
Coordination-Induced Weakening of a C(sp3)−H Bond: Homolytic
and Heterolytic Bond Strength of a CH−Ni Agostic Interaction
Lirong Lin, Denis M. Spasyuk, Roger A. Lalancette, and Demyan E. Prokopchuk*

Cite This: J. Am. Chem. Soc. 2022, 144, 12632−12637 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The scission of a C(sp3)−H bond to form a new metal−alkyl bond is a fundamental step in coordination chemistry
and catalysis. However, the extent of C−H bond weakening when this moiety interacts with a transition metal is poorly understood
and quantifying this phenomenon could provide insights into designing more e!cient C−H functionalization catalysts. We present a
nickel complex with a robust adamantyl reporter ligand that enables the measurement of C−H acidity (pKa) and bond dissociation
free energy (BDFE) for a C(sp3)−H agostic interaction, showing a decrease in pKa by dozens of orders of magnitude and BDFE
decrease of about 30 kcal/mol upon coordination. X-ray crystallographic data is provided for all molecules, including a distorted
square planar NiIII metalloradical and “doubly agostic” NiII(κ2-CH2) complex.

The transition metal catalyzed functionalization of
unactivated C(sp3)−H bonds has emerged as a powerful

tool to synthesize chemicals of importance to the pharma-
ceutical and agrochemical industries.1 Ni- and Pd-catalyzed
C(sp3)−H functionalization typically involves a rate-limiting
C(sp3)−H activation step, where the chelating ligands direct
the C−H bond near the metal center before generating the
M−C covalent bond. It is generally accepted that this crucial
step proceeds through a transient intermediate containing a
C−HM agostic interaction (i.e., 3-center-2-electron M−H−
C bond)2 that reacts with internal or exogenous base through a
concerted-metalation deprotonation (CMD) pathway (Figure
1, left).3 However, since one-pot synthetic protocols assemble
the active species in situ, it is di!cult to quantify the
magnitude of C−H bond weakening prior to M−C bond
formation in this elementary step. Therefore, obtaining
thermochemical data through acidity (pKa) and bond
dissociation free energy (BDFE) measurements on sterically

and electronically tunable model systems might provide
insights into designing more e!cient C(sp3)−H functionaliza-
tion catalysts.
In a related context, C(sp2)−HM agostic interactions

have been studied in detail.4 The C−H acidity of coordinated
PdII(η2-arene) interactions were recently estimated to have
pKa

MeCN values between 3 and 6.5 Structurally authenticated
C(sp2)−H agostic pincer complexes resembling Wheland-type
intermediates have also been studied (Figure 1, middle). A
[Rh(P(η2-CarylH)P)]+ complex can be deprotonated to yield a
square planar Rh(PCP) pincer complex,6 while the reaction of
a Co(P(Caryl)P) complex with acid generates [Co(P(η2-
CarylH)P)]+.7 Bond strength measurements were not reported
in these examples; however, they demonstrate the potential for
using pincer-type motifs as blueprints to study the
thermochemistry of agostic C−H interactions.
To study analogous C(sp3)−HM interactions, the choice

of PC(sp3)P ligand framework is critical because rapid α-H or
β-H elimination reactions can occur, resulting in carbene and
olefin products.8 We rationalized that kinetically stable
molecules could be obtained by using a rigid and sterically
bulky adamantane ligand skeleton that is also immune to β-H
elimination (Figure 1, right).9 Gratifyingly, this robust
adamantyl ligand framework stabilizes a NiII−(C(sp3)−H)
agostic interaction, providing an unprecedented opportunity to
study the thermochemical driving forces behind nickel-
mediated C−H bond scission.
The known 1,3-bis(dicyclohexylmethylphosphino)-

adamantane ligand PCH2P9,10 is combined with NiBr2(PPh3)2
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Figure 1. Formation of transient agostic intermediates via substrate
directing groups (left); Rh and Co complexes containing agostic
C(sp2)−H interactions (middle); the C(sp3)−H agostic Ni complex
used in this study (right).
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to generate pale yellow [Ni−CH] in low yield and is purified
by column chromatography under air (Scheme 1). Several

bases were screened, however none improve the yield. Mass
spectrometry and UV−vis spectroscopy indicate that the major
product is [HPCH2P][NiBr3] (see SI).11 Important NMR
spectral features for [Ni−CH] include peaks at 1.81 ppm (1H)
and 64.6 ppm (13C) for the Ni−CHalkyl moiety, while a 31P
singlet appears at 49.0 ppm. The Ni−C bond distance is
1.987(4) Å (Figure 2), which is typical in relation to other
NiBr pincer complexes.12

Protonation of [Ni−CH] with Jutzi’s acid [H(OEt2)2][B-
(C6F5)4]13 in PhF at −40 °C changes the solution color from
pale yellow to deep purple, with new UV−vis spectral maxima
at 360 (ε = 5700 M−1 cm−1) and 559 nm (ε = 1760 M−1 cm−1;
Figures S14 and S15). The air-sensitive purple solid is unstable
in donor solvents, such as THF and MeCN. 1H NMR
spectroscopy in CD2Cl2 reveals a broad triplet at −1.36 ppm
that integrates for two protons relative to all other alkyl
resonances. Structural elucidation reveals the agostic complex
[NiBr(P(κ2-CH2)P)][B(C6F5)4] ([Ni−CH2]+), featuring a
methylene group that is symmetrically interacting with Ni
through both C(sp3)−H moieties of adamantane, akin to the
behavior of bidentate κ2-[BH4]− ligands (Figure 2, middle).14
This “doubly agostic” κ2-CH2 bonding motif15 represents the
first example of a κ2-CH2 group interacting with a NiII center
(Figure 2). A similar type of symmetric bis(C−H) agostic
interaction has been structurally determined at a NiI center16
and recent electronic structure studies reveal direct Ni−C
bonding.17 Reaction with 2,4,6-trimethylpyridine in PhF
cleanly regenerates [Ni−CH] as the sole product by 31P NMR.
When compared to the canted adamantyl skeleton of [Ni−

CH], the κ2-CH2 ligand of adamantane is symmetrically
oriented along the (κ2-CH2)−Ni−Br bonding axis (Figure 2,
right). Hydrogen atoms H1C and H2C are freely refined,
resulting in very similar Ni−H bond lengths (1.69(5) and
1.66(6) Å) and C1−H−Ni angles (100.1 and 103.9°).
Although the acute C−H−Ni angles are within range to be
considered agostic (∼90−140°), the Ni−H bond lengths fall
within the lower extreme of the ∼1.8−2.3 Å range commonly
ascribed to such interactions.2 Because of the weakened trans-
influence of the κ2-CH2 moiety of [Ni−CH2]+, the Ni−Br
bond contracts by 0.18 Å relative to [Ni−CH]. Furthermore,
computational (DFT) geometries are in good agreement with
the X-ray structural data for all nickel complexes presented in
this study (Table S2). Geometry optimizations were
performed at the TPSS-D3(BJ)/def2-TZVP level of theory,18
which is particularly e"ective at modeling agostic interac-
tions.19
NMR spectroscopic characterization in CD2Cl2 indicates

that [Ni−CH2]+ retains the same structure in the solution
phase. By 1H NMR, the shielded triplet at −1.36 ppm has a
small 1H−31P coupling constant (2JHP = 5.5 Hz) that collapses
to a singlet with 31P decoupling (Figure S8). Additionally,
13C{1H} NMR data reveals a triplet at 48.5 ppm (3JCP = 17
Hz) belonging to the κ2-CH2 moiety, as confirmed by 1H−13C
HSQC (Figure S9). The decreased 1JHC coupling constant of
the ipso-carbon by proton-coupled 13C NMR (1JHC = 106 Hz)
also verifies the agostic nature of this bonding interaction,2
since 1JHC = 124 Hz for a nonagostic methylene group within
the PCH2P ligand skeleton (Figure S6). To explore the
possibility of a solution-phase equilibrium between [Ni−
CH2]+ and a NiIVH C−H oxidative cleavage product, DFT
calculations were performed. Multiple attempts to optimize a
NiIVH adduct resulted in convergence to the doubly agostic
[Ni−CH2]+. Therefore, the spectroscopic, computational, and
solid-state metrical parameters collectively indicate that Ni−
(κ2-CH2) bonding is agostic in the solid state and in solution
under ambient conditions.
Cyclic voltammograms (CVs) of [Ni−CH] with 0.1 M

[nBu4N][B(C6F5)4] in THF under N2 show a di"usion-
controlled NiIII/II redox couple (E1/2 = +0.155 V). Similar
redox behavior is also observed when using the weakly
coordinating solvent 1,2-dichloroethane (DCE; E1/2 = +0.110

Scheme 1. Synthesis and Reactivity of [Ni−CH]

Figure 2. Molecular structures (50% probability ellipsoids) of [Ni−
CH] (top), [Ni−CH2]+ (middle), and [Ni−CH]•+ (bottom) with
core structures shown on the right. Most H atoms, cocrystallized
solvent, and B(C6F5)4− are omitted for clarity. Key metrical
parameters are provided in the Supporting Information.
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V) (Figure S18).20 Preparation of the 15e− metalloradical
cation [Ni−CH][B(C6F5)4] was achieved by dropwise
addition of pale yellow [Ni−CH] to a stirring suspension of
the “magic blue” aminium salt [(p-C6H4Br)3N][B(C6F5)4]21 in
toluene at −78 °C (Scheme 1). Deep orange-red [Ni−CH]•+

has UV−vis spectral maxima at 357 (ε = 2420 M−1cm−1) and
404 nm (ε = 2110 M−1cm−1; Figure S17). A spin-only
magnetic moment of 1.78 μB is consistent with an S = 1/2
ground state (C6D5Br, Evans method). X-ray quality single
crystals were grown via toluene/pentane vapor di"usion at
room temperature, confirming the molecular structure of [Ni−
CH]•+ (Figure 2, bottom). The Br ligand is positionally
disordered over two sites in the crystal lattice in a 0.71:0.29
ratio with the major component adopting a distorted square
planar geometry (τ4 = 0.18)22 with a C−Ni−Br angle of
165.96(11)° and Ni−Br1A distance of 2.2677(8) Å. The
minor component is less distorted (τ4 = 0.15) because of a
more obtuse C−Ni−Br angle (171.29(15)°), which lengthens
the Ni−Br1B distance (2.419(3) Å) because of the stronger
trans-influence of the alkyl ligand.
X-band EPR spectroscopic data of [Ni−CH]•+ were

collected in a 2-MeTHF glass at 77 K (Figure 3). Spectral

data were modeled as a two-component S = 1/2 spin system
with a 0.75:0.25 ratio of spin concentrations (red), consistent
with the bromide positional disorder ratios observed at 100 K
by X-ray crystallography (vide supra). The major spin
component is modeled as a rhombic signal with g = 1.9844,
2.3564, 2.5425 and isotropic hyperfine interactions assigned to
two inequivalent P nuclei and one Br nucleus (aiso(31P1) = ±
19 MHz, aiso(31P2) = ± 49 MHz, aiso(Br) = ± 1 MHz; solid
gray line). The minor component is also modeled as a rhombic
signal (g = 2.0931, 2.2461, 2.4091) but with anisotropic
hyperfine interactions (A(31P1) = ± [30, 15, 61] MHz, A(31P2)
= ± [90, 80, 456] MHz, A(Br) = ± [230, 194, 317] MHz;
dashed gray line).
After full characterization of these Ni complexes, we sought

to obtain the acidity of the agostic C(sp3)−H−Ni interaction
in THF. Complexes [Ni−CH], [Ni−CH2]+, and [Ni−CH]•+

are interrelated through the ability of [Ni−CH2]+ to release H+

or H• as shown in eqs 1 and 2. By extension, eq 3 describes the
standard-state free energy relationships between these

equilibria, which also include the standard state NiIII/II
reduction potential in THF (vide supra) and CG,THF (60.4 ±
2 kcal mol−1).23

F G KNi CH Ni CH H 1.364 p
2 a

solv[ ] [ ] + ° =+ +

(1)

F

G

Ni CH Ni CH H

BDFE (C H)

2

solv

[ ] [ ] +
° =

+ •+ •

(2)

K E CBDFE (C H) 1.364 p 23.06
THF a

THF

G,THF
= + ° +

(3)

Unfortunately, [Ni−CH2]+ is unstable in THF and MeCN,
prompting us to use 1,2-dichloroethane (DCE) for all acid−
base reactions. A collection of pKip

DCE values (ip = ion pair) for
cationic acids have been measured in DCE and can be
correlated with pKa

MeCN values using eq 4.24 To transpose
these acidities from MeCN to pKa

THF,25 eq 5 has been
developed for a large collection of cationic acids.26

K Kp p (0.99) 3.93ip
DCE

a
MeCN= ◊ (4)

K Kp p MeCN (0.98 0.02) (6.1 0.4)

(0.84 0.16) 2

a

THF

a
= ◊ ± ±

+ ± ◊ (5)

Thus, [Ni−CH2]+ was reacted with bases of varying
strengths and [Ni−CH2]+ was found to be compatible with
para-substituted anilines in DCE. Equilibrium data were
monitored via 31P NMR spectroscopy. The reaction between
[Ni−CH2]+ and 2,6-dichloroaniline resulted in no deprotona-
tion after 6 days (Figure S11). Mixing [Ni−CH2]+ with the
stronger base 4-methoxyaniline resulted in full deprotonation
after 2 days to exclusively generate [Ni−CH] in solution.
Using eq 4 and the known pKa

MeCN values for the conjugate
anilinium acids, the pKip

DCE of [Ni−CH2]+ lies between 1.1 ±
0.5 and 7.8 ± 0.5.27 Gratifyingly, addition of the intermediate-
strength base 2,4-difluoroaniline (pKip

DCE = 4.4 ± 0.5) yielded
a mixture of [Ni−CH2]+ and [Ni−CH] which reached
equilibrium after ca. 11 days (Keq = 0.35, Figure S12).
Protonation of [Ni−CH] with [2,4-difluoroanilinium][B-
(C6F5)4] (i.e., the reverse reaction) produced a nearly identical
product distribution, reaching equilibrium in about 4 h (Keq =
0.45, Figure S13). Using these data, the pKip

DCE of [Ni−CH2]+
is 4.8 ± 0.5, resulting in pKa

MeCN = 8.8 ± 0.5 and pKa
THF = 4.2

± 0.7 by using eqs 4 and 5 (Scheme 2, top). Previous estimates
show that adamantane is an extremely weak acid (pKa

DMSO ≅
54),28 suggesting that the C−H bond is acidified by dozens of
orders of magnitude upon coordination of PCH2P to the
hypothetical [NiIIBr]+ ion.29
Because of the incompatibility of [Ni−CH2]+ and [Ni−

CH]•+ with several common PCET reagents, direct BDFE
measurements could not be obtained. However, using eq 3, the
BDFETHF(C−H) of [Ni−CH2]+ is calculated to be 70 ± 2 kcal
mol−1, giving a complete thermochemical cycle involving [Ni−
CH]•+, [Ni−CH2]+, and [Ni−CH] (Scheme 2, bottom). For
comparison, the C−H bond dissociation enthalpy (BDE) of 2-
adamantane is 100 ± 3 kcal/mol,30 indicating that solvation
and coordination of free ligand PCH2P to [NiIIBr]+ weakens
the methylene C−H bonds of adamantane by around 30 kcal/
mol (neglecting entropic contributions). To complement these
thermochemical data, dispersion-corrected DFT calculations
using isodesmic reaction schemes were used to independently

Figure 3. Top: Experimental (black) and simulated (red, o"set) X-
band EPR spectra of [Ni−CH]•+ (77 K, 2-MeTHF glass). Bottom:
Overlayed simulations of major spin component (solid gray line) and
minor spin component (dashed gray line).
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determine pKa
THF (3.7), BDFE (69.8 kcal/mol), and E° (0.050

V) (Figure S21).31 A multilevel approach was used where the
DFT-optimized structures at a lower level of theory (TPSS-
D3(BJ)/def2-TZVP) were used in single point energy
calculations with the larger def2-QZVPP basis set18b,c and
the PW6B95-D3(BJ) functional (see SI).32 This functional was
chosen for its good performance in the GMTKN55,33
MOR41,34 and ROST6135 benchmark databases (see the SI
for full computational details). Gratifyingly, the thermochem-
ical values shown are in excellent agreement with experiment.
In summary, we have presented the first measurements of

C(sp3)−H agostic bond strength under conditions relevant to
synthetic chemists, providing a deeper understanding of the
thermochemical driving forces behind nickel-mediated C−H
activation reactions. Work is ongoing to study the influence of
the X-type ligand in these pincer systems and correlate agostic
C−H bond strength with ancillary ligand environment.
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(27) Kütt, A.; Tshepelevitsh, S.; Saame, J.; Lõkov, M.; Kaljurand, I.;
Selberg, S.; Leito, I. Strengths of Acids in Acetonitrile. Eur. J. Org.
Chem. 2021, 2021, 1407−1419.
(28) Kruppa, G. H.; Beauchamp, J. L. Energetics and structure of the
1- and 2-adamantyl radicals and their corresponding carbonium ions
by photoelectron spectroscopy. J. Am. Chem. Soc. 1986, 108, 2162−
2169.
(29) We stress that great caution must be taken when directly
comparing pKa data in di"erent organic media.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c05667
J. Am. Chem. Soc. 2022, 144, 12632−12637

12636

https://doi.org/10.1021/ja802533u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802533u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja802533u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900315k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr900315k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ijch.201900095
https://doi.org/10.1002/ijch.201900095
https://doi.org/10.1002/ijch.201900095
https://doi.org/10.1021/acs.organomet.8b00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja982534u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja982534u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201510145
https://doi.org/10.1002/anie.201510145
https://doi.org/10.1002/anie.201510145
https://doi.org/10.1021/om020355m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om020355m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja065249g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja065249g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja065249g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300127g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300127g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om300127g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cctc.200900169
https://doi.org/10.1002/cctc.200900169
https://doi.org/10.1002/cctc.200900169
https://doi.org/10.1021/jo501380y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo501380y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50025a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic50025a019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/dt9750001294
https://doi.org/10.1039/dt9750001294
https://doi.org/10.1021/om050844x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om050844x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jorganchem.2011.02.008
https://doi.org/10.1016/j.jorganchem.2011.02.008
https://doi.org/10.1016/j.jorganchem.2011.02.008
https://doi.org/10.1021/ic4000704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4000704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om990612w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om990612w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60306a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr60306a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0010-8545(96)01254-4
https://doi.org/10.1016/S0010-8545(96)01254-4
https://doi.org/10.1016/S0010-8545(96)01254-4
https://doi.org/10.1021/ja038986a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038986a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038986a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja038986a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja905046n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja905046n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja905046n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201607243
https://doi.org/10.1002/anie.201607243
https://doi.org/10.1002/anie.201607243
https://doi.org/10.1039/D1SC03578A
https://doi.org/10.1039/D1SC03578A
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1103/PhysRevLett.91.146401
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b515623h
https://doi.org/10.1002/anie.201801531
https://doi.org/10.1002/anie.201801531
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1016/j.jorganchem.2004.04.034
https://doi.org/10.1016/j.jorganchem.2004.04.034
https://doi.org/10.1039/B617136B
https://doi.org/10.1039/B617136B
https://doi.org/10.1039/B617136B
https://doi.org/10.1021/jacs.0c01032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c01032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201602629
https://doi.org/10.1002/chem.201602629
https://doi.org/10.1021/ja994428d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja994428d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja994428d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja994428d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201900956
https://doi.org/10.1002/ejoc.201900956
https://doi.org/10.1002/ejoc.202001649
https://doi.org/10.1021/ja00269a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00269a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00269a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(30) Aubry, C.; Holmes, J. L.; Walton, J. C. 1- and 2-Adamantyl
Radicals and Cations in the Gas Phase: Thermochemistry and Mass
Spectrometry. J. Phys. Chem. A 1998, 102, 1389−1393.
(31) (a) Chen, S.; Rousseau, R.; Raugei, S.; Dupuis, M.; DuBois, D.
L.; Bullock, R. M. Comprehensive Thermodynamics of Nickel
Hydride Bis(Diphosphine) Complexes: A Predictive Model through
Computations. Organometallics 2011, 30, 6108−6118. (b) Chen, S.;
Ho, M.-H.; Bullock, R. M.; DuBois, D. L.; Dupuis, M.; Rousseau, R.;
Raugei, S. Computing Free Energy Landscapes: Application to Ni-
based Electrocatalysts with Pendant Amines for H2 Production and
Oxidation. ACS Catal. 2014, 4, 229−242. (c) Raugei, S.; DuBois, D.
L.; Rousseau, R.; Chen, S.; Ho, M.-H.; Bullock, R. M.; Dupuis, M.
Toward Molecular Catalysts by Computer. Acc. Chem. Res. 2015, 48,
248−255. (d) Kuo, J. L.; Gunasekara, T.; Hansen, A.; Vibbert, H. B.;
Bohle, F.; Norton, J. R.; Grimme, S.; Quinlivan, P. J. Thermody-
namics of H+/H•/H−/e− Transfer from [CpV(CO)3H]−: Compar-
isons to the Isoelectronic CpCr(CO)3H. Organometallics 2019, 38,
4319−4328.
(32) Zhao, Y.; Truhlar, D. G. Design of Density Functionals That
Are Broadly Accurate for Thermochemistry, Thermochemical
Kinetics, and Nonbonded Interactions. J. Phys. Chem. A 2005, 109,
5656−5667.
(33) Goerigk, L.; Hansen, A.; Bauer, C.; Ehrlich, S.; Najibi, A.;
Grimme, S. A look at the density functional theory zoo with the
advanced GMTKN55 database for general main group thermochem-
istry, kinetics and noncovalent interactions. Phys. Chem. Chem. Phys.
2017, 19, 32184−32215.
(34) Dohm, S.; Hansen, A.; Steinmetz, M.; Grimme, S.; Checinski,
M. P. Comprehensive Thermochemical Benchmark Set of Realistic
Closed-Shell Metal Organic Reactions. J. Chem. Theory Comput. 2018,
14, 2596−2608.
(35) Maurer, L. R.; Bursch, M.; Grimme, S.; Hansen, A. Assessing
Density Functional Theory for Chemically Relevant Open-Shell
Transition Metal Reactions. J. Chem. Theory Comput. 2021, 17, 6134−
6151.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.2c05667
J. Am. Chem. Soc. 2022, 144, 12632−12637

12637

https://doi.org/10.1021/jp9728924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9728924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9728924?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200645x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200645x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om200645x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs401104w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs401104w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs401104w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar500342g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050536c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050536c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp050536c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CP04913G
https://doi.org/10.1039/C7CP04913G
https://doi.org/10.1039/C7CP04913G
https://doi.org/10.1021/acs.jctc.7b01183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b01183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.1c00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

