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A new-generation cytochrome ¢ oxidase active-site model compound (4) featuring both a trisimidazolyl moiety and a proximal base has been
designed and efficiently synthesized. During this study, a facile method based on the chemistry of a 4-magnesioimidazole derivative to synthesize
4-imidazolyl-containing tripodal ligands (7) has been developed.

Cytochromec oxidase (€O), the terminal enzyme of the that, as previously surmised from indirect evidence, the O
respiratory chains of mitochondria and aerobic bacteria, binding/activating site in €0 is composed of a myoglobin-
catalyzes the 4e 4H" reduction of Q to H,O.! The active type iron center (hemess) and a copper atom (Gu
sites of cytochrome oxidase in bovine hedrand Para- coordinated with three imidazoles from histidine residues on
coccus denitrificarshave recently been structurally char- the “distal” side. Significant progress has been made in the
acterized by X-ray diffraction. These structures demonstrate construction of covalently linked model compounds which
closely resemble the hena/Cus active site to elucidate
T E-mail: rose@cer juss the mechanism of ©reduction. Those previous active-site
- : Jjussieu.fr. . .
(1) Ferguson-Miller, S.; Babcock, G. Them. Re. 1996 96, 2889. models usually contain asrtho-substitutednesephenylpor-

(2) (a) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.. phyrin connected with imidazolylpyrazolyl> or multipy-
Yamaguchi, H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa,

S. Sciencel995 269, 1069. (b) Tsukihara, T.; Aoyama, H.: Yamashita, E.; 1Al moieties or triazacyclononane-type protoctisthrough
Tomizaki, T.; Yamaguchi, H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, a linker on the “distal” side and/or a proximal base, such as

R.; Yoshikawa, SSciencel996 272, 1136. ; ;
(3) Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature1995 376, model cor_np_ounda and_2 (Figure 1). BOth_l Wlth Co(ll)
660. and Cu(l) insidé and2 with Fe(Il) and Cu(l) insidé showed
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Figure 1.

clean electroreduction of o H,O. Recently, Naruta et &l.
reported a new active-site model compouByifi which a
trisimidazolylmethane known to give stable complexes with
copper(l) iong was combined with a porphyrin through an
amide linkage. However, the synthesis of trisimidazolyl-

methane was inefficient because a tedious protection and &

low-yield Pd(PPh)s-catalyzed coupling reaction were em-

ployed. Furthermore, there was no built-in proximal base as

in CcO. In our continuing efforts to design and synthesize
more congruent structural models of theQCactive site, we

have focused on developing efficient strategies to construct

fully covalently linked model compounds with both a distal
trisimidazolyl Cu-binding site and a promixal base. Herein
we report a facile method to synthesize mono-4-imidazolyl-

(4) (@) Collman, J. P.; Brauman, J. |.; Doxsee, K. M.; Halbert, T. R.;
Bunnenberg, E.; Linder, R. E.; LaMar, G. N.; Gaudio, J. D.; Lang, G.;
Spartalian, KJ. Am. Chem. S0d98Q 102 4182. (b) Young, R.; Chang,
C. K. J. Am. Chem. Sod985 107, 898. (c) Baeg, J.-O.; Holm, R. H.
Chem. Commuri998 571. (d) Collman, J. P.; Bring, M.; Fu, L.; Rapta,
M.; Schwenninger, R.; Straumanis, A. Org. Chem1998 63, 8082. (e)
Collman, J. P.; Biong, M.; Fu, L.; Rapta, M.; Schwenninger, R. Org.
Chem 1998 63, 8084. (f) Collman, J. P.; Rapta, M.; Bing M.; Raptova,
L.; Schwenninger, R.; Boitrel, B.; Fu, L.; L'Her, Ml. Am. Chem. Soc
1999 121, 1387.

(5) Sasaki, T.; Naruta, YChem. Lett1995 663.

(6) (a) Obias, H. V.; van Strijdonck, G. P. F.; Lee, D.-H.; Ralle, M.;
Blackburn, N. J.; Karlin, K. DJ. Am. Chem. Sod.998 120, 9696. (b)
Sasaki, T.; Nakamura, N.; Naruta, €hem. Lett1998 351. (c) Kopf, M.-
A.; Karlin, K. D. Inorg. Chem 1999 28, 4922

(7) (@ Collman, J. P.; Herrmann, P. C.; Boitrel, B.; Zhang, X,;
Eberspacher, T. A.; Fu, L.; Wang, J.; Rousseau, D. L.; Williams, E.R.
Am. Chem. S0d 994 116, 9783. (b) Collman, J. P.; Zhang, X.; Herrmann,
P. C.; Uffelman, E. S.; Boitrel, B.; Straumanis, A.; Brauman, J. [Am.
Chem. Soc1994 116 2681. (c) Collman, J. P.; Fu, L.; Herrmann, P. C;
Zhang, X.Sciencel997, 275 949. (d) Collman, J. P.; Boitrel, B.; Fu, L.;
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Andrioletti, B.; Boitrel, B.; Guilard, RJ. Org. Chem1998 63, 1312. (f)
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containing tridentate ligands, and its application in the
synthesis of a new-generation model compoufid (

Commercially available 4-iodo-1-tritylimidazol&).° can
undergo magnesiusriodine exchange with a Grignard
reagent to give selectively a 4-magnesioimidazole intermedi-
ate @), which then attacks carbonyl compounds. This
protocol has been used to synthesize not only monoimidazole
compounds of pharmaceutical significabideut also a wide
range of 4-imidazolyl-containing multidentate ligands for
biomimetic studied? To our knowledge there is no previous
study usingb as a key synthon to make mono-4-imidazolyl-
containing tridentate ligands’ which can be deprotected
and further functionalized through the N-1 position. As a
part of our active-site model studies, we set forth to study
the reaction of 4-magnesio-1-tritylimidazol®) (vith bisimi-
dazolyl and bispyridyl ketones8)'® (Scheme 1).

Scheme 1
'll'r 'll'r OH
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As shown in Table 1, 4-magnesio-1-tritylimidazo® (1.2
equiv) which was derived frord (1.2 equiv) and EtMgBr
(1.2 equiv) in CHCI, reacted with bis(1-methyl-2-imidazo-
lyl)ketone 8a) (1.0 equiv) to give the trisimidazolylcarbinol
7a in 67% vyield. Interestingly, when the more lipophilic
bisimidazolyl ketone8b and8c were used, the yield of the
reaction increased to 91% and 99%, respectively. Bispyridyl
ketone B8d) can also react witl to form a tridentate ligand
(7d) featuring pyridine donors in 84% yield. However, when
the C-4 or C-5 position on the pyridine rings 8fwas
substituted by methyl groupBé or 8f), the yield of this
reaction decreased dramatically to 55% and 46%, respec-
tively. No desired addition product was obtained when bis-
(3-methyl-2-pyridyl)ketone or bis(6-methyl-2-pyridyl)ketone
was treated witl, probably because of the interference of
steric hindrance or an acidic methyl group adjacent to
nitrogen in the corresponding ketone. We also found that
the reactivities of the bisimidazolyl ketone8a(-c) are
relatively higher than those of the bispyridyl keton8d-

f) in this reaction. All of these tripodal ligands are not only

(10) It is now available from SynChem, Inc., Chicago, IL 606CRhém.
Eng. Newsl999 77(36), 49), and also it can be easily prepared in large
scale according to the following references: (a) Bensusan, H. B.; Naidu,
M. S. R.Biochemistryl967 6, 12. (b) Kirk, K. L. J. Heterocycl. Chem
1985 32, 57. (c) Palmer, B. D.; Denny, W..Al. Chem. Soc., Perkin Trans.
11989 95.

(11) Turner, R. M.; Lindell, S. D.; Ley, S. \J. Org. Chem1991 56,
5739.

(12) Collman, J. P.; Zhong, M.; Wang, Drg. Lett 1999 1, 949.

(13) (a) Newkome, G. R.; Kiefer, G. E.; Frere, Y. A.; Onishi, M.; Gupta,
V. K.; Fronczek, F. ROrganometallics1986 5, 348. (b) Gorun, S. M.;
Papaefthymiou, G. C.; Frankel, R. B.; Lippard, SJJAm. Chem. Soc
1987, 109 4244. (c) McMaster, J.; Beddoes, R. L.; Collison, D.; Eardley,
D. R.; Helliwell, M.; Garner, C. DChem. Eur. J1996 2, 685. (d) Elgafi,

S.; Field, L. D.; Messerle, B. A.; Hambley, T. W.; Turner, P.Chem.
Soc., Dalton Trans1997, 2341.
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Table 1. Synthesis of 4-Imidazolyl-Containing Tripodal
Ligands from5, EtMgBr, and RCO (8)2

isolated
entry R.,CO product yield (%)
R 8 7
N
w—z
1 8a 7a 67
CgHi7
N
P
2 N 8b 7b 91
N
Ph
Pa
3 Ph\;g’- 8¢ Tc 99
CL
NN
4 8d 7d 84
~ ]
5 NN 8e 7e 55
AQ
6 8f 7f 46

aReaction conditions5 (1.2 equiv) reacted with EtMgBr (1.2 equiv)
in CH,CI, at room temperature for 2 h; théh(1.0 equiv) was added and
the resulting mixture was stirred at room temperature for42 h.

important building blocks in @) active-site model studies

but are also possible carbonic anhydrase (CA) mirfics.

Trisimidazolylcarbinol 7a) was converted to the methy-

lated tripod ) in a NaH/CHI/THF system in 93% yield.

Surprisingly, mainly decomposed compounds were obtaine
in a NaH/CHI/DMF system due to retro-aldol condensation.

a chloroacetamide and a proximal base on two sides of the
same phenyl ring was desired. In this case, not onlytthe
NMR spectra of all intermediates were simplified but also
the atropisomers were minimized. The chloroacetamide
functional group is a potential linker between the porphyrin
and the tripod on the basis of the well-documented multiple
Sv2 reactiong®'® As shown in Scheme 3, the bis-faced

Scheme 3

13a R=NO,
13b R=NH,

a2 Reagents and conditions: (a) Sp@H,0, concentrated HCI,
CH.Cl,, 0 °C, 64% for13a, 28% for13b; (b) 3-(3-pyridyl)pro-
dpionyl chloride, N,N-diethylaniline, DMF, 68% forl4, 63% for
11; (c) SnC}-2H,0, concentrated HCI, Ci€l,, rt, 86% for 15,
94% for17; (d) chloroacetyl chloride, BN, THF, 0°C — rt, 84%

The trityl groups of the tripodal ligands can be easily for 11, 92% for 16; () 10, C$COs, CHCN, rt, 32%.

removed in mild acidic conditions. Whehwas stirred in

85% aqueous TFA at room temperature overnight, the free

NH imidazolyl tripod (0) was obtained in 98% vyield
(Scheme 2).

After the free NH imidazolyl tripod 10) was obtained, a
customized bis-faced porphyrin synthdrd) which contains

Scheme 2
/
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aReagents and conditions: (a) NaH, £HTHF, rt, overnight,
93%; (b) 85% aqueous TFA, rt, overnight, 98%.
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dinitroporphyrin (2) was prepared from the mixed conden-
satiort® of mesitaldehyde and #rt-butyl-2,6-dinitrobenzal-
dehydé’ with pyrrole in the presence 8 A molecular sieves
and BR-EtO in dry CHCI, at room temperature for 1 h

(14) (a) Tang, C. C.; Davalian, D.; Huang, P.; BreslowJRAmM. Chem.
Soc 1978 100, 3918. (b) Slebocka-Tilk, H.; Cocho, J. L.; Frakman, Z.;
Brown, R. S.J. Am. Chem. S0d 984 106, 2421. (c) Ruf, M.; Weis, K_;
Vahrenkamp, HJ. Chem. Soc., Chem. Commd®94 135. (d) Greener,
B.; Moore, M. H.; Walton, P. HChem. Commuri99§ 27. (e) Hannon,
M. J.; Mayers, P. C.; Taylor, P. Qetrahedron Lett1998 39, 8509.

(15) (a) Kumazawa, T.; Harakawa, H.; Obase, H.; Oiji, Y.; Tanaka, H.;
Shuto, K.; Ishii, A.; Oka, T.; Nakamizo, Nl. Med. Chem198§ 31, 779.
(b) Oshiro, Y.; Sakurai, Y.; Tanaka, T.; Kikuchi, T.; Hirose, T.; Tottori, K
J. Med. Chem1991, 34, 2014. (c) Rezaie, R.; Bremner, J. B.; Blanch, G.
K.; Skelton, B. W.; White, A. HHeterocycled995 41, 959. (d) Font, M.;
Monge, A.; Cuartero, A.; Elorriaga, A.; Manez-Irujo, J. J.; Alberdi, E.;
Santiago, E.; Prieto, |.; Lasarte, J. J.; Sarobe, P.; BoffaEur. J. Med.
Chem.1995 30, 963.
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followed by oxidation of the resulting porphyrinogen with Subsequently, efforts were made to complete the synthesis
DDQ. The yield of this mixed-condensation reaction is of the new model compoundt). The tripodal ligand 10)
extremely dependent on not only the ratio of the two was condensed with porphyrid) in the presence of Gs
aldehydes but also on the condensation time. The optimizedCQO; in CH;CN at room temperature to givkin 32% vyield

ratio of mesitaldehyde/tert-butyl-2,6-dinitrobenzaldehyde  (Scheme 3). In this model compound, the distance between
was 6/1 and the condensation time was 1 h. Interestingly, the center of the tripod and the core of porphyrin can be

compoundl?2 can be selectively reduced by Sa@H,0 in controlled by using different linkers between them. Also,

the presence of concentrated HCl in £Hp at 0°C to give the structures and properties of the building blocks “distal
monoaminoporphyrini3a) in 64% yield. Thus, selective tridentate ligand” and “proximal base” can be readily varied.

acylation could be achieved usirifa instead of diami- It can be foreseen that a large number of interesting model
noporphyrin (3b) as a precursor. Acylation af3a with compounds of this series can be efficiently synthesized
3-(3-pyridyl)propionyl chloridé® using N,N-diethylaniline according to the present method.

as a base in DMF gav#, followed by reduction to givad5 In summary, we have developed a general method to

in 86% yield. Then15 was acylated with chloroacetyl  synthesize tripodal ligands7) containing 4-imidazolyl
chloride while triethylamine served as a base. The reaction gieties based on the reaction of 4-magnesioimidazole

afforde_d 11 WhiCh contains a_II the functions as described derivative with bisimidazolyl and bispyridyl ketone&).(We
above in 84% yield. Alternativelyl2 could undergo acy-  have also designed and efficiently synthesized a new-
lation with chloroacetyl chloride first to givé6, which was generation active-site analogud) featuring both a distal
reduced by SnGi2H,0, and then followed by condensation  yisimidazolyl moiety and a proximal base. The facile routes

with the proximal base to giviél The overall yield of the  iJ ihe new series of tridentate ligand® &nd the modular
latter route is 54%, which is higher than the former one (49% approach to construct the model compoudiill open up

from 13g). new possibilities in biomimetic heme chemistry.
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