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Abstract: The tuning of metal-metal interactions in multi-
nuclear assemblies is a challenge. Selective P coordination of
a redox-active PNO ligand to Au' followed by homoleptic
metalation of the NO pocket with Ni" affords a unique
trinuclear Au—-Ni-Au complex. This species features two
antiferromagnetically coupled ligand-centered radicals and
a double intramolecular d*~d" interaction, as supported by
spectroscopic, single-crystal X-ray diffraction, and computa-
tional data. A corresponding cationic dinuclear Au—-Ni ana-
logue with a stronger d*-d" interaction is also reported.
Although both heterobimetallic structures display rich electro-
chemistry, only the trinuclear Au—Ni-Au complex facilitates
electrocatalytic C—X bond activation of alkyl halides in its
doubly reduced state. Hence, the presence of a redox-active
ligand framework, an available coordination site at gold, and
the nature of the nickel-gold interaction appear to be essential
for this reactivity.

The ability of transition metals to change their oxidation
state is one of the cornerstones of organometallic catalysis.[
The redox potential (as well as other types of reactivity) of
a complex may be altered by the coordination of different
spectator ligands, although this tuning is typically limited. The
strategy of employing redox-active ligands in the coordination
sphere of transition metals continues to attract much inter-
est.’l These systems generally span a much wider redox-
potential range than complexes with spectator ligands and
thus offer more versatile and modular reactivity with a specific
transition-metal complex, thereby creating new opportunities
for electron transfer to or from coordinated substrates.
Redox-active ligands have initially been utilized primarily
to induce two-electron transformations at metal centers that
are redox-inert, prone to undergo one-electron processes, or
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that are lacking d electrons to induce two-electron bond
activation processes.’! In contrast, we recently disclosed
radical reactivity with square-planar Pd" complexes mediated
by redox-active ligand-to-substrate single electron transfer.”

Synthetic systems featuring metal-metal interactions have
successfully been exploited to facilitate (multi-electron)
chemical transformations.”! In the case of heterobimetallic
architectures, the electronegativity difference between the
metals can lead to polarized M1°"—M2°" bonding, enabling
the generation of reactive intermediates by charge transfer
between metals.”! Alternatively, electron repulsion between
two electron-rich elements can destabilize a reduced state,
thereby inducing reactivity.”) Combining redox-active ligand
chemistry with heterodinuclear metal-metal interactions
could enable new modes of electronic communication that
may enable new pathways for substrate conversion. Homo-
leptic complexes, M(L* ),, of square-planar d® metal centers
featuring the iminosemiquinone (isq~) form of redox-active
amidophenolate type ligands are well-known, and their
electrochemical and spectroscopic properties have been
studied in great detail.’] However, heterobimetallic architec-
tures featuring a homoleptic M(L™ ), core structure are
unknown to the best of our knowledge. The introduction of
a second metal in close proximity to the metal bearing the
redox-active ligand may allow for a tunable metal-metal
interaction through a ligand-based redox stimulus (Figure 1).
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Ligand-through-Metal-to-Metal communication

Figure 1. Ligand-through-metal-to-metal communication induced by
a ligand-based redox process.

To address this challenge, we envisioned that the recently
reported PNO ligand 1™ could be used for the targeted
synthesis of well-defined (hetero)bimetallic complexes. Selec-
tive initial monodentate coordination of the “soft” phosphine
donor to M1 would create a metalloligand that could
incorporate a second metal, M2, in the “hard” NO pocket.
Anticipating the preferred formation of a homoleptic coor-
dination mode around M2, this could provide well-defined
M1-M2—-M1 architectures with the potential for intramolec-
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ular metal-metal interactions. Herein, we report the syn-
thesis, characterization, and initial reactivity of the unique
trinuclear Au,Ni complex 3, which features two intramolec-
ular d®~d"’ interactions and is held together by the presence of
two redox-active ligands. We also describe the cationic
dinuclear AuNi derivative 4, which exhibits an even more
pronounced d®-d" interaction. Both complexes undergo
several ligand-based redox events in cyclic voltammetry.
DFT calculations have provided insight into the electronic
interactions between Ni and Au. Ligand-centered two-
electron reduction of complex 3 generates an electrocatalyst
for the C—X bond activation of alkyl halides, with subsequent
C—C bond formation. The presence of all three components
(gold, nickel, and redox-active ligand) appears to be essential
for the observed reactivity, as confirmed by control experi-
ments. This discovery paves the way to novel multimetallic
design principles based on redox-active ligand-through-
metal-to-metal electronic communication and non-traditional
reactivity with transition metals.

Treatment of PNO ligand 1 (*'P NMR: 6 = —20.25 ppm)
with AuCl(SMe,) afforded complex 2 (*PNMR: o=
19.97 ppm) in near-quantitative yield (Scheme 1). Layering
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Scheme 1. Synthesis of complexes 2—4 starting from ligand 1. Reagents
and conditions: i) AuCISMe,, CH,Cl,; i) Ni(NO3),-6 H,0, NEt;, air,
MeCN; iii) TIPFg, MeCN.

t-Bu.

a solution of 2 in chloroform with pentane afforded colorless
single crystals (see Scheme 1). In the solid state, complex 2
shows a slightly distorted linear coordination geometry with
a P1-Aul-ClIl angle of 176.84(6)° and an intact, non-coordi-
nated aminophenol fragment, which is in agreement with the
NMR and IR spectroscopic data for 2. This Au' containing
building block was then applied as a metalloligand for
coordination of the available aminophenol fragment to Ni".
Because of its tendency to form homoleptic species, a 2/Ni
ratio of 2:1 was chosen. Reacting 2 in the presence of
0.5 equivalents of Ni(NO;),-6 H,O and NEt; in acetonitrile at
reflux under aerobic conditions afforded complex 3 as a dark-
green solid in 73 % yield *'"P NMR: 6 = 32.92 ppm; CSI-MS:
m/z 1482.2332). Multinuclear NMR spectroscopic data are in
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agreement with a diamagnetic!” species in solution, showing
symmetry even at low temperatures (220 K). Complex 3
exhibits an intense UV/Vis absorption at 943 nm (e =17.6 x
10°m 'cm ™), which is characteristic of the antiferromagnetic
coupling of two iminosemiquinonato (isq~) ligand radicals.""!
Dark-green single crystals suitable for X-ray analysis were
obtained by diffusion of pentane into a CH,Cl, solution of 3
(see Figure 2). Most remarkably, the centrosymmetric struc-

Figure 2. Displacement ellipsoid plots (set at 50% probability) of 3
(top) and 4 (bottom) at 110(2) K. Hydrogen atoms, counterion (for 4),
and lattice solvent molecules are omitted for clarity. Selected bond
lengths [A] and angles [°] for 3: Ni1-Aul 3.15862(17), Ni1-O1
1.829(2), Ni1-N1 1.852(2), C6—-N1 1.348(4), C1-O1 1.319(4), C1-Cé6
1.420(4), C1-C2 1.419(5), C2-C3 1.369(4), C3-C4 1.434(5), C4-C5
1.364(5), C5-C6 1.417(4); P1-Aul-Cl1 171.61(3), O1-Ni1-N1 94.40(11).
For 4: Ni1-Aul 2.7429(6), Ni1-O11 1.835(2), Ni1-N11 1.837(3), C61—
N111.355(4), C11-O11 1.319(4), C11-C61 1.424(4), C11-C21
1.423(4), C21-C31 1.379(5), C31-C41 1.428(5), C41-C51 1.374(5),
C51-C61 1.417(4); P1-AuT-P2 173.66(3), O11-Ni1-N11 85.39(11).

ture confirms the presence of an uncommon double d*-d'
interaction in the solid state, as the Ni—Au distance of
3.15857(17) A is significantly shorter than the sum of their van
der Waals radii (3.29 A). The P1-Aul-Cl1 angle of 171.61(3)°
(approx. 5° smaller than in 2) supports the proposed
electronic communication between the central Ni and the
peripheral Au atoms. To the best of our knowledge, this is the
first complex with a double d*~d' interaction between Ni and
two Au atoms!™? and only the second example of a d*-d"
interaction between Ni and Au.' The structure shows
characteristic metric parameters for the isq~ oxidation state
for both NO fragments (metric oxidation state (MOS) values
of —1.13+0.09), confirming the singlet diradical spin
state.”Y1 Attempts to abstract a chloride ligand from 3 by
using TIPF; or Ag salts (in MeCN) resulted in the efficient
formation of cationic dinuclear AuNi complex 4 (CSI-MS:
m/z 1213.3820) as a dark-green diamagnetic solid. Slow
evaporation of a diethyl ether/acetonitrile mixture afforded
single crystals suitable for X-ray analysis (Figure 2). The
molecular structure of the dinuclear species 4 also shows
characteristic metric parameters for the isq~ ligand oxidation
states (MOS values of —1.13 +0.05). A noteworthy observa-
tion is the significantly shorter Au—Ni distance (2.7429(6) A)
in 4 than in complex 3 (Ad = —0.4126 A).

The metric parameters for 3 and 4 are well-reproduced in
the DFT (b3-lyp-d3, def2-TZVP) calculated optimized geo-
metries, with slightly elongated Au—Ni distances found
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computationally (see the Supporting Information, Table S1
for a comparison of the metric parameters)."”! The open-shell
singlet (OSS) state of 3 is lower in energy than the
corresponding closed-shell singlet (CSS) and triplet states
by 36.1 and 10.2 kcalmol™!, respectively. Similarly, the OSS
state of 4 is lower in energy than the corresponding CSS and
triplet states by 12.6 and 20.2 kcalmol™', respectively. Spin-
density plots of the OSS solutions of 3 and 4 (Figure 3, top left

T

Figure 3. Spin density plots of 3 (OSS; top left) and 4 (OSS; top right)
and bonding orbitals of the double d®~d'® interaction in 3 (bottom left,
HOMO-23) and the d®~d'® interaction in 4 (bottom right, HOMO-17;
b3-lyp-d3, def2-TZVP).

and right) illustrate the presence of two ligand-centered
radicals. Analysis of the molecular orbitals show weak
bonding interactions between a Ni d.. orbital and a re-
hybridized d,._,. orbital on both Au atoms (Figure 3, bottom
left and right). In agreement with the shorter Au—Ni distance
observed for 4, a bigger overlap was found for this orbital than
for 3. The filled antibonding orbitals, which are characteristic
for d¥°-d¥! interactions, were also found at higher energy
(see the Supporting Information).

Cyclic voltammetry of 3 in THF shows two reversible
reduction events at E,'=—0.68 V and E,,'=—-1.50 V vs.
Fc/Fct (Figure 4, red). The reversibility of both reduction
events was confirmed by UV/Vis spectroelectrochemistry
with an optically transparent thin-layer electrochemical
(OTTLE) cell, which showed complete loss of the character-
istic interligand charge transfer band at 943 nm upon one-
electron reduction to 3~ (see Figure S1). In contrast, a rapid
(catalytic) increase in current was observed at the second
reduction event in CH,Cl, at —1.4 V vs. Fc/Fc*, which is
indicative of a follow-up reaction with the halogenated
solvent and was attributed to C—Cl bond activation
(Figure 4, black). Interestingly, several analogous homoleptic
Ni(L*"), complexes® exhibit well-behaved electrochemistry
and do not show any (catalytic) C—Cl bond activation under
identical conditions. The former also applies to complex 4,
which shows two fully reversible one-electron reductions
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Figure 4. Cyclic voltammograms of 3 (107> m) recorded in THF (red)
and CH,Cl, (black). Scan rate: 100 mVs™', Pt working electrode,
electrolyte: N(nBu),PF¢ (0.1 M), referenced to Fc/Fc*.

(E,**=-080V and E/,*'=-1.55V vs. Fc/F¢*) in CH,Cl,
(see Figure S9).

Coordination of the phosphine oxide analogue 5 (see
Scheme 2 and the Supporting Information for synthetic
details) of ligand 1 to nickel generated the corresponding

Scheme 2. Synthesis of ligand 5 and homoleptic complex 6. Reagents
and conditions: 3,5-di-tert-butylcatechol, AcOH; ii) NiCl,-6 H,O, NEt;,
air.

homoleptic species (Ni(5*¢ ), (6), which shows two reversible
one-electron reductions in CH,Cl, (Figure S10) with no sign
of dichloromethane C—Cl activation. The absence of catalytic
C—Cl activation with both 6 and 4 (with a coordinatively
trapped Au) indicates a potential role for the outward-
pointing AuCl fragment to induce turnover. The difference in
the manner in which the oxidation steps occur for the three
Ni(NO™), complexes is also suggestive of electronic inter-
actions between the metals and the redox-active ligands.
Subtle modulation of the d®-d' interaction between nickel
and gold may be facilitated by the redox-active framework.

To test the hypothesis of redox-active ligand-through-
metal-to-metal electronic communication and follow-up C—X
activation, we chose benzyl bromide (BnBr) as a model
substrate. The presence of BnBr had a pronounced effect on
the intensity of the electrocatalytic wave for the second one-
electron reduction in the voltammogram of 2 in THF
(Figure 5).'! Notably, the addition of various amounts of
BnBr did not result in a change in the intensity or position of
the first one-electron reduction wave. Cyclic voltammetry of
a benzyl bromide solution in THF with the same Pt working
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Figure 5. Cyclic voltammograms of 3 recorded in THF (1x107°m) with
increasing [BnBr]. Scan rate: 10 mVs™', Pt working electrode, electro-
lyte: N (nBu),PF¢ (0.1 m), referenced to Fc/Fc*.

electrode in the absence of 3 only showed the onset of
a catalytic current at —2.2 V vs. F¢/Fc*, which is 0.8 V more
negative than with 3. A linear correlation of i,/i, versus [3] or
[BnBr] (for low substrate concentrations) is observed,
whereas saturation behavior is apparent at higher [BnBr]
(see the Supporting Information). Cyclic voltammetry in the
presence of different para-substituted benzyl bromides
revealed that electron-withdrawing substituents have a pos-
itive effect on the catalytic current, which is in accord with
a radical mechanism (see the Supporting Information).!'”

Controlled potential coulometry at —1.5V vs. Fc¢/Fc™ in
the presence of 100 equivalents of BnBr produced 1,2-
diphenylethane with a TON of approximately 14 and
a Faradaic efficiency of 44%. After bulk electrolysis, the
dibromide analogue of 3 (3-Br,) was characterized by X-ray
analysis of dark single crystals formed upon slow evaporation
of the reaction mixture, indicating the generation of bromide
ions or bromine atoms upon C—X activation. Cold-spray
ionization mass spectrometry (CSI-MS) of the reaction
mixture showed fragments derived from 3-Br with one or
two added benzyl groups (m/z + 90 and m/z + 180), suggestive
of the presence of benzyl radicals. Using an equimolar
mixture of BnBr and 4-methylbenzylbromide (4-
MeC¢H,CH,Br) resulted in a statistical mixture of 1,2-
diphenylethane, 1-methyl-4-phenethylbenzene, and 1,2-di-
para-tolylethane. Insitu synthesis of the doubly reduced
complex by anaerobic deprotonation of 2 in the presence of
Ni(NOs),:6H,O followed by addition of solid 4-methylben-
zylbromide resulted in the formation of the homocoupled
product 1,2-di-para-tolylethane, as detected by GC-MS.
When the same reaction was performed in the presence of
ten equivalents of 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), the formation of the homocoupled product was
inhibited and the O-alkylated radical trap was formed, as
detected by GC-MS.["¥

In conclusion, we have prepared the unique diamagnetic
trinuclear Au'-Ni"-Au' complex 3, which features two anti-
ferromagnetically coupled ligand-centered radicals, as sup-
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ported by spectroscopic, X-ray diffraction, and computational
data. Moreover, the complex features a rare double d*-d"
interaction between the central Ni" and the peripheral Au'
centers. Abstraction of a chloride ligand from the trinuclear
complex resulted in the formation of cationic dinuclear Au'-
Ni" complex 4 with a significantly shorter Au—Ni distance.
Both complexes show rich electrochemistry, but only the
trinuclear complex is able to electrocatalytically convert
benzyl bromide into 1,2-diphenylethane upon two-electron
reduction, as shown by cyclic voltammetry and controlled
potential coulometry experiments. It appears that the nature
of the nickel-gold interaction in these heterobimetallic
species plays an important role in facilitating electrocatalytic
C—C bond formation. Research to elucidate and understand
this phenomenon in more detail is in progress.

Experimental Section

CCDC 1429112 (3), 1429113 (3-Br,), 1429114 (4), and 1429820 (2)
contain the supplementary crystallographic data for this paper. These
data are provided free of charge by The Cambridge Crystallographic
Data Centre.
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