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ABSTRACT: A stable trigonal bipyramidal copper(III) CUC'2/PPNC'ITMSPS3H3/3NaH

complex, [PPN][Cu(™5PS3)Cl] (1, wherein PPN represents
bis(triphenylphosphine)iminium), was synthesized from
CuCl,/PPNCI via intramolecular copper(1l) disproportiona-
tion. Under ambient conditions, the axial chloride of 1 is
exchangeable in solution thus making 1 serve as an
intermediate to prepare trigonal bipyramidal copper(III)
derivatives, e.g, [PPN][Cu(™°PS3)(N;)] (2) and [Cu-

TBP Cu complexes
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(™SPS3)(DABCO)] (3). Diamagnetic complexes 1—3 were fully characterized by X-ray crystallography, NMR, UV—vis, and
Cu K-edge absorption spectroscopy. A series of UV—vis titrations were performed to investigate the relative ligand affinity
toward the [Cu(™°PS3)] moiety, verifying the 1:1 binding equilibrium between various ligands. Compared to known
copper(III) compounds, Cu K-edge absorptions of 1—3 possess lower pre-edge energy and higher shakedown transition energy,
which, respectively, attribute to the electron donation from ™9PS3*" ligand and their trigonal ligand field.

B INTRODUCTION

Trivalent | copper species participate in various chemical
processes.' > Over the past decades, activation of dioxygen
by copper(I) species to form dinuclear ¢ 5pper(III) bis(u-oxo)
complexes has been well-established.”> Recently, several
mononuclear Cu O, adducts were characterized at low
temperature.*™® Copper(IIl)-peroxo complexes stabilized by
sterically hindered bidentate ligands (Scheme 1, type B)® and

Scheme 1. Types of Reactions Forming Mononuclear
Copper(II1) Compounds

A. Conventional oxidation from copper(ll)

Lcu! oxidant Lcu ref. 19
B. Oxygenation with copper(l)
0.
Lcu' 2 Lcu'(0,) ref. 6
C. Disproportionation of copper(ll)
- transf
Lcu' + (Lycu! € WaNSTET ., |yl + (Lycu! ref. 13,14,25
L3 + [Cull,Clgz- — S transfer ) ey + [culcly) + 3 cr

copper(II)-superoxo complexes supported by tripodal ligands”®
reveal that the supporting ligand governs the electronic
structure and reactivity of copper species.9 Importantly,
organocopper(Ill) species have been identified as the key
intermediate in many cross-coupling reactions and C—H bond
activations.' '~ Structural evidence for the copper(III)
intermediate of cross-coupling reactions and C—H bond
activations has been demonstrated by the studies of the aryl
copper(III) complexes with triazamacrocyclic ligands."*'* To
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date, most of the structurally characterized copper(IIl)
complexes possess tetragonal geometry;"'*™'* only two of
them are trigonal bipyramidal (TBP): [Cu(tptm)Cl][PF,] was
chemically oxidized from its copper(I) precursor,” and
(bpy)Cu(CF;); was prepared from the homoleptic [Cu-
(CF;),]” anion very recently.”® Despite the formation of
copper(III) complexes having been reported, the chemistry of
trivalent copper species remains less explored.

Deprotonated 2,2’,2"-trimerca apto-3, -3,3’,3"-tris(trimethylsilyl)-
triphenylphosphine (TMSPS3H) is a promising chelator to
stabilize various hlgh valent metal ions, e.g, Vanadlum(IH),22
manganese(IV), iron(IV),”* and nickel(Il1).>> We herein
demonstrate a synthetic approach for trigonal bipyramidal
copper(Ill) complexes through an isolable chloride-bound
intermediate, [PPN][Cu(™5PS3)(Cl)] (1, Figure 1, wherein
PPN represents bis(triphenylphosphine)iminium), prepared via
copper(Il) disproportionation triggered by the ™PS3~ ligand
(Scheme 1, type C).

B RESULTS AND DISCUSSION

Preparation and Proposed Mechanism of Complex 1.
Synthesis of 1 was carried out in THF/CH;CN mixed solvent
by the reaction of the deprotonated ™°PS3*~ ligand with a
CuClL,/PPNCI] mixture in a 1:1:1 molar ratio (details in
Experimental Section). Actually, with 1 equiv of PPNC],
polymerlc CuCl, is converted to soluble [PPN],[Cu,Cl;] in
CH,;CN.*® Upon addition of ™5P$3*" ligand into [Cu,Cl]*~
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Figure 1. Drawings of 1: ORTEP at 50% probability (left) and
schematic representation (right). Counterion and hydrogen atoms are
omitted for clarity. Asterisk (*) represents TMS groups of the
TMSpS,3~ ligand. Selected bond distances (A) and angles (deg): Cu—P,
2.1279(16); Cu—S1, 2.3477(23); Cu—S2, 2.3734(23); Cu-S3,
2.3436(29); Cu—Cl, 2.2011(18); P—Cu—Cl, 179.074(85); S1—Cu—
$2, 117.326(75); S1—Cu—S3, 121.189(89); S2—Cu—S3, 112.421(80).

solution, the resulting solution turned deep purple immediately.
After removal of brown and off-white precipitate, dark purple
crystals of 1 were obtained by vapor diffusion of Et,O into
CH,Cl, solution of 1 under —10 °C (32% yield, Table 1, entry

triggered by highly electron-donating ™9PS3*~ ligand, to
form trivalent 1. During the electron transfer, the distal
copper(1l) ion is simultaneously reduced and dissociated to
yield the copper(I) byproduct. Although few examples of
disproportionation of copper(Il) have been reported,'>'**”
none of these provided evidence of inner sphere electron
transfer.

Structural Characterization of Complex 1. The X-ray
structure of 1 reveals that the copper center is coordinated by
the trianionic ™°PS3*" ligand and a CI~ ion. The nearly perfect
TBP geometry of 1 (73 = 0.96) indicates a low spin d*
configuration without Jahn—Teller distortion, whereas the
nickel derivative, [PPN][Ni"™(™5PS3)Cl], has a distorted
TBP structure (75 = 0.70).* The EPR spectra of 1 are silent
either at 77 K or at room temperature (Supporting Information
Figure S3), revealing no low lying triplet excited state exists.
This diamagnetism is consistent with density functional theory
(DFT) calculations,” supporting a trivalent copper held in
TBP geometry: the lowest unoccupied molecular orbital
(LUMO) of 1 has great d: character while lower ones
accommodate valence electrons in d* configuration (Figure 2).

Table 1. Yield of 1 by Different Preparation Conditions

entry Cu source additive 0, yield of 1*
1 CuCl, PPNCI - 32 + 3%
2 CuCl, PPNCI + 44 + 2%
3 [PPN][CuCL] + 39 + 3%
4 [PPN],[Cu,Clg] - 33 + 5%

“The crystal yield was measured by signal integration in 'H NMR with
NEt,BF, as internal standard.

1). Colorless crystals of [PPN][CuCl,] characterized by X-ray
crystallography were also obtained from the crude mixture,
disclosing that part of the copper(Il) species was reduced.
Moreover, the yield of 1 from the CuCl,/PPNCI mixture was
improved up to 44% by bubbling O, into the reaction solution
(Table 1, entry 2), implying recycling of copper(I) species.
Meanwhile, [PPN][CuCl,] was in situ oxidized and reacted
with ™5PS3%~ ligand under oxygenated solution to give a
comparable yield of 1 (Table 1, entry 3). In addition, utilizing
[PPN],[Cu,Cl;] to react with ™5PS3%~ without O, also
produced 1 (Table 1, entry 4) indicating that the dinuclear
[Cu,Clg]*™ is the active species. The formation of 1 and
[PPN][CuCl,] suggests an intramolecular disproportionation
mechanism. No intermediate, however, was observed as the
deprotonated ligand was reacted with [PPN],[Cu,Cl,], even at
—80 °C. A ligand-bound dinuclear species, proposed as
[("™SPS3)Cu"(u-Cl),Cu'(Cl),]*>~ (depicted in Scheme 2),
should correspond to an inner sphere electron transfer,

Scheme 2. Proposed Mechanism of the Formation of 1¢
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“Asterisk (*) represents TMS groups of the ™5PS33 ligand.
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Figure 2. Frontier orbitals of 1 form DFT calculation. Orbitals with
recognizable 3d character are represented by surfaces of 0.03 isovalue.

The intense purple color of 1 is mainly attributed to its 525 nm
absorption band, together with another moderate absorption at
730 nm (Figure 3a). As suggested by TD-DFT calculations,
both transitions are assigned as intramolecular charge transfer
to the LUMO (Figure 3b).

As the UV—vis absorption of 1 in CH;CN is monitored, a
shoulder would gradually emerge around 470 nm; the pattern
change is even faster in less polar solvents, i.e,, CH,Cl,, THF.
When taking a '"H NMR spectrum of 1, two similar sets of
signals were exhibited. The minor species was suppressed by
adding excess PPNCI and considered as a copper(III) species.
This behavior differs from that of [Cu(tptm)CI][PF,], which
converts into an EPR-active pseudo-octahedral species by
adding excess Cl~ ion.'” The axial chloride of 1 partially
dissociates in CH;CN, although crystalline 1 is stable under air.
The phenomenon was confirmed by high resolution ESI-MS
(Supporting Information Figure S8a). Encouraged by these
observations, investigation of ligand exchange with various N-
donors was processed. Since the LUMO of 1 has discernible d,2
orbital contribution, its energy level is correlated to the axial

ligand-field. The charge transfer bands would hence shift with

DOI: 10.1021/acs.inorgchem.5b00603
Inorg. Chem. 2015, 54, 5527-5533


http://dx.doi.org/10.1021/acs.inorgchem.5b00603

Inorganic Chemistry

®
2

(b)
15000
12000 +
9000
6000
3000

OFT v v MO146 (LUMO)

A
I ¥
12000 H

9000

MO141 MO142

MO139 —H— —H— MO140

525nm & 730 nm CT band

525 (8650)

exptl

€ (cm™M") / € (cm'-M", calcd)

(2]
o
o
o

3000 730 (1640)

0 v T T v T v
300 400 500 600 700 800 900 1,000
Wavelength (nm)

Figure 3. (a) UV—vis spectra of 1 calculated by TD-DFT (top) and
measured in CH;CN solution (bottom). The simulated spectrum is
composed by the first 60 transitions, of which oscillators are labeled
(+)- (b) DFT-calculated transitions corresponding to the main charge
transfer bands.

the variation of the axial ligand, whereby the ligand exchange
with 1 can be studied by UV—vis spectroscopy.

Ligand Exchange on Cu'"(™SPS3) Moiety. For an
understanding of the transformation of 1 in solution, ligand
titrations of 1 were conducted in a competitive mode with
additional PPNCL. Analysis of UV—vis titration shows that the
Cu(™5PS3)—ligand interaction complies with 1:1 binding
equilibrium, shown as Figure 4 (details in the Experimental
Section). The quantified ligand affinity toward the Cu(™5PS3)
moiety (Table 2) is acquired by fitting of titration isotherms.
Those exchanges completed within several minutes under room
temperature, implying the hemilability of the axial ligand.

Interestingly, chloride substitution of 1 occurs not only with
anionic ligands but also with neutral N-donors, such as 1,4-
diazabicyclo[2.2.2]octane (DABCO), N-methylimidazole (N-
Melm), and pyridines. In this scope, N3~ has the highest
binding affinity but it is not much different from that of
DABCO and N-Melm, of which AG,° values are less than 3
kJ/mol. This finding epitomizes the observation that it is not
Coulombic interaction but likely nucleophilicity of ligand that
governs the [Cu(™°PS3)]—ligand interaction. Namely, the
electron density of the copper(Ill) center is compensated by
the ™5PS33~ ligand. Compared with pyridine, the steric factor
takes place leading an affinity drop by 2 orders of magnitude for
2,6-lutidine (ca. 12 kJ/mol in AG,,°). Notably, these exchanges
with weaker ligands unequivocally occur also providing
evidence that the apical ligand should dissociate in solution
forming a solvent-associated species. Besides, exchange between
1 and [PPN]SCN is sluggish, correlating to the inferior affinity
of such an ambidentate ligand.

Derivatization from Chloride-Bound Intermediate. On
the basis of the ligand exchange results, complex 1 was
employed as a precursor to generate other TBP copper(Ill)
complexes under ambient conditions. Reaction of 1 with excess
NaNj; yielded complex [PPN][Cu(™°PS3)(N;)] (2, Figure
S5a). Complex 2 can also be synthesized in situ from a one-pot
reaction by subsequent addition of NaNj into the preparation
solution of 1. Presumably, precipitation of NaCl drives the
reaction to the Nj-bound complex 2. In a similar fashion,
neutral DABCO-bound [Cu(™PS3)(DABCO)] (3, Figure
Sb) was prepared by adding excess DABCO to the CH;CN
solution of 1. The X-ray structures of 2 and 3 show the copper
center remaining in nearly perfect TBP geometry (75 = 0.98 for
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Figure 4. UV—vis titrations and fitting with various incoming ligands.

Table 2. Relative Ligand Affinity toward the Cu(™Sps3)
Moiety

ligand K.* AG,° (kJ/mol)
Ny~ 18(1) 72
DABCO” 8(1) -52
N-MeIm? 7(1) —4.8
pyridine 0.13(1) +5.0
2,6-lutidine 0.0010(1) +17

“Equilibrium constants of various ligands are referenced by chloride-
bound 1. ®Abbreviations: DABCO = 1,4-diazabicyclo[2.2.2]octane; N-
Melm = N-methylimidazole.

2, 0.97 for 3). Crystallographic data are listed in Table 3. In
contrast, reaction of 1 with NaSCN yielded a mixture of
[Cu(™5PS3)(SCN)]~ and 1 which cocrystallized in the lattice
(see the Experimental Section). All these conversions are
represented in Scheme 3.

X-ray Absorption Spectra of 1—3. X-ray absorption near-
edge structure (XANES) unveils the local electronic environ-
ment of an irradiated metal/element, and the Cu K-edge
transitions in different oxidation states have been systematically
discussed.”” Since the ™SPS3* -bound copper(II) species was
not obtained, [PPN],[Cu,Cls] with soft chloride ligands was
chosen as a reference. Cu K-edge absorption spectra of
crystalline powder of 1—3 (Figure 6) were measured in
transmission mode. Deconvolution of the obtained spectra
reveals the implicit pre-edge (Is — 3d) transitions of 1-3
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Figure S. ORTEP drawings of the coordination around the
copper(IlI) center in 2 (a) and 3 (b) at S0% probability. TMS
groups, part of phenyl rings of 2 and 3, counterion of 2 and all
hydrogen atoms are omitted for clarity. Selected bond distances (A)
and angles (deg) of 2: Cu—P, 2.1391(11); Cu—S1, 2.3181(12); Cu—
S2, 2.3525(17); Cu—S3, 2.3405(14); Cu—N1, 1.9297(34); P—Cu—
N1, 179.186(113); S1—Cu—S2, 120.388(53); S1—Cu-—S3,
119.006(50); S2—Cu—S3, 113.087(52). Selected bond distances (A)
and angles (deg) of 3: Cu—P, 2.1465(6); Cu—S1, 2.3298(10); Cu—S2,
2.3390(8); Cu—S3, 2.3421(8); Cu—N1, 2.0081(16); P—Cu—N1,
179.271(63); S1—Cu—S2, 120.827(28); S1—Cu—S3, 116.650(32);
$2—Cu—S3, 113.413(29).

centered around 8980.5 eV (Figure 6, inset, and Table 4) with a
~2 eV shift from [PPN],[Cu,Cls] (8978.7 eV). The pre-edge
energies of 1—-3 are slightly lower than those of the known
copper(III) species (8981.0 + 0.5 eV).”*"***° The relatively
lower pre-edge energies of 1—3 agree that the copper(III)
center of 1—3 was compensated by the electron-donating
TMSPS33~ ligand. The rising edge of 1—3 has a significant
contribution from 1s — 4p transitions. The shoulder of edge
jump is attributed to the shakedown transition (1s — 4p +
LMCT),*** summarized in Table 4. Complexes 1—3 having
higher shakedown energies than those in tetragonal com-
plexes”®*° are due to the elevated 4p, orbital of the copper(III)
center’ in the TBP ligand field of 1-3.

Scheme 3. Transformations of [Cu™(™SPS3)(L)]™° Species
in CH;CN Solution”
—/0
L
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“Abbreviations: DABCO = 1,4-diazabicyclo[2.2.2]octane; N-Melm =
N-methylimidazole; py = pyridine; lut =2,6-lutidine.
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Figure 6. Cu K-edge absorption of 1 (black), 2 (red), 3 (blue), and
[PPN],[Cu,Cly] (dashed line). Spectra were calibrated with the first
inflection point of Cu foil absorption set at 8980.3 eV. The inset shows
the amplified pre-edge region.

B EXPERIMENTAL SECTION

Materials and Instrumentation. Synthesis of 2,2,2"-trimercap-
to-3,3',3"-tris(trimethylsilyl)triphenylphosphine ("™SPS3H;)*' ligand
and its complexation with copper ion were performed under nitrogen
atmosphere using standard Schlenk and glovebox techniques.
Crystallization and manipulations with complexes were processed

Table 3. Crystallographic Data for 1-3

1
formula C17H,34CL,Cu,N,P(S(Sig
fw 2503.96

space group PT

a (A) 11.4117(5)

b (A) 15.4422(6)

c(A) 21.9728(9)

a (deg) 98.225(2)

p (deg) 98.850(3)

7 (deg) 110.687(3)

v (A%) 3496.7(2)

z 1

T (K) 200(2)

A (A) 0.71073

Deye (g em™) 1.189

u (mm™) 0.634

R1“/wR2" [I > 26(I)]
R17/wR2" (all data)

0.0783/0.1916
0.1630/0.2198

“R1 = YIIF,| — IFIl/YIF,. PwR2 = (X w(F,2~F2)?/ Y w(F,H)?)"2.
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2 3
Cg3.5Hg,CICuN,P;S,Sis, C-,H,0,Cu,N,P,ScSig
1258.56 1573.50

PT P1
14.7323(10) 10.0970(4)
15.1200(14) 15.1624(6)
18.1122(16) 15.3101(7)
75.436(4) 110.765(2)
83.822(4) 98.845(2)
66.337(4) 105.154(2)
3576.5(5) 2035.04(15)

2 1

200(2) 200(2)
0.71073 0.71073

1.169 1.284

0.585 0.845
0.0620/0.1745 0.0363/0.0874
0.0888/0.1894 0.0535/0.0958

DOI: 10.1021/acs.inorgchem.5b00603
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Table 4. Energy of Cu K-Edge Transitions of Copper(III)
Species

Cu! species” pre—edgeb 1s — 4p + LMCT? ref

1 8980.4 8987.5 this work
2 8980.6 8987.9 this work
3 8980.5 8987.9 this work
[(L*)Cu™(0,)] 8980.7 8986.5 9a
[(LyeCu™),(u-0),]* 8980.9 8987.1 29¢
[Cu™(H23m)]** 8981.2 13b
[Cu™(MNT),]~ 8980.7 8986.6 30

“Abbreviations: L™ = 2,4-bis(2,6-diisopropylphenylimido)-3-pentyl;
Lyg = 1,2-bis(ethylmethylamino)cyclohexane; H23m 1,8-(1,3-
phenylene-bis(methylene))-1,4,8-triaza-octane; MNT = maleonitrile-
dithiolate. “Energies are denoted in eV unit.

under air. Tetrahydrofuran (THF) was distilled from sodium/
benzophenone under nitrogen atmosphere; CH,CN, CH,Cl,, Et,0,
and hexanes were purified by MBraun Solvent Purification System
(MB-SPS). Dimeric [PPN],[Cu,Clg]*® was prepared according to
published method. [PPN]N; and [PPN]SCN for titration were
prepared by counterion exchange from their sodium salt with PPNC],
and recrystallized prior to usage. Other chemical reagents were
obtained from commercial sources and used as received. Nuclear
magnetic resonance spectra were recorded on Bruker Avance-400
MHz NMR spectrometers. UV—vis spectra were recorded with an
Agilent 8453 spectrophotometer. Infrared spectra were measured by a
PerkinElmer Paragon 500 FT-IR spectrometer. High resolution
electrospray mass spectra were recorded by an AB SCIEX QSTAR
XL system. Elemental analysis was performed on an elementar Vario
EL cube analyzer at the Instrumentation Center in National Taiwan
University. For X-ray structural analysis, crystals of 1—3 were selected
under a microscope. Diffraction data were collected on a Bruker-
Nonius Kappa CCD diffractometer employing Mo Ka radiation (4 =
0.7107 A) at 200 K and with a 6—26 scan mode. The space groups
were determined on the basis of systematic absences and intensity
statistics. The structures of 1—3 were solved by direct methods using
SIR92 or SIR97, and refined using SHELXL-97 with anisotropic
displacement factors for all non-hydrogen atoms.

Synthesis of [PPNI[Cu(™°PS3)Cl] (1). ™ PS3H; (115.4 mg, 0.20
mmol) was deprotonated by NaH (16.4 mg, 0.65 mmol) in THF (10
mL) for several hours under N,. [PPN],[Cu,Cls] (282.2 mg, 0.199
mmol, or equimolar anhydrous CuCl, and PPNCI) was dissolved in 15
mL of CH;CN. The THEF solution of deprotonated ligand was filtrated
through Celite to remove excess NaH, and subsequently transferred
into the CH;CN solution of [PPN],[Cu,Cls]. The reaction solution
was bubbled with O, for 1 h to improve the yield of 1. The solvent of
the resulting solution was removed by vacuum; the residue was
redissolved with minimum amount of CH;CN and filtrated. The same
procedure was repeated with THF and CH,Cl, sequentially. The
CH,CI, filtrate was charged in vial(s) and crystallized by vapor
diffusion with Et,0O at —10 °C. After the diffusion was completed,
tawny supernatant was removed. Crystals were washed with Et,O and
air-dried; deep purple crystals were obtained by manual removal of
cocrystallized white PPN™ salt. Recrystallization of the crude was
required to obtain complex 1 (58.5 mg, 24%). Yield of 1 is varied
around 30—40% due to hemilability of chloride in solution as previous
description. Anal. Caled for Cg; sHg,Cl,CuNP,S,Si; (1-0.5CH,CL): C,
60.91; H, 5.39; N, 1.12; S, 7.42. Found: C, 60.90; H, 5.66; N, 1.06; S,
7.23%. NMR spectra of 1 were recorded with additional PPNCI to
suppress the dissociation of chloride. '"H NMR (400 MHz, CD,CN,
8): 7.69—7.63 (m, xs PPN), 7.62—7.53 (m, xs PPN), 7.52—7.44 (m, xs
PPN with 3H of 1), 6.98 (td, ] = 7.4, 4.6 Hz, 3H), 6.66 (ddd, ] = 12.1,
7.8, 1.3 Hz, 3H), 0.32 (s, 27H, TMS of 1). *'P NMR (162 MHz,
CD,CN, §): 53.9, 20.8 (PPN). 3C NMR (101 MHz, CD,CN, §):
161.8 (d, ] = 15.2 Hz), 140.5 (d, ] = 2.8 Hz), 139.6 (d, ] = 11.2 Hz),
135.9 (d, J = 71.1 Hz), 134.7 (PPN), 133.3 (m, PPN), 132.1 (d, ] = 7.6
Hz), 130.4 (m, PPN), 128.3 (d, J = 108.1 Hz, PPN), 122.8 (d, ] = 10.8
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Hz), —0.73 (TMS of 1). HRMS-ESI (m/z): [Cu(*™5PS3)Cl]™ calcd
for C,,H;,CICuPS;Si;, 669.0009; found, 669.0007. UV—vis (CH;CN)
Amawy nm (€): 525 (8600), 730 (1600).

Synthesis of [PPN][Cu(TMSPS3)(N3)] (2). Complex 1 (57.9 mg,
0.046 mmol) was dissolved in S mL of CH;CN, and excess NaNj (4.4
mg, 0.067 mmol) was subsequently added. The reaction mixture
turned reddish brown within 1 h. The azide-bound complex 2 was
obtained almost quantitatively after evaporation and recrystallization.
Another way to synthesize 2 is following the general protocol for
synthesizing 1 but adding excess NaNj right after O, bubbling in a
one-pot fashion; up to 81% yield was achieved on a 0.2 mmol scale.
Anal. Caled for CgHggCuN,P,S:Siy: C, 62.22; H, 547; N, 4.61; S,
7.91. Found: C, 61.93; H, 5.55; N, 4.48; S, 7.63%. 'H NMR (400
MHz, CD5CN, §): 7.69—7.63 (m, PPN), 7.62—7.53 (m, PPN), 7.52—
7.43 (m, PPN with 3H of 2), 7.00 (td, ] = 7.5, 4.2 Hz, 3H), 6.74 (ddd,
J =120, 7.7, 1.4 Hz, 3H), 0.33 (s, 27H, TMS of 2). *'P NMR (162
MHz, CD;CN, §): 54.3, 20.8 (PPN). *C NMR (101 MHz, CD;CN,
5): 161.5 (d, J = 15.1 Hz), 140.5 (d, J = 2.4 Hz), 139.6 (d, ] = 11.2
Hz), 135.3 (d, ] = 71.0 Hz), 134.7 (PPN), 133.3 (m, PPN), 132.4 (d, ]
= 7.0 Hz), 130.5 (m, PPN), 128.3 (d, J = 108.1 Hz, PPN), 123.1 (d, ]
=104 Hz), —0.69 (TMS of 2). IR (CH;CN) T, 2043s cm™" (s, N;).
HRMS-ESI (m/z): [Cu(™5PS3)(N;)]™ calcd for C,,H;sCuN;PS;Sis,
676.0413; found, 676.0413. UV—vis (CH,CN) A, nm (&): 290
(24.000), 390 (6800), 515 (7800), 730 (2000).

Synthesis of [Cu(™5SPS3)(DABCO)] (3). Complex 1 (79.5 mg,
0.063 mmol) was mixed with excess DABCO (16.0 mg, 0.142 mmol)
in 10 mL of CH;CN. The reaction mixture was stirred for several
hours, and some brown precipitate appeared. The solvent of the
reaction solution was evaporated, and the crude was redissolved using
a minimum amount of THF. Then, Et,0 was added to the
concentrated THF solution to precipitate PPNCI and some extra
DABCO. The resulting solution was filtered for crystallization.
Crystals of 3 were obtained via vapor diffusion by THF/Et,0
combination with a little additive benzene. 'H NMR (400 MHz, C(Dj,
5): 748 (ddd, J = 7.0, 3.4, 1.6 Hz, 3H), 6.79 (ddd-like, | = 12.4, 7.7,
1.5 Hz, 3H), 6.74 (td-like, ] = 7.5, 4.8 Hz, 3H), 0.47 (s, 27H, TMS of
3). 3P NMR (162 MHz, C,D, 8): 41.9. 3C NMR (101 MHz, C,D,,
8): 159.7 (d, ] = 13.6 Hz), 140.3 (d, ] = 2.6 Hz), 139.5 (d, J = 11.1
Hz), 135.1 (d, ] = 73.8 Hz), 131.8 (d, J = 7.8 Hz), 1232 (d, ] = 11.3
Hz), 50.1 (DABCO), 47.4 (DABCO), —0.30 (TMS of 3). HRMS—
ESI (m/z): [Cu(™SPS3)(DABCO) + H]" caled for Cy3H,eCu-
N,PS,Si,, 747.1394; found 746.1399. UV—vis (CH;CN) A, nm (&):
490 (11 000), 700 (1800).

Ligand Exchange of 1 with NaSCN. Complex 1 was charged in a
flask and dissolved in CH;CN, followed by addition of excess NaSCN.
The reaction mixture was stirred overnight for the ligand exchange of
Cl” in 1 to SCN™. This exchange was also carried out in a one-pot
fashion: Excess NaSCN was added into the preparation solution of 1
right after O, bubbling. Evaporation and recrystallization in the same
manner as synthesis of 1—3 gave some purple crystals. *'P NMR
spectrum of the crystals showed two phosphorus-containing species
coexist: 1 at 53.9 ppm and another species (A) at 48.0 ppm, along with
a signal of PPN counterion at 20.8 ppm. These two components were
also discriminated in 'H and "*C NMR. "H NMR (400 MHz, CD;CN,
5): 7.69—7.62 (m, PPN), 7.62—7.38 (m, PPN with 3H of 1/A), 7.05—
6.94 (m, 3H of 1/A), 6.69—6.63 (ddd-like, J = 12.5, 7.8, 1.3 Hz, 3H of
1/A), 0.33—0.32 (27H of 1/A). *C NMR (101 MHz, CD,CN, §):
161.7/161.4 (d, J = 15 Hz, 1/A), 140.8/140.5 (d, ] = 2.5 Hz, A/1),
139.6/139.2 (d, J = 11.3 Hz, 1/A), 139.4 (SCN™ in A), 1359 (d, ] =
71.9 Hz, 1)/135.5 (d, ] = 72.9 Hz, A), 134.7 (PPN), 133.3 (m, PPN),
132.1 (d, ] = 8.0 Hz, 1/A), 130.4 (m, PPN), 128.3 (d, J = 108.1 Hz,
PPN), 1233 (d, J = 112 Hz, A)/122.8 (d, ] = 10.8 Hz, 1), —0.74/—
0.79 (TMS of 1/A). With a characteristic stretching peak for metal-
bound SCN~ at 2104 cm™', the species A is assigned as
[PPN][Cu(™5PS3)(NCS)], which is confirmed by high resolution
mass as well. HRMS-ESI (m/z): [Cu(™SPS3)(NCS)]~ caled for
C,gH,4CuNPS,Sis, 692.0072; found, 692.0072.

Ligand Affinity Measurement. Considering that the axial
chloride of 1 exchanges with additional ligand (L) in an equilibrium
manner as in eq 1, the relative affinity of L toward the [Cu(™5PS3)]
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moiety is represented by equilibrium constant K. From the
definition, K, can be expressed with the chemical components as in
eq 2, where m and n, respectively, stand for the equivalence of CI™ ion
and incoming ligand; and A stands for the conversion ratio, the
amount of [Cu(™5PS3)]—L within the whole copper species. Further,
the conversion ratio is deduced as a function of m, n, and K, (eq 3).
Hence the equilibrium constant is acquired by curve fitting of each
titration isotherm with Ky as a variable.

[Cu("™°PS3)]-CI™ + L = [Cu(™°PS3)]-L + CI” (1)
_ A(A + m)
U= -A) ()
A =
(0 + DKy +m) = (1 + DKy + m)* — 4n(K,, — DK,
2(K = 1)
3)

The UV—vis titrations were carried out with 1 (1 X 10™* M, 2.500
mL) and S or 10 equiv of PPNCI in CH;CN. The excess Cl~ ion
helped to suppress side exchange; better data were obtained for fitting.
Stock solutions of ligands (L) were prepared at least 2 orders of
magnitude more concentrated than the solution of 1 to minimize the
dilution effect, but then, absorbance of UV—vis spectra needed to be
adjusted by a dilution factor during analysis. Microsyringes were
utilized to quantify the exact titration volume as well as the equivalence
of ligands. After each portion of ligand added, the spectrum was
monitored for a 5—10 min period to ensure the equilibrium was
achieved. A final large amount of excess ligand was added in each
titration to check that the completeness of ligand exchange occurred
on the [Cu(™5PS3)] moiety. The conversion ratio at each step could
be correctly calculated from spectral deconvolution.

Cu K-Edge Absorption Spectroscopy. X-ray absorption spectra
were measured at the National Synchrotron Radiation Research
Center (NSRRC, Taiwan), by BL17C1 wriggler beamline with a
double-crystal Si(111) monochromator (AE/E ~2.2 X 107*). The Cu
K-edge spectra of complexes 1—3 and [PPN],[Cu,Cl,] were measured
in transmission mode with their crystalline powder along with a
reference Cu foil. Absorption was recorded by a gas-ionization
detector under ambient conditions, scanned from 8.780 to 9.779 keV.
Data analysis was conducted by utilize IFEFFIT-based Demeter
package (version 0.9.20).>* The energy in spectra was calibrated by
setting the first inflection point of Cu foil at 8980.3 eV.*

Density Functional Theory Calculations. DFT calculations
were carried using Gaussian 09 program, Revision D.01.%® Initial
geometry was derived from X-ray structure of 1. Employing B3LYP
hybrid functional®* with pseudopotential for atoms within first
coordination sphere (Cu: LANL2DZ; P, S, Cl: LANL08)35_37 and
6-31G(d) basis functions for ligand backbone (H, C, Si), a singlet
geometry was converged without any imaginary frequency. Jobs with
spin state other than singlet failed or were halted because of their
relatively high potential energy, which accords with the silence in EPR
spectrum of 1. Time-dependent DFT calculation with singlet—singlet
transitions help to rationalize the UV—vis absorption of 1 (details in
Supporting Information).

B CONCLUSION

Employing the ™5PS33~ chelator, the copper(III) center of 1—
3 is stabilized under ambient conditions, and a series of TBP
[Cu™(™SPS3)(L)]”~ complexes hence can be synthesized via
the Cl-bound intermediate 1. The Cu(™°PS3) moiety is
spontaneously formed by ™SPS3* -triggered intramolecular
disproportionation of hexachlorocuprate(I) precursor. Further
characterizations reveal that the electron deficiency of the
copper center in Cu(™%PS3) is highly compensated by the
supporting ligand, which correlates to the hemilability of the
axial chloride of 1 in solution. Preliminary studies shows the
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apical ligand (L) in [Cu(™SPS3)(L)]”~ is readily exchange-
able and the affinity is not dominant by Coulombic effect but
nucleophilicity of the apical ligand. Further derivatization is
therefore untrammelled. These results not only help to
elucidate the properties of TBP copper(II) species but also
originate studies of high valent copper relevant to biological
and catalytic systems.

B ASSOCIATED CONTENT

© Supporting Information

UV—vis, NMR, and HRMS spectra of 1—3; EPR spectra of 1—
2; computational result of 1; and crystallographic data of 1-3
in CIF format. These materials are available free of charge via
the Internet at The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acs.inorgchem.Sb00603.
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