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Trinuclear Cu'-complexes of formula [Cu"s(us-E)(1-4-R-pz)sXs]*", E = O and OH; R = H, Cl, Br, CH(O) and NOy;
X = Cl, NCS, CH3COO0, and py, have been synthesized and characterized and the effect of substitution of terminal
ligands, as well as 4-R-groups, in the one-electron oxidation process has been investigated by cyclic voltammetry.
In situ UV—vis—NIR spectroelectrochemical characterization of the mixed valence Cus’*-complex [Cus(ts-O)(u-
pz)sCls]~ revealed an intervalence charge transfer band at 9550 cm™" (¢ = 2600 cm~" M~"), whose analysis
identifies this species as a delocalized, Robin—Day class-Ill system, with an electronic coupling factor, Ha, of

4775 cm™.

Introduction

Redox-active trinuclear copper clusters catalyze the four-
electron reduction of dioxygen to water in the active centers
of multicopper blue oxidase, such as ascorbate oxidases,
laccase, and ceruloplasmin.' Four Cu-centers cycling between
+1 and +2 oxidation states or a single trinuclear unit cycling
between Cuz*" and a mixed-valent Cu;”" state may partici-
pate in the reduction process. Particulate Methane Monooxy-
genase (pMMO), a membrane protein of methanotrophic
bacteria responsible for the regioselective oxidation of C;—Cs
alkanes to their corresponding alcohols, has also been
proposed by Chan et al. to employ multiple tricopper clusters
in its active center.” This claim has been contradicted by
spectroscopic data,’ as well as by an X-ray crystallographic
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study of an, alas, catalytically inert pMMO sample, showing
only one dinuclear and one remote mononuclear Cu-sites.*
In two recent articles, however, Chan et al. have restated
the multitrinuclear Cu-cluster hypothesis based on new EPR
spectroscopic evidence.” Furthermore, the new studies,
employing a synthetic, catalytically active Cuz-model system,
have identified a triangular, formally Cu,Cu(u3-O) inter-
mediate as the O-transfer species.>”

Structural, as well as spectroscopic data on triangular
Cu"I gystems that might model the latter intermediate are
scarce. A bis-capped Cu;(us-O),>t species has been shown
by crystallographic and spectroscopic analyses to contain
distinct Cu™ and ferromagnetically coupled Cu" sites, a
valence-trapped complex (*A, ground state).® The latter
system has also been analyzed by density functional theory
(DFT) calculations.” In contrast, a structurally related Cus(us-
S),>" complex has been shown to be valence-delocalized (°E
ground state).® We have reported the one-electron electro-
chemical oxidation of [Cu's(u3-O)(u-pz);X3]%>~, pz = pyra-
zolate anion, C3H;N,~, X = Cl (127), CF;COO (2%7), and
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the structural characterization of the oxidized, mixed-valent
species 3~ (X = 0,CPh).” A theoretical analysis by DFT
calculations of the latter has shown it to be a valence-
delocalized Cus”* species ('A; ground state).” Belinsky has
interpreted the different electronic structures of the above
three Cus”" systems in terms of the relationship between the
energy levels and the double-exchange parameter values H,p,
estimating an H,, value of approximately 5000 cm™" for 37.'°
Complex 3~ is the only known, albeit not fully studied,
structural and valence analogue of the fully oxidized pMMO
state proposed by Chan et al.>® In further pursuit of such
models, in this article we follow up on our earlier work on
tricopper pyrazolates of formula [Cu™;(u3-O)(u-4-R-pz); X3]*~
by studying the influence of substitution of terminal ligands-X
and 4-R-groups on the electrochemical potential of the
Cu'3(u3-0)**/5* redox couple.”!'! Herein, we present the
synthesis and characterization of new trinuclear complexes
(PPN);[Cu(u3-O)(u-4-R-pz);X;]Cl, X = CI, R = Br (4),
Cl1 (5), CHO (6), and NO; (7), (BusN)[Cu'3(u3-OH)(u-4-R-
pz);X3], R = H, X = NCS (8), and [Cu";(u3-OH)(u-4-R-
pz)3:X3](CF;CO,), R = H, X = py (9). In addition, we present
the electrochemical studies of the (¢3-O) complexes 4—7 and
the corresponding species resulting from the in situ depro-
tonation of the (13-OH) complexes 8,9, and 10 (R = H, X
= CH3;CO,). We also present the in situ UV—vis—NIR
spectroelectrochemical characterization of the mixed-valent

[Cus(us-O)(u-pz)sXs]~ (17).
Experimental Section

Materials and Methods. All commercially available reagents
were used as received. Solvents were purified using standard
techniques.'? Literature procedures were followed for the synthesis
of4-Cl-pzH, 13 4-Br-pzH, 13 4-NO,-pzH, ! 44-CHO-pZH, 15 (PPN),[Cus-
(u3-0)(u-p2);Cli] (1), and (PPN)[Cus(us-OH)(1-pz)3(0,CCHs)s-
(H,0)]+(H,0) (10).'

Physical Measurements. Elemental analyses were performed
by Galbraith Laboratories, Inc., Knoxville, TN. Infrared, NMR and
UV—vis spectra were recorded at room temperature on a Bruker
Tensor 27, Bruker Avance DPX-300/DRX-500 and Varian Cary
500 Scan, respectively. Electrochemical measurements were per-
formed on a BAS CV-50W voltammetric analyzer with Pt working
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and auxiliary electrodes, Ag/AgNOs reference electrode, and 0.5
M in BuyNPF¢/CH,Cl, as electrolyte. All potentials are reported
relative to the ferrocene/ferricenium reference couple. This was
accomplished by adding ferrocene as an internal standard after
recording the voltammetry of each analyte. Melting points were
measured on an Electrothermal IA9100 apparatus and reported
without correction. The in situ spectroelectrochemical experiment
was carried out on a Varian Cary 5E UV—vis—NIR spectropho-
tometer equipped with an Optically Semitransparent Thin Layer
Electrode (OSTLE) cell.!”

X-ray diffraction data were collected with a Bruker AXS SMART
1K CCD diffractometer,'® using graphite-monochromated Mo Ka
radiation at ambient temperature from single crystals mounted atop
glass fibers at a random orientation. Data were corrected for Lorentz
and polarization effects.'® The structures were solved employing
the SHELXTL-direct methods program and refined by full-matrix
least-squares on F2.?° Crystallographic details are summarized in
Table 1.

(PPN);3[Cus(u3-0)(u-4-Br-pz);Cl3]Cl (4). Method A. CuCl,*
2H,O0 (511 mg, 3.00 mmol), 4-bromo-pyrazole (441 mg, 3.00
mmol), NaOH (120 mg, 3.00 mmol), and PPNCI (1.722 g, 3.00
mmol) were stirred in 25 mL of CH,Cl, for 1 day, at ambient
temperature. After filtration, the green solution was evaporated to
one-half. Addition of 50 mL of Et,O precipitated out a green solid,
which was filtered out, washed with Et,0O, air-dried, and recrystal-
lized from CH,Cl/DME as dark green crystals to obtain (PPN)3
[Cus(u3-Cl),(u-Br-pz);Cl3]Cl1- 3H,0 (2.158 g, 85.9%). Anal. Calcd/
Found: C, 55.96/55.61; H, 4.10/3.91; N, 5.02/5.10. (PPN);[Cus(u3-
CD)o(u-Br-pz);Cl3]C1-3H,0 (75.3 mg, 0.03 mmol) was dissolved
in 2 mL of CH,Cl,, and 0.2 mL of methanolic solution containing
NaOH (4.8 mg, 0.12 mmol) were added under stirring. The green
color of the solution immediately turned darker. After 5 h the
solution was filtered, and Et,0O was allowed to slowly diffuse into
the filtrate yielding 56.3 mg (78%) of crystalline product.

Method B. Complex 4 was prepared similarly as 1''* using 6
equiv of NaOH, CuCl,+*2H,0 (140.6 mg, 0.82 mmol), 4-Br-pzH
(123.4 mg, 0.84 mmol), NaOH (68.5 mg, 1.71 mmol), and PPNCI
(477.3 mg, 0.80 mmol). The reaction mixture was stirred overnight,
and then it was filtered and set up for Et;O/CH,Cl, diffusion. Violet
crystals were manually separated from a mixture of green, blue,
and violet crystals and then were washed with chilled acetone and
THF, dissolved, and crystallized twice from Et,O/CH,Cl,. Yield:
135.2 mg (21.1%) of crystalline 4. Anal. Calcd/Found: C, 57.64/
57.11; H, 4.13/3.69; N, 5.17/5.34. Mp. (239.8—240.1) °C. UV—vis
(CHxCl,, cm™1): 14771, 25840 (sh), 29940 (sh), 36496 (sh), 37313,
38168 (sh). IR (cm™!): 3673 (vw), 3561 (vw), 3049 (vw), 1587
(w), 1481 (w), 1436 (m), 1387 (w), 1297 (sh), 1283 (sh), 1266 (s),
1180 (w), 1152 (w), 1113 (s), 1049 (m), 1027 (w), 995 (m), 951
(m), 836 (m), 803 (w), 765 (w), 746 (m), 722 (s), 689 (s), 610 (m),
549 (s), 534 (s), 526 (sh), 495 (s), 440 (w).

(PPN)3[Cuz(u3-O)(u-4-Cl-pz);Cl3]Cl (5). Method A. Complex
S was prepared similarly as 4, using 4-Cl-pzH to obtain (PPN)s[ Cus(u3-
Cl),(u-Cl-pz)3Cl13]C1-3H,0. Anal. Calcd/Found: C, 60.47/60.18; H,
4.17/4.22; N, 5.43/5.63; Cl, 13.73/14.74. Further reaction with a
methanolic solution containing NaOH and crystallization from Et,0
diffusion afforded crystalline 5 in 78%.

Method B. Complex 5 was prepared similarly as 4 using
CuCl,+2H,0 (141.5 mg, 0.82 mmol), 4-Cl-pzH (85.6 mg, 0.84
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Table 1. Crystallographic Data and Structure Refinement for 4—9
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mmol), NaOH (68.7 mg, 1.71 mmol), and PPNCI (496.5 mg, 0.84
mmol). Yield: 129.0 mg of crystalline 5 (20.8%). Anal. Calcd/
Found: C,60.97/60.80; H,4.37/4.18;N,5.47/5.58. Mp. (226.7—228.0)
°C. "H NMR (CD,Cl,, ppm): 22.40 (6H, wi, = 550 Hz). IR (cm™!):
3673 (vw), 3560 (vw), 3051 (vw), 2695 (vw), 1587 (w), 1506 (vw),
1481 (w), 1435 (m), 1392 (w), 1370 (vw), 1264 (s), 1209 (w), 1180
(w), 1164 (w), 1150 (w), 1113 (s), 1050 (m), 1026 (w), 994 (m),
964 (m), 834 (m), 804 (w), 763 (w), 748 (m), 722 (s), 688 (s), 614
(m), 549 (s), 533 (s), 495 (s), 460 (vw), 449 (vw), 438 (vw).
UV—vis (CH,Cl,, cm™"): 14771, 26110 (sh), 29940 (sh), 36496
(sh), 37313, 38168 (sh).

(PPN);[ Cus(3-O)(1-4-CHO-pz)3CL]Cl (6). CuCl,+H,O (141.3
mg, 0.83 mmol), 4-CHO-pzH (79.6 mg, 0.83 mmol), NaOH (66.2
mg, 1.66 mmol), and PPNCI (481.9 mg, 0.81 mmol) were added
to 10 mL of CH,Cl, under stirring. 4-CHO-pzH was dissolved in
2 mL of ethyl acetate prior to addition. The reaction mixture was
stirred overnight, was filtered, and the product was precipitated with
100 mL of Et,O. The solid obtained (308.6 mg) was washed with
THF and chilled CH,Cl,. Then, the product was crystallized by
slow Et,O vapor diffusion into a CH,Cl, solution of 6. Violet
crystals (147.8 mg, 24.5%) were manually separated under a
microscope. Anal. Caled/Found: C, 63.06/62.83; H, 4.54/4.49; N,
5.52/5.58. Mp. (196.9—198.8) °C. 'H NMR (CD,Cl,, ppm): 25.35
(6H, Wipn = 750 HZ); 16.87 (3H, Wip = 500 HZ) IR (cm"): 3051
(w), 2763 (w), 2704 (w), 1676 (s), 1587 (w), 1530 (m), 1481 (w),
1435 (m), 1416 (w), 1264 (s), 1207(m), 1112 (s), 1056 (m), 1010
(m), 996 (m), 872 (w), 803 (w), 765 (w), 721 (s), 689 (s), 626 (m),
549 (s), 533 (s), 496 (s), 460 (vw), 449 (vw), 438 (vw). UV—vis
(CHyClp, cm™"): 14771, 26178, 36364 (sh), 37736 (sh), 38462 (sh),
39370 (sh).

(PPN);[Cus(u3-0)(u-4-NO,-pz)3CI3]Cl (7). CuCl,-H,0O (141.2
mg, 0.82 mmol), 4-NO,»-pzH (93.4 mg, 0.83 mmol), NaOH (68.7
mg, 1.72 mmol), and PPNCI (473.4 mg, 0.80 mmol) were added
to 10 mL of CH,Cl, under stirring. 4-NO,-pzH was dissolved in 2
mL of methanol prior to addition. The reaction mixture was stirred
overnight, was filtered, and the product was precipitated with Et,O.
The solid obtained (200.4 mg) was washed with THF and chilled
acetone. Then, the product was crystallized by slow Et,O vapor
diffusion into the CH,Cl, solution of 7. Violet crystals (80.2 mg,
13.1%) were manually separated under a microscope. Anal. Calcd/
Found: C,60.15/59.71;H,4.31/4.09; N, 7.19/7.06. Mp. (196.0—198.0)
°C. '"H NMR (CD,Cly, ppm): 27.47 (6H, wi, = 350 Hz). IR (cm™!):
3556 (vw), 3141 vw), 3054 (vw), 1607 (vw), 1588 (w), 1495 (m),
1436 (m), 1409 (m), 1283 (s), 1266 (sh), 1182 (m), 1113 (s), 1039
(m), 999 (m), 874 (w), 815 (m), 758 (m), 722 (s), 689 (s), 597
(m), 548 (8), 533 (s), 496 (s), 461 (vw), 450 (vw). UV—vis (CH,Cl,,
cm™1): 14815, 19417, 26316, 33445, 36364, 37175.

(BU4N)[CU3([I3-OH)([I-pZ)3(NCS)3] (8). Cu(ClO4)2-6H20 (2348
mg, 0.62 mmol), pzH (41.5 mg, 0.58 mmol), NaOH (33.5 mg, 0.84
mmol), and BuyNNCS(187.9 mg, 0.63 mmol) were added to 30
mL of H,O. The mixture was stirred 1 h, and 20 mL of CH,Cl,
were added to form a non aqueous layer. After 1.5 h the organic
phase was separated using a separation funnel. Suitable crystals
for X-ray diffraction were obtained by Et;O vapor diffusion to a
CH,Cl, solution. Yield: 100.3 mg (62.8% yield) of blue crystals
obtained by slow Et,O vapor diffusion into a CH,Cl, solution. Anal.
Calcd/Found: C, 40.74/40.70; H, 5.62/5.34; N, 16.97/17.01. Mp.
(141.7—142.2) °C. IR (cm™"): 2961 (w), 2873 (w), 2082 (s), 1478
(w), 1429 (w), 1377 (m), 1279 (w), 1178 (m), 1063 (s), 880 (m),
745 (s), 623 (s), 471 (m), 436 (m). "H NMR (CD;CN, ppm): 40.50
(3H, Wip = 40 HZ); 34.52 (6H, Wip = 70 HZ) UV—vis (CH3CN,
cm™1): 16790, 27460, 32430. Warning! Perchlorate salts are
explosive.
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[Cuz(3-OH)(1-pz)3(py)3]1(CF3803); (9). Cu(CF;S03), (0.2277
g, 0.62 mmol)), pzH (0.0403 g, 0.58 mmol), NaOH (0.0407 g, 1.02
mmol), and pyridine (53 uL, 0.60 mmol) were stirred in 10 mL of
acetone for 24 h at room temperature. The reaction mixture was
filtered, and the solvent was reduced to 2 mL under reduced
pressure. Yield: 146.6 mg (75.6%) of blue crystals suitable for X-ray
diffraction obtained by slow Et,O vapor diffusion into an acetone
solution. Crystals were also obtained by Et,O diffusion into a THF
(or CH,Cl,) solution, or by MeOH evaporation. Anal. Calcd/Found:
C, 33.07/33.23; H, 2.67/2.77; N, 13.35/13.47. Mp. (219.7—219.9)
°C. '"H NMR (CD,Cl,, ppm): 61.37 (6H, wy,, = 97 Hz); 40.33 (3H,
Winp = 68 HZ); 32.34 (6H, Winp — 84 HZ); 26.60 (6H, Wip = 42
Hz); 11.22 (3H, wyp = 19 Hz); 2.19 (w, = 18 Hz). IR (cm™!)
1608 (w), 1491 (w), 1451 (m), 1383 (w), 1250 (s), 1215 (s), 1173
(s), 1070 (s), 1028 (s), 1018 (s), 753 (s), 699 (s), 633 (s), 573 (m),
515 (s), 486 (m) 436 (m). UV—vis (CH,Clp, cm™1): 17889, 31447.

Results and Discussion

Complexes 4—7 were prepared in similar ways as 1 by
either displacement of capping chlorides of (PPN)s[Cus(us-
CD)2(u-R-pz);CL5]Cl or from a reaction mixture containing
Cu?", 4-R-pzH and base. Interestingly, by self-assembly the
yield was significantly lower for complexes of 4-substituted
pyrazolates as the products crystallized in a mixture also
containing green and blue crystals identified as (PPN);-
[CU3(/,43-C1)2(/4-4-R-I)Z)3C13]Cl'3H20 and (PPN)Q[CU3(#3-
CD((u3-OH)(u-4-R-pz)sCls], respectively. This mixture was
separated under the microscope, and violet crystals of the
desired u3-O product were manually isolated and recrystal-
lized from CH,Cl,/Et,0. To isolate 4—7 it is also necessary
to add one extra equivalent of PPNCI, as a free Cl-ion co-
crystallizes with the complex dianion. Two observations
were made while working on the syntheses of 4—7: First,
u3-O complexes are only isolable from CH,Cl, solutions.
Second, PPN™ counterions are essential to isolate these u3-O
species. There was no crystal growth when BuyN™* was used
as counter-cation, and only few crystals were isolated as
Ph,P™ salts. The latter observations are specifically for u3-O
complexes, while there are u3-Cl complexes with Cl, Me,
and Br substituted pyrazolates and Bu,N* counterions.'®
Only 4-substituted pyrazolates were pursued in this study,
since triangular Cuy complexes of 3,5-R,-pz are sterically
hindered and none is known to date.'® Besides 1, there is
only one other trinuclear pyrazolate complex with a u3-O
ligand, also supported by u-pz ligands.?' Interestingly, tri-
angular copper-pyrazolate complexes are most frequently
synthesized with u3-OH ligands at the capping posi-
tion, 1121622

Most of the structures involving u3-OH trinuclear com-
plexes contain a mixed set of three terminal ligands, X, X',
and X”, (e.g., [Cus(us-OH)(u-pz):XX'X"”]). Mixed-valence
complexes with unsymmetrical coordination typically favor
charge localization. Symmetrical substitution, X = X’ = X",
which might favor valence delocalization has only been

(21) Shen, W.-Z.; Peng Cheng, L. Y.; Yan, S.-P.; Liao, D.-Z.; Jiang, Z.-H.
Inorg. Chem. Commun. 2004, 7, 819.

reported for C1,''®?* Br,''® CF;C0,,” NCO,'¢ CH;CO,,'***¢
and sz.22C Two new such complexes with X = NCS (8)
and X = py (9) are reported here.

The original synthetic strategy toward the introduction of
new terminal ligands was based on the exchange of the halide
ligands in readily available complexes, such as (BusN),[Cus(us-
Ca(u-pz)3Cl3], (PPN)o[Cus(us-O)(u-pz)3Cls], (BusN)[Cus(us-
OH)(u-pz);Cl3], and (BusN)o[Cus(us-Br)a(u-4-Br-pz);Brs] by
metathesis.''"** However, when sodium or potassium salts
were used in such reactions, the [Cu-pz]; metallacycle was
opened with concomitant rearrangement forming structures
of higher nuclearities.'®** Subsequently, nonhalide copper
sources were employed as starting materials.

Accordingly, 8 was prepared by the addition of pyrazole
and NaOH to a solution of Cu(ClQy); in water. The addition
of BuyNNCS formed a green oily phase, which was extracted
with CH,Cl,, concentrated, and recrystallized by Et,O vapor
diffusion into the CH,Cl, solution. The infrared spectrum
of 8 showed a strong band at 2083 cm™!, characteristic of
N-coordinated NCS ligands.?

The 'H NMR spectrum of 8 showed paramagnetically
shifted resonances at 40.5 and 34.5 ppm. The presence of
only two resonances, one for the protons at the H3/H>-pz
positions and one for the proton at the H*-pz position, showed
the magnetic equivalence of the pyrazolate rings in solution.

Complex 9 was isolated as blue crystals by the addition
of a stoichiometric amount of pyridine to a solution of
Cu(CF5S0s),, pzH, and NaOH in acetone, CH,Cl,, THF or
MeOH. The 'H NMR spectrum showed the presence of a
single species in solution, evident by the five paramagneti-
cally shifted resonances at 61.4, 40.3 (assigned to H'/H>-py
and H*pz positions), 32.3, 26.6, and 11.2 ppm (assigned to
H3/H3-pz, H/H*-, and H3-py positions).

All attempts of isolating crystalline u#3-O complexes by
deprotonation of the u3-OH group of 8—10 with NaOH or
Et;N were unsuccessful, although UV—vis spectroscopic
monitoring of the reactions shows that deprotonation occurs
in solution.

X-ray Structures. All complexes described here consist
of a nine-membered [Cu—N—N]; metallacycle where the Cu-

(22) (a) Hulsbergen, F. B.; ten Hoedt, R. W. M.; Verschoor, G. C.; Reedijk,
J.; Spek, A. L. J. Chem. Soc., Dalton Trans. 1983, 539. (b) Angaroni,
M.; Ardizzoia, G. A.; Beringhelli, T.; La Monica, G.; Gatteschi, D.;
Masciocchi, N.; Moret, M. J. Chem. Soc., Dalton Trans. 1990, 3305.
(c) Sakai, K.; Yamada, Y.; Tsubomura, T.; Yabuki, M.; Yamaguchi,
M. Inorg. Chem. 1996, 35, 542. (d) Casarin, M.; Corvaja, C.; di Nicola,
C.; Falcomer, D.; Franco, L.; Monari, M.; Pandolfo, L.; Pettinari, C.;
Piccinelli, F.; Tagliatesta, P. Inorg. Chem. 2004, 43, 5865. (e) Casarin,
M.; Corvaja, C.; Di Nicola, C.; Falcomer, D.; Franco, L.; Monari,
M.; Pandolfo, L.; Pettinari, C.; Piccinelli, F. Inorg. Chem. 2005, 44,
6265. (f) Zhou, J.-H.; Liu, Z.; Li, Y.-Z.; Song, Y.; Chen, X.-T.; You,
X.-Z. J. Coord. Chem. 2006, 59, 147. (g) Casarin, M.; Cingolani, A.;
Di Nicola, C.; Falcomer, D.; Monari, M.; Pandolfo, L.; Pettinari, C.
Cryst. Growth Des. 2007, 7, 676. (h) Di Nicola, C.; Karabach, Y. Y.;
Kirillov, A. M.; Monari, M.; Pandolfo, L.; Pettinari, C.; Pombeiro,
A.J. L. Inorg. Chem. 2007, 46, 221.

(23) Mezei, G.; Raptis, R. G. Inorg. Chim. Acta 2004, 357, 3279.

(24) Mezei, G.; Baran, P.; Raptis, R. G. Angew. Chem., Int. Ed. 2004, 43,
574.

(25) Nakamoto, K., Infrared and Raman Spectra of Inorganic and Coordina-
tion Compounds. Part B: Applications in Coordination, Organome-
tallic, and bioinorganic Chemistry. 5th ed.; John Wiley & Sons:
Canada, 1997; p 270.
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Figure 1. Ball-and-stick diagram of the crystal structure of 6 viewed
perpendicular to the 3-fold axis and showing the atom labeling scheme.

Figure 2. Ball-and-stick diagram of the crystal structure of 9 showing the
atom labeling scheme.

atoms are held together by pyrazolate bridges. Complexes
4—7 accommodate an almost planar Cus(u3-O) core (Figure
1), but a pyramidal Cus(u3-OH) moiety forms the core of
complexes 8 and 9 (Figure 2). There is no significant
variation of the Cu—N, Cu—O, Cu—OH, or Cu-+-Cu
distances within complexes 4—9.

While 4—7 have similar structures to 1, the presence of
halogen-substituents on pyrazole induces significant changes
on their solid-state structures. For each of the three com-
plexes, there is a 3-fold symmetry axis running perpendicular
to the [Cu—N—N]; metallacycle, through the oxygen-atom.
The Cu—O bond lengths range from 1.889(1) to 1.903(1)
A, while the Cu—O—Cu angles are between 118.6—119.9°
for all four complexes. Cu--+Cu intramolecular distances are
within the 3.270—3.275 range. Although Cu++*Cu and Cu—0O
distances are similar, the oxygen atom in 4—7 is 0.057—0.223
A above the Cus-plane, while in 1 it is right in the plane of
the three Cu-atoms.''

Another difference is the orientation of the pyrazole rings
relative to the Cus-plane: all three pyrazoles are bent toward
the same side of the Cus-plane, opposite to the u3-O atom;
the latter has a water molecule in hydrogen bonding distance
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Table 2. Selected Bond Lengths (A) and Angles (deg) for 6

Cu(1)—0(2) 1.8971(3) N(1)—Cu(1)—CL(1) 92.1(1)
Cu(1)—N(1) 1.9503)  N(2)—Cu(1)—CL(1) 93.6(1)
Cu(1)—N(2) 1.954(3)  Cu(1)—0(2)—Cu(1)#1 119.13(6)
Cu(1)—CI(1) 2282(1)  Cu(D—0Q2)—Cu(#2  119.13(6)

0O(2)—Cu(1)#1 1.8971(8) Cu(1)#1—0(2)—Cu(1)#2 119.13(6)

0(2)—Cu(1)#2 1.8971(8)  C(1)—~N(1)—Cu(1) 132.03)
0(2)—Cu()~-N(1) 90.9(1)  NEQ)#1—N(1)—Cu(1) 119.9(2)
0Q2)—Cu(1)-N@) 91.2(1)  CR#2—N@2)—Cu(l) 132.1(3)
N()—Cu(1)-N(2) 157.0(1)  N(1)#2—N(2)—Cu(1) 118.7(2)

0O(2)—Cu(1)—CI(1) 160.02)

(O++-0 of 2.359—2.806 A) along the Cs-axis. Another
feature of these structures is that the three PPN-counterca-
tions, disposed around the Cs-axis, form a cage that hosts a
chloride ion. Complexes 4—6 are isostructural; however,
there is no water molecule in the structure of 7. Important
bond lengths and angles for 6 are listed in Table 2.

Complexes 8—9 contain u3-OH ligands bridging unsym-
metrically the three copper atoms. In 8, three terminal NCS
ligands are on the opposite side of their trans-u3-OH pyramidal
group. Cu-NCS and Cu—O bond lengths span the ranges of
1.924(7)—1.957(8) A and 1.980(6)—2.047(6) A, respectively.
This arrangement holds the copper atoms at distances spanning
the range 3.324(4)—3.406(5) A. All copper atoms are in square-
planar N3O-coordination environments.

The crystal structure of 9 (Figure 2) consists of three
terminal py ligands trans to the 3-OH group with their planes
approximately perpendicular to the Cus-plane. For 9,
Cu—N(py), Cu—O bond lengths, and Cu-++Cu intramolecular
distances are within 2.017(6)—2.045(6) A, 1.999(4)—2.001(4)
A, and 3.320(2)—3.403(4) A, respectively. One copper atom
is in the octahedral N;Os-coordination environment when
the long interactions with two triflate anions at 2.681(4)—
2.851(9) A are considered. The two remaining copper atoms
are in the square-pyramidal coordination environments by a
weak interaction with one acetone and one triflate anion at
2.404(7) A and 2.456(6) A, respectively. Important bond
lengths and angles for 9 are listed in Table 3.

Electrochemistry. The electrochemical studies of 1 by
cyclic voltammetry showed a reversible one-electron oxida-
tion centered at —0.013 V (vs. Fc/Fc™).® Under the same
experimental conditions the corresponding processes to that
of 1 were observed for 4— 7 (Table 4). However, the redox
potentials for 4—7 are influenced by the electron donating
ability of the pz ligands, tuned by the 4-R groups. Therefore,
the redox potentials are shifted proportionally to the electron-
withdrawing capacity of their R-groups in the order NO, >
CHO > Cl ~ Br > H. The trend is also consistent with the
acidity of 4-R-pyrazoles.”® Moreover, a plot of redox
potential as a function of the substituents’ Hammet parameter
(0) showed a correlation of 0.989. The correlation between
redox potentials and the Hammet parameter has been
observed for other series of substituted ligand systems.?’
Figure 3 shows the cyclic voltammogram of 1, 4, and 6 in
the potential range —0.400 to +0.600 V (vs. Fc/Fct). No

(26) Catalan, J.; Abboud, J. L. M.; Elguero, J. Adv. Heterocycl. Chem.
1987, 41, 187.

(27) (a) Masui, H.; Lever, A. B. P. Inorg. Chem. 1993, 32, 2199. (b) Hansch,
C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165.



Tuning of the [Cus(u-0)]F*>* Redox Couple

Table 3. Selected Bond Lengths (A) and Angles (deg) for 9

N(3)—Cu(2)—0(1)
N(2)—Cu(2)—N(9)
N(3)—Cu(2)—N(9)
0O(1)—Cu(2)—N(9)
Cu(1)—0(1)—Cu(2)
Cu(1)—0(1)—Cu(3)
Cu(2)—0(1)—Cu(3)
C(7)—N(6)—Cu(1)
N(5)—N(6)—Cu(1)
C(9)—N(5)—Cu(3)
N(6)—N(5)—Cu(3)
C(4)—N#)—Cu(3)
N(3)—N(4)—Cu(3)

89.6(2)
92.1(2)
90.9(2)
169.8(2)
112.28(19)
113.63(19)
116.6(2)
133.1(5)
120.2(4)
130.3(5)
120.6(4)
130.6(6)
121.1(4)

C(6)—N(3)—Cu(2)
N@)—N(@3)—Cu(2)
C(1)—-N(2)—Cu(2)
N(1)—N(2)—Cu(2)
C(3)—N(1)—Cu(1)
N@)—N(1)—Cu(1)
C(10)—N(7)—Cu(1)
C(14)—N(7)—Cu(1)
C(24)—N(8)—Cu(3)
C(20)—N(8)—Cu(3)
C(15)—N(9)—Cu(2)
C(19)—N(9)—Cu(2)

129.2(6)
122.2(4)
132.5(5)
119.2(4)
132.3(5)
120.7(4)
121.7(5)
120.3(5)
122.0(5)
119.6(5)
121.0(5)
121.8(5)

Cu(1)—N(6) 1.944(5)  N(6)—Cu(1)-O(1)  88.7(2)
Cu(1)=N(1) 1.951(6)  N()—Cu(1)-O(1)  89.4(2)
Cu(1)—0(1) 1.9994)  N(6)—Cu(1)-N(7)  90.7(2)
Cu(1)—N(7) 2.030(5) N(1)—Cu(1)—N(7) 90.9(2)
Cu(3)—N4) 1.955(6) O(1)—Cu(1)—N(7) 177.1(2)
Cu(3)—N(5) 1.963(5) N(4)—Cu(3)—N(5) 167.2(3)
Cu(3)—0(1) 2.001(4) N(4)—Cu(3)—0(1) 89.4(2)
Cu(3)—N(8) 2.045(6) N(5)—Cu(3)—0(1) 88.9(2)
Cu(2)—N(2) 1.940(6) N(4)—Cu(3)—N(8) 89.8(2)
Cu(2)—NQ@3) 1.940(6) N(5)—Cu(3)—N(8) 90.4(2)
Cu(2)—0(1) 2.000(4) O(1)—Cu(3)—N(8) 173.5(2)
Cu(2)—N(©9) 20176)  N(@2)—Cu(2)-N(3)  171.2(2)
N(©)—Cu()-N(1)  172.8(2)  N@)—Cu(2)—O(l)  88.9(2)
Table 4. Cyclic Voltammetric Data for 4—10

R X Epa (V) Epc (V) Eip (V)
1 H Cl —0.023 —0.083 —0.013
4 Br Cl +0.173 +0.110 +0.142
5 Cl Cl +0.174 +0.112 +0.143
6 CHO Cl +0.309 +0.250 +0.280
7 NO; Cl +0.483 +0.415 +0.449
2 H CF3;CO, +0.160 +0.101 +0.131
8 H NCS +0.253
9 H Py +0.436 +0.364 +0.400
10 H CH3CO, +0.476

further oxidation was observed for 4—7 up to the solvent
oxidation front.

Similarly, the substitution of the terminal chloride by
nonhalogen ligands has resulted in shifts of the oxidation
potentials. The redox shifts for the different X-ligands are
in the order CH3CO, > py > NCS > CF;CO, > Cl. The
redox processes are irreversible for the X = CH3;CO, and
NCS species. Addition of anhydrous Et;N to generate in situ
the electrochemically active u3-O trimer was necessary for
8—10. The pH-controlled deprotonation of us-ligands capping
the Cus(u-pz)s-frame is well established in this system
(Scheme 1).''® Interestingly, there is no redox process
observed in the potential window studied for those trimers
including hydroxide and chloro bridging ligands under the
conditions studied. The results of the electrochemical studies
show that complex 1, with R = H and X = Cl, is the easier
oxidized one and therefore the more likely to give a stable
one-electron oxidized product.

While the [Cus(us-O)]*”* redox processes of 1, 2, and
4—7 and 9 are fully reversible on the cyclic voltammetry
time scale, bulk chemical oxidation has not yielded stable
products under the conditions employed so far. To probe
the electronic structure of this elusive mixed-valence species
we have attempted the in situ characterization in an OSTLE
cell of [Cus(us-O)(u-pz)sXs]~ (17) in CH3CN with 0.25 M
BusNPF at 243 K (Figure 4). Even at these conditions, 1~
is not perfectly stable resulting in partial blurring of the
isosbestic points at 24 100 and 27 000 cm™!. Similar results
were obtained in CH,Cl, solvent.

During the one-electron oxidation, the bands at 33 000 and
26 220 cm™! (of 1?7) shift to 30 280 and 22 200 cm™! (in
17), respectively. In addition, the mixed-valence complex
1~ exhibits a new weak band at 9550 cm™! (¢ = 2600 cm™!
M) attributed to an intervalence charge transfer (IVCT)
transition, a characteristic of mixed-valence compounds. The
presence of this band in the spectrum of 1~ excludes the
possibility of a complete valence trapped situation (complete

localization). The detailed analysis of IVCT bands has been
the focus of several experimental and theoretical studies, and

1 -2
11

600 400 200 0 -200 -400
Potential (E), mV

Figure 3. Cyclic voltammograms for 1 (upper), 4 (middle), and 6 (lower
in CH,Cl; solution.
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Scheme 1

recent comprehensive reviews are available:*® In dinuclear
systems, the IVCT band energy and half-width depend on
the shape of the double-minimum potential well of the
electron transfer process and classify a mixed-valent species
in the Robin—Day system.”” For 1-, the experimental
bandwidth at half-height, Avyp, is 1428 cm™!. According to
the classical two-state theory, the theoretical bandwidth at
half-height (Av,°) is given by Av%cm™! = [16RT In(2)
Vmaxl 2, wWhere Vg is the IVCT band maximum. In the
present case, the observed bandwidth, Av;,, is much
narrower than the theoretical bandwidth, Av,,° = 4229 cm™!,
calculated by the above formula. Here the factor I' = 0.66
(where T' = 1 — Avp/Avy°), characterizing the mixed-
valence complex 17 as a Robin—Day class-III system (I" >
0.5): Highly delocalized in the time scale of UV—vis—NIR
spectroscopy, in agreement with our earlier theoretical
calculations.” For strongly coupled systems, like the present
case, the electronic coupling factor Hyp, is given by v /2.>°
Hence, for 1-, Hy, = 4775 cm™!, in close agreement with
the value estimated by Belinsky (~5000 cm™").'°

In contrast to the several dinuclear mixed-valent complexes
that have been studied with regard to their electron transfer
properties, there is a paucity of studies of larger systems.?%*
As far as trinuclear systems related to 1~ are concerned,

(28) (a) D’Allessandro, D. M.; Keene, R. R. Chem. Rev. 2006, 106, 2270.
(b) D’Allessandro, D. M.; Keene, R. R. Chem. Soc. Rev. 2006, 35,
424. (c) Demadis, K. D.; Hartshorn, C. M.; Meyer, T. J. Chem. Rev.
2001, /01, 2655. (d) Lunnay, J. P. Chem Soc. Rev. 2001, 30, 386.

(29) (a) Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1967, 10,
247. (b) Allen, C. G.; Hush, N. S. Prog. Inorg. Chem. 1967, 8, 357.
(c) Creutz, C. Prog. Inorg. Chem. 1983, 30, 1.

(30) Brunschwig, B.; Creutz, C.; Sutin, N. Chem. Soc. Rev. 2002, 31, 168.
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Figure 4. In situ UV—vis—NIR spectra recorded during the oxidation of
1 mM (PPN),[Cus(u3-O)(u-pz)3Cls] (1) in CH3CN with 0.25 M BusNPFg
at 243 K. The solid black line is the trace of the all-Cu'' species (127). The
red trace is the final spectrum of the oxidized, mixed-valent species (17).

IVCT bands have been reported in the cases of [Fe;(u3-0)]°"
and [Fe;M(us-0)]" (M = transition metal).?! Finally, the
present results suggest that the postulated triangular, mixed-
valent [Cus(usz-O)]>* intermediate®® of pMMO catalytic
activity might be straightforwardly characterized by its NIR
spectrum, provided it adopts the 'A; electronic structure. The
importance of detailed spectroscopic analyses of mixed-
valent metalloprotein active centers has been recently high-
lighted.*
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