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ABSTRACT: f-Haloporphyrins were efficiently prepared by halogenation of f-borylporphyrins with N-halosuccinimide and
copper(I) halide. f-Haloporphyrins are useful precursors to synthesize a wide variety of f-substituted porphyrins through Pd-

catalyzed cross-coupling reactions.

ryl halides are key intermediates in organic synthesis since
they undergo a variety of organic reactions, such as cross-
coupling reactions, precisely at the halogenated position. It is
hence important to introduce a halogen atom into arene with
desired regioselectivity. Recently, Cu-mediated or -catalyzed
ipso-halogenation of arylboronic acids or -boronates emerged as
a useful method for regioselective preparation of aryl halides."
Notably, Hartwig et al. achieved halogenation of simple arenes
at the least sterically hindered position in two steps through Ir-
catalyzed regioselective borylation followed by Cu-mediated
halogenation.” This two-step route is attractive because it offers
regioselectivity that is different from the classical electrophilic
aromatic substitution (SgAr) (Figure 1, top).®
Porphyrins are an important class of arene, finding a wide
range of applications due to their interesting photophysical and
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Figure 1. Regioselective halogenation of arenes.
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Table 1. Halogenation of 1Ni and 3Ni
Ar Ar

Bpin  NXS (3 equiv) X
CuX (3 equiv)

DMF/toluene, air

Bpin  temp, time X
Ar Ar
1Ni 2NiX
Ar Ar
Bpin  NXS (1.2 equiv) X
CuX (1.2 equiv)
Ar Ar
DMF#toluene, air
temp, time
Ar Ar
3Ni 4NiX

entry substrate  NXS CuX  temp (°C) time (h) yield (%)

1 INi NIS Cul 80 3 90
2 INi NBS  CuBr® 110 6 89
3 INi NCS  CuCl 110 6 90
4 3Ni NIS Cul 80 3 90
5 3Ni NBS  CuBr® 110 6 72
6 3Ni NCS CuCl 110 6 78

6 equiv. “2.4 equiv.

electrochemical properties.” The SpAr halogenation of
porphyrins usually occurs selectively at their electron-rich
meso positions (Figure 1, bottom, left).” Accordingly, trans-
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Scheme 1. Denickelation and Zincation of 2Nil and 4Nil
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formations of meso-haloporphyrins have been extensively
investigated and widely applied to the synthesis of meso-
functionalized porphyrins and multiporphyrinic arrays con-
nected at the meso positions.” Therefore, it is reasonably
expected that f-haloporphyrins are also useful building blocks.
However, there are no general and selective approaches to f-
haloporphyrins from meso-unsubstituted porphyrins.”

We have reported facile preparation of f-borylporphyrins by
Ir-catalyzed regioselective borylation of meso-unsubstituted
porphyrins as a unique method for selective functionalization
at B-positions over meso positions.** Although f-borylporphyr-
ins experienced useful transformations such as Suzuki—Miyaura
cross—coupling,8b catalytic addition to unsaturated bonds,* and
oxidative hydroxylation,*® the variety of f-functionalization still
remains unexplored. In this paper, we report an efficient route
to p-haloporphyrins by Cu-mediated halogenation of p-
borylporphyrins (Figure 1, bottom, right) and demonstrate
the utility of f-haloporphyrins as new building blocks that
complement f-borylporphyrins.

We envisioned that Hynes’ halogenation with the aid of N-
halosuccinimide (NXS) and copper(I) halide (CuX) in
acetonitrile in air'® would be applicable to S-borylporphyrins.
However, f-diborylporphyrin INi is insoluble in highly polar
acetonitrile and did not participate in the halogenation. After
extensive screening of reaction conditions, we found that
iodination of 1Ni proceeded efficiently in a 2:1 mixture of N,N-
dimethylformamide (DMF) and toluene to afford f-diiodopor-
phyrin 2Nil in 90% yield (Table 1, entry 1, Ar = 3,5-tBu,C,H,
throughout the manuscript). Dibromination and dichlorination
also took place under similar conditions at a higher temperature
to afford dibromoporphyrin 2NiBr and dichloroporphyrin
2NiCl in 89% and 90% yields, respectively (entries 2 and 3).

With smaller amounts of NXS and CuX, -monoborylporphyr-
in 3Ni was converted to a series of f-monohaloporphyrins
4NiX without any significant side reactions although 3Ni and
4NiX contain potentially reactive porphyrinic carbons®®
(entries 4—6).

Attempted halogenation of zinc and freebase porphyrins
resulted in moderate to low yields due to undesired metalation
of the inner cavity with copper. Instead, denickelation of 2Nil
and 4Nil with concentrated sulfuric acid in trifluoroacetic acid
was successful, leaving the halogen moieties intact (Scheme 1).
The denickelation occurred cleanly at 0 °C, and subsequent
zincation afforded 2ZnI° and 4Znl in 84% and 87% yields,
respectively. These results clearly exemplify that a variety of S-
haloporphyrin metal complexes should become accessible.

With f-haloporphyrins in hand, we next explored their
potentials as synthetic intermediates. We first performed Pd-
catalyzed cross-coupling reactions to form carbon—carbon
bonds (Scheme 2). The Suzuki—Miyaura coupling reaction of
2Znl with arylboronic acid took place smoothly under Pd/
Sphos catalysis'® to afford arylated product 5 in 87% yield. The
Sonogashira reaction of 2Znl with triisopropylsilylacetylene
furnished alkynylated product 6 in 92% yield. Two different
approaches have become available for alkenylation of 2Nil.'!
The Migita—Kosugi—Stille reaction of 2Nil with tributylvinyl-
tin in the presence of CsF afforded vinylated product 7a in 75%
yield. Alternatively, the Mizoroki—Heck reaction of 2Nil with
ethyl acrylate gave alkenylated product 7b in 71% yield.*

Promoted by the successful carbon—carbon bond formation,
we next investigated Pd-catalyzed carbon—heteroatom bond
formation (Scheme 3). Buchwald—Hartwig amination of 2Znl
with diphenylamine, morphorine, and aniline proceeded with
the aid of the Pd-PEPPSI-IPr catalyst'> and NaOtBu,"?
providing 8a,” 8b, and 8c, respectively, in good yields.
Phosphanylation with diphenylphosphine and phosphinylation
with diphenylphosphine oxide also took place smoothly under
the conditions that we applied to porphyrinyl triflate."* Highly
efficient carbon—sulfur bond formation was accomplished by
means of 1,1'-bis(diisopropylphosphino)ferrocene, dippf, as a
rigid bidentate phosphine ligand that inhibits catalyst poison-
ing," affording f3-disulfanylporphyrins 10a and 10b in 90% and
79% vyields, respectively.

Scheme 2. Pd-Catalyzed Carbon—Carbon Bond Formation Reactions of 2ZnI and 2Nil
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Scheme 3. Pd-Catalyzed Carbon—Heteroatom Bond Formation Reactions of 2ZnI
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Scheme 4. Pd-Catalyzed Cyanation of 2Znl
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Figure 2. UV/vis absorption spectra of 8a, 8¢, 9b, 10a, 11, and 12 in
CH,CL,.

We finally attempted cyanation of 2ZnI (Scheme 4).'¢ Pd-
catalyzed cyanation of aryl halides is known to be deteriorated
due to facile formation of inactive anionic cyanopalladates.'” To
overcome this difficulty, the Pd-catalyzed cyanation of 2Znl
was achieved with Zn(CN), as a slow cyanide supplier and
dippf as a phosphine ligand to obtain f-dicyanoporphyrin 11°
in 67% yield.

Figure 2 shows the UV/vis absorption spectra of a series of
P-disubstituted porphyrins. Diphosphinylporphyrin 9b, di-
sulfanylporphyrin 10a, and dicyanoporphyrin 11 display red-
shifted Soret and Q bands by ca. 20 nm compared to the
corresponding f-unsubstituted porphyrin 12 due to electronic
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perturbations by the f-substituents. Aminoporphyrins 8a and
8¢ exhibit a broad and split Soret-like band around 450 nm that
is similar to those of known f-arylamino-substituted porphyr-
ins.'® The larger substituent effect in 8¢, compared to 8a,
implies the sterically less hindered nature of the anilino group
to cause more effective interaction between the porphyrin
chromophore and the amino groups.

In summary, we have established an eflicient method to
synthesize p-haloporphyrins through Cu-mediated halogen-
ation of the corresponding f-borylporphyrins. The resulting f-
haloporphyrins are useful precursors of a series of -substituted
porphyrins through Pd-catalyzed reactions. Further applications
of p-haloporphyrins to the construction of novel 7-conjugate
systems and multiporphyrinic arrays are currently underway.
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Experimental procedure, complete characterizations (NMR,
HRMS, UV/vis, fluorescence), and X-ray crystallographic data
for 2Znl, 8a, and 11. This material is available free of charge via
the Internet at http://pubs.acs.org.
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