A\C\S

ARTICLES

Published on Web 02/14/2004

Amido-Bridged Cu ;N Diamond Cores that Minimize Structural
Reorganization and Facilitate Reversible Redox Behavior
between a Cu 1Cu?! and a Class Ill Delocalized Cu 1°Cu?®
Species
Seth B. Harkins and Jonas C. Peters*

Contribution from the Diision of Chemistry and Chemical Engineering,
Arnold and Mabel Beckman Laboratories of Chemical Synthesis,
California Institute of Technology, Pasadena, California 91125

Received July 17, 2003; E-mail: jpeters@caltech.edu

Abstract: A novel CuzN, diamond core structure supported by an [SNS]~ ligand (1) ([SNS]~ = bis(2-tert-
butylsulfanylphenyl)amido) has been prepared. This dicopper system exhibits a fully reversible one-electron
redox process between a reduced CulCu* complex, {[SNS][Cu]}. (2), and a class IIl delocalized Cu>Cu**®
state, [{[SNS][Cu]}2][B(3,5-(CF3)2.CeHz)4] (3). Structural snapshots of both redox forms have been obtained
to reveal remarkably little overall structural reorganization. The Cu---Cu bond distance nonetheless
undergoes an appreciable compression (~0.13 A) upon oxidation, providing a Cu-+-Cu distance of 2.4724(4)
A in the mixed-valence state that is virtually identical to the Cu---Cu distance observed in the reduced form
of the Cua site of thiolate-bridged cytochrome ¢ oxidase. Despite the low structural reorganization evident
between 2 and 3, the [SNS]™ ligand is quite flexible. For example, square-planar geometries can prevail
for divalent copper ions supported by [SNS]~ as evident from the crystal structure of [SNS]CuCl (4). Physical
characterization for the mixed valence complex 3 includes electrochemical, magnetic (SQUID), EPR, and
optical data. The complex has also been examined by density functional methods. An attempt was made
to measure the rate of electron self-exchange ks between the Cu'Cu? and the Cul>Cu'® complexes 2 and
3 by NMR line-broadening analysis in dichloromethane solution. While the system is certainly in the fast-
exchange regime, the exchange process is too fast to be accurately measured by this technique. The
value for ks can be bracketed with a conservative lower boundary of =107 M~* s, a value that appears
to be larger than other low molecular weight copper model complexes for which similar data is available.
The unusually large magnitude of ks likely reflects the minimal structural reorganization that accompanies
CulCu! < Cul®Cu® interchange.

Introduction accepted that structural reorganization needs to be minimized

Biological electron transf s that feat tto achieve rapid rates.
iological electron transfer agents that feature copper are mos Higher nuclearity copper-based electron-transfer agents, while

typically mononuclear in nature, as observed in the well-known less common, are now well established. For example, a
“ ” H H -3 1 . L]
bluTI coplper Ifamllé/ Olf protellné. EUCh Eystenlsgng ?et'e"a_”t | collection of spectroscopic and more recent structural data has
?ma ir:nonecu er mio tie nco;nhp j/xfhs ir?rger eenrjirllj tlle n'n er;:lvt? Yrevealed that cytochrome oxidase accomplishes enhanced
0 gain an appreciation otnow e INNEr coorcination geoMey: ¢\q .o yransfer (ET) into and out of a buriedJGiite by virtue

of a copper ion dlgtates its ab{llty to mediate rapid electro_n of a highly covalent, thiolate-bridged g% diamond core
transfer! While the issues that dictate electron-transfer rates in 8 . .
structure typ€:® Among the various low molecular weight

copper proteins are an ongoing topic of concetit is widely systems that have been developed to model aspects of this Cu
site}~12 perhaps the most structurally relevant concerns Tol-
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man’s thiolate-bridged, mixed-valeng¢eN3SCul-% ,* diamond

— )

Cua.”™d One avenue into this regime using small molecule

core compleX2This complex features an EPR signal consistent design is to replace the thiolate bridging units inherent to the

with a fully delocalized class Il diamond core descripti&ii2
as observed for the resting state form ofaC#® Despite this

Cw,S, diamond core of Cywith amido bridging units. Such a
strategy should slide the copper centers closer together so as to

similarity, the Cu--Cu distance in the Tolman model system is better model the distance observed in@thile still maintaining

much larger than that observed in Sw@and the complex does
not reproduce the reversible &iu' to CutCul-® redox behavior

a CuX, diamond core motif. Moreover, such an approach might
shed some light on whether thiolate plays a unique role in

of Cua. Several dicopper systems that diverge from the diamond facilitating rapid electron-transfer chemistry by bringing two
core structural motif do show reversible redox behavior for a copper centers of a diamond core into strong electronic

Cul-5Cul5 mixed-valence stateé¢13 For example, a family of

communication. Herein we describe a 8u diamond core

dicopper azacryptates has been developed that successfully bringystem supported by sulfur-rich, tridentate amido ligands that
two copper centers constrained by the azacryptate cage intoexhibits a fully reversible and very facile one-electron redox

much closer proximity £2.35-2.4 A)132 Some of these
complexes, which are characterized by a direct matatalo
bond that is quite distinct from the bonding situation inaCu

nonetheless exhibit very rapid electron self-exchangg (

between their oxidized and reduced formsl(® M1 s71),13b
Yet to be developed ardiamond corecopper systems that

can reversibly modeboththe reduced CCu and the delocal-

ized CU-Cul-® redox states observed in £t Ligand systems

process between a &t and a class 11l delocalized EBCul->

form. Solid-state structural snapshots of both redox forms are
described that reveal (i) very short G«Cu distances akin to
those in CyW and (ii) minimal structural reorganization upon
oxidation from the reduced GQu to the delocalized C&Cut-®
state. These features facilitate very fast rates of electron self-
exchange between the reduced and one-electron oxidized forms
of the system #10’ M~1 s71), rates which to our knowledge

that would help to minimize structural reorganization between are faster than those measured for other low molecular weight
these two redox forms and hold the two copper centers of a copper complexe®:3 A distinct Cu--Cu compression ac-
diamond core in close enough proximity to reproduce the short companies the one-electron oxidation process that may reflect

Cu—Cu bond distance observed in £@~2.5 A) 15 might serve

as simplified functional models for the redox behavior of
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the onset of direct CuCu electronic exchange.
Results and Discussion

Palladium(0) cross-coupling of @rt-butylsulfanyl bromo-
benzene with Zert-butylsulfanyl aniline afforded bis(gert-
butylsulfanylphenyl)amine in 87% isolated yiéfdl” Addition
of "BuLi to the purified amine provided its lithium salt,
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Figure 1. Molecular representations (top) 8fand3 (BArF, = B(3,5-(CF)2CsHs)4). Displacement ellipsoid representations (50%) of the core ator@is of
(bottom left) and3 (bottom right) and graphical overlay (centérin red, 3 in blue). Selected bond lengths (A) and angles (deg): Fes 3: Cul—Cu2,
2.5989(3) vs 2.4724(4); CudN1, 2.1149(14) vs 2.0887(16); CuN2, 2.1303(14) vs 2.1011(17); CaN1, 2.0850(14) vs 2.0641(16); Cu2, 2.1395(14)
vs 2.0568(16); CutS2, 2.2730(5) vs 2.2805(6); CuB3, 2.2854(5) vs 2.2805(6); CuB4, 2.2735(5) vs 2.2797(6); CuB1, 2.2853(5) vs 2.2834(6);
Cu2—N1-Cul, 76.45(5) vs 73.07(5); CaN2—Cu2, 74.99(5) vs 72.96(5); STul—S3, 152.921(19) vs 150.50(2); S€u2—S1, 153.233(19) vs 150.71(2);
N1-Cul-N2, 103.88(5) vs 105.53(6); N2Cu2—N1, 104.59(5) vs 108.04(5).

2.4724(4) A

S4

abbreviated as [SNS][Li]1) (Scheme 1). Access to a dia-
magnetic dicopper(1,1) complex was accomplished by reaction
of 1 with CuBrr-Me;S in benzene. Analytically pure yellow
needles were obtained by recrystallization of the crude prod-
uct from dichloromethane, and XRD analysis established the
dimeric specie§[SNS][Cult2 (2) shown in Figure 1. Addition

of a stoichiometric amount of [Gpe][B(3,5-(CR)2CsH3)4] to

2 produced the dinuclear compleX[ENS][Cul}2][B(3,5-
(CR3)2C6H3)4] (3), which exhibits a temperature-independent
magnetic moment between 10 and 295Kx(= 1.54ug at 75

K (SQUID)). Analytically pure3 was isolated as red-brown

crystals by crystallization from a petroleum ether/diethyl ether IFigU(Z § T hSO"d-Statehm'egU't’if SthCtUcfief af f59% gisiplaczrgeng lel- )
H : : 1PS0Ias). e protons have been removed for clarity. Selecte ond lengths
mixture. Employing a Cu(ll) source provided access.to a (&) and angles (deg): GeN, 1.915(2); Cu-Cl, 2.2068(7): CerS1,
mononuclear copper(Il) complex supported by the [SNS] ligand 2.3476(7); CuS2, 2.3465(7); N-Cu—Cl, 173.44(7); S+ Cu—S2, 167.35(3);
scaffold. This was accomplished by stirring a slurryloénd N—Cu—S1, 86.02(6); N-Cu—S2, 86.37(6); StCu—Cl, 95.89(2); S2

CuCh in THF for 18 h, after which time the square-planar Cu—Cl. 92.80(2).
copper complex [SNS]CuCHJ] was isolated as a deep green
solid. X-ray quality crystals were obtained by recrystallization (BQA = bis(8-quinolinyl)amido)8 which features a Cu
from THF/petroleum ether at-30 °C, and the solid-state  N(amido) distance of 1.935(2) A. The €% distances it
structure of4 is shown in Figure 2. Of note from the structure appear to be typical for Cu(ll) based upon an analysis of data
is the orientation of theert-butyl groups, which are directed  stored in the Cambridge Structural Database (CSD=&:38
toward opposite faces of the square plane, and the canted natur).1® The EPR spectrum of, which is shown in Figure 3,
of the aryl rings. These features provide the complex with confirms its expecte®= 1/2 spin state. The reduction 4y
molecularC; symmetry. The CaN bond distance is 1.915(2)  1.05 equiv of Na/Hg amalgam in THF provides an alternative
A, and the Ce-S1 and CeS2 bond distances are 2.3476(7) A synthesis of the dicopper compléx
and 2.3465(7) A, respectively. Few amido complexes of

(18) Puzas, J. P.; Nakon, R.; Petersen, dnbrg. Chem 1986 25, 3837.

copper_(ll) have been prepared for comparison O_f the-Ru Cambridge Structural Database. http://www.ccdc.cam.ac.uk/ (accessed
bond distance. Perhaps the most relevant complex is [BQA]CuCI November 2003).
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Figure 4. Cyclic voltammetry of2 in CH,Cl, (0.30 M ["BusN][PFg], 50
mV/s) referenced vs FéFc.
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Figure 3. X-band EPR spectrum (9.40 GHz) dfat 77 K in 2-methyl-
tetrahydrofuran. 2
3000
=
The solid-state structures of complexzsnd 3 are unique 3

and of central interest. A common, dinuclear,8g diamond E 2000 3

core structure type featuring anionic amido (NRbridging

units is observed for each complex (Figure 1). The four- woe N2

coordinate copper centers of bd2hand 3 are quite distorted

from idealized tetrahedra and are perhaps better described as L~

H H H H H L] T T T T T T T
cis-divacant octahedra. In this latter formulation, the thioether 20000 2100 19000 1ow0  ta0e  11e0 w00 om0 4000

donors occupy the two axial sites (av-Su—S angle: 153
for 2; 150.5 for 3) and the amido bridges the two equatorial
sites (av Ca-N—Cu angle: 75.8for 2; 73.0° for 3). The two

sulfur donors common to each amido bridge bind such that each
coordinates a different copper center, thereby providing idealized

D, symmetry to each systeti.The distinct ligand binding
motifs between structurésand 3 and the square-planar com-
plex 4 underscore the coordinative flexibility of the [SNS]
ligand.

The high structural similarity between the reduced and
oxidized forms of2 and 3, clearly evident from the graphical
overlay of their cores that are shown in Figure 1, is to our

fem™]

Figure 5. Electronic absorption spectrum ®{red),3 (blue), and4 (green)
in methylene chlorideh.

irreversible redox proce¥ss observed at much higher potential

in CHxCl, (Epa= +560 mV; see Supporting Information) and

in THF (Epa~ +570 mV; see Supporting Information) that most
likely reflects oxidation to an unstable dicopper(ll,Il) species.
The large difference in the anodic potentials (880 mV in,Ch)
between these waves suggests the possibility of strong stabiliza-
tion of the Cd->Cul>form due to class Il delocalization. EPR
data presented below supports this assertion.

knowledge unprecedented in a dicopper diamond core system.  The optical spectrum of yello® (Figure 5) was recorded in

Close inspection of the bond distances of the core atons of

the range between 24 000 and 4000 érand shows a single,

and 3 nonetheless exposes several noteworthy differences.fajrly intense absorption at 23 000 cin(e = 3900 M1 cm™2).

Foremost among these is the marked shortening of the Cu
distance in3 (2.472 A) by comparison to that & (2.599 A),
a net change 0f0.13 A. The short Cu-Cu distance observed
for 3is nearly identical to that observed for the mixed-valence
form of Cuy in cytochromec oxidase!® The Cu-N bond
distances ir8 are on average slightly shorter than2r{av for
3=2.08 A; avfor2=2.12 A), and the CuN—Cu angles are
reduced (by approximately’as the copper centers slide closer
together. Interestingly, despite the contraction of theNGweore,
the Cu-S bond distances remain effectively unchanged (the
average of the CuS distances for bot@ and3 is 2.28 A).
Complex2 exhibits a fully reversible redox process-a890
mV in CH,Cl, (Fc™/Fc, 0.30 M [BusN][PFg], 50 mV/s; Fc=
ferrocene) that we assign as the!@oul-YCulCut redox couple
(Figure 4)2° The redox process is also reversible in THF solution
at =250 mV (Fc/Fc, 0.35 M [BusN][PFg], 50 mV/s). An

2888 J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004

The optical spectrum & (Figure 5) in this range is much richer.
While its spectrum is clearly unique from that obtained fop Cu
and related mixed-valence model complexes, it does contain
several gross features that may be related to some of the
absorption features recorded for these other systerfer
example, a low energy near-IR absorption at 8550%cta =
2050 Mt cm™1in CD,Cl,) is observed foB that lies slightly

to the blue of a band that has been assigned asithe W*
transition of{ LN3SCuL-5} .+ (6760 cntlin solution)?® At slightly

(20) Scaling of the CLPCUL¥CulCut redox couple to NHE provides an
approximate value of-550 mV, reasonably close to the Qu/CuCu
couple measured for the geofactor ofThermus thermophilusytochrome
bas In water (+240 mV). See: Immoos, C.; Hill, M. G.; Sanders, D.; Fee,

J. A,; Slutter, C. E.; Richards, J. H.; Gray, H. B. Biol. Inorg. Chem
1996 1, 529.

(21) The second oxidation process in dichloromethane solvent suggests the
process may be modestly reversible under such conditions. See Supporting
Information.
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lower energy, an appreciably more intense absorption is
observed (5240 cni; € = 4700 M1 cm™1 in CD,Cl) in the
spectrum for3, which appears to be unique from those spectra
obtained for CyW and relevant model complexes. Another
intriguing band of fairly low intensity is centered around 13 400
cm?! (emax = 600 M1 cm™1). This feature appears to be a
superposition of two uniquely defined absorptions. Several broad
features are also evident at higher energy between 16 000 and
24 000 cml. The optical spectrum of square-plarbshows

two broad and relatively weak transitions, one centered at 15 000
cmt (e = 320 M1 cm™?) and one at 7800 cm (e = 280
M~1cm™).

For comparison, the lowest energy band ofxCwhich has
been assigned as thé — W* transition, is observed at 13 400
cm~170 The significant energy difference in th¢' — W*
transition betweedLN3SCul-5,+ and Cy, has been attributed
to the significant difference in their respective-80u distances.
The distance Ir{LNS,SCULS}f is 2.92 A, ‘T’md tha,t in Calis Figure 6. DFT-minimized structure 08 and contour plot (value= 0.065)
~2.5 A7dWhereas direct CuCu . overlap is possible for Gy of its singly occupied molecular orbital (SOM@.
no direct exchange is presumably operative if3SCul-5} ,*
because of its much larger internuclear distance. Given these
data, it would certainly be of interest to determine the origin of
the bands centered at13 400 cn! for 3 or those lower energy SK
features centered around 8600 and 5240%nm particular, it
is of interest to determine which of these, if any, arises from a
W — P* transition given that this latter complex features a 41K
Cu—Cu distance that is very similar (2.4724(4) A) to that
observed in Cp.

A geometry optimization and electronic structure calculation
of 3 using DFT (JAGUAR 5.0, B3LYP/LACVP**) was
performed using the crystallographically determined X-ray
coordinates as the initial geometry guésdhe calculation
provided a theoretically determined structure whose geometry
agreed remarkably well with the experimental structure. The
theoretically determined bond distances and angles are tabulated
for comparison with the experimental structure ®fin the
Supporting Information. The electronic structure3adfforded
by the DFT calculation suggests that the redox active singly
occupied molecular orbital (SOMO) (Figure 6) contains sig-
nificant orbital contributions from the four atoms of the Sy
diamond core. The SOMO is antibonding with respect to each
of the four Cu-N interactions and also the €«Cu interaction.

This phase pattern is consistent with the observesgNgaore f v v v v v v y
expansion that occurs when this orbital becomes doubly 2900 3000 3100 3200 G 3300 3400 3500 3600
occupied by reduction to the @Du! species2. The SOMO , el )
shown in Figure 6 shows a phase relationship similar to that gfg’éfh;'ltei;\?;r&?o'fj:n_s‘)ecm‘m (.38 GHz) 8fat 80, 41, and 5 K in
calculated for the SOMO of the thiolate-bridged dicopper site

of Cua.7 coupled to two copper centers. While super-hyperfine coupling
The X-band EPR spectrum Gfwas obtained in 2-methyl-  to the bridging nitrogen nuclei of the @M, core might be

tetrahydrofuran in the temperature range between 5 and 80 Kanticipated, such coupling is not readily discerned in the X-band
(Figure 7). The data obtained are fully consistent with describing spectra. We attempted to simulate the experimental EPR
the system as a class Il mixed-valence species. The observedpectrum foi3 acquired at 5.2 K and achieved a crude fit to the
EPR Signal, which retains its structure from 5 to 80 K, displays Spectrum (See Supporting |nformation)_ The d|ff|cu|ty with
seven-line hyperfine coupling due to the dicopper core, as simulating the spectrum does not appear to be due to a trace
expected for a system featuring one unpaired electron that iscopper(il) impurity: the spectrum shown proved highly repro-
ducible using samples that had been independently synthesized
(22 Geometyoptinizaton and lectioni sucure calcuaton (AGUAR 50, and recrystallzed. Moreover, the EPR spectrum of comlex

of 3 assuming a doublet ground state (no symmetry constraints applied; Shown in Figure 3 is typical of copper(ll) complexes supported

crystallographic coordinates @fwere used as the HF initial guess). See by the [SNST ligand, and similar features are not present in

Supporting Information for detailsJaguar, version 5.0, Schrodinger: .
Portland, OR, 2002. the spectrum 08. The threey tensors in the spectrum 8fare

80K

J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004 2889
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poorly resolved@; = 2.013,g, = 2.065,g; = 2.069), and this the exchange process is too fast to measure accurately by the
makes the simulation difficult. Acquisition of the EPR spectrum technique of NMR line-broadening analysis, and we must at
of 3 at higher field strength should help to resolve the spectrum. present be satisfied with suggesting a conservative lower
The experimental EPR data and our crude simulation do boundary limit forks as>10" M~1 s™1. We attempted to slow
nonetheless support the assignmen8 @k anS = 1/2 system the exchange rate down by diluting the total concentratiod of
coupled to a symmetric dicopper center. and 3, but the line widthsh,3 obtained were still too close to
Given the small structural reorganization that occurs upon the sum{ysWs + y2Ws} to provide accurate values flg. The
oxidation of 2 to 3 and the reversibility of the process, we crude lower boundary we estimate fky can be compared to
reasoned that unusually rapid intermolecular electron-transferthat measured for Fc/[Fc][RFby the same techniqueky=
kinetics might be observable in the present system. Whereas(4.3 £ 0.3) x 10° M1 s1 at 298 K in CDRQCl,).2* More
electron-transfer kinetics at biological copper sites and low interesting is to consider values that have been measured for
molecular weight copper complexes have been the subject ofCus for comparison. While electron self-exchange rates are
many previous studiesi323 in part motivated by the rapid  obviously not available for the buried &site of cytochrome
electron-transfer rates obtained in type 1 copper sites of blue c oxidase, meaningful values for electron-transfer rates into and
copper proteind®—d to our knowledge such studies have not out of Cy, domains have been measured. Perhaps the most
included diamond core dicopper model systems. We therefore meaningful value for comparison to the present model system
sought to measure, or at least approximate, the intermolecularis that determined by Slutter et al. using flash photolysis to

self-exchange rate betwe2mand3 directly using the technique
of TH NMR line-broadening analys#.

A single and sharp resonance for tiegt-butyl protons of2
is observed at 1.23 ppm. For a pure sampl@,afs line width
W, (where line width indicates the full width at half-maximum
for the Lorentzian-shaped line) is 1430.2 Hz. The!H NMR
spectrum of a pure sample 8features a very broad resonance

initiate electron transfer between excited (ZByridyl)-
ruthenium(ll) (Ru(bpy¥*) and the soluble Gudomain from

the cytochromebas of Thermus thermophill® The value
estimated in that study for the second-order ET rate constant
from Ru(bpy}?" to the fully oxidized Cy site at high ionic
strength was determined to be 42108 M~1s~1, Stopped flow
studies with a soluble Gudomain and its natural partner

centered at 6.79 ppm. This resonance is slightly convoluted by cytochromecsso from Paracoccus denitrificanprovided rates

overlap with the aryl protons of the [B(3,5-(@FCsH3)4]
counteranion. Nonetheless its line widWh;, can be estimated
as 807+ 25 Hz. The addition of increasing amounts of cationic
3 to a solution of2 in CD,Cl, causes the observed resonance
to broaden and to shift downfield. A plot of the chemical shift
of this resonance as a function of the mole fractior2oj.,
reveals a linear correlation (see Supporting Information) and
therefore suggests that the rate of electron exchange beveen
and 3 falls within the fast-exchange regime. If we assume a
two-site exchange system composed of diamagn2t&nd
paramagneti, and if the rate law for electron transfer is first-

of 1.5 x 10° M~1 s71.28 Electron self-exchange values deter-
mined for the oxidized and reduced forms of plastocyanin from
Anabaenavariabilis obtained by longitudinal NMR relaxation
were 1.50+ 0.13 x 1P M~ st at 298 K in pH 7.0 HO.2°
Clearly, the lower boundary fd& we have proposed suggests
our model system can achieve electron-transfer rates comparable
to Cua. It is therefore of obvious interest to more accurately
determine an ET value for the presentSpmodel system for
direct comparison to a known value for a solublex@omain.
Efforts are now underway to examine the flash photolysis
methodology used by Slutter et al. to determine whether this

order with respect to each reactant concentration, then eq 1will be a viable strategy.

relating line widths and reactant lifetimes hofdg$

3= XaWs 2o Wa + [xaxo{ 4*77(51’)2'(5_1(:23_ @)

In this equationgv represents the contact shift betwezand

3, ksrepresents the rate constant for electron self-exchangé (M
s71), andCy;3 represents the total molarity of the solution2f
and 3. To obtain a reliable value fdks in the fast-exchange
region, it is necessary th#lthb; be considerably larger than the
sum {ysWs + yWo}. Whenks approaches very high values
(=10 M1 s, the third term fax2{4m(ov)%ks 1Cos71}]
approaches zero, aWih; converges to the sufys\Ws + y2Wa} .
Within the error estimated for our line width measureméhiis
Wi, andWas, the magnitude dfVas is too close to the suys\Ws

+ x2Wo} to accurately determine the magnitudekgfin other
words, small errors in our values fak,, Ws, and W,z will
dramatically affect the value predicted. Therefore, the rate of

W,

(23) Xie, B.; Elder, T.; Wilson, L. J.; Stanbury, D. Nhorg. Chem 1999 38,
12.

(24) (a) Jameson, D. L.; Anand, B. Chem. Educ200Q 77, 88. (b) Nielson,
R. M.; McManis, G.; Golovin, M. N.; Weaver, M. J. Phys. Chen1988
92 3441, (c) Yang E. S, Chan M. S Wahl A. L.Phys. Chenil98Q
84, 3094. (d) Soper, J. D.; Mayer, J. M. Am. Chem. So003 125,
12217.
(25) Larsen, D. W.; Wahl, A. CJ. Phys. Cheml1965 43, 3765.
(26) Chan, M. S.; Deroos, J. B.; Wahl, A. @. Phys. Chem1973 77, 2163.
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To conclude, the amido-bridged &Np diamond core struc-
tures described herein provide an interesting structural departure
from the thiolate-bridged diamond cores of biologicalsCu
Nonetheless, thg[SNS][Cul}>™™ (n = 0, 1) system is unique
amongdicopper diamond core its ability to functionally
model both the reduced and the one-electron oxidized mixed-
valence states of biological GuMinimal structural reorganiza-
tion of the [SNST ligand framework, and the short €€u
distance it supports, are likely important factors governing the
reversible redox behavior ¢fSNS][Cul2™". Moreover, these
same factors seem to provide access to a very facit€ Gu—>
Cut-5CutS electron self-exchange processi’ M~1 s71), the
lower limit of whose magnitude is to our knowledge unprece-
dented in copper model complexes. These data collectively
suggest that amido bridges are an attractive alternative to thiolate
as a bridging unit for dicopper diamond core systems, especially
if a facile electron-transfer agent is desired. Many questions
remain to be answered for the dicopper systems discussed herein,

(27) Slutter, C. E.; Langen, R.; Sanders, D.; Lawrence, S. M.; Wittung, P.; Di
Bilio, A.; Hill, M. G.; Fee, J. A.; Richards, J. H.; Winkler, J. R.; Malnmstmp
B. G. Inorg. Chim. Actal996 243 141.

(28) Lappalainen, P.; Watmough, N. J.; Greenwood, C.; Sarastiddhemistry
1995 34, 5824.

(29) Jensen, M. R.; Hansen, D. F.; Led, JJJAm. Chem. SoQ002 124,
4093.
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Table 1. X-ray Diffraction Data for 2, 3, and 42
2 3 4
chemical formula GoHs52CUN:S, C72HeaBCUF24N4Ss-1/2 (CH100) CooH26CICUNS
formula weight 816.206 1716.478 443.53
T (K) 98 100 96
(A 0.71073 0.71073 0.71073
a(h) 10.2263(9) 10.3179(8) 17.0807(13)
b (A) 10.6226(9) 19.3779(14) 12.3173(10)
c(A) 19.4884(17) 19.9116(15) 19.5782(15)
o (deg) 94.017(2) 74.234(1) 90
S (deg) 90.634(2) 83.222(1) 90
y (deg) 107.305(1) 85.603(1) 90
V (A3) 2015.1(3) 3800.4(5) 4119.0(6)
space group P1 (No. 2) P1 (No. 2) Pbca(No. 61)
z 2 2 8
Dealca (9/Cn®) 1.345 1.500 1.430
w (mm1) 1.292 0.773 1.396

0.0381, 0.0694

3 R1=Y||Fo| — [Fcll/Y|Fol, WR2 = {F[W(F? — FA?/ 3 [W(Fo?)?} /2.

and future studies will probe the spectroscopy and electron-
transfer kinetics of these new systems in more detail. Moreover,
we will explore whether synthetic access to related,NGu
structure types using other [LNL]ligands is possible so as to
probe structurefunction relationships in such systems more
thoroughly.

Experimental Section

General. All manipulations were carried out using standard Schlenk

Magnetic Measurements.Measurements were recorded using a
Quantum Designs SQUID magnetometer running MPMSR2 software
(Magnetic Property Measurement System Revision 2). Data were
recorded at 5000 G. Samples were suspended in the magnetometer in
a clear plastic straw sealed under nitrogen with Lilly no. 4 gel caps.
Loaded samples were centered within the magnetometer using the DC
centering scan at 35 K and 5000 G. Data were acquired-202K
(one data point every 2 K) and 2@95 K (one data point every 5 K).

The magnetic susceptibility was adjusted for diamagnetic contributions
using the constitutive corrections of Pascal’'s constants. The molar

or glovebox techniques under a dinitrogen atmosphere. Unless otherwisg"2gnetic susceptibility/,) was calculated by converting the calculated
noted, solvents were deoxygenated and dried by thorough sparging withmagnetic susceptibilityy) obtained from the magnetometer to a molar

N, gas followed by passage through an activated alumina column.

susceptibility (using the multiplication factpmolecular weight/[sample

Nonhalogenated solvents were tested with a standard purple solution'Véight*field strengthj). Curie-Weiss behavior was verified by a plot

of sodium benzophenone ketyl in tetrahydrofuran to confirm effective

of ym* versusT. Effective magnetic moments were calculated using

oxygen and moisture removal. All reagents were purchased from com- €q <.

mercial vendors and used without further purification unless otherwise
stated. 2ert-Butylsulfanyl aniline®® [CpzFe][B(3,5-(CR).CsH3)4], % and
CuCh+0.66 THF? were prepared according to literature procedures.
Elemental analyses were performed by Desert Analytics, Tucson, AZ.

Deuterated solvents were purchased from Cambridge Isotope Labora-

tories, Inc. and degassed and dried over actil/at& molecular sieves
prior to use. A Varian Mercury-300 or INOVA-500 NMR spectrometer
was used to recordH, °C, and F NMR spectra at ambient
temperatureH chemical shifts were referenced to residual solvent.
Temperature calibration of the NMR probe was accomplished using

an anhydrous methanol standard. Line shape analysis of experimental

NMR was performed using the Varian 6.1c software package-GC
MS data were obtained by injecting a dichloromethane solution into a
Agilent 6890 GC equipped with an Agilent 5973 mass selective detector
(El. High-resolution EI mass spectroscopy was carried out by the
Caltech Chemistry Mass Spectral Facility using a JEOL JMS6006- UV
vis measurements were taken on a Cary 500 UV/Vis/NIR spectro-
photometer using a 0.1 cm quartz cell with a Teflon stopper. IR
measurements were obtained with a KBr solution cell using a Bio-Rad
Excalibur FTS 3000 spectrometer controlled by Bio-Rad Merlin
Software (v. 2.97) set at 4 crhresolution. X-ray diffraction studies
were carried out in the Beckman Institute Crystallographic Facility on
a Bruker Smart 1000 CCD diffractometer. Table 1 shows X-ray
diffraction data for2, 3, and4.

(30) Courtin, A.; von Tobel, H. R.; Auerbach, Glelv. Chim. Actal98Q 63,
1412

(31) Charez, I.; Alvarez-Carena, A.; Molins, E.; Roig, A.; Maniukiewicz, W.;
Arancibia, A.; Arancibia, V.; Brand, H.; Mafguez, J. MJ. Organomet.
Chem 200Q 601, 126.

(32) So, J. H.; Boudjouk, Rnorg. Chem199Q 29, 1592. The precise number
of equivalents of THF contained in this starting material was determined
by microanalysis.

e = A/T.99%,T )

EPR Measurements.X-band EPR spectra were obtained on a
Bruker EMX spectrometer (controlled by Bruker Win EPR software
v. 3.0) equipped with a rectangular cavity working in the;gGEnode.
Variable temperature measurements were conducted with an Oxford
continuous-flow helium cryostat (temperature range—360 K).
Accurate frequency values were provided by a frequency counter built
nto the microwave bridge. Solution spectra were acquired in 2-methyl-
etrahydrofuran. Sample preparation was performed under a dinitrogen
atmosphere in an EPR tube equipped with a ground glass joint.

Electrochemistry. Electrochemical measurements were carried out
in a glovebox under a dinitrogen atmosphere in a one-compartment
cell using a BAS model 100/W electrochemical analyzer. A glassy
carbon electrode and platinum wire were used as the working and
auxiliary electrodes, respectively. The reference electrode was Ag/
AgNO; in THF. Solutions (CHCI,) of electrolyte (0.30 M tetran-
butylammonium hexafluorophosphate) and analyte were prepared in a
glovebox.

Electron Self-Exchange Rate between 2 and 3H NMR spectra
were acquired in CECl, on a Varian Inova spectrometer operating at
499.852 MHz at 303 K. The data collection parameters were as
follows: O s relaxation delay, 5.6s pulse width, and an 89988.8 Hz
sweep width. The samples were weighed and dissolved in 1.0 mL of
CD.Cl,, after which each sample tube was charged with5 mL of
the solution. The sample concentrations, mole fractions, and experi-
mental values foW are shown in Table 2 below. The chemical shifts
and line widths of the experimental spectra were obtained by Lorentzian
line-fitting using the Varian 6.1c software package.
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Table 2. Line-Broadening Data, Concentrations, and Mole Fractions Used To Estimate the Lower Boundary of the Self-Exchange Reaction

Rate between 2 and 3 in Dichloromethane Solution?

2 only 3only mix-A mix-B mix-C
12 1 0 0.75+ 0.01 0.59+ 0.01 0.41+ 0.01
x3 0 1 0.25+ 0.01 0.41+0.01 0.59+0.01
total concentration (mM) 29 24 27
no. of scans 100 1000 1000 1000 1000
chemical shift (Hz) 619 3396 1314 1766 2263
W (Hz) 1.3+ 0.2 807+ 25 197+ 15 314+ 15 458+ 15

a See Supporting Information for plots of (i) chemical shift versus mole fractio? arfid (ii) W>, Ws, and W3 versusys.

Synthesis of 2tert-Butylsulfanyl Bromobenzene.In air, 2-bromo-
thiophenol (25 mL, 0.208 mol) was added dropwise to a vigorously
stirred solution otert-butyl alcohol (23 g, 0.312 mol), #D (150 mL),
and concentrated 430, (200 mL) at—10 °C. Following the addition,

immediately became bright yellow. After 4 h, the reaction mixture was
filtered through a pad of Celite on a sintered glass frit, and the solvent
was removed in vacuo. The yellow solids were washed with petroleum
ether (3x 50 mL) and dried thoroughly, which afforded spectroscopi-

the reaction was allowed to come to ambient temperature and stirring cally pure product (850 mg, 91%). This complex decomposes photo-
was continued for 18 h, at which time diethyl ether (50 mL) was added lytically over time; and therefore, efforts were made to minimize light
to the reaction mixture. The organic phase was washed with 1 M exposure during synthesis and storage. Analytically pure product was

N&aCO; solution (100 mL) and water (X 100 mL) and dried over

obtained as fine yellow crystalline needles by cooling a methylene

NaSQ,, and the solvent was removed in vacuo. The resultant cloudy chloride solution at-35 °C.

oil was fractionally distilled (90C/0.01 mmHg), affording a colorless
oil.

H NMR (300 MHz, CDC}): & 7.64 (m, 2H, ArH), 7.24 (t, 1H,
Ar-H), 7.15 (t, 1H, ArH), 1.32 (s, 9H, C(El3)3). *3C NMR (126 MHz,
CDCly): ¢ 139.7, 134.4, 133.7, 132.8, 130.3, 127.5, 48.8, 31.5-GC
MS (m/2): 246/244[M], 190/188[M— ((CHz)CCH;,)], 108, 109, 82,
69, 57.

Synthesis of Bis(2tert-butylsulfanylphenyl)amine: A 200-mL

H NMR (300 MHz, CDCl,): 6 7.32 (d, 2H, ArH), 7.06 (t, 2H,
Ar-H), 6.91 (d, 2H, ArH), 6.57 (t, 2H, ArH), 1.23 (s, 18H, C(B3)s).
3C NMR (126 MHz, CDCl,): ¢ 160.8, 136.3, 130.3, 122.9, 121.4,
116.3, 49.8, 31.1. U¥vis—NIR (CD.Cl,, nm (Mt cm™1)): 426
(4000). IR (KBr pellet, cm?): 3045 (w), 2959 (m), 2921 (w), 1573
(s), 1543 (m), 1451 (s), 1428 (s), 1362 (m), 1312 (s), 1268 (m), 1154
(s), 1123 (w), 1031 (m), 818 (w), 743 (s), 725 (m). Anal. Calcd for
CsoHs:CwN2Ss: C, 58.86; H, 6.42; N, 3.43. Found: C, 58.46; H, 6.22;

reaction vessel equipped with a Teflon stopcock and stir bar was N, 3.28.

charged with Pgldba} (0.365 g, 0.399 mmol), bis(diphenylphosphino)-

Synthesis of [(SNS)Cu ][B(3,5-(CF3)2CeH3)], 3. In a 20-mL

ferrocene (DPPF) (0.442 g, 0.798 mmol), and toluene (30 mL) under reaction vessel equipped with a Teflon stirbar(150.0 mg, 0.184

a dinitrogen atmosphere. The resulting solution was stirred for 5 min,

after which time 2tert-butylsulfanyl bromobenzene (9.77 g, 39.9
mmol), 2tert-butylsulfanyl aniline (7.23 g, 39.9 mmol), and additional
toluene (70 mL) were added. The subsequent addition ofBla(®.37

mmol) was suspended in diethyl ether (15 mL), and [f&)[B(3,5-

(CFs)2C6H3)4] (192.8 mg, 0.184 mmol) was added as a solid in one
portion. The green reaction mixture gradually became red-brown. After
90 min, the solution was filtered through glass wool, and the filtrate

g, 55.9 mmol) resulted in a brown solution that was stirred vigorously was dried in vacuo. The solids were extracted with petroleum ether (3
for 18 h at 100°C. The solution was then allowed to cool and filtered x 30 mL) to remove the ferrocene byproduct, and drying under reduced
through a silica plug that was then extracted with toluene to ensure pressure afforded the desired product as a burgundy solid (290 mg,
complete removal of the desired product. Concentration of the collected 94%). Analytically pure material was obtained by recrystallization from

extracts and removal of solvent yielded a brown solid. These solids layering a diethyl ether solution with petroleum ether.

were extracted with hexanes and filtered. Purification by recrystalli-
zation from hexanes at30 °C afforded beige crystalline blocks (11.95
g, 87%).

H NMR (300 MHz, CBCly): 0 8.30 (s, 1H, NH), 7.52 (d, 2H,
Ar-H), 7.43 (d, 2H, ArH), 7.25 (t, 2H, ArH), 6.83 (t, 2H, ArH),
1.33 (s, 18H, C(El3)3). °C NMR (126 MHz, CDC}): o 145.8,
140.0, 130.2, 120.5, 120.0, 115.4, 47.9, 31.3. IR (KBrCh cm™3):
2924, 1575, 1509, 1364, 1319, 1167, 1034. HR-EI MS: calcd for
CooH2/NS,: 345.1585; found: 345.1575.

Synthesis of [Li]J[SNS], 1.In a 250-mL flask, bis(2ert-butyl-
sulfanylphenyl)amine (2.5 g, 7.25 mmol) was dissolved in petroleum
ether (100 mL), and a 1.6 M solution ofbutyllithium in hexanes
(5.9 mL, 9.43 mmol) was added dropwise, with stirring at ambient
temperature. A pale yellow solid began precipitating immediately, and
stirring was continued for 20 min. The solids were collected on a
sintered glass frit and washed with petroleum ethex (30 mL). A
spectroscopically pure off-white powder (2.5 g, 98%) was obtained
upon drying in vacuo.

H NMR (300 MHz, GDg): 6 7.52 (d, 2H, ArH), 7.34 (d, 2H,
Ar-H), 7.15 (t, 2H, ArH), 6.68 (t, 2H, ArH), 1.11 (s, 18H, C(Els)3).
3C NMR (126 MHz, GDg): 0 164.7,139.5, 131.0, 123.7,121.7, 117.3,
47.4, 31.5.

Synthesis of{ [SNS]Cu},, 2. A solution of1 (800 mg, 2.28 mmol)

in benzene (20 mL) was added dropwise with stirring to a suspension

of CuBr-Me,S (469 mg, 2.28 mmol) in benzene (40 mL). The solution
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19 NMR (282 MHz, CDCl,): —60.19 (s, Ar-G3). IR (KBr pellet,
cm1): 3293 (w), 3053 (w), 2968 (m), 1609 (m), 1578 (m), 1499, (m),
1454 (s), 1355 (s), 1279 (s), 1133 (br s), 887 (m), 835, (m), 756 (m),
756 (m), 714 (m), 670 (m). UMvis—NIR (CD,Cl, nm (Mt cm™3)):
426(2500), 527(1650), 716(590), 1165(2050), 1920(4800). SQUID
(solid, average 18295 K): 1.52ug (R?> = 0.9991). Anal. Calcd for
C7:HeaBCWwF24NLS,: C, 51.49; H, 3.84; N, 1.67. Found: C,51.63; H,
3.80; N, 2.00.

Synthesis of (SNS)CuCl, 4In a 50-mL round-bottom flask equipped
with a Teflon stirbar, CuC0.66 THF (1.00 g, 5.50 mmol) was
suspended in THF (30 mL), an2 (1.93 g, 5.50 mmol) was added
portionwise, immediately affording a forest green solution. The reaction
mixture was stirred for 18 h at ambient temperature, and the solvent
was removed in vacuo. The resultant solid was triturated with benzene
(2 x 10 mL), extracted into benzene, filtered through Celite, and dried
thoroughly under reduced pressure to affdr@.30 g, 94%). Analyti-
cally pure material was obtained by recrystallization from THF/
petroleum ether solution at30 °C.

IR (KBr pellet, cnml): 3056 (w), 2961 (w), 1573, (m), 1456 (s),
1431 (m), 1365 (m), 1321 (s), 1240 (w), 1155 (m), 1032 (w), 767 (w),
750 (m), 740 (m). UV-vis—NIR (CD.Cl;, nm (M~* cm™)): 606 (600),
1280 (280). Anal. Calcd for £H2CICUNS: C, 54.16; H, 5.91; N,
3.16. Found: C, 54.22; H, 5.84; N, 3.08.

Reduction of 4 to 2.An amalgam of sodium (14.3 mg, 0.622 mmol)
in mercury (11.1 g, 55.3 mmol) was prepared in a 20-mL reaction
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vessel, and a solution @f(263 mg, 0.592 mmol) in THF (10 mL) was  assistance and Dr. Angel J. Di Bilio and David M. Jenkins for

added. The reaction mixture was vigorously stirred for 6 h, filtered assistance with the EPR and SQUID magnetization studies.
through Celite, and dried in vacuo. The yellow solid was extracted

into benzene (20 mL), lyophilized, and washed with cold petroleum
ether to afford spectroscopically pu2g188 mg, 78%).

Supporting Information Available: Complete crystallo-
graphic details (CIF). Details for DFT calculations and SQUID
magnetization data f@ (PDF). This material is available free
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