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A C-H bond activation strategy based on electrochemical activation of a metal hydride is introduced.
Electrochemical oxidation of (B“PCP)IrH, (B“PCP is [1,3-(‘Bu,PCH,)-CgHs]™) in the presence of pyridine
derivatives generates cationic Ir hydride complexes of the type [((B“PCP)IrH(L)]* (where L = pyridine,
2,6-lutidine, or 2-phenylpyridine). Facile deprotonation of [(B“PCP)IrH(2,6-lutidine)]* with the
phosphazene base tert-butylimino-tris(pyrrolidino)phosphorane, ‘BuP;(pyrr), results in selective C—H
activation of 1,2-difluorobenzene (1,2-DFB) solvent to generate (B“PCP)Ir(H)(2,3-CgF.H3). The overall
electrochemical C—H activation reaction proceeds at room temperature without need for chemical
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Introduction

The activation of C-H bonds has become one of the most
powerful tools in chemical synthesis."” Among the diverse
mechanistic pathways available to transition metal complexes
for C-H bond activation, C-H oxidative addition at a low-valent
metal center is perhaps the most prominent. This reaction
underpins thermal C-H functionalization by iridium pincer
complexes that have proven to be especially prolific catalysts.?
The archetypal dihydride complex (***PCP)Ir(H), and its H,
adduct (®*'PCP)IrH, (1, Scheme 1)* catalyze an array of reac-
tions based on alkane dehydrogenation, as well as C-O and C-F
activation reactions that are initiated by sp> C-H bond activa-
tion.® Efficient dehydrogenation catalysis requires a sacrificial
alkene (e.g. tert-butylethylene, TBE) to generate a three-
coordinate iridium(1) intermediate (®***PCP)Ir that rapidly acti-
vates hydrocarbon C-H bonds. Catalyst activation by the sacri-
ficial alkene is the rate-determining step in some (*“*PCP)Ir-
catalyzed C-H functionalization systems.>®

Electrochemical oxidation of pincer iridium hydride
complexes (Scheme 1, green) represents a possible alternative to
the use of sacrificial alkene hydrogen acceptor reagents.
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C—H activation holds promise for the development of future catalytic processes.

Sequential removal of H" and e~ equivalents would result in
a (perhaps counterintuitive) change in formal oxidation state
from Ir(m) to Ir(i) upon oxidation, generating the key three-
coordinate intermediate (“***“PCP)Ir.

Electrochemical C-H functionalization has recently enabled
impressive advances in synthetic organic chemistry, either via
direct electrochemical activation of organic substrates,*” or via
electrochemical regeneration of organometallic complexes to
close a catalytic cycle.®'® The latter processes are notably
limited to substrates with directing groups that pre-organize
and accelerate the C-H bond activation. To our knowledge,
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there are no conclusive examples of electrocatalytic C-H bond
activation of sp® or sp® C-H bonds lacking directing groups, and
no examples of electrochemically driven intermolecular C-H
activation with the versatile family of (PCP)Ir-based
complexes."*

We present a detailed investigation of the electrochemical
C-H bond activation of 1,2-difluorobenzene by tetrahydride 1.
In demonstrating the elementary steps of Scheme 1, a series of
stabilized cationic iridium hydride complexes was isolated and
characterized and found to cleanly activate the arene upon
deprotonation. The overall reaction utilizes electrochemistry to
achieve C-H bond activation of a directing-group-free substrate
at room temperature, without a sacrificial chemical hydrogen
acceptor.

Results and discussion
Electrochemical synthesis of a cationic iridium hydride

Several factors guided the selection of conditions that would be
suitable for electrochemical C-H bond activation by pincer
iridium hydrides. First, we recognized that the three-coordinate
intermediate (®*™PCP)Ir reacts with the C-H bonds of most
common solvents, leading us to consider conditions of large
substrate excess (or substrate as solvent). A second concern was
the ability of the substrate-solvent to dissolve a supporting
electrolyte and present a suitable electrochemical potential
window, given that many potential substrates are non-polar and
thus unsuitable for preparative scale electrochemistry. With
these constraints in mind, we selected 1,2-difluorobenzene (1,2-
DFB) as an arene substrate’> without directing groups that is
suitably polar to dissolve commonly employed electrolytes such

s ["BuyN][PF¢] and is stable over a wide potential window,
especially in the oxidative direction.”*™® The tetrahydride 1 was
the focus of investigations, based on excellent stability observed
in control experiments (whereas the dihydride underwent
partial decomposition in polar solvents). Based on our prior
observation that oxidation of (*"PCP)Ir(H), (n = 2, 4) in THF
leads to decomposition in the absence of a stabilizing ligand,*®
we hypothesized that key cationic intermediates might need to
be stabilized. Neutral ligands that provide good ¢ donation and
weak 7 back-donation were targeted as candidates to stabilize
cationic Ir(m) but readily dissociate upon deprotonation to
neutral Ir(1).

We initiated our studies by exploring whether cationic
complexes stabilized by pyridine and its analogues could be
accessed electrochemically and serve as intermediates in the
C-H bond activation of 1,2-DFB. It has been recognized previ-
ously that oxidation can greatly increase the acidity of metal
hydrides,"” so we anticipated pyridine could act as a base and
a ligand. Pyridine itself was found to react with 1 (see ESI
Section 31), however, so we turned to the bulkier congener 2,6-
lutidine.

Cyclic voltammetry (CV) of 1 in 1,2-DFB containing 0.2 M
["BuyN][PF¢] electrolyte and decamethylferrocene as an internal
standard revealed an irreversible oxidation at approximately
0.35 V vs. Cp,Fe”° at 100 mV s~*. The iridium complex is
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significantly easier to oxidize than 2,6-lutidine, which is
oxidized beyond 0.7 V vs. Cp,Fe™°.

The CV data guided the choice of conditions for preparative
electrochemical synthesis. The tetrahydride 1 and 11 equiv. 2,6-
lutidine were subjected to controlled potential electrolysis (CPE)
at 0.90 V vs. Ag™° (approx. 0.4 V vs. Cp,Fe"°) in 1,2-DFB with
[*BuyN][PF¢] electrolyte. During the 1.5 h electrolysis, charge
equivalent to 2.1e” per Ir was passed and a color change from
pale to dark yellow was observed. Analysis by "H NMR spec-
troscopy confirmed formation of a new species assigned as the
target cationic 2,6-lutidine (lut) adduct, [(**PCP)Ir(H)(lut)]"
83% 'H NMR yield based on the mesitylene internal standard

(Scheme 2).
P‘Bu P‘Bu PF,
. b a0y . ]
vs Ag"’0
Ir Hy + Ir—N
1 2-DFB
["BugN][PFe]
P‘Buz lut + P‘Buz
11 equiv —HHut’, _2,6 »~Hy
83% yield

Scheme 2 Electrosynthesis of cationic iridium hydride 4.

Independent synthesis and characterization of cationic
iridium hydride complexes

An independent synthetic route to cationic hydrido pyridine
complexes was designed based on halide abstraction from
(*®*“PCP)Ir(H)(C]) (2). As shown in Scheme 3, equimolar
mixtures of 2 and substituted pyridines were treated with
NaBAr®, (Arf = 3,5-bis(trifluoromethyl)phenyl) in CH,Cl,. This
route was used to obtain pyridine complex [(**PCP)Ir(H)(py)]
[BArF,] (3%), 2,6-lutidine complex [(***PCP)Ir(H)(lut)][BAr,] (4),
and 2-phenylpyridine (2-Phpy) complex [(**“PCP)Ir(H)(2-Phpy)]
[BAr",] (5*). For pyridine, stoichiometric control is important to
prevent further binding of pyridine to 3* (see ESI Section 37),
while further binding of lut and 2-Phpy to 4" and 5* was not
observed.

Cationic hydrides supported by the archetypal “*"PCP ligand
are surprisingly rare,'' so these species were fully character-
ized. Multinuclear NMR spectra of 3* are consistent with
a square pyramidal geometry with an apical hydride ligand, on
the basis of the highly upfield-shifted "H NMR signal for the
hydride at —45.4 ppm.** Complexes 4" (—31.4 ppm) and 5"
(—20.1 ppm) feature hydride "H NMR signals that are shifted
downfield relative to that of 3" (—45.4 ppm). Hydride chemical
shifts in octahedral Ir(m) complexes reflect the presence and

PBU, ] BAF,

P'Bu,
CH.Cl,
Ir—Cl + NaBArf, + L ——» Ir—L
7 3 L= py
H - NaCl H L
PBU, PBU, 4+. L=26-lut
2 5" L = 2-Phpy

Scheme 3 Synthesis of cationic hydride complexes.
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nature of ligands trans to the hydride donor,”*** so the large
span of chemical shifts indicated unexpectedly significant
changes in geometry (particularly given that the hydride of 3" is
assigned to be trans to a vacant coordination site).

Single crystals of complexes 3%, 4%, and 5" were obtained,
enabling a comparative XRD study evaluating the molecular
geometry with each pyridine ligand in the solid state (Fig. 1).
Cationic hydrido pyridine complex 3" features a square pyra-
midal structure, with a 179.8° angle between the aryl backbone
C, central Ir, and the pyridine N, similar to the C-Ir-C(O) angle
in [(*®*"'PCP)Ir(H)(CO)]".*®* The same C-Ir-N angle in the 2,6-
lutidine complex 4* is 174.5°, while in the structure of 2-phe-
nylpyridine complex 5% the pyridyl nitrogen is canted dramati-
cally, nearly reaching a position cis to the phenyl backbone (C-
Ir-N 99°). The phenyl ring of 2-Phpy is held proximate to the site
trans to the phenyl backbone in 5. DFT geometry optimization
studies (see ESI Section 7t) on the series of complexes shows
a widening H-Ir-N angle from 90.6° for 3" to 112.6° for 4" and
175.9° for 5%. This perturbation from a cis orientation of pyri-
dine and hydride donors to a trans orientation is fully consistent
with the observed downfield hydride "H NMR chemical shifts.
The computed structure of 4° is more dramatically bent than
observed in the experimental XRD study, with evidence from

Fig. 1 Structural representation of 3*, 4%, and 5% from XRD with
ellipsoids rendered at 50% probability. Most hydrogen atoms and all
BAr, counter ions omitted for clarity. Hydride hydrogen atom of 3*
was not located in the difference map. Selected bond distances (A) and
angles (°), 3*: Ir1-P1 2.324(2), Ir1-P101 2.329(5), Ir1-N101 2.135(7), P1—
Ir1-P1#1 163.6(1), C1-Ir1-N1 179.99(4); 4*: Ir1-P1 2.345(2), Ir1-N1
2.131(9), Ir1-C1 2.008(11), P1-Ir1—-P1#1 157.11(15), C1-Ir1-N1 174.5(5);
5% 1r1-P1 2.365(2), Ir1-P2 2.345(2), Ir1-N1 2.192(5), Ir1-C1 2.038(6),
P1-Ir1-P2 158.02(6), C1-1r1-N1 98.7(2).
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DFT for a lutidine methyl C-H agostic interaction trans to the
hydride (Ir-C 2.95 A).

The proximity of the 2-Phpy phenyl ring to the Ir center in 5"
(Ir-C35 2.565(6) A) is consistent with an agostic interaction
involving an aromatic proton on the phenyl substituent of 2-Phpy.
While no upfield resonances of 5% indicative of an agostic inter-
action were observed by "H NMR spectroscopy at room tempera-
ture in CD,Cl,, cooling the sample to —20 °C resulted in sharper,
more resolved aromatic resonances and the appearance of a new
singlet at 4.01 ppm coupled to an aromatic carbon (é1¢c = 97.1,
Yeu = 125 Hz). The upfield shifts in both the *H and **C reso-
nances, as well as the substantially reduced “Jcy (typically 150-170
for aromatic C-H), are hallmarks of a C-H agostic interaction.*

Deprotonation of cationic iridium hydride complexes

With well-defined and electrochemically accessible cationic
hydrides in hand, base-promoted C-H bond activation was
targeted. Treating 2,6-lutidine complex 4" with 1 equiv. ‘BuP;(-
pyrr) in 1,2-DFB resulted in full conversion within minutes at
room temperature. Two sets of product signals with upfield
hydride resonances indicative of five-coordinate Ir(u)
complexes (—43.2, —46.3 ppm) are observed by "H NMR spec-
troscopy. New 'H and '°F resonances confirm the presence of
a fluoroaryl group bound to iridium.” The combined spectro-
scopic data are consistent with clean conversion to (***PCP)
Ir(H)(2,3-CcF,Hj3) as a mixture of rotamers, 6a and 6b (Scheme
4). This structure was confirmed by addition of CO to produce
the known complex (®"PCP)Ir(H)(CO)(2,3-CcF,Hs).** The high
regioselectivity, with exclusive C-H bond activation at the 3-
position, is expected based on the ortho-fluorine stabilizing
effect.”*2¢

While the agostic interaction of 5" seemed likely to bias C-H
activation reactivity towards cyclometallation, deprotonation of
5% in 2-phenylpyridine solutions led to a mixture of several
species at room temperature, only converging to the expected
ortho-metallated phenylpyridine complexes upon heating
(indicating that C-H addition occurs without prior pyridine
coordination, as noted previously).”»*”*° Further studies
focused on the well-defined reactivity of 4" in 1,2-DFB.

Electrochemical C-H activation of 1,2-difluorobenzene

Having successfully demonstrated both key steps in the
proposed C-H bond activation scheme, we next attempted

P'Bu,

—l +
@
1 ,2-DFB
r—-N 6a
CI F’ .,NQ ~[H'BuUP(pyrn)]* PiBU,

—2,6-lutidine

P'B
42 O 80% yield !
)
18P (oy) o Fs EF
P'Bu,
6b

Scheme 4 C-H activation of 1,2-DFB by deprotonation of 4.
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a one-pot electrochemical C-H activation of 1,2-DFB starting
from (“®“PCP)IrH,, 20 equiv. lut, and 5 equiv. ‘BuP,(pyrr).
Oxidation by CPE resulted in a color change from pale orange to
dark orange-red, and passage of current amounting to 2.7e~ per
Ir. Analysis of the product mixture by "H NMR spectroscopy
showed that 1 indeed provided 6a and 6b, but with limited
conversion (19% yield, Scheme 5). The reaction proceeds in
higher yield (30%) when the 2,6-lutidine is left out of the reac-
tion. The formation of the desired product is a promising
indication of the viability of this electrochemical C-H activation
strategy.

We hypothesized that incomplete conversion of 1 in the
electrochemical process was due to complications arising from
direct oxidation of the base, ‘BuP,(pyrr). Indeed, ‘BuP,(pyrr) is
more easily oxidized than 1 (Fig. S33 in the ESIt) and we suspect
that the oxidized ‘BuP;(pyrr) may lead to electrode fouling or
other side reactions.

To circumvent direct oxidation of ‘BuPy(pyrr), a one-pot
procedure was carried out. Electrochemical generation of 4"
was followed immediately by addition of ‘BuP;(pyrr), producing
6a and 6b in a significantly improved yield of 61%.

Comparison to sacrificial olefin-mediated process

To compare electrochemical and thermal C-H activation
processes, the reactivity of (®**PCP)IrH, in 1,2-DFB with the
prototypical hydrogen acceptor tert-butylethylene (TBE) was
evaluated. Allowing (“®**PCP)IrH, to react with 2 equiv. TBE in
1,2-DFB led to no observed reaction after 24 hours at 20 °C.
Heating the mixture at 50 °C for 17 h resulted in full conversion
to a mixture of products, of which 79% were C-H activation
products of 1,2-DFB in a 1.6 : 1 ratio (6a : 6b).

The thermal and electrochemical arene activation reactivity
are notably distinct. The traditional thermal approach requires
a sacrificial alkene (TBE) as a chemical hydrogen acceptor,
producing an equivalent of 2,2-dimethylbutane as a byproduct.
Given that both the chemical and electrochemical reactions are
proposed to proceed through the same (®*"*PCP)Ir intermediate,
the elevated temperatures required by the thermal C-H bond
activation reaction are consistent with a rate-determining
reaction with TBE, in accord with previous studies.” The new
electrochemical approach, in contrast, does not require an
olefinic sacrificial hydrogen acceptor. The electrochemical
method described here does require a chemical additive in the
form of a phosphazene base. In an envisioned electrochemical
application, the protonated base would migrate to the cathode
and supply protons for H, evolution, regenerating the free base.
Furthermore, the low barrier to electrochemical activation to

PBu2 Epop = +1.1V
R 10
[t vs Ag*
IrHy + BuP1(p_yrr) 6a + 6b + other products
5 equiv 1,2-DFB No additive: 30% vield
1Bu,NI[PF, o additive: 30% yiel
P'Bu, _L+’ jzi[-, _ﬂz 20 equiv 2,6-lut: 19% yield

1 Electrolysis/deprotonation: 61% yield

Scheme 5 Electrochemical C—H activation of 1,2-DFB by 1.
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reach the (®“PCP)Ir intermediate allows the reaction to
proceed at room temperature.

Conclusions

The need for alkene hydrogen acceptors has been a major
limitation in (PCP)Ir-catalyzed C-H functionalization reactions.
The electrochemical C-H activation conditions reported here
lift the requirement for sacrificial hydrogen acceptor reagents.
Furthermore, the electrochemical reaction proceeds at room
temperature, whereas even the acceptor-driven reaction must
be heated. Cationic iridium hydride complexes are likely
intermediates in the electrochemical C-H bond activation
pathway. Three such species were isolated and characterized,
displaying a rich structural diversity that may be attributed to
agostic interactions.

This work illuminates some areas where modified catalysts
or conditions could be beneficial. First, a solvent that can
support electrochemical studies while withstanding reaction
with the Ir complex is needed. Second, the development of
metal hydride complexes that are easier to oxidize than the base
present in solution would improve efficiency.*® Ongoing efforts
to develop new electrochemical activation methodologies will
expand future opportunities for acceptorless C-H functionali-
zation of substrates lacking directing groups.
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