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Metal-Mediated C—H Bond Activation in a
Carbon-Substituted Hemiporphyrazine**
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Unlike many C—H bond activations,!! nucleophilic substitu-
tion reactions on aromatic rings with hydride as the leaving
group can be difficult to achieve. Nucleophilic substitution of
arenes by halide loss has been known for many decades.
However, C—H aromatic substitutions have been known only
since the late 1970s and proceed only under certain reaction
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conditions.”! Electron-withdrawing substituents are required
on the aromatic ring, and frequently only strong nucleophiles
such as NH,™ can readily attack. Alternative methods can be
used to assist replacement of an aromatic hydride. Vicarious
nucleophilic aromatic substitution can be used in the activa-
tion of arene C—H bonds, which is promoted by loss of HX.
In addition, oxidants can also be employed to effect loss of
hydride in a process known as oxidative nucleophilic sub-
stitution of hydrogen (ONSH).! Herein, we present an
unusual nucleophilic aromatic substitution with the relatively
weak nucleophile pyridine in the dicarbahemiporphyrazine
macrocycle, which may occur through an ONSH mechanism.
Upon metalation with copper, nucleophilic attack of the
internal carbon atom with pyridine is promoted by the
reduction of the metal from Cu" to Cu'. This reaction
proceeds under very mild conditions in air and represents a
potential new means to activate C—H bonds with transition
metals.

The metalation of porphyrin analogues and isomers with
interior carbon positions has become an area of significant
activity.’! The chemistry of the N-confused porphyrins,®
benziporphyrins,[”! and azuliporphyrins!® all involve macro-
cycles in which an aromatic C—H bond is in close proximity to
the metal binding site. The interior C—H bond can remain
intact upon metal binding, as observed in the Mn,”! Fe,'"l and
Zn" complexes of N-confused porphyrins.® The exact
nature of this C—H metal “agostic” interaction is still under
investigation, but the proximity of a metal center to this
carbon atom activates it toward nucleophilic and electrophilic
attack. Indirect evidence of such metal-mediated chemistry
has been seen in the copper-mediated oxidative degradation
of an N-confused porphyrin!'? and silver-catalyzed C—N bond
formation in m-benziporphyrin.!*

In the early 1950s, Elvidge and Linstead reported the
synthesis of the hemiporphyrazine macrocycle (Scheme 1).['4!
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Scheme 1. The structures of hemiporphyrazine (left) and the N-defi-
cient analogue dicarbaporphyrazine (right).

The hemiporphyrazines bear a superficial resemblance to
phthalocyanine, but the phthalocyanines are aromatic systems
of 18 m electrons while the hemiporphyrazines are systems of
20 & electrons.™ Linstead et al. later prepared a series of
porphyrazine derivatives in which one or two of the central
metal-binding nitrogen atoms were replaced with CH groups.
In one case, 2,6-diaminopyridine was replaced by 1,3-diami-
nobenzene, and the macrocycle 1 is thus doubly N-defi-
cient." This molecule can be considered as a dicarbahemi-
porphyrazine (dchp).

Although there are only two nitrogen atoms within the
core of the ring, macrocycle 1 does bind metal ions (Scheme 2,
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Scheme 2. Synthesis of compounds 2, 3, and 4, starting from 1.
Reagents: a) AgNO;, pyridine, MeOH, air; b) Cu' or Cu" salt, pyridine,
MeOH, air; c¢) CH,Cl,, air.

Figure 1).'"” The reaction of 1 with AgNO, afforded [Ag-
(dchp)py]NO; (2; py = pyridine), a pseudo-three-coordinate
Ag' species. The presence of an NO;~ counterion in the unit
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Figure 1. Thermal-ellipsoid diagrams (35% probability level) of all
reactants and products from Scheme 2 (C light gray, N dark gray).
Hydrogen atoms have been omitted for clarity, with the exception of
the internal CH groups and NH groups.
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cell of 2 indicates that the ligand binds to the Ag' cation in a
neutral tautomeric form.'”” We believe that two of the
external nitrogen atoms are protonated in this complex to
achieve charge balance. This situation is in contrast to that of
3 (see below), in which the positive charges of the pyridinium
moiety and the Cu'ion are balanced by the negative charges
of the two deprotonated core nitrogen atoms. The metal-
macroycle Ag—N bond lengths in 2 are relatively large
(ca.2.36 A), in part owing to the steric interaction of the
benzene rings. The Ag—C distances are 2.62 and 2.71 A, which
are too large for a strong silver—arene interaction,'¥ but the
carbon atoms are within close proximity of the metal ion. The
metal center is located out of the plane of the macrocycle
(from the plane of the four meso nitrogen atoms) by 1.35 A,
which represents a larger distance than seen in the metallo-N-
confused porphyrins.®! Compound 2 is diamagnetic, and the
%A g NMR spectroscopic signal of this compound is observed
at 0 =377 ppm.

The reactions of 1 with a variety of Cusalts such as
Cu(CH;CO0O0),2H,0 and [Cu(CH;CN),]BF, in the presence
of air and pyridine did not produce stable Cu" compounds.
Instead, the macrocycle reacted with pyridine after metal-
ation to form the species [Cu(dchp-py)(py)] (3).'") Species 3 is
a Cu' compound in which a pyridine molecule has formed a
C—N bond at one of the two internal CH positions. We
isolated two crystal forms of this complex from different
solvents. As in the Ag compound, the Cu' center is pseudo-
three-coordinate and bound to both of the internal nitrogen
atoms from the ring and one axial pyridine ligand, with Cu—N
bond lengths ranging between 2.03 and 2.08 A.

Both the remaining interior C—H bond and the new C—N
bond are in close proximity to the metal center in this new
complex, with average Cu—C(H) and Cu—C(N) bond lengths
of about 2.41 A and 2.74 A, respectively. As in species 2, the
metal center in 3 is located out of the plane of the macrocycle
by 0.77 A, which is just over half of the corresponding
distance observed in compound 2. The 'H NMR chemical
shift of the proton in the interior C—H bond changes slightly
from that of the unmetalated ligand 1, moving from 6 =6.77
to 7.31 ppm. We believe that this reaction proceeds through
Cu'-assisted elimination of hydride, and the hydride reduces
the metal center to Cu', which is more stable in the low-
coordinate environment of the ligand."” An alternate mech-
anism to ONSH might involve the initial formation of a highly
oxidized Cu™ center with a metal-carbon bond (by activation
of one of the internal CH groups). Chelation of pyridine and
reductive elimination would then produce the pyridine adduct
3.

Recrystallization of 3 in dichloromethane in air resulted in
the loss of pyridine and demetalation to yield the free ligand.
The free-base species H,dchp-py (4) retains the pendant
pyridine moiety at the interior carbon position.'”! The C—N
bond length in this species is 1.46 A, which is identical to that
seen in both crystal forms of the copper complex. We believe
that dioxygen reacts with 3 and the solvent (dichloromethane)
to produce CuCl, and the protonated free base 4.

In conclusion, metalation of the dicarbahemiporphyrazine
1 with the redox-active metal copper activates an interior
C—H bond toward nucleophilic substitution. This reaction
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proceeds through an ONSH mechanism in which the
Cu" center accepts a hydride and is reduced to Cu'. We are
continuing our investigations into the metal complexes of
both singly and doubly N-deficient hemiporphyrazines.

Experimental Section

Dicarbahemiporphyrazine (dchp, 1) was synthesized as described in
the literature.'"!®! Crystals of the planar dicationic form of 1 were
grown from a mixture of formic acid and diethyl ether (1:1).

2: AgNO; (102 mg, 0.6 mmol) was added to a solution of 1
(132 mg, 0.3 mmol) in pyridine (10 mL), and the mixture was stirred
for 30 minutes at room temperature. The resulting solution was
filtered, and the filtrate was layered with diethyl ether. Orange-red
crystals of 2 were collected after four days. Yield: 0.082 g (40%).
'"H NMR (300 MHz, [Ds]pyridine): § =8.32 (q, /=3.0 Hz, 4H), 8.11
(d,J=72Hz 1H),7.98 (t,J=3.6 Hz, 1H), 7.91 (m, 2H) 7.36 (s, 5H),
7.12 (dd, J=2.4, 5.1 Hz, 0.5H), 6.91 (s, 0.5H), 6.80 (d, /=6.6 Hz,
0.5H), 6.70 (d, J=7.5 Hz, 0.5H), 6.62 (m, 0.5H), 6.45 ppm (dd, /=
2.1, 7.8Hz, 0.5H); 'AgNMR (14.0 MHz, [Ds]pyridine): 6=
377.1 ppm; high-res. ESI-MS (positive ion): m/z: 547.0 [Ag(dchp)]™.
The material loses the axially coordinated solvent rapidly, with only
0.5 equivalents of pyridine remaining after standing. Elemental
analysis (%) calcd for Cj; sH,4sN;505Ag: C53.58, H3.58, N 15.36;
found: C 53.60, H 3.07, N 15.37.

3: Compound 3 was synthesized by three different routes. All
reactions were carried out aerobically. Route 1: Compound 1
(439 mg, 1 mmol) was dissolved in hot n-butanol (30 mL), and a
solution of Cu(CH;CO,),2H,0 (399 mg, 2mmol) in methanol
(5 mL) was added. The resulting mixture was heated at reflux for
12 h. The resulting brown precipitate was collected by filtration and
washed with methanol and diethyl ether. The product was then
dissolved in pyridine (10 mL), and diethyl ether was allowed to
diffuse into the solution. Deep red crystals of 3 were collected after
several days and were suitable for X-ray diffraction (crystal 3a).
Route 2: Compound 1 (132 mg, 0.3 mmol) was dissolved in pyridine
(10 mL), and Cu(CH;CO,),2H,0 (120 mg, 0.6 mmol) was added to
the solution with stirring. The mixture turned to deep red almost
immediately and was heated at reflux for 24 h. After the mixture had
been filtered, the resulting solution was layered with diethyl ether.
Deep red single crystals were collected after several days. Single
crystals for X-ray diffraction were grown from toluene/methanol (1:1,
crystal 3b). Route 3: Compound 1 (132 mg, 0.3 mmol) and [Cu-
(CH;CN),]BF, (124 mg, 0.4 mmol) were mixed in pyridine (10 mL).
The mixture was stirred at room temperature for 30 minutes. Diethyl
ether was allowed to diffuse into the resulting solution, and the
crystals that formed after several days were identical to those from
Route 1. Yield (from Route 1): 0.312 g, 48%. 'H NMR (300 MHz,
[Dg]DMSO): 6 =8.34 (s, 4H), 8.18 (t, J=7.8 Hz, 1H), 7.92 (d, J =
7.3 Hz,2H),7.74 (t,J=7.4 Hz, 2H), 7.64 (m, 4H), 7.46 (m, 4H), 7.31
(s, 1H),7.21 (m, 4H), 6.98 (t,/=7.8 Hz, 1H), 6.87 (t,/ =7.8 hz, 1 H),
6.57 (d, J=7.8 Hz) 2H), 6.42 ppm (d, J=7.8 Hz, 2H); *C NMR
(75.4 MHz, [D4]DMSO): 6 =170.2, 164.8, 150.1, 149.9, 147.8, 147 4,
144.8,140.1, 138.3,136.1, 133.7, 130.6, 130.2, 126.3, 123.7, 121.5,120.7,
118.4, 117.2 ppm; high-res. ESI-MS (positive ion): m/z: 516.2
[Hodchp-py]*. Elemental analysis (%) calcd for CgHgN;;OsCu,:
C 66.65, H4.51, N 14.98; found: C 66.20, H 4.31, N 15.96.

4: Compound 1 (132 mg, 0.3 mmol) and Cu(CH;CO,),2H,0
(120 mg, 0.6 mmol) were mixed in pyridine (10 mL). The solution
turned to deep red immediately and was heated at reflux for 24 h. The
resulting solution was slowly layered with CH,Cl,. The resultant
solution turned from red to blue upon oxidation with air. Yellow-
orange crystals of 4 were collected after several days. Yield: 0.016 g
(10%). "H NMR (300 MHz, [D(]DMSO): 6 =11.17 (s, 2H), 10.09 (s,
0.5H), 9.62 (d,J=6.0Hz, 1H), 9.19 (d, /= 6.0 Hz, 1H), 8.93 (s, 1H),
8.50 (m,2H), 8.36 (d,/=7.3 Hz,2H), 8.14 (t, /= 6.0 Hz, 1 H), 8.05 (t,
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J=6.0 Hz, 1H), 7.62 (m, 8H), 7.44 (m, 2H), 7.34 (d, J=8.1 Hz, 2H),
7.07 (d, J=6.9 Hz, 1H), 6.87 (m, 1H), 6.78 ppm (d, /=7.9 Hz, 2H);
BCNMR (75.4 MHz, [D¢]DMSO): 6=169.5, 166.8, 148.7, 147.9,
138.8,137.0,136.5, 132.9, 131.6, 131.3,129.2, 128.6, 125.4, 122.1, 122.0,
118.8, 117.2, 116.9 ppm; high-res. ESI-MS (positive ion): m/z: 516.2
[Hdchp-py]". Elemental analysis (%) caled for Ci;3H;N,OCl;:
C 61.64, H 4.08, N 15.25; found: C 61.44, H 4.10, N 14.48.
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