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O, Chemistry of Dicopper Complexes with Alkyltriamine Ligands.
Comparing Synergistic Effects on O, Binding
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Two dicopper(l) complexes containing tertiary N-methylated hexaa-
za ligands which impose different steric constraints to the Cu ions
have been synthesized, and their reactivity toward O, has been
compared with a mononuclear related system, highlighting the
importance of cooperative effects between the metal centers in
O, activation.

A number of proteins involved in dioxygen transport and
activation contain a dinuclear Cu active sit€he arguably

best known are hemocyanin, catechol oxidase, and tyrosinase,

which react with @ generating @bound species which have
been spectroscopically and structurally characterized.

Traditionally, the mimicking of these dicopper centers was
performed either using mononuclear complexes that self-

assemble when reacting with, Or via dinucleating ligands
designed with the purpose of favoring Binding by spatial
preorganization of the dimetallic sitd?articularly remarkable
are mxylyl-linked dinuclear Cu(l) complexes which react
with O, to form well-characterizedut#?:12-peroxo)dicop-
per(ll) species that in selected cases undergo ihiva-
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Scheme 1. Schematic Structure of Ligands L1 and L2
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intermoleculat regioselective hydroxylation of an aromatic
ring, thus mimicking tyrosinase activity.

Here, we report the reactivity with Lof two related
dinuclear copper(l) complexes supported by two hexaaza
ligands (L¥ and L2, Scheme 1) based onmexylyl spacer
and compare it with the one recently reported for the
mononuclear analogue [Cu(MeAN)|B{E). (MeAN =
N,N,N',N',N""-pentamethyldipropylenetriaminé)The three
complexes contain ligands that bind copper atoms within very
similar coordination environments and give rise to electroni-
cally and structurally comparable metal sites. However, they
exhibit rather unexpected differences in their reaction with
O, that may be understood on the basis of the relative ability
of the ligand to promote a synergistic actuation of the two
Cu ions along the @binding process.
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Figure 1. ORTEP diagrams for the cationic part of (BBArF),: Cu—
N1 2.007(3) A, Cu-N2 2.192(2) A, Cu-N3 1.999(3) A, N3-Cu—N1
156.52(10j, N3—Cu—N2 102.50(10%, N1-Cu—N2 100.98(10) and (b)
2(SbFs)2: Cul—N1 1.990(3) A, CutN2 2.120(3) A, Cut-N3 1.986(3)
A, Cu2—N4 1.974(2) A, Cu2-N5 2.100(3) A, Cu2-N6 1.973(3) A, N3-
Cul—N1 148.84(119, N3—Cul-N2 105.08(10), N1—Cul—N2 105.59(11,
N6—Cu2—-N4 150.62(13), N6—Cul—N5 104.34(15), N4—Cul—N5
104.95(12).

L1 and L2 were prepared following a three-step synthetic
method involving dialdehydeamine condensation, NaBH
hydrogenation, and HCHO/HCOOH permethylation (see
Supporting Information). Dicopper complexes pil)](X) 2
(1X2) and [Cuy(L2)](X)2 (2X2) (X = CRKSGs, Sbk and
BArF; BArF = [B{3,5-(CR),—CsHs}4] ") were prepared.
1(BArF), and 2(SbFs), were characterized by X-ray dif-
fraction analysis.

1(BArF), and2(SbhFks), contain discrete dinuclear cationic
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Figure 2. Resonance Raman spectitai(= 413 nm) of3 generated from
160, (top) and from'80; (bottom) in frozen acetone (77 K). Solvent peaks
are marked with an *.

complexes is particularly interesting because it provides avail-
able coordination sites for interaction with external molecules
such as @ and indeed is the most common coordination
structure found in Cu-dependeng-Processing proteins?
Multinuclear NMR studies performed in acetodgfor
1(BArF), and2(BArF), indicated that the solid-state struc-
tures are retained in solution. Pulse field gradient sgicho
NMR (PGSE) measurements in acetal@t —80 °C provide
diffusion rates of 0.98+ 0.12 x 10 ' and 0.89+ 0.11 x
1071 m?s1 for 1 and2, respectively, which indicates that
both species have similar hydrodynamic radii, which, in turn,
points toward a monomeric nature of the species in solfon.
The electronic properties of the metal sites were studied
by FT-IR analyses of the corresponding Ct(@QO adducts,
which were generated in situ by bubbling CO through,CH
Cl, solutionst! Remarkablyy(CO) frequencies are 2083 and
2085 cmtin 1 and2, respectively, which indicates that Cu-
(1) sites in both complexes are electronically comparéable.
We conclude that the Cu(l) ions i1 and 2 possess
electronically and structurally analogous properties.
Despite the structural similarities between the complexes

T
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complexes (Figure 1). The coordination geometries and met-described, they show an unexpectedly different reactivity to-
rical parameters of the metal sites are not very different. ward Q. CompoundLX; (X = CFSGO; and BArF) does not
Within each complex, the two Cu sites are pseudo or sym- react with Q in acetone at 193 K but irreversibly reacts with
metrically related and the GuCu distances are 7.040(3) and ©O- at 273 K to generate copper(ll) species. However, no
7.019(2) A, respectively. Each Cu ion contains an N3 coor- accumulation of any apparent intermediate was detected, and
dination set and adopts a distorted trigonal planar geometry.therefore, we conclude that decomposition of any reaction
The average CuN distance is 2.066(3) A fat(BArF), and intermediate is always faster than its formation. On the other
2.024(3) A for2(Sbk),. The main difference between the hand, reaction 02X; (X = CFSG0;, Sbk, and BArF) with

two structures can be found in the NCul—N3 angle, Oz in acetone, CkClp, or THF at low temperature shows
which is 156.52(10)in 1(BArF), and 148.84(1F)(150.62- the relatively fast formation (within seconds) of a yellow
(13) for the pseudo-symmetrically related N&u2—N6 species which was formulated as a pisxo dicopper(lll)
angle) in2(SbF),, which presumably reflects subtle ligand speciesd) on the basis of its U¥vis and resonance Raman
strains imposed by the more rigid macrocyclic L1 backbone. spectra. The UVvis spectrum of3 in THF at —80 °C
These structural parameters closely resemble the ones foun@xhibits two prominent bands at 308 20 000 M *-cm™)

in [Cu(MeAN)]B(CsFs)s’ where Cu(l) adopts a tricoordinat- and 413 nm { = 28 000 M*-cm™?). Resonance Raman
ed geometry using a similar nitrogen_based donor-set |igand_experiments carried out in acetone using laser excitation at

The low coordination number and geometry attained in these 413 nm reveal a characteristic &4 breathing vibration peak
at 600 cn! that shows a-23 cnmt downshift when'®0; is

(8) X-ray crystal data for compleX(BArF),: CogHgsB2ClpFagNe, Mi =
2404.40, monoclinic, space groBg1h, a= 13.073(5) Ab = 27.978-
(12) A, c = 13.464(6) A8 = 96.633(73, V = 4891 (3) B,z = 2,
T=100(2) K,Ocaica= 1.633 Mgm~3, u = 0.578 mn1?, Ry = 0.0488
for 11 668 independent reflections of the 69 618 collected, final indices
| > 20(|); R1= 0.0510, wWR2= 0.1057.2(Sb|:5)2: ngHseCUzFlzNa-

Shy, M = 1075.37, monoclinic, space groBgllc, a= 16.264(4) A,

b = 15.169(4) A,c = 17.642(5) A, = 103.776(4), V = 4227(2)
A3, Z=4,T =100(2) K, dcaica = 1.690 gcm™3, u = 2.337 mn?,

Rnt = 0.0351 for 10 415 independent reflections of the 62 969
collected, final indices > 24(1); R1 = 0.0305, wR2= 0.0772.
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used (Figure 2). These are common spectral features for a
Cw"(u-O), core which led us to formulatd as [Cu" (u-
0),L2]2+.13

(9) (a) Price, W. SConcepts Magn. Resoh997, 9, 299. (b) Price, W.
S. Concepts Magn. Resof998 10, 197.
(10) L1 andL2 present a similar value of 2.5 0.17 x 10710 m2s™1,
(11) These complexes lose CO when isolated in the solid state.
(12) Attempts to obtain a Cu(ll)/Cu(l) redox potential by cyclic voltametry
were unsuccessful.
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Scheme 2 CUCU'O, species in a left-lying pre-equilibrium process,
ko followed by intramolecular collapse into the final dinuclear

Lcd, + O Lcd'eu'o, —— LCu";,0 o
e T e k.4 e e [Cu" (u-0),L2])%" structure. The kinetic parameters and rate

law associated with the formation & resemble those
determined forg-1%n?-peroxo)dicopper(ll) species bearing
The diffusion rate for3 measured in acetordy-at —80 tridentate bis(pyridylethyl)amine ligands tetherednexylyl
°C is 1.25+ 0.14 x 10 m?s1, which compares well  scaffolds? It is also interesting to point out that the
with the values obtained fat and2 and strongly supports  oxygenation of the related mononuclear [Cu(MeAN)]
the intramolecular nature of {binding. 3 constitutes then  complex exhibits a second-order rate law in copper complex.
the first example of a Glf (u-O), species formed within a  Comparison between the kinetic parameters associated to the
dicopper complex containing a xylyl spadégs to date only ~ formation of 3 and [CU »(u-7%7%-O,)(MeAN),]" indicates
intramolecular Cyf (u-7%7n%-0,) intermediates have been a higher AH* and a lowerAS' for the former, probably
characterized for systems using this type of linkeBesides, associated with its more organized dinuclear structiire.
despite several examples of [{¥{u-O),L ] species, where  Direct interpretation of these parameters is hampered by the
L is a bidentate diamine, have already been repdtteéd, different rate law and the multistep nature of the oxygenation
constitutes a rare example of such species supported byreaction. Also unexpected is the dramatic difference in the
tridentate ligand$1>1¢ Although it is well established that O, reactivity of 1 and2. Given the comparable coordination
Cw!"(u-O), species are usually close in energy to their sphere and electronic properties of the Cu(l) ions in both
Cw''(u-n%n?-0,) isomers3® the structure of3 was found complexes, it is rather unlikely that the initiab ®inding to
to be unperturbed by either the counterion {86; or BArF) a single Cu(l) ki*k-1 ) depends on the particular complex,
or the solvent (THF, acetone, or @El;). DFT calculations and therefore, the different Oreactivity highlights the
at the B3LYP level (see Supporting Information) indicate important role played by the second metal ion. The reaction
that, for3, the Cy'"'(u-O), structure is 35.5 kinol~* more in complex1 is slower than ir2, presumably because there
stable than Cgi(u-n%1%-O,), thus substantiating the sole is an enthalpic barrier to surmount to bring the two Cu ions
observation of the big-oxo isomer. These results clearly together due to some strain from the ligand. In com@ex
contrast those reported by Karlin et al. in the oxygenation the ligand is flexible, allowing copper sites to approach close
of a related mononuclear [Cu(MeAN)]BEs),” where side- enough to promote their synergistic actuation inb@ding/

kox= k1k2/k_1

on Cu''(u-n%n?-0,) species are formed. reduction. Instead, the rather rigid nature of the macrocyclic
Stopped-flow kinetic analysis of the oxygenation reactions ligand L1 imposes a higher barrier to this process, shutting
indicates thaf reacts reversibly with ©to generate3.” At down the reaction. The stability d8, which allows its

low temperatures (from-80 to —50 °C), the equilibrium is spectroscopic characterization, in comparison with the lack
shifted to the right and the formation & is essentially of stability of any reaction intermediate formed along the
quantitative. Under these conditions, the reaction is first order + O, pathway may also be explained on the basis of the
in [O;] and first order in 2] (See Supporting Information):  different structural strains imposed by the ligands.
In summary, comparison of the,@hemistry associated
v = ke [2][O)] to [Cu(MeAN)]*, 1, and2 constitutes a remarkable example
Activation parameters for the oxygenation reactions are ©f the importance of the cooperative actuation of two metal
characterized by a rather lowH* = 9.5+ 2 k}mol! and _center_s in the a_ctlvat|on of &and highlights the chal_lenge
a large negativéS = —175-+ 10 3K-1-molL, The simple in designing suitable dinuclear scaffolds for modeling O

second-order rate law observed at low temperature is consisProcessing proteins containing a dimetallic active Ste.

tent with a stepwise reaction scheme (Scheme 2) similar to the Acknowledgment. Financial support from MEC of Spain

oxygenation mechanisms of other dicopper(l) complékés.  through Projects No. CTQ2005-08797-C02-01 and BQU2003-
This mechanistic picture (Scheme 2) involves reversible 02884, from NIH (GM-38767 to L.Q.), and from NSF (CHE

reaction of Q with 2 to generate a putative superoxo 0111202 to E.R.A.). A.C. is grateful to MEC for the

allocation of a Ph.D. grant.

(13) (a) Holland, P.; Cramer, C. J.; Wilkinson, E. C.; Mahapatra, S.; . . . .
Rodgers, K. R.; Itoh, S.; Taki, M.; Fukuzumi, S.; Que, L., Jr.; Tolman, Supporting Information Available: Full details for the prepa-

W. B. J. Am. Chem. So@00Q 122 792. (b) Que, L., Jr.; Tolman, ration and characterization @, and2X,, kinetic data, and details

W. B. Angew. Chem., Int. EQ002 41, 1114. i ) ; ’

(14) Cu'"'(u-O), species have been described for xylyl-bridged TACN on the compu_tatlonal cal.cula'ltlons. CIF files an.d detall§ O.f the
systems, but resulting from intermolecular interaction of Cu ions. See Crystallographic characterization 8Kz and2Xz. This material is
Mahapatra, S.; Kaderli, S.; Llobet, A.; Neuhold, Y.-M.; Palanche, T.; available free of charge via the Internet at http://pubs.acs.org.
Halfen, J. A.; Young, V., Jr.; Kaden, T. A.; Que, L., Jr.; Zubérlau,

A.; Tolman, W. B.Inorg. Chem.1997, 36, 6343. 1C0602446
(15) Halfen, J. A.; Mahapatra, S.; Wilkinson, E.; Kaderli, S.; Young, V.,
Jr.; Que, L., Jr.; Zubefthler, A. D.; Tolman, W. B.Sciencel996 (18) See ref 7. Reported kinetic parameters for the oxygenation of [Cu-
271, 1397. (MeAN)]* in CH.Cl, are AH¥ = —27 kImol! and AS" = —335
(16) Arii, H.; Saito, Y.; Nagatomo, S.; Kitagawa, T.; Funahashi, Y.; JK~1mol1,
Jitsukawa, K.; Masuda, HChem. Lett2003 32, 156. (19) (a) Bol, J. E.; Driessen, W. L.; Ho, R. Y. N.; Maase, B.; Que, L., Jr.;
(17) From a kinetic point of view, ©binding appears to be essentially Reedijk, J.Angew. Chem., Int. Ed. Endl997, 36, 998. (b) Karlin,
irreversible at low temperatures and @lease appears to be significant K. D.; Dong-Heon, L.; Kaderli, S.; Zubetbier, A. D.Chem. Commun.
only at higher temperatures. However, analysis of these reactions is 1997, 5, 475. (c) Tachi, Y.; Aita, K.; Teramae, S.; Tani, F.; Naruta,
complicated by the onset of rapid thermal decomposition. Y.; Fukuzumi, S.; Itoh, Slnorg. Chem.2004 43, 4558.

Inorganic Chemistry, Vol. 45, No. 14, 2006 5241



