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On the nature of homo- and hetero-dinuclear
metal-metal quadruple bonds — Analysis of the
bonding situation and benchmarking DFT against
wave function methods

Nozomi Takagi, Andreas Krapp, and Gernot Frenking

Abstract: Homo- and hetero-dimetallic (d—d)® analogues of the formally quadruply bonded [Re>Clg]* system with the
general formula [MM'Clg]* (M, M’ = Tc, Re, Ru, Os, Rh, Ir and x = -2, -1, 0, +1, +2) have been calculated with the den-
sity functional theory (DFT) functionals SVWN, BLYP, BP86, PBE, OLYP, OPBE, HCTH, B3LYP, O3LYP, X3LYP,
BH&HLYP, TPSS, VSXC, TPPSh, and ab initio methods (CASPT2, CCSD(T)) using basis sets of triple-¢ quality. The
performance of the functionals for the description of the metal-metal bond distance and the bond dissociation energy as
well as the singlet—triplet gap was evaluated with respect to ab initio data at the CASPT?2 level. Generally, the generalized
gradient approximation (GGA) functionals, BLYP, BP86, and PBE, show good performance in the description of the
metal-metal bond distance and for the dissociation energy. Hybrid functionals are not to be used for compounds of the
type discussed here as they lead to increasingly too short and too weak bonds with the amount of exact exchange included.
All functionals underestimate the singlet—triplet gap, with the GGA functionals BLYP, BP86, PBE being the closest to the
CASPT?2 values. The bonding situations of the [MM'Clg]* compounds were analyzed at the DFT level (BP86) using the
natural bond orbital (NBO) method and the energy decomposition analysis. The M—M bond in homodimetallic compounds,
[MMCIg]*, becomes weaker from group 7 to group 8 to group 9 metals and the bond is weaker for 4d metal systems than
for 5d transition metal compounds. The M—M bonds have approximately 50% covalent and 50% electrostatic character
and the covalent contribution is dominated by the w orbitals, whereas the 3 orbitals do not contribute significantly to the
covalent bonding. Heterodimetallic systems, [MM'Clg]*, have significantly stronger metal-metal bonds than the homodime-
tallic compounds. This comes from weaker Pauli repulsion and stronger electrostatic attraction. The most stable heterodi-
metallic bonds are observed for 5d-5d metal pairs.

Key words: metal-metal bond, metal-metal quadruple bond, heterodimetallic compounds, homodimetallic compounds, dis-
sociation energy, bonding analysis.

Résumé : On a effectué des calculs théoriques sur des analogues homo- et hétéro-dimétalliques (d—d)® du systéme
[Re,Clg]> formellement a quadruple liaison et de formule générale [MM'Clg]* (M, M’ = Tc, Re, Ru, Os, Rh et Ir et x =
-2, -1, 0, 1 et +2) en faisant appel a la théorie de la fonctionnelle de la densité (« DFT »), des fonctionnelles SVWN,
BLYP, BP86, PBE, OLYP, OPBE, HCTH, B3LYP, O3LYL, BH&HLYP, TPSS, VSXC, TPPSh et des méthodes ab initio
[CASPT2 et CCSD(T)] a base d’ensembles de qualité triple ¢. On a évalué la performance des fonctionnelles pour la de-
scription de la longueur de la liaison métal-métal et de 1’énergie de dissociation de la liaison ainsi que 1’intervalle singu-
let-triplet par rapport aux données ab initio au niveau CASPT2. En général, les fonctionnelles GGA BLYP, BP86 et PBE
donnent une bonne performance dans la description de la longueur de la liaison métal-métal et pour 1’énergie de dissocia-
tion. Il ne faut pas utiliser les fonctionnelles hybrides pour le type de composés discutés ici parce qu’elles conduisent a
des longueurs de liaison qui sont de plus en plus trop courtes et des énergies de liaison trop faibles pour les quantités
exactes d’échange incluses. Toutes les fonctionnelles sous estiment 1’intervalle singulet-triplet avec les fonctionnelles GGA
BLYP, BP86 et PBE conduisant aux valeurs les plus pres de valeurs CASPT2. On a examiné les situations de liaison des
composés [MM'Clg]* a I’aide de la « DFT » au niveau BP86, en utilisant la méthode NBO et I’analyse de la décomposi-
tion de 1’énergie. La liaison M—M des composés homodimétalliques [MMCIg}* devient de plus en plus faible lorsqu’on
passe des €léments du groupe 7, a ceux des groupes 8 et 9 et la liaison est plus faible pour les systemes métalliques 4d
que pour les composés métalliques de transition 5d. Les liaisons M—M comportent des quantités approximativement égales
50/50, de caractere covalent et électrostatique; la contribution covalente est dominée par les orbitales 1 alors que les orbi-
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tales 3 ne contribuent pas d’une fagon significative a la liaison covalente. Les systemes hétérodimétalliques [MM'Clg]*
comportent des liaisons métal-métal qui sont beaucoup plus fortes que celles des composés homodimétalliques. Cette situa-
tion résulte de la répulsion de Pauli et d’une attraction électrostatique plus forte. Les liaisons hétérodimétalliques les plus
stables sont observées pour les paires métalliques 5d-5d.
Mots-clés : liaison métal-métal, liaison quadruple métal-métal, composés hétérodimétalliques, composés homodimétalli-
ques, énergie de dissociation, analyse des liaisons.
[Traduit par la Rédaction]

Introduction Scheme 1.

The exploration of the chemistry of metal-metal multiple
bonds started in 1965 when Cotton and Harris' isolated the
anion [Re,Clg]> in the complex K,[Re,Clg]-2H,0O. This
compound with a formal Re-Re quadruple bond has since
become the prototype of a metal-metal multiple bonded spe-
cies. Its electronic structure is known in detail and a gas-
phase photoelectron spectrum has been collected.? Following
this initial discovery, the field expanded considerably and a
wealth of knowledge has been gained as reflected in the
prominent book by Cotton, Murillo, and Walton,> which
covers the literature up to 2004. In recent years, the field
came into general focus again, as exemplified by the isola-
tion of the formally quintuply bonded compound RCr—CrR
(R = Cg¢H3-2,6(-C¢H3-2,6-i-Pr3),) by the group of Power?
and by a number of recent quantum chemical studies about
molecules with high bond orders between metal atoms.>~’

In the last 20 years, heterodinuclear compounds between
different metal atoms M-M’' were studied experimentally
due to their potential as catalysts in metal-mediated reac-
tions, as exemplified by the “early—late” complexes, which
mainly contain metal-metal single bonds.8-!! Much less is
known about polar metal-metal bonds of higher bond multi-
plicity.>12 Collmann and Boulatov!? reported in a series of
studies about the structures and intriguing spectral properties
of systems with polar metal-metal multiple bonds with the
general formula PorM-M'Por (Por = substituted porphyrins).

Little is known about the bonding situation and the stabil-
ity of these polar metal-metal multiple bonds from a theo-
retical point of view. As a first step towards the description
of the experimentally known systems and the systematic ex-
ploration of the bonding possibilities in polar metal-metal
multiple bonding, we set out a systematic study of heterodi-
metallic analogues of [Re,Clg]?. The results of the work are
reported in this paper. We focused on the formally quadru-
ply bonded (d-d)® systems with the general formula
[CLMM'CL]* (M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = -2, -1,
0, +1, +2). We did not include the analogues of the first row
transition metals (Mn, Fe, Co) in our study, since explora-
tive calculations on the systems [M,Clg]* showed that they
are unbound and because of the highly multideterminental
character inherent in these species, demand far too large ac-
tive spaces to be tractable. Since our intention was to shed
light onto the metal-metal quadruple bond, we restricted
ourselves to geometrical arrangements, which enable two
MCly* fragments to form a metal-metal quadruple bond.
This is the Dy, (Cy, for heterodimetallic systems) symmetric
structure (see Scheme 1), which might not be the global
minimum for all species studied.

Metal-metal bonded systems are typical examples of mul-
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tideterminant problems. We therefore tested the performance
of a variety of density functional theory (DFT) functionals
in comparison to theoretical results at the CASPT2 and
CCSD(T) levels of theory. The bonding situation of the for-
mally metal-metal bonded systems was studied in detail,

making use of the energy decomposition analysis (EDA)
and the natural bond orbital method (NBO).

Computational methods

For benchmarking the performance of DFT we tested the
following functionals: (i) local density approximation (LDA):
SVWN; 1314 (ji) generalized gradient approximation (GGA):
BP86,15:16 BLYP,!>-17 OLYP,!7-18 OPBE, 819 PBE (also called
PBEPBE),!° and HCTH (also called HCTH407);2° (iii) hybrid
GGA: B3LYP,!15:17.21 BH&HLYP,!5:17:22 Q3LYP,!51723 and
X3LYP;17:24 (jv) meta-GGA: TPSS (also called TPSSTPSS)25
and VSXC;26 and (v) hybrid meta-GGA: TPSSh.23

We used split-valence basis sets of doubly polarized
triple-¢ quality developed by Weigend?’ and Ahlrichs,28
which are denoted as def2-TZVPP. For the metal atoms we
used valence basis sets in conjunction with small-core quasi-
relativistic effective core potentials.?® The DFT calculations
were performed with the Gaussian03 program package?? us-
ing standard settings for the DFT integration (fine grids) and
for the convergence criteria. Care has been taken to obtain
the correct electronic states, e.g., 'A;, states for the Dy,
symmetry [M,Clg]* molecules and 'A; states for the Cy,
symmetric [MM'Clg]* systems.

Single point energy calculations using coupled cluster
theory30 at the CCSD(T) level3!-3 in conjunction with the
def2-TZVPP basis set were performed on BP86/TZ2P geo-
metries (the TZ2P basis set will be specified below) with
the program MolPro2006.3% To account for static and dy-
namic correlation effects by wave function methodology,
we performed complete active space (CAS) SCF*7 calcula-
tions with the dynamic correlation added by multiconfigura-
tional second-order perturbation theory (CASPT2).38-40
Scalar relativistic effects were included via a Douglas—Kroll
Hamiltonian.*!#2 Large ANO-RCC basis sets of Roos and
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M': Dy, symmetry, 'Aj, state; for M # M': Cay

Table 1. Optimized metal-metal distances in A of [MM'CIsF in the lowest totally symmetric closed-shell singlet state (for M

symmetry, 'A; state). All DFT results were obtained using the def2-TZVPP basis set. For the CASPT2 calculations, the large ANO-RCC basis was employed (see Computational

methods).

[OsIrClg] ™+

2.325
2.351

[RelrClg]?
2.273

[ReOsClg]'~
2217

[ReTcCls]?>
2.400
2.464
2.508
2.393
2.391

[RhyClg]**
2.360
2.394
2422
2.378

[IroCls]**
2217

[Ru,Clg]?
2.246
2.270
2.294
2.256

[0s2Cls]°
2.156
2.181
2.200
2.161
2.167
2.147
2.179
2.151

[TcaClg]>
2.106
2.132
2.152
2.108
2.116
2.096
2.131

[RexClg]*
2.202
2.226

Functional
SVWN
BP86

2.299
2.325

2.241

2.245
2.271

2.381

2.263
2.226
2.230
2.209
2.239
2218

2.244
2.208
2.213

BLYP
HCTH

2.333

2.286

2.227

2.332

2.287

2.379
2.350
2.391

2227

2.258

OLYP

2.301

2.260
2.296
2.279
2.232

2.353

2.198
2.242
2.201

2232

2.195
2.224
2.201

OPBE
PBE

2.347
2.330
2.287

2.462

2.267
2.240
2.180
2.233

2472
2.439

2413

2.096
2.034

B3LYP

2.192
2.209
2215

2415

2.117
2.194
2.196
2.237

2.115

2.153
2.194
2.198
2222
2.200
2.203
2252

BH&HLYP
O3LYP
X3LYP
TPSS

2.309
2.327
2.344
2.344
2.324

2.266
2274

2.452

2.380
2413

2.145
2.147
2.177
2.157
2.155

2.090
2.092
2.128
2.110
2.103

2.468

2.236

2.236 2.292
2.289
2.273

2457

2.391

2.263

2.229 2.401 2.487 2.225

2.207

2.260
2.241

VSXC
TPPSh

2217

2.443

2.388

CASPT2(12,12)
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co-workers,*3 as implemented in the program package
MOLCAS, were used in the following contractions:
(17s12p5d4f2g) — [Ss4p3dlf] for Cl, (24s21pl15d11f4g2h) —
[8s7p5d3flg] for Re, Os, Ir, and (21s18p13d6f4g2h) —
[7s6p4d2flg] for Tc, Ru, Rh. These calculations were per-
formed with the program MOLCASG6.43 The CASPT2 calcu-
lations were performed on BP86/TZ2P geometries except for
the data presented in Table 1, which are results of geometry
optimizations at the CASPT2 level.

In the CASSCF calculations of the [MM'Clg]* systems,
we chose active spaces consisting of either eight electrons
in eight orbitals, CAS(8,8), or 12 electrons in 12 orbitals,
CAS(12,12). The smaller active space formally comprises
the ndo, two ndm, and one nd8 metal-metal bonding
and antibonding orbitals, whereas the larger active space
also includes a metal-ligand ¢ bonding and antibonding or-
bital pair. These active spaces can cover static electron cor-
relation effects connected to the metal-metal bond.

To give a balanced description of correlation effects in
the calculation of the dissociation of [MM'Clg]* into the Dy,
symmetric MCly fragments, the MCly” systems in their 4,
state were calculated using (4/4) and (6/6) active spaces in
the CASSCEF. It is, however, important to notice that for sys-
tems in which the metal and ligand orbitals interact strongly,
e.g., in the case of the cationic system [Ir,Clg]?*, the active
space has to be considerably larger than (12/12) if one is to
calculate dissociation energies, since it is necessary to in-
clude the chlorine lone pair orbitals in the active space. As
will be discussed later, some of the calculated dissociation
energies must therefore be considered with care.

The electronic structure of the [MM'Clg]* molecules was
analyzed with various methods. For the charge analysis, we
used the natural bond orbital method (NBO) of Weinhold
and co-workers* as implemented in the Gaussian program.?2
The energy decomposition analysis (EDA)*49 calculations
have been performed at the BP86 level using uncontracted
Slater-type orbitals (STOs), which have TZ2P quality, on
geometries optimized at the BP86/TZ2P level.50 Scalar rela-
tivistic effects have been considered using the zero-order
regular approximation (ZORA).31-55 The latter calculations
were carried out with the program package ADF.36-7

The focus of the EDA% is the instantaneous interaction
energy, AE;,, which is the energy difference between the
molecule and the fragments with the frozen geometry of the
complex. The interaction energy is divided into three main
components:

ALy = AEeistac + AEpaui + AEqg

The term AE, gives the electrostatic interaction energy
between the fragments, which are calculated with a frozen
density distribution in the geometry of the complex. The
Pauli repulsion (AEp,y;) arises as the energy change associ-
ated with the transformation from the superposition of the
unperturbed electron densities of fragments ps + pp to the
wave function W0 = NA{\IJA x Wy}, which properly obeys
the Pauli principle through explicit antisymmetrization (A)
and renormalization (N) of the product wave function. It
comprises the destabilizing interactions between electrons
on either fragment with the same spin. The stabilizing orbi-
tal interaction term, AE,y, is calculated in the final step of
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the analysis when the orbitals relax to their final form. The
latter can be decomposed into contributions from each irre-
ducible representation of the point group of the interacting
system. This is very helpful because it directly gives the sta-
bilization, which comes from orbitals having different sym-
metry. To obtain the bond dissociation energy, D., one has
to consider the preparation energy, AE;.,, which is the en-
ergy difference of the fragments between their equilibrium
geometry and the geometry that they have in the molecule:

AE (= —D.) = AEin + AEpep

Performance of DFT functionals

To estimate the performance of the DFT functionals in the
description of M-M’" formal quadruple bonds, the species
[CLLMM'CL,]* M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = -2, 0, +2)
were completely optimized under Dy, (Cy4, in the case of
M # M') symmetry constraint in the 1A1g ('A)) state at the
DFT level using the def2-TZVPP basis set. The optimized
metal-metal bond lengths are listed in Table 1.

For the parent compound [Re,Clg]*, the optimized Re—
Re bond length varies considerably between 2.153 A
(BH&HLYP) and 2.244 A (BLYP), with the experimental
value being 2.237(2) A3, which is in good agreement with
the CASPT2(12,12) result of 2.252 A and comparable to re-
cently reported DFT values® of 2.29, 2.27, and 2.24 A at
the BLYP, PBE, and OPBE level of theory, respectively. In
comparison to _experiment, the BLYP functional performs
best (2.244 A), followed by BP86 (2.226 A), PBE
(2.224 A) and TPSS (2.222 A) This observatlon also holds
for [Tc,Clg]?-, where the BLYP value of 2.152 A is in ex-
cellent agreement with the experimental values of
2. 147(4)A59 and 2.17(1)A.% The BP86 (2.132 A), PBE
(2.131 A) and TPSS (2.128 A) results are again very close.

For the other test systems, the M-M’ bond length varia-
tion lies between 0.071 and 0.155 A. BH&HLYP always re-
sults in the shortest M—M contacts except for [Rh,Clg]?* and
[ReTcClg]?-, whereas BLYP in all cases gives the longest
bonds.

Among the five different types of functionals (LDA,
GGA, hybrid-GGA, meta-GGA, hybrid-meta-GGA) there is
no clear trend of the accuracy of the calculated bond length.
LDA delivers, in all cases, shorter bonds than all GGA func-
tionals, except for OPBE. The GGA functionals are best
grouped into two classes: the first one giving longer bonds
with the trend PBE < BP86 < BLYP and the second one re-
sulting in shorter bonds with the trend OPBE < HTCH =~
OLYP. The latter class gives only slightly longer bonds
than the hybrid-GGA functionals with a mixing of exact ex-
change (B3LYP, X3LYP, O3LYP). The general observation
that higher amounts of exact exchange lead to shorter bonds
also holds in the case of metal-metal bonds as exemplified
in the series BLYP > B3LYP > BH&HLYP. The two meta-
GGA functionals, TPSS and VSXC, lead to longer bonds
than hybrid-GGA functionals, with TPSS being close to the
GGA functionals of the first class. Mixing of exact exchange
admixture to TPSS, which gives the hybrid-meta-GGA
TPSSh, leads to a shortening of the M—M bonds, with the
consequence that the performance of TPSSh is comparable
to SVWN.

Can. J. Chem. Vol. 88, 2010

Overall, we conclude that the GGA functionals, BLYP,
BP86, PBE, and the meta-GGA functional TPSS deliver ac-
ceptable metal-metal bond lengths for the systems under
study, irrespective of the metal-metal bond being polar or
unpolar, or whether 4d or 5d transition metal atoms are in-
volved. This observation adds to the increasing evidence
that GGA functionals perform especially well in the study
of transition metal species, as, for example, is summarized
in the recent review by Cramer and Truhlar.®! Also, Cavi-
gliasso and Kaltsoyannis’® observed that GGAs perform
well in the description of structural features of [M,Clg]*~
systems. In general, hybrid functionals with more than 5%—
15% Hartree—Fock exchange are not capable to describe sys-
tems with significant multireference character, as, e.g., is
shown by Zhao et al.,%2 and are therefore not suited in the
study of systems like the [MM'Clg]* species we are dealing
with in this study.

Our main concern, however, is not so much the bond
length but the bond dissociation energy (BDE) of the
metal-metal formal quadruple bonds. We therefore com-
pared the dissociation energies of the [MM'CLg]* species
M, M’ = Tc, Re, Ru, Os, Rh, Ir; x = -2, 0, +2) for the dis-
sociation in two square planar D, symmetric MCl;? spe-
cies in the (5A,) quintet state. To reduce the influence of
structural effects, we based all calculations for a given spe-
cies on the same geometries, which were optimized at the
BP86/TZ2P level. Table 2 gives the results and the follow-
ing discussion will be based on this. For completeness, Ta-
ble S1 in the Supplementary data gives the dissociation
energies for completely optimized structures at the respec-
tive level whose inspection reveals that the geometrical re-
laxation has no impact on the conclusion presented in the
following.

For the parent compound, [Re,Clg]?, we calculate a dis-
sociation energy of D, = 15.6 kcal/mol at the
CASPT2(12,12) level of theory. The comparison with the
CASPT2(8,8) result of 17.2 kcal/mol demonstrates that the
result can be considered stable with respect to the active
space and should thus be a reliable ab initio estimate of the
dissociation energy. To the best of our knowledge, there are
no reliable experimental values to compare with. The exper-
imental estimate of 152.7 + 19 kcal/mol is considered “very
unreliable”.93 The ab initio, single reference CCSD(T)
method underestimates the stability of the Re—Re bond, giv-
ing a value of 5.5 kcal/mol. The calculated value at CCSD
is D, = —=36.4 kcal/mol (Table 2). The very large contribu-
tion from the quasi-perturbative treatment of the connected
triple excitations when going from CCSD to CCSD(T)
shows that a single configuration wave function method is
not appropriate for calculating the bond energy of
[Re,Clg]*. Single configuration DFT methods could per-
form better because of fortuitous error cancellation. How-
ever, the DFT results clearly show that the functionals
assign stabilities in the wide range from 17.6 kcal/mol
(VSXC) to =774 kcal/mol (BH&HLYP). There are eight
functionals that give negative values for the BDE of
[Re,Clg]?. Thus, a careful choice of functional is important
for even a qualitatively correct description. Concerning the
different types of functionals (LDA, GGA, meta-GGA,
meta-hybrid-GGA), one can observe clear trends. The LDA
functional SVWN overestimates the stability of the Re-Re
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Table 2. Dissociation energy, De, in kcal/mol for the dissociation of [MM'Clg]* in the lowest totally symmetric closed-shell singlet state (for M = M': D4, symmetry, 'Aj, state; for M
# M': Cs4, symmetry, 'A; state) in two square planar quintet states of Du, symmetry (*Ajg). All DFT and coupled cluster results were obtained using the def2-TZVPP basis set. For the
CASPT2 calculations, a large ANO-RCC basis was employed (see Computational methods). All geometries were optimized at the BP86/TZ2P level.

Functional [RezC]g]zf [TCzC]g]zf [052C18]0 [RU.2C]3]0 [Ir2C18]2+ [Rh2C18]2+ [ReTCClg]% [ReOSC]g]F [ReIrClg]O [OSII‘C]S]l+ AE"
SVWN 63.6 38.1 116.2 89.1 3.4 23.5 51.2 147.9 272.7 130.0 45.8
BP86 10.2 -14.3 64.9 39.2 -46.1 -25.7 -1.9 94.7 218.6 78.4 8.4
BLYP 8.9 -17.4 55.7 29.9 -54.7 -38.6 4.2 90.0 211.3 69.5 12.4
HCTH -14.0 -38.1 439 139 -71.0 -60.0 -25.9 72.7 196.9 56.2 29.6
OLYP -6.7 -34.0 46.1 14.9 -71.0 -60.3 -20.3 77.3 200.1 57.2 26.0
OPBE -74 -34.6 50.3 20.3 —66.9 -55.1 -20.3 79.7 204.8 62.5 234
PBE 15.7 -9.2 69.6 433 —42.7 -21.9 3.5 99.1 2239 82.9 6.1
B3LYP -20.4 -56.9 25.7 -11.1 -69.4 -69.1 -38.3 61.4 190.7 39.7 44.0
BH&HLYP -77.4 -1324 -38.4 -92.2 -102.9 -132.6 -105.1 13.7 150.8 -12.6 104.5
O3LYP 214 -54.0 29.2 -5.3 -76.6 -68.2 -37.5 62.7 189.8 41.8 42.2
X3LYP -21.9 -59.4 23.9 -13.9 —69.3 —69.7 -40.3 60.6 190.3 38.4 45.6
TPSS 6.7 -20.1 59.9 324 -49.9 -30.5 -6.4 91.1 2153 73.4 12.3
VSXC 17.6 -6.7 66.4 41.7 -43.9 -23.3 5.9 95.7 224.5 79.6 8.5
TPPSh -9.5 -41.6 423 10.1 -59.3 -48.3 -25.2 75.8 203.5 56.6 28.8
CCSD -36.4 -218.6 0.7 -87.9 -74.1 -84.4 -97.7 —b b b 117.6
CCSD(T) 55 ~165.3 56.0 b -3 -7.0 -69.3 b —b b 64.0
CASPT2(8,8) 17.2 -10.0 83.7 75.7 —° —° 4.1 102.7 220.1 96.0 5.9
CASPT2(12,12)  15.6 -13.7 77.9 65.4 — — 3.0 99.6 2114 83.5

“Average deviation with respect to the CASPT2(12,12) value.

’No convergence.

“Active space not large enough for the calculation of dissociation energies.
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Table 3. Energy lowering of the closed-shell singlet 'Aj, (!A; for M # M’) state in Da; (Cay for M
# M’) symmetry of [MM'CIg]* due to the symmetry breaking unpairing of two electrons leading to
open-shell 'A; biradicals in Cs, symmetry. All energies are in kcal/mol and geometries are opti-

mized at BP86/TZ2P.

Functional [Re,Clg]* [TcoClg]*> [0s:CLs]°  [RuxClg]®  [RhoClg]** [ReTcClg]>
SVWN +2.0 +2.3 +2.1 0.0 +2.4 0.0
BP86 -1.4 2.4 -2.0 -3.3 -0.9 2.4
BLYP -1.9 -2.6 4.2 4.0 -3.2 -1.7
HCTH -1.7 -2.3 -2.3 -5.5 -9.1 -3.0
OLYP —-1.1 2.0 -1.8 -39 -8.4 2.4
OPBE -1.3 -2.6 -1.2 -14 -8.9 2.7
PBE -1.1 2.1 -1.7 -3.1 -0.7 -1.9
B3LYP -10.5 -13.4 -11.2 -14.5 -10.7 -12.2
BH&HLYP -29.6 -35.5 -38.7 -394 -35.3 -24.6
O3LYP -6.4 -8.3 -6.7 -9.6 -6.1 -8.3
X3LYP -11.4 —14.6 -12.6 -17.2 —11.8 -13.4
TPSS -3.3 4.7 -3.2 -5.2 -1.9 4.2
VSXC -6.9 7.7 -5.8 7.4 -3.7 -7.1
TPPSh 7.7 -10.3 -7.6 -10.9 -6.6 -9.5

bond considerably (D, = 63.6 kcal/mol), whereas GGA func-
tionals of the first class (PBE, BP86, BLYP) assign values of
15.7, 10.2, and 8.9 kcal/mol, respectively, which are close to
the CASPT2(12,12) value. The second class of GGA func-
tionals (HCTH, OLYP, OPBE) underestimates the Re—Re
bond stability and leads to even qualitative incorrect D, val-
ues of —14.0, —7.4, and —6.7 kcal/mol, respectively. All hy-
brid-GGA functionals underestimate the stability considerably
with D, values of —20.4, -21.4, -21.9, and —77.4 kcal/mol for
B3LYP, O3LYP, X3LYP, and BH&HLYP, respectively.
The meta-GGA functionals, TPPS and VSXC, are compa-
rable to the first class of GGA functionals in their descrip-
tion of the stability of the Re-Re bond, leading to D,
values of 6.7 and 17.6 kcal/mol, respectively. The admix-
ture of exact exchange leads to a decreasing bond stability
as exemplified in the series BLYP > B3LYP > BH&HLYP.
The same holds for the comparison of the meta-GGA func-
tional TPSS (D, = 6.7 kcal/mol) with its hybrid congener
TPPSh (D, = -9.5 kcal/mol).

The resulting overall picture for the Re-Re BDE of
[Re,Clg]? is that the first class of GGA functionals (PBE,
BP86, BLYP) and the meta-GGA functionals (TPSS and
VSXC) give values that are in a reasonably good agreement
with the CASPT2(12,12) value, while the other functionals
give very poor results.

This conclusion also holds when the remaining [MM'Clg]*
systems in our study are considered. For [Tc,Clg]?-, e.g., the
CASPT2(12,12) D, value of —13.7 kcal/mol is matched
by the GGA functionals BP86 (-14.3 kcal/mol), BLYP
(=17.4 kcal/mol), and PBE (-9.2 kcal/mol). The meta-GGA
functionals, VSCX and TPSS, are still in reasonable agree-
ment with —6.7 and —-20.1 kcal/mol, respectively, whereas
all hybrid-GGA functionals, the hybrid-meta-GGA func-
tional, and the second class of GGA functionals underesti-
mate and the LDA overestimates the metal-metal BDE
considerably. The CCSD and CCSD(T) values for the BDE
of [Tc,Clg]? are dramatically wrong.

In [0s,Clg]% we notice a larger difference between the
CASPT2(8,8) and the CASPT2(12,12) results, underlining
that the metal centered orbitals interact more heavily with

the chlorine lone pair orbitals, as discussed above, which
leads to a slight imbalance in the correlation energy, which
is covered by the active spaces in [M,Clg]* and the MCIl2
fragments. The same holds for [Ru,Clg]®, [ReIrClg]?, and
[OsIrClg]!*+. We therefore have to assign a larger error bar
to the CASPT2(12,12) values of these compounds. For
[Ir,Clg]** and [Rh,Clg]?*, it was not possible to design an
active space large enough to include all the orbital pairs de-
scribing the metal-metal and metal-ligand interactions, so
as to obtain a reliable and balanced dissociation energy.
This is due to the fact that in these positively charged sys-
tems, the metal orbitals contract and lie much deeper than
the chlorine lone pair orbitals.

The conclusion is that GGA functionals are able to de-
scribe the BDE of metal-metal quadruple bonds with an es-
timated uncertainty of =+5 kcal/mol, whereas hybrid
functionals are not even reliable for qualitative discussions.
This observation is in line with the conclusions of numerous
DFT validation studies on transition metal compounds as
summarized recently by Cramer and Truhlar.®! The perform-
ance of DFT functionals in the studies of M—M bond disso-
ciation energies is normally tested on transition metal
dimers, as for these systems experimental data are available.
It is therefore interesting to see that the conclusion put for-
ward for such systems, e.g., in refs. 64 and 65, can be car-
ried over to larger systems in which direct, unbridged
metal-metal multiple bonds are present. Ab initio calcula-
tions must be carried out using multideterminantal methods,
as single reference methods, even at CCSD(T), give large
errors for D,.

The natural orbital occupation numbers of the CASSCF
wave function for the 8/3* orbital pair are a measure for the
biradical character of the metal-metal bond. The occupation
numbers are 1.56/0.44, 1.48/0.52, 1.47/0.53, 1.30/0.70, 1.51/
0.49, 1.61/0.39, 1.97/0.03, and 1.95/0.05 in [Re,Clg]*,
[T02C13]2_, [OSzClg]O, [RUzClg]O, [ReTCClg]z_, [RCOSC]g]l_,
[RelrClg]?, and [OsIrClg]!, respectively. This indicates that,
except for [Ru,Clgl?, the biradical character of the metal—
metal bond is moderate and, thus, closed-shell DFT calcula-
tions of singlet species should allow for a qualitative correct
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Table 4. Singlet-triplet gap (*Az, < 'Ajy for M = M’ and *A; « 'A; for M # M’) in kcal/mol for [MM'Cls]* in the Day (Csy for M # M') symmetric geometry. All DFT results were
obtained using the def2-TZVPP basis set. For the CASPT2 calculations, a large ANO-RCC basis was employed (see Computational methods). All geometries were optimized at BP86/
TZ2P.

‘e 18 16eMe |

Functional [RezC]g]zf [TCzClg]L [OSzClg]o [RLQC]g]O [Ir2C18]2+ [Rh2C18]2+ [RCTCCIS]% [ReOSCIg]F [ReIrClg]O [OSII‘C]g]I* AE“
SVWN 8.8 7.8 5.2 3.5 -11.0 6.3 8.4 9.9 16.2 7.6 2.1
BP86 2.8 1.9 0.8 -1.1 -18.8 1.7 2.4 4.6 10.7 2.8 5.9
BLYP 2.9 1.7 0.5 -1.5 -20.5 0.8 2.3 4.4 9.9 2.2 6.0
HCTH 2.9 2.8 1.0 -0.7 -24.1 5.7 2.8 4.8 10.1 2.4 5.6
OLYP 3.5 2.5 1.2 -0.9 -21.7 8.0 3.0 5.2 10.5 2.5 5.6
OPBE 3.8 3.1 1.7 -0.4 -18.1 13.8 35 5.7 114 33 5.2
PBE 3.2 23 1.1 -0.8 -18.7 1.9 2.8 5.0 11.0 3.1 5.7
B3LYP -6.6 -9.0 -8.6 -12.2 -6.9 -9.6 =17 -3.6 4.7 -5.2 14.8
BH&HLYP -233 -28.1 -25.3 -32.1 15.1 -39.0 -24.8 -13.8 -3.6 -12.1 29.2
O3LYP -1.9 -3.5 -39 -6.9 -13.1 4.2 2.7 0.5 7.3 -1.8 10.4
X3LYP -1.5 -10.0 -9.5 -13.3 =55 -10.7 -8.7 —4.1 4.3 -5.8 15.6
TPSS 1.1 -0.5 -0.8 -3.1 -17.6 0.1 0.3 3.1 9.8 1.6 74
VSXC -2.1 -1.7 2.7 -39 -23.0 -0.9 -1.9 0.7 8.2 0.2 9.2
TPPSh -3.6 -5.8 =54 -8.5 -11.4 -5.1 -4.7 -1.0 7.0 24 11.8
CASPT2(8,8) 9.5 9.1 6.6 6.4 —b b 9.3 9.0 9.5 9.1 0.2
CASPT2(12,12) 9.6 9.1 6.8 6.7 b —b 9.9 9.3 9.6 9.1

“Average deviation with respect to the CASPT2(12,12) value.
’Active space is not large enough for the correct description of M—M orbital manifold.
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Table 5. Excitation energy from the square planar Dy, quintet (*Aj) to the tetrahedral Ty
singlet ('A) for [MCLJ* in kcal/mol. All results were obtained using the def2-TZVPP basis
set. All DFT geometries were optimized at the respective level; for the coupled cluster cal-

culations, BP86/TZ2P geometries were used.

Functional [ReCls]- [TcClg]~ [OsCly]®  [RuCly]® [IrClg]* [RhCls]* AE®
SVWN 159 9.9 -13.9 -19.8 -37.8 -40.9 7.9
BP86 25.3 18.3 -6.0 -12.5 -29.9 =329 53
BLYP 19.2 13.1 9.2 -14.7 -30.8 -32.6 7.3
HCTH 29.7 229 —4.2 -10.2 -29.1 -30.8 4.8
OLYP 22.8 16.5 -8.0 -13.5 -30.8 -32.4 6.1
OPBE 27.4 20.4 -5.8 -12.2 -30.3 -32.9 4.5
PBE 243 17.5 6.7 -12.9 -30.4 -33.1 55
B3LYP 23.7 18.2 —-6.6 -12.5 -30.7 -33.1 55
BH&HLYP  31.2 272 -0.4 -6.4 -29.0 -31.4 5.8
O3LYP 252 19.3 —6.6 -12.4 -30.7 -32.8 5.1
X3LYP 23.9 18.9 —6.1 -12.0 -30.4 -32.9 54
TPSS 24.7 17.3 5.2 -12.0 —28.3 -31.3 6.1
VSXC 36.4 304 52 -1.0 -20.3 -23.0 11.9
TPPSh 27.2 20.2 -3.6 -10.5 -27.8 -31.0 5.9
CCSD 34.0 294 22 -10.8 -38.7 —45.6 32
CCSD(T) 30.5 25.5 =55 -14.4 -36.7 —42.9

“Average deviation with respect to the CCSD(T)/def2-TZVPP value.

description. However, as near degeneracy problems may be
better modeled by broken-symmetry DFT approaches, we
tested the stability of the closed-shell singlet states towards
unpairing of the electron pair in the M—M 8-bonding orbital
leading to singlet biradicals with localized, singly occupied
d,, metal orbitals. We observed broken-symmetry states for
[Re,Clg]?, [Tc,Clgl?, [0s,ClglY, [Ru,Clglo, [RhyClg]?*, and
[ReTcClg]?-, whereas the other systems collapsed to the
closed-shell singlet solution. The energy lowering due to
the symmetry breaking is given in Table 3. It becomes ob-
vious that, except for SVWN, all functionals predict the bir-
adical state to be energetically favorable. GGA functionals
point to a modest stabilization of the biradical state, whereas
hybrid functionals give a clear preference for the open-shell
singlet states reflecting the general trend that hybrid func-
tionals tend to be favored toward open-shell states. Meta-
GGA functionals are between GGA and hybrid functionals.
Related to the stability of the closed singlet state towards
the broken-symmetry singlet solution is the question of
whether the triplet state, with both the metal-metal 8 bond-
ing and antibonding orbitals being singly occupied ((A,,
state in Dy, symmetry and 3A; state in C,, symmetry), is en-
ergetically favored over the closed-shell singlet state. In Ta-
ble 4, we give the A,, « !A, adiabatic excitation energy
(A, < A, in C4, symmetry) for the selected DFT function-
als and the CASPT2 model chemistry. The reported splitting
for [Re,Clg]?>~ of 9.6 kcal/mol at the CASPT2 level is in
good agreement with former ab initio results, e.g., at the
CASPT2 level (9.9 kcal/mol)®® and at the MRMP2 level
(12.0 kcal/mol).%7 For all systems, the singlet-triplet gap is
underestimated compared to CASPT2(12,12) by all DFT
functionals but SVWN. An exception is [RelrClg]?, where
the GGA functionals are in good agreement with the corre-
lated ab initio results. In general, only GGA and LDA func-
tionals give a qualitative correct ordering of states, the
singlet state being the ground state. [RelrClg]? is again an
exception. For a quantitative assessment of the electronic

states in question, it is clear that no DFT functional provides
sufficient reliability.

The above results suggest that (i) the conclusion about the
performance of the DFT functionals to describe the BDE of
metal-metal formal quadruple bonds remains essentially un-
changed when considering broken-symmetry states, (ii) the
natural orbital occupation numbers in the CASSCF point to-
wards small biradical character, and (ii7) the singlet state is
qualitatively correctly assigned to be lower than the triplet
state for a chosen subset of functionals. Therefore, it is jus-
tified to discuss the bonding situation in the later section on
closed-shell singlet calculations with GGA functionals. Fur-
thermore, as both geometries and stabilities of the [M,Clg]*
model systems are reasonably well-described by the GGA
functionals, BLYP, PBE, and BP86, these functionals are
appropriate for an analysis of the bonding situation.

Comments on the ground state of the MCl,
fragments

For the d*-MCl,* fragments (M = Tc, Re, Ru, Os, Rh, Ir;
x =-1, 0, +1), two states must be considered in the quest for
the ground state: the square planar quintet state (A, in Dy,
symmetry) and the tetrahedral singlet state (!A; in 7,; sym-
metry). In Table 5, we give the excitation energy 'A; « A,
at DFT for a number of functionals and at the CCSD(T)
level of theory. The latter is an adequate ab initio method,
since the MCl,* systems do not exhibit multideterminental
character. Qualitatively, all functionals give the correct
ground state compared to CCSD(T) except for VSXC, which
wrongly predicts that the quintet state is the ground state for
[OsCl,]°. In general, VSXC gives too positive excitation en-
ergies, which is probably the consequence of a destabiliza-
tion of the singlet state. On the other hand, SVWN always
gives too negative values, which can be traced back to
SVWN underestimating the stability of the quintet state.
BH&HLYP, as a third extreme, overestimates the singlet—
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triplet gap, probably due to an overstabilization of the quin-
tet state.

Conceptually, two [MCL]* fragments have to be in a
quintet state to form a metal-metal quadruple bond. It thus
comes as no surprise that the [ReCly]- fragment building
the prominent metal-metal quadruple bound [Re,Clg]* has
the largest quintet — singlet gap (30.5 kcal/mol) and is thus
ideally suited for the quadruple metal-metal bond. Except
for the Re and Tc species, all MCl,* fragments have singlet
ground states and rather large singlet — quintet gaps. Only
if the metal-metal bond strength overcomes this excitation
energy, stable compounds with metal-metal quadruple
bonds may be expected.

Analysis of the metal-metal bonding
situation

To obtain a thorough understanding of the metal-metal
quadruple bond in the (d—d)? systems [MM'Clg]*, we start
with a qualitative discussion of the orbitals involved in this
bonding. Figure 1 serves as an illustration for this purpose.

For each M-M’ bond in question one must, in principle,
consider four orbitals of different character. Depending on
whether it is metal-metal bonding or antibonding and
whether it is metal-ligand bonding or antibonding, one ob-
tains (a) one metal-ligand bonding/metal-metal bonding or-
bital, (b) one metal-ligand bonding/metal-metal antibonding
orbital, (c) one metal-ligand antibonding/metal-metal bond-
ing orbital, and (d) one metal-ligand antibonding/metal—
metal antibonding orbital.

In the case of the metal-metal § bond in [MM'Clg]*, these
four orbitals are (Fig. 1) the 1b,, orbital as component (a),
the 1by, orbital as component (b), the 2b,, orbital as compo-
nent (c), and the 2b,, orbital as component (d).

The discussion of the metal-metal bond usually considers
only the pair of the metal-ligand antibonding orbitals (c)
and (d). This is reasonable in cases where the metal orbitals
lie considerably higher in energy than the ligand orbitals or
where the metal-ligand overlap is poor. For the metal-metal
3 bond in the [Re,Clg]?~ system, the orbitals of type (¢) and
(d) are basically metal orbitals (65% metal character)®® with
small contributions from the chlorine atoms, whereas the
fully occupied and energetically much lower lying orbitals
of type (a) and (b) are mainly ligand orbitals with only 33%
and 24% contribution of the Re atomic orbitals, respectively.
If, however, the size of the metal atom decreases and the
metal orbitals are energetically more stabilized as in
[0s,CIg]% and [Ir,Clg]?*, the metal atom contribution of the
completely occupied orbitals (a) and (b) increases; for the
metal-metal § bond in [Os,Clg]® to 50% and 44%, for (a)
and (b), respectively, and for [Ir,Clg]** to 59% and 58% for
(a) and (b), respectively. The metal contribution to the occu-
pied metal-metal bonding orbital of type (c) decreases once
the metal orbitals contract and become energetically stabi-
lized. Since orbitals (a) and (c) are metal-metal bonding
and orbital (b) is metal-metal antibonding, the net metal—
metal bond order is thus smaller if the metal orbitals con-
tract and become energetically stabilized, as is the case for
[0s,Clg]? and [Ir,Clg]?*. This qualitative insight is corrobo-
rated by numerical results. The Wiberg bond order at BP86/
def2-TZVPP//BP86/TZ2P for the metal-metal bond de-
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Fig. 1. Schematic molecular orbital interaction diagram for two d*-
MCI4"? fragments building a D4, symmetric [M>Clg]* complex.
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creases in the order of 2.41, 1.55, and 0.77 for [Re,Clg]*,
[0s,Clg]%, and [Ir,Clg]?*, respectively. Likewise, the occupa-
tion of the metal-d,, orbital, as given by the natural popula-
tion analysis at BP86/def2-TZVPP//BP86/TZ2P, increases in
the order of 1.30, 1.51, and 1.65 e for [Re,Clg]*, [0s,Clg]°,
and [Ir,Clg]?*, respectively, reflecting the higher metal char-
acter of the two low lying, occupied metal-metal bonding
and antibonding orbitals of type (a) and (b), respectively.
Tables 6-9 give the results of the energy decomposition
analysis (EDA) and the population analysis data (partial
charges, g, orbital occupation numbers, n, and Wiberg bond
indices, P) for [MM'Clg]* (M, M’ = Tc, Re, Ru, Os, Rh, Ir;
x =-2,-1,0, +1, +2). For the EDA, we chose Cy4, symmet-
ric MCly species in the 5A; state as interacting fragments,
which corresponds to a formal d-electron distribution of
da',d.l dyl d,', and d2_2° at the metal atoms.
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Table 6. Energy decomposition analysis for the D4, symmetric MoClg* (M = Tc, Re, Ru, Os, Rh, Ir; x = -2, 0, +2) under Cs, sym-
metry at BP86/TZ2P. MCly* (y = -1, 0, +1) in the quintet >A; state were used as fragments. Optimized metal-metal distances (R, in
A), NBO partial charge of the metal atom and of the MCls? fragment (g), occupation of the d., orbital of the metal atom (1), as well
as the Wiberg bond index of the M—M pair (P) are also given. The latter population analysis data are given at BP86/def2-TZVPP//

BP86/TZ2P.

[Re,Clg]* [TcoClg]> [0s,Clg]° [Ru,Clg]? [Ir.Clg]** [RhoClg]?*
AFEin -54.2 -22.2 -92.8 -56.2 3.5 19.0
AEpauli 404.9 338.3 256.7 187.6 162.4 161.3
AFEcstat® -244.1 (53.2%) -162.9 (45.2%) —151.7 (43.4%) —88.7 (36.4%) 30.5 (<0.0%) 41.3 (<0.0%)
AEo” -214.9 (46.8%) -197.6 (54.8%) -197.8 (56.6%) —155.1 (63.6%) —189.5 (100.0%) —183.6 (100.0%)
Aap (0,8)" —84.4 (39.3%) —78.6 (39.8%) -97.6 (49.3%) -81.6 (52.6%) -102.6 (54.1%) —88.1 (48.0%)
Aay® -0.1 (0.1%) -0.1 (0.1%) -0.1 (<0.1%) -0.1 (0.1%) -0.6 (0.3%) -0.8 (0.5%)
Ab? -1.4 (0.7%) -2.1 (1.0%) -2.9 (1.5%) -2.8 (1.8%) 4.1 2.1%) 4.1 (2.2%)
Aby (8)? -0.5 (0.2%) 2.4 (<0.0%) 0.9 (<0.0%) 4.1 (<0.0%) -0.6 (0.3%) -1.2 (0.6%)
Ae (m)? —128.5 (59.8%) -119.2 (60.3%) -98.2 (49.6%) -74.6 (48.1%) -81.7 (43.1%) -89.4 (48.7%)
AEpep© 36.7 38.7 33.0 33.1 37.7 40.2
De 17.5 -16.5 59.8 23.1 —41.2 -59.2
n(Ml[dy]) 1.30 1.33 1.51 1.53 1.65 1.66
qM) 0.55 0.45 0.56 0.39 0.59 0.45
q(MCly) -1.0 -1.0 0.00 0.00 1.00 1.00
P(M-M) 2.41 2.30 1.55 1.30 0.77 0.58
R(M-M) 2.231 2.152 2.273 2.263 2.438 2.464

“Values in parentheses give the percentage contribution to the total attractive interactions, AE,, + AEq.
"Values in parentheses give the percentage contribution to the total orbital interactions, AE,,.
‘Fragments relax into a tetrahedrally distorted square planar quintet of D,, symmetry.

Table 6 shows that, in the parent compound [Re,Clg]*,
the major stabilizing contribution to the total interaction en-
ergy, AE;, = —54.2 kcal/mol, is due to the classical electro-
static contribution (53.2% of the stabilizing terms), whereas
the orbital (covalent) interaction contributes 46.8%.% This
observation is somewhat surprising, given the fact that two
negatively charged moieties, ReCl,~, interact. One would in-
tuitively assume to observe a net electrostatic repulsion.
Such an assumption is not justified because the charge dis-
tribution in the atomic basins is highly anisotropic. The rhe-
nium atoms carry a positive charge of +0.55 e but the
attraction of the singly occupied metal d» orbital of one Re
atom by the nucleus of the other Re atom yields a strong
electrostatic attraction.”® Note that even nonpolar bonds are,
in most cases, stabilized by classical electrostatic contribu-
tions.”172 The very large Pauli repulsion between the two
fragments of 404.9 kcal/mol compensates to a large extent
for the stabilizing electrostatic and orbital contributions.
The attractive orbital contributions result mainly from orbi-
tals of e (w) symmetry (59.8% of the total orbital interac-
tion), followed by orbitals of a;(o) symmetry with 39.3%.
Interestingly, the 8 bonding orbitals in b, symmetry do not
seem to be of importance for the covalent stabilization, as
they contribute only 0.2% to the total AEy,.

Comparing the former results with the 4d transition metal
congener [Tc,Clg]?-, one notices some similarities but also a
significant difference. A steep decrease in the electrostatic
attraction is responsible for the overall instability of
[Tc,Clg]?~. The drop in the AE.g, contribution can be ex-
plained by two factors. On the one hand, the Tc orbitals are
more compact than the Re orbitals, leading to a reduced net
attraction of the electrons in this orbital by the opposing
metal nucleus. On the other hand, the Tc atom has a lower
positive charge (+0.45 e) than the Re atom (+0.55 e), mean-

ing that the positive charge of the nucleus is screened more
effectively in the Tc compound. The increased electron den-
sity on Tc can be rationalized based on the qualitative bond-
ing picture developed above and noticing that the Tc atomic
orbitals are more compact and lie energetically below the Re
atomic orbitals (see, e.g., the discussion in ref. 73). The de-
tails of the covalent contributions to the bond energy remain
unchanged compared to the Re compound, with the e ()
term (60.3%) exceeding the a;(o) contribution (39.8%). The
similarity in the covalent bonding contribution is also re-
flected in the comparable Wiberg bond indices of 2.41 and
2.30 for the Re and the Tc complexes, respectively. It is
interesting to notice that the intrinsic bond strength, as
measured by the interaction energy, AE;,, is still stabilizing
(=22.2 kcal/mol). This, however, is not sufficient to overcom-
pensate the preparation energy of AE,., = 38.7 kcal/mol,
which is needed for the deformation of the [TcCly]- frag-
ments from their relaxed geometry to the structure that they
adopt to interact.

The M-M bond in [Os,Clg]° is considerably stronger than in
its group 7 isoelectronic congener, [Re,Clg]*~. This is indicated
by the interaction energy, which amounts to —92.8 kcal/mol
in the former compared to —54.2 kcal/mol in the latter. The
absolute values of the individual contributions to AEj,,
however, are smaller. The main reason for the higher stabil-
ity of [Os,Clg]° is the steep decrease of the Pauli repulsion,
an effect that is clearly related to the reduced net charge of
the complex. A similar behavior was observed and discussed
in ref. 69 for [Re,Clg]?~ and [Re,Clg]°. Interestingly, the ab-
solute values of the electrostatic and the orbital contributions
are very similar for the [Os,Clg]® and the [Tc,Clg]> com-
plexes, suggesting a very similar bonding picture. This is
misleading though, since the m orbital contributions are re-
duced to 49.6% and the o orbital contributions are enhanced
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Table 7. Energy decomposition analysis for the C,, symmetric [MM'CL]* (M, M" = Tc, Re, Ru, Os, Rh, Ir; x = -1, 0, +1) at
BP86/TZ2P. MCl, (y = -1, 0, +1) in the quintet A, state were used as fragments. Optimized metal-metal distances (R) in A,
the Wiberg bond index of the M—M’ pair (P), the change in the orbital occupation (An), and the change in partial charge (Ag)
relative to the homodimetallic systems are also given. The population analysis data are given at BP86/def2-TZVPP//BP86/

TZ2P.

[ReOsClg]"™ [RelrClg]° [OsIrCIL )™ [TcRuClg]™ [TcRhCl]° [RuRhClg]"™*
AE,, -132.0 -247.4 -95.3 -95.4 -207.9 -66.8
AEpi 335.8 270.8 196.5 261.2 196.3 159.8
AEq " -239.6 (51.2%)  -255.1 (49.2%) -93.4 (32.0%) -162.7 (45.6%)  —188.7 (46.7%)  -58.7 (25.9%)
AE, -228.2 (48.8%)  -263.1 (50.8%) —198.4 (67.8%) —193.9 (54.4%) -215.5 (53.3%) -167.9 (74.1%)
Aa, (0,5) -92.4 (40.5%) -98.6 (37.5%) -100.4 (50.6%) -80.7 (41.7%) -82.0 (38.0%) -82.3 (49.0%)
Aal -0.1 (<0.1%) -0.3 (0.1%) -0.3 (0.1%) —-0.1 (0.1%) -0.3 (0.1%) -0.4 (0.2%)
Ab) 2.5 (1.1%) —4.1 (1.6%) -3.7 (1.9%) -2.9 (1.5%) —4.1 (1.9%) 3.4 (2.1%)
Ab, (8)" -10.4 (4.6%) —41.1 (15.6%) -10.1 (5.1%) -6.8 (3.5%) -37.5 (17.4%) -8.1 (4.9%)
Ae (1)’ -122.8 (53.8%) -119.1 (45.3%) —-83.9 (42.3%) -103.3 (53.3%) -91.7 (42.6%) -73.7 (43.9%)
AE,. 37.3 41.9 33.7 38.7 39.9 33.9
D, 94.7 205.5 61.6 56.7 168.0 329
M Re Os Re Ir Os Ir Tc Ru Tc Rh Ru Rh
An(d,) -0.09 0.08 -0.19 0.20 -0.11 0.11 -0.09 0.10 -0.19 0.20 -0.13 0.11
Ag(M) 0.02 0.01 0.02 0.02 -0.04 0.04 -0.02 0.03 -0.11 0.06 -0.08 0.03
Ag(MCl,) 0.61 -0.61 1.30 -1.30 0.64 -0.64 0.65 -0.65 1.25 -1.25 0.61 -0.61
P(M-M) 1.94 1.36 1.08 1.74 1.11 0.82
R(M-M") 2.245 2.300 2.352 2.195 2.299 2.395

“Values in parentheses give the percentage contribution to the total attractive interactions, AE, 4, + AE .

*Values in parentheses give the percentage contribution to the total orbital interactions, AE, .

‘Fragments relax into a tetrahedrally distorted square planar quintet of D,, symmetry.

Table 8. Energy decomposition analysis for the C,, symmetric [MM'CL]* (M, M" = Tc, Re, Ru, Os, Rh, Ir; x = -1, 0, +1) at
BP86/TZ2P. MCl, (y = -1, 0, +1) in the quintet °A, state were used as fragments. Optimized metal-metal distances (R) in A,
the Wiberg bond index of the M—M' pair (P), the change in the orbital occupation (An), and the change in partial charge (Agq)
relative to the homodimetallic systems are also given. The population analysis data are given at BP86/def2-TZVPP//BP86/

TZ2P.

[ReRuClg]*- [ReRhCL]° [OsRhCI,]™ [TcOsCL]™ [TclIrClg]° [RulrClg]"™*
AE,, -119.9 -238.0 -84.3 -106.9 -216.2 -75.0
AEp. 290.9 221.3 168.0 299.1 236.5 172.7
AE, . -194.2 (47.3%) -213.0 (46.4%) —-69.0 (27.3%) -199.9 (49.2%) -221.5(48.9%) -70.8 (28.6%)
AE, " -216.6 (52.7%)  -246.4 (53.6%) -183.3 (72.7%) -206.0 (50.8%) -231.2 (51.1%) -176.8 (71.4%)
Aa, (0,)" -85.4 (39.4%) -86.0 (34.9%) —88.0 (48.0%) —87.6 (42.5%) -93.9 (40.6%) -93.2 (52.7%)
Aa -0.1 (0.1%) -0.3 (0.1%) -0.3 (0.2%) —0.1 (0.0%) -0.3 (0.1%) -0.3 (0.2%)
Ab/ -2.6 (1.2%) -3.9 (1.6%) -3.4 (1.9%) -2.8 (1.4%) 4.3 (1.9%) -3.6 (2.0%)
Ab, (8)" -13.2 (6.1%) —48.6 (19.7%) —15.6 (8.5%) —4.6 (2.2%) -30.2 (13.1%) -3.5 (2.0%)
Ae ()’ -115.3 (53.2%) -107.6 (43.7%) -75.9 (41.4%) —111.0 (53.9%) -102.6 (44.4%) -76.2 (43.1%)
AE,. 38.8 41.5 33.1 36.9 40.4 33.8
D, 81.1 196.5 51.2 70.0 175.8 41.2
M Re Ru Re Rh Os Rh Tc Os Tc Ir Ru Ir
An(d,,) -0.13 0.13 -0.21 0.22 -0.17 0.15 -0.07 0.07 -0.15 0.17 -0.07 0.06
Ag(M) 0.12 -0.06 0.03 0.02 -0.04 0.01 -0.08 0.06 -0.13 0.08 -0.09 0.06
Ag(MCl,) 0.86 -0.86 143 -143  0.77 -0.77 046 -046 1.11 -1.11 046 -0.46
P(M-M) 1.79 1.18 0.91 1.86 1.29 0.97
RM-M) 2.219 2.297 2.275 2.222 2.296 2.371

“Values in parentheses give the percentage contribution to the total attractive interactions, AE, ., + AE,.
*Values in parentheses give the percentage contribution to the total orbital interactions, AE,.
‘Fragments relax into a tetrahedrally distorted square planar quintet of D,, symmetry.

to 49.3% of the total AE,y in the Os compound. The re-
duced m contribution can be explained by the reduced over-
lap between the fragment m orbitals with overlap integrals
of 0.21, 0.18, and 0.14 in the Re, Tc, and Os compounds,
respectively. This is a consequence of the decreasing size of

the metal orbitals with decreasing negative charge and (or)
decreasing row in the periodic system.

The nonclassical interaction between the fragments build-
ing the group 8 compound [Ir,Clg]?* is not strong enough to
compensate for their electrostatic repulsion of 30.5 kcal/mol
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Table 9. Energy decomposition analysis for the C,, symmetric
[MM'CLI* (M, M’ = Tc¢, Re, Ru, Os, Rh, Ir; x = -2, 0, +2) at
BP86/TZ2P. MCl, (y = —1, 0, +1) in the quintet °A, state were
used as fragments. Optimized metal-metal distances (R) in A, the
Wiberg bond index of the M—M’ pair (P), the change in the orbi-
tal occupation (An), and the change in partial charge (Ag) rela-
tive to the homodimetallic systems are also given. The population
analysis data are given at BP86/def2-TZVPP//BP86/TZ2P.

[ReTcClL > [OsRuCL]° [IrRhCl,]**
AE,, -37.9 -73.9 12.0
AEpi 367.8 217.3 156.7
AE, . -199.3 (49.1%) -115.2 (39.6%) 40.0 (0.0%)
AE,,° -206.4 (50.9%) -176.0 (60.4%) —184.7

(100.0%)

Aa, (0,8)" -81.4 (39.5%) -89.4 (50.1%) -94.5 (51.2%)
Aa —0.1 (0.1%) —0.1 (0.1%) —0.7 (0.4%)
Ab) —-1.7 (0.8%) -2.9 (1.6%) 4.0 (2.2%)
Ab, (8)" 0.7 (<0.0%) 2.0 (<0.0%) -1.5 (0.1%)
Ae ()’ -123.9 (60.0%) -85.7 (48.7%) -84.0 (45.5%)
AE,.S 38.7 33.0 39.0
D, 0.4 40.9 -51.0
M Re Tc Os Ru Ir Rh
An(d,) -0.03 0.03 -0.04 0.03 -0.06  0.05
Ag(M) 0.12 -0.10  0.04 -0.04 0.00 -0.02
AgMCl) 0.20 -0.20 0.17 -0.17 0.13 -0.13
P(M-M) 2.35 1.42 0.66
R(M-M) 2.193 2.265 2.454

“Values in parentheses give the percentage contribution to the total
attractive interactions, AE ., + AE,.

"Values in parentheses give the percentage contribution to the total orbital
interactions, AE, .

‘Fragments relax into a tetrahedrally distorted square planar quintet of D,,
symmetry.

and the Pauli repulsion of 162.4 kcal/mol. The resulting to-
tal interaction energy of 3.5 kcal/mol is destabilizing. The
size of the orbital interaction term should be regarded with
some care, as the singly occupied fragment orbitals, whose
coupling is mainly responsible for this energy lowering,
have some ligand character in the case of [Ir,Clg]?*, as was
discussed in the beginning of the section in connection with
Fig. 1. The AE,;, term should thus not be identified with the
pure M-M interaction, but contains a mixture of metal—
metal, metal-ligand, and eventually also ligand-ligand inter-
actions. This argument is supported by the considerably
smaller Wiberg bond index of 0.77 for [Ir,Clg]** compared
to 1.55 for [0s,Clg]% whereas the difference between the
AEy, values of the Os compound (—197.8 kcal/mol) and
the Ir species (—189.5 kcal/mol) is relatively low and blurs,
to a certain degree, the difference in the bonding pattern.
The difference between [Os,Clg]? and its lighter analogue
[Ru,Clg]® is comparable to the difference between [Re,Clg]?~
and [Tc,Clg]?. The change from a 5d to a 4d metal weakens
the metal-metal interaction considerably, due to the reduc-
tion in size of the metal orbitals. This reduction leads to a
decreased overlap between the metal orbitals, to which the
system can answer by a decrease in the central metal-metal
bond length, but only to a limited degree, since an increased
ligand-ligand repulsion counterbalances this process. The
strong decrease in the electrostatic contribution in the 4d
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systems can also be attributed to the more compact orbitals
of the 4d metal atoms.

Comparing the analysis results for [M,Clg]>~ with the
ones for [M,Clg]® and for [M,Clg]?* shows that the un-
charged species are the most stable, followed by the nega-
tively charged ones, with the positively charged systems
being unstable. The lower bond strength of [M,Clg]* is due
to a very high Pauli repulsion, whereas the positively
charged species are destabilized by classical electrostatic re-
pulsion. In all cases, the 8 bonding orbitals are of no impor-
tance for the bond strength, whereas the w orbitals dominate
the covalent contribution for the negatively charged species
and the o contribution is more important for the remaining
compounds.

The EDA results for some heteronuclear compounds,
[MM'Clg]* M = Tc, Re, Ru, Os, Rh, Ir; x = -2, 0, +2), are
given in Table 9. These compounds are species in which
two metal atoms of the same group, but of different rows in
the periodic table, interact with each other. The comparison
with the corresponding homodinuclear systems reveals that
all bond energy contributions are halfway between the ho-
monuclear values. The bonding situation does thus not
change from the homo- to the hetero-dinuclear systems and
thus, the polarity of the metal-metal bond appears to be low.
The partial charges support this finding as the charge trans-
fer between the two different MCIl,* units is small
(IAgMCl19)| between 0.13-0.20 e) with the charge of the
metal atoms being essentially unchanged. The picture does
change for the heterodimetallic systems with metal atoms of
the same row but of different groups in the periodic table
(Table 7). In this case, the intrinsic bond strength is consid-
erably enhanced compared to the corresponding nonpolar
compounds. For example, [ReOsClg]'~ has an intrinsic bond
strength of —132.0 kcal/mol, while for [Re,Clg]*~ AE;,; amounts
to —54.2 kcal/mol and for [Os,Clg]° to —92.8 kcal/mol. The
main reason for this observation is that the Pauli repulsion
is considerably weaker compared to the dianionic Re sys-
tem, while the classical electrostatic interaction in the mono-
anionic system 1is increased compared to the neutral Os
system. The covalent bonding does not dramatically change;
the 7 bonding remains the dominating contribution to AEy,
(53.8%). There is, however, an increase in the contribution
due to the b, (3) orbitals of 4.6%. We attribute a part of
this energy gain to a charge transfer from the § orbitals of
ReCly to the § orbitals of the OsCl,° fragment, since the
d,, orbital of Re looses 0.1 e to the Os d,, orbital (Table 7).
The overall charge transfer from the ReCl;~ onto the OsCl 0
moiety is considerable with 0.61 e, but the partial charge of
the metal atoms remains virtually constant. A similar inter-
pretation can be given to the [RelrClg]? system, where the
two oppositely charged fragments, ReCly~ and IrCl,*, inter-
act, which leads to an exceptionally large electrostatic con-
tribution of —255.1 kcal/mol. The charge transfer in this
system is large with 1.30 e, while the metal atom partial
charge changes very little. As in the former case, charge
transfer between the d,, orbitals of the two metal atoms of
0.2 e leads to a large energy contribution in the Ab, term.
The combination of the group 8 metal Os with the group 9
metal Ir leads to the cationic [OsIrClg]* system, which also
has an increased stability compared to both homodimetallic
analogues, which is interesting as [Ir,Clg]?* is unstable. The
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much more favorable electrostatic interaction between a
neutral and a cationic system compared to the one between
two cations is the main reason for this observation.

For the combination of two 4d metals of different rows in
the periodic table (Table 7), the same bonding picture
emerges as for the 5d metals. The polar metal-metal bonds
show an increased stability compared to the homodinuclear
counterparts, mainly due to a reduced Pauli repulsion, more
favorable electrostatic interactions, and charge transfer.

Table 8 shows the analysis results for heterodinuclear
compounds with metal atoms of different groups and differ-
ent rows in the periodic table. Also in this case, the stability
of the metal-metal bond increases compared to the unpolar
situation, but the bonding situation of the two systems is
very similar. However, the charge transfer contribution as
measured by IAg(MCly)l increases whenever the 5d moiety
is more negatively charged than the 4d moiety, compared to
the 5d—-5d analogues. On the other hand, a 4d MCl,* frag-
ment that is more negatively charged than the 5d fragment
interacts and loses fewer electrons than it would when com-
bined with a 4d fragment. This is exemplified by the sys-
tems [TcOsClg]!~ with IAg(MCIy)l = 0.47 and [TcRuClg]'~
with IAgMCly)l = 0.65. This means that there is a better
“match” if the M-M bond is built between a 4d metal of a
lower group number than the 5d metal (“early 4d-late 5d”).
We note that the charge transfer trends are reflected in the
trends of the Ab, (8) contributions to the orbital interaction
energy in the EDA. Furthermore, the size of the bond order
as measured by the Wiberg bond index also follows this
matching rule.

Summary

The study of the bonding situation in the formally quadru-
ply bonded (d—d)® [MM'Clg]* compounds and the test of the
performance of DFT functionals can be summarized as fol-
lows: (i) The GGA functionals BLYP, BP86, and PBE,
show the best performance when it comes to structure pre-
diction and in the description of the dissociation energies.
We estimate these functionals to deliver dissociation ener-
gies within +5 kcal/mol from the CASPT?2 results. (i) Hy-
brid functionals are not to be used for compounds of the
type discussed here as they lead to increasingly too short
and too weak bonds with the amount of exact exchange in-
cluded. (iii) The ground state of the MCl,’ fragments can ei-
ther be a Dy, symmetric quintet or a 7, symmetric singlet
state. Most of the studied fragments have a singlet ground
state with the exception of ReCl;~ and TcCl,~. Since the
quintet state is the valence state for building a metal-metal
quadruple bond, this finding can serve as an explanation for
the difficulties to isolate more metal-metal multiply bonded
systems. (iv) The strength of unpolar metal-metal bonds is
reduced in going from group 7 metals to group 8 metals
and to group 9 metals. 4d transition metal atoms form
weaker metal-metal bonds than 5d species. (v) The instrin-
sic bond strength in the unpolar systems is in approximately
equal parts due to orbital interactions and classical electro-
static contributions. The m orbitals dominate the orbital in-
teraction, while 8 orbitals are of minor importance. (vi)
Polar metal-metal bonds show enhanced bond strength com-
pared to unpolar bonds due to a reduced Pauli repulsion,
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more favorable classical electrostatics interactions, and
charge transfer. 5d—5d metal atom pairs form the most stable
polar metal-metal bonds. The charge transfer is small in a
heterodimetallic system with two metal atoms of the same
group and it is large if the two metal atoms have consider-
ably different size as, e.g., in a system in which a more neg-
atively charged 5d metal fragment interacts with a more
positively charged 4d metal fragment.

The knowledge on the performance of the DFT function-
als will be useful in the study of more complex systems,
e.g., the Por-M-M'-Por systems of Collmann, which will
be the subject of further studies. The insight into the bond-
ing situation of metal-metal bonded systems should be help-
ful in the design of new polar metal-metal bonded systems.

Supplementary data

Supplementary data for this article are available on the
journal Web site (canjchem.nrc.ca).
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