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The structure and O,-reactivity of copper(l) complexes supported by novel ligands, Pye2 (1,3,5-triethyl-2,4-bis((N-
benzyl-N-(2-(pyridin-2-yl)ethyl)-)Jaminomethyl)benzene), Pye3 (1,3,5-triethyl-2,4,6-tris((N-benzyl-N-(2-(pyridin-2-yl)-
ethyl))aminomethyl)benzene), MePym2 (1,3,5-triethyl-2,4-his((N-benzyl-N-(6-methylpyridin-2-ylmethyl))aminomethyl)-
benzene), and ePym3 (1,3,5-triethyl-2,4,6-tris((N-benzyl-N-(6-methylpyridin-2-ylmethyl))aminomethyl)benzene) have
been examined. The ligands are designed to construct mono-, di-, and trinuclear copper(l) complexes by connecting
two or three pyridylalkylamine metal-binding sites to a 1,3,5-triethylbenzene spacer. Thus, the reaction of the ligands
with [CU'(CH3CN)4JX (X = PFe, CF3SQ3) or Cu'Cl gave the expected mononuclear copper(l) complexes [Cu'(Pye2)(CFs-
SOs)] (1) and [Cu'(Pye3)](CFsS0s) (2), dinuclear copper(l) complex [Cu',(MePym2)(CI)JCu'Cl, (3), and trinuclear
copper(l) complex [Cu's(MPym3)(CH3sCN)s](CFsSOs)s (4), the structures of which were determined by X-ray
crystallographic analysis. The mononuclear copper(l) complexes, 1 and 2, exhibit a distorted three-coordinate T-shape
structure and a trigonal planar structure, respectively, which are very close to the coordination geometry of the
CuA site of PHM (peptidylglycine o-hydroxylating monooxygenase) and the CuB site of CcO (cytochrome c oxidase).
Notably, 1 and 2 showed a significantly high oxidation potential (990 mV vs SCE), thus showing virtually no reactivity
toward O,. On the other hand, the metal centers of the dinuclear and trinuclear copper(l) complexes, 3 and 4,
exhibit a distorted trigonal planar geometry and a trigonal pyramidal geometry, respectively. In contrast to the
mononuclear copper(l) complexes, these dinuclear and trinuclear copper(l) complexes reacted with O, to induce
an aromatic ligand hydroxylation reaction involving an NIH-shift of one of the ethyl substituents on the benzene
spacer. The NIH-shift of the alkyl substituent on the aromatic ring is strong evidence of the electrophilic aromatic
substitution mechanism, although the active oxygen intermediate could not be directly detected during the course
of the reaction. The biological relevance of the copper(l) complexes is also discussed on the basis of structure and
O-reactivity.

Introduction involving mono-, di-, and trinuclear structure3.o explore

Copper proteins are ubiquitous in nature, for which a wide the structures, physicochemical properties, and functions of
variety of physiological functions such as reversible dioxygen these copper active sites, a large number of model complexes
binding, electron transfer, oxidase and oxygenase activities,have so far been developed during the last two decades,
and superoxide dismutation are knoWhhese functions are ~ establishing biomimetic copper chemistry.
accomplished at various types of copper reaction centers For copper(l)/dioxygen chemistry, tridentate ligands such

* Author to whom correspondence should be addressed. E-mail: shinobu@ as hydrotris(1-pyrazolyl)borate (HBgz 1,4,7-triazacy-
sci.osaka-cu.ac.jp. _ o _ _ clononane (TACN), and bis[2-(2-pyridyl)ethyl]Jamine (PY2)

@) (EagSH_a&i?gglkggk'll"eeﬁa','\?epvrvmfgﬂfezrgg'i "('bisg‘;%%'écﬁ(" Osf'ﬁ/‘f;glg'_' derivatives as well as tetradentate ligands such as tris(2-
proteins, Volura 1 & 2; Messerschmidt, A., Huber, R., Poulos, T.,  pyridylmethyl)amine (TPA) and tris(aminoethyl)amine (tren)
Wieghardt, K., Eds.; John Wiley & Sons: ~Chichester, 2001. (¢) jajyatives have been examined in detdidentate ligands

Solomon, E. I.; Chen, P.; Metz, M.; Lee, S. K.; Palmer, AARgew. L . )
Chem, Int. Ed 2001, 40, 4570-4590. such as ethylene diamine (en), 2-(2-pyridyl)ethylamine
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Chart 1 ligand system, attached to the 2,4,6-positions are enforced
to positioning the same side of the benzene ring of the spacer,
since theabababconfiguration & denotes ‘above’ and

@)

For anion receptor: (a) Metzger, A.; Lynch, V. M.; Anslyn, E. V.

> '® : N,
55):\ igé:i\w denotes ‘below’) is the most stable conformation due to the
N N . . . . .

é N\)i) é NQ steric repulsion between the neighboring substituents as

%0 T§%e

Mepym2 Mepym3

(PY1), ands-diketiminate derivatives have also been studied
recently? The copper(l) complexes supported by these
capping ligands are usually very reactive towagd @oduc-
ing a series of copperdioxygen complexes such as mono-
nuclear copper(Ib-superoxo (both end-on and side-on),
copper(llly—peroxo (side-on), dinuclear copper(H)-peroxo
(both end-on and side-on), hispxo)dicopper(lll), and bis-
(us-oxo)tricopper(ll,I1,111) complexe$.Characterization and
reactivity studies of these coppedioxygen complexes have
provided significantly important insights into the dioxygen
activation mechanisms at the mononuclear copper reaction
centers of peptidylglycine-hydroxylating monooxygenase
(PHM) and dopamings-monooxygenase (M) and the @
dinuclear type-3 copper active sites of hemocyanin (Hc),
tyrosinase (Tyr), and catechol oxidase (CA).

In this study, we have examined copper(l) coordination
chemistry ofPye2 Pye3 MePym2, andMePym3 (Chart 1)
in order to model the mononuclear, dinuclear, and trinuclear
copper(l) reaction centers in the biological systems. The
1,3,5-triethylbenzene derivatives have recently attracted much
attention as an efficient building block for the development
of receptors in molecular recognition chemistry and ligands @
in supramolecular, biomimetic, and coordination polymer
chemistry®~1! The 1,3,5-triethylbenzene spacer plays an
important role in controlling the steric configuration of the
functional groups introduced into the 2,4,6-positions. Namely,
the functional groups, the metal binding units in the present

=

(2) (a) Kitajima, N.; Moro-oka, YChem. Re. 1994 94, 737-757. (b)
Karlin, K. D.; Kaderli, S.; Zuberbhler, A. D. Acc. Chem. Red.997,
30, 139-147. (c) Mahadevan, V.; Gebbink, R. K.; Stack, T. D. P.
Curr. Opin. Chem. Biol200Q 4, 228-234. (d) Schindler, SEur. J.
Inorg. Chem200Q 2311-2326. (e) Itoh, S.; Fukuzumi, 8ull. Chem.
Soc. Jpn2002 75, 2081-2095. (f) Mirica, L. M.; Ottenwaelder, X.;
Stack, T. D. PChem. Re. 2004 104, 1013-1045. (g) Lewis, E. A,;
Tolman, W. B.Chem. Re. 2004 104, 1047-1076. (h) Tolman, W.
B. J. Biol. Inorg. Chem2006 11, 261—-271. (i) ltoh, S.Curr. Opin.
Chem. Biol.2006 10, 115-122.

(3) (a) ltoh, S.; Taki, M.; Fukuzumi, SCoord. Chem. Re 200Q 198
3—20. (b) Jazdzewski, B. A.; Tolman, W. Boord. Chem. Re 200Q
200-202, 633-685. (c) Gamez, P.; Koval, I. A.; Reedijk, Dalton
Trans 2004 4079-4088.

(4) Kim, E.; Chufan, E. E.; Kamaraj, K.; Karlin, K. DChem. Re. 2004
104 1077-1133.

(5) Wiskur, S. L.; Ait-Haddou, H.; Lavigne, J. J.; Anslyn, E.Atc. Chem.
Res.2001, 34, 963-972.
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Angew. Chem., Int. Ed. Endl997, 36, 862—-865. (b) Bisson, A. P.;
Lynch, V. M.; Monahan, M. K. C.; Anslyn, E. VAngew. Chem., Int.
Ed. Engl.1997, 36, 2340-2342. (c) Niikura, K.; Bisson, A. P.; Anslyn,
E. V. J. Chem. Soc., Perkin Tran$999,2, 1111-1114. (d) Lee, K.
H.; Hong, J. I.Tetrahedron Lett200Q 41, 6083-6087. (e) Cabell,

L. A;; Best, M. D.; Lavigne, J. J.; Schneider, S. E.; Perreault, D. M.;
Monahan, M. K.; Anslyn, E. VJ. Chem. Soc., Perkin Tran2001

2, 315-323. (f) Kim, Y. K.; Ha, J.; Cha, G. S.; Ahn, K. HBull.
Korean Chem. SoQ002 23, 1420-1424. (g) Abouderbala, L. O;
Belcher, W. J.; Boutelle, M. G.; Cragg, P. J.; Dhaliwal, J.; Fabre, M.;
Steed, J. W.; Turner, D. R.; Wallace, K. Ghem. Commur2002
358-359. (h) Rekharsky, M.; Inoue, Y.; Tobey, S.; Metzger, A;;
Anslyn, E. V. J. Am. Chem. Soc2002 124, 14959-14967. (i)
Abouderbala, L. O.; Belcher, W. J.; Boutelle, M. G.; Cragg, P. J;
Steed, J. W.; Turner, D. R.; Wallace, KRroc. Nat. Acad. Sci. U.S.A.
2002 99, 5001-5006. (j) Hashizume, M.; Tobey, S.; Lynch, V. M;
Anslyn, E. V.Supramol. Chen2002 14, 511-517. (k) McCleskey,

S. C.; Metzger, A.; Simmons, C. S.; Anslyn, E. Vetrahedror2002

58, 621-628. (I) Wiskur, S. L.; Floriano, P. N.; Anslyn, E. V.;
McDevitt, J. T.Angew. Chem., Int. EQ2003 42, 2070-2072. (m)
Wallace, K. J.; Belcher, W. J.; Turner, D. R.; Syed, K. F.; Steed, J.
W. J. Am. Chem. So@003 125, 9699-9715. (n) Wong, W. W. H.;
Phipps, D. E.; Beer, P. DPolyhedron2004 23, 2821-2829. (0)
Schmuck, C.; Schwegmann,.Nl. Am. Chem. So2005 127, 3373~
3379. (p) Capitan-Vivey, L. F.; Arroyo-Guerrero, E.; Fefmalez-
Ramos, M. D.; Santoyo-Gohiea, F. Microchim. Acta.2005 151,
93-100. (q) Fahlbusch, T.; Frank, M.; Schatz, J.; SchmaderegLiH.

J. Org. Chem2006 1899-1903. (r) Turner, D. R.; Paterson, M. J.;
Steed, J. WJ. Org. Chem2006 71, 1598-1608. (s) Belcher, W. J.;
Fabre, M.; Farhan, T.; Steed, J. @tg. Biomol. Chem2006 4, 781—
786. (t) Schmuck, C.; Schwegmann, ®rg. Biomol. Chem2006 4,
836—-838.

For cation receptor: (a) Chin, J.; Walsdorff, C.; Stranix, B.; Oh, J.;
Chung, H. J.; Park, S. M.; Kim, KAngew. Chem., Int. EA.999 38,
2756-2759. (b) Kim, S.-G.; Ahn, K. HChem. Eur. J200Q 6, 3399~
3403. (c) Jon, S. Y.; Kim, J.; Kim, M.; Park, S.-H.; Jeon, W. S.; Heo,
J.; Kim, K. Angew. Chem., Int. EQ001, 40, 2116-2119. (d) Jeong,
K.-S.; Shin, K. H.; Kim, S.-HChem. Lett2002 1166-1167. (e) Chin,
J.; Oh, J; Jon, S. Y.; Park, S. H.; Walsdorff, C.; Stranix, B.;
Ghoussoub, A;; Lee, S. J.; Chung, H. J.; Park, S.-M.; KimJKAm.
Chem. Soc2002 124, 5374-5379. (f) Kim, H.-S.; Kim, D. H.; Kim,

K. S.; Choi, H.-J.; Shim, J. H.; Jeong, I. S.; Cha, G. S.; NamJH.
Inclusion Phenom. Macro. Cher2003 46, 201—-205. (g) Kim, J.;
Kim, Y. K.; Park, N.; Hahn, J. H.; Ahn, K. HJ. Org. Chem2005

70, 7087-7092.

For molecular recognition: (a) Perreault, D. M.; Cabell, L. A.; Anslyn,
E. V. Bioorg. Med. Chem1997, 5, 1209-1220. (b) Niikura, K.;
Metzger, A.; Anslyn, E. V.J. Am. Chem. Sod998 120 8533-
8534. (c) Niikura, K.; Anslyn, E. VJ. Chem. Soc., Perkin Trans. 2
1999 2769-2775. (d) Cabell, L. A.; Monahan, M.-K.; Anslyn, E. V.
Tetrahedron Lett1999 40, 7753-7756. (e) Schneider, S. E.; O'Nell,
S. N,; Anslyn, E. V.J. Am. Chem. So00Q 122 542-543. (f)
Wiskur, S. L.; Anslyn, E. VJ. Am. Chem. So2001, 123 10109
10110. (g) Zhong, Z.; Anslyn, E. V0. Am. Chem. SoQ002 124,
9014-9015. (h) Komiyama, M.; Kina, S.; Matsumura, K.; Sumaoka,
J.; Tobey, S.; Lynch, V. M.; Anslyn, E. \d. Am. Chem. So2002
124, 1373%-13736. (i) Zhong, Z.; Anslyn, E. VAngew. Chem., Int.
Ed. 2003 42, 3005-3008. (j) Best, M. D.; Anslyn, E. VChem. Eur.
J.2003 9, 51-57. (k) Niikura, K.; Anslyn, E. V.J. Org. Chem2003

68, 10156-10157. (I) Cho, H.-K.; Kim, H.-J.; Lee, K. H.; Hong, J.-I.
Bull. Korean Chem. SoQ004 25, 1714-1716. (m) Wiskur, S. L.;
Lavigne, J. J.; Metzger, A.; Tobey, S. L.; Lynch, V.; Anslyn, E. V.
Chem. Eur. J.2004 10, 3792-3804. (n) Vacca, A.; Nativi, C.;
Cacciarini, M.; Pergoli, R.; Roelens, $.Am. Chem. So2004 126,
16456-16465. (0) Manimala, J. C.; Wiskur, S. L.; Ellington, A. D.;
Anslyn, E. V.J. Am. Chem. So2004 126, 16515-16519. (p) Mazik,
M.; Radunz, W.; Boese, R.. Org. Chem2004 69, 7448-7462. (q)
Zhong, Z.; Postnikova, B. J.; Hanes, R. E.; Lynch, V. M.; Anslyn, E.
V. Chem. Eur. J2005 11, 2385-2394. (r) Schmuck, C.; Schweg-
mann, M.Org. Lett.2005 7, 3517-3520. (s) Kim, J.; Raman, B.;
Ahn, K. H. J. Org. Chem2006 71, 38—45. (t) Mazik, M.; Kuschel,
M.; Sicking, W.Org. Lett.2006 8, 855-858.
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Figure 1. Schematic representation of the steric configuration of the
substituents of 1,3,5-triethylbenzene derivatives.

illustrated in Figure 1. This geometric feature of the 1,3,5-
triethylbenzene spacer may enable the molecules to adapt
favorable conformation for the formation of biomimetic

Electrochemical Measurement.The cyclic voltammetry (CV)
was performed on an ALS-630A electrochemical analyzer in
deaerated acetonitrile containing 0.1ivBus;NPF; as supporting
electrolyte. The Pt electrodes was polished with BAS polishing
alumina suspension and rinsed withGHbefore use. The counter
electrode was a platinum wire. The measured potentials were
recorded with respect to a Fc/Fq1.0 x 103 M) reference
electrode. ThéE values (vs Fc/Ft) are converted to those versus
SCE by adding 0.33 V (Mann, K.; Barnes, K. Electrochemical
Reactions in Non-aqueous SysteMarcel Dekker Inc.: New York,
1990). All electrochemical measurements were carried out at 25
°C under an atmospheric pressure of Ar in a glove box (Miwa Co.
Ltd.).

X-ray Structure Determination. The single crystal was mounted
on a glass fiber. Diffraction data of complexgs3, 4, and6 were
collected by a RIGAKU RAXIS-RAPID imaging plate two-
é}limensional area detector using a graphite-monochromateddo K
fadiation § = 0.71075 A) to a By of 55.0°. Diffraction data of

complex2 were collected by a Rigaku AFC7/CCD Mercury area

copper(l)_cpmplexes and cause perturbation_on the structureygtector using a graphite-monochromated Mo i&diation ¢ =
and reactivity of the resulting complexes as discussed below.( 71070 A) to a 8. 0f 55.0°. All the crystallographic calculations

So far, only a couple of examples of copper(l) complexes

were performed by using the Crystal Structure software package

supported by the similar triethylbenzene ligands have beenfrom the Molecular Structure Corporation [Crystal Structure:

reportedtide

Experimental Section

General. All chemicals used in this study except the ligands
and the copper(l) complexes were commercial products of the

Crystal Structure Analysis Packageersion 3.7.0; Molecular
Structure Corp. and Rigaku Corp. (260R005)]. The crystal
structures were solved by the direct method and refined by full-
matrix least-squares using SIR92 for2, and4 and SHELX97
for 3 and 6. All non-hydrogen atoms and hydrogen atoms were

highest available purity and were further purified by the standard "€fined anisotropically and isotropically, respectively. Summary of
methods, if necessafy. FT-IR spectra were recorded with a X-ray_cryst_allographlc data and selecte_d bond Iengths and_ angles
Shimadzu FTIR-8200PC or JASCO FT-IR-4100. Yvis spectra are given in Tables 1 and 2, respectively. Atomic coordinates,
were obtained on a Hewlett-Packard 8453 photodiode array thermal parameters, and intramolecular bond distances and angles

spectrophotometetd NMR spectra were recorded on a JEOL FT-
NMR Lambda 300WB, GX-400, or Bruker Advance 600 spec-

are deposited in the Supporting Information (CIF file format).
Synthesis. 1,3,5-Triethyl-2,4-bis{{-benzyl-N-(2-(pyridin-2-yl)-

trometers. Mass spectra were obtained on a JEOL JMS-700T ethyl))aminomethyl)benzene (Pye2)To a mixture ofN-benzyl-
Tandem MS-station mass spectrometer. ESI-MS (electrospray N-(2-(pyridin-2-yl)ethyl)aminé (4.0 g, 1.90 mmol) and ¥CO;
ionization mass spectra) measurements were performed on a PE3.0 g, 21.7 mmol) in dry CECN (30 mL) was added a GEN

SCIEX API 150 EX. Elemental analysis was carried out on a
Perkin-Elmer 240C or a Fisons instruments EA1108 elemental
analyzer.

(9) For coordination polymer complexes: (a) Ohi, H.; Tachi, Y.; Itoh, S.
Inorg. Chem2004 43, 4561-4563. (b) Ohi, H.; Tachi, Y.; Kunimoto,
T.; Itoh, S.Dalton Trans.2005 3146-3147. (c) Kilway, K. V.; Deng,
S.; Bowser, S.; Mudd, J.; Washington, L.; Ho, D. Rure Appl. Chem.
2006 78, 855-871.
For supramolecular chemistry: (a) Hartshorn, C. M.; Steel, Ghdm.
Communl1997 541-542. (b) Szabo, T.; O'Leary, B. M.; Rebek, J.,
Jr. Angew. Chem., Int. EA.998 37, 3410-3413. (c) Kolotuchin, S.
V.; Thiessen, P. A.; Fenlon, E. E.; Wilson, S. R.; Loweth, C. J,;
Zimmerman, S. CChem. Eur. J1999 5, 2537-2547. (d) Tam-Chang,
S.-W.; Stehouwer, J. S.; Hao, J. Org. Chem1999 64, 334-335.
(e) O'Leary, B. M.; Szabo, T.; Svenstrup, N.; Schalley, C. A.; Luetzen,
A.; Schaefer, M.; Rebek, J., I. Am. Chem. So2001, 123 11519
11533. (f) Hennrich, G.; David, W. M.; Bomble, Y. J.; Anslyn, E. V.;
Brodbelt, J. S.; Stanton, J. Bupramol. Chen2004 16, 521—-528.
(g) Kim, J.; Ryu, D.; Sei, Y.; Yamaguchi, K.; Ahn, K. HChem.
Commun2006 1136-1138.
For biomimetic ligands: (a) Stack, T. D. P.; Hou, Z.; Raymond, K.
N. J. Am. Chem. Sod 993 115 6466-6467. (b) Hou, Z.; Stack, T.
D. P.; Sunderland, C. J.; Raymond, K. Morg. Chim. Actal997,
263 341-355. (c) Walsdorff, C.; Saak, W.; Pohl, $. Chem. Soc.,
Dalton Trans.1997, 1857-1861. (d) Walsdorff, C.; Park, S.; Kim,
J.; Heo, J.; Park, K.-M.; Oh, J.; Kim, Kl. Chem. Soc., Dalton Trans.
1999 923-930. (e) Voo, J. K.; Lam, K. C.; Rheingold, A. L.; Riordan,
C. G.J. Chem. Soc., Dalton Trang001, 1803-1805.
(12) Armarego, W. L. F.; Perrin, D. D. IfPurification of Laborator
Chemicals 4th ed.; Butterworth-Heinemann: Oxford, 1996, pp 176
and 215.

(10)

(11)

solution (40 mL) of 1,3-bis(bromomethyl)-2,4,6-triethylbenZéne
(2.0 g, 5.7 mmol) under anaerobic conditions (Ar), and the mixture
was stirred for 12 h at room temperature. The resulting precipitates
were removed by filtration and washed with gH,. The combined
organic layer was concentrated by evaporation to give a yellow
residue, from which ligan®ye2was isolated by silica gel column
chromatography (eluent; ethyl acetate/CH€I1:1, R = 0.41) (1.7
g, 48%). IR (KBr, cnml): 3061, 3025 (aromatic-€H), 2961, 2929,
2869, 2793 (aliphatic €H), 1591, 1569, 1474, 1453, 1435, 744,
699 (aromatic), 1125, 1115 (EN). 'H NMR (CDCls, 400 MHz):
00.953H,tJ=7.6Hz, A—CH,CH3), 1.12 (6 H, tJ = 7.6 Hz,
Ar—CH,CH3), 2.67 (4 H, q,J = 7.6 Hz, Ar—CH,CHjy), 2.82-
3.00 (8 H, m, Py-CH,CH,—), 3.01 (2 H, gJ = 7.6 Hz, Ar—CH,-
CHy), 3.54 (4 H, s,—CH,—), 3.67 (4 H, s,—CH,—), 6.81 (2 H, d,
J=17.7Hz, Py-3H), 6.84 (1 H, s, ArH), 7.01 (2 H,ddJ = 7.0
and 4.8 Hz, Py5H), 7.17 (10 H, bs, ArH), 7.38 (2 H, td,J =
7.7 and 1.6 Hz, Py4H), 8.41 (2 H, dJ = 4.8 Hz, Py-6H). HRMS
(FAB, pos): miz = 611.4107 calcd for ([M+ H]*, CsHsiNg
611.4114).
1,3,5-Triethyl-2,4,6-tris((N-benzyl-N-(2-(pyridin-2-yl)ethyl))-
aminomethyl)benzene (Pye3)This compound was synthesized

(13) (a) Hankovszky, H. O.; Hideg, K. Med. Chem1969 12, 557-558.
(b) Yajima, T.; Okajima, M.; Odani, A.; Yamauchi, Morg. Chim.
Acta. 2002 339, 445-454.

(14) Walsdorff, C.; Saak, W.; Pohl, 8. Chem. Resl996 (S)282-283
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Table 1. Summary of X-ray Crystallographic Data of Complexes4 and 6.

Ohi et al.

1 2 3 4 6
formula Ci3Hs50CURN40sS GsgHesCUuRNgO3S Ca2H50CI13CUsN4 CeeH75CUsFoNgOeS 3 CeoH78Cu12N4O4P2
fw 823.49 1047.80 907.88 1596.18 1336.32
cryst syst monoclinic monoclinic triclinic trigonal triclinic
space group P2i/a (No. 14) C2/c (No. 15) P1 (No. 2) P3 (No. 143) P1 (No. 2)

a, 15.686(2) 21.6998(16) 9.4612(10) 24.4960(10) 11.318(4)
b, A 15.410(4) 12.9667(10) 10.8782(10) 24.4960(10) 11.660(4)
c, A 17.509(3) 39.095(3) 22.414(2) 10.4042(5) 12.129(4)
o, deg 90 90 89.649(4) 90 86.849(13)
B, deg 130.437(9) 90.454(4) 78.527(4) 90 78.394(15)
y, deg 90 90 67.578(4) 120 87.442(14)
v, A3 4116.4(13) 11000.1(14) 2083.6(4) 5406.7(4) 1564.6(9)
z 4 8 2 3 1

F(000) 1728.00 4416.00 936.00 2466.00 694.00
Dcalca g/cnT3 1.329 1.265 1.447 1.471 1.418

T, K 160 153 161 161 161

cryst size, mrh

0.35x 0.33x 0.32

0.21x 0.16 x 0.07

0.30x 0.22x 0.21
17.436

0.22x 0.22x 0.21
10.472

0.21x 0.20x 0.18
8.416

u(Mo Kay), cmt 6.382 4.938

20max deg 55.0 55.0

no. reflns measd 37895 40494

no. reflns obsd 7347([> 1.00s(1)]) 10628 (I > 1.0Q(1)])
no. variables 546 715

R2RyP 0.0399, 0.0415 0.0764, 0.1570
GOF 1.013 0.992

AR = Y||Fo| — IF/I/Y|Fol. PRy = [ZW(|Fo| — |Fcl)ywWFo?]Y2.

by following the same procedure as described abové @2 by
using 1,3,5-tris(bromomethyl)-2,4,6-triethylbenzérestead of 1,3-

54.8 55.0 545
19192 50151 14625
7843 (1 > 1.005()]) 15964 (] > 0.005()]) 5927 (I > 1.005(1)])
522 968 422
0.0366, 0.0400 0.0435, 0.0479 0.0479, 0.0607
1.020 0.978 1.023

of 1,3-di(bromomethyl)-2,4,6-triethylbenzene. The eluent of silica
gel column chromatography was ethyl acet®e=t 0.2) (3.60 g,

di(boromomethyl)-2,4,6-triethylbenzene. Yellow powder precipitated 95%). IR (KBr, cnT?): 3060, 3026 (aromatic €H), 2955, 2925,

from the final reaction mixture was collected by filtration to give
Pye3(1.50 g, 26%). IR (KBr, cml): 3060, 3026, 3007 (aromatic
C—H), 2957, 2925, 2867, 2792 (aliphatic-El), 1591, 1568, 1474,
1453, 1434, 743, 699 (aromatic), 1126, 1116-(Q. 'H NMR
(CDCl;, 400 MHz): ¢ 0.93 (9 H, t,J = 7.6 Hz, Ar—CH,CH3),
2.79-2.91 (12 H, m, Py CH,CH,—), 3.01 (6 H, t,J = 7.6 Hz,
Ar—CH,CHg), 3.50 (6 H, s,—CH,—), 3.66 (6 H, s—CH,—), 6.63
(3H,d,J=7.6 Hz, Py-3H), 6.91 (3 H, dddJ = 7.6, 4.8, and 0.8
Hz, Py-5H), 7.09 (10 H, m, ArH), 7.15 (3 H, td,J = 7.6 and
1.6 Hz, Py-4H), 8.37 (3 H, dJ = 4.8 Hz, Py-6H). HRMS (FAB,
pos): m/z = 835.5414 calcd for ([Mt+ H] ", Cs;He7Ng 835.5427).
1,3,5-Triethyl-2,4-bis((N-benzyl-N-(6-methylpyridin-2-ylme-
thyl))aminomethyl)benzene ¥Pym2). To a mixture ofN-benzyl-
N-(6-methylpyridin-2-yImethyl)aming® (4.0 g, 1.90 mmol) and
K,CO; (3.0 g, 21.7 mmol) in dry CECN (30 mL) was added a
CH3CN solution (40 mL) of 1,3-bis(bromomethyl)-2,4,6-triethyl-

2867, 2820, 2787 (aliphatic-€H), 1592, 1577, 1455, 1368, 796,
743, 700 (aromatic), 1125, 1114 {®). 'H NMR (CDCls, 300
MHz): 6 0.64 (9 H, t,J = 7.6 Hz, A—CH,CHj3), 2.47 (9 H, s,
—CHz), 2.91 (6 H, q,J = 7.6 Hz, Ar—CH,CHj), 3.51 (6 H, s,
—CH,—), 3.55 (6 H, s,~CH,—), 3.62 (6 H, s,—CH,—), 6.82 (3
H, d,J = 7.6 Hz, Py-3H), 7.01 (3 H, d,J = 7.6 Hz, Py-H),
7.15-7.28 (18 H, m, Ar-H, Py—4H). HRMS (FAB, pos): m/z =
835.5413 calcd for ([M+ H] T, Cs7Hg7Ng 835.5427).
[Cu'(Pye2)(CRSOs)] (1). An acetone solution (3.0 mL) dtye2
(101.2 mg, 0.166 mmol) was added slowly to an acetone solution
(0.5 mL) of [CU(CH3CN)4CF:S0s!® (62.4 mg, 0.166 mmol) under
anaerobic conditions (in a glove box, O< 1 ppm, [HO] < 1
ppm). The suspension was turned to a yellow solution. After the
mixture was stirred for 12 h, insoluble materials were removed by
filtration, and the filtrate was concentrated under reduced pressure.
Addition of ELO (15 mL) to the residue provided pale yellow

benzene (2.0 g, 5.7 mmol) under anaerobic conditions (Ar), and precipitates, which were isolated by decantation as pale yellow
the mixture was stirred for 2 days at room temperature. The resulting powder (96.3 mg, 70%). Single crystals suitable for X-ray crystal-

precipitates were removed by filtration and washed with,Cl
The combined organic layer was concentrated by evaporation
give a yellow residue, from which ligar¢fPym2 was isolated by
silica gel column chromatography (eluent; ethyl acetate/GHCI
1:9,R=0.2) (0.58 g, 17%). IR (KBr, cm): 3061, 3027 (aromatic
C—H), 2961, 2926, 2870, 2822, 2793 (aliphatie B), 1592, 1577,
1455, 1370, 787, 743, 699 (aromatic), 1123, 1113 K. 'H NMR
(CDCls, 400 MHz): 6 0.63 (3 H, t,J = 7.6 Hz, Ar—CH,CHj3),
1.07 (6 H, t,J = 7.6 Hz, Ar—CH,CHj3), 2.49 (6 H, s,—CHj3), 2.65
(4 H, q,3 = 7.6 Hz, Ar—CH,CHjs), 2.97 (2 H, 9, = 7.6 Hz,
Ar—CH,CHg), 3.52 (4 H, s,—CH,—), 3.57 (4 H, s,—CH,—), 3.63
(4 H, s,—CH,—), 6.80 (1 H, s, Ar-H), 6.92 (2 H, dJ = 7.6 Hz,
Py—3H), 7.17 (2 H, dJ = 7.6 Hz, Py-5H), 7.20-7.31 (10 H, m,
Ar—H), 7.43 (2 H, t,J = 7.6 Hz, Py-4H). HRMS (FAB, pos):
m/z = 611.4108 calcd for ([M+ H] ", CyoHs1N4 611.4114).
1,3,5-Triethyl-2,4,6-tris((N-benzylN-(6-methylpyridin-2-ylIm-
ethyl))aminomethyl)benzene Ye¢Pym3). This compound was

prepared by following the same procedure as described above for

lographic analysis were obtained by recrystallization from acetone/
to CH,Cly/hexane. IR (KBr, cm?): 638, 1031, 1157, 1224, 1254,

1284 (CRSO;7). HRMS (FAB, pos): m'z = 673.3333 calcd for

(M + Cu]*, CsoHsoCuN, 673.3332). Anal. Calcd for [C{Pye2)(Ch-

SO;)], CaaHsgCURNLOsS: C, 62.72; H, 6.12; N, 6.80. Found: C,

62.85;H, 6.15; N, 6.86.

[Cu'(Pye3)](CRSOs) (2). A methanol solution (4.5 mL) dPye3
(79.2 mg, 0.10 mmol) was added slowly to a methanol solution
(0.5 mL) of [CU(CH3CN)4(CF:SG;) (35.9 mg, 0.10 mmol) in a
glove box ([Q] < 1 ppm, [HO] < 1 ppm). The mixture turned
into pale yellow. After the mixture was stirred for 24 h, insoluble
materials were removed by filtration. The filtrate was then
concentrated under reduced pressure. Addition gDE10 mL) to
the resulting residue gave pale yellow powder (78.4 mg, 79%).
Single crystals suitable for X-ray analysis were obtained by
recrystallization from acetone/hexane. IR (KBr, ¢ 637, 1031,
1149, 1275 (CES0;7). HRMS (FAB, pos):m/z= 897.4644 calcd

Mepym2 using 1,3,5-tris(boromomethyl)-2,4,6-triethylbenzene instead (15) Kubas, G. Jinorg. Synth.1979 19, 90.

10828 Inorganic Chemistry, Vol. 45, No. 26, 2006



Copper(l) Reaction Centers of Copper Proteins

Table 2. Selected Bond Lengths (A) and Angles (deg) of Complexes  [Cu'(MePym2)CI|CuC}, Cs2Hs50ClsCwsN4: C, 55.56; H, 5.55; N,

1-% 6.17. Found: C, 55.63; H, 5.56; N, 6.10.

1 [Cu'3(MePym3)(CRSOs3)(CH3CN)3](CF3S0s), (4). An acetone
Cu(1)-N(1) 1.8974(18) Cu(BN(3) 1.900(2) solution (3.0 mL) oePym3 (219.4 mg, 0.263 mmol) was added
Cu(1)-0(3) 2.5972(19) slowly to an acetone solution (0.5 mL) of [EGH;CN),]CF:SO;

N(1)-Cu(1-N(3)  165.73(8)  N(1}Cu(1)-O(l) 105.90(7)

N(3)—Cu(1)-0(1) 87.26(7) (297.0 mg, 0.788 mmol) under anaerobic conditions (in a glove

box, [G;] < 1 ppm, [HO] < 1 ppm). The suspension turned into

2 a yellow solution. After the mixture was stirred for 30 h, insoluble
gtj‘g)):m%g g-gggg’lg Cu(IrNeE) 2.022(4) materials were removed by filtration. The filtrate was concentrated
N()-Cu(1-N@3) 118.28(19) N(1}Cu(1)-N(5) 124.6(2) under reduced pressure. Addition ob@t(15 mL) to the resulting
N(3)—Cu(1)-N(5) 114.88(19) residue gave pale yellow precipitates, which were isolated by

3 decantation as pale yellow powder (388.0 mg, 92%). Single crystals
Cu(1)-Cl(1) 2.1765(7) Cu(2}Cl(1) 2.1824(9) suitable for X-ray crystallographic analysis were obtained by
Cu(1)-N(1) 2.040(2)  Cu(2rN(3) 2.065(2) recrystallization from acetone/G8l, (v:v = 1:1)/hexane. IR (KBr,
Cu(1)-N(2) 2.008(2) Cu(2yN(4) 2.095(2) cmY): 2097 (G=EN), 638, 1031, 1150, 1224, 1271 (6303).
gz(ll)fgﬁ(f)w(l) 123-;2(578)(3) I CU@)NGE)  128.55(6) HRMS (FAB, pos): m'z = 1321.2266 calcd for ([M+ 3Cu +
CI()-Cu(l)-N@)  145.91(5) CI(1y Cu2)-N(4) 148.23(5) 2CRSGs] ", CsgHeeCusFeNeOsS, 1321.2278). Anal. Calcd for
N(L)-Cu(1)-N(2)  83.34(8)  N(3}Cu(2-N(4) 83.11(8) [Cu'3(MePym3)(CHCN)3](CFsSOs)s, CorH7eCusFaNgOsSs: C, 49.66;
Cu(1)-CI(1)-Cu(2)  93.92(3) H, 4.74; N, 7.90. Found: C, 49.57; H, 4.74; N, 7.85.

4 Product Analysis. Oxygenation of 3 and Isolation of the
molecule 1 molecule 2 Modified Ligand MePym1-OH. Complex 3 (200.5 mg, 0.221
Cu(1)-N(1) 2.021(3)  Cu(2yN(4) 2.008(3) mmol) was dissolved in 5.0 mL of acetone under Ar. The solution
Cu(1)-N(2) 2.163(2)  Cu(2}N(5) 2.178(2) was then exposed #60, for 24 h at—40 °C using an acetonitrile/
Cu(1)-N(3) 1.883(3) Cu(2yN(6) 1.879(2) drv ice bath. Aft | of th | t b fi th
Cu(1-0(1) 2.459(3)  Cu(2)0(1) 2.367(3) y ice bath. After removal of the solvent by evaporation, the
Cu(1)-Cu(L)* 6.2338(8) Cu(2}Cu(2)* 5.9235(8) resulting materials were dissolved into 20 mL Niq (7%),
N(1)—Cu(1)-N(2) 82.23(11)  N(4)}Cu(2)-N(5) 82.00(12) extracted with CHCl, (10 mL x 3), and dried over KCO;. By
N(1)—Cu(1)-N(3)  137.62(15)  N(4)Cu(2)-N(6) 138.62(16) removing CHCIl, by evaporation, a crude oily material was

N2-Cu(1)-N(3)  133.19(14) N(GyCu(2y-N(6) 133.23114) obtained. The modified ligan¥Pym1-OH was isolated from the

QS(IS)C_U,I\?(;? 2.028(4) crude oily material by silica gel column chromatography (eluent;
Cu(3)-N(8) 2:158(4) ethyl acetateRs = 0.19) (74.7 mg, 84%). IR (KBr, cm): 3205
Cu(3)N(9) 1.885(5) (O—H), 3063, 3030 (aromatic €H), 2963, 2930, 2872 (aliphatic
gu(g)—g(3)3 2287331-1(12)5 C—H), 1593, 1577, 1506, 1456, 783, 743, 698 (aromatic), 1109,
u u3)* . . —
N(é)fCu(éﬁN(s) 82_32(155)) 1061 (C-N). 'H NMR (CDCl, 600 MHz): 6 1.14 (3 H, t,J =
N(T)—CU(3)-N(©)  131.74(17) 7.6 Hz,—CH,CH3), 1.17 (3 H, tJ = 7.5 Hz,—~CH,CHj), 1.19 (3
N(8)—Cu(3)-N(9)  136.72(15) H, t,J = 7.5 Hz,—CH,CHy), 2.55 (3 H, s, Ar-CH3), 2.56 (2 H,
5 g, J = 7.6 Hz,—CH,CHjy), 2.58 (2 H, q,J = 7.5 Hz,—CH,CHs),
CuL-N() 1971(2)  CuBNE) 1.998(2) 2.68 (2 H, qJ = 7.5 Hz, A—CH,CHy), 3.66 (2 H, 5, A-CH,—),
Cu(1)-0(1) 1.9246(18) Cu(HO(1)* 1.9623(19)  3.74 (2 H, s, PyCHy—), 3.81 (2 H, s, AFCH,—), 6.48 (1 H, s,
Cu(1)-Cu(1)* 3.0040(4) O(1}O(1)* 2.467(2) Ar—H), 7.01 (1 H, dJ = 7.7 Hz, Py-5H), 7.15 (L H, dJ = 7.7
N(1)—Cu(1)-N(2) 85.32(10)  N(1)}Cu(1)-O(1)* 105.17(9) Hz, Py-3H), 7.24 (1 H, t,J = 7.3 Hz Ar—H), 7.31 (2 H, t,J =

N(2)-Cu(1)-O(1)  93.45(9)  O(L}Cu(1}-O(1)* 78.78(8)

Cu(l)-O(I-CULJ* 101.22(9) 7.3 Hz, Ar—H), 7.34 (2 H, dJ = 7.3 Hz, Ar-H), 7.53 (1 H, t,J

= 7.7 Hz, Py-4H), 11.21 (1 H, s, @-H). HRMS (FAB, pos): m/z
@ Estimated standard deviations are given in parentheses. Symmetry code= 403.2744 calcd for (IM+ H]*, CsHe7Ng 403.2749). Formation
for C‘Z’;“Fgﬁz(?j‘);‘i“g)i: (% oy 1 +z); _fo)rl'czc))h CLIJLS)Z%* ;*(1_ _(E"XZ IL x of another producty-benzyIN-(6-methylpyridin-2-ylmethyl)amine,
Y, )1/’_ ’z). B Y v 2 pexe AT = ' was confirmed by!H NMR and mass spectroscopyi NMR
(CDCls, 300 MHz): 6 2.40 (1 H, bs, N-H), 2.54 (3 H, s,—~CHby),
3.86 (2 H, s, AFCH,), 3.90 (2 H, s, Py-CH,), 7.02 (1 H, dJ =

+ |
for ([L + Cu‘] , Cs7HgsNeCU'¢ 8974645) Anal. Calcd for 7.7 Hz, Py—3H), 712 (l H,dJ=7.7Hz, Py—SH), 721-7.38 (5

| . . .
[CUPYEINCRSQy), CoaHocCFNGOsS1: €, 66.48; H, 635N, "y T "1y 77 52 (1 H, 1,0 = 7.7 Hz, Py-4H). HRMS (FAB,

8.02. Found: C, 66.25; H, 6.33; N, 7.81. pos): miz = 213.1396 calcd for (M- H]*, CagHiN, 213.1392).
[Cu';(MePym2)(CI)]CuCl; (3). An acetone solution (3.0 mL) of 180-Labeling. The reaction o3 (1.0 x 104 M, 3.0 mL) and
MePym2 (181.7 mg, 0.297 mmol) was added slowly to a suspension 180, (introduced by gentle bubbling from 5.0 mL gastight syringe)
of CUCI (58.9 mg, 0.595 mmol) in acetone (0.5 mL) under was carried out in anhydrous acetone-at0 °C. After 3 h, the
anaerobic conditions (in a glove box, JO< 1 ppm, [(O] < 1 resulting brown solution was reduced in volume by evaporation.
ppm). The suspension turned into a yellow solution. After the Then, the residue was dissolved into 2 mL Nid) (14%), extracted
mixture was stirred for 18 h, insoluble materials were removed by with CH,Cl, (3.0 mL x 3), and dried over BCOs. After removall
filtration. The filtrate was concentrated under reduced pressure. of K,COs by filtration, the solvent was removed by evaporation.
Addition of EtO (15 mL) to the residue gave pale yellow Formation of thel®O-labeled productMePym1-80OH, was con-
precipitates, which were isolated by decantation as pale yellow firmed by ESI-MS (see Figure S3).
powder (175.0 mg, 65%). Single crystals suitable for X-ray Oxygenation of 4.Complex4 (91.4 mg, 5.7x 105 mmol) was
crystallographic analysis were obtained by recrystallization from dissolved in deaerated acetone (10 mL), and the solution was cooled
acetone/hexane. HRMS (FAB, posivz = 771.2313 calcd for to —40°C using an acetonitrile/dry ice bath. Then, dryd@as was
([2CUu + M + CI]*, C4H5cCICWN, 771.2316). Anal. Calcd for introduced into the solution at this temperature. The resulting
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solution was stirred for several hours-a40 °C. After the reaction,
evaporation of the solvent gave a crude product, which was
dissolved into 20 mL NKlaq (7%), extracted with C}l, (10 mL

x 3), and dried over KCOs. Identification and quantification of
the oxygenated product were carried out ¥y NMR (internal

reference; 1,1,2,2-tetrachloroethane) and mass spectroscopy. Yield

of the oxygenated productePym2-OH, was 72% based on the
starting copper(l) complex. IR (KBr, crd): 3361 (O-H), 3055,
3001 (aromatic €H), 2959, 2869, 2826 (aliphatic-€H), 1590,

Ohi et al.

Mononuclear Copper(l) Complexes.The ligand carrying
two 2-(pyridin-2-yl)ethylamine metal binding siteBye2
afforded mononuclear copper(l) compléxn the reaction
with [CU'(CH3:CN)4(CFsSGs) as shown in Figure 2. The
crystallographic data and the selected bond lengths and angles
are summarized in Tables 1 and 2, respectively. The copper-
(I) complex exhibits a two-coordinate almost linear structure
with two pyridine nitrogen atoms of the ligand [angle Nf1)
Cu(1)-N(2) = 165.7]. Thus, the alkylamine nitrogen atoms
are free from coordination. On the other hand, one of the
oxygen atoms of C§SO;~ weakly interacts with the cuprous
ion (deuay-oay = 2.598 A). Thus, the coordination geometry
of 1 can also be regarded as a distorted T-shape structure
(the deviation of Cu(1) from the trigonal plane consisted of
N(1), N(2), and O(3) is 0.084 A). The aromatic ring of the
triethylbenzene spacer is placed just above the copper(l) ion,
although there is no direct interaction between them; the
distance between Cu(1) and one of the nearest carbon atom
of the aromatic ring is 3.694 A. All the ethyl groups on the
benzene spacer point to the opposite face against the metal-
binding site (Figure 2). It should be noted that complex
exhibited a high oxidation potential at 990 mV versus SCE
(Figure S1). Thus, this complex showed virtually no reactiv-
ity toward & in contrast to ordinary copper(l) complexes
supported by the didentate ligaris.
Another mononuclear copper(l) compl&¢was obtained
whenPye3carrying three 2-(pyridin-2-yl)ethylamine metal
binding groups was treated with [GH;CN)4](CF:SOy).
The crystal structure of is shown in Figure 3, and the

1569, 1473,1438, 779, 757, 697 (aromatic), 1284, 1245, 1185, 1104crystallographic data and the selected bond lengths and angles

(C—N). *H NMR (CDCls, 600 MHz): 6 0.86 (3 H, t,J = 7.5 Hz,
—CHCHj3), 0.93 (3 H, t,J = 7.4 Hz,—CH,CHjg), 1.13 (3 H, t,J

= 7.4 Hz,—CH,CHg), 2.48 (3 H, s,—CHj3), 2.53 (3 H, s,—CHy),

2.64 (2H, qJ= 7.4 Hz,—CH,CHj), 2.75 (4 H, br g—CH,CHj),

3.54 (2 H, s, AFCH,—), 3.55 (2 H, s, ArCH,—), 3.61 (2 H, s,
Ar—CH,—), 3.67 (2 H, s, Py CH,—), 3.70 (2 H, s, PyCH,—),

3.80 (2 H, s, AFCH,—), 6.91 (1 H, dJ = 7.7 Hz, Py-5H), 6.99
(1 H,d,J=7.7Hz, Py-5H), 7.14 (1 H, dJ = 7.7 Hz, Py-3H),

7.18-7.34 (10 H, m, Ar-H), 7.22 (1 H, d,J = 7.7 Hz, Py-3H),

7.47 (L H, t,J=7.7 Hz, Py-4H), 7.51 (1 H, tJ = 7.7 Hz, Py~

4H), 11.3 (1 H, bs, @-H). HRMS (FAB, pos): m/z = 626.3962
calcd for ([M]*, CsHs7Ng 626.3985). Another produdy-benzyl-
N-(6-methylpyridin-2-ylmethyl)amine, was confirmed By NMR

and mass spectroscopy as described above.

Results and Discussion

Ligand Synthesis.The bis(didentate) ligand®ye2and
Mepym2 (Chart 1), were prepared by theyZ reaction
between 1,3-bis(bromomethyl)-2,4,6-triethylbenZéraand
N-benzyIN-(2-(pyridin-2-yl)ethyl)amin&® or N-benzylN-
(6-methylpyridin-2-ylmethyl)aminé3® respectively, in the

are also listed in Tables 1 and 2, respectively. The whole
molecule of2 exhibits a slightly distorte€s-like symmetry,
and the copper(l) center exhibits a three-coordinate trigonal
planar structure supported by the three pyridine donor groups
of Pye3 The deviation of Cu(1) from the trigonal plane
consisting of N(1), N(3), and N(5) is only 0.176 A. In this
case as well, the alkylamine nitrogen atoms are free from
coordination, and all the methyl groups of the ethyl substit-
uents are located on the opposite side of the copper
coordination site with respect to the central benzene plane.
Notably, complexX also exhibits a high oxidation potential
at 990 mV versus SCE (Figure S2), thus exhibiting virtually
no reactivity toward @as in the case of. The copper(l)
coordination geometry of and its less @reactivity are
similar to those of Riordan’s compléi¢

Biological Relevance of Mononuclear Copper(l) Com-
plexes 1 and 2lt is interesting to note that the trigonal planar
structure of2 closely resembles the structure of the CuA
site of the reduced form of peptidylglycimehydroxylating
monooxygenase (PHM) shown in Figure 4, where the

presence of potassium carbonate as a base in dry acetonitrilgéopper(l) ion is ligated by three histidine imidazoles forming

(Scheme 1). The tris(didentate) ligan&s,e3andMePym3

(Chart 1), were synthesized in a similar manner using 1,3,5-

tris(bromomethyl)-2,4,6-triethylbenzeriénstead of 1,3-bis-
(bromomethyl)-2,4,6-triethylbenzene. Treatment of the re-
spective ligands with [CUCH;CN)4X (X = CRSO; or PR)

or CUCI under anaerobic conditions (Ar) gave the corre-
sponding copper(l) complexds-4 as follows.

10830 Inorganic Chemistry, Vol. 45, No. 26, 2006

a distorted trigonal planar geometry (deviation of CuA from
the trigonal plane consisting of three histidine imidazole
nitrogen atoms is 0.264 A,

The copper(l) ion at the CuB site in the fully reduced form
of cytochromec oxidase (€O) is also ligated by three

(16) Prigge, S. T.; Kolhekar, A. S.; Eipper, B. A.; Mains, R. E.; Amzel, L.
M. Nat. Struct. Biol.1999 6, 976-983.
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Figure 2. (A) ORTEP drawing of [Cl(Pye2(CRSGs)] (1) showing 50% probability thermal ellipsoids. The hydrogen atoms are omitted for clarity. (B)
Expanded view of the copper(l) center bf

(A) (B)

Figure 3. (A) ORTEP drawing of [Cl(Pye3](CFsSGs) (2) showing 50% probability thermal ellipsoids. The counteranion and the hydrogen atoms are
omitted for clarity. (B) Expanded view of the copper(l) center2of

histidine imidazoles. In this case, the coordination geometry Cus—OOH. Judging from the high oxidation potential of
is more like a distorted T-shape like complg&xXdeviation complex2, we would suggest that the electron transfer from
of CuB from the trigonal plane consisted of three histidine CuA to O,-bound CuB might not take place so easily. Thus,
imidazole nitrogen atoms is 0.177 A) (Figurel5). the recent mechanism involving £4OC" would be more

In the case of PHM, it is believed that one electron stored plausible as compared to the previous mechanism involving
at CuA is transferred to CuB where @ bound and activated Cug—OOH.
for the substrate oxygenation. One of the most important In the GO system as well, the timing of electron-transfer
but still unresolved mechanistic issues is the timing of from reduced CuB to the £bound hemegs a mechanistic
electron transfer from CuA to CuB. If the electron at reduced issue in the multielectron reduction process ef*@ In the
CuA is transferred to the £bound CuB before the substrate model systems, the reaction of "fieor)-Cu/(L) model
oxygenation, a copper(lhydroperoxo (Cg—OOH) inter- compounds and dioxygen mostly provided peroxo-bridged
mediate may be the reactive spedieblowever, the recent  Fe"(Por)-O,—Cu'(L) species. In those systems, TPA or
enzymatic and theoretical studies have suggested that thPY2 type capping ligands are employed to mimic the Cu-
electron transfer occurs after the-& bond activation of binding site (CuB). Such ligands have been well demon-
the substraté? In this case, a copper(Hsuperoxo (Ce— strated to produce copper(l) complexes exhibiting high
0O) intermediate could be the real active species rather thanreactivity toward @.2 On the other hand, it has been reported

(17) Tsukihara, T.; Shimokata, K.; Katayama, Y.; Shimada, H.; Muramoto, (19) (a) Chen, P.; Solomon, E. J. Am. Chem. SoQ004 126, 4991

K.; Aoyama, H.; Mochizuki, M.; Shinzawa-Itoh, K.; Yamashita, E.; 5000. (b) Francisco, W. A.; Wille, G.; Smith, A. J.; Merkler, D. J.;

Yao, M.; Ishimura, Y.; Yoshikawa, Sroc. Natl. Acad. Sci. U.S.A. Klinman, J. P.J. Am. Chem. So2004 126, 13168-13169. (c)

2003 100, 15304-15309. Bauman, A. T.; Yukl, E. T.; Alkevich, K.; Ashley, L. McCormack,
(18) Klinman, J. PChem. Re. 1996 96, 2541-2561. A. L.; Blackburn, N. JJ. Biol. Chem2006 281, 4190-4198.
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Figure 4. (A) Active site structure of the reduced form of PHM (PDB ID
code 3PHM) and (B) expanded view of the reduced CuA center.

Figure 5. (A) Active site structure of the fully reduced CcO (PDB ID
code 1V55) and (B) expanded view of the reduced CuB center.

Ohi et al.

Figure 6. ORTEP drawing of [Cla(MePym2)(CI)]Cu'Cl; (3) showing 50%
probability thermal ellipsoid. The counteranion (CpGland the hydrogen
atoms are omitted for clarity.

to His240, one of the ligands of CuB.Judging from the
geometric similarity between CuB ofd® and our model
complex1 having the high oxidation potential (990 mV vs
SCE), the participation of CuB for the direct reduction of
O, might be unlikely as suggested by the enzymatic
studiest’:?0

Dinuclear Copper(l) Complex. In contrast to the case
of Pye2that gave mononuclear copper(l) complefFigure
2), bis(didentate) ligan¥ePym2 provided dinuclear copper-
() complex [Cupx(MePym2)(CI)]CuCl, (3) in the reaction with
CUCI.2! The crystal structure @ is shown in Figure 6, and
the crystallographic data and the selected bond lengths and
angles are summarized in Tables 1 and 2, respectively. The
copper(l) ions are bridged by chloride ion and exhibit largely
distorted trigonal planar structure with the@ donor set
(deviation of Cu(1) and Cu(2) from the,0l trigonal plane
are 0.098 and 0.032 A, respectively). The angle of-Ci+
Cu is 93.9, and the CuCu distance is 3.186 A.

So far, X-ray structures of the deoxy dicopper(l) forms of
type-3 copper proteins have been reported fonulus
polyphemu$emocyanin (Hc¥? sweet potato catechol oxi-
dase (CO¥? and bacterial tyrosinase (Ty¥.In all cases,
each copper(l) ion is ligated by three histidine imidazoles,
and the CUCu distances are much longer (4.6, 4.4, and
4.1 A, respectively¥?~24 Thus, dinuclear copper(l) complex
3 could not be a precise structure model for those reduced
type-3 copper proteins. Nonetheless, com@exhibited a
notable reactivity toward & providing a functional model
system of tyrosinase (vide infra).

Trinuclear Copper(l) Complex. Trinuclear copper(l)
complex [Cig(MePym3)(CF;SG;)(CHsCN)3](CFsSGs), (4)
was obtained when tris(didentate) ligatiPym3 was

(20) Kitagawa, T.; Ogura, TProg. Inorg. Chem1997, 45, 431-479.

(21) The reaction of®Pym?2 and [CU(CHsCN)4]PFs also gave a similar
dicopper(l) complex [Cl(MePym?2)(CH3CN),](PFs)2: 1/2CHCl,.

(22) Hazes, B.; Magnus, K. A.; Bonaventura, C.; Bonaventura, J.; Dauter,
Z.; Kalk, K. H.; Hol, W. G. J.Protein Sci.1993 2, 597-619.

that CuB in the native enzyme is kept as a copper(l) reduced(23) Klabunde, T.; Eicken, C.; Sacchettini, J. C.; Krebs,N&t. Struct.

state during the catalytic cycle, while the electrons are
supplied to hemegssite through Tyr244 covalently bound
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(24) Matoba, Y.; Kumagai, T.; Yamamoto, A.; Yoshitsu, H.; Sugiyama,
M. J. Biol. Chem2006 281, 8981-8990.
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(2)**

& |
L O(1)* )
N(2) O(1)
C o -
Figure 9. Experimental and calculated peak envelopes in the positive-

00
& ion electrospray mass spectra of of the monomeric copper(ll) compdund
N() N(3)** (m/z = 464) and the dimeric copper(ll) compouBeCl (m/iz = 965).

Figure 7. ORTEP drawings of (A) [C4(MePym3)(CFRSOs)(CH3CN)3]-
(CRSOs)2 (4) (molecule 1) and (B) its closed view of the trinuclear copper-
() site showing 50% probability thermal ellipsoids. The noncoordinated
counteranions and hydrogen atoms are omitted for clarity.

Figure 10. ORTEP drawing of [Clp(MePym1-O)z](PFs)2 (6) showing
50% probability thermal ellipsoids. The counteranions and the hydrogen
atoms are omitted for clarity.

Figure 8. Active site structure of the fully reduced form of ascorbate
oxidase (PDB ID code 1ASO). ~2.4 A). The trigonal arrangement of three copper(l) ions
in 4 resembles that of the trinuclear copper reaction center

employed. The crystal structure 4fis presented in Figure
Py y P d Qf the fully reduced form of ascorbate oxidase (Figure 8),

7, and the crystallographic data and the selected bond length houah th di 6.0 A i d
and angles are listed in Tables 1 and 2, respectively. Theevent ough the CuCu distance of-6.0 A in 4 (average

molecule hasC; symmetry, and one of the counteranions value of the three crystallographically independent molecules

CR,SOy, is encapsulated in the molecular cavity constructed 1-3, see Table 2) is relatively longer than that in the enzyme
by the three Ci¢"ePym)(CH,CN) units25 Each copper(l) ion (Cu2—Cus3, 5.087 A; Cu2Cu4, 4.461 A; Cu3-Cu4, 4.031

. 26 T e o
exhibits a trigonal pyramidal structure with two nitrogen A) (Figure 8)2° This complex showed a similar reactivity

atoms N(1) and N(2) of the ligand and one nitrogen atom toward G as discusseq '?e'o""- ) .
N(3) of the coordinated acetonitrile molecule occupying the _ COPPer(l) —Oz Reactivity of Dinuclear and Trinuclear

trigonal basal plane and one of the oxygen atoms O(1) of Copper(l) Complexes 3 and 4.As noted in the above
the encapsulated GEO;™at the axial positiondeuy o) = section, _m_ononuclear copper(l) _cor_npleﬂ:_—:‘anqz showe(_ll
no reactivity toward @due to their high oxidation potential

(25) Recently, Anslyn and coworkers developed a shape selective anion
binding using a similar type of receptor consisted of the trietylbenzene (26) Messerschmidt, A.; Luecke, H.; Huber, R.Mol. Biol. 1993 230,
spacep:6c.e8b 997-1014.
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Scheme 2

& —|2+

Et B I+ Et:c:Et—|2+ Et
AQR o (e g@R

Hydroxylation

P N N
N Et N / \ II/O\ / \ —»
// \ / \\ Ph /Cu\fl/Cu'i Ph /i ;
Ph < /Cu ~ /C{ > Ph ; Py o Py Cu Cu >
Py Py cr

o
a b
(Py = 6-methylpyridin-2-yl)
1,2-Migration
Et Et
Et:@ Et Et |2+ Et Et |2+
Ph Et
Mepym1- OH > P NH.OH N\ & 5
H,CZN+ \ / \
1 cull Cu” u"
| N HCHO, 2 Cu2* 4 ”\/ \> > Ph
(‘;\N/\H/\Q u Py
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(990 mV vs SCE). On the other hand, dinuclear copper(l) chart 2
complex3 and trinuclear copper(l) complekreacted with Me
O, at —40 °C in acetone to induce an aromatic ligand
hydroxylation reaction as follows. In the reaction ffor m NS
example, the ESI-MS of the final reaction mixture gave new Me™ N
peaks at/z = 464 and 965, the peak positions and isotope N
distribution patterns of which are consistent with the chemical
formulations of the mononuclear and dinuclear copper(ll) Mepym2-OH

complexes of the hydroxylated ligait¢Pym1-O-, [Cu'-
(MePym1-0O)]* (5), and {[Cu";(MePym1-O);]CI}* (6-Cl),
respectively (Figure 9). From the final reaction mixture, the
hydroxylated ligand®Pym1-OH was isolated in 84% yield

by the workup treatment with aqgueous ammonia (for detailed
MS and NMR analyses, see Experimental Section).

In addition, an isotope labeling experiment usiti®,
instead of®0O, has clearly demonstrated that the oxygen atom
introduced into the hydroxylated ligand originated from
molecular oxygen as indicated in Figure S3. Furthermore,
single crystals of the dimeric copper(ll) compléxPF)2
suitable for the X-ray analysis have been isolated from the
final reaction mixture by allowing it to stand for a couple of
days. The crystal structure éf(PFs), is shown in Figure
10 together with the selected bond lengths and angles
presented in Tables 1 and 2, respectively.

Complex6 is a dimeric copper(ll) complex of the modified
ligand MePym1-OH, where the deprotonated phenolate
oxygen atom introduced into the ligand by the oxygenation
reaction acts as a bridging ligand to form a rhombic@u
core structure. The compound has a center of symmetry in
the CuyO, core, and the cupric ion has a largely distorted
four-coordinate square planar structure with th©Ndonor
set. It should be noted that, as th¢ NMR suggested, one
of the ethyl groups of the trietylbenzene spacer migrated from
its original position to the neighboring carbon atom and the
hydroxylation_ qccurred just on the carbon yvhere the ethyl (27) Nasir, M. S.; Cohen, B. 1. Karlin, K. DJ. Am. Chem. S0d992
group was originally attached. It is also obvious that one of 114, 2482-2494.
the MPym metal binding groups is detached from the (28) (a) Cruse, R. W.; Kaderli, S.; Karlin, K. D.; Zubétidar, A. D. J.

Am. Chem. Sod.988 110, 6882-6883. (b) Karlin, K. D.; Nasir, M.
benzene spacer. Thus, the NIH-type alkyl rearrangement S.; Cohen, B. I; Cruse, R. W.; Kaderli, S.; Zubénker, A. D.J. Am.

hydroxylation reaction in the dinuclear coppef{Xylyl
complex by molecular oxygefiwhere electrophilic aromatic
substitution reaction by aufy?n?-peroxo)dicopper(ll) in-
termediate has been propogdilthough we have not yet
succeeded in detecting the active oxygen intermediate, the
reaction mechanism could be the same as that proposed for
Karlin’s aromatic ligand hydroxylation reaction as illustrated
in Scheme 2. Namely, oxygenation ®Mmay give an active
oxygen intermediate such as the#%n?-peroxo)dicopper-

(I1) complexa, from which electrophilic attack of the peroxo
group by the aromatic ring of the spacer occurs intramo-
lecularly to give cationic intermediate The 1,2-migration

of the ethyl group proceeds to give rearranged intermediate
c, from which one of thé"®Pym metal-binding moieties is
released by the electron flow during the rearrangement shown
in Scheme 2. The NIH-shift of the ethyl group is the strong
evidence for the formation of the cationic intermediatas
suggested in Karlin's reacticfi.

A similar reaction (aromatic ligand hydroxylation ac-
companied by an NIH-shift of ethyl substituent) occurred,
when the reaction of the trinuclear copper(l) compleand
O, was carried out under the same experimental conditions.
Thus, the hydroxylated ligan#*Pym2-OH (Chart 2) was
obtained from the final reaction mixture by the ordinary

occurred during the aromatic ligand hydroxylation reaction. Elh%mt. f\oc'%l%ﬁ }dlavl?l’vzlll_;?]%"rgg MHahﬁlpatrjt, /f.;\t(aderli,vs

. . opet, A.; Neunola, Y.-V.; Palanchel.; Ralien, J. A.; Young, V.
Thu;, the overall chemistry of the present system is es- G. Jr. Kaden, T. A.. Que, L. Jr.. Zubeibier, A. D.- Tolman, W. B.
sentially the same as that of Karlin’s aromatic ligand Inorg. Chem.1997, 36, 6343-6356.
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Chart 3 reactive intermediate as recently demonstrated by Stack et
e R/ al?® Unfortunately, we could not detect such active oxygen
N N . : ] .
/-Q ‘R Q—/ intermediates during the course of the reaction.
Mé It should be emphasized that the 1,3,5-triethylbenzene
PyeR MepymP spacer induces significantly large effects on the structure and

O,-reactivity of the copper(l) complexes. For example, we
workup treatment with NyDH, in which one of thé/*Pym have already demonstrated that the didentate lig&yds
metal binding groups df*Pym3 was removed and one of (Chart 3) provided mononuclear copper(l) complexes, ex-
the ethyl groups migrated to the next carbon wHéieym hibiting significantly high reactivity toward £° In this case,
group was originally attached before the ligand modification the oxygenated product was a bisgxo)dicopper(lll) com-

(for detailed product analysis, see Experimental Section). plex, in which aliphatic hydroxylation occurred effectively
on the ligand sideari#t. On the other handRPye2andPye3
containing 1,3,5-triethylbenzene spacer (Chart 1) afforded
In this study, we have developed a series of pyridylalky- the mononuclear copper(l) complexes with virtually no
lamine ligands containing a 1,3,5-triethylbenzene spacer, reactivity toward Q. Moreover, the copper(l) complexes
Pye2, Pye3MePym2, andMePym3 (Chart 1). The ligands  supported by"*PymR (Chart 3) also gave a bjs(oxo)-
consisting of the 2-(pyridin-2-yl)ethylamine didentate metal- dicopper(lll) complex as the oxygenation prodéfctyhile
binding moietyPye2andPye3gave mononuclear copper(l) MPym2 andMePym3 involving the triethylbenzene spacer
complexesl and 2, exhibiting distorted three-coordinate produced an active oxygen intermediate which exhibits a
T-shape structure and trigonal planar structure, respectively.peroxo-like reactivity (aromatic ligand hydroxylation, see
These coordination geometries resemble those of CuA siteScheme 2). The importance of the ethyl substituents on the
of PHM (peptidylglycineo-hydroxylating monooxygenase) benzene spacer is also evident, since the PY2 type ligand
and CuB site of €O (cytochromec oxidase), providing good  connected to the 1,3,5-positions of simple benzene spacer
structural models for those enzymes. Notably, copper(l) (without the ethyl substituents) produced a complicated
complexesl and2 showed high oxidation potential at 990 hexanuclear copper(ll) complex in the oxygenation reaction
mV versus SCE, thus exhibiting virtually no reactivity toward of the copper(l) comple%e
O,. These results suggest that the mononuclear copper site

in PHM and @O may not be a good electron donor for the L e
multielectron reducti{)n procesg 05,0 in part by Grants-in-Aid for Scientific Research (No.

On the other hand, the ligands carrying the (6-methylpy- é2350Q86, (1:8?370682’ and 28(.)33045) ;r(%m thhe II\/Ilnls:[]ry of
ridin-2-yl)methylamine didentate metal binding sites such ucation, Culture, Sports, Science and Technology, Japan.
as*Pym2and"*Pym3 provid_ed the dir?Udear and trinuclear Supporting Information Available: Crystallographic data in
copper(l) complexes with a distorted trigonal planar geometry CIF format, cyclic voltammograms, and ESI-MS spectra. This mater-
and a trigonal pyramidal geometry, respectively. These ialis available free of charge via the Internet at http://pubs.acs.org.
complexes showed moderate reactivity toward@induce
an aromatic ligand hydroxylation reaction involving an NIH-
shift of one.of'the ethyl sgbstltuents on the aror'n.atlc SPACET- (59) Mirica, L. M.: Vance, M. Rudd, D. J.. Hedman, B.: Hodgson, K. O.:
The NIH-shift is strong evidence of the electrophilic aromatic Solomon, E. I.; Stack, T. D. FScience2005 308, 1890-1892.

it i i (30) Taki, M.; Teramae, S.; Nagatomo, S.; Tachi, Y.; Kitagawa, T.; Itoh,
substitution mechanism shown in _Sche_mef. 2If so, the most S Fukuzumi 83 Am: Chom. So@002 124 6367 6317
plausible active oxygen intermediate ig-§:77°-peroxo)- (31) Itoh, S; Taki, M.; Nakao, H.; Holland, P. L.; Tolman, W. B.; Que,
dicopper(ll) complexa (Scheme 2) as demonstrated in @2) I%.,I;l_r.;MFulﬁuEugl,SAngb?_Wthhem.,ltlnt. E@00Q 39, 398-400.
F) S H . : akxl, M.; Iton, 5. Unpublished results.
Karlin’s aromatic ligand hydroxylation reactiGiHowever, (33) Karlin, K. D.. Gan, Q. F.. Faroog, A.: Liu, S.: Zubietaldorg. Chem.

a bisp-oxo)dicopper(lll) complex could also be a possible 199Q 29, 2549-2551.

Conclusion
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