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C—H Bond Activation by Iridium(III) and Iridium(IV) Oxo

Complexes

Martijn A. Tepaske, Arnd Fitterer, Hendrik Verplancke, Daniel Delony, Marc C. Neben,
Bas de Bruin, Max C. Holthausen,* and Sven Schneider*

Abstract: Oxidation of an iridium(III) oxo precursor
enabled the structural, spectroscopic, and quantum-
chemical characterization of the first well-defined
iridium(IV) oxo complex. Side-by-side examination of
the proton-coupled electron transfer thermochemistry
revealed similar driving forces for the isostructural oxo
complexes in two redox states due to compensating
contributions from H* and e~ transfer. However, C-H
activation of dihydroanthracene revealed significant
hydrogen tunneling for the distinctly more basic iridium-
(IIT) oxo complex. Our findings complement the grow-
ing body of data that relate tunneling to ground state
properties as predictors for the selectivity of C—H bond

activation. )

Metal oxo complexes are key species for biological and
synthetic activation of strong C—H bonds via hydrogen atom
abstraction (HAA).'¥ Their examination also drove con-
ceptual advances in proton-coupled electron transfer
(PCET), as a physical basis to predict selectivities.”* Bell-
Evans-Polanyi-type (BEP) correlations of rates and sub-
strate C—H bond dissociation (free) energies (BD(F)Ecy)
are common indicators for radical H-transfer. Within the
Marcus framework for concerted PCET, BEP behavior can
be attributed to linearization of the quadratic driving force
dependence, assuming constant contributions from electron
and proton tunneling.>!
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Recently, some oxo complexes showed significant devia-
tions from BEP characteristics,”® such as Anderson’s Co™
(A) or Borovik’s Mn" (B) complexes (Figure 1).”'”! Due to
their distinct basicity, unequal (“asynchronous”) proton
(PT) and electron transfer (ET) contributions to the PCET
kinetics were proposed as origin.''! Semiempirical para-
metrization was based on expansions of classical Marcus
theory that weight the ET vs. PT driving forces!'” or add
parameters that are defined by thermochemical descriptors
of the reactants (E°, pK,)."”

However, detailed C—H/D kinetic isotope effect (KIE)
studies for A also indicated significant variation in H-
tunneling contributions with different substrates."! Similar
observations were reported for Tolman’s distinctly basic
copper(IIT) hydroxo complexes.”” Shaik and co-workers
ascribed deviations from BEP characteristics of a series of
Fe™VO complexes to quantum-mechanical tunneling
(QMT).'¥ Intriguingly, more electron donating ligands
increased QMT, which was attributed to narrower potential
energy barriers that result from increased electrostatic
interactions and smaller bonding asymmetry within the
{MO--H--C} moiety.'”! Nevertheless, further systematic ap-
proaches are needed to develop reliable predictors for
chemical reactivity under tunneling control.">!”)

Substrate activation with oxo species in multiple redox
states offers a potential strategy to systematically perturb
their properties with minimal structural variation. Surpris-
ingly, Borovik’s oxo pair B and C (Figure 1) provides a
unique example.'"'? However, direct comparison of dihy-
droanthracene (DHA) activation was complicated by a
mechanistic crossover from concerted PCET (B) to stepwise
PT/ET (C).

We recently reported the formal iridium(III) oxo com-
plex [Ir'(O)(PNP)] (1; PNP=N(CHCHP¢Bu),).””! Oxida-

\/ ne
o
By Q@ fBu HN OEH” HN
\ /
N\EF,N )
Ph B(n=1)
n =
A C(n=2)

Figure 1. Examples for transition metal oxo complexes with “asynchro-
nous” C—H abstraction characteristics.
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tion of 1 now gave access to the first iridium(IV) oxo
complex [Ir'Y(O)(PNP)]" (1%). Side-by-side isolation of 1
and 1% allowed for direct comparison of thermochemical
and kinetic trends for C—H activation, revealing distinct
differences in QMT that correlate with their relative
basicity.

Complex 1 exhibits a triplet ground state with approx-
imately even spin delocalization between the Ir and O atoms
in the two orthogonal Ir—O 7*-MOs, (p,(O)=0.95; p(Ir) =
0.88), resulting in net {*Ir=0°"} oxyl character.””’ Electro-
chemical characterization revealed a reversible oxidation at
E"=—-0.22V vs. Fc™ (Figure S1).*Y) Chemical oxidation of
1 in THF with [FeCp,|BAr",, (BAr", =B(C/Hs;-
3,5-(CF3),),”) results in rapid color change from purple to
deep blue. UV/Vis titration at —30°C (Figure 2a) displayed
isosbestic points and constant product absorbance over
several hours, indicating selective oxidation and sufficient
chemical stability of [Ir(O)(PNP)]* (17) for further charac-
terization. 1* markedly decays at temperatures above 0°C
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Figure 2. Spectroscopic and computational characterization of 17. a:
UV/Vis titration of 1 with [FeCp,]BAr",, in THF. b: Experimental and
simulated X-band EPR spectra of 1% in 2-MeTHF. c: IR spectra of 1*
and 17-"%0. d/e: DFT computed SOMO (d) and spin-density (e) of 1*
with Mulliken spin populations (isosurfaces at £0.05 a,/> and +0.005
a, ", respectively; methyl groups and H-atoms omitted for clarity).
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and conversion to mainly [Ir(OH)(PNP)]* (2+; 75%)P" is
complete within 15 min at 20°C (See ESI).

The formation of 1* was confirmed by X-ray crystallog-
raphy (Figure 3),” allowing for structural comparison with
parent 1. Oxidation induces only little structural reorganiza-
tion. Most prominently, the Ir—N distance significantly
shortens (Ad;, y=—0.10 A) and the bond to the oxo ligand
contracts slightly (Ad;, o =—0.02 A). These trends are in line
with removal of an electron from a molecular orbital that
has Ir-N and Ir—O antibonding character. In comparison,
isoelectronic and isostructural [Ir(N'Bu)(PNP)]”* exhibit
more distinct oxidation-induced Ir=N'Bu bond contraction
(Ady; o= —0.06 A)®! probably due to a higher degree of
covalency.

Terminal oxo complexes of high-valent iridium were
proposed as reactive intermediates in challenging
transformations.?*?! However, Wilkinson’s closed-shell
complex [Ir¥O(Mes)s] is the only well-defined example.?”
1% exhibits a rhombic EPR spectrum (2-MeTHF, 29 K),
which could be simulated for an S=1/2 ground state (g=
1.98, 1.92, 1.58) with resolved '"Ir and *'P hyperfine
interaction along g, (Figure 2b). The data exhibits signifi-
cantly reduced g-anisotropy, as compared with the analo-
gous nitrido and imido complexes [Ir'YN(PNP)] (g=1.86,
1.58, 1.32) and [Ir"V(N'Bu)(PNP)]* (g=1.71, 1.63, 1.33).23%

Accompanying DFT calculations at the SOC-
ZORA-B3LYP/TZ2P—J level nicely reproduce the EPR
data of 17 (g°"7=2.06, 1.92, 1.54) and support predominant
n-oxyl character. The SOMO (Figure 2d) exhibits Ir—O n*
antibonding character and is slightly polarized towards
oxygen. Thus, oxidation of 1 depopulates one of the two n*
SOMOs. Accordingly, the computed molecular structure of
1% reproduced the slight shortening of the Ir—O bond
(Ady, o&ek.=—0.04 A). The spin density (Figure 2e) is
mainly distributed over the oxo ligand (p,(O)=0.71) and
iridium (p,(Ir)=0.44) with significant spin polarization of
the pincer ligand n system (p,(PNP)=-0.28). Notably,
oxidation significantly increases spin delocalization per e,

e Sa
| [ 7
& J & & N
R 2R

\
-“? f Ve \.‘\\\:}E &‘:El.\k %

§ -I".\ \ 4 '\ |;_.——& e i

L (& o e I D'
LY \¢, % s " > "!h\,,
oy -
& ar

i \\./( Tw

Figure 3. Molecular structure of [17]BAr",, from single-crystal X-ray
diffraction with anisotropic displacement parameters at 50% proba-
bility. H-atoms, co-crystallized solvent and disorder are omitted for
clarity. Selected bond lengths [A] and angles [°]: Ir1-O1 1.803(4), Ir1—
N1 1.939(3), N1-Ir1-O1 177.86(15).
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leading to an inverted ligand field picture for {Ir—O}" n-
bonding.””

This bonding picture is further supported by vibrational
spectroscopy (Figure 2c). The Ir—O stretching mode of
Wilkinson’s [IrO(Mes);] was assigned to a band at v=
802 cm™.?" In case of 1%, two bands at #=808 and 772 cm™!
were found in the Ir—O stretching region that shifted upon
80 labelling (7 =780 and 748 cm™'). Anharmonic frequency
calculations attribute this observation to the coupling of the
Ir-O and the symmetric P—C stretching modes (see ESI).
Mixing of M—O stretching vibrations with other modes was
also reported for other oxo complexes.’*!! Importantly, the
experimental and computed data are significantly higher
than the Ir—O stretching vibration found for 1 (#=743 cm™,
AVppgs=53 cm ™), V\:khich is in line with electron removal
from an MO with 7, character.

With the isostructural oxo redox couple at hand, the
impact on the PCET thermochemistry was examined in
THF. The square scheme (Scheme 1) was experimentally
anchored with the iridium(III/IT) hydroxo and iridium(IV/
IIT) oxo redox potentials, as well as the O—H bond
dissociation free energy (BDFEqy) of 2 obtained by
titration calorimetry.’” All other values were calculated
with Bordwell’s equation,

BDFE =23.06-E° +1.37-pK, + Cg 1)

using Mayer’s standard potential for the H*/H couple in
THF vs. Fet/Fe (C5=59.9 kcalmol™").F!

Notably, the two PCET couples, 2/1 and 2*/1*, exhibit
only slightly different O—H bond strengths (ABDFEq 3=
3 kcalmol™). ONIOM(CC:DFT) computations are in excel-
lent agreement with experiment (BDFEJ[WM(2)=
73.6 kcalmol™,  BDFEJNM(2+)=74.8 kcalmol™).  The
small difference coincides with slightly different spin-orbit
contributions, which are larger for the iridium(IV/III) PCET
couple (AAEYS,=1.5kcalmol™, see ESI). We note, how-
ever, that the differential spin-orbit effect is of the same
magnitude as experimental error. The experimental data

. E'=-037 W P
= Q‘AP Bu; £001V K—\:P Bu,
N—Ir—OH ==——= _N—Ir—OH
Bu, Bu,
2 2*

_~—PBu, P8y, |+
N—F=0 =—— N(—F=O
Cf =022 Ul
Bu, +0.01V Bl
1 1*

Scheme 1. Thermochemical square scheme for PCET in THF; exper-
imental data in black and blue values were calculated via Bordwell’s
equation (eq. 1).
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also offers the O—H hydricity of 2 (4GY%_ =94 42 kcalmol ;
see ESI).

The close O—H bond strengths of 2 and 2* reveal almost
fully compensating contributions from PT and ET driving
forces. 1 exhibits relatively high basicity (pK,(2*)=17),
which is close to Tolman’s copper hydroxide complexes.!"
While the basicity of 17 was not directly obtained, the
BDFE_y of 2% and the absence of an oxidation within the
accessible potential window (E> +1.5V) suggest a pK,
below 0 for hypothetical [Ir"V(OH)(PNP)J**, ie., over 17
pK, units lower than that of 2*. Interestingly, Borovik’s oxo
redox pair B/C (Figure 1) exhibits a much larger difference
in PCET driving force (ABDFE, ;=12 kcalmol™"). While
the origin of this observation is not known, it is tempting to
speculate that the amide substituents, which frame the
bonding pocket, dampen the PT driving force of the
oxidized Mn" hydroxo complex due to adaptive hydrogen
bonding.

The almost identical BDFEy 4 of 1 and 1t provide an
ideal case to compare HAA with reference substrate DHA
(BDFE ;""" =73.8 kcalmol ). In both cases, anthracene
was formed selectively, accompanied by the hydroxo com-
plexes 2 and 27, respectively. UV/Vis kinetics under pseudo-
first-order conditions showed clean isosbestic points (Fig-
ure S9). The second-order rate constant obtained for 1 (k,=
0.0134£0.005M™' s!, Table1) is around an order of
magnitude smaller than that of 17 (k,=0.29+£0.03 M~ s7"),
which is in line with the slightly lower PCET driving force.

Potential PCET mechanisms were evaluated by compar-
ison of the kinetic and thermochemical data. The low
reduction potential and negligible basicity of 1% safely
exclude stepwise ET/PT paths for both and PT/ET for 1.
For 1, the relative acidities of 2* and DHA (ApK,™™ =~ 26;
see ESI),™ locate the PT products 2*/C,;H,~ at AG’~
+35 kcalmol™ above parent I/DHA, which is well beyond
the effective reaction barrier (Table 1). Thus, PT/ET as
reported for C, can also be dismissed for 1. The high
hydricity of 2 (AG%- >94+2kcalmol™) leaves initial
hydride transfer as potential route for 1* and was computed
to be only slightly endergonic (AG*N°M=2.0 kcalmol™).
H™ transfer was initially proposed for benzylic C-H

Table 1: Kinetic data for HAA from dihydroanthracene with 1, 17, B
and C (n.a.=not available).

2(LM=0 2 (L)M-OH

O‘O ko OOO
(LmM=0 1 1" cr B [
solvent THF DMSO
k, (M7'sT)9 0.013£0.005  0.294+0.03  0.48(4)  0.026(2)
AHH 93403 8.1+£0.9 14(2) 5(1)
ASHEI —35+41 —35+4 —14(6)  —49(4)
AGFEA 201 18+4 18(3) 19(2)
ku/ko 2447 8+3 2.6 6.8
AELCHE 3.740.6 241 n.a. n.a.
In(Ay/Ap) —3.2409 —142 n.a. n.a.

[a] in kcalmol™". [b] in calmol™" K™". [c] at 293 K.

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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activation with Ru'" oxo complexes,® but later dismissed.””
Eyring analysis gave identical activation entropies for both 1
and 1% (Table 1), suggesting closely related transition
states and solvent reorganization. This, however, seems
unlikely for mechanisms with significantly different degrees
of charge separation. For example, Borovik’s oxo complexes
exhibit significantly different AS* for concerted PCET (B)
vs. PT/ET (C) mechanisms (Table 1). Furthermore, quan-
tum-chemical analysis supports radical pathways rather than
hydride transfer for both 1 and 1* (see section 3.7 of the
ESI).

Thus, our data support concerted PCET (or hydrogen
atom transfer, HAT) for both oxo complexes. However, the
kinetic isotope effects (KIE = ky/kp) with DHA-d,, revealed
distinct differences regarding contributions from QMT. The
high KIE,,x of 1 (Table 1) suggests significant tunneling,
while that of 17 is close to the semi-classical limit, which
arises from zero-point energy (ZPE) differences of the high
energy stretching modes. This was confirmed by Arrhenius
analysis of the temperature dependence (Figure4) to
separate semi-classical (AE,) from QMT contributions ex-
pressed by the pre-exponential factors (A):*

k Ay E.D)-E,(H

nﬁ:lnA—Z-i-i"( )RT (1) )

The Arrhenius parameters of 1* confirmed minor QMT
contributions. AE, (241kcalmol'=7004+350cm™ ) is
close to AZPE,cypy and should be higher for pronounced
thermally activated tunneling. Furthermore, the ratio of the
pre-exponential factors is close to unity (In(Ap/Ap)=—-1+
2), as expected within Bell’s semi-classical KIE model.*#!!
In contrast, the much steeper Arrhenius slope (AE,=3.7+
0.6) kcalmol ') and largely differing pre-exponential factors
(In(Ag/Ap)=—-3.2+0.9) of 1 are well outside the semi-
classical framework, indicating significant QMT contribu-
tions. Notably, almost identical Arrhenius parameters were
obtained for complex A.

Quantum chemical assessment based on ONIOM(CC:
DFT) computations gave activation barriers of AG'=

Communications

14- TS1 TS1°
121 Q, -0.80 -066
i Q, 039 037
E 101 AET,, 139 Q. -040 036
m = 84 - 121 127
g 50, 64 139 130
£ = 4] 256 257
g o] 042 036
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Figure 4. Experimental and quantum-chemical examination of QMT for
1 (black) and 1% (red). Left: Arrhenius plots of the C—H/D KIE with
DHA vs. DHA-d, and comparison Anderson’s cobalt(l1l) oxo complex A
(green)." Right: Eckart potentials based on ZPVE-corrected relative
energies of reactants, transition states, and products for DHA with
selected atomic NPA charges (Q), interatomic distances (R in A), and
Wiberg bond indices (WBI) at the transition state structures as used
for Shaik’s KIE analysis.
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19.5 kcalmol ™! (TS1) and 21.0 kcalmol™* (TS1*). Both
barriers include atom tunneling contributions (TSI:
—2.4kcalmol™, TS1*: —1.0kcalmol™"), which were ob-
tained based on an Eckart potential® as implemented in
the POLYRATE program.*” Fitted to the ZPVE-corrected
relative energies of reactants, transition states and products,
the Eckart model gave H/D KIEs within experimental error
(1: 29, 1*: 11). The larger QMT contribution for 1 is
attributed to a narrower potential, characterized by a larger
imaginary vibrational frequency of the transition state (TS1:
2139 cm™, TS1*: 11520 cm™"; Figure 4). Adopting Shaik’s
approach for KIE analysis,'” barrier narrowness can be
linked to the electrostatic potentials within the
{IrO--H-C}”* moieties: TS1 exhibits a markedly more
negative partial charge of the oxygen atom and a higher
O-H bond order compared to TS1" (Figure 4). We thus
attribute the larger H-atom tunneling contribution to the
KIE with 1 to its distinctly higher basicity.

In summary, oxidation of 1 enabled the isolation of the
first terminal iridium(IV) oxo complex. Spectroscopic,
structural, and quantum-chemical data confirmed the elec-
tronic structure picture that was reported for the triplet
precursor: Removal of an unpaired electron from a n* MO
strengthens the Ir—O bond of 1" and generates a doublet
ground state with predominant oxyl character. Notably,
oxidation hardly affects the 1e /1TH* PCET thermochemis-
try due to almost fully compensating PT and ET contribu-
tions. In consequence, the experimental and computational
data for C—H activation of DHA support concerted radical
mechanisms in both cases with similar rates and activation
parameters. However, KIE analysis revealed significant
acceleration for 1 due to H-tunneling. Following Shaik’s
approach, we attribute this observation to its higher basicity
(ApK, >17), resulting in a narrower barrier with increased
QMT probability. Importantly, our results complement
those of Anderson for a basic cobalt(IIT) oxo complex (A)
with significant deviations from BEP behavior,”¥ but also
those for Tolman’s distinctly basic copper(III) hydroxo
complexes.™ The growing number of examples thus
suggests that thermochemical data might be useful predic-
tors for C—H activation selectivities under QMT control.

Supporting Information

The authors have cited additional references within the
Supporting Information.*""
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