene and porphodimethene, which is
formally the four-electron oxidized form of porphyrinogen. The
novelty in the present synthesis of porphodimethene rests in
two major facts: i) its generation from the porphyrinogen
skeleton using a metal-assisted transformation; athé large
amount of porphodimethene derivatives produced out of this
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Chart 1 Chart 2
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methodology. Two less interesting synthetic approaches have R / \ _ c/
been avoided, namely the reductive alkylation of the porphyrin R N /C‘ \
or the stepwise synthesis from dipyrrometh&mone of these
synthetic approaches would have even a vague relationship with <R RR

any natural genesis of the porphodimethene skeleton. In addition, Ro<R

only small amounts of compounds are available from such syn-
thetic route$:6 The reactivity studies carried out on the free or
metal-bonded porphodimethenes revealed the access, via the nu-
cleophilic attack to the meso position, to a variety of unprec-
edented porphyrinogens, including those containing heteroatoms R™°R
in the meso positions. Particularly relevant, in this context, was
the formation ofmesebisvinyilidene porphyrinogens. The latter ~ of tetrahydrofuran (THFj-hexane.'H NMR (CsDs, 200 MHz, 298
allowed the establishment of a quite general synthetic methodol-K. Ppm): 0 6.37 (s, 8H, GH2N); 3.13 (m, 8H, THF); 1.96 (q) = 7.4
ogy for acceding to functionalizable porphodimethenes. Partial H2z: 16H. CH); 1.08 (m, 8H, THF); 0.90 (t) = 7.4 Hz, 24H, CH).
preliminary results have been communicated. Anal. Ca!cd for5, 944H64N4028n: C, 66.08; H, 8.07; N, 7.01. Found:
) S C, 66.12; H, 8.51; N, 7.04.
A few of the species reported in this paper have some ana-

. - . Synthesis of 6 SnCL(THF), (17.8 g, 44.0 mmol) was slowly added
logues in the literature, though the later species were generateqo a);olution oft (50.2 g(' 44.82n(1m0|)?n toluene (780 mL). Theyreaction

through convoluted pathways and only in very limited quantities. mixture was refluxed overnight. The undissolved white solid, LiCl,
Thgy appear more like chem_lcal curiosities than starting ma- was filtered off and the resulting violet solution was evaporated to
terials appropriate for synthetic purposes. We took care to un- drynessn-Pentane (200 mL) was added to the residue to give a light

cover not only the porphyrinogetrporphodimethene relation-

violet powder which was collected and dried in vacuo (31.0 g, 69%).

ship, but also to establish a synthetic methodology which makes*H NMR (CsDsN, 200 MHz, 298 K): 0 6.43 (s, 8H, GHN); 3.67 (m,
available to the users the skeletons listed in Chart 2 and their8H, THF); 1.66 (t,J = 6.8 Hz, 16H, CH); 1.3-0.9 (m, 32H, CH);

derivatives containing functionalities in the meso positions.

Experimental Section

All operations were carried out under an atmosphere of purified

0.77 (t,J = 7.4 Hz, CH overlapping with m, THF, 32H). Anal. Calcd
for 6, CsoHasN2O-Sn: C, 70.37; H, 9.45; N, 5.47. Found: C, 69.95; H,
9.33; N, 5.12.

Synthesis of 7.A solution of SnCJ (1.0 g, 3.8 mmol) in toluene
(50 mL) was added dropwise at40 °C to a solution of5 (12.2 g,

nitrogen. All solvents were purified by standard methods and freshly 15 2 mmol) in toluene (200 mL). The reaction mixture was warmed to

distilled prior to use. NMR spectra were recorded on a 200-AC or DPX-

room temperature, stirred overnight, and heated2fdn at 80°C to

400 Bruker instrument; IR spectra were recorded with a Perkin-EImer complete the reaction. It was evaporated to dryness and the collected

FT 1600 spectrophotometer. GBS analyses were carried out using

liquid was analyzed with the GEMS technique. ESnEb, HSnEE,

a Hewlett-Packard 5890A GC system. Elemental analyses were and SnEtwere identified. To the solid residuehexane (70 mL) was

performed using an EA 1110 CHN elemental analyzer by CE
Instruments. Themesoectaalkylporphyrinogens and their lithium
derivatives were synthesized according to the literature.

Synthesis of 5.SnCl(THF), (28.5 g, 70.4 mmol) was added
portionwise to a solution 08 (60.0 g, 70.4 mmol) in toluene (700
mL). The reaction mixture was refluxed overnight. The undissolved
white solid, LiCl, was filtered off and the resulting pink-violet solution
was evaporated to drynessHexane (300 mL) was added to the residue
to give a pink powder which was collected and dried in vacuo (40.0 g,
71%). Crystals suitable for X-ray diffraction were grown in a mixture
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added to give a red powder which was collected and dried in vacuo
(9.3 g, 61%). Crystals suitable for X-ray diffraction were grown in
toluene.'H NMR (CgDs, 400 MHz, 298 K): ¢ 7.10 (d,J = 4.4 Hz,
2H, GH2N); 6.43 (d,J = 2.93 Hz, 2H, GH2N); 6.38 (d,J = 4.4 Hz,
2H, GH:N); 6.31 (d,J = 2.93 Hz, 2H, GH:N); 3.63 (m, 4H, THF);
3.15 (g, = 7.34 Hz, 2H, CH); 2.70 (q,J = 7.34 Hz, 2H, CH); 2.53
(9, J = 7.34 Hz, 2H, CH); 2.24 (dq,dgem = 14.2 Hz,J,ic = 7.34 Hz,
2H, CHy); 2.02 (dg,Jgem = 14.2 Hz,Jyic = 7.34 Hz, 2H, CH); 1.95—
1.75 (dq,Jdgem = 14.2 Hz,J\ic = 7.34 Hz, 2H, CH overlapping with
dq, Jgem= 14.2 Hz,J,ic = 7.34 Hz, 2H, CH)); 1.5 (m, 4H, THF); 1.33
(t, J=7.34 Hz, 3H, CH); 1.30 (t,J = 7.34 Hz, 3H, CH); 0.92 (t,J

= 7.34 Hz, overlapping with tJ = 7.34 Hz, 9H, CH); 0.12 (t,J =
7.34 Hz, 6H, CH). Anal. Calcd for7, CsgHs:CIN,OSN: C, 62.18; H,
7.00; N, 7.63. Found: C, 62.12; H, 7.23; N, 7.32.

Synthesis of 8.A solution of SnCJ (1.9 g, 7.3 mmol) in toluene
(50 mL) was added dropwise &t30 °C to a solution of6 (30.0 g,
29.3 mmol) in toluene (300 mL). The reaction mixture was warmed to
room temperature and stirred overnight. To complete the reaction, this
dark red solution was heatedrfd h at 80°C. It was evaporated to
dryness ana-hexane (100 mL) was added to give a red powder which
was collected and dried in vacuo (15.4 g, 56%) NMR (CsDsN, 400
MHz, 298 K): 6 7.84 (d,J = 4.4 Hz, 2H, GH.N); 6.99 (d,J = 4.4
Hz, 2H, GH2N); 6.51 (d,J = 2.8 Hz, 2H, GH.N); 6.27 (d,J = 2.8
Hz, 2H, GH.N); 3.63 (m, 4H, THF); 3.35 (t) = 6.85 Hz, 2H, CH);
3.12 (t,J = 6.85 Hz, 2H, CH); 2.97 (t,J = 6.85 Hz, 2H, CH); 2.6—
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2.2 (m, 4H, CH); 2.1-1.9 (m, 12H, CH); 1.9-1.6 (m, 4H, CH); 1.6
(m, 4H, THF); 1.4-1.0 (m, 16H, CH); 0.90 (t,J = 7.3 Hz, 3H, CH);
0.85-0.60 (t,J = 7.34 Hz, 3H, CH overlapping with tJ = 7.34 Hz,
6H and t,J = 7.34 Hz, 3H, CH); 0.4 (t,J = 7.34 Hz, 6H, CH). Anal.
Calcd for8, Cs;H7¢CIN,OSN: C, 67.13; H, 8.56; N, 6.02. Found: C,
67.52; H, 8.62; N, 5.97.

Synthesis of 9.SnCL(THF), (72.8 g, 0.179 mol) was added to a
solution of5 (47.8 g, 0.06 mol) in toluene (400 mL). The reaction
mixture was refluxed overnight and after cooling, a red crystalline solid
precipitated. This product was collected, washed by extraction with
diethyl ether (500 mL), and then dried in vacuo (21.3 g, 53%). Crystals
suitable for X-ray diffraction were grown in tolueri& NMR (CsDsN,

400 MHz, 298 K): 6 7.73 (d,J = 4.4 Hz, 4H, GH:N); 6.83 (d,J =
4.4 Hz, 4H, GH:N); 2.98 (q,J = 7.32 Hz, 4H, CH); 2.29 (q,J =
7.32 Hz, 8H, CH)); 1.25 (t,J = 7.32 Hz, 6H, CH); 0.93 (t,J = 7.32
Hz, 12H, CH). Anal. Calcd for9, CsH3sCloN4Sn: C, 57.51; H, 5.73;
N, 8.38. Found: C, 57.41; H, 5.84; N, 7.80.

Synthesis of 10.SnCL(THF), (71.5 g, 176 mmol) was added to a
solution of6 (60.0 g, 58.6 mmol) in toluene (400 mL). The reaction
mixture was refluxed overnight and after cooling, a white solid residue
was filtered off. The solution was evaporated to drynessrahexane
(200 mL) was added. The resulting brown solid was collected, dried,
and finally it was redissolved in benzene (200 mL).The white

Bonomo et al.

in a mixture of toluener-hexane and containetthexane of crystal-
lization. *H NMR (CsDsN, 400 MHz, 298 K): 6 7.59 (d,J = 4.4 Hz,
1H, GH2N): 6.79 (d,J = 4.4 Hz, 1H, GH2N); 6.65 (s, 1H, GH2N);
6.31 (d,J = 2.93 Hz, 1H, GH2N); 6.30 (d,J = 2.93 Hz, 1H, GH2N);
6.20 (d,J = 2.93 Hz, 1H, GH.N); 6.19 (d,J = 2.93 Hz, 1H, GH.N);
3.63 (m, 4H, THF); 3.23.1 (m, 2H, CH); 2.78 (m, 2H, CH); 2.67
(m, 4H, CH); 2.58 (m, 2H, CH); 2.48 (m, 2H, CH); 2.41 (m, 2H,
CHy); 2.34 (m, 2H, CH); 2.24 (m, 2H, CH); 1.92 (m, 8H, CH); 1.83
(m, 4H, CH; overlapping with m, 4H, THF); 1.54 (m, 2H, GH Anal.
Calcd for13, C4oH47CIN4,OSN: C, 63.72; H, 6.28; N, 7.43. Found: C,
63.52; H, 6.23; N, 7.32.

Synthesis of 14Li (0.37 g, 52.8 mmol) and naphthalene (1.0 g, 7.8
mmol) were added under argon to a solutior@qB.5 g, 13.2 mmol)
in THF (200 mL). The reaction mixture was stirred overnight and the
metallic residue was filtered off. The resulting orange solution was
evaporated to dryness and benzene (200 mL) was added to remove the
undissolved LIiCl. The solution was evaporated to dryness and the
residue washed witm-pentane (100 mL). An orange powder was
collected and dried in vacuo (4.2 g, 50%). Crystals suitable for X-ray
diffraction were grown in a mixture of THR/hexane!H NMR (CsDsN,
400 MHz, 298 K, ppm):0 7.41 (d,J = 4.4 Hz, 4H, GH2N); 6.67 (d,
J = 4.4 Hz, 4H, GH:N); 3.63 (m, 8H, THF); 3.14 (gJ = 7.32 Hz,
4H, CHy); 2.42 (q,J = 7.32 Hz, 8H, CH); 1.59 (m, 8H, THF); 1.44

undissolved solid was filtered off and the solution was evaporated to (t, J = 7.32 Hz, 6H, CH); 1.05 (t,J = 7.32 Hz, 12H, CH). Anal.

drynessn-Pentane (150 mL) was added to give a dark red-violet product

Calcd for 14, CsoHs4N4LIi2O,: C, 75.45; H, 8.55; N, 8.76. Found: C,

which was collected and dried in vacuo (27.1 g, 55%). Suitable crystals 74.8; H, 8.48; N, 8.60.

for X-ray analysis were obtained from a THooctane solutiontH
NMR (CsDsN, 400 MHz, 298 K): ¢ 7.94 (d,J = 4.4 Hz, 4H, GH.N);
7.08 (d,J = 4.4 Hz, 4H, GH:N); 3.02 (t,J = 7.8 Hz, 4H, CH); 2.33
(t, 3= 8.3 Hz, 8H, CH); 1.52 (m, 4H, CH); 1.45 (m, 8H, CH); 1.15
(m, 4H, CH); 1.07 (m, 8H, CH); 0.59 (t,J = 7.34 Hz, 6H, CH);
0.52 (t,J = 7.34 Hz, 12H, CH). *H NMR (CD.Cl,, 400 MHz, 308
K): 6 7.60 (d,J = 4.4 Hz, 4H, GH.N); 6.69 (d,J = 4.4 Hz, 4H,
C4H2N); 3.12 (t,J = 7.8 Hz, 4H, CH); 2.21 (t,J = 8.8 Hz, 8H, CH));
1.88 (m, 4H, CH)); 1.56 (m, 4H, CH); 1.22 (m, 8H, CH)); 1.17 (m,
8H, CH,); 0.59 (t,J = 7.34 Hz, 6H, CH); 0.52 (t,J = 7.34 Hz, 12H,
CHs). *H NMR (CD,Cl, 400 MHz, 263 K): ¢ 7.69 (d,J = 4.4 Hz,
4H, GH.N); 7.53 (d,J = 4.4 Hz, 4H, GHN); 6.77 (d,J = 4.4 Hz,
4H, CGH2N); 6.62 (d,J = 4.4 Hz, 4H, GH:N); 3.08 (t,J = 7.8 Hz,
4H, CH, overlapping with tJ = 7.8 Hz, 4H, CH); 2.24 (t,J = 8.8
Hz, 4H, CH); 2.14 (t,J = 8.8 Hz, 8H, CH overlapping with m, 4H,
CH,); 1.83 (m, 4H, CH)); 1.78 (m, 4H, CH); 1.51 (m, 4H, CH
overlapping with m, 4H, Ch); 1.30 (m, 4H, CH); 1.15 (m, 8H, CH);
1.13 (m, 4H, CH); 1.07 (m, 8H, CH); 0.97 (t,J = 7.34 Hz, 6H, CH,
overlapping m, 4H, Ck); 0.97 (m, 4H, CH); 0.82 (t,J = 7.34 Hz,
6H, CHs); 0.74 (t,J = 7.34 Hz, 12H, CH overlapping with t,J =
7.34 Hz, 6H, CH); 0.70 (t,J = 7.34 Hz, 6H, CH). Anal. Calcd for
10, CaaHe2NaSNCh: C, 63.17; H, 7.47; N, 6.70. Found: C, 64.42; H,
6.17; N, 6.78.

Synthesis of 11SnCl(THF), (19.2 g, 47.3 mmol) was slowly added
to a solution of { (CH2CHy)2} 4N4Li4 (THF);] (40.0 g, 47.3 mmol) in
toluene (700 mL). The reaction mixture was refluxed overnight. The
undissolved white solid, LiCl, was filtered off and the resulting pink
solution was evaporated to dryneesPentane (200 mL) was added to
the residue to give a light pink powder which was collected and dried
in vacuo (29.0 g, 77%JH NMR (CsDs, 400 MHz, 298 K): 6 6.41 (s,
8H, GiH:N); 3.54 (m, 8H, THF); 1.85 (m, 16H, Git 1.63 (m, 16H,
CHy); 1.41 (m, THF, 8H). Anal. Calcd fat1, CeoHegN4O-Sn: C, 66.77,

H, 7.13; N, 7.08. Found: C, 66.91; H, 7.31; N, 7.12.

Synthesis of 13.SnCl, (52.8 mL, 0.17 M in toluene, 8.96 mmol)
was added dropwise at40 °C to a solution ofl1 (7.1 g, 8.97 mmol)
in toluene (200 mL). The reaction mixture was warmed to room
temperature and stirred overnight. A yellow-brown solid precipitated
which was collected and dried in vacuo. Elemental analysis was
consistent with the addudt2. Anal. Calcd for12, CsoHssClaNsOSn:

C, 49.02; H, 4.94; N, 5.72. Found: C, 48.74; H, 4.72; N, 5.51. This

Synthesis of 15.Water (100 mL) was added to a solution b4
(1.0 g, 1.6 mmol) in diethyl ether (100 mL). Aft& h stirring at room
temperature, the organic phase was removed and the aqueous phase
was washed twice with 100 mL #2. ELO was evaporated to dryness
and the orange residue dissolved in THF (100 mL). The product was
dried by azeotropic distillation, and then the solution was evaporated
to dryness. An orange powder was obtained which was collected and
dried in vacuo (0.52 g, 68%). Crystals suitable for X-ray diffraction
were grown in a mixture of EO©/n-hexane!H NMR (CsDg, 400 MHz,

298 K, ppm): 6 14.86 (s, 2H, NH); 6.90 (d] = 4.4 Hz, 4H, GH.N);
6.35 (d,J = 4.4 Hz, 4H, GH.N); 2.56 (q,J = 7.34 Hz, 4H, CHover-
lapping with s broad, 4H, C}; 2.53 (s broad, 4H, Ck); 1.01 (t,J =
7.34 Hz, 18H, CH). *H NMR (C7Ds, 400 MHz, 310 K, ppm):d 14.97
(s, 2H, NH); 7.01 (dJ = 4.4 Hz, 4H, GH,N); 6.34 (d,J = 4.4 Hz,
4H, CH:N); 2.63 (q,d = 7.34 Hz, 4H, CH); 2.51 (q,J = 7.34 Hz,
8H, CH,); 1.03 (t,J = 7.34 Hz, 6H, CH); 0.99 (t,J = 7.34 Hz, 12H,
CHs). *H NMR (C;Dg, 400 MHz, 263 K, ppm):d 14.65 (s, 2H, NH);
6.78 (d,J = 4.4 Hz, 4H, GH2N); 6.37 (d,J = 4.4 Hz, 4H, GH.N);
2.62 (q,d = 7.34 Hz, 4H, CH)); 2.55 (q,J = 7.34 Hz, 4H, CH); 2.50
(q,J = 7.34 Hz, 4H, CH); 1.02 (t,J = 7.34 Hz, 6H, CH); 1.0 (t,J
= 7.34 Hz, 6H, CH); 0.97 (t,J = 7.34. Hz, 6H, CH). Anal. Calcd for
15, CsoHaoNg: C, 79.96; H, 8.39; N, 11.65. Found: C, 79.8; H, 8.03;
N, 11.53.

Synthesis of 16]NiCly(DME)] (1.03 g, 4.69 mmol) was added to
a solution of14 (3.04 g, 4.69 mmol) in THF (200 mL). The red solution
obtained was stirred overnight at room temperature. The solvent was
evaporated and benzene (200 mL) allowed to dissolved the residue.
LiCl was removed by filtration. The solution was evaporated to dryness
and the residue triturated witkpentane (100 mL) to give a red-violet
powder which was collected and dried in vacuo (2.1 g, 76.6%).
NMR (CeDs, 400 MHz, 298 K, ppm):6 7.07 (d,J = 4.4 Hz, 4H,
C4H2N); 6.30 (d,J = 4.4 Hz, 4H, GH2N); 3.44 (s broad, 4H, C);
2.65 (q,Jd = 7.34 Hz, 4H, CH); 1.96 (s broad, 4H, C}); 1.07 (m,
18H, CHy). H NMR (C¢Ds, 400 MHz, 318 K, ppm):6 7.13 (d,J =
4.4 Hz, 4H, GH:N); 6.24 (d,J = 4.4 Hz, 4H, GH2N); 2.95 (q,d =
7.34 Hz, 4H, CH); 2.45 (q,J = 7.34 Hz, 8H, CH); 1.20 (t,J = 7.34
Hz, 6H, CHy); 1.04 (t,J = 7.34 Hz, 12H, CH). Anal. Calcd forl6,
CsHssNgNi: C, 71.52; H, 7.13; N, 10.43. Found: C, 71.49; H, 7.15;
N, 10.6.

Synthesis of 17.Activated magnesium (0.73 g, 30.0 mmol) was

product was then suspended in toluene (200 mL) and refluxed for 24 added t® (10 g, 15.0 mmol) in THF (300 mL). The red mixture was

h. The reaction mixture became red-violet. A white precipitate was
filtered off and the solution was evaporated to drynegdexane (100
mL) was added to give a red powder which was collected and dried in
vacuo (5.2 g, 77%). Crystals suitable for X-ray diffraction were grown

stirred at room temperature for 24 h until it became violet. The metallic
residue was filtered off. The red solution was evaporated to dryness.
The residue was dissolved in 150 mL of dichloromethane and the
solution was evaporated to dryness. Upon a further addition of
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dichloromethane (150 mL), a white solid precipitated which was filtered
off. The solution was then evaporated to dryness mip@éntane was
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3.34 (s, 2H, CHCN); 2.72 (q,d = 7.34 Hz, 2H, CH); 2.45 (q,J =
7.34 Hz, 4H, CH); 1.64 (m, 16H, THF): 1.45 () = 7.34 Hz, 3H,

added to give an orange powder which was collected and dried in vacuoCHa); 1.40 (t,J = 7.34 Hz, 6H, CH); 1.10 (t,J = 7.34 Hz, 6H, CH);

(6.5 g, 67%). Crystals suitable for X-ray diffraction were grown in a
mixture of THEh-hexane!H NMR (CsDsN, 200 MHz, 298 K, ppm):
0 7.61 (d,J =4.4 Hz, 4H, GH:N); 6.58 (d,J = 4.4 Hz, 4H, GH.N);
3.67 (m, 8H, THF); 3.33 (@) = 7.4 Hz, 4H, CH); 1.98 (q,J = 7.4
Hz, 8H, CHy); 1.98 (t,J = 7.4 Hz, 6H, CH + m, 8H, THF); 0.18 (t,
J=7.4Hz, 12H, CH). Anal. Calcd forl7, CsHssNsMgOy: C, 74.23,;
H, 8.41; N, 8.66. Found: C, 74.8; H, 8.23; N, 8.53.

Synthesis of 18.LIHBEt; (7.58 mL, 1.0 M in THF, 7.58 mmol)
was added at room temperature to a solutiod®¢2.0 g, 3.79 mmol)
in THF (100 mL). The reaction mixture turned immediately violet, was

1.01 (t,J = 7.34 Hz, 3H, CH).

Synthesis of 21.To a solution of16 (4.0 g, 7.59 mmol) in THF
(200 mL) a solution of LiNMe (0.39 g, 7.59 mmol) in THF (100 mL)
was dropwise added at= 0 °C. The reaction mixture was warmed to
room temperature and stirred for 2 h. The solution was evaporated to
dryness. The red solid was collected witfiexane (100 mL) and dried
in vacuo (4.28 g, 82%):H NMR (CsDsN, 400 MHz, 298 K, ppm):d
7.09 (d,J = 4.4 Hz, 1H, GH.N); 7.07 (d,J = 4.4 Hz, 1H, GH.N);

6.57 (d,J = 2.93 Hz, 1H, GH:N); 6.54 (d,J = 2.93 Hz, 1H, GH:N);
6.41 (d,J = 4.4 Hz, 1H, GH:N); 6.38 (d,J = 2.93 Hz, 1H, GH.N

stirred overnight, and then was evaporated to dryness. The pink solid overlapping with dJ = 4.4 Hz, 1H, GH:N); 6.28 (d,J = 2.93 Hz,

residue was collected with £ (60 mL) and dried in vacuo (2.3 g,
72%). Analysis'H NMR of reaction mixture and collected product
showed that a mixture of syn and anti isomers in a 1:4 ratio was formed.
IH NMR (CsDsN, 400 MHz, 298 K, ppm):0 6.25 (d,J = 2.9 Hz, 8H,
CsH2N); 6.24 (d,J = 2.9 Hz, 4H, GH:N); 6.23 (d,J = 2.9 Hz, 8H,
C4H2N); 6.21 (d,J = 2.9 Hz, GH2N overlapping with dJ = 2.9 Hz,
C4H2N, 12H); 6.19 (dJ = 2.9 Hz, 8H, GH,N); 4.94 (t,J = 5.87 Hz,
4H, Hendg; 4.59 (t,J = 5.87 Hz, 2H, Hna9; 4.09 (t,J = 7.34 Hz, 4H,
Hexo); 3.69 (dq,Jdgem = 14.2 Hz,J,ic = 7.34 Hz, 8H, CH); 3.60 (dq,
Jgem = 14.2 Hz,J,ic = 7.34 Hz, 8H, CH overlapping with m, 80H,
THF and q,J = 7.34 Hz, 4H, CH); 3.28 (q,J = 7.34 Hz, 4H, CH);
2.95 (m, 8H, CH); 2.6-2.45 (m, 28H, CH); 1.61 (m, 80H, THF);
1.49 (t,J = 7.34 Hz, 12H, CH); 1.47 (t,J = 7.34 Hz, 24H, CH
overlapping with tJ = 7.34 Hz, 6H, CH); 1.43 (t,J = 7.34 Hz, 6H,
CHs); 1.16 (1, = 7.34 Hz, 24H, CHoverlapping with tJ = 7.34 Hz,
6H, CHs); 1.10 (t,J = 7.34 Hz, 12H, CH). Anal. Calcd for18,
CugH72N4LiNiO4: C, 68.5; H, 8.62; N, 6.66. Found: C, 68.37; H, 8.53;
N, 6.24.

Synthesis of 19Bu"Li (4.17 mL, 1.63 M in THF, 6.8 mmol) was
added at room temperature to a solutionléf(1.78 g, 3.4 mmol) in
THF (100 mL). A light yellow solution was obtained which was stirred
overnight and evaporated to dryness(60 mL) was added to give
a yellow solid which was collected and dried in vacuo (2.43 g, 74%).
Analysis'H NMR of reaction mixture and collected product showed
that the syn isomer only was formetH NMR (CsDsN, 400 MHz,
298 K, ppm): 6 6.25 (d,J = 2.9 Hz, 4H, GH2N); 6.23 (d,J = 2.9 Hz,
4H, CH,N); 3.79 (t,J = 7.8 Hz, 4H, CH); 3.66 (m, 16H, THF); 2.57
(9,3 = 7.34 Hz, 4H, CH); 2.50 (q,J = 7.34 Hz, 4H, CH); 1.64 (m,
4H, CH, overlapping with m, 16H, THF); 1.50 (] = 7.34 Hz, 6H,
CHs overlapping with m, 4H, Ck); 1.46 (t,J = 7.34 Hz, 6H, CH);
1.21 (m, 4H, CH); 1.08 (t,J = 7.34 Hz, 6H, CH); 0.61 (t,J = 7.34
Hz, 6H, CH). Anal. Calcd forl9, CsgHsslizN4NiO4: C, 70.51; H, 9.30;

N, 5.87. Found: C, 70.62; H, 9.27; N, 5.55. The crystals used for the
X-ray analysis contain only 3 THF per molecule.

Synthesis of 20.Complex16 (2.91 g, 5.52 mmol) was added at
room temperature to a solution of LiGEIN (11.04 mmol) in THF (300
mL). The reaction mixture was stirredrf@ h and then was evaporated
to dryness. The pink solid residue was collected withexane and
dried in vacuo (3.82 g, 75%). Anal. Calcd @0, Cs;H74Li2NgNiO4:
C,67.91; H, 8.11; N, 9.14. Found: C, 68.12; H, 8.06; N, 8.99. Analysis
H NMR of reaction mixture and collected product showed that the
syn isomer only was formedH NMR (CsDsN, 400 MHz, 298 K,
ppm): 6 6.29 (d,J = 2.4 Hz, 4H, GH.N); 6.23 (d,J = 2.4 Hz, 4H,
C4H2N); 4.63 (s, 4H, CHCN); 3.66 (m, 16H, THF); 3.61 (q1 = 7.3
Hz, 4H, CHy); 2.72 (q,J = 7.3 Hz, 4H, CH); 2.45 (q,J = 7.3 Hz, 4H,
CHy); 1.64 (m, 16H, THF); 1.45 (t) = 7.3 Hz, 6H, CH); 1.40 (t,J
= 7.3 Hz, 6H, CH); 1.07 (t,J = 7.3 Hz, 6H, CH). IR (Nujol vma/
cm1): 2256 (s). The X-ray analysis was performed on the solvated
form of 20, namely [ Ets(CH2CN).N4} NiJ[Li(DME) 2]» recrystallized
slowly at low temperature from 1,2-dimethoxyethane (DME), and it
showed to be the anti isomer. After 1 week in deuterated pyridine, all
the product was converted in the anti isomiét.NMR (CsDsN, 400
MHz, 298 K, ppm): 6 6.35 (d,J = 2.9 Hz, 2H, GH:N); 6.27 (d,J =
2.9 Hz, 2H, GH.N); 6.24-6.22 (d,J = 2.9 Hz, 2H, GH:N overlapping
with d, J = 2.9 Hz, 2H, GH2N); 4.86 (s, 2H, CHCN); 3.75 (dq,Jgem
= 14.2 Hz,Jyic = 7.3 Hz, 2H, CH); 3.66 (m, 4H, CH overlapping
with m, 16H, THF); 3.61 (dgJgem= 14.2 Hz,J\ic = 7.3 Hz, 2H, CH);

1H, GH2N); 6.03 (q,J = 6.85 Hz, 1H, CH); 3.86 (m, 8H, THF); 2.7
(9,3 = 7.3 Hz, 2H, CH); 2.32-2.28 (m, 8H, CH)); 2.14 (d,J = 6.85
Hz, 3H, CHy); 1.61 (m, 8H, THF); 1.30 (tJ = 7.34 Hz, 3H, CH);
1.28 (t,J = 7.34 Hz, 3H, CH); 1.18 (t,J = 7.34 Hz, 3H, CH); 1.10
(t, 3 = 7.34 Hz, 3H, CH); 1.07 (t,J = 7.34 Hz, 3H, CH). Anal.
Calcd for21, C4oHs3LiN4NIO,: C, 69.88; H, 7.77; N, 8.15. Found: C,
69.93; H, 8.12; N, 7.97. Reprotonation 1 with 1 eq of PyHCI in
toluene at room temperature galé

Synthesis of 22. Method ALiNMe; (0.74 g, 14.4 mmol) was added
in one portion at room temperature to a stirred solutiod®{3.8 g,
7.22 mmol) in THF (250 mL). The reaction was monitored by NMR
and the mixture was stirred until the prod@dtwas entirely converted
(~ 60 h). The solution was evaporated to dryness. The violet solid
was collected withn-hexane (100 mL) and dried in vacuo (4.28 g,
71%). Crystals suitable for X-ray diffraction were grown in DME and
the X-ray analysis was carried out on the solvated fofat{=
CHMe)} Ni][Li(DME) 3]2. *H NMR for the two isomers 022 (CsDsN,
400 MHz, 298 K, ppm):0 6.55 (m, 8H, GH2N); 6.39 (d,J = 3.2 Hz,
2H, CH2N); 6.38 (d,J = 3.2 Hz, 2H, GH;N); 6.26 (d,J = 2.8 Hz,
2H, GH2N); 6.25 (d,J = 2.8 Hz, 2H, GH2N); 5.87 (q,J = 6.85 Hz,
2H, CH); 5.86 (q,J = 6.85 Hz, 2H, CH); 4.253.75 (m, 8H, CH);
3.58 (m, 32H, THF); 2.5 (m, 8H, Cht 2.18 (d,J = 6.85 Hz, 6H, CH
overlapping with dJ = 6.85 Hz, 6H, CH); 1.68 (m, 32H, THF); 1.5
(m, 12H, CH); 1.19 (t,J = 7.6 Hz, 12H, CH). Anal. Calcd for22,
CugHesli2N4NiO4: C, 68.8; H, 8.18; N, 6.69. Found: C, 68.54; H, 8.02;
N, 6.83. Reprotonation d22 with 1 eq of PyHCI in toluene at room
temperature gav2l. Reprotonation 022 with 2 eq of PyHCI in toluene
at room temperature gavis.

Synthesis of 22. Method BLiNMe; (0.33 g, 6.54 mmol) was added
in one portion at room temperature to a stirred solutio@b{4.5 g,
6.54 mmol) in THF (250 mL)*H NMR spectrum of reaction mixture
showed the meso-vinylidene-dimethylamino derivative to be present.
H NMR (CsDsN, 400 MHz, 298 K, ppm):6 6.35 (d,J = 3.4 Hz, 1H,
C4HoN); 6.34 (d,d = 2.9 Hz, 1H, GH:N); 6.32 (d,J = 2.9 Hz, 1H,
CsH2N); 6.31 (d,J = 2.9 Hz, 1H, GH:N); 6.29 (d,J = 3.4 Hz, 1H,
C4H2N); 6.27 (d,J = 3.4 Hz, 1H, GH:N); 6.25 (d,J = 3.4 Hz, 1H,
C4H2N); 6.11 (d,J = 2.9 Hz, 1H, GH:N); 5.34 (q,J = 7.3 Hz, 1H,
CH); 4.1 (dg,Jgem= 14.2 Hz,J\ic = 7.3 Hz, 1H, CH)); 3.9 (dq,Jgem=
14.2 Hz,J,ic = 7.3 Hz, 1H, CH); 3.66 (m, 8H, THF); 3.41 (dgJgem
= 14.2 Hz,J,ic = 7.3 Hz, 1H, CH); 3.33 (dq,Jgem = 14.2 Hz,Jic =
7.3 Hz, 1H, CH); 2.5 (m, 4H, CH); 2.31 (q,J = 7.3 Hz, 2H, CH);
2.28 (s broad, 6H, N(C)); 1.75 (d,J = 7.3 Hz, 3H, CH); 1.65 (m,
8H, THF); 1.41 (t,J = 7.3 Hz, 6H, CH); 1.2 (t,J = 7.3 Hz, 3H,
CHs); 1.1 (t,J = 7.3 Hz, 3H, CH)); 1.05 (t,J = 7.3 Hz, 3H, CH). The
reaction mixture was stirred for 60 h until onB2 was present. The
solution was then evaporated to dryness and the violet solid was
collected withn-hexane (100 mL) and dried in vacuo (4.34 g, 79%).
Anal. Calcd for22, CsgHeslioNaNiO4: C, 68.8; H, 8.18; N, 6.69.
Found: C, 69.12; H, 8.32; N, 6.45.

Synthesis of 23A solution of LiNMe; (0.32 g, 6.28 mmol) in THF
(50 mL) was added dropwise at room temperature to a solutidd of
(2.0 g, 3.14 mmol) in THF (100 mL). The reaction mixture was stirred
for 2 h and then was evaporated to dryness. The solid residue was
triturated withn-hexane to give a light pink powder which was collected
and dried in vacuo (2.03 g, 73%). Crystals suitable for X-ray diffraction
were grown in a mixture of THRthexane!H NMR (CsDsN, 400 MHz,
298 K, ppm): ¢ 6.46 (d,J = 2.4 Hz, 4H, GH:N); 6.27 (d,J = 2.4 Hz,
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4H, GHN); 3.70 (m, 16H, THF); 3.25 (q] = 7.3 Hz, 4H, CH); 2.99
(0,3 = 7.3 Hz, 4H, CH); 2.17 (q,J = 7.3 Hz, 4H, CH); 1.93 (s, 12H,
CHs); 1.62 (m, 16H, THF overlapping with §§ = 7.3 Hz, 6H, CH);
1.05 (t,J = 7.3 Hz, 6H, CH); 0.83 (t,J = 7.3 Hz, 6H, CH). Anal.
Calcd for23, Cs,HgoLisNegO4: C, 70.73; H, 9.36; N, 9.52. Found: C,
70.62; H, 9.17; N, 9.35. Hydrolysis gavé.

Synthesis of 24 LiNMe; (0.63 g, 12.3 mmol) was added at room
temperature to a solution df4 (3.93 g, 6.15 mmol) in benzene (300
mL). After 1 h,*H NMR showed thatl4 was entirely converted into
23. The reaction mixture was then refluxed for 12 h and was then
evaporated to dryness. The light yellow solid residue was collected
with n-pentane (60 mL) and dried in vacuo (2.8 g, 70%). Anal. Calcd
for 24, CsoHsoLiaN4O2: C, 74.07; H, 8.08; N, 8.64. Found: C, 74.33;
H, 8.13; N, 8.45H NMR for the two isomers o4 (CsDsN, 400
MHz, 298 K, ppm): 6 6.91 (d,J = 2.45 Hz, 2H, GH.N); 6.86 (d,J
= 2.45 Hz, 2H, GHN); 6.74 (d,J = 2.45 Hz, 2H, GH2N); 6.69 (d,
J=2.45Hz, 2H, GH;N); 6.47 (d,J = 2.45 Hz, 2H, GHN overlapping
with d, J = 2.4 Hz, 2H, GH.N); 6.36 (d,J = 2.45 Hz, 2H, GH:N
overlapping with dJ = 2.4 Hz, 2H, GH.N); 5.95 (q,J = 6.85 Hz,
2H, CH); 5.88 (q,J = 6.85 Hz, 2H, CH); 3.70 (m, 16H, THF); 24
2.2 (m, 16H, CH); 2.15 (d,J = 6.85 Hz, 6H, CH overlapping with d,

J = 6.85 Hz, 6H, CH); 1.62 (m, 16H, THF); 1.00 (m, 24H, G}
Anal. Calcd for 23, CsHgoLisNgO4: C, 70.73; H, 9.36; N, 9.52.
Found: C, 70.62; H, 9.17; N, 9.35. The X-ray analysis was performed
on the polymeric form, [E{=CHMe)NLi 4(dioxane) 5] ,-dioxaneCgHs,
obtained from dioxane/¢Els.

Synthesis of 25. Method ALiINMe; (0.21 g, 4.12 mmol) was added
at room temperature to a solution d4 (1.31 g, 2.06 mmol) in THF
(150 mL). After 1 h,'"H NMR showed thafl4 was entirely converted
into 23. The reaction mixture was then refluxed for 12 h and evaporated
to dryness. The solid residue was dissolvechipentane (100 mL)
and DME was added dropwise until a yellow microcrystalline solid
precipitated. The product was then collected and dried in vacuo (2.0 g,
60%). Crystals suitable for X-ray diffraction were obtained in a mixture
of DME/n-heptane and have a different solvation, namelys-[Et
(NMe2)(=CHMe)NyLi4(DME)3]. *H NMR (CsDsN, 400 MHz, 298 K,
ppm): 6 6.54 (d,J = 2.9 Hz, 1H, GH.N); 6.52 (d,J = 2.9 Hz, 1H,
C4H2N); 6.45 (m, 3H, GH2N); 6.42 (d,J = 2.9 Hz, 1H, GH.N); 6.39
(d,J= 2.9 Hz, 1H, GHN); 6.30 (d,J = 2.9 Hz, 1H, GHN); 5.41 (q,
J=7.3Hz, 1H, CH); 3.49 (s, 48H, DME); 3.26 (s, 72H, DME); 2.9
2.68 (m, 2H, CH); 2.62 (m, 1H, CH); 2.57-2.33 (m, 4H, CH); 2.30
(m, 1H, CH); 2.26 (q,J = 7.3 Hz, 2H, CH)); 2.02 (s, 3H, CH); 1.99
(s, 3H, CH); 1.75 (d,J = 7.3 Hz, 3H, CH); 1.33 (t,J = 7.3 Hz, 3H,
CHs overlapping with t,J = 7.3 Hz, 3H, CH); 1.19 (t,J = 7.3 Hz,
3H, CH); 0.77 (t,J = 7.3 Hz, 3H, CH overlapping with tJ = 7.3
Hz, 3H, CHy). Anal. Calcd for25, Cg;H163i14NsO,4: C, 60.39; H, 10.07;

N, 4.29. Found: C, 60.32; H, 10.13; N, 4.34. Refluxing in benzene
gave24.

Synthesis of 25. Method BLiNMe (0.10 g, 1.96 mmol) was added
at room temperature to a solution 26 (1.68 g, 1.96 mmol) in DME
(100 mL). After 1 h stirring,'H NMR showed thaR6 was entirely
converted int®5. The reaction mixture was concentrated araentane
(100 mL) was added to giva5, which was collected and dried in vacuo
(1.82 g, 57%).

Synthesis of 26.LiNMe; (0.4 g, 7.84 mmol) was added at room
temperature to a solution &f(2.50 g, 3.92 mmol) in DME (300 mL).
After 1 h,*H NMR showed thab was entirely converted int24. The
reaction mixture was then refluxed for 12 h. A white crystalline solid
precipitated and-pentane (200 mL) was added to completely eliminate
the excess of LiNMgwhich was filtered off. The solution was then
cooled to—20°C for 12 h and a red crystalline solid precipitated. The
product was then collected and dried in vacuo (1.75 g, 52%). Crystals
suitable for X-ray diffraction were obtained in a mixture of DME/
pentane!H NMR (CsDsN, 400 MHz, 298 K, ppm):d 7.25 (d,J =
3.2 Hz, 1H, GH:N); 7.22 (d,J = 4.0 Hz, 1H, GH:N); 6.89 (d,J =
2.8 Hz, 1H, GH.N); 6.77 (d,J = 2.8 Hz, 1H, GH.N); 6.66 (d,J =
4.0 Hz, 1H, GH;N); 6.63 (d,J = 4.0 Hz, 1H, GH;N); 6.61 (d,J =
4.0 Hz, 1H, GH,N); 6.51 (d,J = 3.2 Hz, 1H, GH,N); 5.65 (q,J =
6.85 Hz, 1H, CH); 3.49 (s, 16H, DME); 3.28 (s, 24H, DME); 2.83 (q,
J=7.6 Hz, 2H, CH); 2.50 (m, 4H, CH); 2.25 (m, 4H, CH); 1.95 (d,
J=6.85Hz, 3H, CH); 1.23 (t,J = 7.6 Hz, 3H, CH); 0.85 (t,J = 7.3
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Hz, 12H, CH). Anal. Calcd for26, C4gH77LisN4Os: C, 67.12; H, 9.03;
N, 6.52. Found: C, 67.28; H, 9.15; N, 6.74.

Synthesis of 27H,0 (1.0 mL) was added to a solution 24 (5.0,

7.71 mmol) in benzene (100 mL). The reaction mixture was stirred at
room temperature fol h and the LIOH precipitate was filtered off.
The solution was evaporated to dryness and benzene (100 mL) was
added again, completely eliminating LIOH. The solvent was evaporated
and pentane (50 mL) was added to give a light yellow microcrystalline
solid which was collected and dried in vacuo (2.5 g, 67%). Crystals
suitable for X-ray diffraction were obtained mheptane!H NMR of

the 1:1 mixture of the two isomers {0s, 400 MHz, 298 K, ppm):d

9.43 (s broad, 4H, NH); 9.32 (s broad, 2H, NH); 9.17 (s broad, 2H,
NH); 6.39 (t,J = 2.93 Hz, 2H, GH:N); 6.36 (t,J = 2.93 Hz, 2H,
CsH2N); 6.25 (t,J = 2.93 Hz, 2H, GH2N); 6.20 (t,J = 2.93 Hz, 2H,
CsH:N); 6.10 (t,J = 2.93 Hz, 2H, GH,N); 6.08-6.05 (t,J = 2.93 Hz,

2H, C4HzN overlapping with tJ = 2.93 Hz, 2H, GH2N); 6.04 (t,J =

2.93 Hz, 2H, GH2N); 6.00 (q,J = 7.34 Hz, 2H, CH); 5.94 (qJ =

7.34 Hz, 2H, CH); 1.87 (d) = 7.34 Hz, 6H, CH); 1.82 (d,J = 7.34

Hz, 6H, CH; overlapping with m, 16H, Ch); 0.72-0.66 (t,J = 7.34

Hz, 12H, CH overlapping tJJ = 7.34 Hz, 6H, CH and t,J = 7.34

Hz, 6H, CH). Anal. Calcd for27, CsHaoN4: C, 79.96; H, 8.39; N,
11.65. Found: C, 79.42; H, 8.02; N, 11.33.

Synthesis of 28.A solution of 22 (1.78 g, 2.32 mmol) in THF
(150°mL) was added dropwise at < to a solution of Mel (0.66 g,
4.65 mmol) in THF (150 mL). The reaction mixture was then warmed
to room temperature and stirred overnight. The red-orange solution was
evaporated to dryness and benzene (100 mL) was added. The white
undissolved solid was filtered off and the solvent evaporatdtentane
(50 mL) was added to give a red-violet solid which was collected and
dried in vacuo (0.9 g, 68%)H NMR (CsDsN, 400 MHz, 298 K,
ppm): 6 7.21 (d,J = 4.4 Hz, 4H, GH.N); 6.39 (d,J = 4.4 Hz, 4H,
C4H2N); 3.50 (q,J = 7.34 Hz, 2H, CH); 3.42 (gJ) = 7.34 Hz, 4H,
CH,); 2.08 (q,J = 7.34 Hz, 4H, CH); 1.33 (d,J = 7.34 Hz, 12H,
CHg); 1.05 (t,J = 7.34 Hz, 12H, CH). Anal. Calcd for28, CssHaN4-

Ni: C, 72.22; H, 7.49; N, 9.91. Found: C, 72.43; H, 7.63; N, 9.34.

Synthesis of 29PhCOCI (1.68 g, 11.9 mmol) was added at room
temperature to a solution @4 (5.0 g, 5.95 mmol) in THF (300 mL).
The reaction mixture was stirred overnight and then evaporated to
dryness. Benzene (100 mL) was added and the white undissolved solid
was filtered off. The solvent was evaporated ampentane (50 mL)
was added to give a bright red solid which was collected and dried in
vacuo (3.7 g, 83%). Anal. Calcd f@9, CssH4eN4NiO2: C, 74.10; H,
6.22; N, 7.51. Found: C, 74.34; H, 6.42; N, 7.24C—0) (Nuijol),
1684 cn1t. *H NMR spectrum for the two isomers @B (CsDsN, 400
MHz, 298 K, ppm): 6 8.33 (d,J = 7.34 Hz, 2H, ArH); 8.31 (dJ =
7.34 Hz, 2H, ArH); 7.70 (s broad, 4H,,8.N); 7.33 (t,J = 7.34 Hz,
2H, ArH); 7.26 (t,J = 7.34 Hz, 2H, ArH); 7.12 (m, 4H, ArH); 7.05
(m, 4H, ArH); 6.59 (m, 4H, ArH); 5.14 (gJ = 6.85 Hz, 2H, CH);
5.10 (q,d = 6.85 Hz, 2H, CH); 3.53.2 (s broad, 16H, C}); 1.71 (d,

J = 6.85 Hz, 6H, CH); 0.98 (s broad, 12H, C# 0.90 (s broad, 12H,
CHa). IH NMR (CsDsN, 400 MHz, 353 K, ppm)d 8.22 (d,J = 7.34
Hz, 2H, ArH); 8.20 (d,J = 7.34 Hz, 2H, ArH); 7.43 (dJ) = 4.4 Hz,
4H, CHoN); 7.42 (d,J = 4.4 Hz, 4H, GH2N); 7.36 (t,J = 7.34 Hz,
2H, ArH); 7.30 (t,J = 7.34 Hz, 2H, ArH); 7.13 (m, 8H, ArH); 6.42
(d, 3= 4.4 Hz, 8H, GH2N); 5.04 (m, 4H, CH); 2.75 (q) = 7.34 Hz,
16H, CH); 1.77 (d,J = 6.85 Hz, 12H, CH); 1.07 (t,J = 7.34 Hz,
6H, CHs); 1.00 (t,J = 7.34 Hz, 12H, CH); 0.93 (t,J = 7.34 Hz, 6H,
CH3). Anal. Calcd for28, CsHaNgNi: C, 72.22; H, 7.49; N, 9.91.
Found: C, 72.43; H, 7.63; N, 9.34.

Synthesis of 30PhCOCI (0.55 g, 3.91 mmol) was added at room
temperature to a solution @8 (2.69 g, 3.91 mmol) in THF (100 mL).
The reaction mixture was stirred overnight and then evaporated to
dryness. Benzene (100 mL) was added and the white undissolved solid
was filtered off. The solvent was evaporated ampentane (50 mL)
was added to give a red-orange solid which was collected and dried in
vacuo (2.13 g, 85%). Anal. Calcd f&0, C3H4N4NiO: C, 73.02; H,
6.60; N, 8.73. Found: C, 73.15; H, 6.40; N, 8.4 NMR (CsDsN,

400 MHz, 330 K, ppm): 8.17 (d] = 7.34 Hz, 2H, ArH); 7.51 (dJ
= 4.4 Hz, 2H, GH:N); 7.13 (m, 1H, ArH); 7.06 (dJ = 4.4 Hz, 2H,
C4H2N); 7.01 (m, 2H, ArH); 6.49 (dJ = 4.4 Hz, 2H, GH,N); 6.32 (d,
J= 4.4 Hz, 2H, GH2N); 5.13 (q,J = 6.85 Hz, 1H, CH); 2.72 (¢J =
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7.34 Hz, 2H, CH overlapping with m, 8H, Ch); 1.78 (d,J = 6.85
Hz, 3H, CHy); 1.25 (t,J = 7.34 Hz, 3H, CH); 1.11 (t,J = 7.34 Hz,
6H, CHp); 1.06 (t,J = 7.34 Hz, 6H, CH).

Synthesis of 31Bu'Li (1.0 mL, 1.78 M inn-hexane, 1.78 mmol)
was added at room temperature to a solutio@bf1.22 g, 1.78 mmol)
in THF (100 mL). A light yellow solution was obtained which was
stirred overnight and evaporated to dryndsspentane (60 mL) was
added to give a yellow solid which was collected and dried in vacuo
(1.33 g, 83%)!H NMR (CsDsN, 400 MHz, 298 K, ppm):6 6.57 (d,
J=2.93 Hz, 1H, GH:N); 6.55 (d,J = 2.93 Hz, 1H, GH,N); 6.37 (d,
J=2.93 Hz, 1H, GH:N); 6.36 (d,J = 2.93 Hz, 1H, GH,N); 6.35 (d,
J=2.93 Hz, 1H, GH2N); 6.23 (d,J = 2.93 Hz, 1H, GH:N); 6.22 (d,
J=2.93 Hz, 1H, GH:N); 6.19 (d,J = 2.93 Hz, 1H, GH,N); 6.03 (g,
J = 6.85 Hz, 1H, CH)); 4.25 (dq,Jgem = 15.6 Hz,Jyic = 7.34 Hz,
1H,CHp); 4.19 (dg,Jgem= 15.6 Hz,Jvic = 7.34 Hz, 1H, CH); 3.67 (m,
CH,, overlapping with THF, 33H); 3.54 (ddlgem = 15.6 Hz,Jiic =
7.34 Hz, 1H, CH); 3.06 (m, 1H, CH); 2.9 (m, 1H, CH); 2.65-2.50
(m, 4H, CH); 2.46 (q,J = 7.34 Hz, 2H, CH); 2.34 (d,J = 6.85 Hz,
3H, CHy); 1.62 (m, 16H, THF); 1.58 () = 7.34 Hz, CH overlapping
with m, CH,, 5H); 1.55 (t,J = 7.34 Hz, 3H, CH); 1.39 (t,J = 7.34
Hz, 3H, CHy); 1.19 (t,J = 7.34 Hz, 3H, CH); 1.16 (t,J = 7.34 Hz,
3H, CHy); 0.7 (m, 2H, CH); 0.34 (t,J = 7.34 Hz, 3H, CH). Anal.
Calcd for31, Cs;H7glioN4NiO4: C, 69.72; H, 8.78; N, 6.25. Found:
C, 70.12; H, 8.67; N, 5.95.

X-ray Crystallography for Complexes 14, 15, 16, 20, 22, 23, and
30. Suitable crystals 014, 15, 16, 20, 22, 23, and30 were mounted in
glass capillaries and sealed under nitrogen. Data concerning crystals,
data collection, and structure refinement are listed in Table 1. Data for
complexedl6, 22, and30were collected at 143 K on a mar345 Imaging
Plate Detector and reduced with marHKL release 18®iffraction
data for compound&4, 15, 20, and23 were collected at 143 K on a
KUMA diffractometer, having a kappa geometry, equipped with a
charge-coupled device (CCD) area detector and reduced using CrysAlis
RED release 1.6.2.No absorption correction of any kind was ap-
plied to any data set. Structure solutions were determined with SfR97.
All structures were refined using the full-matrix least-squareson
with all non-H atoms anisotropically defined. Hydrogen atoms were
placed in calculated positions using the “riding model” with, = a
* Ue(C) (Whereais 1.5 for methyl hydrogens and 1.2 for others, while
C is the parent carbon atom). Some particular problems were ™
encountered during the refinement of compoub8l and 22. In N
compound15 the two hydrogens belonging to the nitrogens are &
disordered over the four nitrogen atoms [the occupancy factor for the
hydrogens linked to N2 and N4 is 0.64861, whereas those linked to
the other pair of nitrogen (N1 and N3) have an occupancy factor of &
0.35139] and the NH bond distance has been refined (0.96715 A).
In compound22 a disorder problem, affecting the CHg@Hroups, was
solved by finding two different sites (A and B) for the methyl carbon
atom (C12) and including them into the structure refinement (occupancy -
factor for site A= 0.78930). Structure refinement, molecular graphics,
and geometrical calculations were carried out on all structures with
the SHELXTL software package, release B.Einal atomic coordinates,
thermal and geometrical parameters, and hydrogen coordinates are liste
in the Supporting Informatiot?

3, and30

1

te Determinationlfgrl

Results and Discussion

A. Metal-Assisted Dealkylation ofmeseOctaalkylporphy-
rinogen. During the metalation ofmesoectaalkylporphyrino-
gens using early transition metals, some degree of dealkylation
of the mesopositions was observeéd. This kind of metal-

(8) Otwinowski, Z.; Minor, W.Methods in Enzymology, Volume 276:
Macromolecular CrystallographyCarter, C. W., Jr., Sweet, R. M., Eds.;
Academic: New York, 1997; Part A; pp 36B26.

(9) Kuma Diffraction Instruments GmbH, PSE-EPFL module 3.4, CH-
1015, Lausanne, Switzerland, 1999.

(10) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr.1999 32, 115.

(11) Bruker AXS, Inc., Madison, WI, 1997.

(12) See paragraph at the end of this paper regarding Supporting
Information.

Table 1. Crystal Data and Details of the Struct
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0.71070
12695
4187
4187/407
0.0685

2453
0.2004

1.355

1360

0.656
143

4

14426
7520
7520/622
0.0997

0.71073
6481

1.126
1010
0.069
143
0.2774
0.943

2

1.193
2360
0.379
143
0.71070
10943
3664
2120
3664/351
0.0689
0.2153
1.090

4

1.242
1068
0.423
143
0.71073
14170
7324
5655
73241622
0.0885
0.2018
0.966

2

1.218
5148
0.688
143
0.71070
26963
5157
4197
5157/335
0.0580
0.2050
1.124

7700
3892
3892/340
0.0652

0.71073
2997

1.205
520
0.071
143
0.1971
1.056

2

0.71073
11469
3418
3418/218
0.0658

2616
0.1974

2
1.164
688
0.071
143
1.084

A)

Dcalc (g cm—3)

F(000)

w(mm?

temp (K)

wavelength (.
measured reflections
unique reflections
unique reflectionsI[> 20(1)]
data/parameters
Rl > 20(1)]

WR2 (all data)

GoP 1.098

Am. Chem. Soc., Vol. 122, No. 22, 3300

{3 [W(Fe? — FA3/(n — p)} Y2, wheren is the number of data anglis the number of parameters refined.

YIIFol = [Fell/XIFol, WR2 = { T [W(Fo* — F&)A/ S [W(Fe?)} % ° GoF

aR =
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Scheme 1 Scheme 2
RgN4H4
R=Et1
R=Bu", 2
R_R
M THF,
R R R R
—
R R R R
R” R R™°R
R=EtM=Li3; R=Et 5;Bu’, 6
R=Bu", M=Na, 4 SnCl;THF; *S“C"t
R_R R_R
R
R R-——— R
SnCly THF, R
R™ R R™°R
R =Et, 9; Bu", 10 R=Et 7;Bu", 8

A
induced dealkylation was hardly understandable and never of a ;41013
synthetic utility for producing porphomethenes and por-
phodimethenes. The same synthetic difficulties are encountered
using the literature methods, i.e., the reductive alkylation of
porphyrins® Therefore, we devised a completely new approach
in the field. The synthetic sequence is given in Scheme 1. The reinsert into the SAH bond. To confirm further this hypothesis,
metalation ofmesoectaalkylporphyrinogen gsH4 [R = Et, the reaction in Scheme 1 was run with thesetetracyclopentyl

Bu"] was carried out using SnETHF,. In this context, the use  derivative,11, which might not lose the olefin residue. The
of SnCl- THF,'4is particularly appropriate because it is a solid reaction led to the formation ofl3, through a plausible
containing a Lewis acid weaker than SpQlhe latter property mechanism displayed in Scheme 2. We suppose in a preliminary
is particularly suitable for carrying the metalation of the step the binding of Sn¢by 11 via a bridging chloride and by
porphyrinogen tetraanion. The stannation reactio® ehd 4 the use of the electron-rich pyrrolyl aniéhWe found spec-

led to 5 and 6, which contain an octahedral tin(IV) bonded to troscopic and synthetic support b2, the later from the reaction

a porphyrinogen showing a folded and very distorted 1,3 of 11with PhsSnCIWe also have a variety of examples where

alternate conformation. The reaction®find6 with SnCl, in pyrrolyl anions function ag® or »° binding sites for main group
the 4:1 molar ratio led to the formation of the porphomethene and transition metal& The conversion of am3—#5 to ann?!
Sn complexes7 and 8, which undergo a furthemese bonding mode and the formation of teeSn—C bond (se€A

dealkylation to9 and10 when reacted in one-pot reaction with in Scheme 2) parallels what has been observed for lithium
an excess of Sn@ITHF,. Although the X-ray structure analyses derivativest” The intermediacy ofA is further supported by
are available orb, 7, 9, and 10, they are not reported here, the'H NMR spectrum of the reaction solution, where a singlet
because a number of significant structures of metal complexesappears at 5.83 ppm, typical for the proton in ¢hposition of
issued from the same skeletons are discussed in detail in thethe pyrrole The elimination of HSnGlfrom A gives rise to a
following sections. The reaction sequence in Scheme 1 can bepotential free radical coupling with thfeposition of the pyrrole
formally viewed as the halogenation of the central metal ion forming the bicyclic pyrrolyl moiety in13. This type of
and the corresponding elimination off8nCk. cyclization of the meso substituent, which has some precedent
Some significant understanding of the mechanism of such a in zirconium-porphyrinogen chemistry with carbon monoxide
reaction came from the nature of the meso substituents, theand isocyanidé? has been further confirmed by the user#se
presence off-hydrogens in the meso substituents being the teétracyclohexyl-porphyrinogertin in the reaction with SnGF
prerequisite for the easy occurrence of the reaction. SuchThe structural support fod3 is given in the Supporting
observations are in agreement with the fact that we were able Information.
neither to run the reaction with theeseoctamethyl derivative, (16) Reaction ofL1 with PheSnCl: PhSNCI (1.46 g, 3.79 mmol) was
nor to intercept any RSnCk derivative from the solution. Note  added to a solution of1 (3.0 g, 3.79 mmol) in toluene (100 mL). The
that H-SnCk was intercepted when the final solution was reaction mixture was refluxed for 24 h. ‘I_'he so_Ivent was evaporate_d to
reated with PRE-CH or PG=CP, thus obalning the corre- 97555300 50 (100 i s st ave g ot prange s, wich
sponding vinyt-tin derivativest> We reached the conclusion  elemental analysis revealed a product withSHCI, where one of the axial
that the reactions in Scheme 1 proceeds in the case-oftR IOHC'): ﬁﬁgezrggtﬁl is r%p)l_%C% liy theGCi_fllloAric'!_'e _fr;JTiBHClglllj ﬁMHR_(g%%e,
or Bu with the elimination of H-SnCk and the corresponding ¢ CHAN): 3.521%’ A, .THé;?’Z.S (m’ S)H, 'ca;(T.'81 ('m’r8|)4’ C.:H);(SY
olefin, namely ethylene or 1-butene. The latter can eventually 177 (m, 8H, CH); 1.59 (m, 8H, CH): 1.41 (m, 4H, THF). Anal. Calcd
for CsgHesCINsOSn: C, 63.04; H, 5.75; N, 5.07. Found: C, 62.98; H,

(13) Solari, E.; Musso, F.; Floriani, C.; Chiesi-Villa, A.; Rizzoli, C. 5.81; N, 5.13.

Chem. Soc., Dalton Tran§994 2015. (17) Bonomo, L.; Solari, E.; Latronico, M.; Scopelliti, R.; Floriani, C.
(14) SnC}-THF, can be made simply by addition of a small amount of Chem. Eur. J1999 5, 2040.

THF to a toluene solution of Sngllits X-ray structure has been determined. (18) (a) Jacoby, D.; Isoz, S.; Floriani, C.; Chiesi-Villa, A.; Rizzoli,IC.

(15) (a) Pereyre, M.; Quintard, J.-P.; Rahm,n in Organic Synthesjs Am. Chem. Sod.995 117, 2805. (b) Floriani, CPure Appl. Chem1996
Butterworth: London, 1987. (b) Davies, A. GDrganotin Chemistry 68, 1.
VCH: Weinheim, Germany, 1997; p 88. (19) Bonomo, L.; Solari, E.; Floriani, C. Unpublished work.
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Figure 1. Ball-and-stick representation of compléx showing the
adopted labeling scheme [hydrogens omitted for clarity]. Prime denotes ) )
the following symmetry transformation=x, —y, —z. Figure 2. Ball-and-stick representation of compoub@showing the

adopted labeling scheme [only NH hydrogens with the highest
Scheme 3 occupancy factor are shown)].

R R

R R Lis R R

R R -Sn, -LiCl R R

R

R R
R=Et9 R R& 14

Mgs¢ ~MgCl, H,0 ‘ NiCly THF,

R R

R R

R 15 R R

R R R R
R R
17 16

The formation of porphomethenes and porphodimethenes, asrigure 3. Ball-and-stick representation of complé® showing the
reported in Scheme 1, becomes of practical utility under the adopted labeling scheme [hydrogens omitted for clarity].
conditions to find an efficient method for removing the tin ion
from the macrocycles. The reductive demetalatior9afias Significant Ni-H axial interactions, which are probably
easily achieved in the reaction with lithium metal in THF. The responsible for minimizing the out-of-plane of Ni, have been
reaction produces a mirror of tin metal and the lithium observed in the case df6 between the central metal and the
porphodimethene. This latter compound is the most appropriateC23 and C31 methylenes [NiH, 2.69 and 2.66 A}® The
for the entry into the metalated form of porphodimethene, as structural parameters in Table 3 support the bonding sequence
exemplified by the synthesis of the Ni(Hporphodimethene  proposed in Scheme 3. The two lithium cations are squeezed
complex,16, and the protic form15 (see Scheme 3). The use to a very short distance [Li-Li, 2.142(8) A], because of their
of other powerful reducing metals as demetalating agents ledbinding inside of the hcore2! The two lithium cations lie on
instead to the formation of too stable complexes, so that the the opposite sides of thesNwverage plane, and they bind two
reaction of9 with magnesium metal gave the corresponding nitrogens at close distances [EHN1, 2.113(5); Lit-N2, 2.156-
magnesium-porphodimethene derivative,7. The structural (5) A] and the other two nitrogens at longer distances Lil
analysis of the porphodimethene derivatives in their metalated N1', 2.523(5); Lit-N2', 2.465(5) A].
and nonmetalated form has been examined both in solution and 1H NMR spectra of porphomethenes always show two sets
in the solid state byH NMR and X-ray analysis, respectively. of two doublets for thes protons of the pyrroles with on&
Structures of14, 15, and 16 are shown in Figures -13, value in the range 4:04.5 and the othel value<3. The relative
respectively, whereas a selection of the conformational and assignment to the different hydrogens (§én Chart 3) was
structural parameters is listed in Tables 2 and 3. (20) Similar interactions have been observed in sonesoectaalkyl-
T,he ,5k6|et0n of the ligand is almost planar for the lithium porphyrinogens: (a) De Angelis, S.; Solari, E.; Floriani, C.; Chiesi-Villa,
derivative and saddle-shaped for compouigsand 16. As A.; Rizzoli, C.J. Am. Chem. S04994 116 5691 and 5702. (b) Crescenzi,
expected, inl4 the lithium cations show a very pronounced ?ébssaoiazrji,' FlE.G;gzloriani, C.; Chiesi-Villa, A.; Rizzoli, C1. Am. Chem. Soc.
.dewatlon from the Iy av_er_age plane:t{_l.031(4) A]’ whereas (21) For the Hinucleating binding ability ofiesoectaalkylporphyrinogen
in compoundl6 the deviation of the nickel atom from thesN  tetraanion, see: (a) Bonomo, L.; Solari, E.; Floriani, C.; Scopelliifyew.
core is small [0.072(2) A]. Chem, Int. Ed. Engl.1999 38, 913.
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Table 2. Comparison of Relevant Structural Parameters within the Méfigland or Free Ligand Units
14 15 16 20 22 23 30
deviations form the Ncore, A N1 0 —0.003(2) 0.009(2) 0.007(2) —0.006(3) —0.013(2) —0.013(2)
N2 0 0.003(2) —0.009(2) —0.007(2) 0.006(3) 0.013(2) 0.013(2)
N3 0 —0.003(2) 0.009(2) 0.007(2) —0.006(3) —0.013(2) —0.013(3)
N4 0 0.003(2) —0.009(2) —0.007(2) 0.006(3) 0.013(2) 0.013(2)
MP +1.031(4) — 0.072(2) —0.012(2) 0.011(3) —0.377(8) —0.046(3)
angle between AB° 12.0(2) 4.6(2) 16.8(1) 38.5(3) 40.5(2) 32.3(2) 30.0(3)
angle between AT ° 0 64.7(1) 63.4(2) 65.8(2) 63.0(2) 79.0(2) 58.5(3)
angle between AR ° 12.0(2) 61.0(1) 60.8(2) 43.2(3) 44.4(2) 73.7(2) 46.3(3)
angle between BT° 12.0(2) 65.2(1) 57.5(2) 51.1(2) 44.4(2) 68.3(2) 53.6(3)
angle between BH° 0 60.8(1) 62.8(2) 65.2(2) 60.3(2) 76.9(2) 58.1(3)
angle between CH° 12.0(2) 8.8(2) 24.1(2) 48.0(3) 40.5(2) 24.5(2) 26.8(4)
angle betweemesoC si# moieties,’ 0 58.1(1) 63.6(2) - 93.2(3) - 49.9(3)

aA, B, C, and D define the pyrrole rings containing N1, N2, N3, and NM. = Li in compound14 and23, M = Ni in compound16, 20, 22,

and 30.

Table 3. Selected Bond (A) for Compounds}, 16, 20, 22, 23,
and30

14 16 20 22 23 30
M—-NI12  2.113(5) 1.893(3) 1.858(5) 1.889(4) 2.145(7) 1.889(5)
M-N22  2.156(5) 1.896(3) 1.889(4) 1.884(4) 2.213(7) 1.872(5)
M—N3*b  2523(5) 1.891(3) 1.871(5) 1.889(5) 2.261(7) 1.879(5)
M—N42b  2.465(5) 1.893(3) 1.878(4) 1.884(4) 2.195(7) 1.864(5)
C22-N5 1.146(9)

C30-N6 1.141(8)

N6—Lil 2.128(12)

C10-C11 1.316(11)

Li2—N1 2.025(6)

Li2—N2 2.077(7)

Li2—N5 2.103(7)

Li3—N3 2.136(8)

Li3—N4 2.061(7)

Li3—N6 2.172(7)
Lid-n5(Pyry 1.994(9)

C29-01 1.236(7)

aM is lithium for complex14 and 23, whereas it corresponds to
nickel for complexl6, 20, 22, and30. ® For complexed4 and22, N3
and N4 correspond to Nand N2 obtained by the following symmetry
operations: —x, —y, —z (14); —X, y, —z+%, (22). ¢ »>(Pyr) indicates
the centroid.

Chart 3
He Hy
Hg \\ L )—H,
N N
\

Can (F)

Cyy (E)

based on coupling constant analysis. The observed multiplicity
(d, J ~ 4.4 Hz) of the H or Hy, protons is consistent with an
Ha—Hp torsion angle of approximately °2 The observed
multiplicity of H¢ or Hy (d, J ~ 2.9 Hz,) is in agreement with

a minor torsion angle H-Hg (1°). 'H NMR spectra of
porphodimethenes with a single set of doublets foipeotons

of the pyrroles J ~ 4.4 Hz) support what has been mentioned

recorded in GDg at a lower temperature (263 K) show three
quartets and three triplets of equal intensity for the ethyl groups.
This is probably due to the presence of two mesbegpbons
giving rise to a pseudo saddle-shaped conformation with
different ende-exo ethyl groupstH NMR spectra of the butyl-
porphodimetheneSn complex,10, in deuterated pyridine at
room temperature is similar to the corresponding ethyl deriva-
tive with a Do, symmetry. When the spectrum is recorded in
CD,CI, at room temperature, all the signals are broad, while at
higher temperature (308 K) two doublets for {herotons of
the pyrroles and two sets of signals for the butyl groups appear.
At lower temperatures (263 K), four doublets for {h@rotons
of the pyrroles and five sets of signals for the butyl group appear,
because of the two different conformers showrEaandF in
Chart 3. One is consistent withG, symmetry with only two
sets of signals for the butyl groups. The other one displays three
sets of signals of equal intensity for the butyl groups, in
agreement with &,, symmetry.

B. The Electrophilic Reactivity of Porphodimethenes at
the meseCarbon: The Synthesis of Meso-Functionalized
Porphyrinogens. The porphodimethene skeleton displays a
quite interesting and unprecedented reactivity in its metalated
or metal-free form. In both cases the porphodimethene skeleton
is quite sensitive to the attack by nucleophiles at the monosub-
stituted meso-positior’?.Such a methodology has been recently
and successfully used for the meso-functionalization of
porphyrins??dthough with few nucleophiles. The reactivity of
porphodimethene toward nucleophiles, depending on the pres-
ence of the metal and the nature of the nucleophile, led to quite
interesting synthetic results with the formation of novel forms
of porphyrinogen. The electrophilic reactivity of the por-
phodimethene skeleton was explored usidgind16 as starting
materials. The reactivity df6is displayed in Scheme 4, where
three different nucleophiles were used to prove the versatility
of such a class of reactions. The reactioril6fwith LiIHBEt3
led to a quite unusuahesedehydro-hexaethylporphyrinogen
nickel complex,18, which shows a quite unexpected stability.
Note that porphyrinogens bearing hydrogens in the meso
positions show a high tendency to autooxidize to the corre-

(22) (a) Vicente, M. D. G. H. InThe Porphyrin Handbogkkadish, K.
M., Smith, K. M., Guilard, R., Eds.; Academic: Burlington, MA, 1999;
Vol. 1, Chapter 4. (b) Jacquinot, L. In THeorphyrin HandbookKadish,

K. M., Smith, K. M., Guilard, R., Eds.; Academic: Burlington, MA, 1999;
Chapter 5. (c) Fhurhop, J.-H. Iihe Porphyrins Dolphin, D., Ed.;
Academic: New York, 1978; Vol. Il, Chapter 5. (d) Kalisch, W. W.; Senge,

above. Moreover, porphodimethenes generally are expected tav. 0. Angew. Chem., Int. Ed. Engl998 37, 1107 and references therein.

have very simpléH NMR spectra with only two sets of signals
for the ethyl groups. For the Ni compleé6 and the nonmeta-
lated derivativel5, however, this is only true at relatively high
temperatures X 310 K). Note that theirH NMR spectra

(e) Krattinger, B.; Callot, H. JTetrahedron Lett.1996 37, 7699. (f)
Krattinger, B.; Callot, H. JTetrahedron Lett1998 39, 1165. (g) Krattinger,
B.; Callot, H. J.Chem. Commuril996 1341. (h) Sugimoto, HJ. Chem.
Soc., Dalton Trans1982 1169. (i) Segawa, H.; Azumi, R.; Shimidzu, T.
J. Am. Chem. S0d.992 114, 7564.
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Hendo endoH

Observed NOE No NOE

—CH,CN group [Li1—N6, 2.128(12) A]. A further common
interesting structural feature &8 (Supporting Information) and
20is the presence in the axial position of four hydrogens from
the mesemethylenes in a tetrahedral arrangement around the
central metal ion. Three sets of NH interactions can be
singled out: (1) Nit:*H (owned by a CHCN group), 2.67 A,
(2) Ni1:++H (owned by CHCHs groups), 2.83, 2.84 A; and (3)
Ni---H (owned by a CHCHjz; group facing the CBCN group

° ) . which interacts with the lithium and the nickel cations), 3.06
Figure 4. Ball-and-stick representation of the dianion of comphéx A.20 The macrocyclic ligand shows the usual saddle-shaped
showing the adopted labeling scheme [hydrogens and Li(BME) conformation, with opposite meso3amarbon atoms facing each
cations omitted for clarity]. other. The very distinctive structural feature betwdénand
20is the difference in the stereoisomer present in the solid state,
being the syn fod9 and the anti foR20. The analysis in solution

EtcE! of 19 and20 by means ofH NMR allowed us to establish the
solid state-solution structural relationship. Within this context
Et it should be clarified that the structures drawn in the schemes
\
16Et

ICH,C refer to the solvated forms obtained from the synthesis and they
Et \

Scheme 4

differ slightly from those recrystallized to produce suitable
crystals for X-ray analysis. Regardless of the type of solvation,

Et
LiHBiV
Et (

Li(THF
Et ; > Et

lusun Et when the ion-pair forms are examined by NMR in solution of
NCCH, N—{ CH,CN strongly coordinating solvents such as Py, they are present in
LITHF), N the ion-separated forms, so we refer to the analysis of the anions
BN (THERL a0 drawn in the schemes.

The 'H NMR analysis indicates that thenesedihydro-
hexaethylporphyrinogennickel complex,18, was obtained as
a mixture of syn and anti isomers in a 1:4 ratio. The relative
chemical assignment of the two stereoisomers was based on
symmetry considerations. The syn isomer h&asymmetry
sponding porphodimethene or porphy¥i#. The other two with a set of two doublets for thg-pyrrole protons and one
reactions in Scheme 4 were carried out in a similar way using triplet for the meso-protons. TH&l NMR spectrum of the anti
LiBu and LICH,CN as nucleophiles. The reactions led to the isomer with four doublets for thg pyrrole protons and two

t” ~Et
(THF),Li 19

formation of 19 and 20, respectively. The;3—»® binding of triplets for the two differenendeexohydrogens was consistent
the lithium countercation is the same as that which we found with a Cs symmetry. The stereochemistry of the two isomers
in severalmeseoctaethylporphyrinogeametal complexe3 was also confirmed by a two-dimensional (correlation spec-

though the ion-pair can be crystallized as the ion-separated formtroscopy) (COSY), nuclear Overhauser enhancement spectors-
in the presence of strongly binding solvents. This structural copy (NOESY) NMR spectral analysis. For the anti isomer only,
feature was further confirmed with X-ray analyses (see below). large nuclear Overhauser effect (NOE) between thg &hd

Two stereoisomers issued from a syn or anti attack at the mescthe 8 protons was observed (Chart 4). The absence of NOE in
positions are expected in the case of compouf@s20. the case of the syn isomer suggests that the predominant
Because of such a possibility, the solid staselution relation- conformation is that shown in Chart 4 with the hydrogens endo
ship has been carefully analyzed both for the crude and thein the meso positions. Examination of tHé NMR spectra of
crystallized compounds. A short summary is given, first, on the 19 and20 (reaction mixture and isolated product) indicates for
common structural features in the solid state of compléges both only the syn isomer. Fd9 this spectral evidence is in

20. They have a very similar structure, which is reported in agreement with the solid-state structure, whegfasystallized
detail only for the anion ir20 (Figure 4), whereas the structure as the anti isomer. To accommodate this apparent discrepancy
of 19is given in the Supporting Information. The X-ray analysis between solid state and solution 2@, it should be assumed

on 20 was performed on the ion-separated form recrystallized that the syn stereoisomer is the kinetic product, whereas the
from DME. The overall structure of the anion 20 is quite anti isomer is the thermodynamic product. The conversion of
reminiscent of themesoectaalkylporphyrinogen? albeit the the syn into the anti isomer was followed By NMR
presence of the two GEN functionalities. The conformational ~ spectroscopy. ThéH NMR spectrum of20 in deuterated
parameters in Table 2 are informative about the saddle-shapedoyridine, carried out immediately after dissolution of the solid,
conformation of the ligand, with the out-of-plane of the metal showed the presence of the syn isomer exclusively, whereas 1
distance—0.012(2) A, being similar to that imesoectaalkyl- day later the appearance of the anti isomer with four doublets
porphyrinoger-metal derivatives. The two lithium cations are for the pyrroleS-protons and two singlets for the two different
fully solvated by DME, one of them interacting also with the endo-excCH,CN groups was observed. The syn anti
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Figure 5. Molecular orbitals of the porphodimetheneickel complex.

transformation was complete in a week. This type of isomer-
ization is only possible if one admits the reversibility of the
nucleophilic attack by the [CKCN]~ group at the meso positions
of the porphodimethene skeleton, such a reversibility being
impossible in the case of alkyl or hydrido nucleophiles. Further
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Chart 5
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complex. To understand the factors which determine the
observed regioselectivity of the nucleophilic attack on the meso
carbon atoms of the macrocyclic ligand, we analyzed both the
atomic charges and the frontier orbitals localization. The gross

examples of reversible nucleophilic reactions at the meso atomic charges derived for the nickel porphodimethene show
positions of porphodimethenes are reported in the next section.that the two meso carbons are less positi¥®.07) than the
Note that the three reactions reported in Scheme 4 represenpyrrole 3-carbons ¢-0.32) and the metat{0.58), thus indicating

a synthetic methodology to meso-functionalized porphyrinogens,

exemplified particularly by20, whereas the formation df8

shows a synthetic access to a potentially unstable porphyrino-

that the nucleophilic attack is not charge-controlled. On the other
hand, the two low-lying empty orbitals 2land 3a are purely
ligand-based and mostly localized on the two meso carbons see

gen*??The high and selective reactivity with nucleophiles at (Chart 5), thus suggesting that the regioselectivity of the
the meso positions prompted us to analyze such a behavior withnycleophilic attack on these atoms is controlled by frontier

a qualitative theoretical approach.
The molecular orbitals of the nickehexaethylporphodi-

orbitals factors. Note that the 2land 3a are essentially the
unaltered LUMO and LUMGH 1 of the free porphodimethene

methene fragment are built in a step-by-step approach, usinggianion see (Figure 5), and thus determine also the regioselec-

the extended Hekel method?® The hexaethylporphodimethene
ligand was simplified by replacing the six ethyl groups with
hydrogen atoms. We first considered the macrocyclic ligand of
C,, symmetry whose molecular orbitals are reported in the first
column of Figure 5. We then added the nickel atom and the
resulting molecular orbitals (MOs) diagram of thi& mhetal
complex is reported in the second column of Figure 5. Upon
coordination, the d orbitals mix strongly with the ligand frontier
orbitals, but five MOs with large metal d character can be
identified. These are the four occupied orbitalgda, 2a(de-y?),
1by(dy;), and 1b(dy,). The a(dx,) pointing more closely toward
the nitrogen atoms of the ligand, is pushed higher in energy.
The two lowest unoccupied (LUMO) {and b) and the two
highest occupied (HOMO) (band &) orbitals of the por-

tivity of the nucleophilic attack on the latter species, as
exemplified by the synthetic approach in Scheme 6.

C. Deprotonation of Porphodimethene to bis-Vinylidene-
Porphyrinogen. The addition of dimethylamino anions to the
meso positions of porphodimethene led, through the interme-
diacy of C andD (Scheme 5), to the deprotonation of the ethyl
group and the formation of thmesevinylidene—porphyrinogen
derivatives 21 and 22. The proposed pathway involving
intermediatesC and D is based on the analogous structure
displayed by complexe$8—20in Scheme 4, and on spectro-
scopic evidence for the existence Df (see Experimental
Section, compoung4). Such an assumption is further supported
(see below) by the isolation of intermediates in the reaction of
14 with LiNMe; (Scheme 6). The vinylidene functionality is a

phodimethene ligand are left essentially unperturbed by the quite good spectroscopic probe, thus the stepwise conversion

interaction with the metal and remain, respectively, the LUMO
and LUMO+ 1 and the HOMO and HOMG- 1 for the nickel

(23) (a) Hoffmann, R.; Lipscomb, W. N. Chem. Physl962 36, 2179.
(b) Hoffmann, R.J. Chem. Phys1963 39, 1397.

of 16 into 22 can be followed in théH NMR spectrum. For

22, theH NMR spectrum revealed the presence of an equimolar
mixture of the two possible geometrical isomers, with the two
methyls cis or trans to each other. The spectrum, in fact, has
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two quartets and two doublets of equal intensity for the
vinylidene groups and eight doublets for therotons of the
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Figure 6. Ball-and-stick representation of the dianion of compk2x
showing the adopted labeling scheme [hydrogens, Li(DVEations
and disorder omitted for clarity]. Prime denotes the following symmetry
operation: =X, y, —z + 5.

oxidized or functionalizable forms. The closest relationship we
found for the bis-vinylidene porphyrinogen is the 5,15-dioxo-
porphyrinogen reported several years ago and never structurally
characterized? The novel form of porphyrinogen i22, which

may have considerable synthetic potential, can be available
either from transmetalation or demetalatior2@f We achieved,
however, a much better synthetic approach to the bis-vinyl-
idene-porphyrinogen tetraanion from the direct deprotonation
of 14. In addition, such a reaction shed light on the deprotonation
mechanism of the porphodimethene skeleton as a function of
the metal and the reaction solvent (Scheme 6). The addition of

pyrroles. The §imultaneou§ presence of the two possible isomgra_iNMez to 14 gave, regardless of the solvent used (THF, DME,
has been confirmed even in the solid state by the X-ray analysis,benzene), the bisdimethylamirporphyrinogen derivativas,

which reveals a statistical distribution of the Me and H groups

which, upon heating, underwent HNMelimination to give

around the vinylidene carbon in a ratio close to that observed different porphyrinogen derivatives, according to the solvent,

in solution. An X-ray analysis was performed on crystals
obtained from the recrystallization 82 from DME. From this
solvent the ion-separated form @2 was obtained and the
picture of the corresponding anion is reported in Figure 6.

namely24 in benzene25in THF, and26 in DME. Scheme 6
displays also the relationship betwegd, 25, and 26. This
relationship reveals the fundamental role of the reaction solvent.
The complete elimination of HNM&rom 23 or 25 to form 24

The presence of two vinylidene substituents in the meso occurs exclusively in a poorly coordinating solvent, which

positions does not affect very much the overall conformation

prevents from eithe23 or 25 the loss of LiINMe promoted by

of the ligand, which displays the usual saddle-shaped form with a polar solvent binding alkali cations. Thus, the thermal

a slight out-of-plane of the Ni ion (see Table 2). Both

decomposition o23in THF, followed by the crystallization in

geometrical isomers, namely those having the two methyl groupsDME, gave the elimination of a single HNMenolecule and

C12 and C1Z2cis or trans to each other, are present in the solid

state in a ratio which is nearly the same as that in solution (1:

1). The bonding sequence within the pyrrolyl anion is as
expected, and the CHIL11 distance [1.32(1) A] is in agreement
with the presence of a double bond. Short-Mi contacts [2.92

A] from two mesoethyl groups from the same side of thg N
coordination plane were found. Although the ligand has two
meso sp carbon atoms, the ruffling around them is very high,

the formation ofmesevinylidene—dimethylamido derivativ@5,
which undergoes the loss of a second HNMw®lecule to24
exclusively in benzene. By running the reaction in DME, it has
been shown how a coordinating solvent could affect the thermal
evolution of23. In a preliminary step we isolate2b, derived
from the loss of HNMg and LiNMe,. Such a finding proves
that the reaction of LiNMg at the meso carbons of por-
phomethene or porphodimethene is reversible. Note that the

thus minimizing the steric hindrance between the hydrogens of addition of LiNMe, in DME at room temperature allowed the

the pyrrolyl moieties and the CHMe groups.
Both 21 and22 were obtained with good yield>(70%) in a

isolation of 25. We mapped the entire transformation of the
porphodimethene in vinylideregporphyrinogen by analyzing the

multigram scale, and therefore the reactions reported (see thesolid-state structure of complex28—26. The structural inves-
Experimental Section) can be used conveniently at the prepara-igation of the compounds displayed in Scheme 6 revealed three

tive level. The protonation d¥1 and22 (Scheme 6) leading to
16 reveals the nucleophilic reactivity of the vinylidene
porphyrinogen derivatives, a topic which will be discussed in
the following. Complex22 contains a novel form of porphy-

major characteristics:i)(the possible presence of geometrical
isomers of23 and 24; (ii) the occurrence, as a function of the

(24) (a) Inhoffen, H. H.; Fuhrhop, J. H.; von der Haar JEstus Liebig
Ann. Chem1966 700, 92. (b) Fischer, H.; TI’erS Alustus Liebig Ann.

rinogen, which opens the synthetic access to a variety of Chem.1927 451, 209.
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Figure 7. Ball-and-stick representation of compl@8 showing the

adopted labeling scheme [hydrogens and solvent molecules omitted

for clarity].

reaction or crystallization solvent, of an ion-pair or an ion-
separated form for the same compound; ainylthe solid state
solution structural relationship.

The latter aspect will be analyzed in detail comparing the
structural information from théH NMR spectra o23 and24
with their structures in the solid state. The structure2425,
and26 are available in the Supporting Information. The structure
of 23 (Figure 7) differs considerably from that @0, which is
also a doubly meso-functionalized porphyrinogen. The differ-
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dimethylamino andnesevinylidene porphyrinogens. The meso-
functionalization and the formation of vinylidene derivatives
can be performed equally well on transition metal, i.e. Ni(ll),
or alkali cation, i.e. Li, derivatives, the latter being much more
suitable for any kind of metalation or protonation. The question
at this stage concerns the possibility of converting the novel
porphyrinogens to their protic form. The protonation2¥ is
essentially occurring at the more basic sites, namely the

ence in the overall conformation is due to the presence of four diethylamino groups, thus causing the elimination of HNMe
lithium cations in the structure. The central cation has a distorted and the formation ofL5. In contrast, under very controlled

square pyramidal coordination, with an, Mdut-of-plane of
—0.377(8) A. Two adjacent pyrrole-nitrogen and one of the
amino groups act as anglttidentate ligand for the two lithium
cations bonded to the periphery of the porphyrinogen, while
the fourth lithium cation is;®>-bonded to one of the pyrrolyl
anions. The lithium cations at the periphery force the syn
arrangement of the dimethylamino groups. A selected list of

conditions, we were able to achieve the protonatio@4vith

the formation of27. Following the procedure given in the
Experimental Section, the selective protonation of the nitrogen
occurred, without any protonation at the vinylidene functionality.
The porphyrinoge27 was isolated and fully characterized both
in solution and in the solid state. A preliminary X-ray analysis
supported the proposed structdéfe.

the structural parameters is given in Table 3, whereas the D. The Nucleophilic Reactivity of the Vinylidene—Por-
conformational parameters are listed in Table 2. The ligand phyrinogen: The Meso-Functionalization of Porphodimethene.

displays a dome conformation, and each lithium cation com-
pletes its coordination sphere with a THF molecule.

The three sets of signals for the ethyl groups intHeNMR
spectrum of23 are in agreement with the presence of the syn
isomer, which does not isomerize on standing in solution.
Compound24 is an equimolar mixture of the cis and trans
isomers, as we found for the nickel derivat®® and this fact

The reversible deprotonatierprotonation sequence of the
porphodimethene skeleton in Scheme 5 reveals the synthetic
potentiality of the vinylidene-porphyrinogen derivatives. The
reactions o222 with the electrophiles listed in Scheme 7 give a
glimmering of such a potentiality. The stepwise protonation of
22 using PyHCI led td21, then to16. The reaction o2 with

Mel parallels the protonation with the formation of theese

is supported by the equal intensity of the two quartets and the bis-isopropyltetraethylporphodimetheneickel, 28. Such an
two doublets relative to the vinylidene groups. Coalescence of unusual meso-substituted porphodimethene is hardly accessible
the two sets of signals was not observed even at high from any other synthetic route. The reactior2@with PhCOCI

temperature. Compourb displays aC; symmetry in deuter-

shows how the introduction of a reactive functional group in

ated pyridine at room temperature. The possible rotation aroundthe meso positions of porphodimethene can be achieved. The
the double bond was not observed on the NMR time scale atreaction led to the formation of the functionalized por-
room temperature, as confirmed by the presence of eight phodimetheneNi complex,29. The presence of two stereogenic

doublets for thes hydrogens of the pyrroles in the spectrum.

centers in29 reveals the possible use 22 in the synthesis of

When the temperature of the deuterated pyridine or toluene chiral porphodimethené8.Detailed characterization @8 and

solution of 25 was increased, its conversion in26 and 24,
respectively, was observed. TH¢ NMR spectrum o6, with
eight doublets for thg hydrogens of the pyrroles and two sets
of dq for themesemethylenes, supports ti& symmetry, both
at room and higher temperature.

29 is discussed in the Experimental Section. The NMR
spectra did not reveal any characteristics different from those
of the other porphodimethenes so far reported.

Because of the synthetic relevance of the reaction of bis-

vinylidene—porphyrinogens with electrophiles, a theoretical

Some major synthetic achievements reported in this sectionanalysis on the electronic properties of the bis-vinylidene

have to be emphasized: they are the formationnwse

porphyrinogen was carried out. The molecular orbitals of the
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thus suggesting that the regioselectivity of the electrophilic attack
could be directed by charge and orbital factors in concert. This
agrees with the experimental evidence that the same regiose-
bis-vinylidene-porphyrinogen-nickel were built similarly to lectivity is shown by both hard (i) and soft (PhCOCI)
those of the nicketporphodimethene fragment, and are dis- electrophiles.

played in Figure 8. The bis-vinylidergorphyrinogen ligand In the scenario so far presented on the meso-reactivity of the
was simplified by replacing the four ethyl groups on the meso porphodimethene and bis-vinylidenporphyrinogen, the chem-
carbons and the two methyl groups on the vinylidene unit with istry of complex21 deserves to be discussed and proved by a
hydrogens. A comparison of Figures 5 and 8 shows that the few examples such as those collected in Scheme 8. Complex
modification from a hydrogen to a vinylidene group at the 21contains at the same time a nucleophilic and an electrophilic
periphery of the model macrocyclic ligand affects neither the center in the meso-positions. Such a kind of bifunctionality is
character nor the energy ordering of the metal orbitals. The main synthetically very attractive. The reaction with PhCOCI led to
difference with the molecular orbital diagram of the por- the monofunctionalized porphodimethene com@éxwhereas
phodimethene complex consists of the presence of two high-the reaction with a nucleophile, i.e., LiBu, gave the nonsym-
lying occupied orbitals, 3aand 2B, which are the HOMO and  metric substituted porphyrinogeBil. The structure of30 is
HOMO — 1 of the bis-vinylidene-porphyrinoger-Ni complex. displayed in Figure 9. Comple80 has structural features similar
These are ligand-centered orbitals mostly localized on the to those of complex6, nickel(ll) being —0.046(3) A out of
f-carbon atoms of the vinylidene groups (see Chart 6). It is the plane, while the ligand shows the usual saddle-shaped
therefore the presence of such orbitals that determines theconformation. The metal is protected by the hydrogen from the
observed regioselectivity of the electrophilic attack toward the methylenes of thenesesp®-ethyl groups (Nii--H23B, 2.65;
vinylidene g-carbon atoms, which seems to be again frontier- Nil---H36B, 2.77). The dihedral angle between the phenyl ring
orbital-controlled. An analysis of the gross atomic charges and the—CH—(C=0)—Cpy, fragment is 14.0(4) The torsion
derived for the nickel bis-vinylideneporphyrinogen show a  angles [0+ C29-C30-C31, —13(1)f; O1-C29-C30-C35,
significant negative charge on the vinylideficarbon atoms 166.6(7)] give a picture of the orientation of the benzoyl
(—0.35) only slightly lower than for the nitrogen atoms(Q.51), substituent.
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Conclusions

A novel synthetic methodology was established, which leads,
through an unprecedented pathway, from porphyrinogen to

porphomethene and porphodimethene. Such molecules, which1

were so far almost curiosities, become available in large quan-

tities for synthetic and mechanistic purposes. Porphomethene

and porphodimethene not only pave the way from porphyrinogen

Bonomo et al.

to porphyrins, but are the key for entering novel and function-
alized forms of porphyrinogen. The electrophilic reactivity of
the monosubstituted meso-positions of the porphodimethene
leads to meso-functionalized porphyrinogens by the use of a
large variety of nucleophiles. Among them, the dimethylamido
anion causes the deprotonation of thesealkyl substituents,
thus forming mesevinylidene porphyrinogens. These latter
compounds, very easily undergoing attack by electrophiles,
generate functionalized porphodimethenes. The synthetic path-
way from mesoectaalkylporphyrinogen to porphodimethene,
functionalized porphyrinogen, and functionalized porphodimethene
is depicted in Scheme 9.
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