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ABSTRACT: We have evaluated a set of accurate canonical
CCSD(T) energies for stationary points on the potential energy
surface for Ru(II, III) chloride carbonyl catalysis of two competing
reactions between benzene and methyl acrylate (MA), namely,
hydroarylation and oxidative coupling. We have then applied this
set to evaluate the performance of localized orbital coupled-cluster
methods and several new and common density functionals. We
find that (a) DLPNO-CCSD(T) with TightPNO cutoffs is an
acceptable substitute for full canonical CCSD(T) calculations on
this system; (b) for the closed-shell systems where it could be
applied, LNO-CCSD(T) with tight convergence criteria is very
close to the canonical results; (c) the recent ωB97X-V and
ωB97M-V functionals exhibit superior performance to commonly
used DFT functionals in both closed- and open-shell calculations; (d) the revDSD-PBEP86 revision of the DSD-PBEP86 double
hybrid represents an improvement over the original, even though transition metals were not involved in its parametrization; and (e)
DSD-SCAN and DOD-SCAN show comparable efficiency. Most tested (meta)-GGA and hybrid density functionals perform better
for open-shell than for closed-shell complexes; this is not the case for the double hybrids considered.

■ INTRODUCTION

Synthetic methods allowing one-step C−C bond formation
through a metal-mediated transformation of C−H bonds have
become increasingly important in both industry and basic
research.1−6 Potential routes for selective C−H bond activation
and subsequent C−C bond formation in alkenes and aromatic
compounds include the hydroarylation of unsaturated com-
pounds by the addition of aromatic C−H bonds across an
unsaturated CC bond or their oxidative coupling that
preserves the double bond. The latter reaction presents a highly
desirable goal for industrial applications but is challenging from
the synthetic point of view. Pioneering examples of Ru-catalyzed
coupling of aromatic carbon−hydrogen bonds with olefins were
reported two decades ago.7−9 Since then, a growing number of
coupling reactions catalyzed by Rh, Ru, and Pd have been
published (e.g., reviews in refs 5 and 6), but the mechanistic
aspects of the reactions are still not fully understood.
Motivated by the experimental results of Milstein and co-

workers,8 over a decade ago we first attempted to explore the
mechanism of the oxidative coupling of arenes with alkenes in
the presence of [(η6-C6H6)RuCl2]2 or RuCl3·3H2O in a CO
atmosphere as well as to compare it with the mechanism of the

concurrent reaction of the hydroarylation of olefins (Scheme 1).
In this preliminary work (reported in part in a conference
proceedings extended abstract10), we employed hybrid and
double-hybrid DFT.
In agreement with experiment, these calculations showed that

under the reaction conditions both precatalysts transform to the
respective Ru carbonyl chlorides. We found that the activation
barriers, the relative energies of the key intermediates, and the
overall direction of the catalytic reaction strongly depend on the
composition of the Ru coordination sphere. Moreover, the
energy results, particularly the calculated activation barriers,
were hard to reconcile with experimental observations. In the
present work, we have reexamined the mechanisms of Ru-
catalyzed hydroarylation and oxidative coupling using wave
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function theory (WFT) approaches up to and including
canonical CCSD(T) (coupled cluster11 with all single and
double excitations12 and a quasiperturbative correction for triple
excitations13,14), which recently became feasible for real-size
transition-metal systems. We have then used these latter results
to assess the performance of more affordable computational
methods.
The CCSD(T) method is considered to be the “gold

standard” of quantum chemistry. However, the computational
cost of canonical CCSD(T) calculations scales as O(N7) and
becomes prohibitively high for mechanistic studies of practical
transition-metal catalysis problems. Recently developed local
correlation methods, such as DLPNO-CCSD(T) (domain
localized pair natural orbital CCSD(T)) of Neese and co-
workers,15,16 PNO-LCCSD(T) (pair natural orbital, localized
CCSD(T)) of Werner and co-workers,17 and LNO-CCSD(T)
of Nagy and Kaĺlay,18,19 scale almost linearly with system size in
the large-molecule limit and, at least for main-group systems,
provide similar accuracy to the corresponding canonical
calculations (in addition to the original papers,17,18 it has been
shown by Neese and co-workers20 and by our group21). For
open-shell systems, several implementations aside from
DLPNO-CCSD(T) have likewise been published, to wit:
PNO-L methods,22 LNO-CCSD(T)23 (not yet available in
MRCC24 as of the time of writing), and the open-shell
incremental methods of Dolg, Tew, and Friedrich.25,26

Recently, benchmark studies of the performance of density
functionals for transition-metal problems, using DLPNO-
CCSD(T) for calibration, have started appearing for reaction
energies27 and barrier heights.28,29 Since the closed-shell Ru(II)
and several open-shell Ru(III) complexes shown in Schemes 2
and 3 are still (barely) tractable by canonical methods on our
available hardware, this enables us to assess the DLPNO error
for real-size transition-metal complexes. In this article, we
validate both WFT and DFT methods against canonical
CCSD(T) for the hydroarylation and oxidative coupling of
benzene and methyl acrylate (MA) catalyzed by RuCl2 and
RuCl3 carbonyl complexes, as a representative example of the
complex mechanisms of homogeneous catalytic reactions.
Similar benchmark studies of commonly used density func-
tionals in the prediction of thermochemistry and activation
barriers of transition-metal-catalyzed reactions have been
published. In some of these publications, the computational
data are compared with experimental measurements.30,31 In
other publications, high-level coupled cluster calculations were
used as a reference;32−35 usually, such benchmark calculations
were carried out for simplified model systems. The performance
of the DLPNO-based coupled-cluster approach in closed- and
open-shell systems has been tested for the very large and
chemically diverse GMTKN55 (general main-group thermo-
chemistry, kinetics, and noncovalent interactions, 55 problem

sets) benchmark suite,36 and it was shown that the iterative
version37,38 of the triples correction significantly reduced the
discrepancy with canonical CCSD(T) for open-shell calcu-
lations.20 (Concerning the proper use of DLPNO-CCSD(T),
we also note recent work on nonheme iron complexes39,40 and
on spin crossover energetics.41)
Keeping in mind specific computational problems usually

addressed in such mechanistic studies, the calculations were
divided into four groups: (i) overall reaction energies (Scheme
1) that do not involve transition metals; (ii) relative energies of
stable RuCln (n = 2, 3) complexes with CO, benzene, MA, and
water (Schemes 2 and 3) that reproduce ligand coordination
(LC) and ligand replacement (LR) reactions; (iii) energies of
key intermediates along reaction pathways catalyzed by different
Ru complexes (Scheme 4); and (iv) barrier heights along these
reaction pathways.

■ COMPUTATIONAL METHODS
The Weigend−Ahlrichs basis set family42 def2-TZVP, def2-
TZVPP, and def2-QZVPP was used throughout because it was
designed as a compromise between the requirements of wave
function and DFT calculations. Reference geometries were
optimized in the gas phase at the PBE0-D3BJ/def2-TZVP
level43−45 using Gaussian 16;46 the identities of transition states
were verified by frequency and intrinsic reaction coordinate
calculations.
At the final geometries, canonical CCSD(T)/def2-TZVPP

single-point energy calculations (without density fitting of any
kind) were performed using MOLPRO,47 both using default
frozen cores and including the Ru(4s,4p) subvalence orbitals,
which are correlated by default in ORCA (“chemical cores”).
For closed-shell cases, RHF references were used; for open-shell
cases, ROHF references were semicanonicalized and then used
with the Watts−Gauss−Bartlett14 definition of ROCCSD(T)
(which, for etymological reasons, MOLPRO refers to as
“rhf;uccsd(t)”). DLPNO-CCSD(T)48 and the version with
improved iterative triples, DLPNO-CCSD(T1),

37 were calcu-
lated with the def-TZVPP basis set using ORCA49 4.1 and 4.2, as
was DLPNO-CCSD(T)/def2-QZVPP; RIJCOSX was used
here with program default grids and with the standard def2-
TZVPP-RI50,51 and def2-JK fitting basis52 sets. The ECP is the
standard Stuttgart ECP28MWB for Ru53 associated with the
def2 basis set family. (DLPNO-CCSD(T1) for open-shell cases
was first implemented in version 4.2. For want of an alternative,
all open-shell DLPNO calculations were carried out using UHF
references.) The DLPNO-CCSD(T)/def2-{T,Q}ZVPP results
were extrapolated to the complete basis set limit using the simple
L−3 formula,54 which is functionally equivalent to the 2.970
extrapolation exponent found by Neese and Valeev.55 Aside
from the NormalPNO defaults, TightPNO cutoffs56 were used
to reduce domain discretization error. DLPNO-MP2,57 RI-SCS-

Scheme 1. Interactions between MA and Benzene in the Presence of Ru(II, III) Chloride Carbonyl Complexes in Benzene
Solution: Oxidative Coupling (Observed) and Hydroarylation (Not Observed)
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MP2,58 and OO-RI-MP259,60 calculations in the def2-TZVPP
basis set were likewise performed with ORCA default settings
(and TightPNO for DLPNO-MP2).
In addition, single-point DFT calculations with a number of

DFT functionals were carried out using ORCA. Aside from
PBE0 as already mentioned, these include (a) the Berkeley
“combinatorially optimized” B97M-V,61 ωB97X-V,62 and
ωB97M-V;63 (b) the M06 family:64,65 M06-L, M06, and M06-
2X; (c) TPSS66 and two different hybrids thereof, namely,66,67

TPSSh andTPSS0 (10 and 25%HF exchange, respectively); (d)
density-corrected68 HF-PBE0; (e) DOD-SCAN and DSD-
SCAN with recently published69 parameters; and (f) both the
original double-hybrid DSD-PBEP86-D3BJ70,71 and its repar-
ametrized version revDSD-PBEP86-D4;72 in the latter,
D3BJ44,73 was also replaced with the recently published next-
generation D4 model.74 Because the basis set convergence of
double hybrids75−78 tends to be dominated by the MP2-like
term, we carried out def2-TZVPP and def2-QZVPP calculations
and applied L−3 basis set extrapolation;79 for the remaining DFT
functionals, we applied def2-TZVPP except for ωB97{X,M}-V,
which was accurate enough that we also tried def2-QZVPP
followed by L−5 basis set extrapolation. GRID6 was used in all
DFT calculations. In all ORCA calculations, both WFT and
DFT, the RIJCOSX approximation80,81 was applied (with
ORCA4’s default grid, GRIDXS2) along with the RI-MP2
approximation82−86 for the double hybrids, both in conjunction
with the respective appropriate density fitting and auxiliary basis
sets50,52,87,88 for the def2 family. For PBE0, SCAN, M06, TPSS,
and double hybrid families, we checked the influence of
Grimme’s D3 and D4 dispersion corrections. The Becke−
Johnson damping scheme that has the correct short-range
behavior was combined with D3 for all of the functionals except
for theM06 family, which already appears to cover intermediate-
range dispersion,89 and for which the original D3(0) scheme was
used.
For another branch of double hybrids, namely, those based on

the direct random phase approximation, we employedMRCC.24

Specific functionals considered include the direct random phase
approximation-based dual hybrid dRPA7590 with a D3(0)
dispersion correction89 and its recently published spin-
component-scaled variation SCS-dRPA75.91 (The latter is
equivalent to dRPA75 for closed-shell but not open-shell

species. Only valence electrons were correlated in these
calculations.) MRCC24 was also used for the LNO-CCSD(T)
approach of Nagy and Kaĺlay,18,19 where we used “normal” and
“tight” screening criteria and additionally combined “tight” with
wpairtol=1e-6 following ref 92 (see below).
To check the influence of the lack of optimized atomic orbitals

for subvalence correlation, additional canonical and LNO-
CCSD(T) calculations were made using the cc-pwCVTZ-PP
basis set for Ru.93 For other elements, cc-PVTZ94 and def2-
TZVPP42 basis sets were used in canonical and LNO-CCSD(T)
calculations, respectively.
All molecules are neutral with the lowest multiplicity: singlet

for closed-shell Ru(II) complexes and doublet for open-shell
Ru(III) complexes. For open-shell DFT calculations in ORCA,
UKS reference determinants were applied. Unless stated
otherwise, all energy values presented in this article were
obtained using the def2-TZVPP basis set with subvalence Ru 4s
and 4p orbitals correlated in the reference canonical CCSD(T)
calculations. Statistics with respect to our best CCSD(T) and
DLPNO-CCSD(T1) basis set limit estimates can be found in
the Supporting Information.

■ BENCHMARK DATABASE

Closed-Shell Ru(II) Complexes. Ru(II) complexes that
may form in the reaction mixture and serve as the initial species
of catalytic cycles are shown in Scheme 2. In most complexes,
chloride anions are strongly bound to the metal atom; the
exceptions are the highly coordinated complexes rightmost in
each row of Scheme 2 and the RuCl2(CO)(MA)(C6H6) isomer
with η6 benzene coordination showing CO insertion into one of
the Ru−Cl bonds. It would be natural to calculate the relative
energies of the carbonyl complexes relative to RuCl2, which is,
however, a biradical in the ground state (vide inf ra). To avoid
errors introduced by singlet−triplet separations represented by
different methods, we considered two sets of reactions, ligand
replacement (LR) and ligand coordination (LC). In the first set,
indicated by black lines in Scheme 2, we used RuCl2(C6H6) as a
reference because RuCl2 will anyhow have no independent
existence under the experimental conditions (benzene solvent).
At all levels, the 1:1 exchange of benzene with CO or MA is
energetically unfavorable; all other complexes are downhill
relative to the reference. For the ligand coordination reactions

Scheme 2. Calculated RuCl2 Complexes with Benzene, CO, and MAa

aBlack arrows indicate the ligand replacement (LR) pathway with complex [RuCl2(C6H6)] used as a reference; red arrows show ligand
coordination (LC) reactions with RuCl2(CO) used as a reference.
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outlined by red lines in Scheme 2, we excluded the three leftmost
complexes and used RuCl2(CO) as the reference species. All in
all, 24 LR and 20 LC reaction energies were calculated.
Open-Shell Ru(III) Complexes. In a similar manner,

RuCl3(C6H6) was used as a reference for ligand replacement
reactions in the open-shell Ru(III) complexes shown in Scheme
3 (black arrows) while ligand coordination energies were

calculated relative to RuCl3 (red arrows). Although this complex
does not exist in the reaction mixture (water molecules in the
coordination sphere of the initial form of catalyst RuCl3·3H2O
are replaced by stronger-bonded benzene, MA, and CO ligands
rather than dissociate), it is a natural reference species for the

coordination of different ligands. Including all of the isomeric
forms, 43 complexes were calculated. However, some of the
complexes were too large for canonical CCSD(T) calculations,
such that there were carried out only for 37 complexes (listed in
Table S4) involved in 36 LC and LR reactions.

Reaction Pathways. Our DFT calculations showed that in
the presence of the Ru(II, III) complexes, either proton
elimination by a chloride ion or hydrogen transfer from arene
to a coordinated olefin can serve as an initial step in C−H bond
activation, while other common mechanisms of C−H bond
activation could be ruled out. Proton elimination proceeds via
transition state TS1 and leads to intermediate Int1 with a
reduced coordination number, according to Scheme 4a.
Subsequent oxidative coupling with an olefin (TS2) leads to
the formation of coordinated E-methyl cinnamate (Int2). The
same intermediate can be obtained by initial MA activation
(MA-TS1) followed by MA-Int1 interaction with benzene via
transition state MA-TS2. Consequent virtually barrierless
methyl cinnamate dissociation and interaction of the resulting
Ru hydride intermediate Int3 with MA lead to fairly stable Ru
alkyl complex Int4. The catalytic cycle could be closed by its
interaction with benzene via transition state TS3, yielding Int1.
Alternatively, Int4 interaction with HCl (TS4) and benzene
coordination regenerate the initial RuCln(C6H6) carbonyl.
Hydrogen transfer to MA (TS1a and TS1b) causes the
coexistence of phenyl and one of the two isomeric alkyl ligands
in the Ru coordination sphere (Int1a and In1b). This mainly
leads to the hydroarylation products via TS2a and TS2b
(Scheme 4b), but the coordination of the second olefinmolecule
followed by oxidative coupling is also possible in low-
coordinated complexes.
For most intermediates and transition states, several isomers

were calculated, such that the total numbers of calculated
transition states and local minima on the closed-shell PES were
63 and 67, respectively; for the open-shell systems, 51 transition
states and 50 intermediates were calculated. The relative
energies of key intermediates and transition states along each
reaction path were calculated relative to the initial form of the

Scheme 3. Calculated RuCl3 Complexes with Benzene, CO,
H2O, and MAa

aRed arrows show ligand coordination (LC) reactions with RuCl3
used as a reference; black arrows indicate ligand replacement
reactions (LR) with [RuCl3(C6H6)] used as a reference.

Scheme 4. Mechanisms of MA Interactions with Benzene in the Presence of Ru(II, III) Chloride Carbonyl Complexes: Oxidative
Coupling (a) and Hydroarylation (b)
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catalyst, the most stable isomer of (C6H6)(CO)nRuCl2 (n = 0−
4) and (C6H6)(CO)nRuCl3 (n = 0−2). Several open-shell
complexes are too large for canonical CC calculations; in this
case, we used reduced data sets of 31 TSes and 25 intermediates
listed in Tables S5−S6 compared to the canonical CC reference
and full data sets with all of the calculated complexes and
DLPNO-CCSD(T1) energies used as a reference.
Optimized geometries of all of the complexes can be found in

the Supporting Information (SI).

■ RESULTS AND DISCUSSION

Multireference Considerations. The close energy of
transition-metal valence orbitals is a key feature in most of
their practical applications, including catalysis. For this reason,
transition-metal complexes often exhibit significant multi-
reference character,95−98 mostly type A static correlations99

(a.k.a., absolute near-degeneracy correlation or left−right static
correlation100). From a computational viewpoint, the usual
single-reference techniques would no longer seem to be
appropriate, yet some benchmark studies showed their
applicability to transition-metal systems with mild to moderate
static correlation.101,102 There are several types of diagnostics for
static correlation, which are briefly reviewed in ref 103. In the
present work, we consider the simple T1 diagnostic

104 and its
matrix-norm counterpart, the D1 diagnostic,105 which are
obtained as byproducts of our best canonical CCSD(T)
calculations. For a subset of calculations performed with
MOLPRO 2020 rather than earlier versions, the D2
diagnostic106 is also obtained. These diagnostics, together with
the largest singles and doubles amplitudes, are collected in
Tables S1−S6 of the SI. They are not foolproof by themselves
and a fortiori do not characterize the nature of static correlation,
but they do allow for qualitative insight into the nature of the
wave function.107

Most of the closed-shell complexes have D1 diagnostic values
smaller than 0.2. The T1 diagnostic values falling in the range of
0.02−0.03 indicate some multireference character but are
smaller than the critical value of 0.045 proffered by Wilson
and co-workers98 for 4d transition-metal complexes.
One exception was singlet RuCl2 with pathological D1 and T1

diagnostic values of 1.26 and 0.23, respectively, because the
singlet is essentially purely low-spin biradical and biconfigura-
tional: the ground state is a triplet. Another exception, the TS2-
CO2 complex, has a borderline T1 = 0.05 but a pathologically

large D1 = 0.42: inspection of the cluster amplitudes reveals
several prominent single excitations with amplitudes of up to
0.40. The TS2-CO2 complex is too large for open-shell
canonical CCSD(T) calculations; the DLPNO coupled-cluster
calculations yielded CCSD energies of the singlet and triplet
states within 1 kcal/mol, while the triples correction renders the
triplet state 5.11 and 5.98 kcal/mol less stable than the singlet at
the DLPNO-CCSD(T) and DLPNO-CCSD(T1) levels,
respectively. Test EOM-CCSD108,109 calculations predict a
first excitation energy of 33.0 kcal/mol. For several closed-shell
complexes with D1 > 0.14, we performed BCCD(T)/def2-SVP
test calculations aimed to completely eliminate the single
excitations (Table S7). These result in minor (less than 1 kcal/
mol) increases in complexation energies for complexes with D1
< 0.2. For the TS2-CO2 case with its pathological (0.42) D1
value, the BCCD(T) total energies is no less than 4 kcal/mol
below their CCSD(T) counterparts. Another sign of significant
static correlation is a sizable (T) contribution to the reaction
energy of interest. It reaches 8.0 and 14.7 kcal/mol for several
LC reactions and TSes, respectively. The decomposition of
CCSD(T)/def2-TZVPP energies for several representative
cases is shown in Tables S8 and S9. In the most troublesome
cases, the triples correction makes a positive (i.e., antibonding)
contribution to the energy of the complex. Thus, the formation
of theTS1-CO1-1 complex had a (T) contribution of 6.58 kcal/
mol. In spite of reasonable D1 and T1 values (0.27 and 0.04,
respectively), this complex showed exceptionally large devia-
tions from the canonical CCSD(T)/def-TZVPP results,
especially in MP2 calculations (surprisingly, in canonical and
DLPNO with TightPNO but not with NormalPNO; LNO-
CCSD(T) did not converge for this complex) and for
extrapolation to CBS (up to 24 kcal/mol in CCSD(T)/
CBSW1). All three aforementioned complexes RuCl2,TS1-CO1-
1, and TS2-CO2 are excluded from the statistics presented in
this work. Several Int3 intermediates that pose Ru−H bonding
also had positive (T) contributions (particularly Int3-CO1,
which has an RHF→ UHF instability and an EOM-CCSD first
excitation energy of 36.1 kcal/mol) but smaller D1 (≤0.112) and
T1 (≤0.032) values. They did not show such exceptional
behavior and thus were not excluded from the statistics.
For open-shell complexes, the D1 and T1 diagnostic values are

slightly larger, up to 0.25 and 0.04, respectively. However,
several complexes (TS1-CO3, Int2, and Int4) exhibit D1 values
of 0.38−0.42 and T1 values of 0.044−0.055. The (T)

Figure 1.MAD relative to CCSD(T)/def2-TZVPP (kcal/mol) in canonical andDLPNO-based ab initio calculations for different types of energetics in
the closed-shell (left) and open-shell (right) systems.
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contribution to the LC and TSes energies reaches 8.0 and 16.8
kcal/mol in several cases (Tables S8 and S9). Nevertheless,
these complexes did not show exceptional deviations between
localized and canonical coupled cluster and thus were not
excluded from our statistical data sets. Although not exhaustive,
this analysis indicates that wave functions of most Ru(II, III)
complexes have mild to moderate multireference character;
therefore, the CCSD(T) method should provide reasonably
reliable reference energies for the present benchmark study in
both closed- and open-shell cases.
Post-HF Canonical and Local Correlation Calculations.

The MADs (mean absolute deviations) from canonical
CCSD(T)/def2-TZVPP for five types of closed-shell and four
types of open-shell energy differences are presented in Figure 1
and in Table S10 for various canonical and local correlation wave
function levels of theory. Unless stated otherwise, the def2-
TZVPP basis set was used throughout. The corresponding
RMSD (root-mean-square deviation) and MSE (mean signed
error) statistics as well as analogous data calculated relative to
our CCSD(T) and DLPNO-CCSD(T1) basis set limit
estimates can be found in Figures S1−S3 in the SI;
corresponding numerical information (including maximum
absolute deviations) can be found in Tables S11−S13.
Canonical CCSD performed well for total reaction energetics
(MAD = 1.1 kcal/mol); for intermediates and for open-shell
TSes, the MAD is within 3 kcal/mol of the CCSD(T) results.
The difference reaches 4.5 kcal/mol for Ru(II)TSes. The triples
correction is critically important for ligand coordination: MAD
reaches 9.64 and 8.90 kcal/mol for open- and closed-shell
complexes, respectively, while ligand replacement is less
sensitive, with MAD values of 5.11 and 3.69 kcal/mol. The
DLPNO-CCSD results are usually very close to the canonical
values, with differences in statistical deviations of 1.2 kcal/mol or
less. The only exception is LC in open-shell complexes, for
which the DLPNO-CCSD approach fortuitously “outperforms”
canonical CCSD (MAD = 5.90 with TightPNO and 4.29 with
NormalPNO vs 8.90 kcal/mol) due to error compensation.
Comparing DLPNO-CCSD with canonical CCSD shows a
strong dependence on the cutoffs: in closed-shell systems, MAD
is less than 1 kcal/mol with TightPNO but reaches 2.46 and 1.36
kcal/mol for LR andTSeswith NormalPNO. Similarly, in open-
shell calculations, the deviation between canonical andDLPNO-
based CCSD is almost halved for TightPNO compared to
NormalPNO (3.97 vs 5.84, 1.13 vs 2.36, 0.70 vs 1.80, and 1.36 vs
2.19 for LC, LR, TSes, and Int’s, respectively). The LNO-

CCSD approach more closely tracks the canonical CCSD
results, with the largest MAD of 0.79 kcal/mol found for LC
with normal cutoffs. This latter value drops to 0.22 kcal/mol for
LNO-CCSD Tight, with MADs for LR, TS, and Int not
exceeding 0.14 kcal/mol.
The DLPNO-CCSD(T) TightPNO approach exhibits quite

good agreement with the canonical results (MAD within 2.2
kcal/mol in all cases except for closed-shell LC, for which MAD
= 3.77 kcal/mol). At least some of the remaining discrepancy
appears to be due to the neglect of off-diagonal Fock matrix
elements for the triples in the DLPNO-CCSD(T) approach:
using the costlier DLNPO-CCSD(T1) approach which does not
make this approximation, MAD for ligand coordination in
closed-shell complexes decreased by 1.59 kcal/mol while the
energetics of other closed-shell reactions were improved by 0.3−
0.6 kcal/mol. For open-shell energy differences, the influence
was negligible (less than 0.3 kcal/mol). Extrapolation to the
CCSD(T)/CBSW1 limit reveals an MAD (read, in this case, as
the basis set incompleteness error) of up to 3.4 kcal/mol in the
closed-shell calculations and up to 3.9 kcal/mol in the open-shell
systems. The DLNPO-CCSD(T1)/CBSW1 approach shows very
close agreement (MAD = 0.39 kcal/mol) with canonical
CCSD(T)/CBSW1 for the reaction energies, while for other
groups of closed-shell calculations there is a bit more daylight
between them (MAD = 2.18 for ligand coordination, 0.63 for
LR, 0.61 for TSes, and 0.78 kcal/mol for Int’s). The Ru(III)
complexes showed even larger deviations (1.34, 1.64, 0.96, and
3.69, respectively).
For a normal distribution without systematic error, the

RMSD/MAD ratio was shown by Geary110 to be (π/2)1/2 =
1.2533... ≈ 5/4. At the outlier DLNPO-CCSD(T1) level, the
RMSD/MAD ratios are close to that for Ru(II) LC, LR, and
intermediates (1.05, 1.28, and 1.23) but much larger for TSes
(1.79), indicating an outlier: we note that TS2-CO2 is
essentially biradical (and has D1 > 0.4). If we exclude it, then
MAD and RMSD drop to quite pleasing values of 0.61 and 0.73
kcal/mol, respectively, with the RMSD/MAD ratio being 1.20.
The RMSD/MAD ratios for open-shell LC, LR, and TSes are
close to the idealized values (1.23, 1.22, and 1.28) but much
larger for intermediates (1.76); however, exclusion of the three
complexes with D1 values larger than 0.35 had only a minor
influence on the statistics.
As for DLPNO-CCSD(T)NormalPNO (theORCA default),

the differences with DLPNO-CCSD(T1) approach 2 kcal/mol,
which enters the realm of the best DFT approaches (see below).

Figure 2. Statistical deviation of canonical and local correlation methods relative to canonical CCSD(T)/def2-TZVPP (kcal/mol) depending on the
local orbitals’ cutoffs and basis sets for different types of energetics in the closed-shell (left) and open-shell (right) systems.
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One may legitimately ask, then, if one is not engaged in trading
the loss of accuracy in DFT for the loss of precision in a highly
truncated DLPNO; we definitely recommend TightPNO.
It has been shown92 that the LNO-CCSD(T) approach of

Nagy and Kaĺlay18,19 as implemented in the MRCC24 package
reproduced canonical CCSD(T) isomer energetics and
interconversion barriers of polypyrroles exceptionally well,
provided “tight” pair screening settings were applied and in
addition wpairtol=1e-6 was manually specified.92 (In the
mentioned extended porphyrins, the Möbius structures exhibit
pronounced static correlation92 while the Hückel and figure-
eight structures do not, hence the relative energies are very
sensitive to the correlation treatment. In the present work, as
seen in Figure 2 and Tables S10−S13, no appreciable benefit is
seen from wpairtol=1e-6 and the standard Tight setting
can be used.) The available implementation is for closed-shell
only: in the present work, we also found that LNO-CCSD(T)
significantly outperformed the DLPNO-CCSD(T) approach.
Thus, for closed-shell LC and LR, MADs are reduced to 0.35
and 0.16 kcal/mol compared to 2.18 and 0.63 kcal/mol,
respectively, for the corresponding DLNPO-CCSD(T1) calcu-
lations. In the latter, the largest deviations (up to 3.44 kcal/mol)
for closed-shell LC were seen for highly coordinated complexes,
especially those with outer-sphere ligands; these deviations do
not exceed 0.70 kcal/mol in LNO-CCSD(T) Tight calculations
and 1.11 kcal/mol for LRwithNormal settings. On average, with
the same number of cores of the same CPU type, the LNO-
CCSD(T) calculations with these stringent cutoffs ran roughly 3
times as long as the corresponding DLPNO-CCSD(T1)
TightPNO calculations. (See Table S22 in the SI and the
Relative Timings of Different Localized Approaches subsec-
tion.)
Single-reference second-order Møller−Plesset perturbation

theory (MP2) is arguably the simplest correlated wave function
method. Because it is very vulnerable to static correlation, it
unsurprisingly performs poorly and is inferior to most density
functionals considered (see below). Canonical and DLPNO-
basedMP2methods have very similarMADs of 3.9 and 3.8 kcal/
mol, respectively, for the main-group total reaction energies: this
indicates that MP2 itself is not compromised by the DLPNO
approximation. In the reactions involving Ru(II), the deviations
reach 24.73 kcal/mol for LC, 8.63 kcal/mol for LR, 7.28 kcal/
mol for TS, and 7.10 kcal/mol for Int; as expected, very similar
results were obtained using the DLPNO-MP2 approach. In the
open-shell systems, the canonical MP2 method gives the largest
MAD of 14.96 kcal/mol for the ligand coordination, and this is

even worse for the DLPNO-MP2 results (23.84 kcal/mol)
because these use a UHF reference rather than the ROHF
reference in the canonical MOLPRO calculations, and several of
the systems here have very high spin contamination (e.g., RuCl3,
⟨S2⟩ = 1.35). So this is not an issue with the DLPNO
approximation per se.
The most common ways to improve the performance of MP2

are the orbital-optimized OO-MP2 method60 and the spin
component scaled SCS-MP2 approach,58,111 a form of spin-
component scaling also applied in some double-hybrid func-
tionals.70−72,112 The OO-MP2 approximation reduces spin
contamination in open-shell MP2 calculations and thus is
expected to improve energies in difficult cases such as transition
states and radicals. We used the resolution of the identity (RI)
approximation, which is becoming a de facto standard for such
calculations and in our systems introduces a negligible (less than
0.05 kcal/mol) deviation. Similar to the 3d transition-metal
complexes,113 the OO-MP2 approximation degrades the MP2
energies in all cases except the open-shell TSes (Tables S10−
S13).
The SCS-MP2 approach (c2ab = 1.20, c2ss = 0.33) significantly

improved the total reaction energies (MAD = 0.15 kcal/mol). It
also dramatically reduced the MAD for closed-shell LC (to 6.97
kcal/mol) and better than halves the MADs for other closed-
shell reactions. A similar, albeit much less dramatic, improve-
ment was seen for the GMTKN55 benchmark suite.78 In the
open-shell systems, the SCS-MP2 results for LC and LR (10.68
and 4.48 kcal/mol) are slightly better than for plain MP2 (14.96
and 6.97 kcal/mol); however, for TSes and Int’s the SCS-MP2
approach performed worse than plainMP2 (Figure 1 and Tables
S10−S13). Interestingly enough, S2-MP2114 (c2ab = 1.15, c2ss =
0.75) performs comparably to plain MP2.
Hyla-Krispin and Grimme showed,113 for a set of first-row

transition-metal compounds with only mild static correlation,
that MP2 always overestimates ligand (CO) coordination
energies while SCS-MP2 significantly improves them. Upon
close inspection of our results, we observe similar improvements
in cases where MP2 energies are overestimated. In these cases,
the doublet reference wave functions are not overly spin-
contaminated, with ⟨S2⟩ ranging from the ideal 3/4 value to
about 1. The spin-component scaling systematically reduces the
overestimated energies such that a good linear correlation
between E[MP2] − E[ref] and E[SCS-MP2] − E[MP2] was
found for closed-shell LC and LR; for open-shell calculations, a
statistically meaningful linear correlation is detected when
several complexes with high-spin contamination (S2 > 1) are

Figure 3. MAD relative to CCSD(T)/def2-TZVPP for different density functionals in the closed-shell (left) and open-shell (right) systems.
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excluded (Figure S7). Similarly, an improvement in the SCS-
MP2 energy scales linearly with the negative DLPNO-MP2
energy deviation (Figure S8). The reason for such a significant
improvement probably lies in the fact (see the spin-component-
scaled MP2 review by Grimme, Goerigk, and Fink111 for a
detailed discussion, starting at the end of p. 887) that the same-
spin (E2SS) correlation energy is vulnerable to static correlation
effects and is overestimated by conventional MP2; the SCS
approach throttles this component by a factor of 3. No such
dependence was found for the cases of underestimated MP2
energies where the energy deviationsmainly arise from opposite-
spin (E2OS) correlation, which is primarily short-range and
dynamical in character. (See Figures 1 and 2 in ref 111 and the
accompanying discussion.) In open-shell calculations, the UHF
wave functions of the intermediate complexes are strongly spin-
contaminated, with S2 > 1. As far as both closed-shell canonical
and DLPNO-based MP2 and open-shell DLPNO-MP2
calculations overestimated LC energies, spin-component scaling
gives a significant improvement in the total statistic. Only part of
the LR energies was overestimated (Figure S7), thus the SCS
approximation was less beneficial in this case. In open-shellTSes
and Int calculations, errors come to a large extent from an
underestimation of the interaction energy, thus the influence of
the SCS approximation is less pronounced. In these cases, orbital
optimization (OO-RI-SCS-MP2) using ORCA slightly im-
proves the total statistics but is still below the performance of
canonical MP2. All in all, the accuracy of the RI-SCS-MP2
method is comparable to that of CCSD in closed-shell
calculations but is significantly worse in open-shell systems.
Performance of DFT Methods. MAD error statistics with

respect to the CCSD(T)/def2-TZVPP results for closed- and
open-shell complexes are shown in Figure 3 for the various
density functionals. Corresponding RMSD and MSE statistics
and similar data calculated with respect to the CCSD(T) and
DLPNO-CCSD(T1)/CBSW1 basis set limit estimates can be
found in Figures S4−S6 of the Supporting Information. We note
that the Berkeley “combinatorially optimized” functionals such
asωB97M-V were parametrized in the presence of the Vydrov−
Van Voorhis115 nonlocal dispersion correction and intrinsically
cannot be meaningfully applied without these; others, such as
(rev)DSD-PBEP86, DSD-SCAN, and DOD-SCAN, exist in
parametrizations with and without dispersion corrections. At a
reviewer’s request, for other functionals we checked the
influence of D3(BJ) and D4 dispersion corrections (Tables
S14−S17). In general, D3(BJ) and D4 corrections very similarly
affect the performance of the considered functionals, and not in
all cases is adding a dispersion correction favorable, especially for
open-shell systems. Also, for ligand energies the underlying
functional is already overbinding so adding a dispersion
correction will only make things worse, but its omission “to
make things better” then amounts to reliance on a Pauling point.
In particular, we note that SCAN shows smaller deviations from
the reference in the absence of D3BJ and D4 corrections in all
groups of reactions (e.g., PBE0 in all open-shell complexes).
DSD-PBEP86 performs slightly better without the D3BJ
dispersion correction in all cases except for closed-shell TSes.
As expected, the smallest deviations were found for the overall

reaction energies, which involve only main-group elements. The
hybrid functionals of the M06 family without dispersion
correction (MAD = 0.24 and 0.62 kcal/mol for M06-2X and
M06, respectively) and double-hybrid dRPA75-D3 and
revDSD-PBEP86-D4 functionals (MAD = 0.53 and 0.73 kcal/
mol) show the best performance for this criterion. However,

overall, for the considered reaction types in closed- and open-
shell complexes, the best results were obtained using the
ωB97M-V and ωB97X-V range-separated hybrids as well as the
revDSD-PBEP86-D4, DOD-SCAN-D4, and DSD-SCAN-D4
double hybrids, all of which exhibit accuracies between those of
DLPNO-CCSD and DLPNO-CCSD(T). Ligand coordination
and ligand replacement are the most problematic reactions for
most density functionals.
On the third rung (meta-GGA) of Jacob’s ladder,116 B97M-V

performs best for all reaction types; however, SCAN without
dispersion correction outperforms it for the stabilities of
intermediates (MAD = 5.31 vs 6.46 kcal/mol for closed-shell
complexes and 4.42 vs 5.81 for open-shell complexes) and is
competitive for TSes (MAD = 4.34 vs 4.77 and 3.42 vs 3.69
kcal/mol, respectively). TPSS performs almost as well as B97M-
V for open-shell Int’s (MAD = 6.09 kcal/mol).
Adding exact exchange slightly improves the performance of

the TPSS and B97M-V functionals. Range-separated hybrids
ωB97X-V andωB97M-V are far superior to other hybrid density
functionals. The latter is the best performer for closed-shellTSes
and LR reactions (MAD = 3.08 and 3.32 kcal/mol) and open-
shell LC, LR, and Int’s (MAD 2.14, 3.30, and 4.69 kcal/mol,
respectively), while ωB97X-V was superior to its meta-GGA
counterpart for other reactions (MAD = 3.77 and 3.34 kcal/mol
for closed-shell LC and Int’s and 2.74 kcal/mol for open-shell
TSes). Both functionals have their largest absolute errors, in the
6.9−8.8 kcal/mol range, for most Ru(II) reactions, except for
TSes, for which the errors reach 11.9 kcal/mol. Much larger
deviations were found for Ru(III) complexes: 7.9−13.8 kcal/
mol LC, LR, and TSes and up to 26.6 kcal/mol for Int’s.
Extrapolation to the complete basis set causes small changes (on
the order of 0.6 kcal/mol) in all closed-shell calculations except
LR, for which the differences reach 1.20 and 1.48 kcal/mol for
ωB97X-V and ωB97M-V, respectively; the changes are between
0.1 and 0.8 kcal/mol for most open-shell systems except for LR
for both functionals and Int’s for the latter (MAD values are
3.68, 1.92, and 3.86 kcal/mol, respectively). Other competitive
functionals in this group are M06-D3 and PBE0-D3BJ for TSes
(MAD= 3.09 and 3.89 kcal/mol in closed-shell systems and 2.72
and 3.54 (2.94 without dispersion correction) kcal/mol in open-
shell systems); SCAN (the best performer in the group) and
M06 for open-shell Int’s (MAD= 4.42 and 5.22 kcal/mol); and
M06-D4 for closed-shell LC (MAD = 3.88 kcal/mol). Notably,
all pure and hybrid density functionals performed better in the
open-shell than in the closed-shell calculations of TSes. It is also
true for LC (except for PBE0, TPSS, and M06 families without
dispersion correction) and several functionals (PBE0, SCAN,
M06L, and TPSS family without dispersion correction) for Int’s.
Most functionals failed or poorly predicted ligand replacement
energies, especially in open-shell complexes.
We checked the performance of density-corrected DFT68

using the HF-PBE0 functional as an example. Compared to
PBE0 without dispersion correction, it appears to be favorable
for Ru(II) LC, LR,TSes, and Int’s and for open-shell LR (MAD
is reduced from 9.91 to 4.71, from 11.58 to 9.24, from 4.24 to
3.52, from 8.40 to 3.93, and from 12.33 to 11.60 kcal/mol,
respectively) while for other open-shell complexes it was
detrimental.
On the fifth rung (double hybrids) of Jacob’s ladder,116 the

revDSD-PBEP86 functional generally outperforms the original
DSD-PBEP86-D3BJ, especially for LC. The D4 correction with
the revDSD-PBEP86 functional is favorable for all groups of
reactions except closed-shell Int’s and open-shell TSes. DOD-
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SCAN-D4 and DSD-SCAN-D4, on the other hand, mostly
improved on DSD-PBEP86-D3BJ. However, DSD-PBEP86
performs better without dispersion correction for all groups of
reactions except closed-shell TSes. On the other hand, DSD-
SCAN and DOD-SCAN with D4 correction were better for
most groups except for TSes and Int’s. Without dispersion
correction, DSD-PBEP86 outperforms DSD-SCAN for all
groups except TRE. (Optimized DOD-SCAN parameters
without dispersion correction are presently not available.) The
random phase approximation-based dRPA75 benefits from D3
correction for TRE, LC, and closed shell Int’s. In these cases,
dRPA75-D3 performs well: MAD = 0.53 kcal/mol for total
reaction energies, 2.99 and 4.27 kcal/mol for closed- and open-
shell LC, and 3.00 kcal/mol for closed-shell Int’s. Good
performance was obtained with dRPA75 without dispersion for
closed-shellLR andTSes (MADof 3.77 and 2.98 kcal/mol). For
Ru(III) systems other than LC, it works worse than more
conventional double hybrids; SCS-dRPA75 is equivalent to
dRPA75-D3 for closed-shell systems, while small improvements
are seen for open-shell LC, LR, and Int’s but not for TSes.
For all density functionals, the highest RMSD and MAD

values were found for ligand coordination or ligand replacement
reactions. All density functionals overbind ligands in the LR
reactions (negativeMSE), andDOD-SCAN and all DSD double
hybrids, PBE0, SCAN, and the TPSS family overbind ligands in
LC as well. Most functionals (except for SCAN and double
hybrids) showed better performance for the ligand coordination
reaction in open-shell systems.
Moreover, for transition states and intermediates, (meta)-

GGA and hybrid functionals acted better in the open-shell than
in the closed-shell calculations; few exceptions were found for
Int’s: ωB97X-V and ωB97M-V performed better in closed-shell
systems (MAD of 3.34 and 3.62 vs 5.81 and 4.69 kcal/mol,
respectively) and M06 and M06-2X showed very similar
accuracy (MAD 4.50 and 7.99 vs 5.43 and 9.34 kcal/mol with
the D3 dispersion correction). All functionals except PBE0 and
SCAN overestimated the energies of the transition states in
open-shell systems (positive MSE, Figures S4−S6). The
energies of intermediates are overestimated at all computational
levels except for dRPA75 in closed-shell systems and by most
functionals (excluding PBE0, the TPSS family, and M06-2X) in
open-shell calculations. Therefore, the barrier heights calculated
using PBE0, M06L, M06, range-separated, and double hybrid
functionals can be surprisingly accurate due to error
compensation along a reaction pathway. Future work will
focus on static correlation effects99 in closed- and open-shell
complexes, especially on their influence on the barrier heights.
Impact of (4s, 4p) Subvalence Correlation with def2-

TZVPP and cc-pwCVTZ-PP Basis Sets. While the 4s and
especially 4p orbitals in Ru are close enough to the valence shell
that correlating them according to the ORCA “chemical cores”
prescription seems chemically sound, combining this with def2-
nZVPP basis sets for transition metals appears to be a common
practice (e.g., ref 28).
We found in this work (Figure 1 and Table S10) that for the

def2-TZVPP basis set themean absolute effects of the Ru(4s,4p)
subvalence correlation on the LR, intermediates, and transition
states are a nontrivial 1.0 kcal/mol. A similar effect of the
subvalence d-orbital correlation (less than 1 kcal/mol) was
reported for DLPNO-based calculations on p- and d-blockmetal
halides.117 However, for LC, which causes larger alterations in
the Ru electronic structure than ligand replacement, this effect
can reach 3.15 and 2.85 kcal/mol for the closed- and open-shell

Ru complexes, respectively. The largest deviation in LR energies
was found for low-coordinated complexes. Thus, for Ru-
(CO)nCl2 the difference between the energies decreases with
increasing n = 1...4 from 3.43 to 2.54, 0.76, and finally 0.33 kcal/
mol; only for a few Ru(II) complexes with benzene and MA
(mostly with outer-sphere Cl ions) do the effects of the
Ru(4s,4p) subvalence correlation exceed 1.5 kcal/mol. In
contrast, deviations in LC energies increase for Ru(CO)nCl2
from 0.89 to 2.67 and 3.76 kcal/mol with increasing n from 2 to
4 and remain high for benzene and MA complexes (up to 4.72
kcal/mol in complexes with an outer-sphere Cl ion). A similar
effect was found in open-shell complexes with stabilization by
2−4.4 kcal/mol due to the correlation of Ru(4s,4p) orbitals
found for most carbonyl complexes. In the weaker crystal field of
water ligands, the influence of subvalence orbital correlation is
smaller, up to 2.62 kcal/mol in CO-free and monocarbonyl
water complexes. For closed-shell transition states, the differ-
ence reaches 3.0−3.9 kcal/mol in several cases; for open-shell
TSes, the largest deviation is much smaller, mostly within 1.5
kcal/mol. Among the intermediates, the largest deviation of 4.59
and 3.34 kcal/mol was found for the low-coordinated closed-
shell Int3-CO1 and open-shell MA-Int1, respectively.
A reviewer, however, pointed out that these basis sets may be

insufficiently flexible in the core−valence boundary region,
which might lead to overestimation due to basis set super-
position error. While a recalculation of all of the canonical
CCSD(T)s with the cc-pwCVTZ-PP basis set on Ru and cc-
pVTZ on other elements was not practical within resource
constraints, we did make this comparison for the most sensitive
LC and LR subsets of closed-shell systems. The details can be
found in Table S23.
First, a direct comparison between def2-TZVPP and cc-

pwCVTZ-PP is somewhat obscured by the fact that these basis
sets use different ECPs (fitted to Wood−Boring and Dirac−
Fock atomic calculations, respectively), as becomes plain when
comparing HF/def2-QZVPP, HF/dhf-QZVPP, and HF/cc-
pVQZ,Ru=cc-pwCVQZ-PP. We could hence approximately
halve the discrepancy between CCSD(T)/def2-TZVPP and
CCSD(T)/cc-pVTZ,Ru=cc-pwCVTZ-PP simply by switching
to dhf-TZVPP, but then one would have to make the
corresponding change to all of the localized orbital and DFT
calculations.
A more pertinent comparison between the two basis sets

would be for the (4s,4p) correlation contributions obtained as
the difference between CCSD(T) calculations with and without
these orbitals frozen. We then find (Table S23) that for ligand
coordination, discrepancies can increase to 1 and occasionally
even 2 kcal/mol when strong changes in the Ru(II) electronic
structure take place, as in the cases of benzene coordination with
Ru(CO)Cl2 and MA replacement of the chloride ion in the
inner coordination sphere of Ru(CO)4Cl2. For ligand
replacement, a degree of cancellation across the reaction takes
place and the discrepancies are more modest. It is reasonable to
assume that the same would happen to barrier heights and
intermediates.
This issue is obviously much broader than Ru complexes and

will be addressed in more detail in an upcoming paper on the
MOBH35 benchmark data set (Semidalas, E.; Efremenko, I.;
Martin, J. M. L. In preparation).

Relative Timings of Different Localized Approaches.
Even when jobs are run on identical hardware configurations,
wall clock times can be subject to mild variation because of
variable clock speeds and “thermal throttling” of modern
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processors and possible local variations in the latter due to
uneven temperature distribution inside the data center. That
reservation having been stated, we were able to extract wall clock
timing data for six jobs on identical hardware configurations,
namely, all 16 cores of twin Intel(R) Xeon(R) CPU E5-2630 v3
processors with a 2.40 GHz base clock speed, 256 GB of RAM,
and 4TB worth of striped solid-state disk. (The latter is relevant
for DLPNO-CCSD(T1), which is somewhat I/O bandwidth-
hungry.) Table S22 in the SI contains wall clock timing data for
five different calculations with the def2-TZVPP basis set (LNO-
CCSD(T)Normal, LNO-CCSD(T) Tight, DLPNO-CCSD(T)
NormalPNO, ditto TightPNO, and DLPNO_CCSD(T1)
TightPNO). For the systems at hand, LNO Tight jobs on
average ran 4.3 times as long as their Normal equivalents.
Running LNO-CCSD(T) with the wpairtol=1e-6 option
yields very similar results to the Tight option and requires a very
similar run time. DLPNO-CCSD(T) TightPNO is an average of
5.2 times as long as NormalPNO, and DLPNO-CCSD(T1)
TightPNO is an average of 1.9 times as long as its (T0)
counterparts. Finally, LNO-CCSD(T) Tight ran on average 3.1
times as long as DLPNO-CCSD(T1) TightPNO. While
somewhat different ratios may be obtained for other systems,
to us the extra computational expense seems to be
commensurate with the increase in accuracy.

■ CONCLUSIONS
The results presented in this work demonstrate that the
DLPNO-CCSD(T1) approximation with TightPNO cutoffs
closely reproduces the canonical CCSD(T) results for Ru(II)
complexes, with the largest MAD (2.18 kcal/mol) found for
ligand coordination reactions. For open-shell Ru(III) com-
plexes, the DLPNO-CCSD(T1) TightPNO approach fortu-
itously showed better performance for LC than its closed-shell
equivalent (MAD = 1.34 kcal/mol) and closely reproduced
other types of energetics, with the largest MAD of 2.06 kcal/mol
found for the energies of intermediates.
Furthermore, the LNO-CCSD(T) approach of Nagy and

Kaĺlay with Tight cutoffs reproduces canonical CCSD(T) very
closely for closed-shell LC and LR reactions (MAD of 0.35 and
0.16 kcal/mol, respectively) at the expense of roughly tripling
the computational time. This approach is recommended for
closed-shell transition-metal complexes, with an open-shell
implementation not yet being available.
Our findings concerning the performance of density func-

tionals in closed-shell systems are consistent with the
observations of Najibi and Goerigk118 and ourselves72,78 for
the very large GMTKN55 main-group benchmark36 and of Iron
and Janes28,29 for the MOBH35 transition-metal reaction
benchmark, in particular, (a) that range-separated hybrids
ωB97X-V and ωB97M-V acquit themselves particularly well;
(b) that revDSD represents an improvement over the original
DSD not just for the main group but also for transition metals;
and (c) that, unlike for the main group where empirical double
hybrids are clearly superior, they offer no clear advantage over
ωB97M-V and ωB97X-V for transition-metal reactions. In
agreement with Iron and Janes,28,29 who found the new DSD-
SCAN double hybrid72 to be among the best performers for
MOBH35, we find it to be competitive with revDSD-PBEP86
and the ωB97n-V family for the present problem; DOD-SCAN
has very similar accuracy.
Pure and hybrid functionals (rungs 3 and 4 of Jacob’s ladder)

showed better performance in the open-shell than in closed-shell
calculations for the energies of ligand coordination, transition

states, and intermediates. In contrast, double hybrids performed
worse for open-shell systems, especially for the energies of ligand
coordination.
In the larger scheme of things, while for this representative

late-transition-metal homogeneous catalysis problem DLPNO-
CCSD(T) with TightPNO cutoffs is definitely superior in
accuracy to the best available DFT methods, it is about 2 orders
of magnitude more expensive computationally, albeit drastically
cheaper than the canonical CCSD(T) reference calculations.
For closed-shell cases, LNO-CCSD(T) with “Tight” cutoffs can
be used as a substitute for the canonical calculations. (Unlike for
the highly extended polypyrrol systems in ref 92, where
wpairtol=1e-6 significantly further enhanced accuracy,
this setting has no significant effect on the present problem.)
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