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The multidentate ligands tris[(N'-tert-butylureayl)-N-ethyl)Jamine (He1) and 1-(tert-butylaminocarbonyl)-2,2-dimethyl-
aminoethane (H,2) have been used to investigate the assembly and properties of complexes with Cu*5Cu®*® units.
The complexes [Cu(Hs1)],* and [Cu(H2)],;* have been isolated and structurally characterized by X-ray diffraction
methods. [Cu(Hs1)],* has a Cul-°Cu'® core, with each copper ion having square planar coordination geometry. The
copper ions are linked through two mono-deprotonated urea ligands, which coordinate as u-1,3-(kN:xO) ureate
bridges to produce a Cu—Cu distance of 2.39 A. The remaining two urea arms of [Hs1]~ form intramolecular
hydrogen bonds, the result of which is to confine the CulCu'® unit within a pseudomacrocycle. The structure of
[Cu(H2)].* lacks intramolecular hydrogen bonds and thus does not have a pseudomacrocyclic structure. However,
the structural properties of the Cu*5Cu'® core in [Cu(H2)],* are nearly identical to those of [Cu(Hs1)],*. Both complexes
exhibit rhombic EPR spectra at 77 K, which do not change upon cooling to 4 K. The optical spectra of [Cu(Hs1)],*
and [Cu(H2)],* are dominated by an intense band at ~700 nm. These spectral characteristics are consistent with
[Cu(Hs1),* and [Cu(H2)],* being classified as fully delocalized (type I1I) mixed-valent species.

Introduction thioethyl)dacd, andu-1,3-carboxylate ligandsin addition

to these synthetic species, the sCsite in cytochromec

oxidasé and the active site in nitrous oxide reductasmntain

fully delocalized mixed-valent C&Cu'® centers. The unique

electronic and functional properties of these sites have been
dattributed to the presence of a short-@Tu bond 2.5 A),
which appears to be characteristic of type Il *30ut®
centers.

We have introduced the tripodal ligand tris[{tert-

butylureayl)N-ethyl)Jamine (H1), which has threeN-

A variety of mixed-valent Ci«€u' complexes have been
reported. Most examples are type | systémghere the
unpaired electron is localized on one metal cehf€here
are far fewer examples of type Il and type Il ‘Cul'
complexes. Synthetic type Il systems have only been reporte
for complexes with Robson’s-type macrocyclic binucleating
ligands? Type Il Cu-SCutS complexes, where the unpaired
electron is delocalized between the two copper ions at all
temperatures, are limited to those with octaazacryptdhs,
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Completely Delocalized Mixed-Valent Dicopper Complexes

ethyleneN'-tert-butyl urea arms attached to an apical nitro- through a porous frit, and the filtrate was layered with diethyl ether
gen aton?. During our investigations of its metal-ion-binding  under argon. This produced a dark-blue microcrystalline compound,
which was filtered, washed with diethyl ether, and dried under
fo} H H vacuum to yield 0.19 g (72%) of [Cu@)].BF,. Anal. Calcd
N a ,lL o_But . /N-TN\/\NMe (found) for CsHgoN1406BCIlF4Cu, (includes one ChCly): C, 43.56
{Aﬂ N )3 Bu' & o @ 2 (43.71); H, 7.60 (7.57); N, 16.55 (17.13). FTIR (Nujol, ch
v(NH) 3406, 3315 (urea, s)(CO) 1567 (urea, s)y(BF,~) 1060
Heg1 H>2 (split). FAB-MS (CHCL,): 1010 ([Cu(H1)]2"). UV/ivis (CH,Cly,
Amax NM €, M~ cm™1)): 705 (4000), 568 (1400), 466 (1600), 288
properties, we found that treatingsHwith Cu' salts in the (4870). peerr (solid, 296 K): 2.0Qus. CV (THF, 100 mV s?): Eye
presence of an oxidant produces a fully delocalized mixed- = —1.07 andEy, = 0.33 V vs SCE.
valent copper (CLPCUL9) dimer. A similar type Ill copper Another method was used to prepare [Csi(fbBF,. A magneti-
dimer can be isolated with the bidentate ligan@[H These  cally stirred solution of KL (0.10 g, 0.23 mmol) in 10 mL of THF
results suggest that the assembly of &@uts core with was t_reated W|th_ Cu(O_AgX0.0Zl g, 0.11 mmol) unqler argon. After
this class of ligand is dependent on the td.,3-(N:«<O)- 30 min the reaction mixture was aIIoweq to react with [Cu(M_eg}N)
ureate bridges, which separate the copper centers by 2.3S§3'.:4 (0.036 g, 0.11 mmol). The resulting deep blue So.lunon was
' d fa 1 h atroom temperature, after which volatiles were
A. One noteworthy structural feature of the [Cifp* stirre
) i ) = removed under reduced pressure. The crude salt [2)dBF, was
complex is the confinement of its €Cu core within @\ ashed with diethyl ether and recrystallized by layering a THF
pseudomacrocycle formed by intramolecular H-bonds formed sojution of [Cu(H1)],BF, with diethyl ether. This afforded the pure
from urea groups on adjacent4H~ ligands. salt in 62% (0.083 g) yield.
. . [Cu(H2)],BF4 was prepared following the method described
Experimental Section above for [Cu(H1)].BF, using 0.200 g (1.07 mmol) of 42 and
Preparative Methods and SynthesesAll reagents were pur- 0.336 g (1.07 mmol) of [Cu(MeCN)BF,. The dark blue micro-
chased from commercial sources and used as received, unlessrystalline salt [Cu(l2)] ,BF, was isolated in 70% (0.22 g) yield.
otherwise stated. Anhydrous solvents were purchased from Aldrich. Anal. Calcd (found) GgH1oNsO-BF4Cw,: C, 36.85 (37.16); H, 6.83
Dioxygen was dried on a Drierite gas purifier that was purchased (7.15); N, 14.33 (14.30). FTIR (Nujol, crd): »(NH) 3405, 3332,
from Fisher Scientific. The syntheses of all metal complexes were and 3178 (urea, sy(CO) 1565 (urea, s)y (BF4~) 1060 (split).
performed in a Vacuum Atmospheres drybox under an argon UV/is (CHxCly, Amax NM (€, M~ cm™2)): 672 (4420), 549 (1170),
atmosphere. The synthesis ofglHused the method reported 446 (1295), 360 (sh, 325), 297 (447@) (solid, 296 K): 1.94

previously%d us. CV (THF, 100 mV s?): E,c = —1.0 andEp, = 0.71 V vs
1-(tert-Butylaminocarbonyl)-2,2-dimethylaminoethane (H2). SCE.
A diethyl ether (10 mL) solution of 2,2-dimethyl-1,2-ethylenedi- [Cu(H2)].BF,; was also synthesized using'@nd CU precursors

amine (1.000 g, 11.34 mmol) was treated wéht-butylisocyanate as described above for [Cu¢H].BF,, using 0.15 g (0.80 mmol)
(1.123 g, 11.34 mmol) dissolved in 10 mL of diethyl ether. The of H,2, 0.073 g (0.40 mmol) of Cu(OAg)and 0.13 g (0.40 mmol)
resulting solution was stirred overnight under gaimosphere, after  of [Cu(MeCNY]BF,. [Cu(H2)].BF, was isolated in 75% (0.18 g)
which volatiles were removed under reduced pressure. The resultanijield after recrystallization.

white solid was flitered off, washed with coléhexane, and dried Physical Methods.Electronic spectra were recorded with a Cary
under vacuum to afford 1.9 g (91%) ofz2 *H NMR (CDCl, 50 spectrophotometer. FTIR spectra were collected on a Mattson
ppm): 1.32 (s, 9 H, C(B3)s); 2.22 (s, 6 H, N(El3)2); 2.39 (t, 2 H, Genesis series FTIR instrument and are reported in wavenumbers.
—NCH—); 3.18 (m, 2 H,—CH,NH~-); 5.05 (t, 1 H, C(O)Ni—) NMR experiments were performed on a Bruker Avance DRX-400
and 5.23 (s, 1 H, C(O)N—). *C NMR (CDCk): ¢ 29.9 (CCHa)a); MHz spectrometer. Room temperature magnetic susceptibility

38.5 (~CH2NH-); 45.64 (NCHj)3); 50.38 (m,—NCH;—); 59.91 measurements of solid samples were obtained using a MSB-1
(C(CHa)3); 158.8 C=0). IR (Nujol, cn?) v(NH) 3353, 3318, 3207,  magnetic susceptibility balance (Johnson Matthey). Diamagnetic
3122, 3050 (urea, sy(C—H) 2815, 2784, 2763{Bu, m); »(CO) corrections were taken from those reported by O’Corfideband
1632, 1569 (urea, s). FAB(-MS (CH.Cl,): 188.3 (MH"). Mp: EPR spectra were collected using a Bruker EMX spectrometer
67-68 °C. equipped with an ER041XG microwave bridge and an Oxford
[Cu(Hs1)]2BF4-CHCl,. Under an argon atmosphere, a 15 ML EpR 900 cryostat for measurements at 4 K. A quartz liquid ni-

CHCl; solution of H1 (0.200 g, 0.451 mmol) was treated with  trogen finger-dewar (Wilmad Glass) was used to record spectra at
[Cu(MeCN)]BF,4 (0.142 g, 0.451 mmol), as a solid in one portion. 77 k.

After stirring this colorless solution for 0.5 h, dry,@1 mL, 0.45 Cyclic voltammetric experiments were collected using a BAS

mmol) or [Fe(C_pi]BF4.(O.062 9 (_)'23 mmol) was added_, Wh'Ch_ CV 50W (Bioanalytical System Inc., West Lafayette, IN) voltam-

resulted in the immediate formation of a dark blue solution. This | tric analyzer following methods previously reportécCyclic

reaction mixture was stirred for 1 h, after which thg remaining O voltammograms (CV) were obtained using a three-component

was removed under reduced pressure. The solution was f'lteredsystem consisting of a glassy-carbon working electrode, a platinum

9) (a) Hammes, B. S.; Young, V. G., Jr.: Borovik, A Angew. Chem wire auxiliary electrode and a glass encased nonaqueous-silver
&) Har 1999, 33 >, Yourg, (b) S'Hiriri: > Hanywm'es, B. é.; Your{r'_;j, ;ilver nitrate referenge electrode containing a Vycor plug to separate
V. G., Jr.; Borovik, A. S.J. Am. Chem. So@00Q 122, 1836-1837. it from the bulk solution. Scan rates of between 0.01 and 1.0V s

(c) MacBeth, C. E.; Golombek, A. P.; Young, V. G., Jr; Yang, C.; were used to acquire the CV. Anhydrous THF was obtained
Kuczera, K.; Hendrich, M. P.; Borovik, A. Science200Q 289, 938—
941. (d) MacBeth, C. E.; Hammes, B. S.; Young, V. G., Jr.; Borovik,
A. S. Inorg. Chem.2001, 40, 4733-4741. (e) Gupta, R.; MacBeth, (10) O’Connor, C. JProg. Inorg. Chem1982 29, 203-283.

C. E.; Young, V. G., Jr.,; Borovik, A. S1. Am. Chem. So@002 124, (11) Ray, M.; Hammes, B. S.; Yap, G. P. A.; Rheingold, Liable-Sands, L.
1136-1137. A.; Borovik, A. S.Inorg. Chem.1998 37, 1527-1533.
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from Aldrich Chemical Co. and used without further purification. Scheme 1

Buy,NPFR; was used as the supporting electrolyte and was recrystal- But _] +
lized from THF/diethyl ether. A ferrocenium/ferrocene couple was (o) N

used to monitor the reference electrode and was observed at 0.1N ﬁfu\ ﬁ'/ But) NH

V vs Ag™ in THF. IR compensation was achieved before each H H

CV was recorded. Potentials are reported versus the saturated
calomel couple.

3 O/LN
He1 1. Cu(CH3CN),BF, RR\ | |—>

—N—Cu—Cu—N—R

Crystallographic Structural Determination. Intensity data for or CH,Cl, \
the compounds were collected using a Bruker SMART APEX CCD 2.[O] = Op, [FeCpal* R
area detector mounted on a Bruker D8 goniometer using graphite- H H ' N\|/°
monochromated Mo K radiation ¢ = 0.71073 A). The data were But /&‘.\rrg\/\ NMe, HN
collected at 100(2) K. The CCD detector was operated in the 512 o) . R
x 512 mode and positioned 5.04 cm from the each sample, unless H,2 [CuHs1], Bu
otherwise noted. Each salt is a member of the triclinic space group 2 R = CHoCH,NHC(O)NHC(CHa)s
P1, which was determined by systematic absences and statistical
tests and verified by subsequent refinement. The data for each [CuH2]," R=Me
crystal were corrected for absorption by the semiempirical method
from equivalent reflection¥ Lorentz and polarization corrections 0.5 equiv Cu(CH3CN)4BF,4
were applied. Each structure was solved by direct methods and 0.5 equiv Cu(OAC);

refined by full-matrix least-squares methodsFoh Hydrogen atom
positions were initially determined by geometry and refined by a

riding model. Non-hydrogen atoms were refined with anisotropic gnnear to function as outer-sphere oxidants. For instance,
displacement p_arameter_s. InlelduaI_experlmentaI data for each Ofwe have not detected a dioxygen adduct during the formation
the salts are discussed in the following paragraphs. N 5
) ) of the [Cu(H1)]2*. Moreover, the CLCU-5 core can also
[Cu(Hs1):BFa-2CH:Clz. The intensity data were measured as . o ccompled in the absence of oxidant by treating 1 equiv

a series ofw oscillation frames each of @.3for 45 s/frame. . .
Coverage of unique data was 99.2% complete to 26190. Cell of He1 with equal amounts (0.5 equiv) of Cu(OA@nd Cu-

parameters were determined from a least-squares fit of 3243 peakd CHsCN)iBF4 (Scheme 1).
in the range 2.34 < 0 < 24.84. From 111 peaks that were The synthesis of [Cu(¥1)].* does not include an external
measured at both the beginning and end of data collection, thebase. This differs from the preparation of the previously
crystal showed a decay 6f0.07%. The data were merged to form  reported complexes with #, where deprotonation of the
a set of 12253 independent data wi(int) = 0.0667. A total of ureaaNH groups with a base was required for metal ion
676 parameters were refined .against 6 restraints to give-yR{ binding? The absence of base in the formation of [GUF
0.1712 andS = 0.945 for weights ofw = 1/[0*(F?) + (0.0700 s reminiscent of the Cuassisted deprotonation of amides,
PY], whereP = [F? + 2Fc)/3. The finalR(F) was 0.0687 forthe \\here Ciy-Nmige bonds are readily formed without the aid
5994 observed,A > 4o(F)], data. The largest shift/s.u. (s.e of an additional bas®. This binding has been attributed to
standard uncertainty) was 0.00 in the final refinement cycle. The the large ligand field stabilization energy gained by forming
final difference map had maxima and minima of 1.186 a&i@d915 . o
Cu—Namige bonds, which offsets the endothermicity of

elA3, respectively. _ _ 0 :
[Cu(H2)],BF.. The intensity data were measured as a series of deprotonating amides. Similar thermodynamic effects may

o oscillation frames each of 0.25or 45 s/frame. Coverage of @ISO pertain to urea groups. Consistent with this notion is
unique data was 99.3% complete to 26.@06. Cell parameters ~ Our inability to prepare complexes of the late 3d metal ions
were determined from a least-squares fit of 2175 peaks in the rangeusing the synthetic methods in Scheme 1, these methodolo-
250 < 6 < 25.89. From 69 peaks that were measured at both gies only were successful in preparing dicopper complexes.
the beginning and end of data collection, the crystal showed adecay [Cu(Hs1)].t and [Cu(HR)]." have limited stability before

of 0.02%. The data were merged to form a set of 10194 independentjsglation from the reaction mixture. The complexes decom-
data_l withR(int) = 0.0804._ A total of 595 parameters were refined pose to intractable species if left for 3 days. The presence
against 10194 dat? 10 give Wiy :20'1299 ands :20'981 gor of HBF,, a byproduct of the reactions, or water may cause
weights ofw = 1/[o*(F?) + (0.028()7, whereP = [Fo® + 2/ the instability. This idea is supported by the isolation of a

3. The finalR(F) was 0.0649 for the 5417 observe#, T 40(F)], o .
data. The largest shift/s.u. was 0.001 in the final refinement cycle. small amount £10%) of crystalline [H2]BF,, where the

The final difference map had maxima and minima of 0.985 and cation is formed by protonation of the apical nitrogen. This

THF, Ar

—0.668 elR, respectively. salt, whose structure was confirmed by an X-ray diffraction
study (Figure S1, Supporting Information), would be a likely
Results and Discussion product from the decomposition of [Cu}],* by HBF,. The

stabilities of [Cu(H1)];" and [Cu(FR)]," increase after

. N . . )
Pr(_aparat_lon O.f [Cu(Hs1)L". The _syntheS|s of this COM-  isolation. These complexes are stable for weeks when stored
plex is outlined in Scheme 1. Treating a methylene chloride .

. . in the solid state under anhydrous conditions.
solution of H1 with a CU salt afforded a nearly colorless y
sqlutlon._ The a(.jdltlon of dioxygen (or Fe£pto th? react|qr_1 (12) Sheldrick, G. M.SADABS. Program for Empirical Absorption
mixture immediately produced a dark blue solution. Purifica- gorrectlon ?; ggea Detector DatdJniversity of Gdtingen: Gitingen,
. . . . . ermany, .
tion was achieved by recryStalhzatlon to yleld the mixed- (13) Fabbrizzi, L.; Licchelli, M.; Pallavicini, P.; Perotti, A.; Taglietti, A.;

valent complex, [Cu(kll)],". Dioxygen and ferrocenium Sacchi, D.Chem Eur. J1996 2, 75-82 and references therein.
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Table 1. Crystallographic Data for [Cu(¥1)].BF4-2CH,Cl, and
[CU(HZ)]zBF4

Table 2. Selected Bond Distances and Angles for [Csl(ffb™ and
[Cu(H2)]*

[CU(H51)]28F4'2CH20|2 [CU(HZ)]zBFa

distances (A) angles (deg)

molecular formula G4ngBC|40U2F4N1406 C18H40BCWwF2NgO2
fw 1269.01 586.45

T(K) 100(2) 100(2)
space group P1 P1

a(h) 12.6003(10) 11.2199(17)
b (A) 15.9144(13) 11.7721(17)
c(A) 16.9582(14) 20.188(3)

o (deg) 76.875(2) 97.184(3)

p (deg) 87.667(2) 100.535(3)
y (deg) 71.452(2) 90.471(3)

z 2 4

V (A3) 3137.9(4) 2599.6(7)
Pcaled (Mg/m3) 1.343 1.498

Ra 0.0687 0.0649

R.? 0.1712 0.1299
GOF 0.945 0.981

a|§ = [S|AF/I|Fo|]. PRy = [Sw(AF)¥TwF4. ¢ Goodness of fit
on F2.

Molecular Structure [Cu(H s1)];:BF42CH,Cl,. Crystal,
data collection, and refinement parameters for [GajH-
BF,4-2CH,CI, are given in Table 1, and selected distances
and angles are presented in Table 2. Additional structural
parameters are provided in the Supporting Information.
Single crystals of [Cu(kL)].BF42CH,Cl, belong to the
triclinic space groupPl. The salt crystallized with two
independent, but structurally similar, cations in the asym-
metric unit (referred to as “a” and “b”), where [Cu{th)],"
and [Cu(H1b)],* sit on centers of symmetry.

The molecular structure of [Cu@a)]," is present in
Figure 1. Square planar coordination geometry is observed
for each metal in the dimer. Donor atoms from theH
ligands occupy three of the coordination sites on the coppers;
the adjoining copper unit fills the fourth site. The apical
nitrogen atoms from the [{]* ligands coordinate to separate
copper ions, with an average €Mamine distance of 2.125-

4) A.

One urea arm from each §{~ ligand bridges between
the copper centers to form twe1,3-N:xO)-ureate link-
ages. In this binding mode, th@eN~ atom coordinates to
one copper ion, while the carbonyl oxygen atom binds to
the other metal center. The average<@jeaand Cu-Nyrea
bond distances are 1.888(3) and 1.870(3) A. On each copper

the urea oxygen and nitrogen atoms are positioned nearly

trans to one another, the averagg.iN-Cu—Oyea@ngle being
175.85(18). u-1,3-kN:xO)-Ureate bridges are rare, with
previous examples including [Ig(u-OX u-1,3-(N:«0)-OC-
(NH)NH_} (tpa)F" (tpa, tris(pyridylmethyl)aminel! [Ni',-
{1-1,3-(N:xO)-OC(NH)NH} L] " (L, 3,2-big bis[2-(dieth-
ylamino)ethyllaminomethypyrazolate)® and Cp[u-1,3-
(kN:kO)-OC(NPh)NHPhRTHF 1617 The relative paucity of

(14) Kryativ, S. V.; Nazarenko, A. Y.; Robinson, P. D.; Rybak-Akimova,
E. V. Chem. Commur200Q 921-222.

(15) Meyer, F.; Pritzkow, HChem. Commurl998 1555-1556.

(16) Cotton, F. A,; llsley, W. H.; Kaim, WJ. Am. Chem. S0d98Q 102,
3464-3474.

(17) For other examples of bridging cyclic ureate: (a) Doyle, M. P.; Zhou,
Q.-L.; Raab, C. E.; Roos, G. H. P.; Simonsen, S. H.; LyncHnutg.
Chem.1996 35, 6064-6073. (b) Raptopoulou, C. P.; Tangoulis, V.;
Psycharis, VInorg. Chem.200Q 39, 4452-4459.

[Cu(Hs1a)]2"
Cula-Nla 2.118(5) NlaCula-N2a 86.37(18)
Cula-N2a 1.874(4) NlaCula-Culd 172.32(13)
Cula-O14d 1.892(4) Nla-Cula-O1ld 97.38(17)
Cula-Culd 2.3898(14) N2&Cula-Old 176.12(19)
N2a—Cula-Cula 86.24(15)
0Old—Cula-Cula 90.05(12)
[CU(Hslb)]zJr
Culb-Nib 2.131(4) N1b-Culb-N2b 86.27(19)
Culb-N2b 1.866(5) N1b-Culb-Culb 171.94(14)
Culb-01b 1.883(4) N1b-Culb-O1b 97.67(17)
Culb-Culb 2.3978(13) N2b-Culb-O1H 175.57(17)
N2b—Culb-Culb 86.10(14)
01b—Culb-Culll 90.05(11)
[Cu(H23)],"
Cula-N1la 2.087(5) N1laCula-N8a 86.6(2)
Cula-N8a 1.869(5) N1laCula-Culb 170.72(15)
Cula-O7b 1.867(5) N1laCula-O7b 98.8(2)
Cula-Culb 2.3876(12)  N8aCula-O7b 173.4(2)
Culb-N1la 2.080(5) N8aCula-Culb 84.66(15)
Culb-N8a 1.858(5) O7bCula-Culb 90.11(14)
Culb-O7a 1.852(4) N11bCulb-N8b 86.6(2)
N11b-Culb-Cula 170.13(15)
N11b—Culb-O7a 95.9(2)
N8b—Culb-07a 177.5(2)
N8b—Culb-Cula 85.90(15)
O7a-Culb-Cula 91.62(17)
[Cu(H20)]2*
Culc-N1lc 2.079(5) N1leCulc-N8c 86.6(2)
Culc-N8c 1.863(5) N1leCulc-Culé  170.50(16)
Culc-07¢ 1.875(4) N1leCulc-O7¢ 97.1(2)
Culc-Culd 2.3765(16) N8e-Culc-0O7¢ 175.7(2)
N8c—Culc-Culc 86.15(16)
O7¢—Culc-Culc 90.34(14)
[Cu(H2d)].*
Culd-N11d 2.084(5) N11leCuld-N8d 86.6(2)
Culd-N8d 1.859(5) N1leCuld-Culd 171.40(16)
Culd-07d 1.854(4) N1le-Culd-O7d 97.6(2)
Culd-Culd  2.3824(16)  N8e-Culd-O7d 175.4(2)
N8d—Culd-Culd 86.57(16)
O7d—Culd-Culd 89.46(14)

examples for this binding mode of urea is somewhat

surprising because a 1,3-ureate bridge is structurally similar
to a 1,3-carboxylato bridge, which is prevalent in transition

metal chemistry.

The presence of twaq-1,3-N:xO)-ureate bridges in
[Cu(Hs1)]," results in an average €«Cu distance of 2.3938-
(13) A. This is consistent with a strong metahetal bond
between the copper centers. Moreover, the-Cu separation
of ~2.39 A found in [Cu(H1)],* is comparable to distances
reported for C4Cul®> complexes containing either octaaza-
cryptand$or 1,3u-carboxylato bridge$put is significantly
shorter than the distance found in the mixed-valent complex
with (N-thioethyl)daco, which has a €uCu separation of
2.9306(9) As

The two noncoordinating urea arms from each tripodal
ligand in [Cu(H1)].* form intramolecular hydrogen bonds
on both sides of the CAdCu'® core (Figure 1B). These
interactions are interligand and, thus, further link thel]H
ligands to create an H-bond macrocycle. The H-bonds occur
between thexNH and o’NH groups from the urea on one
[Hs1]~ ligand and the urea carbonyl moiety of the other
tripodal ligand. The NH-O=C bonds are asymmetric: an
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Figure 2. Thermal ellipsoid diagram of [Cu(@B)]." with the ellipsoids
drawn at the 50% probability level and all non-urea hydrogens removed
for clarity.

in assessing whether the H-bonded macrocycle found in the
solid state structure of [Cu@l)],™ was necessary to stabilize
a Cu-5Cu® unit. This led us to investigate the formation of
a mixed-valent dicopper complex with,® which has only
one urea arm extending from the amine nitroger2][His
similar to [Hs1]~ in that it has an ethylene spacer between
the nitrogen atom of the amine and th&lH group of the
urea, yet the opportunity for it to form a complex with
intramolecular H-bonds, as in [CuéB],", has been removed
by permethylating the nitrogen atom of the amine.

Figure 1. Thermal ellipsoid diagram of [Cu@a)],t (A) with the H,2 readily forms a ClusCuts complex. When the same
ellipsoids drawn at the 50% probability level and all non-urea hydrogens theti t | df C 4 foll d
removed for clarity. Ball and stick diagram of [Cu(t8)]>" (B) showing synthetic protocols as used for [Cuft)]." were followed,

the intramolecular H-bonds surrounding the!@out5 core. Only the urea @ deep blue dicopper salt, formulated as [C2)EBF4,

Pydr?ggns are shown, and the utea-butyl groups have been removed \yas isolated in yields of greater than 70% (Scheme 1).
ty. . . = .

orclanty [Cu(H2)].BF,4 crystallized in theP1 space group, with three

average N-O distance of 2.852(5) A is observed for one independent, but nearly identical, cations per asymmetric

H-bond, while the second interaction is at a distance of unit (denot+eq ", "c”, and “d")..Cations [Cu(Bt)]." and
3.131(5) A. The resulting macrocycle places additional [CU(H2d)]2" sit on crystallographic centers of symmetry. The

donor groups proximal to the axial coordination sites of molecular S”“Ctufe of [Cu(@a)]." is shown in 'Figure 2’.
copper center. For instance, a Ctri@3a distance of 3.049- and selected metrical parameters for all the cations are listed
(4) A is observed in [Cu(bLa)]>* (Figure 1B). In addition, " Table 2. Tr:‘e d'COpper.Corg S”“ft“éesh"f the [C2EF
one urea N-H group is positioned near each copper ion. In cations a:e the same as in [Culii". —ach copperion in
[Cu(Hsla)]," the Cula-N4a and Cula-H4a—N4a dis- [Cu(H2)]." has a square plangr coordination geometry, with
tances are 2.815(5) and 2.459(5) A, respectively, and thetWO #-1.3-(N:xO)-ureate br|d+ges. The GWN(O) bond
Cula-H4a-N4a angle is 1061 These metrical parameters €"9ths and angles in [Cu@jj," are comparable to those

: N . n
are consistent with M-H hydrogen bonds, which are favored in [Cu(Hs1)]2". For instance, [Cu(B4)], .has. an average

bond length and the MH—N angle is greater than 10&° A (s)horter than tEatdf.(f)fund in [%u@iﬂ)]f. h £ th
Probing Cu*5Cuts Core Formation: Preparation and ne noteworthy difference between the structures of the

Structure of [CuH2],". The structural properties of two dicopper complexes is the lack of intramolecular

- i +

Ut promped U o consier he assemy of e LTS 7 (CUEBIE 6 e, e e of o

mixed-valent dicopper core. In particular, we were interested - § '

PP P However, it is clear that the assembly of the!@Tit® core

(18) Similar structural results are found for [Cu)].t: Culb--O3b, still occurs in [Cu(F2)].*, suggesting that the H-bonds are

%Ollt%ﬁft\;r CNLillbb'll\é)ifb' 2.843(5) A; Culb-H4b—N4b, 2.503(5) A; not needed to stabilize this type of structural motif. The two
u , . . . .
(19) Braga, D.; Grepioni, F.; Tedesco, E.; Biradha, K.; Desiraju, G. R. #-1,3-(N:«O)-ureate bridges and five-membered chelate

Organometallics1997, 16, 1846-1852 and references therein. rings (those including the amine nitrogen atom aid™)
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Figure 3. Electronic absorbance spectra of [Cglj]." (—) and B (G)

P :
[Cu(H2)l2" (- - -) recorded in CKLC, at room temperature. Figure 4. X-band (9.3 GHz) EPR spectra of [Cugj.t (A) and

. . . [Cu(Hs1)]2™ (B) in frozen solutions (1 mM, THF) at 77 K. Solid line spectra
appear to be the main contributors in the assembly of theseare experimental data, and dash line spectra are simulations with parameters

mixed-valent dicopper complexes. given in text.
Spectroscopic Properties of [Cu(H1)]," and [Cu(H2)],".
The two mixed-valent dicopper complexes have nearly
identical spectroscopic properties. The electronic absorbanc
spectra for [Cu(iH1l)],;t and [Cu(HR)].t are presented in
Figure 3. For [Cu(HL)].", the visible spectrum contains an
intense band at 705 nnay( = 4000) and two weaker, lower
energy signals at 5684 =1400) and 466 nmef; = 1600).
These bands are slightly blue shifted in the spectrum of
[Cu(H2)]2* to 672 € = 4420), 549 éu = 1170), and 446
nm (ey = 1300). [Cu(FR)]." has an additional transition at
360 nm €y = 320). The electronic absorbance spectra for
[Cu(Hs1)]2" and [Cu(FR)].* resemble those found in other
type Il mixed-valent copper dimers; in particular, the
complexes with octaazacryptate ligands. These complexes : )
which contain all nitrogen donors and five-coordinate copper [Cu(HsL)]." and [Cu(H2)]," were exlammed. by CyCI'C.
centers, have two absorbance features that range from 60(yoltammetry. Both complexes show irreversible reductive
to 650 nm &y = 1500-3500) and 726850 Nm ¢y = processes nearl.0 V vs SCE when rggorded_ at scan rates
5000). The lower energy bands in these complexes have bee'k‘l)eltwelen 0.100 and 1.00 V™ Additional |rreverS|b+Ie
assigned as ay — u* transition from the CHSCU-S oxidative peaks were found at 0+.33Vvs'SCEfor [Csih
manifold?° A similar transition could give rise to the absorb- and 0.71 V'vs SCE for [Cu(B)]". The difference of n'ea}rly
ance bands at-700 nm in [Cu(H1)],* and [Cu(H)]>", 0.4 V between these tw,, values could reflect the distinct

because of the similar spectral properties between these uregucrolenwrlonmg ntéha’isutrrr]ourclzdlfsgflg|coptp§r cores m;ach
bridge dimers and those made with octaazacryptates. complex. In [ lf(_ )27, the unit IS expose
The X-band EPR spectra for [Cu(B];* and [Cu(HD)],* because the [B]~ ligands do not have extra urea arms to
dat77 K gth . é imulat d2 ¢ confine the copper centers. In addition 2JH does not have
measured at 77 K and their corresponding simulated Spectra, 4 yjiqna| functional groups that can interact with the metal
are presented in Figure 4. Type Il mixed-valent copper

Lo ) . centers. By contrast, the EXCU'® unit in [Cu(Hs1)]2" is
complexes have (.j|st|nct|ve' EPR properties, V.Vh'Ch include confined within the H-bonded macrocycle (vide supra),
seven-line hyperfine coupling from the unpaired electron

) . " which controls the space around the vacant axial sites on
interacting with twol = 3/, copper centers and temperature- P

. e the copper centers. The lower oxidation potential in
independent delocalizatidn®2%2* These EPR features are 4 . ; .
found for [Cu(HL)]o" and [Cu(FR)]>", supporting their [Cu(Hs1)]." results, in part, from placing additional donors

. . ; . e.g., oxygen atoms of ure bonyl gro ithiB.0
assignments as fully delocalized mixed-valent species. Both'(& f?om )t(%lg dr:nid?;r co;;)earl g;arreony groups) wi

complexes show a 7-line EPR signal at 77 K (Figure 4),
and the sametat K (Figure S4, Supporting Information).
®There are additional lines with significantly weaker intensity
from the same spin system that are not well resolved in these
complexes, but are better resolved in other compléxé&st
Simulations of the 77 K spectrum for [Cu{t)]," determined
a g-tensor ofg = 2.023, 2.070, 2.197 with corresponding
hyperfine coupling constants éf= 14, 38, 132 G. Similar
values were found for [Cu(®)],": g=2.018, 2.077, 2.188,
andA = 15, 53, 147 G. They and A values obtained for
[Cu(Hs1)].t and [Cu(HR)].T are typical of those reported
for other fully delocalized mixed-valent copper comple&es.
Electrochemical Properties. The redox properties of

(20) (a) Farrar, J. A.; Grinter, R.; Neese, F.; Nelson, J.; Thomson, A. J.

Chem. Soc.. Dalton Trand997, 4083-4087. (b) Gamelin, D. R Summary
Randall, D. W.; Hay, M. T.; Houser, R. P.; Mulder, T. C.; Canters, . . . .
G. W.: de Vries, S.: Tolman, W. B.: Lu, Y.: Solomon, E.J. Am. This work describes the synthesis of new mixed-valent
- iheta'hmi_Son\}\?iiag 1§Q ?246—D52g3-w Steffens. G. C. M. B . copper complexes, [Cu@l)],”™ and [Cu(HR)],*. These
ntnoline, . E.; Kastrau, D. H. i erens, G. C. ., buse, G.; : . .
Zumft, W. G.: Kroneck, P. M. HEur. J. Biochem1992 209, 875 complexes have fully delocalized dicopper cores, which are
881. supported by structural and spectroscopic results. Both
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complexes have CuCu distances of~2.39 A; these Acknowledgment is made to the NIH (GM50781 to
distances are shorter that those found in most other di-A.S.B.; GM49970 to M.P.H) for financial support of this
nuclear copper complexes. The short-Qu distances in  research. The X-ray diffraction instrumentation was pur-
[Cu(Hs1)]2" and [Cu(H2)]2* result from twou-1,3-(N:«O)- chased with funds from the National Science Foundation
ureate bridges between the copper centers. In [€D]H, (CHE-0079282) and the University of Kansas.

the CU-3Cu'® core is enclosed within a pseudomacrocycle

that is formed via intramolecular H-bonds between adjacent Supporting Information Available: CIF files of X-ray struc-
urea groups. However, this macrocycle is not required to tural data, thermal ellipsoid plots of ERIBF, (Figure S1),
isolate the CHSCUL® core. [Cu(H)]t, which is unable to  [Cu(Hs1b)l>" (Figure S2), and [Cu(Bc)l." and [Cu(2d)],"
form a macrocycle, was readily prepared and has a copperFigure S3), and EPR spectra of [Cu@." and [Cu(H2)]."
core structure indistinguishable from that of [C'dmf- rgcorded 84 K (Figure S4). This material is available free of charge
These results demonstrate the utilityet,3-N:«O)-ureate V'@ the Intemet at http://pubs.acs.org.

bridges in assembling polynuclear metal complexes. 1C0202918
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