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reagents are being examined for use in the catalytic cyclo-
propanation of alkenes and alkynes. In addition, further mech-
anistic investigation is under way.
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Appending unusual organic moieties to the porphyrin periphery
has often involved elaborate synthetic strategies and difficult
separations of reactants from product(s).! For example, typical
routes to porphyrins that possess one or more differing meso or
B substituents have employed condensation of the appropriate
aldehyde(s) with various monopyrroles,? substituted dipyrryl-
methanes,’ or prefabricated 1,19-dideoxybiladienes.* In addition
to the considerable chromatography that is generally required,
other limitations inherent in these approaches include (1) the
sensitivity of the cyclization step in a porphyrin synthesis to the
steric and electronic features of substituents at the methine and
pyrrolic positions and (2) the potential incompatibility of one or
more of the components in the syntheses to conditions common
to all previous porphyrin preparations, namely, protic or Lewis
acid catalysis® or high temperature.!® We report herein a powerful
new approach to both mixed meso-substituted porphyrins and
unsymmetrical porphyrins; this methodology greatly simplifies
the fabrication of such molecules and dramatically amplifies’®
the types of porphyrins which can now be synthesized.

Metal-mediated cross-coupling methodology. developed largely
by Kumada,® Negishi,'® Heck,'! and Stille,'? has become an im-
portant tool in modern organic chemistry to facilitate formation
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of carbon—carbon bonds between aryl or alkenyl halide substrates
and a variety of alkyl, aryl, and vinyl organometallic reagents.
We have recently discovered in our laboratory that this metho-
dology is directly applicable to a wide variety of porphyrin syn-
thetic schemes, provided the reducing power of the organometallic
species used in the reaction is insufficient to participate in an outer
sphere electron transfer reaction with the porphyrin.

In a typical reaction, (5,15-dibromo-10,20-diphenyl-
porphinato)zinc (1)'3 or (2-bromotetraphenylporphinato)zinc (2)'4
and an excess of the desired organometallic reagent (RZnX or
Bu;SnR) were brought together in dry THF under nitrogen at
60 °C for 12-48 h in the presence of a catalytic amount of
Pd(PPh;),. Over the course of several hours, the initially non-
fluorescent reaction mixture became increasingly more fluorescent,
signaling the gradual transformation of the halogenated porphyrin
complex to the alkyl-, vinyl-, aryl-, or pyridyl-substituted zinc
porphyrin. For the organometallic reagents depicted in Scheme
I, qualr;titative conversion of reactants to products took place within
48 h.

It is interesting to note that the oxidative addition-transme-
talation-reductive elimination reaction sequence occurs much more
rapidly at the porphyrin pyrrolic carbon than the analogous re-
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cross-coupling chemistry on porphyrin templates; reactions similar to those
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action sequence at the porphyrin methine carbon.” For the
transformations depicted in Scheme I, typical reaction times
required for complete conversion of reactants to products were
~12 h (60 °C) for a Pd(PPh;),-catalyzed coupling utilizing a
(2-bromotetraphenylporphinato)zinc substrate while couplings
employing (5,15-dibromo-10,20-diphenylporphinato)zinc templates
required longer reaction times (~48 h). These results are in
accord with what has been observed for Pd-catalyzed cross-cou-
pling reactions involving simple aromatic halide substrates: the
observed rate of product formation depends critically on the
electronic features of the aromatic substrate, with more electron
rich aromatics being more slowly converted to products.'® Nu-
merous experimental'” and theoretical studies'® concur that
porphyrin methine carbons are more electron rich than pyrrolic
ones.

Synthesis of [5,15-bis[[2-(4’-methyl-2’-pyridyl)-4-pyridyl]-
methyl]-10,20-diphenylporphinato}zinc(11),'® [5,15-divinyl-
10,20-diphenylporphinato]zinc(11),2® [2-(2,5-dimethoxy-
phenyl)-5,10,15,20-tetraphenylporphinato]zinc(11),?! and [2-n-
butyl-5,10,15,20-tetraphenylporphinato]zinc(11),? from the ap-

(16) Hayashi, T.; Konishi, M.; Kobori, Y.; Kumada, M.; Higuchi, T,
Hirotsu, K. J. Am. Chem. Soc. 1984, 106, 158-163.

(17) Nudy, L. R.; Hutchinson, H. G.; Schieber, C.; Longo, F. R. Tetra-
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(19) [5,15-Bis[[2-(4’-methyl-2’-pyridyl)-4-pyridyl]methyl]-10,20-di-
phenylPorphinato]zinc(II): isolated yield = 81%. Selected characterization
data: '"H NMR (500 MHz, CDC};) §9.37(d, 4 H, J = 4.7 Hz), 8.87 (d, 4
H,J =4.7Hz),852(s,2H),829(d,2H,J=51Hz),820(d,2H,J =
5.2 Hz), 8.10 (m, 6 H), 7.71 (m, 6 H), 7.01 (d, 2 H, J = 5.0 Hz), 6.88 (d,
2 H,J = 4.2 Hz), 6.46 (s, 4 H), 2.32 (s, 6 H); 13C NMR spectroscopy was
performed on a more soluble demetalated sample; 1*C NMR (125 MHz,
CDCl,) 4 156.25(0), 155.83(0), 154.06(0), 149.31(1), 148.89(1), 147.99(0),
141.99(1), 134.35(1), 132.09(1), 132.01(1), 128.50(1), 128.40(1), 127.74(1),
126.56(1), 124.63(1), 124.57(1), 122.06(1), 120.45(1), 119.88(0), 113.81(0),
39.77(2), 21.07(3); vis (CH,Cl,) 419 (5.57), 516 (4.27), 550 (3.74), 593
(3.59), 650 (3.31). Anal, Calcd for CssHy)Ng: C, 81.33; H, 5.12; N, 13.55.
Found: C, 81.19; H, 4.97; N, 13.79.

(20) [5,15-Divinyl-10,20-diphenylporphinato]zinc(II): isolated yield =
91%. Selected characterization data: '"H NMR (500 MHz, CDCl,) 8 9.52
(d,4H,J =4.7Hz),9.24 (dd,2 H, J, = 17.3 Hz, J, = 9.1 Hz), 8.92 (d, 4
H, J = 4.7 Hz), 8.19 (dd, 4 H, J, = 6.8 Hz, J, = 2.0 Hz), 7.75 (m, 6 H),
6.48 (dd,2 H,J, = 11.0 Hz, J, = 1.9 Hz), 6.05 (dd, 2 H, J, = 17.3 Hz, J,
= 2.0 Hz); ’C NMR (125 MHz, CDCl,) 6 163.40(1), 149.90(0), 149.21(0),
142.83(0), 137.97(0), 134.40(1), 132.10(1), 130.39(1), 127.50(1), 126.73(2),
126.57(1), 121.05(0); vis (CH,Cl,) 422 (5.58), 554 (4.22), 595 (3.82). An
analytical sample was demetalated with HC1. Anal. Calcd for C3sHysNy: C,
84.02; H, 5.09; N, 10.89. Found: C, 83.76; H, 4.73; N, 10.57.

21 [2-(2,5-Dimethoxyphenyl)-5,10,15,20-tetraphenP/1porphinato]zinc(II):
isolated yield = 91%. Selected characterization data: 'H NMR (500 MHz,
CDCl,) 6 8.92 (m, 4 H), 8.85 (s, 1 H), 8.84 (d, 1 H, J = 4.7 Hz), 8.70 (d,
1 H,J=4.7Hz), 822 (m, 6 H), 7.98 (d, 1 H, J = 7.0 Hz), 7.7]1 (m, 10 H),
7.24 (m, 2 H), 7.14 (m, 1 H), 6.92(d, ! H,J = 3.1 Hz), 6.54 (dd, 1 H, J,
=89 Hz, J, =3.1 Hz),6.40 (d, | H,J = 8.9 Hz), 3.68 (s, 3 H), 3.42 (s, 3
H); 3C NMR (125 MHz, CDCl;) & 152.67(0), 151.22(0), 150.46(0),
150.30(0), 150.26(0), 150.11(0), 150.02(0), 148.29(0), 147.71(0), 143.32(0),
142.99(0), 142.88(0), 142.85(0), 140.73(0), 135.65(1), 135.18(1), 134.45(1),
134.38(1), 134.14(1), 132.51(1), 132.00(1), 131.89(1), 131.81(1), 131.31(1),
129.31(0), 127.43(1), 127.36(1), 127.19(1), 126.53(1), 126.49(1), 126.46(1),
124.93(1), 124.70(1), 122.35(0), 121.29(0), 120.89(0), 120.53(0), 118.16(1),
113.01(1), 110.39(1), 55.99(3), 54.88(3); vis (CHCl,) 421 (5.60), 513 (3.45),
550 (4.28), 587 (3.45). An analytical sample was demetalated with HC1. 'H
NMR (500 MHz, CDCl,): 5 8.92 (m, 4 H), 8.79 (s, 1 H), 8.78 (d, 1 H, J
=47 Hz), 8.67 (d, | H,J = 4.8 Hz), 8.28 (brs, 6 H), 8.02 (brd, 1 H), 7.74
(m, 10 H), 7.24 (br m, 3 H), 7.07 (d, 1 H, J = 3.1 Hz), 6.66 (dd, 1 H, J,
= 8.8 Hz, J, = 3.1 Hz), 6.40 (d, 1 H,J = 8.8 Hz), 3.77 (s, 3 H), 3.37 (s, 3
H), -2.59 (s, 2 H). Anal. Calcd for C5;H33N,: C, 83.18; H, 5.10; N, 7.46.
Found: C, 83.13; H, 5.06; N, 7.51.

(22) [2-n-Butyl-5,l0,l5,20-tetraphenylpor?hinato]zinc(II):’“ isolated
yield = 92%. Selected characterization data: 'H NMR (500 MHz, CDCl,)
6896 (d,1 H,J = 4.6 Hz), 8.94 (s, 2 H), 891 (d, 1 H,J = 4.5 Hz), 8.90
(d,1 H,J = 4.6 Hz),8.76 (d,1 H,J = 4.6 Hz), 8.73 (s, | H), 8.23 (m, 6
H), 8.11 (d, 2 H, J = 6.8 Hz), 7.7 (m, 12 H), 2.82 (t, 2 H, J = 8.0 Hz),
1.73 (quint, 2 H, J = 8.1 Hz), 1.31 (sextet, 2 H, J = 7.7 Hz), 0.89 (¢, 3 H,
J = 1.3 Hz); >C NMR (125 MHz, CDCly) 6 151.11(0), 150.39(0), 150.18(0),
149.81(0), 149.79(0), 149.51(0), 149.51(0), 149.15(0), 148.39(0), 147.95(0),
143.29(0), 143.23(0), 142.92(0), 134.42(1), 134.38(1), 133.12(1), 132.24(1),
132.06(1), 132.03(1), 131.76(1), 131.67(1), 131.59(1), 131.25(1), 127.82(1),
127.40(1), 127.35(1), 126.65(1), 126.50(1), 126.46(1), 121.57(0), 121.01(0),
120.84(0), 119.44(0), 33.39(2), 30.58(2), 23.00(2), 13.91(3); vis (CHCl,) 424
(5.52), 551 (4.22), 590 (3.42). An analytical sample was demetalated with
HCl. Anal. Calcd for CigHyNy: C, 85.94; H, 5.71; N, 8.35. Found: C,
85.67; H, 5.63; N, 8.30.
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Figure 1. ORTEP view of [5,15-divinyl-10,20-diphenylporphinato]-
zinc(II)(THF), with thermal ellipsoids at 50% probability.

propriate brominated zinc porphyrin, the Pd° catalyst, and
Bu;Sn[(4-CH,)-4’-CH;-bpy)], Bu;Sn(CH==CH,), [2,5-
(Me0),C¢H;1ZnCl, and n-BuZnCl, respectively, illustrates the
versatility of this new approach. The typical isolated yield of each
of these new porphyrin compounds was 90%; in general, our
reactions were carried out with 100-250 mg of the haloporphyrin
starting material in ~50 mL of solvent.

Although it is apparent from the compounds presented in
Scheme I that a variety of organic functionalities can be cross-
coupled to porphyrins, the synthesis of [5,15-divinyl-10,20-di-
phenylporphinato]zinc(II) demonstrates both the power and the
scope of this method. The di-meso-vinyl-substituted porphyrin
is extraordinary in the sense that, prior to this report, no
straightforward route to this complex existed.?* Introduction of
meso-vinyl groups by a conventional porphyrin synthesis would
require the condensation of acrolein with pyrrole or some pyr-
role-containing porphyrin precursor; major experimental obstacles
preclude such approaches: (1) Lindsey-type porphyrin syntheses®
are impractical since acrolein polymerizes in the presence of strong
acids and undergoes Lewis acid catalyzed ene reactions, and (2)
Adler-Longo high-temperature porphyrin syntheses® are inap-
propriate since acrolein undergoes a Diels-Alder reaction with
itself.

The results of our single-crystal X-ray crystallographic study?*
of [5,15-dinvyl-10,20-diphenylporphinato}zinc(II) are shown in
Figure 1. The long Zn—O bond length [2.536(7) A} is similar
to that reported for the bis THF adduct of [5,10,15,20-tetra-
phenylporphyrinato]zinc(II),? in which the Zn axial ligands are
only weakly coordinated [Zn—O = 2.380(2) A]. The dihedral
angle (84.0°) of the phenyl rings of [5,15-divinyl-10,20-di-
phenylporphinato] zinc(II) with respect to the porphyrin plane
resembles that in [5,10,15,20-tetraphenylporphyrinato] zinc(I)

(23) meso-Vinyl-substituted porphyrins, though unusual, are not unknown.
Previous routes to singly meso-vinyl substituted porphyrins typically required
the synthesis of a meso-formylporphyrin via the Vilsmeier reaction. See: (a)
Arnold, D. P.; Johnson, A. W.; Mahendran, M. J. Chem. Soc., Perkin Trans.
11978, 366-370. (b) Vicente, M. G. H.; Smith, K. M. J. Org. Chem. 1991,
56, 4407-4418.

(24) Crystal data for [5,15-divinyl-10,20-diphenylporphinato]zinc(II):
ZnC,H3;N,O; crystallizes in the triclinic space group PI with a = 8.307(1)
A, b=10.53002)'A, c = 12.46(1) A, a = 62.39(1)°, 8 = 112.34(1)°, v =
109.59(1)°, ¥ = 876(1) A%, Z = 1, and d.y, = 1.353 g/cm’. Non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were included as
constant contributions to the structure factors and were not refined. Re-
finement converged to R, = 0.068 and R, = 0.091. The structure was
determined by Dr. Patrick Carroll at the Chemistry Department’s X-ray
Facility at the University of Pennsylvania.

(25) Schauer, C. K.; Anderson, O. P; Eaton, S. S.; Eaton, G. R. Inorg.
Chem. 1988, 24, 4082-4086.



J. Am. Chem. Soc. 1993, 115, 2515-2516 2515

(80.8°). The meso-vinyl groups in our structure are held at a
dihedral angle of 36.1° with respect to the porphyrin plane; this
is not much different than the analogous dihedral angle (32.0°)
reported by Ibers® for the pyrrolic vinyl group in the proto-
porphyrin IX structure.

In short, we believe that the ability to catalytically and quan-
titatively append a wide variety of groups to the porphyrin pe-
riphery under mild conditions utilizing readily available halo-
porphyrin precursors will have tremendous impact in porphyrin
chemistry since electronic and steric features as well as chemical
reactivity on the porphyrin periphery can be tuned independently
of the limiting set of experimental conditions that allow for
porphyrin ring cyclization. Exploitation of this chetmstry in our
group has allowed synthws of novel porphyrin arrays,? monomeric
porphyrins with unique electronic properties,”*® unusual cofacial
porphyrins,?” and new porphyrin-based donor—spacer—acceptor
systems.”® Additionally, recent results in our lab indicate that,
for at least some organometallic reagents, this methodology can
be applied to perhalogented porphyrin templates.?’
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The decarboxylases represent a family of enzymes capable of
generating enormous catalytic power. A coenzyme or prosthetic
residue often serves as an electron sink to aid in affording rate
accelerations of 10'°-10'2 over background.! Furthermore, im-
mersion of the substrate carboxyl group in an apolar site, as found
in an antibody,’ is a driving force which may account for a portion
of the large rate enhancements.’

O’Leary and co-workers established 4-pyridylacetic acid 1 as
a viable chemical model for pyridoxal phosphate (PLP)-utilizing
decarboxylases.* This compound is known to decompose by way

tA. P. Sloan Fellow, 1993-1995,

(1) (a) Alvarez, F. J.; Ermer, J.; Hubner, G.; Schellenberger, A.; Schowen,
R.L.J. Am. Chem. Soc. 1991, 113, 8402-8409. (b) Kalyankar, G. D.; Snel],
E. E. Biochemistry 1962, 1, 594—600. The data allowed calculation of a
background rate (~107® min™!) which was compared to amino acid de-
carboxylase turnover numbers of ~ 100 min™'.
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1019-1022.
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(b) Crosby, J.; Stone, R.; Lienhard, G. E. J. Am. Chem. Soc. 1970, 92,
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Table I. Kinetic Constants for CPD32A 11 Substrates®
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no. R' R R} (min!) X102 (mM) key/kysca
1 H H H 238 144 1.9 x 10°
4 H CH, H 1.3 91 23 x10*
5 CH,; CH, H 1.3 4 12x10
6 H H CH, 0.15 70 2.0x 10°
7 0.077 95 1.4 X 10*

?Determined at 23 °C in 100 mM MES, 100 mM NaCl, pH 5.5 in
the presence or absence of 20 uM antibody. Buffer concentration ef-
fects were not observed. Assays were conducted using reversed-phase
HPLC (Vydac Cyz) by following product formation. Experimental er-
rors are £10%.
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Figure 1. Hansch plot used to measure the hydrophobicity of the active
site.

of its zwitterionic form with a rate dependent on the polarity of
the medium (eq 1).°

G-GIh—6 .

The evolution of this paradigm would incorporate recognition
elements and a hydrophobic cavity within a protein scaffold to
create a primitive enzyme. To this end, the hapten 2 was coupled

O 2 R =(CH,)CO,H
3 R=CH,
+N

|
R

to a carrier protein to finally obtain monoclonal antibodies.® It
was reasonable to assume that such a structure would elicit
combining sites possessing a complementary negative charge and
a confined region of low dielectric constant.” Of several catalysts

(5) (a) Taylor, P. J. J. Chem. Soc., Perkin Trans. I 1972, 1077-1086. (b)
Button, R. G.; Taylor, P. J. J. Chem. Soc., Perkin Trans. II 1973, 557-567.

(6) For standard protocols, see: (a) Janda, K. D.; Benkovic, S. J.; Lerner,
R. A. Science 1989, 244, 437-440. (b) Harlow, E.; Lane, D. Antibodies: A
Laboratory Manual. Cold Spring Harbor Laboratory: New York, 1988,

(7) (a) Janda, K. D.; Weinhouse, M. I.; Danon, T.; Pacelli, K. A.;
Schloeder, D. M. J. Am. Chem. Soc. 1991, 113, 5427-5434. (b) Janda, K.
D.; Weinhouse, M. L; Schloeder, D. M,; Lerner, R. A.; Benkovic, S. J. J. Am.
Chem. Soc. 19990, [ 12, 1274-1275.
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