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ABSTRACT: Redox-active ligands and Z-type acceptor
ligands have emerged as promising strategies for promoting
multielectron redox chemistry at transition-metal centers.
Herein, we report the synthesis and characterization of copper
and silver complexes of a diphosphine ligand featuring a
diboraanthracene core (B,P,, 9,10-bis(2-
(diisopropylphosphino)phenyl)-9,10-dihydroboranthrene)
that is capable of serving as both a redox reservoir and a Z-
type ligand. Metalation of B,P, with CuX (X = Cl, Br, I)
results in the formation of bimetallic complexes of the formula
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(B,P,)Cu,X, of two different structure types, depending on the halide. The Cu(I) cation [Cu(B,P,)]" can be accessed by direct
metalation of B,P, with [Cu(CH;CN),][PF] or by halide abstraction with Na[BAr*,] (Ar* = 3,5-bis(trifluoromethyl)phenyl)
with concomitant expulsion of CuX from the bimetallic Cu,X, complexes. Metalation of B,P, with AgClI results in the formation
of the zwitterion Ag(B,P,)Cl featuring a diphosphine Ag cation tethered to a chloroborate anion. Metathesis of chloride for the
noncoordinating [BAr",]™ affords the cation [Ag(B,P,)]*. The cations [Cu(B,P,)]* and [Ag(B,P,)]" exhibit quasireversible
reduction events at ~ —1.6 V versus the ferrocene/ferrocenium redox couple, and the thermally sensitive radicals that result
from their reduction, Cu(B,P,) and Ag(B,P,), were characterized by EPR spectroscopy and, in the case of the latter, single-
crystal X-ray diffraction. Electronic structure calculations suggest these neutral radicals are best described as zwitterions with

reduction centered at the diboraanthracene core.

B INTRODUCTION

Ligand design is a powerful tool for controlling redox processes
at transition-metal centers.' Beyond modification of the ligand
types in the first coordination sphere, the use of redox-active
supporting ligands can directly augment the orbital manifold
available to a transition-metal center or enable redox events at
a remote site within the complex.” Such ligands can enable
challenging multielectron reactivity’ and/or provide for the
modulation of reactivity as a result of electron-transfer events.”
In a related sense, chelating scaffolds featuring acceptor or Z-
type ligands can play a similar role,” in that they contain empty
orbitals that are capable of mediating redox events on their
own or can bind reversibly to the transition metal to stabilize
metal-centered reduction events,® a process that can be
considered a formal oxidation of the metal center in some
cases.”

In our efforts to develop new platforms for the redox
activation of small molecules, we have developed an interest in
ligands containing the 9,10-dihydro-9,10-diboraathracene
(DBA) unit,® as it combines intrinsic redox activity and the
ability to serve as a Z-type ligand to transition metals. DBA-
based molecules have garnered interest as components in
organic optoelectronics’ and have thus been the subject of
extensive studies on their synthesis and physical properties,
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including their redox chemistry.'” Furthermore, DBA deriva-
tives are known to bind to zerovalent transition-metal
fragments from groups 8—10 to give electronically saturated
complexes with hexahapto coordination of the central B,C,
ring.11 In some cases, multimetallic complexes are formed in
which additional metal fragments bind to the flanking
phenylene moieties or to the opposite face of the central
ring in an “inverse sandwich” topology.'> Although some of
these complexes feature reversible reduction events, electro-
chemical oxidation is typically irreversible, "’ highlighting the
need for electron-rich metal fragments to coordinate strongly
to the electron-deficient DBA core. In order to prevent
irreversible dissociation of the DBA ligand upon oxidation and
preserve its ability to function as an electron reservoir even
when not coordinated directly to a metal, we have employed a
buttressing strategy similar to that found in many transition-
metal—borane complexes.'> Our first-generation DBA-based
ligand, B,P,, features two o-diisopropylphosphinophenyl
substituents at the B atoms of the DBA ring system. These
phosphine donors situate a transition metal over the face of the
central C,B, ring and are structurally similar to the p-
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terphenyldiphosphine ligands employed by Agapie to support a
range of arene and heteroarene complexes of mono- and
bimetallic transition-metal complexes.'* Both the redox-activity
and acceptor ligand functionality of B,P, were instrumental in
our recent preparation of the first example of a molecular
auride complex via sequential two-electron reduction of a
Au(l) starting material."> Given the unique Au chemistry
enabled by B,P,, we were interested in its complexes with the
other coinage metals. Herein, we report the synthesis and
characterization of Cu(I) and Ag(I) complexes of B,P, and
their reduction to give neutral zwitterionic complexes in which
the additional electron resides primarily on the DBA core.

B RESULTS AND DISCUSSION

Our initial attempts to prepare Cu complexes of B,P, began
with the Cu(I) halides. The reaction of equimolar amounts of
B,P, and CuCl in THF gave a dark-red solution which was
revealed by *'P NMR to contain a 1:1 mixture of unreacted
B,P, and a new species with a single 3P resonance at 27.5
ppm. Addition of a second equivalent of CuCl led to
consumption of the remaining B,P, and complete conversion
to the new product after several hours. Following workup, this
species was isolated in 93% yield and shown by single-crystal
X-ray diffraction (XRD) to be the bimetallic complex
(CuCl),(B,P,) (1) in which the crystallographically equivalent
Cu centers reside on opposite faces of the DBA core and are
each ligated by a single phosphine (Figure 1, left). The Cu

Figure 1. Thermal ellipsoid representations (50%) of (CuCl),(B,P,)
(1, left) and Cu,y(u-Br),(B,P,) (2, right). Unlabeled ellipsoids
correspond to carbon, and hydrogen atoms and solvent molecules
have been omitted for clarity.

centers feature short contacts to a C=C unit (dc,_¢ =
2.208(1) and 2.364(1) A) and one B atom (dg,_ = 2.283(1)
A). The second Cu—B contact is significantly longer at
2.778(1) A. Similar #*(B,C,C) coordination of arylborane
ligands to CuCl fragments has been observed by Bourissou'®
and Hoefelmeyer,'” although the Cu—B distances in 1 are
appreciably shorter. The ''B NMR signal for 1 at 39.7 ppm is
modestly downfield of that for B,P, (34.1 ppm), although the
free ligand ''B resonance likely reflects transient P—B
interaction in solution at room temperature.18 For comparison,
9,10-Mes,DBA, which has bona fide three-coordinate boron
centers, exhibits a ''B resonance at 73.2 ppm."’

Reaction of B,P, with two equivalents of CuBr resulted in a
dark green solution shown by *'P NMR to contain a mixture of
two new products with resonances at 28.1 and 22.3 ppm in a ~
9:1 ratio (Scheme 1). Column chromatography on silica gel

Scheme 1. Synthesis of Bimetallic Copper Halide
Complexes of B,P,
Pre P/'Pr

CuX CuCl
THF THF

under anaerobic conditions separated the minor orange-red
product (<5% isolated yield) from a dark-green species. Single-
crystal XRD of the dark-green compound revealed the major
species to be Cu,(u-Br,)(B,P,) (2), in which a butterfly
shaped Cu,Br, unit is ligated by both phosphine donors on the
same face of the DBA core. Each Cu center engages the central
ring in an 7*(B,C) bonding mode with distances typical of
Cu(I) phenylborane complexes (dc,_5 = 2.546(2), 2.530(2) A;
dea_c = 2.293(2), 2.372(2) A).'® The "B NMR spectrum of 2
contains a single resonance at 56.6 ppm, consistent with the
longer Cu—B distances in 2 relative to 1. The orange-red
minor product was identified by a preliminary single-crystal
XRD structure to be a constitutional isomer of 2 (2)
structurally analogous to 1 with mononuclear Cu sites on
opposite faces of the DBA core (Figure S41). The ratio of 2 to
2’ does not change upon heating, and heating a solution of
pure 2 in C4Dg at 80 °C for 3 days resulted in no observable
formation of 2’ by 'H or *'P NMR. The iodide complex
Cu,(u-1,)(B,P,) (3), structurally analogous to 2, formed
quantitatively by addition of 2 equivalents of Cul to B,P,.”’
The mononuclear Cu cation [Cu(B,P,)]* was synthesized
via two routes (Scheme 2). Addition of [Cu(CH;CN),][PF]

Scheme 2. Synthesis of Cationic Copper(I) Complexes of
B,P,
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to B,P, gave [Cu(B,P,)][PFs] (4), whereas treatment of 1
with Na[BAr",] resulted in anion metathesis and expulsion of
CuCl to give [Cu(B,P,)][BAr",] (5). Both 4 and 5 were
examined by single-crystal XRD. The asymmetric unit of
compound 4 contains two crystallographically inequivalent
[Cu(B,P,)]* cations with distinct bonding arrangements
between Cu and the DBA core, both of which are depicted
in Figure 2. In one of these cations, the Cu center binds the
central C,B, ring in an #° fashion with Cu—B distances of
2.328(2) and 2.359(2) A and Cu—C contacts ranging from
2.442(2) to 2.560(2) A. The other cation features 1*(B,C,C,B)
binding of the Cu center to the DBA core with Cu—B
distances of 2.383(2) and 2.406(2) A and Cu—C distances of
2.295(1) and 2.372(1) A. The remaining two Cu—C distances
in the central ring are >2.75 A. The solid-state structure of the
cation in § is qualitatively similar to the #° variant described
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Figure 2. Thermal ellipsoid representations (50%) of the two
crystallographically distinct cations in [Cu(B,P,)][PFs] (4). Un-
labeled ellipsoids correspond to carbon, and hydrogen atoms, solvent
molecules, and the minor component of a single disordered isopropyl
substituent have been omitted for clarity.

above with minor differences in bond lengths (see Supporting
Information). Similar structural variability was observed by
Bourlssou in chelating diphosphine borane complexes of
Cu(1)." These structural data highlight the soft potential
energy surface experienced by Cu(I) bound to arylboranes and
caution against overinterpretation of the bond metrics in a
single-crystal structure for complexes of this type. Solution
NMR spectra of 4 are consistent with a single species of C,,
symmetry.

In contrast to 1, metalation of B,P, with AgCl readily affords
the monometallic species Ag(B,P,)Cl (6), which is shown by
single-crystal XRD to be a zwitterion in the solid state, with an
intact B—Cl bond, analogous to the previously reported Au
analogue (Scheme 3).'> The Ag center engages the other B

Scheme 3. Synthesis of Silver Complexes of B,P,
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center in #7*(B,C) bonding on the opposite face of the DBA
linker (dag_p = 2.508(1) A, dp,_c = 2.581(1) A) (Figure 3). In

allow the observation of a 16-line pattern due to two Ag
isotopomers ('“’Ag and '®Ag) with inequivalent coupled *'P
nuclei (Figures 4 and S22). Anion metathesis of 6 with
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Figure 4. *'P NMR spectrum of Ag(B,P,)Cl (6) in 3:1 THF-d*:CDj
(top) and its simulation (bottom) with the following parameters:
5(3'P,) = 33.05 ppm, 5(*'P,) = 34.26 ppm, ¥J(P,P,) = 80 Hg,
J('7Ag*'P,) = 453 Hz, 'J(*"Ag*'P,) = 423 Hz, 'J("®Ag*'P,) = 521
Hz, J(*®Ag*'P,) = 486.5 Hz, line width = 30 Hz. See Supporting
Information for detailed assignment.

Na[BAr",] provided the molecular salt [Ag(B,P,)][BAr",] (7),
the cation of which features a ''B resonance at 29.2 ppm,
consistent with equivalent, approximately planar boron centers.
This structure is maintained in the solid state, with Ag—B
distances of 2.539(1) and 2.595(1) A. Only one Ag—C
distance in 7 is shorter than 2.7 A at 2.671(1) A. Compounds
6 and 7 are rare examples of Ag borane complexes, the only
other structurally characterized example being the metal-
laboratrane reported by Maron, Ozerov, and Bourissou which
features a Ag—B distance of 2.540(2) A.*'

The redox chemistry of the [M(B,P,)]" cations (M = Cu,
Ag) was explored by cyclic voltammetry (CV). Cyclic
voltammograms (CVs) of 4 performed in 0.1 M [Bu,N][PF]
in CH3;CN revealed a multitude of irreversible reduction
processes when scanned to potentials near the reductive limit
of the solvent (see Figure S33). However, when the first
reduction event is isolated, a quasireversible feature is observed
at Ey;, = —1.66 V vs Fc/Fc* (100 mV/s scan rate, Figure S,
top). CVs of 7 display a reversible process at E;, = —1.56 V vs

Figure 3. Thermal ellipsoid representations (50%) of Ag(B,P,)Cl (6,
left) and the cation in [Ag(B,P,)][BAr",] (7, right). Unlabeled
ellipsoids correspond to carbon, and hydrogen atoms and solvent
molecules have been omitted for clarity.

CDCl, solution, the *'P NMR spectrum of 6 contains a four-
line pattern consistent with a single phosphorus environment
coupled to 'Ag (J = 440 Hz) and '®Ag (J = 503 Hz). Taken
together with the significantly upfield ''B NMR resonance at
0.45 ppm, these data are suggestive of rapid chloride exchange
between the two B centers on the NMR time scale. In a
mixture of 3:1 THE-d%C¢Dy, this fluxionality is slow enough to
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Figure S. Cyclic voltammograms of [(B,P,)Cu][PF,] (4, top) and
[(B,P,)Ag][BAr",] (7, bottom) measured in 0.1 M [n-Bu,N][PF,] in
CH,CN at a scan rate of 100 mV/s.
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Fc/Fc* (Figure S, bottom) with scans to more negative
potentials revealing a single, irreversible process at —2.21 V
(see Figure S35). For comparison, the neutral, metal-free
analogue 9,10-Mes,-DBA features reversible redox events at
Ey),=—1.62 and —2.48 V."? Gabbai has shown that arylborane
redox potentials can be tuned by the sequential addition of
remote cationic groups resulting in anodic shifts of ~250 mV
per unit of charge.”” The absence of this phenomenon in
cationic complexes of B,P, may be due to the fact that the
disruption of the M — B interaction upon reduction (vide
infra) results in a qualitatively similar shift of the redox
potential in the opposite direction. The absence of a reversible
second reduction event in either 4 or 7 contrasts with the
electrochemical behavior of [Au(B,P,)]* which exhibits fully
reversible redox processes at E,, = —1.60 and —2.05 V vs Fc¢/
Fc* corresponding to the [B,P,(Au)]*® and [B,P,(Au)]”"!
redox couples, respectively.'” These results highlight the
unique electrochemical behavior of [(B,P,)Au]” resulting
from the availability of the relatively low-lying Au 6s orbital
to participate in redox processes.™

As the CV measurements on 4 and 7 suggested that the
neutral M(B,P,) (M = Cu, Ag) species might be at least
transiently stable, we attempted to synthesize them (Scheme
4). Attempts to isolate (B,P,)Cu via reduction of various

Scheme 4. Synthesis of Neutral Copper and Silver B,P,
Complexes
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Cu(I) precursors inevitably led to the precipitation of
elemental Cu and the isolation of free B,P,, consistent with
the limited reversibility of the redox process observed by CV at
100 mV/s at ambient temperature. However, reduction of §
with K(Cy,Hg) in thawing 2-methyltetrahydrofuran (2-
MeTHF) allowed for the characterization of deep magenta
Cu(B,P,) (8) by X-band EPR spectroscopy at 228 K (Figure
6, top). The isotropic signal centered at g = 2.02 is a triplet that
is well simulated by a hyperfine interaction of 36 MHz with
two equivalent *'P nuclei. In contrast to 8, reduction of 6 with
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Figure 6. X-band electron paramagnetic resonance spectra (black)
and simulation (red) of the neutral radicals (B,P,)Cu (8, top) and
(B,P,)Ag (9, bottom).

K(CyHg) in toluene gave dark-purple Ag(B,P,) (9), which
was sufficiently stable at room temperature to be isolated. The
X-band EPR spectrum of 9 at 228 K (Figure 6, bottom) is also
a triplet due to *'P coupling with a larger value of A;,[*'P] =
90 MHz. The previously reported Au complex Au(B,P,) has a
similar X-band EPR spectrum with A,,[*'P] = 56.5 MHz."
Although 9 is thermally and photochemically sensitive, it was
crystallized from toluene/HMDSO at —35 °C and charac-
terized by single-crystal XRD (Figure 7). The solid-state

Figure 7. Thermal ellipsoid representation (50%) of Ag(B,P,) (9).
Unlabeled ellipsoids correspond to carbon, and hydrogen atoms and
solvent molecules have been omitted for clarity.

structure of 9 features only two Ag—C distances of <3 A
(2.718(2) and 2.767(2) A) and long Ag—B distances at
2.890(2) and 2.893(2) A, significantly longer than those found
in either 6 or 7. Similar to the analogous gold complex, the
lengthened Ag—B distance in 9 is consistent with the
disruption of a weak Ag — B dative interaction by the
population of the boron-based acceptor orbital upon reduction.
Compound 9 is thus best described as a zwitterion featuring a
negatively charged DBA core tethered to a diphosphine-
supported Ag(I) cation. Density functional theory (DFT)
calculations carried out on the geometry of a truncated model
of 9 in which the isopropyl groups were replaced by methyls
optimized at the B3LYP/6-31G(d,p);SDD(Ag) level confirm
this description of the electronic structure, with the spin
density born primarily by the two B atoms (Figure 8). The
EPR hyperfine parameters were also calculated from the
density obtained at the B3LYP/IGLOIIL;SDD(Ag) level for
the optimized model complex of 9, yielding a computed value
for Ay[*'P] of 64 MHz, in rough agreement with the
experimental value of 90 MHz. The large observed *'P

Figure 8. Spin density of a truncated model of Ag(B,P,) (9)
calculated at the B3LYP/IGLOII;SDD(Ag) level on a geometry
optimized at the B3LYP/6-31G(d,p);SDD(Ag) level.
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hyperfine interaction is interesting given that the unpaired
electron resides primarily on the B centers. However, EPR
parameters computed for a model of 9 in which the Ag had
been removed while keeping the geometry of the ligand
identical (Figure S48) revealed qualitatively similar hyperfine
constants (A;,[*'P] = 52 MHz), suggesting a limited role for
the metal in the observed coupling. We instead hypothesize
that this hyperfine interaction is the result of hyperconjugation
mediated by the phenylene linker.”*

In conclusion, we have synthesized a series of Cu and Ag
complexes of the diboraanthracene-diphosphine ligand B,P,.
In the case of the bimetallic Cu halide complexes 1-3, the
binding motif is halide dependent such that CuCl complex 1
features a CuCl unit bound by a single phosphine on both
faces of the DBA core, whereas CuBr and Cul complexes 2 and
3 contain Cu,X, butterfly cores bound by both phosphine
donors on a single face of the DBA core. The monometallic
cation [Cu(B,P,)]" can be synthesized either from these
bimetallic species by anion metathesis with NaBAr’, or via
direct metalation with [Cu(CH;CN);][PF]. In contrast, AgCl
forms a neutral monometallic complex 6 with B,P, in which
the Cl atom is bound to B on the opposite face of the
phosphine ligated Ag cation. Subsequent anion metathesis with
NaBAr, affords the molecular salt 7. Compounds 1—7 feature
relatively short M—B distances consistent with a Z-type
designation for DBA in these compounds. The monometallic
Cu(I) and Ag(I) complexes of B,P, feature reductions at ca.
—1.6 V versus Fc/Fc'. The reversibility of this process in the
Cu complex is limited at room temperature, but fully reversible
in the case of the Ag complex. One electron reduction of 6
affords the isolable zwitterionic radical Ag(B,P,) in which the
unpaired spin is born primarily by the B atoms, disrupting the
Ag — B interaction in the precursor. These results highlight
the ability of DBA to serve as both a Z-type ligand and redox
reservoir. The development of small molecule activation
processes that harness this behavior is currently underway.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise noted, all manipu-
lations were carried out using standard Schlenk or glovebox
techniques under an atmosphere of purified dinitrogen. Tetrahy-
drofuran (THF), dichloromethane (DCM), diethyl ether (Et,0),
toluene, benzene, and n-hexane were dried and deoxygenated by
sparging with argon and passage through activated alumina in a
solvent purification system from JC Meyer Solvent Systems. 2-
Methyltetrahydrofuran (2-MeTHF) was distilled from purple sodium
benzophenone ketyl and stored over 4 A molecular sieves for at least
24 h prior to use. Nonhalogenated solvents were tested with a
standard purple solution of sodium benzophenone ketyl in THF to
confirm effective oxygen and moisture removal. All reagents were
purchased from commercial suppliers and used without further
purification unless otherwise noted. 9,10-Bis(2-
(diisopropylphosphino)phenyl)-9,10-dihydroboranthrene (B,P,),"
sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Na-
[BArF,]),” and K(C,oH;)(THE)y5*® were synthesized according to
literature procedures. Elemental analyses for 6 and 7 were performed
by Midwest Microlab, LLC, Indianapolis, IN. Elemental analyses for
all other compounds were performed by Desert Analytics, Tucson,
AZ. Deuterated solvents were purchased from Cambridge Isotope
Laboratories Inc., degassed, and dried over activated 4 A molecular
sieves for at least 24 h prior to use. NMR spectra were recorded on
Varian Inova 400 and 500 MHz and Bruker Avance 600 MHz
spectrometers. 'H chemical shifts are reported in ppm relative to
tetramethylsilane using residual protiated solvent an internal standard.
*P and "B chemical shifts are reported in ppm relative to 85%

aqueous H;PO, and BF;Et,O, respectively. A backward linear
prediction was applied to "B NMR spectra using MestReNova
10.0.2 to eliminate background signals from the borosilicate NMR
tube.”” The 3P NMR spectrum of compound 6 was simulated using
the MestReNova 9.0.1 software suite. EPR X-band spectra were
obtained on a Bruker EMX spectrometer controlled by Bruker Win-
EPR software suite version 3.0 and simulated using the Easyspin
software suite.”® UV—vis spectra were recorded using a Cary Bio 500
spectrometer using a 1 cm path length quartz cuvette with a solvent
background subtraction applied. Mass spectrometry data were
recorded using a Waters GCT high-resolution mass spectrometer
operating in liquid injected field desorption ionization (LIFDI) mode.
X-ray diffraction studies were performed using a Bruker-AXS
diffractometer. CV experiments were performed using a Pine AFP1
potentiostat. The cell consisted of a glassy carbon working electrode, a
Pt wire auxiliary electrode, and a Pt wire pseudoreference electrode.
All potentials are referenced versus the ferrocene/ferrocenium couple
measured as an internal standard.

(CuCl)y(B,P,) (1). To a 20 mL scintillation vial containing CuCl
(0.0372 g, 0.376 mmol) was added a solution of B,P, (0.100 g, 0.179
mmol) in THF (3 mL). The reaction was stirred for 12 h before
having its solvent removed in vacuo. The red/brown foam was
dissolved in benzene (4 mL) and filtered through Celite before having
its solvent removed in vacuo to yield the product as a red-brown solid.
Yield (0.126 g, 93%). Red-orange crystals suitable for single-crystal
XRD were grown by slow evaporation of a benzene solution. 'H
NMR (500 MHz, CDCl,) 6 8.71 (d, ] = 7.4 Hz, 2H), 7.75 (t, ] = 7.2
Hz, 2H), 7.52 (m, ] = 5.6, 3.2 Hz, 8H), 7.44 (dd, ] = 5.8, 3.2 Hz, 4H),
7.36 (s, 2H), 2.23 (m, 4H), 0.96 (d, ] = 7.1 Hz, 6H), 0.93 (d, ] = 7.1
Hz, 6H), 0.87 (d, ] = 7.1 Hz, 6H), 0.84 (d, ] = 7.2 Hz, 6H). *'P{'H}
NMR (202 MHz, CDCl;) 27.47 (s). "B{'H} (160 MHz, CDCl;) §
39.69. BC{'H} (126 MHz, CDCl;) 6 152.9 (m), 136.8, 134.4 (d, ] =
41.1 Hz), 133.1, 132.7 (d, J = 21.0 Hz), 132.6 (d, J = 21.0 Hz), 131.2
(d, ] = 14.1 Hz), 128.5, 127.8, 25.8 (d, J = 19.7 Hz), 19.7, 19.0. UV—
vis (THF): A, nm (g, M~ cm™) 398 (1.2 x 10*), 611 (2.4 x
10%). LIEDI MS: m/z 758.1061; Calcd for 758.1073. Anal. calcd for
Cy6H,,B,Cu,CLP, (0.5 X CeHy): C, 58.75 H, 5.94. Found: C, 59.39
H, 5.94.

Cuy(u-Br),(B;P5) (2). To a 20 mL scintillation vial containing CuBr
(0.0539 g, 0.376 mmol) was added a solution of B,P, (0.100 g, 0.179
mmol) in THF (3 mL). The reaction was stirred for 6 h before having
its volatiles removed in vacuo. The green/black foam was added Et,O
(5 mL) before again removing volatiles in vacuo. The green/black
residue was then dissolved in minimum toluene (1 mL) and passed
through a silica column with hexanes:THF (1:8) as eluent (R;= 0.47).
The combined fractions were combined and had solvent removed in
vacuo to yield the product as a black/green powder. Yield (0.135 g,
89%). Black-green crystals suitable for single-crystal XRD were grown
by slow evaporation of a concentrated benzene solution. 'H NMR
(400 MHz, C¢Dy) 6 7.61 (bs, 4H), 7.39 (d, J = 7.1 Hz, 2H), 7.24 (m,
6H), 7.15 (m, 4H), 2.19 (dq, ] = 14.0, 7.0 Hz, 4H), 1.18 (d, ] = 6.9
Hz, 6H), 1.13 (d, ] = 6.9 Hz, 6H), 1.05 (d, ] = 6.8 Hz, 6H), 1.01 (d, ]
= 6.9 Hz, 6H). *P{'H} NMR (202 MHz, C;Dy) 28.1 (s). "'B{'H}
(160 MHz, C4Dy) 6 56.55. *C{'H} (101 MHz, C(Dy) 6 156.3 (m),
143.7, 141.3, 134.6 (d, J = 35.8 Hz), 133.1 (d, ] = 20.0 Hz), 132.7,
131.4, 130.0, 127.5, 25.6 (d, J = 18.9 Hz), 19.2, 18.3. UV—vis (THEF):
Amae D01 (£, M™' ecm™) 414 (4.3 x 10%), 623 (1.6 X 10°). LIFDI
MS: m/z 846.0023; Calcd for 846.0043 Anal. calcd for
C3HyB,Br,Cu,P, (1 X C4H(O): C, 52.15 H, 5.91. Found: C,
51.79, H, 6.23. A small amount of red-orange (CuBr),(B,P,) (2") was
separated via column chromatography (R; = 0.92). A preliminary
single-crystal XRD structure sufficient to obtain connectivity was
obtained on a red-orange crystal grown via slow evaporation of a
benzene solution. ¥'P{"H} NMR (202 MHz, C(Dg) 22.3 (s).

Cu,(p-1)5(B,P5) (3). To a 20 mL scintillation vial containing Cul
(0.0716 g, 0.376 mmol) was added a solution of B,P, (0.100 g, 0.179
mmol) in THF (4 mL). The reaction was stirred 3 h before having its
volatiles removed in vacuo. The black/green residue was redissolved in
toluene (3 X 1 mL) and filtered through Celite before removing
volatiles in vacuo to yield the product as a black/green powder. Yield
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(0.152 g, 90%). Black-green crystals suitable to confirm the
connectivity of 3 by preliminary single-crystal XRD were grown by
slow evaporation of a toluene solution. "H NMR (500 MHz, C¢Dg) &
7.57 (dd, ] = 5.3, 3.4 Hz, 4H), 7.38 (d, ] = 6.9 Hz, 2H), 7.25 (m, 4H),
721 (t, ] = 7.5 Hz, 4H), 7.14 (dd, ] = 5.4, 3.3 Hz, 4H), 2.32 (dq, ] =
14.5,7.1 Hz, 4H), 1.22 (d, ] = 6.9 Hz, 6H), 1.18 (d, ] = 6.9 Hz, 6H),
1.08 (d, J = 6.9 Hz, 6H), 1.05 (d, ] = 6.9 Hz, 6H). 3'P{'"H} NMR
(202 MHz, C¢Dg) 23.64 (s). "B{'H} (160 MHz, C(Dy) 6 56.08.
BC{'H} (126 MHz, C(Dy) 6 155.3 (m), 142.3, 141.1, 133.9 (d, ] =
34.3 Hz), 132.7, 132.6, 132.6, 130.8, 129.5, 25.3 (d, ] = 18.6 Hz), 18.9
(d, J = 5.1 Hz), 17.6. UV—vis (THF): A, nm (&, M'cm™) 495
(3.8 x 10%), 624 (2.3 x 10%). LIEDI MS: m/z 939.9810; Calcd for
939.9786. Anal. calcd for C3H,,B,Cu,LP, (1 X C,H,,0): C, 47.32
H, 5.36. Found: C, 46.96, H, 5.45.

[Cu(B,P,)I[PFs] (4). To a 20 mL scintillation vial containing
[Cu(CH;CN),][PF4] (0.065 g, 0.177 mmol) was added a solution of
B,P, (0.100 g, 0.179 mmol) in THF (3 mL). The reaction was stirred
for 12 h at which point a light yellow precipitate had formed. Et,0O (S
mL) was added to induce further precipitation of the product before
decanting the mother liquor, washing the solid with Et,O (2 X 3 mL)
and drying the pale-yellow solid in vacuo. Yield (0.127 g, 94%). Yellow
crystals suitable for single-crystal XRD were grown by vapor diffusion
of pentane into a concentrated THF solution. '"H NMR (500 MHz,
CD;CN) 6 8.01 (d, ] = 7.3 Hz, 2H), § 7.76 (m, 4H), 5 7.57 (t, ] = 7.9
Hz, 2H), § 7.36 (s, SH), & 2.34 (m, 4H), 0.82 (dd, J = 14.2, 7.0 Hz,
12H), 0.70 (dd, J = 14.2, 7.0 Hz, 12H). *'P{"H} NMR (202 MHz,
CD;CN) 21.6 (s). "B{'"H} (160 MHz, CD;CN) § 27.1. *C NMR
(126 MHz, CD,CN) & 156.3, 144.2, 138.3, 134.0, 133.3 (t, ] = 8.6
Hz), 132.6 (t, ] = 21.7 Hz), 131.60, 127.9, 26.8 (t, ] = 10.2 Hz), 20.3,
19.3. LIFDI MS: m/z 623.2391; Calcd for 623.2400. Anal. calcd for
Cy6H,B,CuFPy: C, 5624, H, 5.77. Found: C, 56.24, H, 6.11.

[Cu(B,P,)I[BAF ] (5). To a solution of 1 (0.133 g, 0.176 mmol) in
THF (1 mL) was added Na[BAr",] (0.156 g, 0.176 mmol) as an Et,0
(4 mL) solution. The reaction was stirred 30 min during which time
ample colorless precipitate had appeared. The mixture was filtered
through Celite, diluted with toluene (8 mL), and concentrated in
vacuo resulting in crystallization of the product. The solid was washed
with toluene (2 mL) and hexane (1 mL) and dried in vacuo. Yield
(0.204 g, 78%). Pale yellow crystals suitable for single-crystal XRD
were grown by layering a concentrated THF solution with hexane. 'H
NMR (500 MHz, CDCL,) § 7.86 (m, 4H), 7.69 (bs, 8H (BAr,)),
7.65 (m, 4H), 7.62 (m, 4H), 7.58 (dd, J = 5.5, 3.4 Hz, 4H), 7.50 (s,
4H), 2.35 (dq, J = 14.1, 7.1 Hz, 4H), 0.88 (d, ] = 7.0 Hz, 6H), 0.8
(d, ] = 6.9 Hz, 6H), 0.69 (d, ] = 7.1 Hz, 6H), 0.65 (d, ] = 7.1 Hz,
6H).3'P{'H} NMR (202 MHz, CDCl;) 28.84 (s). 'B{'"H} (160
MHz, CDCl;) & 47.21, —9.20 (BAr",). The reaction proceeds
similarly when 2 or 3 are used as starting materials.

Ag(B,P,)Cl (6). A solution of B,P, (0.100 g, 0.179 mmol) in DCM
(5 mL) was added to a stirring suspension of AgCl (0.033g, 0.232
mmol, 1.3 mol-eq) in DCM (S mL). The mixture was stirred in the
dark for 6 h before being filtered, layered with 8 mL toluene, and
concentrated in vacuo to crystallize the product. The golden yellow
solid was washed with benzene (2 mL) and Et,0 (3 mL). The
product is light-sensitive and should be stored/crystallized in the dark.
Yield (0.089 g, 71%). Pale yellow crystals suitable for single-crystal
XRD were grown by layering a concentrated THF solution with
toluene. 'H NMR (600 MHz, CDCl;) & 8.47 (s, 2H), 7.63 (t, ] = 7.8
Hz, 2H), 7.56 (m, 2H), 7.43 (t, ] = 7.3 Hz, 2H), 7.30 (m, 4H), 7.15
(s, 4H), 2.23 (s, 4H), 0.96 (d, ] = 7.6 Hz, 6H), 0.93 (d, ] = 7.6 Hz,
6H), 0.76 (s, 12H). 3'P{"H} NMR (242 MHz, CDCl;) 31.41
(overlapping doublets) (J ("“’Ag, *'P) = 440 Hz, (J (*®Ag*'P) = 503
Hz). "B{'H} (160 MHz, THF:benzene, 1:1) & 0.45. *C NMR (126
MHz, CDCL,) § 158.5, 139.8, 137.0, 134.8, 132.5, 131.5, 129.9, 129.4,
126.2, 26.6 (m), 20.8, 20.5. Anal. calcd for C;4H,,AgB,CIP,: C, 54.72
H, 6.07. Found: C, 55.03 H, 6.44.

[Ag(B,P)I[BAr ] (7). A solution of 6 (0.033 g, 0.048 mmol) in
THF (4 mL) was added to a stirring solution of Na[BArF,] (0.042 g,
0.0472 mmol, 1 mol-eq) in Et,O (2 mL). The mixture was stirred 2 h
before precipitated NaCl was removed via filtration. The filtrate was
added hexanes (ca. 5 mL) before concentration in vacuo caused the
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product to crystallize. The pale yellow solid was collected and washed
with hexanes (2 mL) and Et,O (1 mL). The product is light-sensitive
and should be stored/crystallized in the dark. Yield (0.069 g, 96%).
Pale yellow crystals suitable for single-crystal XRD were grown by
layering a concentrated THF solution with hexane. "H NMR (500
MHz, CD,CN) 6 8.13 (d, ] = 7.3 Hz, 2H), 7.91 (dt, ] = 7.2, 3.4 Hz,
2H), 7.87 (t, ] = 1.9 Hz, 2H), 7.84 (s, 8H), 7.81 (s, 4H), 7.72 (t, ] =
7.5 Hz, 2H), 7.49 (s, 8H), 2.50 (dhept, ] = 14.0, 6.7 Hz, 4H), 1.06 (d,
J = 7.0 Hz, 6H), 1.03 (d, ] = 7.0 Hz, 6H), 0.89 (d, ] = 7.1 Hz, 6H),
0.85 (d, J = 7.1 Hz, 6H). *'P{'"H} NMR (242 MHz, CD,CN) & 34.57
(overlapping doublets) (J(*"’Ag, *'P) = 440 Hz, J('®Ag, 3'P) = 508
Hz). "B{'H} (160 MHz, CD,CN) § 29.20, —6.66 (BAr",). 3°C NMR
(126 MHz, CD;CN) 6 162.6 (q, J5_c = 49.9 Hz, BArF,), 155.8, 148.5,
1382, 135.7 (BAr,), 134.1, 133.6 (t, Jp_c = 19.3 Hz), 133.2 (t, Jp_c =
8.1 Hz), 132.0, 131.3, 130.0 (q, Jo_p = 32.8 Hz, BAr",), 1282, 125.5
(q, Jo—r = 271.6 Hz, BAIT,), 118.7 (BAr",), 27.3, 20.9, 20.7. LIEDI
MS: 667.2150; Calcd for 667.215S. Anal. caled for CgHssAgB;F,, P,
(1(C,H,),0: C, 53.86 H, 4.14. Found: C, 54.13 H, 4.15.

Low-Temperature Preparation of Cu(B,P,) (8). To a frozen
solution of 5§ (2 mg, 1.34 umol) in 2-MeTHF (1 mL) was added
K(C,Hg)(THF), 5 (0.0003 mg, 1.61 ymol). The slurry was manually
stirred 5 min whereupon a dark magenta color developed. The slurry
was then filtered through a fiberglass filter that had been precooled
with a thawing 2-MeTHEF rinse into a precooled EPR tube. The tube
was sealed and immediately placed into a liquid N, bath until it was
inserted into a precooled X-Band Bruker EMX EPR spectrometer.

Ag(B,P,) (9). To a 20 mL scintillation vial was added 6 (0.237 g
0.336 mmol) and toluene (S mL) before adding K(C,oHg)(THF)
(0.068 g, 0.336 mmol) as a solid at once. The reaction was stirred 30
min at room temperature before being rapidly filtered through Celite
and removing volatiles in vacuo. The deep purple residue was washed
with hexanes (2 X 2 mL), extracted into minimal THF (1 mL),
layered with hexanes (2 mL), and placed at —35 °C to crystallize. The
next day, the mother liquor was decanted, and the black/purple
crystalline solid dried in vacuo. Yield (0.135 g, 60%). Purple-black
crystals suitable for single-crystal XRD were grown by layering a
concentrated toluene solution with HMDSO and letting stand at —35
°C. As a result of its light and thermal sensitivity, satisfactory
elemental analysis of this compound could not be obtained.

X-ray Crystallography. Single crystals were coated with paratone
oil and mounted on cryo-loop glass fibers. X-ray intensity data were
collected at 100(2) K on a Bruker APEX2*° platform-CCD X-ray
diffractometer system using fine-focus Mo K, radiation (4 = 0.71073
A, 50 kV/30 mA power). The CCD detector was placed at 5.0600 cm
from the crystal. Frames were integrated using the Bruker SAINT
software package®® and using a narrow-frame integration algorithm.
Absorption corrections were applied to the raw intensity data usin;
the SADABS program.®>’ The Bruker SHELXTL software package’
was used for phase determination and structure refinement. Atomic
coordinates, isotropic and anisotropic displacement parameters of all
the non-hydrogen atoms were refined by means of a full matrix least-
squares procedure on F?. The H atoms were included in the
refinement in calculated positions riding on the atoms to which they
were attached. Relevant details for individual data collections are
reported in Tables S1—S9.

DFT Calculations. All DFT calculations were performed using the
Gaussian 09 software package.33 Geometry optimizations were
performed using the B3LYP (Becke, three-parameter, Lee—Yang—
Parr) functional, the relativistic Stuttgart-Dresden (SDD) pseudopo-
tential and basis set on Ag, and the 6-31g(d,p) basis set on all other
atoms. To avoid an extensive conformational search, the calculations
were performed on a slightly truncated model in which isopropyl
groups (—CH(CHj;),) are replaced by methyl group (CH,). The
structures were optimized without any symmetry restraints.
Frequency analyses were performed on all calculations to verify that
the obtained stationary points are in fact energy minima. EPR
parameters were evaluated on a single-point calculation using the
SDD pseudopotential and basis sets on Ag and the IGLO III basis
set>* on all other atoms.
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