Downloaded via UNIV OF IOWA on June 3, 2021 at 19:10:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Inorganic Chemistry

pubs.acs.org/IC

Influence of Multisite Metal—Ligand Cooperativity on the Redox
Activity of Noninnocent N,S, Ligands

Kyle D. Spielvogel,# Javier A. Luna,” Sydney M. Loria, Leah P. Weisburn, Nathan C. Stumme,
Mark R. Ringenberg, Gummadi Durgaprasad, Jason M. Keith,* Scott K. Shaw,* and Scott R. Daly*

Cite This: Inorg. Chem. 2020, 59, 10845-10853 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
SMe SMe 1 0.3} Titration with BHy; THF 1
| «PPhs | PP,

7,,N_,R“_3M9 e —Ru—SMe =
HETHT | —= ueln’ £ 02} .
O/N +e” z s
E ot 1
-y
2
-BH; H +BH, l +BH, 5 ool ]
=
g
]+ 5§ 01} 1
SMe SMe o
| PPhy ) | .PPhy
N—Ru—sMe €, N—RU—SMe -0.2f E
- i
o L. e
N =N 12 -1.0 -08 -06 -04 -02 00 0.2

E (V vs. Fc/Fc*)

ABSTRACT: Metal-ligand cooperativity (MLC) relies on chemically reactive ligands to assist metals with small-molecule binding
and activation, and it has facilitated unprecedented examples of catalysis with metal complexes. Despite growing interest in
combining ligand-centered chemical and redox reactions for chemical transformations, there are few studies demonstrating how
chemically engaging redox active ligands in MLC affects their electrochemical properties when bound to metals. Here we report
stepwise changes in the redox activity of model Ru complexes as zero, one, and two BH; molecules undergo MLC binding with a
triaryl noninnocent N,S, ligand derived from o-phenylenediamine (L1). A similar series of Ru complexes with a diaryl N,S, ligand
with ethylene substituted in place of phenylene (L2) is also described to evaluate the influence of the o-phenylenediamine subunit
on redox activity and MLC. Cyclic voltammetry (CV) studies and density functional theory (DFT) calculations show that MLC
attenuates ligand-centered redox activity in both series of complexes, but electron transfer is still achieved when only one of the two
redox-active sites on the ligands is chemically engaged. The results demonstrate how incorporating more than one multifunctional
reactive site could be an effective strategy for maintaining redox noninnocence in ligands that are also chemically reactive and
competent for MLC.

B INTRODUCTION hydrogen atom transfer reactions known to occur with redox
Metal—ligand cooperativity (MLC) is an important method for active ligands,” it remains unclear as to how MLC binding with
activating small molecules and accessing productive catalysis other substrates affects the electrochemical properties of metal
with metal complexes and metalloenzymes." Unlike reactions complexes containing noninnocent ligands, especially those
that take place exclusively at the metal, MLC occurs when a with multiple redox active sites. Understanding the influence
molecule undergoes chemical binding or heterolytic bond MLC has on electron transfer is highly relevant to efforts
cleavage across the metal and an attached ligand (Scheme 1a). aimed at combining ligand-centered chemical and redox
MLC is commonly associated with heterolytic H-H or H— processes for transformations with molecules other than H,
element cleavage, which can occur via net 1,2-addition across a (e.g, CO,)' and could be useful for evaluating reactions

metal—ligand bond (i.e., bifunctional reacthlty) or addition

across the metal and distal ligand site. MLC is also commonly

observed with ambiphilic small molecules such as CO,, ]

isocyanates,” SO,," nitriles,” and boranes.’ Rece.lved: May 8, 2020
An emerging area of interest in catalysis has centered on the Published: July 8, 2020

idea of combining MLC with redox-active ligands to access

new synthetic transformations. While this combined reactivity

has been explored in transformations with H,” and can be

facilitated by proton-coupled electron transfer (PCET)® and

where both types of ligand-centered reactivity are possible.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.inorgchem.0c01353

W ACS PUbl ications 10845 Inorg. Chem. 2020, 59, 10845—10853


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kyle+D.+Spielvogel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+A.+Luna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sydney+M.+Loria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leah+P.+Weisburn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+C.+Stumme"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+R.+Ringenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+R.+Ringenberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gummadi+Durgaprasad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jason+M.+Keith"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+K.+Shaw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+R.+Daly"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.0c01353&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01353?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
https://pubs.acs.org/toc/inocaj/59/15?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01353?ref=pdf
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

Scheme 1. Metal—Ligand Cooperativity, Synthesis of 1-
(BH;), and 1-e~ Redox Transformations”
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?(a) Comparison of MLC with H, and BH; across M—N bonds. (b)
Structures of 1 and 1-(BHj;). (c) 1-e” redox transformations with L1
highlighting changes from X-type amide groups to L-type imine
groups.

Recently, we reported a redox-active N,S, ligand derived
from o-phenylenediamine that undergoes MLC binding with
BH, (Scheme 1b)."" In the absence of MLC, the tetradentate
N,S, ligand L1 undergoes two successive one-electron redox
processes while bound to Ni and Ru (Scheme 1c),'"'* but the
electrochemical properties have yet to be investigated when the
ligand is chemically engaged in MLC.

An important distinction between engaging the nitrogen
atoms in L1 using MLC compared to other means such as
protonation or alkylation is that the coordination geometry of
the ligand is maintained, thereby allowing the structures and
electronic properties to be more directly compared to their
native MLC-free complexes. In contrast, protonating the
nitrogen atoms leads to structural rearrangements that change
the positioning of ligand donor atoms in the metal
coordination sphere. We have shown previously that
protonation of 1 with HBF,-Et,O or benzoic acid results in a
cis-f} arrangement of L1 where one of the flanking aryl groups
flexes out of the equatorial plane so that the corres?onding
thioether and PPh, ligand swap places (Scheme 2)."" Under
these circumstances, it would be difficult to delineate between
electronic structure changes that arise due to chemical
engagement at N and those that arise due to ligand
rearrangement in the inner coordination sphere.

Here we report how MLC binding in Ru complexes affects
the electrochemical properties of redox active L1 upon
chemical engagement of one and then both of the nitrogen
atoms. We also report redox reactions with MLC-bound BH;
in a related series of Ru complexes that contain a tetradentate

Scheme 2. Reaction of 1 with Benzoic Acid

10846

N,S, ligand with ethylene in place of the phenylene backbone
(L2; Chart 1).

Chart 1. L1 and L2 and General Labeling Scheme for Bond
Distances in Table 1
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B RESULTS AND DISCUSSION

Synthesis and Characterization. We previously reported
the synthesis of 1 and 1-(BH,),"" as shown in Scheme 1b, and
here we report synthesis of 2 and 2-(BH,;) for comparison
(Chart 1). As described previously for 1, the formally 16-
electron Ru complex 2 was prepared by treating RuCl,(PPh;),
with H,(L2) and 2 equiv of NaO'Bu (Scheme 3). Once
crystallized, 2 was treated with BH;-THF in THF to form an
18-electron MLC compound 2-(BH;).

Scheme 3. Synthesis of 2 and 2-(BHj;)

RuCl,(PPhg);

NH HN | .PPh
f| 3 -
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XRD studies confirmed BH; binding across one of the Ru—
N bonds with L2 and allowed the structures of 2 and 2-(BH;)
to be compared (Figure 1). As with 1, the Ru—N bonds in 2
are relatively short at 1.990(2) and 2.006(1) A due to the z-
donor properties of the amido groups (Table 1). Engagement
of the N lone pair in MLC binding attenuates N — Ru 7-
donation and causes the Ru—N bond to elongate from
2.006(1) A in 2 to 2.076(3) in 2-(BH;). MLC also causes the
N2—C2 and N2—C21 bond distances in 2 to increase from
1.463(3) and 1.355(2) A, respectively, to 1.495(4) and
1.443(5) in 2-(BH;). The N—B distance in 2-(BH,) is shorter
in 1-(BH;) (1.558(6) and 1.611(7) A, respectively), which
suggests increased Lewis basicity of the less conjugated amido
groups in L2 compared to L1. MLC also has a significant
influence on the Ru—P bond distance, which increases from
2.1949(6) A in 2 to 2.322(1) A in 2-(BH;) due to hydride
occupation in the open coordination site trans to PPh;.

Figure 1. Molecular structures of 2 (left) and 2-(BH;) (right).
Thermal ellipsoids are drawn at the 50% level. Hydrogen atoms
attached to carbon were omitted from the figure.
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Table 1. Select Bond Distances (A) from Single-Crystal XRD Data

1¢ 1-(BH,)“ 1-(BH;), [1-MeCN]BE, 1-Cl, 2 2-(BH;) [2-(BH,)]OTf
Ru—N1 2.008(6) 2.039(4) 2.0840(17) 2.022(2) 1.968(4) 1.990(2) 2.039(3) 2.098(2)
Ru—N2 2.009(6) 2.097(4) 2.0839(17) 2.015(2) 1.972(4) 2.006(1) 2.076(3) 2.094(1)
Ru—S1 2.329(2) 2.327(1) 2.3031(6) 2.3502(7) 2.370(1) 2.3426(5) 2.329(1) 2.3283(5)
Ru—S2 2.322(2) 2.316(1) 2.3031(6) 2.3416(7) 2.374(2) 2.3215(6) 2.337(1) 2.3223(5)
Ru—P 2.196(2) 2.317(1) 2.3121(7) 2.1949(6) 2.322(1) 2.3012(4)
b 1.77(4) 1.68(2) 2.119(2) 2.373(1) 1.70(3) 1.80(2)
Ru—L
1.68(2) 2.379(1)
c1-c2 1.453(10) 1.449(4) 1.407(4) 1.438(4) 1.455(8) 1.522(3) 1.535(5) 1.547(2)
N1-Cl1 1.39(1) 1.385(5) 1.462(3) 1.376(3) 1.351(6) 1.470(2) 1.455(5) 1.493(2)
N2—-C2 1.39(1) 1.465(6) 1.462(3) 1.376(3) 1.360(7) 1.463(3) 1.495(4) 1.490(2)
N1-C11 1.39(1) 1.374(6) 1.463(3) 1.393(3) 1.426(6) 1.363(2) 1.344(5) 1.443(2)
N2—-C21 1.41(1) 1.452(6) 1.463(3) 1.398(3) 1.425(5) 1.355(2) 1.443(5) 1.438(2)
1.611(7) 1.567(3) 1.558(6) 1.557(2)
N-B
1.561(2)
“Data reported previously in ref 11. °L corresponds to Cl, H, or MeCN.
NMR and IR spectroscopy were used to further confirm the
presence of MLC binding in 2-(BH;). The *'P NMR a) TMce, TMS
resonance for 2 at § 89.24 ppm shifts to higher field (& RuClxio Y r;—jzﬁ—sMe _2MaBH _ N—RU-SMe
.. . A EtOH o | THE HEZHT | BHY
44.34 ppm) and splits into a doublet for 2-(BH;) in CD,Cl, /N\© O/N@
due to trans P=Ru—H coupling (J = S0 Hz). A broad Ru—H—
B hydride resonance also appeared in the '"H NMR spectrum 1-(BH),

at 6 —=7.96 ppm in CD,Cl,, and trans P—Ru—H coupling was
more clearly observed in C¢Dg (Figure S16). The terminal B—
H resonances yielded a very broad resonance with a full width
at half-maximum (fwhm) of 470 Hz centered at § 1.22 ppm.
The "B NMR spectrum in CD,Cl, also revealed a broad
resonance at § —18.3 ppm with no clear ''B—'H coupling, but
the solid-state IR spectra of 2-(BH;) showed distinct bridging
and terminal B—H stretches at 2346, 2417, and 2432 cm™/,
respectively. These are similar to B—H stretches reported for
1-(BH,) at 2338 cm™' (B—H—Ru) and 2404 and 2430 cm™
(terminal B—H)."'

Dual-MLC compound 1-(BH;), was prepared by refluxing
RuCl;-«H,0 with L1 and EtOH in air to form 1-Cl,, followed
by reduction of 1-Cl, with 2 equiv of NaBH, (Figure 2a).
Structures of 1-Cl, and 1-(BHj;), obtained from single-crystal
XRD studies revealed C; and C, symmetry, respectively, with
chlorides and hydrides bound in the axial coordination sites.
Evaluating the two structures side-by-side revealed changes
indicative of redox processes involving L1. The ligand bond
distances in 1-Cl, suggest that the o-phenylenediamine was
oxidized to the neutral diiminoquinone; the short N—C bond
distances of 1.351(6) and 1.360(7) A are consistent with
significant double-bond character. In contrast, the N—C
distances in the structure of 1-(BH;), are elongated to
1.462(3) A. Furthermore, the NC—CN distance decreased
from 1.455(8) A in 1-Cl, to 1.407(4) A in 1-(BHj,), consistent
with reduction of the diiminoquinone back to o-phenylenedi-
amine. The N—B distances shortened from 1.611(7) A in 1-
(BH;) to 1.567(3) A in 1-(BH,),.

The 'H NMR spectrum for 1-Cl, revealed that the complex
is diamagnetic and showed chemically equivalent SMe
resonances consistent with the symmetric structure (Figure
S9). In contrast, three sets of SMe and hydride resonances
were observed in the 'H NMR spectrum of 1-(BH;),
consistent with three different stereoisomers, as shown in
Chart 2. The hydride 'H resonances were broad at RT but
became more resolved upon cooling to —80 °C (Figure 3).

Figure 2. (a) Synthesis of 1-Cl, and 1-(BH;),. (b) Molecular
structures of 1-Cl, (left) and 1-(BH;), (right). Thermal ellipsoids are
drawn at the 50% level. Hydrogen atoms attached to carbon were
omitted from the figure.

Chart 2. Comparison of Stereoisomers A, B, and C of 1-
(BH;),

H—E‘Hz H—BH2 XRD H—Z\,Hz
Me N, | N Me N., | N Me Me, N, | N
'R / D / \ 'R .
s TS s=T | s ST s
N WaATCN W) e

C1 symmetry (A)

T T
-85 -9.0 -95 -10.0 [ppm]

Figure 3. Variable-temperature '"H NMR studies (hydride region) of
1-(BH,), in CD,CL.
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Isomer A has two inequivalent hydride resonances that . .
appear at 0 —9.03 and —9.67 ppm, whereas the C, symmetric IO Ao ot e
. .1 mA/cmy

isomers B and C have chemically equivalent hydrides that
generate a single resonance for each isomer at 6 —9.22 and
—9.42 ppm (we cannot distinguish between the resonances for
B and C, but we suspect that the XRD isomer C is in higher
abundance). The relative intensities of the hydride resonances
align with three sets of SMe resonances at —80 °C (5 2.88 and
2.64 ppm (A), 6 2.70 ppm (B), and § 2.94 ppm (C)),
suggesting that they originate from the same diastereomers
(Figure S13). Similar to 2-(BHj), a broad 'H resonance
assigned to the terminal B—H bonds was observed at § 1.72
ppm (fwhm = 280 Hz) and became more resolved at lower
temperature. The room-temperature ''B° NMR spectrum
revealed a single resonance at § —9.3 ppm, and this peak
broadened as the sample was cooled (Figure S12). Similar to
1-(BH;) and 2-(BHj;), the IR spectrum of 1-(BH;), revealed
bridging B—H—Ru stretches at 2336 cm™" and terminal B—H
stretches at 2411 and 2435 cm™.

Electrochemical Studies. Cyclic voltammetry (CV) data
were collected to determine how MLC binding affects the
electrochemistry of 1 and 2 and to evaluate the importance of
the o-phenylendiamine subunit for redox chemistry (Table 2).

Table 2. CV Data Referenced to Fc/Fc* and Collected at
100 mV/s

EI/Z (V) Epa - Epc (V) Ipc/Ipa

1 -0.72 0.16 0.975
-0.25 0.16 0.954

1-(BH3) —0.50 0.13 0.617
2 —1.00 0.11 0.924
—-0.62 0.15 0.777

—0.21 0.15 0.922

2-(BH,) 072 0.13 0.984

As reported previously but recapped here for comparison,''
the CV of 1 shows two reversible waves at E, , = —=0.72 V (Ipc/
I, =0975)" and E, , = =025 V (I/I,, = 0.954) vs the Fc/
Fc* couple,* the internal standard for all potentials reported
herein. Consistent with the assignment of similar CV features
for Ni complexes with L1,'* the first reversible wave at —0.72
V is assigned as the 1*/1 couple, and the second wave at —0.25
V is assigned as the 12/1% couple.15

Unexpectedly, our initial attempts to collect the CV of 1-
(BHj;) in THE revealed three reversible features instead of two
observed for 1 under the same conditions (Figure 4). The
results were qualitatively the same when CV data were
collected in MeCN under the same conditions (Figure S2). All
three waves for 1-(BH;) were present during initial scans
collected at different starting potentials, which ruled out that
the additional feature was due to an ECE-type mechanism.
Furthermore, no scan-to-scan decomposition was observed for
multiple samples collected over 100s of scans (Figure S4).

A clue as to the origin of the three features in the CV of 1-
(BH;) was afforded by replicate analysis in THF and MeCN.
The current density of the middle feature at —0.50 V varied
slightly from sample-to-sample and was inversely related to the
current density of the two flanking features at —0.72 and —0.25
V. Suspecting that the three CV features represented an
equilibrium mixture of 1 and 1-(BH;), we performed a
titration study maintaining the concentration of 1 and adding
BH; THF (which shows no redox activity in our electro-

i, .
e i

1
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1-(BH,), % [2-(BH,)]OTf —
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Figure 4. Top: CVs of 1 (left) and 2 (right) collected at 100 mv/s
with and without MLC as indicated. Scan starting potentials are
circled, and scan directions are indicated with arrows. Bottom:
Titration of 1 (black trace) by addition of BH;- THF. The gray traces
show addition of BH;-THF in 0.1 M increments up to 1.5 equivalents.
The red trace shows the CV with a large excess (5.5 equiv) of BH;:
THEF. All CV data were collected in THF with 0.1 M ("Bu,N)PF
using a glassy carbon working electrode, Pt wire counter electrode,
and Pt wire quasi-reference electrode. Potentials are normalized to the
Fc/Fc" redox couple.

chemical window). Indeed, CV data acquired after each
addition show the gradual disappearance of the two features
assigned to 1 and an increase in current density for a new,
single feature that appeared at —0.50 V (IPC/Ipa = 0.617) after
addition of excess BH; THF (Figure 4 bottom).

CV data collected on different ratios of 1 and BH; THF
helped reveal the cause of the sample-to-sample differences
observed in replicate CVs of crystallized 1-(BH,;). Solid
samples of 1-(BH;) appear to lose various amounts of BH,
when exposed to vacuum for extended periods, which occurred
when transferring different samples under vacuum to our
analytical glovebox for electrochemical analysis. The CV of 1-
(BH;) in Figure 4, for example, has a profile and peak
intensities more closely matched to the CV we obtained for 1
with 0.5 equiv of BH;- THF (Figure SS). For comparison, the
CV of 1 with 1.0 mol equiv of BH;-THF shows that both 1-
(BH,) and 1 exist in equilibrium in a $:1 molar ratio (Figure
S6).

The equilibrium observed by CV between 1 and 1-(BH,)
was initially unexpected because NMR data collected on
crystals of 1-(BH;) immediately isolated from their mother
liquor showed no obvious evidence of 1 and free BH;-THF in
C¢D¢ and THF-dy.'' However, these spectroscopic and
electrochemical differences can likely be attributed to changes
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in BH; lability when 1-(BH;) is oxidized under an applied
potential. As shown in Scheme 4, BH; can be lost from 1-
(BHj;) in THF to form BH; THF before or after oxidation. We
postulated that oxidized 1-(BH;) loses BH; more readily
because this allows the ligand radical to delocalize over both
nitrogen atoms and more of the triaryl framework. Indeed,
DFT calculations (methods described in the “DFT Calcu-
lations” section) support this hypothesis, and they were used to
calculate AG values for the following two equilibrium
expressions:

1 + BH; THF = 1-(BH,) + THF

AG,; = —7.5 keal/mol (1)

1" + BH,- THF = 1-(BH,)" + THF
AG, = —5.5 kcal/mol (2)

The calculations show that BH; binding is less favorable by 2.0
kcal/mol when 1 is oxidized.

Scheme 4. Electron and BH; Transfer Series with 1 and 1-
(BH,)
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We modeled the experimental titration data for comparison
to the calculated AG values. Because we cannot discern
between the two different equilibria afforded by neutral and
oxidized 1 in the CV data, we used a single net equilibrium
expression that simply accounts for total concentration of 1
and 1-(BH;) based on peak currents and as a function of
added BH;- THF (see the Supporting Information for details).
The experimental model yielded a net AG = —6.4 + 0.4 kcal/
mol, in excellent agreement with the calculated data. These
calculated and experimental AG values compare very well with
energies reported for formation of Lewis acid—base adducts
between amines and BH;.'®

Given that MLC binding in 1-(BH;) eliminated one of the
redox features observed in the CV of 1, we tested dual-MLC
compound 1-(BHj,), for comparison. Consistent with the CV
results for 1-(BH;), the redox activity in 1-(BH;), is
completely attenuated due to MLC engagement of both N
atoms (Figure 4). No evidence of BH, loss was observed for 1-
(BH;), under an applied potential.

We recently showed that replacing o-phenylenediamine in
L1 with nonconjugated 1,2-diaminoethane in L2 significantly
attenuates reversible redox activity in square planar Ni
complexes.'” In contrast, the CV of 2 maintains quasi-
reversible and reversible redox features at —0.62 V (I,./I,, =
0.777) and —0.21 V (IPC/IPa = 0.922), respectively. A new,
relatively small, reversible feature (IPC/IPa = 0.924) emerged in

the CV trace of 2 at —1.00 V, which is assigned to an ECE
process and a new electrochemically generated complex that
has yet to be identified. This ECE feature is only observed for
2 when scanning past the most positive oxidation event at
—0.21 V.

The CV of 2-(BH;) again showed how MLC reduces the
electrochemical activity of 2; a single, reversible redox wave
was observed at —0.72 V (I,./I,, = 0.984). There was no
evidence of an equilibrium between 2-(BH;) and 2 (i.e., bound
and unbound BH,) as observed for 1-(BH;), which suggests
that MLC binding is stronger in 2-(BH;) than 1-(BH,). The
increased MLC binding strength is consistent with the shorter
N-B bond length of 1.558(6) A for 2-(BHj;) relative to the
1.611(7) A length for 1-(BHj,).

To compare BH; binding energies between 1 and 2, we
again used DFT to calculate the change in Gibbs free energy
for the reaction of 2 and 2* with BH;- THF:

2 + BH;-THF = 2-(BH3) + THF

AG; = —15.2 keal/mol 3)

2" + BH; THF = 2-(BH,)" + THF
AG, = —15.2 kcal/mol (4)

The results show that BH; binding with 2 is significantly more
exergonic than that with 1, which aligns with differences in the
CVs of 1-(BH;) and 2-(BH;) and their B—N bond distances.
Furthermore, in contrast to our calculations with 1, the binding
energies are the same regardless if 2 is neutral or oxidized. This
result lends support to our hypothesis that the 2.0 kcal
difference in the AG of reaction for 1 and 1* (eqs 1 and 2) can
be attributed to additional stabilization afforded by the
conjugated phenylene backbone in 1%, which allows the radical
to delocalize over both N positions when BHj is lost.
Chemical Oxidation Studies. Chemical oxidation studies
were carried out to identify the electrochemically generated
complexes in the CV traces. Treating 1 with AgBF, in MeCN
afforded the singly oxidized complex [1-MeCN]BF, (Scheme
5). XRD studies revealed MeCN bound in the open

Scheme 5. Chemical Oxidation of 1 to Form [1-MeCN]BF,
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coordination site trans to PPh; and the presence of the
outer-sphere BF,~ (Figure S8). Only subtle changes to the C—
C and C—N bond distances on the ligand were observed
compared to those of 1 (Table 1), which suggested a high
degree of radical delocalization over the ligand metal. EPR data
collected on frozen CH,Cl, solutions of [1-MeCN]BF, at 4 K
confirmed the presence of the radical with significant electron
spin delocalized across Ru and the N,$, ligand (Figure S). The
EPR spectrum was modeled as an S = 1/2 system with g =
2.0057 and A" = 74 MHz. The g value is close to that of a free
electron, as expected for a ligand-centered radical, but the AR
value suggests there is a non-negligible ruthenium component.
For comparison, typical g-values for Ru(IlI) can range from
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Figure S. Frozen-solution EPR spectra of [1-MeCN]BF, in CH,Cl,
at 4 K in the X-band (9.5 MHz) were recorded with a Bruker EMX
System. Fitting parameters: LW 5.5, g = 2.0057, and A® = 74 MHz.
Simulations were performed using the EasySpin VS5.2.28 package for
Matlab.

2.033 to 2.205"7 and would show the expected rhombohedral
signal for a metal based radical, as is the case with open-shell
metal systems at 4 K.'® No other hyperfine interactions could
be determined due to line broadening.

Attempts to chemically oxidize 1 in THF instead of MeCN
resulted in mixtures that produced poorly diffracting crystals
showing evidence of ligand decomposition via C—S bond
cleavage. In contrast to MeCN, we have shown previously that
THE does not bind to the open coordination site trans to PPh;
in 1."" Although 1 is stable with respect to decomposition on
the time scale of the CV experiments in THF, it appears that
donor molecules that bind more readily to the open
coordination site in 1* (such as MeCN) are required to
prevent eventual decomposition after chemical oxidation.

As with 1, chemical oxidation of 2 and 1-(BH;) with silver
salts revealed immediate color changes and precipitation of a
solid presumed to be Ag(0), but attempts to isolate products
from the reaction mixtures were unsuccessful. We suspect that
these attempts were thwarted by complications associated with
the lability of BH; with 1 in solution and ECE transformations
for 2, as observed in their CVs. In contrast, we discovered that
treating 2-(BH;) with AgOTf in THF yielded a new product
that could be isolated reproducibly as single crystals in
moderate yields (40—60%). XRD analysis of the single crystals
from toluene revealed that MLC-bound BHj; lost a hydride to
form [2-(BH,)]OTf with symmetric BH, bridged between the
N atoms (Figure 6)."

NMR studies revealed that [2-(BH,)]OTf is diamagnetic,
and the complex can be formally described as Ru(II) with an
anionic dihydroborate ligand and an outer-sphere triflate to
balance the charge. '"H NMR data revealed the presence of
chemically equivalent SMe and ethylene resonances (Figure
S19). A broad hydride resonance was observed at § —5.49
ppm, and the *'P NMR spectrum revealed a doublet at § 52.83
ppm with similar trans P-Ru—H coupling as 2-(BH;) (J = 65
Hz). CV studies of [2-(BH,)]OTf in THF revealed no
electrochemical activity (Figure 4). This result is again
attributed to MLC engagement of both N atoms on the
N,S, ligand, as observed for 1-(BHj),.

It has been shown previously that N radicals generated by
N-H hydrogen atom abstraction from MeNH, — BHj; react
with coordinated BH;,” as shown in eq 5:

BuO- .
MeNH, — BH; —— MeNH — BH; —— MeNH-BH,
—BuOH

~1/2H,
(%)

10850

| .PPh H. | PP
N—Ru—SMe AGOTT N:}"Ru—SMe
9,7 N
HELH | THF N
N H™ v eN

Figure 6. (Top) Reaction of 2-(BH;) with AgOTf (Bottom)
Molecular structures of [2-(BH,)]OT{. Thermal ellipsoids are drawn
at the 50% level. Hydrogen atoms attached to carbon and the triflate
anion were omitted from the figure.

It is plausible that similar N radical reactivity is operative when
2-(BH,) is oxidized, although we have yet to confirm that a
stochiometric amount of H, is generated in this reaction.
Furthermore, it is possible that AgOTf reacts directly with
MLC-bound BHj rather than oxidizing the ligand first. Control
reactions without 2-(BH;), for example, showed that AgOTf
reacts with BH;-THF in THF to form a precipitate and new
"'B NMR resonances similar to those reported for Lewis base
adducts of H,B-OTf (Figure $22).*' Efforts to elucidate the
mechanism of this reaction are ongoing.

DFT Calculations. Given the difficulties isolating singly
oxidized 1-(BH,)*, 2%, and 2-(BH,)* for experimental analysis,
dispersion-corrected DFT calculations (B3LYP-d3)** were
conducted using Gaussian™ to evaluate the influence of MLC
on spin densities and to calculate changes in Gibbs free
energies upon BH; binding (as described above). Calculations
on neutral and oxidized 1 and 2 with and without BH; and on
[1-MeCN]* were performed for comparison to the exper-
imental results. The calculated bond distances, which are
summarized in Table SS, reproduce the relative bond distance
variations observed in the experimentally determined struc-
tures.”*

The DFT calculations suggest significant spin delocalization
across the covalent Ru—N bonds for all of the oxidized
complexes, consistent with the noninnocent character of the
N,S, ligands. Mulliken spin densities calculated for [1-
MeCN]" with coordinated MeCN were 13.9% for Ru and
45.2% for N atoms on L1 (Table 3), with the remaining spin
being delocalized over the rest of the triaryl framework (Table
S2). These values are consistent with the EPR results showing

Table 3. Calculated Mulliken Spin Densities for Ru and N“

Ru N1 N2 total N
[1-MeCN]* 13.9% 22.8% 22.4% 45.2%
1" 27.4% 19.0% 17.5% 36.5%
1-(BH,)* 22.7% 41.5% 0.1% 41.6%
2+ 27.7% 21.3% 28.9% 50.2%
2-(BH,)* 32.9% 45.1% —0.6% 44.5%

“The full list of values can be found in the Supporting Information.
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mostly ligand-centered radical character for [1-MeCN]BF,.
Removing the coordinated MeCN to form five-coordinate 1*
shifts more spin density onto Ru (27.4%) with a corresponding
decrease on the ligand N atoms (36.5%). Similar results were
obtained for 2* without MeCN, albeit with more spin density
located on N (50.2%) due to the absence of the conjugated o-
phenylenediamine subunit (Tables 3 and S3).

Side-by-side spin density plots for oxidized 1* and 2* with
and without BHj clearly shows how MLC binding in 1-(BH;)*
and 2-(BH;)" eliminates spin density on the chemically
engaged N atom and prevents 7z delocalization with the
associated flanking aryl group (Figure 7). The N spin densities

RN 8598 2
&, ?‘l“ tr‘

9 %9
1 1-(BHy)" @
3 3
e . $ 4 a
29 :
2 ';? 2-(BH,)* Q‘ N

Figure 7. Calculated spin density plots of singly oxidized complexes.
Hydrogen atoms were omitted from the figure. Isovalues are shown at
0.004, and associated spin density values are shown in Table 2.

in 1-(BH;)" (41.6%) and 2-(BH,;)* (44.5%) are similar to
those calculated for their parent complexes, 1" and 27, but have
shifted to the unoccupied N atoms (Table 3). These data
visually demonstrate how N atoms are not available for ligand-
centered redox transformations when engaged in MLC with
BH;, supporting our experimental data and assignments of
redox (in)activity.

B CONCLUSION

In summary, we have shown how stepwise MLC engagement
of amido groups in redox active N,S, ligands attenuates their
electrochemical reactivity when bound to Ru. Although the
results are somewhat intuitive when considering how MLC
chemically removes part of the 7-surface accessible for ligand-
centered oxidation, they demonstrate how electron transfer can
still be achieved as long as a redox-active site remains available
and unoccupied. This suggests that combining MLC with
redox active ligands may be more productive for accessing new
synthetic transformations if more than one multifunctional
reactive site is incorporated into the ligand (as shown here) or
if chemical and redox-active functional groups on the ligands
are separated. The results also serve as a reminder that
chemical-induced attenuation of ligand-centered redox activity
should be accounted for when evaluating reaction mechanisms
that invoke chemical and redox processes at the same
noninnocent ligand.
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