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To assess supporting ligand effects on S-S bond activation, a series of [Cua(u-7%1%S,)]** complexes supported
by various S-diketiminate or anilido-imine ligands (L) were synthesized via the reaction of Cu(l) precursors LCu-
(CH3CN) with Sg. For the cases where L = f3-diketiminate, the syntheses were complicated by formation of clusters
[Cu(SR)]s, where SR represents the ligand functionalized by sulfur at the central methine position. The [Cu(u-
n2n?2-S,)]** products were characterized by X-ray crystallography and electronic absorption and resonance Raman
spectroscopy. Correlations among the Cu=S, Cu—Cu, and S-S distances and the »(S—S) values were observed
and interpreted within the framework of a previously described bonding picture (Chen, P.; Fujisawa, K.; Helton, M.
E.; Karlin, K. D.; Solomon, E. I. J. Am. Chem. Soc. 2003, 125, 6394). Comparison of these data to those for other
relevant species revealed a remarkable degree of S-S bond activation in the compounds supported by the
p-diketiminate and anilido-imine ligands, which through strong electron donation increase backbonding from the
copper ions into the S—S ¢* orbital and cause S-S bond weakening. Reactions of one of the complexes supported
by an anilido-imine ligand with PPh;z and xylyl isocyanide were explored, revealing facile transfer of sulfur to PPhg
but only displacement of sulfur to yield a LCu(l)-CNAr (Ar = xylyl) complex with the isocyanide.
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have been put forth using computational methbtdskey
features of which include unusual side-on coordination of
N.O to an edge of the Cu{)form of the cluster angis-
sulfide-mediated electron delocalization in higher oxidation
states. Stimulated by the unusual properties of and the
mechanistic hypotheses put forth for the-§ulfido)tetra-
copper site of BOR, we have begun to explore the sulfur
chemistry of copper complexes supported by N-donor
ligands!® We aim to provide fundamental chemical insights
into the properties of coppessulfur species in general and,
in particular, into less common ortéshat feature copper in
oxidation states greater thahl. An ultimate goal is to
prepare useful models of the®R catalytic site with which
to evaluate its spectroscopic properties and reacti®ity.
Previous synthetic efforts have yielded sulfur-containing
Cu(ll or IIl) products with either the SS bond intact (e.g.,
disulfido(2-), 1 and2,'6-18 or disulfido(-1—), 329 or broken
(e.g., sulfide4),’*® depending on the nature of the N-donor
ligand and the reaction conditions (Figure 1). Then-
and u-n%n?-disulfidodicopper complexe4!® and 2 (L =
TpP2 or MesNPY2) 18 are close counterparts of peroxodi-
copper analogs with identical tetra- or tridentate supporting
ligands!®2! and the bonding interactions in the £3 and
CwS, cores are similar as determined from comparative
spectroscopic/theoretical studi@she side-on-1%n? com-
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Figure 1. Copper(ll or Ill)—sulfur complexes.

Figure 2. Schematic molecular orbital energy-level diagram for tle (
n%n2-peroxo/sulfido)dicopper core (adapted from ref 22).

plexes most pertinent her@,(L = Tp*? and its peroxo
congener) exhibit a pair of intense charge-transfer (CT)
electronic absorption bands and lowS and G-O stretch-

ing frequencies of 500 and 760 cn?, respectively, that
indicate weak bonds (i.e., extensive activation of tharsl

O, moieties). These features have been rationalized by a
common core-bonding model illustrated in Figure®?2.
According to this picture, the £7/S,2~ z* orbital that lies

in the plane of the GD./Cw,S; core (*,) interacts strongly
with the Cu g, orbitals, while the out-of-plane £7/S,2~
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R Taken together, these results provide new insights into ligand
R\%\\(R ” influences on SS bond activation by copper ions.

@_/R., R?,Q Experimental Section

General Considerations.All solvents and reagents were ob-

1 1 R"2)\-
ligand R RIRL™Y R R" tained from commercial sources and used as received unless noted
a A Ve Mo otherwise. The solvents tetrahydrofuran (THF), pentane, diethyl
b H Me Et ether (E£O), acetonitrile (CHCN), and CHCI, were passed though
c H tBu iPr solvent purification columns (Glass Contour, Laguna, CA, or
d Ph H Et MBraun) prior to use. All metal complexes were prepared and stored
e Ph H iPr in a Vacuum Atmospheres inert atmosphere glove box under a dry
f 35-(CF3);CeHy  H Me nitrogen atmosphere or were manipulated using standard Schlenk
9 3,54CF3)2Cetts H iPr line techniques. Labeled elemental sulfétS{ 99% enrichment)
was purchased from Cambridge Isotope Laboratories, Inc. Com-
©\er plexes of the general formula R(RRI2)Cu(CHCN),2 as well as
R' N lN R" (HL'PACu(CH,CN), > (l\./IeL’iF’fz)Cu(Cl-bCN),25 [H(Me,LE?)Cu]-
@—/R"_ R}‘Q (S) (2b),1%2 and [(HL'PCul(S,) (2i),'32 were prepared via
previously reported methods (for ligand nomenclature, see Figure
(RLR2y 3). The complex (HeCuwas prepared similarly to (HEACu(CHs-
ligand R R’ CN), characterized byH NMR spectroscopy, and used directly
h : !\ge for the synthesis of [(HLMe9Cu]x(S,) (2h) (Supporting Informa-
! e tion).
I Me ipr Physical Methods.NMR spectra were recorded on a Varian VI-
Figure 3. Ligands and abbreviations used in this work. 300 or VXR-300 spectrometer. Chemical shift§ for *H NMR

spectra were referenced to residual protium in the deuterated solvent.

* orbital (* ins basicall bed bondi UV —vis spectra were recorded on a HP8453 (12000 nm) diode
s orbital (*) remains basically unperturbed (nonbonding array spectrophotometer; extinction coefficients were determined

with respect to the Cu ions). The €@/S bonding is thus  fom Beers' Law plots. Resonance Raman spectra were recorded
dominated by highly covalent, strongdonation from the  on an Acton 506 spectrometer using a Princeton Instruments LN/
filled O,27/S;?~ *, orbital into the Cu ¢, set. An additional ~ CCD-11100-PB/UVAR detector and ST-1385 controller interfaced
interaction occurs between the Cy drbitals and the empty  with Winspec software. A Spectra Physics BeamLok 2065-7S Ar
0,27/S*~ o* orbital. Essentially a backbonding interaction, Laser provided excitation at 457.9 nm. The spectra were obtained
it results in a lowering of the predominantly Cu-based at—196°C usin_g a backscattering geometry. Samples were frozen
HOMO energy and rationalizes the weakening of th& 0 in NMR tubes in thermal contact with a Dewar flask containing

S,2~ bond. The electronic CT absorption bands derive from !iquid nitrogen. Raman shifts were externally referenced to Ii_quid_
o . . indene. Elemental analyses were performed by Robertson Microlit

excitations out of ther*, + xy + xy andz*, orbitals, with (Madison, NJ).

the former being .more intense and at higher energy. A [H(Me L Me2)Cu]»(Sy) (2a). [H(MesLMe3]Cu(CH,CN) (43.6 mg,

detailed comparative stuéfyshowed that the G&; core of 0.12 mmol) in CHCN (4 mL) was added to elemental sulfur (3.8

2 (L = Tp®™) exhibits greater metaligand covalencyz*,/ mg, 0.015 mmol) in CECN (2 mL). The reaction mixture was

Cu) and backbonding (Catf) than its peroxide analog, stirred for 30 min, during which a brown precipitate formed. The

corresponding to a more significant weakening (activation) precipitate was collected, washed with §&HN (4 mL), and dried

of the S-S bond?2 under reduced pressure (13.4 mg, 44%). Allowing the reaction

: : . mixture to stir for>1 h resulting in the conversion of [H(Me"®?)-
We recently communicated the synthesis and characteriza CUL(S,) 10 [CU(SR)} [R = H(Me,L "] (53): a2H NMR spectrum

tion of two .examples op-nz:nf-msulﬁde complgxe; SUP~ o this residue matched that & prepared independently (see
ported by bidentate N-donor liganda L = b ori, Figure o150 1 NMR (CeDs, 300 MHzZ): 6 6.90-7.01 (m, 12H), 4.79
3).13a Their S-S bond distances (2.2007(11) and 2.165(3) (s, 2H), 2.03 (s, 24H), 1.44 (s, 12 H). WWis (THF) [Amax NM ,

A, respectively) are distinctly longer than thatl. = Tp*™ M-1cm1)]: 211 (18500), 327 (19200), 352 (12000), 427 (8200),
or MeNPY2, (2.073(4) A and 2.117(2) A, respectively), 540 (400), 804 (130). Repeated attempts to obtain a satisfactory
suggesting an even greater degree 65%ond weakening  elemental analysis (CHN) fa2a failed; we attribute this to the
because of the nature of the supporting ligands. Here, weVvariable small amounts of sulfur impurities that we were unable to
present a more complete study in which we assess the X-ray'émove by recryst_alllzatlon because of the competing formation of
structures, UV-vis and resonance Raman spectra, and 5a. Structural assignment thus rests on the X-ray crystal structure

aspects of the reactivity of a series pfn%n2-disulfide and the Sp?;ﬁfosc‘)pic data. o
complexes supported by bidentate N-donor ligands with [H(EBu L P*)CUJ2(S) (20). [H(BUL PHICU(CHCN) (45.3 ma,

. . . . . 0.075 mmol) in pentane (3 mL) was added to elemental sulfur (1.2
variable steric and electronic properties (Figure 3). Inter-

pretations of the spectroscopic properties within the context (23) Spencer, D.J. E.; Reynolds, A. M.; Holland, P. J.; Jazdzewski, B. A.;
. . . . . . Duboc-Toia, C.; Le Pape, L.; Yokota, S.; Tachi, Y.; Itoh, S.; Tolman,
of the bonding picture illustrated in Figure 2, correlations W. B. Inorg. Chem2002 41, 6307-6321.
of CwS, core structural parameters and-S stretching (24) Ea)'ges, P. GM gVelch, G. f’ﬁ-EQSg%’sz'Ji%"% Nlcge;%k, C.L.; Piers, W.
H e H H ., rParvez, vMlOrganometallic . — .
frequencies, and reactivity d|ffe_rent from that. previously (25) Réynolds, A. M.;%herman’ B.F.. Cramer, C. J.. Tolman, WnBg.
reported for2, L = Me,NPY2 (Figure 1)® are discussed. Chem.2005 44, 6989-6997.
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mg, 0.0047 mmol) in pentane (2 mL). The reaction mixture was
stirred fo 1 h and filtered though Celite, and the filtrate was
concentrated under reduced pressure~f mL. Storage of the
orange solution at-20 °C resulted in the formation of yellow and
brown crystals in a ratio of about 30:1. The brown material was
identified as [H(tBYLP)Cul,(S;) by X-ray crystallography on a

pressure (67.0 mg, 67%) NMR (Ce¢De, 300 MHZ): 6 7.41 (s,
2H), 6.96-7.07 (m, 8H), 6.7#6.89 (m, 8H), 6.36 (d) = 8.4 Hz,
2H), 6.26 (m, 2H), 2.09 (s, 12H), 1.91 (s, 12 H). BVis (THF)
[Amax NM €, M~ cmrY)]: 256 (49 700), 282 (31 300), 435 (29 100),
604 (1300), 815 (400). Anal. Calcd forg146CWNLS,: C, 65.30;
H, 5.48; N, 6.62. Found: C, 64.83; H, 5.42; N, 6.49.

selected crystal, but a pure bulk sample has not been obtained to [(MeL’ P2)Cu]y(S,) (2j). (MeL’P2)Cu(CHCN) (51.8 mg, 0.09
date. Raman spectroscopy was performed on an initial reactionmmol) in toluene (5 mL) was added to elemental sulfur (3.0 mg,

solution prepared in benzene, which was frozen in liquig N
immediately after preparation.

[Ph(H-LE?)Cu]x(S) (2d). [Ph(HLE?)]Cu(CHCN) (112.0 mg,
0.22 mmol) in CHCN (5 mL) was added to elemental sulfur (7.0
mg, 0.027 mmol) in CECN (2 mL). The reaction mixture was
stirred for 3 h, during which a green precipitate formed. The
precipitate was collected, washed with €HN (8 mL), and dried
under reduced pressure (88.7 mg, 40%j. NMR (CsDs, 300
MHz): 6 7.58 (s, 4H), 6.927.11 (m, 22 H), 2.51 (quartef, =
7.5 Hz, 16H), 1.07 (t) = 7.5 Hz, 24H). U\-vis (THF) [Amax NM
(e, M~1enmh)]: 295 (49385), 387 (34376), 421 (23470), 588 (1260),
813 (310). Anal. Calcd for £HesCWwNLS,: C, 68.95; H, 6.58; N,
5.55. Found: C, 68.67; H, 6.43; N, 5.40.

[Ph(HoL P)Cul2(S,) (2€). [Ph(HLP?)]Cu(CH,CN) (46.5 mg,
0.082 mmol) in CHCN (3 mL) was added to elemental sulfur (2.6
mg, 0.01 mmol) in CHCN (2 mL). The reaction mixture was stirred
for 2 h, during which a green precipitate formed. The precipitate
was collected, washed with GBIN (8 mL), and dried under reduced
pressure (32.0 mg, 70%% NMR (C¢Ds, 300 MHz): 6 7.66 (s,

4 H), 7.04-7.22 (m, 14 H), 6.98 (dJ = 7.6 Hz, 8 H), 3.26 (septet,
J=6.9 Hz, 8 H), 1.06 (dJ = 6.8 Hz, 24 H), 1.01 (dJ = 6.8 Hz,
24 H). UV—vis (THF) [Amax M €, M~ cm™1)]: 299 (52 760),
386 (32 410), 432 (24 350), 612 (1290). Anal. Calcd f@eHz,-
CwN4S: C, 70.61; H, 7.36; N, 4.99. Found: C, 70.32; H, 7.62;
N, 4.72.

[3,5-(CR3)2CeH3(HLM9)CU]A(S,)  (2f).  [3,5-(CR)2CeHa-
(H2LMe9)]Cu(CH;CN) (65.2 mg, 0.11 mmol) in C¥CN (4 mL) was
added to elemental sulfur (3.5 mg, 0.014 mmol) inCN (3 mL).
The reaction mixture was stirred for 4 h, during which a brown
precipitate formed. The precipitate was collected, washed with CH
CN (5 mL), and dried under reduced pressure (38.0 mg, 54%).
NMR (C¢Ds, 300 MHz): 6 7.56 (s, 2H), 7.41 (s, 4H), 7.26 (s, 4H),
6.96 (m, 4H), 6.88 (dJ = 7.4 Hz, 8H), 1.99 (s, 24H). U¥vis
(THF) [Amax M €, M~tcm™1)]: 319 (60 500), 377 (32 900), 421
(25500), 547 (1400), 827 (600). Anal. Calcd fors/Bs6
CwF12NsSy: C, 55.43; H, 3.96; N, 4.79. Found: C, 55.16; H, 4.23;
N, 4.58.

[3,5-(CF3)2CeH3(HL P)CUAS,)  (29).  [3,5-(CRs)2CeHa-
(HoLP9)]Cu(CH;CN) (190.0 mg, 0.27 mmol) in C¥N (6 mL)
was added to elemental sulfur (8.6 mg, 0.034 mmol) inCH (3
mL). The reaction mixture was stirred for 2 h, during which a green
precipitate formed. The precipitate was collected, washed with CH
CN (2 x 6 mL), and dried under reduced pressure (172.0 mg, 91%).
1H NMR (CgDs, 300 MHz): 6 7.67 (s, 4H), 7.60 (s, 4H), 7.53 (s,
2H), 7.11 (t,J = 7.9 Hz, 4H), 6.94 (dJ = 7.86 Hz, 8H), 3.19
(septet,J = 6.58 Hz, 8H), 1.02 (apparent t: two overlapping d,
J=6.58 Hz, 48H). UV~ Vis (THF) [Amax M €, M~ cm™Y)]: 322
(54 300), 381 (26 200), 434 (22 800), 575 (1300), 830 (290). Anal.
Calcd for GgH7eCWwF12N4S,: C, 60.29; H, 5.64; N, 4.02. Found:
C, 59.99; H, 5.52; N, 3.95.

[(HL' Me2)Cu](S,) (2h). (HL'Me2)Cu(CHCN) (102.0 mg, 0.24
mmol) in CHCN (4 mL) was added to elemental sulfur (7.6 mg,
0.03 mmol) in CHCN (2 mL). The reaction mixture was stirred
for 3 h, during which a green precipitate formed. The precipitate
was collected, washed with GBIN (6 mL), and dried under reduced

0.012 mmol) in toluene (2 mL). The reaction mixture was stirred
for 3 h and filtered though Celite, and the volume was reduced to
2 mL. The addition of 20 mL of CECN and storage at 20 °C
resulted in the precipitation of a dark green solid. The green solid
was collected and dried under reduced pressure (17.0 mg, 33%).
IH NMR (CgDg, 300 MHz): 6 7.40 (d,J = 9.6 Hz, 2H), 6.85
7.30 (m, 12 H), 6.80 (m, 2H), 6.41 (d,= 8.7 Hz, 2H), 6.31 (m,
2H), 3.25 (septet) = 6.6 Hz, 4H), 2.87 (septef, = 6.6 Hz, 4H),
1.85 (s, 6H), 1.22 (m, 24H), 1.12 (d,= 6.9 Hz, 12H), 0.97 (dJ

= 6.9 Hz, 12H). UV-vis (THF) [Amax M €, M~1 cm™1)]: 250

(32 200), 292 (15 800), 437 (17 700), 460 (21 600), 651 (1000),
877 (120). Anal. Calcd for GHg,CwN,S,: C, 69.97; H, 7.52; N,
5.10. Found: C, 69.35; H, 7.06; N, 4.62.

[Cu(SR)l4 [R = H(Me,LMe2)] (5a). H(Me,LMeA)Cu(CHCN)
(90.0 mg, 0.22 mmol) in a 1:1 toluene/@EN (4 mL) solution
was added to elemental sulfur (7.14 mg, 0.028 mmol) i@

(2 mL). The reaction mixture was stirred for 2 h, resulting in the
development of a tan precipitate. The solid was collected, washed
with CH3CN (3 x 5 mL), and dried under reduced pressure (50
mg, 57%).*H NMR (CD.Cl,, 300 MHz): ¢ 6.80-7.00 (m, 24H),
3.90 (s, 4H), 2.09 (broad s, 24H), 2.03 (broad s, 12H), 1.96 (broad
s, 12 H), 1.73 (broad s, 12 H), 1.65 (broad s, 12H). Anal. Calcd
for CgaH100CwNgSs: C, 62.89; H, 6.28; N, 6.99. Found: C, 62.47;
H, 5.85; N, 6.88.

Reactions of 2h with PPh. Two equivalents of PRh(7.1 mg,
0.027 mmol) were dissolved ingDs (1 mL), and the mixture was
added to [(HLMe9)Cul(S,) (2h) (11.4 mg, 0.013 mmol). After the
mixture was stirred for 1 h*H and3P{1H} NMR spectra were
obtained, which showed formation of 1 equiv of triphenylphosphine
sulfide, 1 equiv of (HLMe2Cu(PPh), and 0.5 equiv of unreacted
2h. The identity of (HLMe2)Cu(PPh) was confirmed by indepen-
dently reacting (HLe2)Cu(CHCN) (9.2 mg, 0.021 mmol) with
PPh (5.6 mg, 0.021 mmol) in D¢ (1 mL). *H NMR (C¢Dg, 300
MHz): ¢ 7.97 (d,J = 2.7 Hz, 1H), 6.86-7.10 (m, 23H), 6.66 (d,

J = 8.7 Hz, 1H), 6.41 (tJ = 7.6 Hz, 1H), 2.23 (s, 6H), 2.03 (s,
6H). 31P{1H} NMR (CgDg, 121.372 MHz):  6.81. A similar
reaction of PPhwith 2h, using 4 equiv of phosphine, yielded
2 equiv of triphenylphosphine sulfide and 2 equiv of
(HL'Me2)Cu(PPh).

Reaction of 2h with Xylyl Isocyanide.Two equivalents of xylyl
isocyanide (3.7 mg, 0.028 mmol) were dissolved ¥DE(1 mL)
and added to [(HIM®?)Cu]x(S,) (2h) (12.0 mg, 0.014 mmol). After
the mixture was stirred for 1 h, the only species observedtby
NMR spectroscopy was the Cuflxylyl isocyanide adduct. The
identity of this adduct was confirmed by independently reacting
(HL’MeCu(CHCN) (11.4 mg, 0.026 mmol) with xylyl isocyanide
(3.5 mg, 0.026 mmol) in gDg (1 mL). *H NMR (CsDg, 300
MHz): 6 7.96 (s, 1H), 6.967.30 (m, 8H), 6.68 (dJ = 8.7 Hz,
1H), 6.59 (t,J = 7.5 Hz, 1H), 6.43 (tJ = 7.0 Hz, 1H), 6.39 (d,

J = 7.8 Hz, 2H), 2.48 (s, 6H), 2.31 (s, 6H), 1.65 (s, 6H).

X-ray Crystallography. Crystals of the appropriate size were
chosen and placed on the tip of a 0.1 mm diameter glass fiber and
mounted on a Siemens SMART Platform CCD diffractometer for
data collection at 173(2) K. Data collections were carried out using
Mo Ka radiation (graphite monochomator) with a detector distance
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Scheme 1. Synthesis of Complexes
R
R! R’ | R
- N/‘\N . R N\ /N R"
N/ "Cl R"
ey o« S
NCCH, NCCH;
LCu(CHzCN) LCu(CH4CN)
L=ag L=hj
LC //S cuL
U\S/
2a+j
l L=aorb
Ar R
_N/ Ar= 3
Ar K
Ar< Ar N/ r\q R
TNATTR sl NS R" = Me or Et
\ cu ey eor
/ \
S S
ooy ol N
X Cu u -
N© 87 ‘N,ArN Ar
/ /
Ar
N—
/
Ar
[Cuy(SR)4]
5a,b

of 4.9 cm. The intensity data were corrected for absorption and
decay (SADABSY® Final cell constants were calculated from the
xyz centroids of strong reflections from the actual data collection
after integration (SAINTF’ The CIFs given in the Supporting
Information show additional crystal and refinement information.
The structures were solved by direct methods using SHELX38-97
software. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were placed in ideal
positions and refined as riding atoms with relative isotropic

Brown et al.

Figure 4. X-ray structure o2d, showing all non-hydrogen atoms as 50%
thermal ellipsoids.

unit cell. The final full-matrix least-squares refinement converged
to R1= 0.0450 and wR2= 0.1031 2, all data).

[Ph(H.LE®)Cu]x(S;) (2d). Green crystals suitable for X-ray
crystallography were grown from pentane-a20 °C. The final
full-matrix least-squares refinement converged to-RQ.0386 and
WR2 = 0.0825 F2, all data).

[Ph(H.LP2)Cu]AS;) (2e). Green crystals suitable for X-ray
crystallography were grown by vapor diffusion of pentane into a
toluene solution at-20 °C. The carbon atoms of one isopropyl
group were found to be disordered over two positions with a 52:
48 occupancy ratio. Two molecules of toluene are also present
within the asymmetric unit. The final full-matrix least-squares
refinement converged to R% 0.0348 and wR2= 0.0747 F?, all
data).

[3,5-(CFs3),CeH3(H oL Me2)Cu] »(S,) (2f). Brown crystals suitable
for X-ray crystallography were grown from vapor diffusion of
pentane into a CHCl, solution at—20 °C. The fluorine atoms of
one of the Ck groups were found to be disordered over two
positions with an 84:16 occupancy ratio. The final full-matrix least-
squares refinement converged to R10.0419 and wR2= 0.0962
(F?, all data).

[3,5-(CF3)2CeH3(H,L P2)Cu]A(S,) (20). Green crystals suitable
for X-ray crystallography were grown from pentane-a20 °C.

displacement parameters. Pertinent details for each structure arerhe fluorine atoms of one of the GRroups were found to be

noted below (see Table S1 for a summary of crystallographic data
and the CIFs for full crystallographic information).

[H(Me,LMe?)Cu]A(S;) (2a). Red crystals suitable for X-ray
crystallography were grown by vapor diffusion of pentane into a
toluene solution at-20 °C. The final full-matrix least-squares
refinement converged to R% 0.0321 and wR2= 0.0870 2, all
data).

[H(tBu,LP2)Cu]x(S,) (2c). Red crystals suitable for X-ray
crystallography were grown from pentane-&20 °C. The carbon

disordered over two positions with a 90:10 occupancy ratio. Highly
disordered solvent was found that could not be modeled ap-
propriately. The reflection contributions of the solvent were
removed using the program PLATON, function SQUEEZErpm
which it was determined that there were 143 electrons in a volume
of 578.3 & per unit cell. The final full-matrix least-squares
refinement converged to R% 0.0380 and wR2= 0.1039 2, all
data).

[(HL Me2)Cu](S;) (2h). Green crystals suitable for X-ray

atoms of one isopropyl group were found to be disordered over crystallography were grown by vapor diffusion of pentane into a
two positions with a 79:21 occupancy ratio. A pentane solvent toluene solution at-20 °C. Two molecules of toluene are present
molecule was also disordered over two positions, as well as over yjthin the asymmetric unit. The final full-matrix least-squares

a 2-fold symmetry axis. Attempts to model the disorder were
unsuccessful so the reflection contributions of the solvent were
removed using the program PLATON, function SQUEEZhich
calculated that there are 171 electrons in a volume of 85pek

(26) For an empirical correction for absorption anisotropy, see: Blessing,
R. Acta Crystallogr.1995 A51, 33.

(27) SAINT version 6.2; Bruker Analytical X-Ray Systems: Madison, WI,
2001.

(28) SHELXTL, version 6.10; Bruker Analytical X-Ray Systems: Madison,
WI, 2000.

(29) Spek, A. L.Platon, A Multipurpose Crystallographic TgdUtrecht
University: Utrecht, The Netherlands, 2002.
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refinement converged to R% 0.0410 and wR2= 0.0997 F2, all
data).

[(MeL’ P2)Cu]x(S,) (2i). Green crystals suitable for X-ray
crystallography were grown from pentane a0 °C. Highly
disordered solvent was found that could not be modeled ap-
propriately. The reflection contributions of the solvent were
removed using the program PLATON, function SQUEEZEpm
which it was determined that there were 283 electrons in a volume
of 1484 A per unit cell. The final full-matrix least-squares
refinement converged to R% 0.0446 and wR2= 0.1183 F2, all
data).
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Figure 5. Plot of Cu—Cu, S-S, and Cu-S distances (A, from Table 2)
determined by X-ray crystallography for then2#n2-disulfidodicopper
complexes (blue= complexes supported by tri- and tetradentate ligands;
green= complexes supported by bidentgteliketiminate and anilido-imine
ligands). For label nomenclature, see Figures 1 and 3.

Figure 6. (a) X-ray structure of [Cu(SR)](R = H(Me;LMe?)), showing

all non-hydrogen atoms as 50% thermal ellipsoids. (b) Comparison of the
cores of the structures of [Cu(SR)]left, R = H(Me,LMe?); right,
H(Me,LE?)) with selected interatomic distances shown (A): green, Cu; blue,
N; yellow, S; white, C. Note that the complex on the left featureSsa
axis, so only one set of unique distances are listed.

[Cu(SR)L4 [R = H(Me,LMe2)] (5a). Yellow crystals suitable for
X-ray crystallography were grown by vapor diffusion of pentane
into a CHCI, solution at—20 °C. Highly disordered solvent was
found that could not be modeled appropriately. The reflection
contributions of the solvent were removed using the program
PLATON, function SQUEEZE? from which it was determined
that there were 110 electrons in a volume of 182%Ar unit cell.
The final full-matrix least-squares refinement converged to-R1
0.0570 and wR2= 0.1326 F2, all data).

Table 1. Selected Interatomic Distances (A) and Angles (8eg)

[H(MezLMeACulAS,) (28)

Cul-N1 1.8964(17) = CutS1A 2.1868(6)
Cul-N2 1.8994(17) S%SIA 2.2140(10)
Cul-S1 2.1842(6)  Cut-CulA 3.7687(5)
S1-Cul-S1A  60.87(2) NECul-SI-S1A  3.84(17)
[H(MezLER)Culx(Sy)P (2b)
Cul-N1 1.9065(18) ~CutSI1A 2.1974(6)
Cul-N2 1.0101(18) S*S1A 2.2007(11)
Cul-S1 21930(6)  Cut-CulA 3.7991(5)
S1-Cul-SIA 60.16(3)  N-Cul-S1-SIA  —0.07(18)
[H(tBuoLP?)CulAS,) (20)
Cul-N1 1.942(2)  CutS2 2.2674(6)
Cul-N2 1936(2)  StS2 2.1242(13)
Cul-S1 2.2572(6)  Cut-CulA 3.9950(7)
S1-Cul-S2  56.00(3) N-Cul-S1-S2  —32.40(18)
[Ph(HLEACul(S,) (2d)
Cul-N1 1.910(2)  CutSIA 2.1940(10)
Cul-N2 1.909(2)  StSIA 2.2138(13)
Cul-S1 2.1951(10) Cul-CulA 3.7899(12)
S1-Cul-S1A 60.58(3) N2-Cul-SES1A —5.0(2)
[Ph(HLP2)CuL(Sy) (2€)
Cul-N1 1.9054(16) CutSI1A 2.2051(6)
Cul—N2 1.9127(16) SES1A 2.2007(10)
Cul-S1 21984(6)  Cut-CulA 3.8143(5)
S1-Cul-SIA 59.97(2) N2 Cul-S1-S1A  —6.27(17)
[3,5-(CR)2CeH3(HoL M) Culx(S,) (2f)
Cul-N1 1912(2)  CutSIA 2.1976(8)
Cul-N2 1.906(2)  StS1A 2.2013(15)
Cul-S1 2.1978(8)  Cut-CulA 3.8045(7)
S1-Cul-S1A  60.11(4) NECUl-S1-S1A  —4.6(3)
[3,5-(CF3)2CeH3(HoL P CUl(S) (20)
Cul-N1 1.9213(18) CutSI1A 2.1941(9)
Cul-N2 1.9047(17) S*SIA 2.2060(12)
Cul-S1 2.2060(9) Cu?-CulA 3.8072(10)
S1-Cul-S1A  60.18(2) NECul-S1-S1A  —6.3(2)
[(HL Me2Culy(S,) (2h)
Cul-N1 1.925(2)  CutSI1A 2.1916(8)
Cul—N2 1.893(2) StS1A 2.2130(15)
Cul-S1 2.1936(8) Cut-CulA 3.7858(7)
S1-Cul-SIA 60.62(3)  NCul-SI-SIA —6.6(2)
[(HL PACul(Sp)° (2i)
Cul—N1 1.880(5) CutS1A 2.2113(18)
Cul-N2 1.922(5)  StS1A 2.165(3)
Cul-S1 2.2011(18) Cut-CulA 3.8446(16)
S1-Cul-S1A 58.78(8) N-Cul-S1-S1A  —3.9(5)
[(MeL’ P2Cul(S,) (2))
Cul-N1 1.889(2)  CutS2 2.2204(6)
Cul-N2 1.929(2)  StS2 2.1691(13)
Cul-S1 2.2278(6)  Cut-CulA 3.8857(8)
SI-Cul-S2  58.34(3) N2 Cul-S1-S2 1.5(2)

a Estimated standard deviations in parentheses. “A” refers to symmetry-
related atoms? These structures have been reported previotialy.

Results

Synthesis of ComplexesWith one exception, the series
of u-n%n?-disulfidodicopper(ll) complexega—j were iso-
lated as either brown or green solids from the reaction of
the Cu(l) precursorsa-j)Cu(CHCN) with S in CH3;CN,
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Table 2. CwS, Core Distances (A) and Vibrational Frequencies (&nor (u-1%n2-disulfido)dicopper Complexes

S-S Cu--Cu av Cu-S (S—S) Av(34S) ref
2a 2.214(10) 3.7687(5) 2.186 442 9 this work
2b 2.2007(11) 3.7991(5) 2.195 443 10 13a
2c 2.1242(13) 3.9950(7) 2.262 454 13 this work
2d 2.2138(13) 3.7899(12) 2.195 424 10 this work
2e 2.2007(10) 3.8143(5) 2.202 435 8 this work
2f 2.2013(15) 3.8045(7) 2.198 441 9 this work
29 2.2060(12) 3.8072(10) 2.200 428 12 this work
2h 2.2130(15) 3.7858(7) 2.193 432 8 this work
2i 2.165(3) 3.8446(16) 2.206 440 13 13a
2j 2.1691(13) 3.8857(8) 2.225 443 11 this work
2(L=TpP? 2.073(4) 4.028(3) 2.264 500 12 17, 22
2 (L = Me;NPY2) 2.117(2) 3.9336(10) 2.233 18

toluene, or pentane (Scheme %1)The products were
characterized byH NMR, UV—vis, and resonance Raman
spectroscopy, as well as by CHN analysis and X-ray
crystallography. The exceptional case was [HEBUA) Cu]-

(S) (2¢, Figure 2), which we were unable to isolate as an
analytically pure bulk sample, although crystals suitable for
an X-ray structural determination were obtained. Isolation
of samples of the complexes lacking a substituent on the
central methine position of the-diketiminate ligand (e.g.,
2aandb) required shorter reaction times to prevent conver-
sion to the Cu(l) clusters [Cu(SR){5a andb, Scheme 1),
which were fully characterized in two instances R
H(Me,LE?), 5b,2and H(MeLM¢?), 53). Exclusive formation

of 5awas possible using a GBN/toluene mixture as solvent
and allowing the solution to stir for1 h.

X-ray Structures. (a) Disulfido Complexes.X-ray crystal
structures oR2a—j were determined, witl2b andi having
been reported previousl§?Because of their general similar-
ity, only that of2d is shown here (Figure 4); thermal ellipsoid
representations oRa, ¢, e—h, and j are provided as
Supporting Information (Figures S157). Selected interac-
tomic distances and angles for all of the complexes are
summarized in Table 1.

activation changes; stronger bonding of the copper centers
to the $>~ moiety accompanies a decreaseeSond order.
The relationship between the €34 bonding and the sup-
porting ligand attributes is analyzed below (Discussion).
(b) Clusters [Cu(SR)l (R H(Me,LMe?), 5a, or
H(MeL B?), 5b). The new X-ray structure d&ais presented
in Figure 6a, and its core is compared to that of the previously
reported comple’®25b in Figure 6b. The atom connectivity
in 5a and5b is the same; both complexes feature 3-coor-
dinate Cu(l) ions bridged by thiolate sulfur atoms derived
from functionalization of the origings-diketiminate ligand
at the central methine carbon. The complexes adopt signifi-
cantly different geometries, however, and thus can be
envisioned as conformational isomers (notwithstanding the
different Me vs Et substituents). As indicated in Figure 6b,
the [Cw(SR)] core of 5a (which features &, molecular
axis of symmetry) is expanded relative to the folded core of
5b, such that the former features G«Cu distances-0.7 A
longer than in the latter. The puckering of the coréinis
accompanied by significantly more acute-€s—Cu angles
(~75°) relative to those in5a (~10C°), a variation that
indicates significant flexibility in the bonding of the thiolates
to the Cu(l) ions.

In each complex, the copper centers are coordinated to Spectroscopy on Disulfido Complexes. (a) Absorption.

two nitrogen atoms of the supporting ligand and both sulfur
atoms of theu-y%n?disulfido bridge in a square planar
geometry. Some deviation of the Cu(ll) ion from a square
planar shape is observed f&c, presumably because of the
large steric constraints of the supporting ligand. This
deviation is evident by the significant distortion of the
N—Cu—S—S torsion angle (N2Cu—S1-S2 = —32.8)
from the idealized value of0°. Overall, the complexes in
the series exhibit similar planar €& core geometries.

Nonetheless, structural variation is evident upon comparison

of the CuyS; core parameters (CtCu, S-S, and Cu-S
distances) foRa—j and other examples from the literature
(Table 2, Figure 4). The plot in Figure 5 shows that the core
parameters for most of thg-diketiminate complexes are
clustered close to one another (lower left), but across the
entire set there is a correlated trend, such that th& S
distance decreases as the «@u and Cu-S distances
increase. This trend implies that as the supporting N-donor
ligand is varied, the core bonding and extent efSsSbond

(30) On the basis dH NMR spectroscopy, the Cu(l) complexes of ligands
a andh lack a CHCN coligand.
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The disulfido complexe®a—j are deeply colored because
of multiple low-energy features in their absorption spectra.
Plots of the spectra are presented in Figure S8 for those
complexes that could be isolated analytically pure in bulk;
the data fo2f and2g are presented for illustrative purposes
in Figure 7a. In general, similar spectral features are observed
for all the complexes, which we assign by reference to the
detailed analysis published farlL = Tp®?).22 The spectrum

of 2 (L = Tp™?) contains two intense features-a28 000

(e ~ 31200 M cm™1) and~21 000 cmi?t (e ~ 3700 Mt
cm™?) attributed toz* — Cu(ll) CT transitions originating
from thesx*, + xy + xy (hereafter designated as,) and

a* orbitals, respectively (Figure 2). In addition, weaker d
— d transitions at-15 000 € ~ 230 M1 cm™1) and~10 300
cm? (e ~ 130 M~ 1cn!) were reported. The spectra for
complexea—j also exhibit intense bands between 20-600
28 000 cm™. In the case of th¢g-diketiminate complexes
exemplified by 2f and 2g (Figure 7a), these are clearly
resolved; for example, the maxima fag are at~23 000
and~26 400 cm?. By analogy to the assignments (L

= TpP?d, the features are assigned as the out-of-plane
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Figure 7. UV —vis absorption spectra of (A}diketiminate disulfido complexezf (dashed line) andg (solid line), and (b) anilido-imine disulfido complexes
2h (long dashed line)2i (solid line), and2j (short dashed line). All spectra were measured in THF at ambient temperature. Proposed assignments are
indicated (see text).

disulfidesr*, — Cu(ll) and the in-plane disulfide*, — Cu- 414, 424
(I) CT transitions, respectively. The spectra also contain less
intense features between 13 6aB 000 cm? that may be
assigned as Cu ¢ d transitions. In general, the absorption
features for thes-diketiminate complexes occur at higher
energy than those ¢ (L = TpP?. Thus, the lower energy
a*, — Cu(ll) CT has a maximum at an energy 23 000
cm! for 2a—g, which is =2000 cm! greater than that of
the corresponding feature-a21 000 cmi* for 2 (L = TpP).
Similarly, the d — d transitions for thej-diketiminate Raman Shift (cm)
compounds appear1000-2000 cmt higher in energy than  Figure 8. Resonance Raman spectia(= 457.9 nm= 21 900 cnt?) of
the ~15 000 cn* band for2 (L = TpP?. These discrep- 1;r202en benzene solutions (77 K) of [Ph{tF?)Culx(S,) (2d, solid line for
. . . S, dashed line fof*S).
ancies may be traced to differences in the strength of the
Cu—S bonding, as described below (Discussion). Such®u  Scheme 2. Reactions oh (L = HL'™eZ h)

bonding differences also are likely to be the cause of more LCu'-=C=NAr
subtle variation of absorption spectral features seen when Af"‘?’ (no ArNCS)
data for complexes with similar supporting ligands are Ar = 2,6-MesCqHs
compared. For example, the disulfid& — Cu(ll) CT and S,
d — d bands for2f are shifted to higher energy relative to Leu' J=eut
2g (Figure 7a). 2h PPhy

The absorption spectra for the anilido-imine disulfido w
complexe2h—j (Figure 7b) are unique, insofar as theif 2 LCu'-PPhy
— Cu(ll) CT bands appear to overlap and to lie at lower + 2S=PPh,

energy than th@-diketiminate analogs. The-¢ d features
also are shifted to lower energy. Proper assignments of thes%
spectra and rationales for their differences await more
complete spectroscopic studies, which have yet to be

or 2 (L = TpP?. This latter value is similar to those reported
or a wide range of disulfido complexes of transition metals
(Table S2). Thus, the data indicate an especially high degree
of S—S bond activation for the series of compourds-j.

performed. o . -
(b) Resonance RamanUsing an excitation wavelength Reac'qwty. For the pUrposes of drawing some preliminary
of 457.9 nm that falls within thea*, — Cu(ll) CT transition, comparisons to the reactivity reported far(L = Mex

NPY2) 8 reactions of one of the disulfido complexezh)

- : ith PPh and xylyl isocyanide were explored (Scheme 2).
prepared with®S; or 3Ss. The spectra encompassing the WIH PP N a1
region where sulfur-isotope-sensitive features were observedonitoring by*H and>p N'\st spectroscopy §howed t_hat,
(300-550 crml) are provided as Figures S$18; for as seen f_o? (L= M(-:?NPYZ), treatment oRh Wlth 4 equiv
illustration, the spectrum fo2d is shown in Figure 8. All Olf PPE ylerl](;Jed 2d§quw|f)|;;§CP:Pr;§nd %{iquw of Ithe Cu-
the spectra contain a sharp sulfur-isotope-sensitive peak ( ( )—p 'osphine a uct ( ACu( B).' IS compiex was
(3%S) = 8-13 cntY) that on the basis of preced@his identified on the basis of comparison to other known

; : _ G les with3-diketiminate supporting ligand$,as well
assigned to a predominantfS—S) vibrational mode. The examp! .
peak positions and isotope shifts are listed in Table 2. The as by independent synthesis from (ME)Cu(CHCN). A

v(S—S) values for2a—j fall within a narrow range (424 (31) Reynolds, A. M.; Lewis, E. L.; Aboelella, N. W.; Tolman, W.@hem.
454 cnrt) notably lower than/(S—S) = 500 cn1* reported Commun2005 2014-2016.

we obtained resonance Raman spectra of compl2aes$
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similar reaction of2h with 2 equiv of PPh resulted in
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also cause an increase in the energy splitting of the frontier

incomplete conversion to 1 equiv of the phosphine adduct orbitals, notably a lowering of the*, + d, + dyy and the

and 1 equiv of SPPHh, with half of 2h remaining. This
suggests similar efficiency for S-atom transfer to P&ind
trapping of Cu(l) by PP which differs from the results
reported for2 (L = Me,NPY2), where 2 equiv of PRhwere
reported to yield 2 equiv of SPPh.1832

The reactions oRh with xylyl isocyanide, Q, and CO
also proceeded differently than the same reactions @ith

(L = Me:NPY2). While S-atom transfer was reported for

reaction of2 (L = Me,NPY2) with xylyl isocyanide to yield
ArN=C=S!® we observed clean conversion i to the
Cu(l) adduct of the unfunctionalized isocyanide, (M)-

Cu(CNAr) (no effort to determine the fate of the?S

HOMO concomitant with a raising of the LUMQrt, +
dy — dy). Experimentally, these shifts are indicated by
increases in the energies of th&, — Cu(ll) and z*, —
Cu(ll) CT transitions in absorption specffaln addition,
X-ray crystallographic and vibrational spectroscopic data
enable the extent of CtSS bond strengthening and-S bond
weakening to be directly discerned. Observation of appropri-
ate correlations among the experimental parameters provides
support for the bonding picture and enables the specific role
of ligand structural variation on-SS bond activation to be
determined.

The X-ray structural and resonance Raman data show that

fragment was made). This complex was identified by the degree of SS bond activation in the [GQu-1%7>-S)]**

comparison to other exampl&sas well as by independent
synthesis. Comple2h was unreactive with ©(1 atm,~1
h, room temperature, THF, UWis) or CO (1 atm, 20 min,
room temperature, s, NMR), in contrast t@ (L = Me,-
NPY2), which yielded peroxodicopper and Cu{lJO com-
plexes, respectivelif

Discussion

The reaction of gwith Cu(l) complexes of a series of

anionic, bidentate N-donor ligands (Figure 3) yielded a series

of (u-n%n?-disulfido)dicopper complexe®a—j. In the case

complexes of bidentate, anionfediketiminate and anilido-
imine ligands is generally greater than in other disulfido
complexes of copper and other transition metals. As il-
lustrated in Figure 5 (Table 2), with one excepti@a)( the
complexea—j feature shorter CuS, longer Cu-Cu, and
longer S-S distances tha@ (L = ii or Me;NPY2). The
correlated trends are consistent with the bonding picture in
Figure 2; shorter CuS distances indicate stronger €8
bonds, which result in shorter G€Cu distances and a
lowering of the S-S bond order (longer -SS distance)
through greater backbonding into the?S ¢* orbital.
Complexe2c, 2j, and2 (L = Tp? or MexNPY2), which

of the -diketiminate ligands, in particular those that contain i ci—-5 > 221 A Cu-Cu> 3.85A and SS <

an unsubstituted methine positiomc), the syntheses are
complicated by further reaction to yield the clustgrsvhich
were isolated for liganda andb. A related sensitivity of

f-diketiminate ligands toward reaction at the methine posi-

tion has been reported previoushThe ligand functional-
ization is avoided entirely when anilido-imine ligandsj
are used. X-ray structures 6& and5b reveal that, despite

their different alkyl substituents, they are conformational

isomers. Their cyclic G{SR), topologies differ with respect
to their Cu-Cu distances and Ct5—Cu angles, such that
5b is puckered relative téa.

2.17 A, are at one extreme in Figure 5. Notably, theSS
distance in2 (L = TpP?) of 2.073(4) A is close to that of
H.S; (2.055 A), both of which fall within the range of values
reported for a large sampling of transition metal disulfido
complexes £2.00-2.08 A, Table S2§* Complexe<a, d,
andh are at the other extreme, with €& < 2.195 A, Cu-
Cu<3.79 A and SS > 2.21 A values that are indicative
of an extraordinary degree of-& bond activation. Indeed,
a search of the CSDrevealed only a few examples of
complexes with & ligands featuring SS bond distances
of >2.2 A. The $* ligand is bound to three or more metal

A primary goal of this work is to assess the structural and jons in several of thes¥,leaving three cases witlry2,%

spectroscopic properties of the disulfido complekasj to
understand supporting ligand effects onSbond activation.

disulfido moieties bridging two Ni (§S= 2.298 and 2.209
A)%7 or Re ions (S-S = 2.228 A)38

The relevant experimental data are best understood by e generally high degree of$ bond activation ia-]

recourse to the bonding picture for the Qun2y>S,)]%
core (and peroxo analogs) shown in Figur& According
to this picture, increased Ci& bonding interactions results
in greater backbonding from the filled Cyydrbitals into
the empty &~ o* orbital and a lowering of the SS bond
order (i.e., greater-SS bond activation). Stronger bonding

interactions between the Cu ions and the disulfide fragment

(32) Trapping of released sulfur (e.g., ag By free PPhis a possible

pathways22 which only further mechanistic studies can validate or

refute. Bartlett, P. D.; Meguerian, G. Am. Chem. Sod 95§ 78,
3710-3715.

(33) (a) Yokota, S.; Tachi, Y.; Itoh, Snorg. Chem.2002 41, 1342
1344. (b) Jazdzewski, B. A.; Holland, P. L.; Pink, M.; Young, V. G.,
Jr.; Spencer, D. J. E.; Tolman, W. Biorg. Chem2001 40, 6097~
6107. (c) Radzewich, C. E.; Coles, M. P.; Jordan, RI.ARm. Chem.
So0c.1998 120 9384-9385. (d) Fekl, U.; Kaminsky, W.; Goldberg,
K. 1. 3. Am. Chem. So@001, 123 6423-6424.
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is further supported by the resonance Raman spectra, which
feature peaks attributed to predominant{$$—S) modes on

the basis of their positions arféS-isotope shifts. The peak
positions for2a—j are >45 cm* lower than that ofL or 2

(34) Mller, A.; Jaegermann, W.; Enemark, J.€bord. Chem. Re 1982
46, 245-280.

(35) Cambridge Structure Database, version 5.27, November 2005.

(36) (@) CpNizMNna(CON4(ue-S2)(1z-S), S—S = 2.2573(12) A. Adams,
R. D.; Miao, S.; Smith, M. D.; Farach, H.; Webster, C. E.; Manson,
J.; Hall, M. B.Inorg. Chem.2004 43, 2515-2525. (b) [(Cp*Ru}-
(3-S2) (13-S)(uo-SENPH, S—S = 2.210(3) A. Houser, E. J.; Krautsc-
heid, H.; Rauchfuss, T. B.; Wilson, S. Rhem. Commun1994
1283-1284.

(37) (a) Pleus, R. J.; Waden, H.; Saak, W.; Haase, D.; Pohl, Shem.
Soc., Dalton Trans1999 2601-2610. (b) Mealli, C.; Midollini, S.
Inorg. Chem.1983 22, 2785-2786.

(38) Rakowski DuBois, M.; Jagirdar, B. R.; Dietz, S.; Noll, B. C.
Organometallics1997, 16, 294—296.



Side-On Disulfido-Bridged Dicopper Complexes

Figure 9. Plot of the S-S distance (A) versus 193 (cr?3), wherev =

S—S vibrational mode. The various® complexes shown as purple circles
are listed in Table S2. The dashed line is a linear least-squares fit of the
data to eq 1, with slopes Cs-s = 63.95 and intercept ds—s = 1.063
(R=0.93).

(L = Tp"?), consistent with lower SS bond orders for the
former class. The data may be further analyzed by application
of Badger's Rule (eq 1), an empirical relationship

1)

between an equilibrium bond distanae) @nd its associ-
ated stretching frequencyd in a series of related speci&s.
Usually applied to small polyatomic molecules, it has also
recently been found to be useful for assessing heme and non
heme iror-oxygen bond4? A plot of S—S distance versus
123 is shown in Figure 9 foRa—j (red circles),2 (L =
TpP? (black triangles),1 (green triangles), and a large
sampling from the large class of known transition metal
disulfido complexes (purple circles, listed in Table S2). Also
shown are data for N&, and $,% taken as representative
of S—S single and S double bonds, respectively (black
circles). Further perspective is provided by a data point (green
circle) corresponding to the-1,2-disulfido¢1—) moiety in
a recently reported dicopper compléxThe data fit reason-
ably well to eq 1 with paramete@ = 63.95 andd = 1.063
(dashed line, R= 0.93), although the scatter about the line
is greater than that reported for a similar plot of-&& bonds
in heme species over similar ranges of distances(0.3
A) and stretching frequencied (= 300—-350 cnT).4 We
speculate that this may be caused by #(8—S) features
not always being pure-SS stretches, a notion supported by
calculations reported fa (L = Tp*® that indicate that its
500 cnt! mode has 63% SS and 37% Cu'S charactef?
With this caveat in mind, a number of broad conclusions
can nonetheless be drawn from the linear correlation in
Figure 9. Although tightly clustered, the data &a—j lie at
one extreme, indicative of-SS bond orders even smaller
than that in N&S, (bond order formally equal to one, but
with an S-S bond considered to be slightly elongated
because of lone pair-lone pair repulsions). Compléxasd

(39) Badger, R. MJ. Chem. Phys1935 3, 710-714.
(40) Green, M. T.J. Am. Chem. So2006 128 1902-1906.
(41) Mdller, A.; Jaegermann, Wnorg. Chem.1979 18, 2631-2633.

2 (L = Tp*? fall within the regime of the sampling of
typical transition metal disulfido complexes (purple circles,
bond order formally equal to 1). These generally feature
weaker S-S bonds than that of,;S (green circle, bond order
~1.5) and % (bond order= 2).

The weak S'S bonds in2a-j may be attributed to the
presence of the strongly electron-donaiihdiketiminate and
anilido-imine supporting ligands, which are effective at
inducing back-donation from the copper ions into theSS
o* orbital. Accordingly, this effect is decreased (L =
TpP2 or Me:NPY2) because the supporting ligands are
poorer electron donors, resulting in shorter and stronge S
bonds. The differences in the electron-donating capabilities
of the supporting ligands are also manifested in differences
in the Cu-S bonding, as revealed experimentally by the
energies of ther — Cu(ll) CT and d— d transitions in
electronic absorption spectra. These transition energies are
generally higher irRa—j than in2 (L = Tp"? or Me:NPY?2),
reflecting greater splitting of the frontier molecular orbitals
and stronger CuS bonding (Figure 2).

The relative electron-donating power gfdiketiminate/
anilido-imine versus tris(pyrazolyl)hydroborate ligands was
identified previously as a key determinant of the electronic
structures of 1:1 Cu/@adducts (peroxo-Cu(lll) vs superoxo-
Cu(l))*? and Cu-thiolate models of type 1 copper electron-
transfer site4? Differences in the relative stability of bjs(
0X0)- versugi-n%n?-peroxodicopper isomers have also been
linked to the electron-donating capabilities of these support-
ing ligands?* A finding of particular significance here is the
sole observation of bigfoxo)dicopper complexes with the
p-diketiminate ligands, b, d—g (which stabilize the formal
Cu(lll) state)?* In contrast, analogous hiséulfido)dicopper-
(1) cores appear not to be accessible, which has been
verified by theoretical calculatiorg2Despite the S S bond
weakening evident irRa—j, the lower electronegativity of
sulfur relative to oxygen renders cleavage of theSShond
in the disulfidodicopper core less favorable than that of the
O—0 bond in the peroxodicopper congener.

Differences in the degree of-$ bond activation within
the series2a—j are most clearly evident from the bond
distances (Figure ®and can generally be attributed to steric
effects. For those ligands with relatively small aryl substit-
uents (R = Me or Et;a, b, d, f, h) or with larger'Pr groups
but which feature R= H (thus allowing the aryl group to

(42) (a) Cramer, C. J.; Tolman, W. B.; Theopold, K. H.; Rheingold, A. L.
Proc. Natl. Acad. Sci. U.S./£2003 100, 3635-3640. (b) Aboelella,

N. W.; Kryatov, S. V.; Gherman, B. F.; Brennessel, W. W.; Young,
V. G., Jr.; Sarangi, R.; Rybak-Akimova, E. V.; Hodgson, K. O.;
Hedman, B.; Solomon, E. I.; Cramer, C. J.; Tolman, W.JBAm.
Chem. Soc2004 126, 16896-16911. (c) Sarangi, R.; Aboelella, N.;
Fujisawa, K.; Tolman, W. B.; Hedman, B.; Hodgson, K. O.; Solomon,
E. I. J. Am. Chem. So@006 128 8286-8296.

(43) Randall, D. W.; DeBeer, S.; Holland, P. L.; Hedman, B.; Hodgson,
K. O.; Tolman, W. B.; Solomon, E. U. Am. Chem. So200Q 122,
11632-11648.

(44) Mirica, L. M.; Ottenwaelder, X.; Stack, T. D. Ehem. Re. 2004
104, 1013-1045.

(45) Spencer, D. J. E.; Reynolds, A. M.; Holland, P. L.; Jazdzewski, B.
A.; Duboc-Toia, C.; Pape, L. L.; Yokota, S.; Tachi, Y.; Itoh, S
Tolman, W. B.Inorg. Chem.2002 41, 6307-6321.

(46) A clear trend inv(S—S) values foRa—j is less obvious, perhaps also
because these vibrational modes are not pure S-S stretches.
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‘bend back’;e, g, i), the full electronic donor influence of  structural correlation of the CuS, S-S, and Cu-Cu

the ligands is manifested by longerS, shorter Ce-S, and distances within the [Giu-n%1?-S,)]?" core (Figure 5), the
shorter Cu-Cu distances. The ligandsandj are signifi- S—S distances also correlate inversely with #8—S) value
cantly more sterically congested because of the presence ofneasured by resonance Raman spectroscopy (Badger’s rule,
'Pr aryl (R') substituents and Me or tBu backbone’)(R  Figure 9). A comparison to a range of other species that
groups?’ We postulate that this congestion is the underlying feature $" units place®a—j at the extreme of weak-SS
cause of the relatively longer €6 and Cu-Cu distances  bonding (long S-S and low»(S—S)) that corresponds to
and the decreased level of-S bond activation in their  particularly powerful S-S bond activation. These phenom-
disulfido complexes. These steric effects foandj have ena, as well as the observation of increased energies for

precedent in Cu/@chemistry, since reactions of,Quith — Cu(ll) CT and d— d transitions in electronic absorption
Cu(l) complexes of these ligands yield 1:1 addtfét¥  spectra, may be understood in terms of a previously proposed
instead of big{-oxo) complexes seen with b, andd—g.*° bonding picture (Figure 2). According to this picture, large

disulfido complexes Zh) showed some S|m|lI:1r|ty to that  ponding, with the powerful electron-donating capabilities of
previously reported for2 (L = Me:NPY2),® although e g-diketiminate and anilido-imine ligands underlying
significant differences also were seen (Scheme 2). Thus,iycreased backbonding into the:S o* orbital, which
S-atom transfer to PRwith trapping of the resulting Cu(l)  \eakens the SS bond. These ligand effects are mitigated
sites by excess phosphine was observed for both, but the, gteric hindrance provided by bulky substituents, which
results with only 2 equiv of PRHdiffered. For2 (L = Me,- yield complexes with longer GeCu and shorter SS
NPY?2), complete S-atom transfer to yield 2 equiv 6£S distances

PPh was reported® but we found thagh yielded 1 equiv b > aios L
of S=PPh and 1 equiv of the Cu(typhosphine adduct, with . The [Cuz(_u_-n ¥ '_Sz)] _ complexes sup_pgrteo_l Wd'ket'm.' .
inate or anilido-imine ligands also exhibit unique reactivity.

half of 2h left unreacted. These results imply that S-atom ) -
transfer from2 (L = Me;NPY2) outpaces trapping of the Sulfur .transfer to the central methine carborl of fdiketim-
Cu(l) complex by PPh wheareas fofh the two processes Nt ligands yields [Cu(SR)FlustersS, which may adopt
are more closely competitive. Poorer S-atom transfer capa-différent conformations depending on the ligand substituents.
bilities for 2h relative to 2 (L = Me,NPY2) are also This reaction Is prevente.:dlwhen the §1r?|lldo-|m|ne ligands
suggested by the results of reactions with xylyl isocyanide, € used Zh—j). A preliminary reactivity study of2h
which for the former gave the Cu(l) adduct of the isocyanide, révealed facile sulfur transfer to added BPhut only
but for the latter yielded the product of S-atom incorporation, diSplacement without sulfur insertion upon reaction with
ArN=C=S. In addition, the lack of reactivity &h with O, xylyl isocyanide, and no reactions with,Qr CO. In
and CO contrasts with reactions of these reagentsfth ~ comparison td (L = Me;NPY2), the sulfur moiety irzh
= Me,NPY?2), which yielded peroxodicopper or CuticO appears to be less reactive, with trapping of the copper ions
species, respectively. to yield Cu(l)-X (X = PPh or ArNC) complexes being
more facile.

Conclusions
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Through the synthesis and detailed structural and spec-
troscopic characterization of the series of comple2asj
that feature the [Ciiu-12%1>S,)]*" core, the degree of-SS
bond activation as a function of supporting ligand was
assessed. In general, the strong electron donating power of g, nnorting Information Available:  Crystallographic data in
the g-diketiminate and related anilido-imine ligands results cig format, experimental information for (Hte3Cu, tables
in strong Cu-S interactions th_at are Correlate(_j .With weak  showing a summary of the crystallographic data and the S-S bond
S—S bonds and short CtCu distances. In addition to the |engths and vibrational frequencies, and figures showing the X-ray
crystal structure oRa, ¢, e—h, andj, the electronic absorption

(47) 155”;@'135-4'\3{'-; Lachicotte, R. J.; Holland, P.C€hem. Commur2001 spectra the the disulfido dicopper complexes, and the resonance
(48) () Aboelella, N. W.: Lewis, E. A.: Reynolds, A. M.; Brennessel, W. Raman spectra dla—j. This material is available free of charge
W.; Cramer, C. J.; Tolman, W. Bl. Am. Chem. So002 124, via the Internet at http:/pubs.acs.org.
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