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Trinuclear transition-metal complexes such as ResXq (X = Cl, Br, 1), with their uniquely featured structure among metal
halides, have posed intriguing questions related to multicenter electron delocalization for several decades. Here we
report a comprehensive study of the technetium halide clusters [Tcs(x-X)sXs]”' 2~ (X = F, CI, Br, 1), isomorphous
with their rhenium congeners, predicted from density functional theory calculations. The chemical bonding and
aromaticity in these clusters are analyzed using the recently developed adaptive natural density partitioning method,
which indicates that only [TcsXe]? ™ clusters exhibit aromatic character, stemming from a d-orbital-based sz bond
delocalized over the three metal centers. We also show that standard methods founded on the nucleus-independent
chemical shift concept incorrectly predict the neutral TcsXg clusters to be aromatic.

Introduction

Elucidation of the crystal structure of anhydrous rhenium-
(I11) chloride ReCl; by Cotton and Mague' marked a major
milestone in the development of the field of metal—metal
multiple bonds and transition-metal cluster chemistry.>* The
structure of ReX;3 (X = Cl, Br, I) compounds consists of
Re3(u-X)3Xg subunits with Cs, symmetry that exhibit a
[Res]”" core."* The early proposal by Cotton and Haas®
that Re=Re double bonds form the triangular diamagnetic
[Res]’* core was largely substantiated by gas-phase photo-
electron spectroscopy measurements and calculations of
Re;Cly and Re;Bry moieties.”® Mass spectrometry experi-
ments on ReX; (X = Cl, Br, I) also revealed that these
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compounds vaporize as Re;Xy clusters.”” > Upon vaporiza-
tion of the compounds, the removal of up to three terminal
halide ligands in the equatorial plane to yield Re;Xq species
does not impact drastically the strength of the metal—metal
bonds.

Although a wealth of information on the ground-state
electronic structure of these clusters can be found in the
literature, trinuclear metal cluster complexes such as Re3;Xo
also pose intriguing questions related to three-center electron
delocalization. Correlating delocalized bonding properties of
metal cluster complexes with their chemical reactivity is of
paramount importance to understanding their catalytic ac-
tivity. In an attempt to rationalize the remarkable stability of
the [Res]”" core, Mealli and Proserpio proposed a double
pattern of ¢ and m aromaticity in trinuclear rhenium
clusters.'* Recent theoretical studies have reinvestigated the
aromaticity and chemical bonding of [Re;Xo]”>~ (X=Cl, Br)
clusters, resulting in contradictory conclusions regarding the
aromaticity of the neutral complexes.' !¢

While the structure of ReX; has been uniquely featured
among metal halides for several decades, the recent discovery
of TeCls, ' isomorphous with ReCls, provides new opportunities
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to critically analyze the interplay between structural prop-
erties, chemical bonding, and aromaticity in triangular M;
metal atom clusters with another member of group VIIB
elements. Similar to ReX; (X = Cl, Br, I), mass spectrometry
experiments showed the presence of the TcCl; moiety in the
gas phase from decomposition of the parent compound.'?
The scarcity of information available on technetium(III)
halides compared to their rhenium congeners merely reflects
the immaturity of technetium coordination chemistry, most
of which is oriented toward the development of **™Tc-based
agents for radiopharmaceutical imaging.'*"

In this paper, we report the comprehensive study of the
structures of technetium halide clusters [Tcgcu-X)3X6]0/ 1=/2=
(X =F, Cl, Br, I) predicted from density functional theory
(DFT) calculations. The chemical bonding and aromaticity
in these clusters are analyzed using the recently developed
adaptive natural density partitioning (AdNDP) method. For
the sake of comparison with the present AANDP anallysis and
with previous results for the [Re;Cly]”>~ complexes, !¢ we
also utilize various methods based on the nucleus-indepen-
dent chemical shift (NICS) concept to probe the aromaticity
of representative [TcyClo]” '/~ clusters.

Details of our computational approach are given in the
next section, followed by a discussion and analysis of our
results. A summary of our findings and conclusions is given in
the last section.

Computational Methods

Structural Calculations. First-principles total-energy calcula-
tions were performed using the spin-polarized DFT, as imple-
mented in the all-electron D Moi3 program® and the Gaussian 09
software package.”!

The exchange-correlation energy was calculated using the
generalized gradient a}pproximation22 with the parametrization
of Perdew and Wang™ (PW91PW91). A combination of Becke’s
exchange functional®® and the PW91 correlation functional
(BPWO1) was also used with Gaussian 09 for the sake of
comparison with recent calculations carried out at this level of
theory on the [Re;Cly]”?™ clusters.'® For transition-metal cluster
computations, pure functionals such as the PW91 and Becke’s are
generally preferred over hybrid functionals that appear to
describe metal—metal bonds less accurately.?>° In particular,
the PW91 functional was found to accurately reproduce struc-
tural parameters of various technetium-containing structures
characterized experimentally.'”?’"2° Double numerical basis
sets including polarization functions on all atoms (DNP) with
scalar relativistic corrections applied were used in all of the
DMol3 calculations. The SDD and LANL2DZ basis sets were
used in the Gaussian 09 calculations (see the Supporting Infor-
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mation for details). Optimized geometries were obtained using direct
inversion in a subspace method (DIIS) without sg/mmetry con-
straints with an energy convergence tolerance of 10 > hartree and a
gradient convergence of 102 hartree/bohr. The energy tolerance in
the self-consistent-field calculations was set to 10~ ® hartree.
AdANDP Method. We ]gerformed the chemical-bonding ana-
lyses of all of the [Tc;Xo]”* (X =F, Cl, Br, I) complexes using
the AANDP method, which has been recently developed by
Zubarev and Boldyrev.?® This method has been successfully
applied to a series of all-boron clusters,*® aromatic organic
molecules,! gold clusters,®? and transition-metal clusters and
condensed-phase materials.'®33-** The AUNDP method is based
on the concept of an electron pair being the main element of the
chemical-bonding model. The AANDP method represents the
electronic structure in terms of n-center two-electron (nc-2e)
bonds, with n spanning from one to the total number of atoms in
the system of interest. The AANDP program reveals both
localized Lewis bonding elements (1c-2e objects, corresponding
to core electrons and lone pairs, and 2c-2e objects, correspond-
ing to two-center two-electron bonds) and delocalized bonding
elements (nc-2e objects, n = 3), which are associated with the
concepts of aromaticity and antiaromaticity. The reader can
find a detailed description of the method elsewhere.*® Details of
the calculations associated with the AANDP analysis are given
in the Supporting Information.
NICS Methods. Several methods based on the NICS concept
were also utilized to investigate the aromaticity of the clusters.
Specifically, we employed the widely used NICS approach
pro(posed by Elser and Haddon?® and developed by Schleyer et
al.’® In its original formulation, NICS is defined as the absolute
magnetic shielding calculated at the ring center, NICS(0), with
the sign of the computed value reversed to correspond to the
usual NMR chemical shift convention.*® Negative NICS values
indicate the presence of diatropic ring currents, interpreted as
aromaticity, whereas positive NICS values denote paratropic ring
currents, associated with antiaromaticity. The NICS(1) index,
which is calculated for a ghost atom located 1 A above the ring
center, is also routinely used as a probe of 7 aromaticity. This index
was introduced in order to limit the effect of the local o-bonding
contributions typically contained within the NICS(0) index.***
The NICS rate variant recently introduced by Noorizadeh
and Dardab®’ to correlate the aromaticity of cyclic complexes
with variation of the NICS index at different distances from the
ring center was also used in this study. The presence of a
maximum (minimum) in the NICS-rate curve is interpreted as
an aromatic (antiaromatic) character of the cyclic complex. If
the NICS-rate curve features both a maximum and a minimum,
the NICS-rate ratio NRR = |max(NICS rate)|/ \mingNICS rate)|
can be considered as a measure of the aromaticity.?’ Details of
the NICS calculations are given in the Supporting Information.

Results and Discussion

Structural Results. All structures optimized for the neu-
tral and singly and doubly charged [Tes(u-X);Xq]”' />~
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Figure 1. Ball-and-stick models of the D;,-symmetry equilibrium con-
formers of the neutral clusters Tc;(u-X);X6 (X = F, CI, Br, I) computed at
the PWIIPWOI1/DNP level of theory: (a) Tc;Fy; (b) TesCly; (c) TesBro; (d)
TC319.

(X = F, Cl, Br, I) clusters possess D5, symmetry and
correspond to low-spin configurations, i.e., singlet
ground states for [Tc;Xo]”?™ and doublet ground states
for [Tc3Xo] , consistent with the marked propensity of
technetium to form low-spin complexes.*’ Previous stud-
ies of [ResXo]”?~ (X = Cl, Br) clusters in the gas phase
showed similar symmetry and electronic characte-
ristics.®'®> Equilibrium conformers of the neutral TcXo
clusters computed at the PWIIPWO91/DNP level of the-
ory are displayed in Figure 1. Isomorphous with their
rhenium congeners, all tritechnetium nonahalide clusters
feature a planar arrangement of the trlangular Tc; core
with three equatorial bridging halide ligands (4>-X) and six
apical halide atoms (out-of-plane). Structural parameters
for the equilibrium geometries of the [TcsXo]”! />~ (X =F,
Cl, Br, I) clusters computed at different levels of theory
using the DMol3 and Gaussian 09 software packages are
given in Table 1. Excellent overall agreement between the
different theoretical treatments is obtained, with differ-
ences in the calculated bond distances and angles typlcally
less than 0.03 A and 4°, respectively. Therefore, in the
discussion of the structural results below, similar trends
appear at different levels of theory.

In all of the clusters, the Tc—X bond distances tend
to increase linearly with the effective ionic radius of the
halogen ion with formal charge 1—, 1 e re=1.33 A rel=
1.81 A, rp, =196 A, and r; =2. 20A TheshortestTc X
bond length corresponds to the bonds between Tc and
the apical X ligands. The Tc—Tc bond distances also
increases linearly, with a gentler variation, as the electro-
negativity of the surrounding halogen atoms decreases
and the atomic radius increases down the halogen series.
The coordination of the Tc; core by chelating halide
ligands tends to symmetrize the triangular core (D3,
conformation) and elongate the Tc—Tc bonds compared
to the naked Tc; cluster with C; symmetry and an average
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side length of 2.24 A corresponding to a sextet ground
state.* The higher symmetry of the Tcs core upon chelation
can essentially be viewed as an antagonistic effect of the
lowering of its spin configuration from a sextet to a
singlet/doublet ground state.** All bond lengths show a
tendency to slightly increase by less than 0.1 A as the
charge of the clusters varies from neutral to doubly
charged. This charge variation is also accompanied by a
significant decrease of the X—Tc—X angles between
metal atoms and apical halides, while the Tc—u-X—Tc
bridging angles remain nearly unchanged. However, the
bridging angles decrease gradually from ~69° to ~52° as
the effective ionic radius of the halogen ligands increases
from fluorine to iodine. B

Although the TcCl; compound (space group R3m; Z =
18) recently characterized by X-ray diffraction (X (7 RD) is
built up on TcsCly units with Cs, symmetry, ' a close
structural relationship exists between these units and the
gas-phase Dj,-symmetry Tc;Clg cluster with coordinately
unsaturated technetium atoms. The Tc—Tc, Tc—u-Cl,
and Tc—Cl bond distances in the Tc;Cly cluster calculated
tobe2.413,2.504, and 2.313 A at the BPW91/LANL2DZ
level are in fair agreement with their counterparts in the
crystal, i.e., 2.4445, 2.3731, and 2.2375 A, respectively.
Residual dlscrepdnmes can be ascribed to the presence of
chemically distinct intercluster Tc—X bonds forming
bridge rhomboids in the crystal with bond lengths of
2.3733 and 2.5852 A for the Te— Cl(apical) and Tc—Cl-
(equatorial) bonds.

AdANDP Analysis. The AANDP program has revealed
the same chemical-bonding clements for all of the
[TcsXo]”?™ (X = F, Cl, Br, I) complexes as those in the
chemical-bonding analysis performed for Re;Cly and
[Re;Clo]*,'® with the only difference being in the occu-
pation numbers (ONs) of the revealed nc-2e objects. The
ONss indicate how many electrons there are per bond. The
ONss of all of the recovered chemical-bonding elements
are close to the ideal limit of 2.00 |e|]. We present a
Vlsudllzdtlon of the results of the AANDP analysis for
[TcsClo]”>~ only; see Figure 2 for the AANDP analysis of
TcsCly and Figure 3 for the AdNDP analysis of
[TcsClo]* . The ONSs for all of the revealed nc-2e objects
onthe[Tc3Xo]”?~ (X=F, Cl, Br, I) complexes are listed in
Table 2.

According to the AANDP analysis, there are 42 valence
two-electron objects in Tc3Cly (see Figure 2). These
objects are as follows: 27 lone pairs of ON = 1.68—1.99
le| (three on each of the chlorine atoms), 6 2c-2e p—d-
hybridized o bonds between each apical chlorine atom
and the neighboring technetium atom of ON =1.94 |e|, 3
3c-2e o bonds holding together bridging chlorine atoms
with two neighboring technetium atoms of ON = 1.94 |e|
(the major electron density contribution of 75% to these
3c-2e Tc—Cl—Tc o bonds comes from lone pairs on
bridging u-chlorine atoms; in other words, if these three
3c¢-2e Tc—Cl—Tc o bonds are reduced to just lone pairs on
the three bridging u-chlorine atoms, their ONs drop to
1.46 |e|), 3 2¢-2e d-atomic-orbital (d-AO)-based Tc—Tc o
bonds of ON=1.99 |e|, and 3 2¢-2e d-AO-based Tc—Tc
bonds of ON = 1.99 |e|. The low ON values of the lone
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Table 1. Structural Parameters of [TC3(u-X)3X6]0‘"‘17“"27 (X = F, Cl, Br, I) Clusters with D5, Symmetry Calculated Using DFT
distances (A) angles (deg)
cluster method Te—Tc Te—u-X Te—X Te—u-X—Tc X—=Tec—X
TesFy DMol/PW91PWI1/DNP 2.363 2.079 1.879 69.2 138.9
G09/PWI91PWI1/SDD 2.349 2.089 1.895 68.4 139.4
G09/BPWI1/LANL2DZ 2.366 2.103 1.897 68.6 141.1
[TesFo]™ DMol/PW91PW91/DNP 2.385 2.099 1.917 69.2 131.6
GO09/PWI91PWI1/SDD 2.368 2.105 1.934 68.5 133.4
G09/BPWI1/LANL2DZ 2.388 2.115 1.934 68.6 132.6
[TC3F9]27 DMol/PWI1PWI1/DNP 2.424 2.125 1.968 69.5 122.6
GO09/PWI1PWI1/SDD 2.402 2.126 1.982 68.8 126.4
G09/BPWI1/LANL2DZ 2.423 2.138 1.982 69.0 126.5
TcsCly DMol/PW91PW91/DNP 2.419 2.433 2.259 59.6 138.8
G09/PWI1PWI1/SDD 2.397 2.478 2.293 57.8 141.5
G09/BPWI1/LANL2DZ 2.413 2.504 2.313 57.6 143.0
[Te;Clo] DMol/PW91PW91/DNP 2.441 2.440 2.295 60.0 133.6
G09/PWI1PWI1/SDD 2.416 2.483 2.329 58.2 136.1
G09/BPWI1/LANL2DZ 2.433 2.506 2.349 58.1 135.8
[Te;Clo]?™ DMol/PW91PW91/DNP 2.477 2.447 2.343 60.8 127.8
G09/PWI1PWI1/SDD 2.449 2.488 2.377 59.0 130.3
GO09/BPWI91/LANL2DZ 2.468 2.512 2.396 58.8 128.8
TcsBrg DMol/PWIIPWI1/DNP 2.435 2.591 2.417 56.1 139.9
G09/PWI1PWI1/SDD 2.415 2.609 2.425 55.1 139.2
GO09/BPWI91/LANL2DZ 2.430 2.642 2.456 54.8 141.3
[Tc3Bro] ™ DMol/PWII1PWI1/DNP 2.456 2.595 2451 56.5 134.6
GO09/PWI1PW91/SDD 2.433 2.609 2.461 55.6 1354
GO09/BPWI91/LANL2DZ 2.448 2.642 2.492 55.2 136.2
[TC3BI‘<)]27 DMol/PWI9IPWI1/DNP 2.491 2.602 2.497 57.2 129.0
G09/PWI1PWI1/SDD 2.466 2.608 2.507 56.4 131.0
GO09/BPWI91/LANL2DZ 2.480 2.642 2.541 56.0 130.4
Teslo DMol/PWI9IPWI1/DNP 2.454 2.801 2.624 51.9 139.7
G09/PWI1PWI1/SDD 2.433 2.808 2.622 51.3 138.8
GO09/BPWI91/LANL2DZ 2.450 2.820 2.635 51.5 139.2
[Teslo] ™ DMol/PW91PW91/DNP 2.472 2.803 2.656 52.3 135.7
GO09/PWI1PWI1/SDD 2.449 2.805 2.656 51.8 135.8
GO09/BPWI91/LANL2DZ 2.464 2.817 2.670 51.8 136.3
[TC319]27 DMol/PW91PW91/DNP 2.503 2.808 2.698 52.9 131.6
GO09/PWI91PWI1/SDD 2.480 2.799 2.698 52.6 132.7
G09/BPWI1/LANL2DZ 2.493 2.811 2.713 52.6 132.7

pairs on some of the chlorine atoms (Piangential bridging
and pagia apical) are signs that those electron pairs tend
to be more delocalized. Nevertheless, we include them in
our chemical-bonding picture as lone pairs because more
than 80% of the electron density is contributed by the
chlorine atoms.

In the case of doubly charged [TcsClo]*~, 86 valence
electrons form 43 two-clectron objects (see Figure 3): 27
lone pairs of ON = 1.73—1.99 |e| (three on each of the
chlorine atoms), 6 2c-2e p—d-hybridized Tc—ClI ¢ bonds
of ON = 1.99 |e|, 3 3¢c-2e Tc—CI—Tc o bonds of ON =
1.97 le|, 3 2¢-2e d-AO-based Tc—Tc o bonds of ON=1.97
le[, 3 lone pairs of “dingential”-type on technetium atoms
of ON = 1.86 |e|, and 1 delocalized d,.q;.-AO-based 7
bond, which can be viewed as being delocalized over three
technetium atoms (3¢-2e 7w bond of ON=1.60 |e|) or more
precisely as delocalized over technetium and apical chlor-
ine atoms (9c-2¢  bond of ON = 2.00 |e|). The AANDP
analysis is performed in a way that for a given molecule
bonds are picked out whose ONs exceed the established
threshold value, usually close to 2.00 |e|, with the bonds
of lower ONs being discarded. Nevertheless, the thresh-
old values can be set individually for each nc-2¢ bond
(n=1, 2, ... number of atoms in a molecule) to ensure
flexibility of the algorithm. In the case of the AANDP
analysis of the [TcsCly]>~ dianion, the 3c-2e 77 bond can be
recovered with ON=1.60 |e| by varying the threshold for 3c-
2e bonds to allow acceptance of the bonds with low ONs.

We view the 3c-2e 7w bond as the zeroth-order description of
delocalized 7 bonding because the ON value of this bond
is low compared to the ideal value of 2.00 |e|. The more
accurate description of the delocalized = bonding can
be obtained if the threshold on the 3c-2e bonds is set so
that only bonds with high ONs are accepted (3 x 3c-2e
Tc—Cl—Tc o bonds of ON = 1.97 |e|), while the 3c-2e &
bond of ON = 1.60 |e| is discarded and found to be
delocalized over nine centers with ON = 2.00 |e| instead
(see the 9c-2e 7 bond; Figure 3). Similar to the case of the
chemical-bonding picture of neutral Tc;Xo complexes, the
Ptangentia-bridging lone pairs on chlorine atoms have low
ON values. However, we include these electron pairs in the
chemical-bonding picture because the main contribution
(more than 80%) to the electron density comes from the
chlorine atoms.

Asthe reader may notice, the difference in the chemical-
bonding picture of neutral and doubly charged Tc;Clyg
and [Tc;Clo]*™ is rooted in the AANDP bonds formed out
of d-AO-based canonical 7 molecular orbitals (7-MOs).
There are three occupied d-AO-based 7-MOs in neutral
TcsCly, with the main electron density contribution com-
ing from the d-AOs of technetium atoms: totally bonding
radial 7-MO of a,” symmetry and a pair of degenerate
m-MOs of ¢’ symmetry. According to the AANDP analysis,
these three 7-MOs are responsible for the formation of
three consecutive 2c-2e Tc—Tc o bonds of ON = 1.86 |e|.
We believe that a molecule should be considered as being
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Figure 2. Chemical-bonding elements revealed by the AANDP analysis of the neutral Tc;Cly. The ONs are reported at the BPW91/LANL2DZ level of

theory.

aromatic only if there is a delocalized bonding encoun-
tered in a cyclic system by means of the AANDP anal-
ysis. Because the completely delocalized three canonical
7-MOs are localized into 2c-2¢ Tc—Tc 7 bonds by means
of the AANDP analysis, the neutral Tc;Clg species is not 7
aromatic. In the case of doubly charged [Tc3Clo]*~, there
are four occupied d-AO-based 7-MOs, with the main
electron density contribution coming from the d-AOs of
technetium atoms: totally bonding radial 7-MO of a,”
symmetry, a pair of degenerate 7-MOs of ¢’ symmetry,
and totally antibonding tangential 7-MO of a;”" symme-
try. The addition of two excess electrons to the totally
antibonding s-tangential 2a,” lowest unoccupied molec-
ular orbital of Tc3;Clg to produce doubly charged
[TcsClo]*~ changes the chemical-bonding picture dis-
tinctly (Figure 3 compared to Figure 2). A detailed
discussion of the canonical molecular orbital (CMO)
analysis elucidating the order of CMO occupation, parti-
cularly why a completely antibonding tangential a,”
CMO is occupied before the other set of doubly degen-
erate ¢’ CMOs, can be found elsewhere on an example of
isoelectronic [Re;Cly]”>~ species.'® The AANDP method
revealed that the density associated with these four d-AO-
based 7-MOs in the case of the [TcsCly]>~ cluster can be
considered as three lone pairs (ON = 1.86 |e|) on techne-
tium atoms and a totally bonding 3c-2e 7 bond of ON =
1.60 |e|. Even though there are 8 electrons comprising

-CMOs, we apply the 4n + 2 Hiickel’s rule only to those
7 electrons, which are involved in delocalized 7 bonding,
and disregard those of the localized objects (three lone
pairs in the case of [Tc;Cly)* 7). The [Tc;Clo]*~ cluster is,
thus, st aromatic, with the two electrons of the 3c-2e «
bond satisfying the 4n + 2 Hiickel’s rule for aromaticity
(n = 0). The low value of the ON for the d-AO-based &
bond means that this bond is delocalized over more than
just three technetium atoms. If we allow the AANDP
method to increase the number of atoms on which the &
bond can be delocalized, this bond can be found as a 9¢-2e
rbond with ON=2.00 |e|, now also involving the electron
density coming from apical chlorine atoms (Figure 3).

Strictly speaking, the 9c-2e description of the deloca-
lized 7z bonding in [Tc3Clo]*~ is more accurate for the ON
if the 9¢c-2e st bond is higher than that of the 3c-2¢ r bond,
but one needs to keep in mind that the major contribution
of the electron density to the delocalized & bonding is
coming from technetium atoms (80%). In other words,
the delocalized 7 bonding responsible for 7r aromaticity in
the [Tc;Cly)*~ dianion as the dagia-AO-based 3c-2e &
bond delocalized over three technetium atoms can be
viewed as the zeroth-order approximation.

We stress once again that a molecule should be con-
sidered as being aromatic/antiaromatic only if deloca-
lized bonding is encountered in a cyclic system by means
of the AANDP analysis. If there are 4n + 2/4n o, 7, O, or ¢
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Figure 3. Chemical-bonding elements revealed by the AANDP analysis of the [TesClo)?™ dianion. The ONs are reported at the BPW91/LANL2DZ level of
theory.

Table 2. ON of the Revealed nc-2e Objects on All of the [Te;Xo]”?~ (X = F, CI, Br, T) Complexes Obtained Using the ANDP program”

neutral Tc3Xg complexes doubly charged [Tc;Xo]*~ complexes

nc-2e ObjeCt TC3F9 TC3C19 Tc3Br9 TC319 [TC3F9]27 [TC3C19]27 [TC3BI‘9]27 [TC3I9]27

Lone Pairs on Halogen Atoms

“s apical” 1.99 1.99 1.99 1.98 1.99 1.99 1.99 1.98
“Pradial apical” 1.85 1.78 1.76 1.77 1.88 1.83 1.83 1.88
“Prangential apical” 1.88 1.84 1.83 1.89 1.97 1.97 1.97 1.97
“s bridging” 1.99 1.99 1.98 1.98 1.99 1.98 1.98 1.98
“p. bridging” 1.99 1.98 1.99 1.99 1.98 1.99 1.98 1.99
“Prangential bridging” 1.77 1.68 1.65 1.61 1.82 1.73 1.71 1.69
Lone Pairs on Technetium Atoms
“diangential” 1.82 1.86 1.86 1.88
Bonding Elements

2¢-2e Te—X o bonds 2.00 1.94 1.93 1.93 2.00 1.99 1.93 1.99
3¢-2e Te—X—Tc o bonds 1.97 1.94 1.93 1.91 1.98 1.97 1.96 1.95
2¢-2¢ Te—Tc o bonds 1.98 1.99 1.99 1.99 1.98 1.97 1.97 1.97
2¢-2e Tc—Tc ot bonds 1.93 1.99 1.99 1.99

[3c-2e] — 9c-2e 7 bonds [1.77]— 2.00 [1.60] — 2.00 [1.57] — 2.00 [1.52] — 2.00

“ONss are given in |e| units.

electrons involved in delocalized bonding in a cyclic (assuming that no mixing of the tangential and radial
system, the molecule should be considered as o, 7, 0, or orbitals occurs). The rigorous reader may want to consult
¢ aromatic/antiaromatic regardless of whether s-, p-, d-, reference 33 for the counting rules of s-, p-, d-, and f-AO-

or f~-AO-based o, 7, 0, or ¢ electron density is discussed based o, 7, d, or ¢ aromaticity/antiaromaticity in model
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Figure 4. Evolution of the NICS rate as a function of the normal
distance r from the ring center for (a) Tc;Clg, (b) [TcsClg]™, and (c)
[TesClo]? ™. NICS values were computed using the GIAO method at the
BPWOI1/LANL2DZ level of theory.

triatomic and tetraatomic cyclic systems with a mixing of
the tangential and radial orbitals taken into account.
NICS Analysis. Similar to the case of the 5d transition-
metal clusters [ResXo]”?~ (X = Cl, Br) studied recently, '’
the negative NICS(0) and NICS(1) values calculated for
[TcsXo]”?™ (X = Cl, Br) are indicative of d-orbital ar-
omaticity. The values computed with the GIAO method
at the BPW91/LANL2DZ level of theory are as follows
(in ppm): NICS(0) = —53.34 and NICS(1) = —26.26 for
Tc;Clg; NICS(0) = —2.83 and NICS(1) = —16.08 for
[TesClo]?; NICS(0) = —60.41 and NICS(1) = —30.45
for Tc3Bro; NICS(0)=—19.50 and NICS(1) = —30.33 for
[TcsBro]” . While the aromaticity predicted for [Tc;Xo]* ™
(X = Cl, Br) appears to agree with the results of the
AdNDP chemical-bonding analysis reported above, the
NICS(0) and NICS(1) indices erroneously suggest an
aromatic character of the Tc3;Xg neutral clusters, not
observed in the AANDP analysis. Similar discrepancies
between results derived from standard NICS approaches
and the AANDP analysis were also reported for Re;Cly.'¢
The alternative NICS-rate method proposed by Noor-
izadeh and Dardab®’ to probe the aromaticity of cyclic
complexes was also utilized. Figure 4 displays the evolu-
tion of the computed NICS rate as a function of the normal
distance r from the ring center for the [Tc;Clg]” =2
clusters. As shown in parts a and b of Figure 4, both
TcsCly and [TesCly] ™ clusters are predicted to be highly
aromatic and exhibit NICS-rate maxima of +36.74 (r =
0.8 A) and +16.97 (r = 1.0 A), respectively. Like the
standard NICS indices, the NICS-rate index fails to
predict the nonaromatic character of the Tcs;Cly neutral
cluster. Variation of the NICS rate for the [Tc°3C19]2_
cluster features a minimum of —17.97 at r =0.8 A and a
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maximum of +9.18 at r = 2.0 A (cf. Figure 4c). The
presence of a minimum and a maximum in the NICS-rate
curve implies that some degree of competition between
o and i electrons takes place in the system. The effect of
o electrons steadily diminishes as the normal distance r
from the ring center increases, while the effect of x
electrons increases quickly to reach its maximum at r =
2.0 A and slowly vanishes asymptotically. The value of
the resulting NICS-rate ratio, NRR = 0.51, suggests that
[TesClo]* ™ is at the boundary between nonaromatic and
weakly aromatic character.?” Thus, no decisive conclusion
can be reached regarding the aromaticity of this complex,
unlike with the AANDP chemical-bonding analysis and
the NICS(0) and NICS(1) indices, which unambiguously
predict an aromatic character. Therefore, the recently
proposed NICS-rate approach might not be valid to assess
the aromatic nature of transition-metal-bearing clusters,
although this method showed some success for cyclic
organic complexes.

A growing number of studies have shown that no single
indicator of aromaticity works properly for all cyclic
complexes and emphasized the need for using system-
atically more than a single index to analyze the aroma-
ticity.””**~% Even if several indicators are used, a definite
conclusion of the local ring aromaticity might not always
be reached if different indicators yield different results.
These observations further demonstrate the importance
of the development of new comprehensive methods such
as the AANDP approach to correctly assess the bonding
and aromaticity of nonclassical molecular systems with
delocalized bonding.

Conclusion

Using DFT, we have carried out a comprehensive study of
the technetium halide clusters [Tcs(u-X);Xq]”'?~ (X = F,
Cl, Br, I) with D5, symmetry. Structural data for the Tc;Clg
neutral clusters calculated at several levels of theory are in
close agreement with XRD data available for the Tcs(u-
CI);Clg compound crystallizing in the space group R3m. We
hope that the predicted neutral technetium halide species
(TesXo, X =F, Br, and I) will soon be synthesized.

The chemical bonding and aromaticity in these clusters are
analyzed using the recently developed AANDP method,
which indicates that only [Tc;Xo]*~ clusters exhibit aromatic
character, stemming from a d-orbital-based sz bond deloca-
lized over the three metal centers. Specifically, the AANDP
chemical-bonding analysis revealed 42 valence two-electron
objectsin all of the neutral Tc;Xo (X=F, Cl, Br, I) complexes,
among which 27 are nonbonding elements, i.e., three lone
pairs on each of the 12 halogen atoms, and 15 are bonding
elements, i.e., 6 2c-2e Tc—X o bonds, 3 3¢c-2e Tc—X—Tc o
bonds, 3 2¢-2¢ d-AO-based Tc—Tc o bonds, and 3 2c-2e
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d-AO-based Tc—Tc o bonds. In the case of doubly charged
[TesXo)* ™ anions, 43 two-electron objects were found, among
which 30 are nonbonding elements, i.e., 27 lone pairs on the
halogen atoms and 3 lone pairs on technetium atoms, and 13
are bonding elements, i.c., 6 2c-2¢ Tc—X o bonds, 3 3c-2e
Tc—X—Tcobonds, 3 2¢c-2e d-AO-based Tc—Tc o bonds, and
a 3c-2e d-AO-based  bond delocalized over three technetium
atoms responsible for aromaticity in these dianionic com-
plexes.

We also show that methods based on the NICS concept,
such as the NICS(0)-, NICS(1)-, and NICS-rate approaches,
incorrectly predict the neutral Tc; Xy clusters to be aromatic.
These results further demonstrate the importance of the
development of new methods such as the AANDP approach

Weck et al.

to correctly assess the bonding and aromaticity of nonclassi-
cal molecular systems with delocalized bonding.
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