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Abstract: We showcase here a dramatic failure of CCSD(T)
theory that originates from the pronounced multi-reference
character of a key intermediate formed in the benzaldehyde
amidation by N-atom transfer from Pd(II) and Pt(II) metal-
lonitrenes studied recently in combined experimental and
theoretical work. For detailed analysis we devised a minimal
model system, for which we established reliable reference
energies based on approximate full configuration interaction
theory, to assess the performance of single-reference
coupled-cluster theory up to the CCSDTQ(P) excitation level.
While RHF-based CCSD(T) theory suffered dramatic errors,

in one case exceeding 220 kcalmol� 1, we show that the use
of broken-symmetry (BS) or Kohn-Sham (KS) orbital refer-
ences yields substantially improved CCSD(T) results. Further,
the EOM-SF-CCSD(T)(a)* approach met the reference data
with excellent accuracy. We applied the KS-CCSD(T*)-F12b
variant as high-level part of an ONIOM(KS-CC:DFT) scheme
to reinvestigate the reactivity of the full Pt(II) and Pd(II)
metallonitrenes. The revised reaction pathway energetics
provide a detailed mechanistic rationale for the experimental
observations.
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1. Introduction

Organic Nitrenes (R� N) are typically highly reactive mono-
valent nitrogen species involved as singlet or triplet intermedi-
ates in numerous important chemical transformations such as
C� H amination or aziridination reactions.[1] The use of organic
azides as convenient precursors enables catalytic transforma-
tions based on the corresponding transition metal complexes
[M]� NR and recent studies provide comprehensive insight

into electronic structure and mechanistic detail.[2] Transition
metal nitrido complexes [M]�N represent an interesting
alternative source for nitrogen atom transfer reactions in
principle. They have attracted substantial recent interest in the
context of N2 fixation,[3] but concepts to use these species to
generate nitrogenous products are far less developed. Nitrido
complexes with pronounced nitrenoid character have long
been suggested as (fleeting) reactive intermediates in nitrogen
atom transfer reactions.[4] However, examples for authentic
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terminal metallonitrenes [M]� N, metal analogs of organic
nitrenes featuring monovalent atomic nitrogen ligands, have
been established only recently by photocrystallographic,
magnetic and quantum-chemical characterization.[5] After
photolysis of an azide precursor, a transient ground-state triplet
PtII� N species was shown to swiftly undergo various N-atom
transfer reactions. Detailed experimental and computational
studies of the stoichiometric aldehyde amidation revealed a
nucleophilic attack of the metallonitrene at the carbonyl group
with an inverted selectivity compared to the common electro-
philic nitrene transfer observed for organic homologs N� R.[5a]
In most recent work, a photocatalytic protocol for silylamida-
tion of aldehydes was devised based on the corresponding
Pd(II) pincer platform, which provides convenient access to
primary amides.[5b] We found substantial similarities between
the Pt and the Pd complexes with respect to molecular and
electronic structure but encountered unexpectedly severe
problems during quantum-chemical reactivity studies of the
latter, which lead us to conclude that also the results for the Pt
system could not be trusted. We will expand on these
problems, identify their origins, and suggest pragmatic
solutions in the present contribution.

The coupled-cluster (CC) singles and doubles with
perturbative triples model, CCSD(T),[6] is widely regarded as
the gold standard of (black-box) quantum chemistry.[7]
Commonly based on a single Hartree-Fock (HF) determinant
as reference wave function, this method often provides
excellent accuracy for molecular thermochemistry and kinetics
if combined with large, highly polarized basis sets used within
a suitable complete basis set (CBS) limit extrapolation
procedure. Yet the computational effort for such calculations
becomes prohibitive even for moderately sized molecules
comprising, say, 10–15 heavy atoms, owing to its formal
seventh-order scaling with the system size (viz. the number of
correlated electrons). Modern developments based on fragment
procedures,[8] localized molecular orbitals,[9] or machine

learning,[10] thus aim at breaking the scaling wall while
maintaining exquisite accuracy. Common wisdom has it,
however, that all these methods hold promise only if the
system under study is sufficiently well described by the
reference wave function used and if static correlation effects
remain moderate. To some extent such problems can be
detected by interpretation of coupled-cluster diagnostics such
as the size of t1 amplitudes, commonly condensed into the T 1

diagnostic (a measure for the quality of the reference orbitals),
or the size of t2 amplitudes (a measure for multi-reference
character).[11]

For some years we have been applying the CCSD(T)
method very successfully as part of a two-layer ONIOM
approach to investigate the thermochemistry and kinetics of
moderately large transition metal complexes, for which DFT
failed to provide sufficient accuracy.[3g,12] The ONIOM
approach separates a smaller model system, containing the
electronically demanding regions, from the real system that is
too large for a treatment at a sufficiently high level of theory.
A mechanical embedding scheme then allows to extrapolate
the high-level description of the model system to the entire
molecule.[13] Specifically, to ameliorate the extensive growth
of computational effort with the basis set size we routinely
employed the explicitly correlated CCSD(T*)-F12b ansatz as
high-level method, which has been designed to provide results
of CBS-limit quality in combination with moderately sized
basis sets.[14]

In our quantum-chemical assessment of the Pt(II) nitrene
reactivity with benzaldehyde (Scheme 1) we have used the
ONIOM(CC-F12:DFT) approach to compensate for known
DFT shortcomings identified in related studies.[5a,15] Although
we observed borderline T 1 diagnostics for some stationary
points along the reaction pathways studied, the results seemed
nevertheless acceptable based on a favorable comparison with
multi-reference NEVPT2 theory.[5a] For the closely related
palladium analog, however, the CCSD(T*)-F12 part of the

Scheme 1. Stoichiometric benzaldehyde amidation by N-atom transfer from Pt(II) metallonitrene Pt1 (top) and sketch of computed key
elementary steps (bottom).[5a]
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ONIOM approach led to a dramatic overstabilization of a key
intermediate (Pd3, see below), with alarmingly large (T*)
contributions exceeding 70 kcalmol� 1 in relative energy.
Obviously, the biradicaloid singlet character of these species
represents a challenging tipping point for the applicability of
single-reference coupled-cluster theory. While some case
studies on species with moderate biradical character suggest
that CCSD(T) theory can compensate for deficits of the HF
single-determinant wave functions to some extent,[16] a robust
assessment of systems with stronger near-degeneracy effects
typically requires much higher CC excitation levels or
application of genuine multi-reference approaches.[17] With the
latter methods, however, a balanced description of dynamic
and non-dynamic correlation effects required for reactivity
studies is a non-trivial and computationally taxing enterprise
even for small molecules. As an alternative, equation-of-
motion coupled-cluster (EOM-CC) theory,[18] and – particu-
larly well-suited for the assessment of biradicals – its spin-flip
variant (EOM-SF-CC)[19] represents a conceptually robust
single-reference approach to properly describe multi-config-
urational problems. In this context, the EOM-SF-CCSD(T)(a)*
variant, which combines non-iterative triples[20] with the EOM-
SF scheme, holds particular promise to bring ‘gold-standard’
accuracy within reach.

In the DFT realm, in turn, a substantial body of work bears
witness that biradical systems can successfully be addressed
with great computational efficiency by means of the broken-
symmetry (BS) approach.[21] Motivated by a few reports on the
successful application of BS-CC theory to related problems,[22]
we adopted this route here. As an interesting alternative we
also tested the use of Kohn-Sham (KS) reference orbitals for
coupled-cluster theory. This approach has received consider-
able attention in past decades and numerous reports have been
put forth on beneficial effects of using DFT orbitals as
reference for perturbation theory, configuration interaction,
and coupled-cluster computations.[23]

In the following we show by comparison to approximate
full configuration interaction (FCI) data obtained for a
minimal model system that the use of BS or KS orbital
references for limited CC expansions as well as EOM-SF-CC
can yield substantially improved results in cases where
conventional RHF-based CC theory fails miserably, even
exceeding the error margins observed for critically acclaimed
torture track cases of the past.[16e,24] As the KS-CCSD(T)
approach is technically easy to realize in many available
quantum chemistry programs we recommend it as a robust
method to master intricate electronic structure problems with
moderate multi-reference character. We show that in particular
perturbative triples contributions, which have provided dra-
matically flawed results for biradicaloid singlet species using
conventional HF orbitals, profit substantially from the use of a
KS orbital reference. This is a notable finding in view of the
critical importance of (T) contributions to reach chemical
accuracy by means of CCSD(T) theory.[6,25] We show below
how the results obtained for a small molecular model can be
extrapolated to the real metal complexes by a two-layer

ONIOM procedure and we establish in this way reaction
pathway energetics for the Pd(II) and Pt(II) nitrene reaction
with benzaldehyde, the latter results replacing earlier work.

2. Quantum Chemical Methods

Geometry optimizations and analytic Hessian evaluations were
performed with the Gaussian 16 program.[26] Here, the PBE0
hybrid functional[27] was employed together with the D3
empirical dispersion correction with Becke-Johnson
damping.[28] For the metal complexes, the def2-SVP basis
set[29] was used including a quasi-relativistic pseudopotential
for the Pd and Pt atoms.[30] Calculations on the minimal model
system (HN+CH2O) were performed with the def2-TZVPP
basis set[29] and with the superfine integration grid. Contribu-
tions to Gibbs free energies were evaluated at stationary points
employing the standard routines of Gaussian 16 and used as
incremental correction to single point energies obtained at
more sophisticated levels of theory. Calculations on singlet
states for TS2, 3, TS3, and TS4 (see below) were performed
employing spin-unrestricted, broken-symmetry wave functions
for geometry optimizations and projected singlet energies (ES)
were obtained from calculated triplet (ET) and broken-
symmetry singlet (EBS) energies and the corresponding S2

� �

expectation values according to Yamaguchi, Equation 1:[17d,21p]

ES ¼ ET �
2ðET � EBSÞ

hS2iT � hS
2iBS

(1)

Energy decomposition analysis with natural orbital for
chemical valence (EDA-NOCV, also known as ETS-
NOCV)[31] was performed with the ADF 2019[32] program
employing the PBE0 functional in combination with the triple-
ζ Slater-type basis set TZ2P.[33]

Coupled-cluster calculations were performed with the
programs Gaussian 16,[26] ORCA 4.2.1,[34] Molpro 2015,[35]
CFOUR 2.1,[36] Qcumbre,[37] GAMESS 2021 R2,[38] MRCC
2020[39] and MRCC 2022 (the latter 2022 version for KS-CC
calculations performed with MRCC, which included an
important improvement for the use of alternative orbital
references). The frozen core approximation was employed
throughout and only valence electrons were included in the
correlation treatment. The explicitly correlated CCSD(T*)-
F12b variant[14] with the cc-pVTZ-F12 basis set[40] (aug-cc-
pVTZ-PP for Pd and Pt)[41] was used as implemented in
Molpro, in which the (T*) perturbative triples contributions
are improved towards the complete basis set limit via F12-
scaling[42] using the scale factor Ecorr(MP2-F12)/Ecorr(MP2).
The corresponding JKfit triple-zeta auxiliary basis sets,[43] the
MP2fit sets for density fitting, and the OptRI/JKfit sets for
construction of the complementary auxiliary basis sets (OptRI
for non-metal atoms, JKfit for Pd and Pt) were used.
Technically, CCSD(T) calculations with DFT or CASSCF
orbitals were performed with the Molpro program by feeding
PBE0,[27] BP86,[44] or full valence CASSCF wave functions
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into the Hartree-Fock routine, with the number of iterations set
to zero, followed by the coupled-cluster calculation. This
approach yields a non-self-consistent HF-type reference
energy and the original DFT or CASSCF orbital energies are
passed to the coupled-cluster module. PBE0-CCSD up to
PBE0-CCSDTQ(P) calculations with the ano-pVDZ basis set
were performed with the MRCC 2022 code.

CCSDT,[45] CCSDT(Q),[46] CCSDTQ,[47] and
CCSDTQ(P)[46b,c] calculations employing the ano-pVDZ,[48] cc-
pVDZ,[49] cc-pVTZ,[49] and cc-pVQZ[49] basis sets were
performed with the MRCC program package. The CFOUR
program was used for coupled-cluster calculations with
broken-symmetry UHF reference determinants and coupled-
cluster S2

� �
expectation values were used for spin-projection

according to Equation 1. Specifically, for CCSD(T) rigorous
coupled-cluster S2

� �
expectation values[50] were used, which

require analytic gradient evaluation, whereas at the CCSDT
level only projected S2

� �
expectation values are available. For

H3a and H3b comparison of both variants computed at the
CCSD level gave only minor deviations below 0.05, with
insignificant impact (<0.2 kcalmol� 1) on singlet energies
obtained by Yamaguchi’s spin-projection procedure. For the
critical case of singlet imidogen substantial deviations between
those measures were observed, connected to convergence of
BS-CC to the triplet state (see below). CBS extrapolation of
spin-projected total energies was performed by solving the
system of linear equations for cardinal numbers 2, 3, and 4
following Peterson et al. (Equation 2).[51]

EX ¼ ECBS þAe� ðX� 1Þ þ Be� ðX� 1Þ2 (2)

BS-CC calculations on the palladium and platinum systems
were performed with the ORCA program, employing the def2-
SVP, def2-TZVPP and def2-QZVPP basis sets[29] including
quasi-relativistic pseudopotentials for Pd and Pt.[30] As S2

� �

expectation values for the coupled-cluster wave function are
unavailable within the ORCA program, spin-projection was
performed according to Noodleman,[21b] Equation 3, represent-
ing the weak coupling limit of spin-spin interactions (i. e.
expected S2

� �
values near 1.0 for the BS singlet solution), and

the resulting total energies were used for CBS extrapolation
according to Equation 2.

ES ¼ ET � 2ðET � EBSÞ (3)

The CCSD(T) test calculations for a minimal model system
(see below) have shown that Molpro, CFOUR, ORCA,
Gaussian, GAMESS, Qcumbre and MRCC converge to the
same solution, except for structure H3a (vide infra). 3ζ and 4ζ
correlation energies were extrapolated to the CBS limit
according to Equation 4.[48]

ECBS ¼
43:05Ecorr

4z � 33:05Ecorr

3z

43:05 � 33:05
þ EHF

4z
(4)

BD(T)[52] calculations (Brueckner doubles with perturba-
tive triples corrections) with the ano-pVDZ basis set were
performed with the Gaussian 16 program. Orbital-optimized
OO-MP2 calculations with the ORCA program were per-
formed employing the ano-pVDZ basis set and the resolution
of identity (RI) approximation with the automatically gener-
ated auxiliary basis sets (autoaux keyword).[53] These orbitals
were fed through the HF routines without further optimization
(NoIter keyword) and used as reference for CCSD(T)
computations. This approach yields a non-self-consistent HF-
type reference energy and the OO-MP2 orbitals are passed to
the coupled-cluster module. The completely renormalized
coupled-cluster variant CR-CC(2,3) devised by Piecuch and
coworkers, also referred to as CR-CCSD(T)L,[54] was em-
ployed as implemented in GAMESS in combination with the
ano-pVDZ basis set. Equation of motion CCSD for electronic
excitation (EOM-EE-CCSD) calculations with the ano-pVDZ
basis set were performed with the CFOUR or the ORCA
implementations, depending on the chosen reference determi-
nant. Excitation energy (EE) and spin-flip (SF)[19a,c,55] EOM-
CC calculations employing the EOM-EE-CCSD, EOM-SF-
CCSD and EOM-SF-CCSD(T)(a)*[20] methods with the ano-
pVDZ, cc-pVDZ, cc-pVTZ and cc-pVQZ basis sets were
performed with the Qcumbre program.[37] CBS extrapolation
of total energies was performed according to Equation 2.

For improved single point energy calculations on the full
molecular platinum and palladium complexes we employed a
subtractive two-layer ONIOM extrapolation approach,[13] con-
structing the model system based on the DFT-optimized full
molecular system by replacing the pincer tBu groups and the
phenyl group of the benzaldehyde substrate by hydrogen
atoms aligned along the P� C and C� C bonds broken (Fig-
ure 1). The resulting P� H and C� H bond lengths were relaxed
at the DFT level while keeping all other model system
coordinates fixed. Single point energy calculations were then
performed on the model system at the KS-CCSD(T*)-F12/
VTZ-F12 level (‘high level’, HL) and at the PBE0-D/def2-
TZVPP level (‘low level’, LL), which was also used to obtain
single point energies for the full (‘real’) system.[56] Combina-

Figure 1. Illustration of molecular structures used in ONIOM
extrapolations (left: real system Pt3, right: H-truncated model system
(Pt3)model); most hydrogen atoms omitted for clarity, additional H
atoms introduced into the model system to saturate broken covalent
bonds highlighted in green.
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tion of the three energies according to Equation 5 introduces a
‘high level’ description of the model system, which comprises
the challenging electronic structure problem, while the
remaining parts of the real system are represented at the ‘low
level’. To a good approximation the subtractive scheme
cancels effects of the additional H atoms introduced to saturate
covalent bonds broken upon construction of the model system.

EONIOM HL:LLð Þ ¼ Ereal
LL � Emodel

LL þ Emodel
HL (5)

The strongly contracted NEVPT2[57] variant was used as
implemented in ORCA 4.2.1 based on state-specific full
valence CASSCF wave functions together with the ano-pVDZ
basis set. Approximate full configuration interaction (FCI)
energies for CH2O and the distinct electronic states of H3 were
computed employing the FCI Quantum Monte Carlo
(FCIQMC) method[58] including the semi-stochastic,[59]
initiator[60] and adaptive-shift[61] extensions as implemented in
the program package NECI.[62,63] To ensure convergence to the
wave function of interest, the spin purification approach was
employed for computation of the 1A” states.[64] The starting
FCIDUMP files were generated with the ano-pVDZ basis set
using the Molpro program package. Only valence electrons
were included in the correlation treatment. For imidogen (NH)
the canonical FCI energy with the ano-pVDZ, cc-pVTZ and
cc-pVQZ basis sets was computed with Molpro accordingly.
To ensure convergence to the FCI energy, FCIQMC computa-
tions were iteratively repeated with an increasing number of
walkers (107–2 ·109).[65] The correlation energies and stochastic
error bars were obtained by manual blocking analysis
including the iterations after the completion of the walker
growth and equilibration phases. An overview of all FCIQMC
runs and blocking analyses is provided as supporting
information.

Accompanying the FCIQMC calculations, approximate
FCI energies were computed with a recently developed
selected CI approach,[66] which makes use of the heatbath CI
(HCI) selection algorithm of Umrigar and coworkers.[67] The
HCI method used in this work is implemented in the MOL-
BLOCK program[68] and relies on a configurational basis,
where spin-adaptation is taken care of by an implicit
configurational state function basis during the construction of
electronic coupling coefficients.[69] The spin pure nature of the
method avoids possible errors arising from spin contamination
or even convergence to a wrong spin state as might occur with
methods that employ a Slater-determinant basis. The final HCI
energies were obtained with tight thresholds: Tgen=4 ·10� 3,
Tvar=1 ·10� 6, TPT2=1 ·10� 7. As outlined elsewhere, these
thresholds control the size of the variational and perturber
space, respectively.[66] The corresponding starting orbitals were
taken as the natural orbitals from a HCI calculation with less
tight thresholds: Tgen=1 ·10� 2, Tvar=1 ·10� 5, TPT2=1 ·10� 6.

3. Results

As detailed in the introduction we have encountered unexpect-
edly severe problems with the ONIOM(CC:DFT) description
of intermediate Pd3, which is formed by initial attack of the
nitrene at the aldehyde carbon atom. In the following section
we provide a detailed analysis of the underlying electronic
structure problem for a minimal model system comprising
imidogen and formaldehyde. This minimal model captures the
essence of the electronic structure problem of the full
transition metal complexes. Both the model and the real
systems exhibit substantial singlet wave-function instabilities
caused by orbital near degeneracies; the resulting
biradical(oid) character of the intermediate is localized
completely on the organic N� C� O fragment also for the metal
complexes. Further details, such as Cartesian coordinates of
molecular structures, total energies, and analysis of wave-
function contributions, are provided as Supporting Informa-
tion.

3.1 Electronic Structure of the Minimal Model System

The 1σ22σ23σ21π2 electron configuration of imidogen NH
gives rise to a 3Σ� ground state and a lowest excited state of 1Δ
character, energetically well separated by an adiabatic singlet-
triplet splitting ΔES–T=36.3 kcalmol� 1 as determined in
stimulated emission pumping experiments.[70] The model
reaction studied here starts by initial side-on attack of triplet
imidogen to formaldehyde and bond formation involves
interaction of a singly occupied π orbital of the former with
the π bond of the latter. More precisely, a detailed EDA-
NOCV bonding analysis of the associated transition state
HTS2 shows that pairing of an α electron in the in-plane
imidogen π-orbital with a β electron in the bonding C=O π-
orbital leads to formation of the N� C σ bond, leaving an
unpaired α electron at O (Figure 2).

The resulting intermediate H3 thus represents a diradical
with spin-densities essentially localized at the N and O atoms
giving rise to energetically close lying singlet and triplet states.
Moreover, as detailed in Figure 3 we identified two electro-
mers for each spin state, H3a and H3b, resulting from different
occupation patterns of the frontier molecular orbitals: the π1
and π2 orbitals both comprise the out-of-plane p AOs at N and
O and the corresponding in-plane p orbital at oxygen is part of
a σ antibonding interaction. The minute energy difference
between the doubly occupied σ and π1 orbitals, together with
the low-lying π2 LUMO, indicates a near degeneracy situation,
resulting in a biradicaloid singlet instability of the RKS wave
function.

Correspondingly, in H3a the σ orbital and the π2 are singly
occupied and we find a 3A” ground state for this species
separated by 6.1 kcalmol� 1 from its biradicaloid 1A” state. The
biradicaloid 1A’ ground state of H3b, in turn, results from
single occupation of the two π1 and π2 MOs, with the related
triplet residing merely 3.7 kcalmol� 1 above. Near the mini-
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mum geometry of H3a, however, the 1A’ state is nearly
degenerate with the 1A” potential energy surface (cf. Figure 3).
Obviously a physically correct representation of both singlet
states requires a two-determinantal treatment at least, as does
the representation of the 1Δ state of NH with its strictly
degenerate π-orbitals, which is part of the singlet fragmenta-
tion asymptote.[15c,71] In this context we note that these model
system singlet species feature all relevant aspects of the
electronic intricacies of the full molecular system.

Whenever a single determinant fails to provide a suitable
reference description for such situations, fundamental prob-
lems can arise for standard coupled-cluster methods like

CCSD(T). While the use of ever higher excitation patterns will
eventually establish invariance with respect to the quality of
the reference wave function, also in critical cases, further
scrutiny is needed to establish the validity of a CCSD(T)
description based on a single RHF reference. In the following
we evaluate two unconventional approaches to resolve these
problems, that is, the use of a KS orbital reference and broken-
symmetry coupled-cluster theory.

It has been shown that the use of unrestricted wave
functions with broken space and spin symmetry can recover
critical near-degeneracy correlation effects,[17d,21p] and in view
of the fact that broken-symmetry UHF solutions have a well-
established physical basis[72] we note a curious lack of relevant
literature as to the use of even electron[73] broken-symmetry
reference wave functions for coupled-cluster methods. To the
best of our knowledge only the groups of Yamaguchi, Bartlett,
and Stanton reported detailed work along these lines.[22] We
put this option to the test further below.

Based on DFT-optimized structures we use energies
obtained by Alavi’s approximate full configuration interaction
quantum Monte Carlo method (FCIQMC)[58–61,64] with the ano-
pVDZ basis set as a benchmark (Table 1). Due to this only
moderately sized basis set the singlet/triplet gap computed for
imidogen deviates by 5.0 kcalmol� 1 from the experimentally
determined adiabatic value (36.3 kcalmol� 1). With respect to
separated imidogen and formaldehyde the 3A” ground state of
H3a is less stable by 2.7 kcalmol� 1, while the 1A’ ground state
of H3b lies 2.1 kcalmol� 1 below the fragment asymptote. Our
results obtained with the deterministic HCI method agree
quantitatively with these findings (Table 1). The fact that the
two fundamentally different approximations to FCI agree
within a narrow margin lends weight to our choice of
FCIQMC as benchmark method. Yet at this point we
emphasize again the importance of using the spin-purification
routines newly implemented in the NECI program[64] – initial
Slater-determinant based FCIQMC calculations on the 1A”

Figure 2. EDA-NOCV deformation densities of triplet HTS2 (green
panels), corresponding donor and acceptor symmetrized fragment
orbitals (SFOs, blue panels) with mixing coefficients, and a more
intuitive Lewis representation of interacting fragments. Deformation
densities shown at �0.002 a0

� 3 (density depletion in orange and
accumulation in purple), SFO isosurfaces at �0.05 a0

� 3/2.

Table 1. Computed relative energies for the singlet and triplet states of H3a and H3b referenced to separate triplet imidogen (H1) and
formaldehyde and singlet-triplet energy difference for H1 in kcal mol� 1; FCIQMC/ano-pVDZ reference data (boldface) and deviations ΔΔErel

obtained with the spin-adapted HCI method and several coupled-cluster variants with the ano-pVDZ basis set are given as well. Data based on
PBE0/def2-TZVPP optimized structures.

H1 H3a H3b
Method ΔES–T

1A” 1A’[c] 3A” 1A’ 3A’

FCIQMC 41.3 8.8 7.9 2.7 � 2.1 1.6
HCI 0.0 � 0.7 � 0.2 0.2 0.0 0.1
CCSD[a] 8.7 –[b] 70.9[d] 0.6 21.7 � 0.4
CCSD(T)[a] 5.4 – 68.8[d] 0.9 � 9.6 0.5
CR-CC(2,3)[a] 4.8 – 69.1[d] 0.3 5.6 0.2
CCSDT[a] 0.3 – 69.2[d] � 0.1 2.6 � 0.2
CCSDT(Q)[a] � 0.1 – 67.1[d] � 0.1 � 3.6 0.0
CCSDTQ[a] 0.0 – 69.1[d] � 0.1 0.1 � 0.1
CCSDTQ(P)[a] 0.0 – 69.6[d] � 0.1 � 0.2 0.0

[a] CR-CC(2,3) calculations performed with GAMESS and all other coupled-cluster calculations with MRCC; [b] 1A” state symmetry not
accessible with an RHF reference; [c] At the structure of H3a, the excited 1A” state is nearly degenerate with the biradicaloid 1A’ state, which is
the ground state of H3b (cf. Figure 3); [d] convergence to a high-lying 1A’ excited state.
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state of H3a converged to its corresponding triplet ground
state.

Turning to the coupled-cluster data, we note significant
deviations for CCSD and CCSD(T) results for the singlet/
triplet gap of imidogen and only inclusion of higher-level
electron correlation effects from iterative triple excitations on

leads to convergence to the FCI limit. While the triplet states
of H3a and H3b do not challenge coupled-cluster theory at any
level, the singlet states with their inherent multi-reference
character do: for H3b substantial errors, oscillating about the
FCI value, are observed up to CCSDT(Q) and only higher
excitation levels show convergence to the FCI limit. The large

Figure 3. Molecular structures, schematic orbital occupation and spin-density plots for the two triplet and the two singlet electromers H3a and
H3b (top), rough sketch of the pertinent potential energy surface sections (center) and PBE0 molecular orbitals from an RKS calculation on
singlet H3a (bottom). FCIQMC energies are given in kcalmol� 1 relative to separated imidogen and formaldehyde. Spin-density isosurfaces at
�0.01 a0

� 3, MO isosurfaces at �0.05 a0
� 3/2 and orbital energies in eV (orbital energies for H3b are given for comparison, the respective orbitals

closely resemble those shown for H3a). Further details of molecular structures are provided in the Supporting Information.
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deviations of no less than 67 kcalmol� 1 for H3a go back to the
fact that the CCSD wave function obtained with MRCC
corresponds to a high lying 1A’ excited state. In fact, using
various quantum chemistry program packages one of two
distinct solutions were obtained, depending on the program.
Employing default program control settings throughout,
calculations with MRCC, CFOUR, Qcumbre and GAMESS,
all converged to the same high-lying 1A’ state, while a
drastically different solution was consistently obtained with
Molpro, Gaussian and ORCA (Table 2). Employing the latter
programs, the CCSD wave function converges instead to a
biradicaloid 1A’ state, much lower in energy.[74] As expected
for the multi-reference problem at hand,[11] this biradicaloid
solution features a critically large leading t2 amplitude of 0.91,
exceeding the limit of 0.20 usually seen as well-behaved,[75] a
similarly large leading t1 amplitude of 1.02 (leading ampli-
tudes indicate associated π1!π2 excitations), and an exces-
sively large T 1 diagnostic of 0.24, hugely exceeding the
recommended limit of 0.02.[76]

However, a small negative excitation energy of
� 2.8 kcalmol� 1 obtained in an EOM-EE-CCSD calculation
with this reference identifies yet a lower lying 1A” biradicaloid
state (see Supporting Information), at variance with the
FCIQMC state ordering. The biradicaloid 1A’ solution for H3a
exhibits unphysically large perturbative triples contributions of
more than 250 kcal mol� 1, denoting the breakdown of
CCSD(T) here. For the high-lying excited 1A’ CCSD solution
obtained with CFOUR (or MRCC, Qcumbre, and GAMESS)
we find a large, though less alarming leading t1 amplitude of
0.39 (π1!π2 single excitation), a T 1 diagnostic of 0.10, but
innocuous t2 amplitudes. The EOM-EE-CCSD module yields
two negative excitation energies of ~70 kcalmol� 1 for the
biradicaloid 1A’ and 1A” states, in line with CCSD conver-
gence to a higher singlet root. These excitation energies agree
with the CCSD deviations from the FCIQMC reference
(Table 1).

As mentioned before, consistent results are obtained for
H3b with all coupled-cluster codes. As expected for a singlet
biradicaloid, a large leading t1 amplitude of 0.39, a T 1

diagnostic of 0.10 and a leading t2 amplitude of 0.40 signal
alert similar to H3a (leading amplitudes indicate associated
π1!π2 excitations). However, the EOM-EE-CCSD diagnostic
calculation yields only positive excitation energies, signaling
CCSD convergence to the correct 1A’ ground state. As detailed

above, the multi-determinantal nature of the biradicaloid wave
function of H3b renders higher-order excitation patterns
indispensable to achieve reasonable agreement with the
(approximate) FCI result. Based on restricted HF reference
wave functions, however, we were unable to achieve proper
convergence to the lowest singlet state of H3a. We note in
passing that the CR-CC(2,3) method, which was recom-
mended, e. g., in earlier work of Cramer et al.,[24a,b] yields
similarly poor results as standard CCSD(T) and is thus not
helpful here.

Motivated by reports of Yamaguchi, Bartlett and Stanton,
who have successfully applied broken-symmetry (BS) UHF
reference wave functions in coupled-cluster calculations on
biradical(oid)s recently,[22] we have investigated the perform-
ance of this approach here. The A’ and A” broken-symmetry
reference determinants were constructed according to Figure 3.
The results compiled in Table 3 show at first glance that the
BS-UHF wave functions are much better suited references
than RHF. BS-CCSD results are already reasonably close to
the FCIQMC benchmark and spin-projection according to
Yamaguchi[22a,d] achieves agreement better than 1 kcalmol� 1.
Inclusion of triples in the BS-CCSD(T) and BS-CCSDT
calculations does not, however, lead to improved results. It
would be interesting to see whether inclusion of higher
excitation patterns leads to systematic convergence of results
towards the FCIQMC reference values. However, unrestricted
BS computations beyond CCSDT were technically not feasible
in any of the coupled cluster codes available to us.

These results indicate a pragmatic possibility to assess the
intricate electronic structure of biradicaloid states by means of
single reference CCSD theory, provided that the coupled-
cluster program allows for the use of UHF reference functions
in an unrestricted UCCSD framework. Despite these most
promising results we would like to convey a note of caution to
the interested reader: while non-truncated coupled-cluster
theory is strictly orbital invariant[25c] and thus ever higher
levels of excitation patterns eventually do converge to the FCI
limit for a given basis set, it remains unclear to which extent
truncated BS-CC theory profits from error cancellation. While
decades of experience have led to detailed insight into the
typical error behavior of individual coupled-cluster excitation
levels,[7b,77] and the stability of their fortuitous cancellation, no
related experience has been reported with BS-CC theory to the
best of our knowledge. Further exacting work with this

Table 2. Deviations of CCSD/ano-pVDZ and CCSD(T)/ano-pVDZ energies obtained with the Molpro and MRCC programs referenced to the
FCIQMC benchmark in kcal mol� 1.

H1 H3a H3b
Program Method ΔES–T

1A’[a] 3A” 1A’ 3A’

Molpro CCSD 8.6 28.0 0.7 21.6 � 0.2
CCSD(T) 5.3 � 225.7 0.2 � 10.2 0.0

MRCC CCSD 8.7 70.9 0.6 21.7 � 0.4
CCSD(T) 5.4 68.8 0.9 � 9.6 0.5

[a] 1A” state symmetry not accessible with RHF based methods.
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approach would be necessary to judge whether BS-CCSD
theory represents a ‘Pauling point’[78] with reliable error
cancellation behavior or not.

We studied the performance of the EOM-CC ansatz in
some more detail. Starting with the singlet CCSD solution,
which converged to the higher-lying 1A’ excited state for H3a,
EOM-EE-CCSD yields a negative excitation energy from
which we derive the 1A” state 2.3 kcalmol� 1 above the
FCIQMC benchmark and the biradicaloid 1A’ state
0.5 kcalmol� 1 below the benchmark value. As convergence to
the corresponding high-lying 1A’ state for H3b could not be
achieved, an analogous EOM-EE treatment was not possible
for this electromer. As an alternative we investigated the
possibility to access the biradicaloid singlet states via a spin-
flip excitation from the corresponding high-spin triplet state
(see Figure 3). In fact, for H3a the EOM-SF-CCSD approach
yields results very close to the FCI reference data (Table 3).
While the conventional CCSD solution converges to the
correct biradicaloid 1A’ state of H3b, but with a substantial
error of 21.7 kcalmol� 1, the triplet-based EOM-SF-CCSD
calculation yields a pleasingly small deviation of merely
0.9 kcalmol� 1. Notably, inclusion of perturbative triples in the
EOM-SF-CCSD(T)(a)* approach yields exquisite agreement
for H3a and brings the error for H3b down to 0.8 kcalmol� 1
(Table 3).

On the basis of several earlier reports, we also tested the
use of Kohn-Sham (KS) reference orbitals for coupled-cluster
calculations.[23a–u] We note a visibly more delocalized nature of
KS orbitals compared to the HF orbitals (cf. Supporting
Information). Employing restricted PBE0 orbitals, CCSD
relative energies are quite similar to those obtained with the
RHF reference (Tables 1, 2 and 4). For singlet H3a and H3b we
observe, however, significantly lower leading t1 amplitudes of
0.17 and 0.08, respectively, and rather unsuspicious T 1

diagnostics of 0.04 and 0.02, indicating an improved orbital

reference quality.[11] Significant – but compared to RHF-CCSD
reduced – leading t2 amplitudes (H3a: 0.46 and H3b: 0.36)
indicate the expected biradicaloid singlet character of the
resulting CCSD wave function and subsequent EOM-EE-
CCSD calculations confirm convergence to the lowest root in
both cases. Inclusion of perturbative triples still leads to
irritatingly large energy contributions but, in stark contrast to
the use of an RHF reference, the CCSD(T) results are now in
reasonable agreement with the FCIQMC benchmark. Higher
excitation patterns result in essentially the same contributions
as observed for HF-CC calculations which reflects the fact that
coupled cluster theory becomes strictly orbital invariant in the
FCI limit. For singlet H3a, however, unproblematic conver-
gence to the lowest root has paramount value. Probably
equally important is the fact that the KS orbital reference is
obviously much better suited for the assessment of perturba-
tive (T) and (Q) contributions than the HF reference (cf.
Table 1). While, clearly, the general validity of this observation
needs further careful investigation, it adds a new twist to
earlier, more critical conclusions regarding the use of KS
orbital references for coupled cluster calculations – in a recent
comprehensive assessment Benedek et al. noted hardly specif-
ic advantages, or even disadvantages using KS-CC vs. HF-CC
theories.[23v] We note in passing that no significant effect
results from the use of BS-UKS compared to BS-UHF orbital
references.

For further scrutiny we tested alternative orbital sets as
coupled-cluster references (Table 4). We note, however, very
similar results for BP86, OO-MP2, full-valence CASSCF, and
Brueckner orbitals with maximum deviations from the bench-
mark of about 3 kcalmol� 1 upon inclusion of perturbative
triples. Obviously, the near-degeneracy situations present in
H3a and H3b profit more from an improved orbital reference,
while the strictly degenerate situation in singlet imidogen
escapes any single-reference description.

Table 3. Computed relative energies for the biradicaloid singlet states of H3a and H3b referenced to separate triplet imidogen and
formaldehyde in kcal mol� 1; FCIQMC/ano-pVDZ reference data (boldface) and deviations ΔΔErel obtained with broken-symmetry coupled-
cluster variants and the spin-flip equation of motion coupled-cluster approach with the ano-pVDZ basis. For BS-CC also the coupled-cluster
S2h i expectation values are provided. Data based on PBE0/def2-TZVPP optimized structures.

H3a H3b
Method 1A” S2h i 1A’[b] S2h i 1A’ S2h i

FCIQMC 8.8 7.9 � 2.1
BS-CCSD[a] � 0.3 (� 3.0) 1.02 � 0.8 (� 1.2) 1.00 0.5 (2.8) 0.94
BS-CCSD(T)[a] 0.6 (� 2.6) 1.09 0.0 (� 0.2) 1.00 0.9 (3.1) 0.83
BS-CCSDT[a] � 0.7 (� 4.5) 1.34 � 0.8 (� 1.0) 1.03 � 0.4 (1.3) 0.58
EOM-EE-CCSD 2.3 � 0.5 –[c]

EOM-SF-CCSD � 0.2 � 0.4 0.9
EOM-SF-CCSD(T)(a)* 0.0 0.2 0.8

[a] Broken-symmetry coupled-cluster calculations performed with CFOUR, spin-projection according to Yamaguchi, unprojected values in
parentheses. To this end, energies and S2h i expectation values were computed based on a broken-symmetry singlet and a triplet reference
determinant. In the BS-CCSDT calculation on the 1A” state of H3a we obtained an S2h i expectation value of 1.34, indicating convergence to the
high-spin solution (see below); spin-projection, however, seems to work robustly in this case; [b] At the structure of H3a, the excited 1A” state
is nearly degenerate with the biradicaloid 1A’ state, which is the ground state of H3b (cf. Figure 3); [c] CCSD converges to the lowest
biradicaloid state, which is thus not accessible by means of the EOM approach.
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By design multi-reference methods are well suited for the
treatment of biradicaloid systems. While a correct representa-
tion of the singlet states of H3a and H3b merely requires a two-
electrons in two-orbitals CASSCCF space, the choice of a
consistent active space to study chemical reactivity involving
fragmentation is far less obvious. For the present case we have
thus chosen a full-valence active space and the
CASSCF(18,15)-NEVPT2 results deviate by less than
0.5 kcalmol� 1 from the FCIQMC results. However, such an
approach requires clearly prohibitive effort for the assessment
of larger molecular systems. Up to this point we thus conclude
that KS-reference based coupled cluster provides an intrigu-
ingly accurate method, which retains all practical benefits of a
single-reference post-HF black box ansatz.

3.2 Basis Set Effects

The calculations reported thus far were performed with the
limited ano-pVDZ basis set and we now turn our attention to
basis set effects. For the singlet/triplet gap of imidogen we
note pleasing convergence of the FCI result towards experi-
ment upon extrapolation to the CBS limit (Table 5). As noted
above, the strictly degenerate biradicaloid singlet state of this
species represents a notoriously difficult problem for conven-
tional coupled-cluster theory and convergence to the FCI result
is observed only upon inclusion of higher order excitations
beyond perturbative triples. While the spin-projected BS-
CCSD result for singlet imidogen is in remarkable agreement
with the benchmark, closer inspection of the unprojected data
indicated (probably general) technical intricacies with the BS-

CC representation of biradical singlet states arising from
strictly degenerate orbitals.[79] We further note that, for this
specific species, KS-CC theory provides no advantage over
HF-CC theory, both missing the reference value by a
substantial margin. The EOM-SF approach, in turn, achieves
highly accurate results for singlet imidogen with deviations of
0.4 kcalmol� 1 for EOM-SF-CCSD and less than 0.1 kcalmol� 1
for EOM-SF-CCSD(T)(a)* compared to the FCI reference.

For the two triplet states of H3a and H3b we obtained
converged results at the CCSDT level, and perturbative
quadruples show negligible contributions. As observed before
(Table 1), we note unreasonably large individual contributions
of perturbative triples and perturbative quadruples for singlet
H3b, which persist at the basis set limit and go back to the
inadequacy of the RHF reference. As documented for the ano-
pVDZ basis set, much higher excitation patterns are needed
for a proper assessment of the singlet state. Yet the computa-
tional effort for such calculations with larger basis sets is
prohibitive.

For both singlet H3a and H3b, spin-projected broken-
symmetry CCSD and CCSDT results have shown excellent
agreement with FCI above for the smaller ano-pVDZ basis set.
Assuming that this quality carries over to the CBS limit, we
recommend the BS-CCSDT results as arguably best data
available for both species here. We note assuring agreement
within 2 kcalmol� 1 for the EOM-SF-CCSD(T)(a)* singlet
energies at the CBS limit. Using KS reference orbitals, the
coupled-cluster wave function represents correctly the biradi-
caloid singlet states and the KS-CCSD(T) result yields
reasonable agreement with the reference data, again irritatingly
large perturbative triples contributions notwithstanding. In

Table 4. Computed relative energies for the singlet and triplet states of H3a and H3b referenced to separate triplet imidogen (H1) and
formaldehyde and singlet-triplet energy difference for H1 in kcal mol� 1; FCIQMC/ano-pVDZ reference data (boldface) and deviations ΔΔErel

obtained with several coupled-cluster variants with modified reference orbitals and multi-reference approaches with the ano-pVDZ basis set
are given as well. Data based on PBE0/def2-TZVPP optimized structures.

H1 H3a H3b
Method ΔES–T

1A” 1A’ 3A” 1A’ 3A’

FCIQMC 41.3 8.8 7.9 2.7 � 2.1 1.6
PBE0-CCSD 8.7 – 27.8 1.2 22.2 � 0.2
PBE0-CCSD(T) 5.4 – � 1.8 0.1 1.9 � 0.2
PBE0-CCSDT 0.3 – 2.5 0.0 2.9 � 0.2
PBE0-CCSDT(Q) � 0.1 – � 2.6 0.0 � 1.1 0.0
PBE0-CCSDTQ 0.0 – � 0.3 0.0 0.2 0.0
PBE0-CCSDTQ(P) 0.0 – � 0.6 0.0 � 0.2 0.0
BP86-CCSD 8.7 – 27.8 2.0 22.4 0.8
BP86-CCSD(T) 5.3 – � 0.2 � 0.1 2.3 0.2
CAS-CCSD 9.9 – 25.5 0.6 21.2 � 0.3
CAS-CCSD(T) 6.3 – 0.1 � 0.3 2.0 � 0.3
OOMP2-CCSD 8.7 – 27.2 1.3 22.6 0.1
OOMP2-CCSD(T) 5.4 – 0.4 � 0.1 2.3 � 0.2
BD 8.7 – 26.7 0.9 22.0 � 0.1
BD(T) 5.4 – 1.5 0.0 2.6 � 0.1
CASSCF[a] 4.6 16.4 16.2 17.7 18.2 16.6
CAS-NEVPT2[a] 1.7 � 0.4 � 0.2 0.1 � 0.4 0.4

[a] CASSCF calculations with a full-valence active space.
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view of the computational effort for the CCSD(T)/VQZ
calculations, which becomes quickly prohibitive even for only
slightly larger molecular systems, we also tested the use of KS
orbitals for CCSD(T*)-F12 calculations. Combined with the
VTZ-F12 basis set this method should reach CBS quality
while extending the range of accessible molecular sizes.
Indeed, the results in Table 5 show pleasing agreement within
2 kcalmol� 1 with the reference data. We thus recommend this
approach as reasonably accurate and computationally most
efficient.

3.3 Reaction Pathways of the Minimal Model System

With the freshly benchmarked KS-CC approach at hand we
assess the performance of DFT for the imidogen/formaldehyde
model system reactivity, covering the hydrogen atom abstrac-
tion and nitrogen atom insertion pathways chosen in analogy
to the reactivity established for the real metallonitrene pincer
complexes (Schemes 1 and 2). Comparison of the PBE0 and
KS-CCSD(T*)-F12 results reveals moderate differences of up
to 7 kcalmol� 1 for the hydrogen abstraction path and for the
activation barrier for the initial attack of imidogen at the
formaldehyde carbon atom via HTS2 (Table 6). DFT under-
estimates both barriers and, somewhat inconsistently, favors
C� H abstraction over imidogen attack at the carbon atom.
Dramatically larger differences, however, occur further en
route towards amide formation. In contrast to expectation[15a,b]
the PBE0 hybrid functional does not show the typical over-
stabilization of triplet over singlet species. On the contrary, in
the critical region around intermediate H3 the (spin-projected
BS) singlet path is dramatically too low compared to the

coupled cluster results. As the transition from the triplet
potential energy surface near the reactants to the singlet
products occurs in this region, a consistent description of both
spin states, crucial for any meaningful theoretical assessment
of nitrene reactivity, is out of reach for DFT.

3.4 Reinvestigation of the Metallonitrene Systems

Finally, we re-evaluated the reaction paths of the palladium
and platinum metallonitrene complexes with benzaldehyde. By

Table 5. Energies at the extrapolated basis-set limit for singlet and triplet states of H3a and H3b relative to separated triplet imidogen (H1) and
formaldehyde; singlet-triplet energy difference for H1. All data in kcal mol � 1, estimated best results printed in bold face.

H1 H3a H3b
Method ΔES–T

1A” 1A’ 3A” 1A’ 3A’

FCI[a] 36.4 – – � – –
CCSD[a] 46.1 – 65.5[b] � 3.2 13.5 � 5.3
CCSD(T)[a] 43.1 – 60.2[b] � 4.1 � 17.1 � 5.2
CCSDT[a] 37.1 – 63.7[b] � 4.7 � 6.4 � 5.5
CCSDT(Q)[a] 35.9 – 49.7[b] � 4.8 � 14.4 � 5.3
BS-CCSD[c,d] 36.7 (13.5) 1.9 (� 0.6) 0.3 (0.1) � � 8.7 (� 6.1) –
BS-CCSD(T)[c,d] –[e] 1.8 (� 1.1) 0.2 (0.1) � � 9.4 (� 6.8) –
BS-CCSDT[c,d] –[e] 1.0 (� 2.3) � 0.3 (� 0.3) � � 10.5 (� 8.2) –
EOM-EE-CCSD[d] – 6.6 3.2 � � –
EOM-SF-CCSD[d] 36.8 2.2 1.0 � � 8.0 –
EOM-SF-CCSD(T)(a)* [d] 36.4 2.1 1.2 � � 8.6 –
KS-CCSD[a,f ] 46.0 – 31.1 � 2.5 14.3 � 4.8
KS-CCSD(T)[a,f ] 43.1 – 3.1 � 5.0 � 6.9 � 5.9
KS-CCSD(T*)-F12/VTZ[f] 42.4 – � 0.1 � 4.6 � 8.6 � 5.5

[a] Basis-set extrapolation of correlation energies with cc-pVTZ and cc-pVQZ basis sets according to Neese et al.[48] (FCI and KS-CC
calculations performed with Molpro, BS-CC with CFOUR, EOM-SF-CC with Qcumbre, all other with the MRCC code); [b] convergence to a
high-lying 1A’ excited state; [c] spin-projected results, non-projected values in parentheses; [d] three point basis-set extrapolation of total
energies with cc-pVXZ, X=2� 4, according to Peterson et al.[51]; [e] convergence of BS-CC calculations to the triplet solution; [f ] calculations
with PBE0 orbital reference.

Table 6. ΔGrel for the minimal model system in kcal mol� 1 obtained
with the PBE0/def2-TZVPP and the KS-CCSD(T*)-F12/VTZ-F12
method.

Structure Spin PBE0 KS-CCSD(T*)-F12[a]

H1 1 0.0 0.0
0 56.7 43.1

HTS1 1 9.6 16.5
H2 0.5 � 7.9 � 6.7
HTS2 1 10.9 14.6

0 34.7 50.7
H3a 1 � 1.8 7.6

0 3.2 12.0
H3b 1 � 3.0 6.3

0 � 13.8 3.3
HTS3 0 � 12.7 0.3
H4 0 � 97.7 � 93.9
HTS4 0 0.7 9.7
H5 0 � 26.1 � 23.0

[a] PBE0 reference orbitals; Gibbs free energy contributions taken
from the PBE0 calculations.

Research Article

Isr. J. Chem. 2023, 63, e202300060 (11 of 18) © 2023 The Authors. Israel Journal of Chemistry published by Wiley-VCH GmbH.

 18695868, 2023, 7-8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ijch.202300060 by N

orw
egian Institute O

f Public H
ealt Invoice R

eceipt D
FO

, W
iley O

nline L
ibrary on [11/02/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



and large, the electronic structure of the metal complexes M3
closely resembles that of the minimal model system H3, with
only minor metal contributions to spin-densities and key
molecular orbitals (exemplarily shown for Pd3 in Figure 4, for
details of Pt3 see Supporting Information). We thus used
PBE0-CCSD(T*)-F12/VTZ calculations as high-level method
for the model system within the ONIOM approach, while
PBE0-D/def2-TZVPP calculations served as low-level method.

Scheme 3 shows relative free energies ΔGONIOM computed for
stationary points along the pathways studied for both systems.
With reference to the detailed breakdown of KS-CC and HF-
CC results provided in Tables S13 and S15 we note that the
CCSD results for the model system agree within a rather
narrow margin regardless of the orbital reference used. As
noted above, the (T) contributions for singlet intermediate 3
are unusually large, i. e. in the Pt case 19 kcalmol� 1 and

Scheme 2. Schematic representation of the potential energy surface for the reaction of 3Σ� imidogen with formaldehyde, chosen as minimal
model system (top left), and relative electromer energies computed for intermediate H3 (top right, ΔG in kcalmol� 1, DFT data in parantheses);
Lewis-type representation of reaction pathways (bottom, see Table 6 for relative energies of HTS4 and H5).

Figure 4. Spin-density plots for the triplet and broken-symmetry singlet solutions of Pd3 (top) and PBE0/def2-TZVPP molecular orbitals from an
RKS calculation on singlet Pd3. Spin-density isosurfaces at �0.01 a0

� 3, MO isosurfaces at �0.05 a0
� 3/2 and orbital energies in eV.
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44 kcalmol� 1 for KS-CC and HF-CC, respectively, as well as
24 kcalmol� 1 and enormous 73 kcalmol� 1 in the Pd case.
While the size of these contributions seems to challenge the
perturbative nature of the triples ansatz, we scrutinized the
KS-CC data obtained for the Pd model system by comparison
to BS-CC results: As noted also for the minimal model system
above, we find rather small (T) contributions in the BS case,
and spin-projection leads to assuring agreement of both BS-
CCSD and BS-CCSD(T) with the KS-CCSD(T*)-F12 results
(Table 7).

We hence convey the ONIOM data compiled in Scheme 3
as an improved basis for comparison of the Pt and Pd systems.
For the Pt system we note a number of significant differences
with respect to our earlier publication:[5a] The most obvious
difference between the present KS-CC results and the formerly
published HF-CC based data is the relative energy of the
singlet intermediate Pt3, this species is now assigned a triplet
ground state with a well separated singlet. Further, crossing
from the triplet to the singlet PES, which evidently occurs en
route from the triplet reactants to the singlet reaction products,

Scheme 3. Schematic representation of the potential energy surface for the reaction of M1 with benzaldehyde, M=Pd (left), Pt (right).
ONIOM(KS-CCSD(T*)-F12:PBE0-D) results, ΔG in kcal mol� 1; Gibbs free energy contributions taken from the PBE0 Hessian calculations on
the real system. Singlet surface in red and triplet surface in black; Lewis pictures for reactants, products, intermediates and transition-states
(center); catalyst regeneration via transamidation is experimentally accessible only for Pd, but not for Pt (bottom).[5b] Transition states MTS3
and MTS4, both localized in BS-DFT geometry optimizations as well-defined stationary points, fall far below the energies of the preceding
minima at the ONIOM level.
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is located beyond intermediate Pt3, and not before as
previously suggested. More specifically, with relative energies
substantially below the preceding minima, the singlet tran-
sition states connected with the formation of the products Pt4
and Pt5 localized at the DFT level do not represent meaningful
stationary points anymore at the ONIOM(KS-CC:DFT) level
(cf. Supporting Information and Scheme 3). Consequently,
both the amide and the oxaziridine products are formed instead
in barrierless steps directly from the singlet intermediate Pt3.
In ONIOM(KS-CC:DFT) calculations along the intrinsic
reaction coordinate connecting Pt3 and Pt4 we approximated a
triplet/singlet crossing point at about 5–9 kcalmol� 1 above
triplet intermediate Pt3 (cf. Supporting Information). These
results imply a two-state-reactivity scenario,[80] in which the
triplet!singlet transition probability determines the rate of
amide product formation. The same holds for oxaziridine
formation, but this reaction sequence is nearly thermoneutral
with respect to the separate reactants; it is thus reversible and
does not compete with amide formation.

With differences in detail, the ONIOM results for the Pd
system show substantial similarity with the Pt results, both for
N-atom transfer and H-abstraction pathways (Scheme 3). This
leads us to conclude that the reaction pathways investigated
here are not responsible for the experimental observation that
the Pt complex shows stoichiometric reactivity, while the Pd
complex enables catalytic N-atom transfer. As shown in earlier
work,[5b] closure of the catalytic cycle is initiated by trans-
amidation at M4 by reaction with, e. g., trimethylsilyl azide
(Scheme 3). Product release and catalyst regeneration then
involves azide/silylamide ligand exchange. This ligand ex-
change has a distinctly higher activation barrier in the Pt case
(Δ�G333K=38.3 kcalmol� 1), precluding catalysis at syntheti-
cally useful temperatures, while the computed barrier for the
Pd case (Δ�G333K=29.9 kcalmol� 1) is roughly in line with a
swift reaction under the experimental conditions (T=333 K,
DFT data as reported in Ref. [5b]).

4. Conclusions

In summary, we have shown that the biradicaloid nature of
singlet intermediates M3 gives rise to the severe problems of
CCSD(T) theory we had encountered in earlier quantum-
chemical reactivity studies of Pd(II) and Pt(II) metallonitrene
systems. For detailed analysis we devised a minimal model
system that mimics the problematic electronic structure of the

full transition metal complexes. For this model we established
reliable reference energies based on approximate full config-
uration interaction theory and we studied the performance of
single-reference coupled-cluster theory up to the CCSDTQ(P)
excitation level. We found that in some cases RHF-based
CCSD(T) theory applied to biradicaloid systems showed a
particularly poor performance with devastating errors in
perturbative triples contributions exceeding 220 kcalmol� 1. In
other cases, the coupled-cluster wave function converged to
excited states, with errors up to 70 kcalmol� 1; EOM-CC
theory was used as a convenient diagnostic to identify such
situations.

We investigated the influence of various alternative
reference wave functions on the quality of results. We found
that EOM-SF-CCSD(T)(a)* theory, ground-state KS-CCSD(T)
theory employing Kohn-Sham reference orbitals, as well as
broken-symmetry BS-CCSD(T) theory gave particularly good
agreement with the reference data, with the latter two even
maintaining the cost of ‘gold-standard’ coupled-cluster theory.
For the BS-CC approach, spin-projection turned out to be
critical for accurate results, while increasing the coupled-
cluster expansion beyond BS-CCSD showed only minor
effects. KS-CCSD results, on the other hand, showed no
particular accuracy advantage over HF-CCSD results apart
from the fact that convergence to highly excited singlet states,
which plagued the latter approach, was not observed.
Perturbative triples, however, profit substantially from the use
of KS reference orbitals. The KS-CCSD(T) approach has
shown no significant downsides compared to conventional
HF-CCSD(T), it provides superior performance in problematic
cases such as studied here, and it is easy to use with most
quantum-chemical programs.

Finally, we applied the KS-CCSD(T*)-F12b variant as
high-level part of an ONIOM(KS-CC:DFT) scheme to
reinvestigate the N-atom transfer reactivity of Pt and Pd
metallonitrene systems with benzaldehyde. The revised reac-
tion path energetics exhibit substantial differences to
ONIOM(HF-CC:DFT) results published earlier only in the
region around intermediates M3. By and large, the revised set
of results demonstrates far reaching similarities for the N-atom
transfer reactivity of the Pd and Pt systems. Marked differ-
ences between the two systems exist, however, for the
energetics of the subsequent transamidation, which is critical
for catalyst regeneration. This is an important finding with
implications for related experimental work.

Table 7. PBE0-CCSD(T*)-F12/VTZ and basis set extrapolated (BS-)CCSD(T) energies for the singlet and triplet H-truncated ONIOM model
system (Pd3)model, relative to separate (Pd1)model and benzaldehyde (kcal mol� 1).

Structure Spin DEmodel

KS� CCSD
DEmodel

KS� CCSD Tð Þ
DEmodel

BS�ð ÞCCSD
DEmodel

ðBS� ÞCCSD Tð Þ

(Pd3)model 1 � 2.6 � 5.4 � 3.8 � 5.2
0 28.5 4.4 5.6 (0.7)[a] 4.4 (� 0.7)[a]

[a] Broken-symmetry coupled-cluster calculations performed with ORCA, spin-projection according to Noodleman (Equation 3), unprojected
values in parentheses.
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