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ABSTRACT

Bromoacetamidoporphyrin is a convenient synthon for the attachment of distal superstructures at room temperature in good yields. New
models are presented that contain a tris-imidazole distal ligand set bound to the porphyrin in either a binary or trinary fashion. More importantly,
one distal imidazole is cross-linked to a phenol mimicking Tyr2*, making this model the closest structural analogue yet reported of the metal

free cytochrome ¢ oxidase (CcO) active site.

Structural characterization of cytochromexidase (€O)
active site§ 22 has led to significant progress in the design
and synthesis of close structurat@ analogues. Several
linkers have been attached to amino-porphitrio perform

the tethering of the distal superstructtite:Michael acceptor
porphyrins (2)3¢-¢ chloroacetamidoporphyrins (39,9 and
isocyanatoporphyrins (4).Some, such a4, are moisture-
sensitive or have been used with moisture-sensitive com-

with 1. On the other han@® and3 are very stable in air, but
heating is required for them to react, which induces
significant rotation, lowering the yields and preventing
recovery of the unreacted starting material. A new deriva-
tization of porphyrin anilines is presented to obtain bro-
moacetamidoporphyrin synthadh offering a compromise
between reactivity and moisture sensitivity.
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Since the stability of the Cu complex in the tris-imidazole
pocket might be an isseand tris-imidazolyl methane gives
stable complexes with copper(l) iohd\aruta et af? and
Collman et af® synthesized a new family of active-site
models with6 and 7, in which a tris-imidazolyl moiety is
covalently linked to the porphyrin. However, this linkage to
the porphyrin was attached at only one position, which
allowed the triimidazole ligand to rotate. To obviate this
problem, a new family of cytochromezoxidase models has
been developed (modets-10). In models8 and9, the distal

tris-imidazole moiety and the proximal base are cross-trans o%j“ HN’(\) T e Heme ag
. . . . . . _NT N 3 Is
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reminiscent of previous porphyrin desigfisd whereas in T

model 10, the former is linked in a trinary fashion to the
oao-porphyrin. A phenol moiety that our previous models 8a Ry=Ry=CHjg
lacked has been covalently linked to one distal imidazole in 8b Ry=H Ry=CHj
model8h. It mimics the Ty#** residue, which is thought to
play a key role in the 4H4e™ reduction of G ¢and which

has been the subject of studies based on non-heme nibdels.
Model 8b is a more representative model of theactive

site because all key groups are present: porphyrin, proximal
base, three distal imidazoles, and one imidazole linked to a
phenol residue. In modél, an amine remains protected and
after deprotection may be used as a synthon for modifying
the superstructure.

Several synthetic routes were investigated for the prepara-
tion of the pyridine-diamine building block6 (Scheme 1).
Following a previously reported proced@tewith some
modifications, 3,5-pyridine-dicarboxylic acid was converted
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aReagents and conditions: (a) SQADMF cat., toluene, 110
°C, 95%; (b) (t-BUOYAIH, THF, —78— 0 °C, 28%; (c) TsSNHNH,
CH,CI,/CgHsN, 40 °C, 82%; (d) Se@ dioxane—water, 80C, 12
h, 20%; (e) polymerN*MesBH,4~, CH,Cl,, 0 °C, 30 min, 43%j;
() MnO,, CHCly, 1t, 2 h, 32%; (g) KCO;, glycol, 150°C, 5 min,
25%; (h) LiAIH4, THF, —78— 0 °C, 5-10%,; (i) CHsNH,, CH3;0OH,
rt, 16 h, 50%; (j) NaBH, CH;OH, 10 min, 50%; (k) ROH, k50,
80°C, 3 h, 80%.

yielded20in 43% yield. Diimination of18 by treatment in
methylamine followed by reduction with NaBkFafforded
the desired diamine pyriding6 in 65% yield.

Preparation oéi5a/5-models8 and9 was achieved by &
reaction of bis-secondary amine strd 22, and23 with
a tetrahalogenoacetamidoporphy®#a,b (Scheme 2). The
sequence was chosen to introduce the pyridinel&first,
followed by the tris-imidazole ligan@2 or 23 because the
purification of imidazole-containing porphyrins is always
tedious. The previously reported chloroacetamidoporphyri
TCIPP3 %&frequired halogen exchange and heating<(@8
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aReagents and conditions: (a) bromoacetyl bromide, THF,
Et;NCeH4, 0 °C, 2 min, 86%; (b) chloroacetyl chloride, GEl,,
15 min, rt, 80%; (c)16, THF, EtNCsHy,, rt, 36 h (45% 26a)) or
4 weeks (14%26b)), or 60°C (25% (26b)); (d) THF, ENCgH,,
rt, 36 h,22 (40% (8)) or23 (35% (9)); (e) Nal, acetone, 5, 16
h, then step d, 8%; (f) BBy CH,Cl,, —78 °C, 30 min, then CC,
1 h, 40%.

imidazolic nitrogen on the bromomethylene of unrea@éd

n @s pointed out earlier with imidazol acyl chlorid®@s.

As expected, a gain in reactivity is obtained with TBrPP.

°C) for 18—72 h to be condensed with secondary amines in Reaction times were slightly shorter than with TCIPP, but

ca. 40% yield* But a control reaction showed thafo-
TCIPP 25b refluxed in acetone (53C) for 6 h led to 50%

no heating was required, which allowed recovery of the
starting porphyrin; also, the yields of products were slightly

rotation. Therefore, the preparation of bromoacetamido-type increased. TBrPP is not as moisture sensitive as the very

porphyrins24ac,e was carried out since Br is a better leaving
group for &2 reactions and should allow milder reactions.
Tetra(bromoacetamido)-porphyri@4a (ofafS-TBrPP) is
obtained in 86% yield by addition of bromoacetyl bromide
to afaS-tetraaminophenyl-porphyrin synth@ba. A short

reactive isocyanatoporphyri: this strategy represents a
compromise between sufficient reactivity and convenience
of handling. Unreacte@4a did not suffer from rotation or
hydrolysis during the reaction and workup, which is normally
an issue when dealing with valuable porphyrin synthons such

reaction time and low temperature are required; otherwise, 8s26ain the synthesis oBa or 9. TBrPP24ais stable when

side-products form. Preparation from a pure TAPP-atropi-

stored at #C, whereas dibromoacetamidopyridine-strapped

somer was preferred over a mixture of TAPP-atropisomer Porphyrin26awas slowly converted into several unidentified

because separation of TBrPP-atropisomers have clser

values than TAPP, making them more difficult to separate.

Subsequent reaction @4a and diaminel6 proceeded at
room temperature, affordin@6 in 45% vyield, with no
observed rotation. The same reaction run with TCHB
led to 14% of26b after a reaction time of several weeks at

porphyrins of higher polarity. Similarly, the preparation of
og[bromoacetamida} -[trityl]-porphyrin osBrsTr 24¢c(Scheme

3) from azlamino]-A -[trityl]-porphyrin 25b% was achieved

in 55% yield. A 40-fold excess of base was required to keep
trityl cleavage to a minimumasBrgTr Synthon24c was
stable at room temperature in solution for hours. Reaction

room temperature and 23% yield when the reaction was ©Of tripodal ligand tris-imidazole-tris-secondary amig@"

carried out at 50C. The subsequent reaction 26a with
tris-imidazole dipodal ligand&2¢ and23 proceeded at room
temperature and led t8 and 9 in 40 and 35% yields,

with 24cled to aoaS-model10 in 28% yield together with
several unidentified side products. When starting fitd,
prior halogen exchange was required and the isolated yield

respectively. Longer reaction times led to a drop in yield of of 10 was only 6.5%.

8 and9 together with other unidentified fractions, presumably
arising from {2 nucleophilic attack of the unprotected

Org. Lett., Vol. 6, No. 6, 2004

Previously reported condensations were also run with the
new bromoacetamido linker. Tris-imidazole-picket-j-trityl-
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Scheme 3
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aReagents and conditions: (a) bromoacetyl bromide, THF,
Et;NCgH,4, 0 °C, 2 min, 86%; (b) chloroacetyl chloride, GEl,,
15 min, rt, 70%; (c)27, THF, EtNCgH,, rt, 36 h, 28%; (d) Nal,
acetone, 50C, 16 h, then step ¢, 6.5%.

porphyrin 113f was obtained in 40% yields by reaction of
24c¢ with cyanoethyl-protected imidazdiefollowed by
treatment with sodium methylate. Cappingaf and ou-
porphyrinsasBrgTr 24candoaoa-TBrPP 24ewith triaza-
cyclononane and cyclen led to porphyritidand13in 43—
50% yield.

o‘( Oé(NH HN>O O’( O:<HN H}O
e 5 W o
e
v 11 . 12

18] ole
/\ N/—\\ / \\ N/ )
G ﬁ} o :(Q LS {? Yo

i N <_NH = S NH

&
15

U

13

Also, mono- and bis-strappeds-porphyrins 14 and 15,
respectively, were obtained by reaction2dfewith dimeth-
ylethylenediamine. Contrary @4cand26a, 15is less stable

spectroscopic characteristics: lower solubility in common
organic solvents, small&; values, and halogeno-methylene
H NMR signals downfield-shifted (by 0.24 ppm) with
bromine.8ahas theoretically several isomers: the phenoxy-
imidazole moiety can rotate along the-® axis giving two
possible isomers, one with the moiety, the other with the
moietydown. The phenoxy moiety can also rotate along the
C(imidazole)-C(phenyl) bond: two extreme positions might
be considered, inside (in) or outside (out) together with other
intermediate positions. This is another kind of rotational
isomer taking place on porphyrin at the superstructure and
not at themeso-phenyl rings.

Scheme 4
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Interconversion was slow enough at room temperature to
attempt chromatographic separation, but because of the
similar polarity of the atropisomers, only one atropisomer
could be purified. As for the other fractions, the same peak
at m/z 1464.5 was found, and brodtl NMR peaks were
obtained. Interconversion was much faster abovef1°C,
which is reminiscent of the rotation ofieso-amino pickets
previously reported which did not allow the use of high-
temperature NMR witl8ap. With the more polar compound
8b, obtained by BBytreatment oBa, isomers were not even
detected on TLC.

In conclusion, a new generation of models is reported
where capped and strapped tris-imidazole porphyrins offer
greater stability and no rotation of distal Cu complexes. One
of them is the closest structural analogue yet reported of the
metal free €O. The bromoacetamido linker is efficient in
attaching a variety of distal tris-imidazole superstructures.
It offers a compromise between high reactivity and conven-
ience in handling.
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