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Electron-rich, late transition metals are known to act as hydrogen-bonding (HBd) acceptors. In this regard,
Pt(i) centres in square-planar environments are particularly efficient. It is however puzzling that no convin-
cing experimental evidence is currently available for the isoelectronic neighbour Au(in) being involved in HBd
interactions. We report now on the synthesis and characterisation of two series of isoleptic and isoelectronic
(d® compounds [(CFs)sPt(L)]~ and (CFs)sAu(L), where the L ligands are based on the quinoline frame and
have been selected to favour HBd with the metal centre. Strong HBd interactions were actually found in the
Pt(1) compounds, based on structural and spectroscopic evidence, and they were further confirmed by
theoretical calculations. In contrast, no evidence was obtained in the Au(in) case. In order to find the reason
underlying this general disparity, we undertook a detailed theoretical analysis of the model systems [(CFz)zPt
(py)I~ and (CFz)sAu(py). This study revealed that the filled d,. orbital is the HOMO in the case of Pt(i), but is
buried in the lower energy levels in the case of Au(i). The sharply different electronic configurations involve
ligand-field inversion on going from Pt to the next element Au. This is not a gradual but an abrupt change,
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Introduction

Hydrogen bonding (HBd) is the secondary bonding interaction
with the highest impact in chemistry, biochemistry, materials
and biological sciences, as well as in geology and every aspect of
life on Earth." The number and variety of HBd-acceptors have
steadily widened over the years® to include now a handful of
metal centres.>* These non-conventional M---HE interactions (E
being an electronegative main-group element) take place with
electron-rich metal centres (mainly late transition metals, late-
TM) featuring a suitable Lewis-base character. Square-planar d®
metal centres are particularly prone to act as HBd-acceptors.*
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Thus, several examples of inter- and intra-molecular M---HE inter-
actions have been unambiguously established with Pt(u)
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which invalidates Au(i) as a HBd-acceptor wherever ligand-field inversion occurs.

centres.*” In contrast, no conclusive evidence for the isoelectronic
Au(m) centre acting as a HBd-acceptor has been found thus far
despite colossal efforts currently invested in the development of
gold chemistry.® This failure is challenging and indicates that
there might be a fundamental reason to rationalise it. Aiming to
gain more insight into this puzzling subject, we present a com-
parative study of a simple system formed by two series of isoelec-
tronic (d%) and isoleptic compounds with formulae [(CF;);Pt(L)]”
and (CF;3);Au(L). The ligands L, based on the quinoline frame,
are most suited to enable M:--HE interactions, as previously
demonstrated with Pt(u) centres in various other coordination
environments.*”” Moreover, the small size of the CF; groups
should minimize the steric impact, thereby removing a potential
biasing source. Thus, the overall molecular frame of our system
has been so chosen as to allow and even favour intramolecular
M---HE interactions. In the present study, a dual experimental
and theoretical approach reveals that the dissimilar performances
of Pt(un) and Au(m) as HBd-acceptors originate from their funda-
mentally different electronic structures. This evidences an essen-
tial disparity between apparently similar neighbouring elements.

Results and discussion

Synthetic, structural and spectroscopic results

Compound [NBu,][(CF;);Pt(NCMe)] was prepared in solution
as a convenient synthon of the anionic fragment (CF;);Pt®

Dalton Trans., 2021, 50, 5465-5472 | 5465


www.rsc.li/dalton
http://orcid.org/0000-0003-2260-676X
http://orcid.org/0000-0002-2492-625X
http://orcid.org/0000-0003-0341-7699
http://orcid.org/0000-0002-4808-574X
http://orcid.org/0000-0001-9045-5102
http://crossmark.crossref.org/dialog/?doi=10.1039/d1dt00597a&domain=pdf&date_stamp=2021-04-21
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1DT00597A
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT050016

Open Access Article. Published on 17 March 2021. Downloaded on 8/10/2024 9:31:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
¥e)
+[(CF3);Pt(NCMe)] H /o _
ey :
— MeCN O—Pt—N\ /
g 1:R=H
X R 2:R=Me
P — Q-=cr
N7 R
OH HO!
R=H (ha) + (CF3)3Au-OEt, /O —
R =Me (hq) _Et0 o— =Ny
g 3R=H
R 4R=Me

Scheme 1 Synthesis of compounds 1-4. Where appropriate, the cation
is [NBu,]*. See the ESI+ for details.

(see the Experimental section in the ESIt). In this complex, the
labile ligand MeCN was easily replaced by 8-hydroxyquinoline
(hq) or 8-hydroxyquinaldine (hq') to afford the organoplati-
num(n) derivatives [NBu,][(CF;3);Pt(hq)] (1) and [NBu,][(CF3);Pt
(hq")] (2), respectively (Scheme 1). Compounds 1 and 2 were
isolated in good yields as fairly stable white solids. They were
found to exhibit strong Pt---HO intramolecular interactions as
confirmed from a number of structural and spectroscopic
studies, which will be presented next.

The crystal structure of 2 was determined by X-ray diffrac-
tion (XRD) methods. Reliable data obtained by low-tempera-
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Fig. 1 (a) Displacement-ellipsoid diagram (50% probability) of the
[(CF3)sPt(hg)]™ anion as found in single crystals of 2; relevant structural
parameters are given in Table 1. (b) *H NMR signal of the OH nucleus
(300.130 MHz, CD,Cl,, 253 K) with spectral parameters indicated; the
whole spectrum is shown in Fig. S4.7
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ture diffraction on good-quality single crystals enabled us to
locate the OH atom directly from the difference density maps
and the position was refined freely using no constraints. In the
final position, the O-H vector is directed toward the Pt atom
with a short Pt---H distance of 205(9) pm and a Pt---H-O angle
of 158(8)° (Fig. 1a). The Pt---HO distance (Table 1) is compar-
able with that found in the related perfluorophenyl complex
[NBuy][(CeF5)sPt(hq’)] (219 pm)” even though the CF; group is
more electronegative than CgF5.® The non-bonding Pt---O dis-
tances are indistinguishable in both cases: ca. 300 pm.
Additional structural parameters in the crystal structure of 2
are unexceptional and in agreement with other complexes of
the (CF;);Pt moiety.’

The Pt---HO interaction found in the crystal structure of 2 is
not merely due to crystal packing effects, since it is maintained
in solution. In the 'H NMR spectrum of 2 (Fig. 1b), the OH
signal (6 = 11.10 ppm) appears downfield shifted (Ady =
2.8 ppm) with respect to the free ligand (5 = 8.3 ppm).'® The
sole signal shift might not be sufficient to prove the existence
of HBd to the metal.'’ However, the observed coupling
between the involved atoms with a large coupling constant,
J(**°Pt,H) = 100 Hz, clearly shows that the Pt---HO interaction
is preserved along the measuring process (NMR time scale,
which is a fairly long one). The "H NMR spectrum of 1 is quali-
tatively similar (Fig. S21). Thus, the OH signal is downfield
shifted to roughly the same region (6 = 10.82 ppm) and it also
shows large coupling to platinum: J(**°Pt,H) = 82.7 Hz, which
can be taken as experimental evidence of mutual penetration
of the two atoms involved. The ortho-H (H°) signal appearing
at 6y = 9.29 ppm shows '*°Pt-satellites as well. It must be
noted that the splitting of this signal, */(**°Pt,H) ~ 25 Hz, is
much smaller than that observed in the OH signal, even
though the latter is located 5 bonds apart from the metal
centre vs. 3 in the case of H°. The extra contribution can be
assigned to the direct Pt---H-O interaction.

The isoleptic and isoelectronic (d®) organogold(u) com-
pounds (CF;);Au(hq) (3) and (CF;);Au(hq’) (4) were prepared
from the neutral solvate (CF;);Au-OEt, > by using similar pro-
cedures to those mentioned above (Scheme 1) and were iso-
lated in good yields as stable white solids. Our many attempts

Table 1 Relevant geometric parameters of the structurally characterised derivatives containing the isoelectronic (CFz)sM fragments in this work

(M =Pt Au; E=C, 0)?

Compound M-C’/pm av. M-C,‘/pm M-N/pm M---E/pm E-H/pm M---H/pm Y4
[NBu,][(CF;)sPt(hq))] (2) 202.0(6) 206.6(7) 213.2(5) 297.2(5) 97(9) 205(9) 360.1(3)
[NBu,][(CeF5)sPt(hq’)]* 200.8(5) 206.1(5) 212.6(4) 297.5(4) 82° 219° 360.0(2)
(CF3);Au(hq-OEt,) (3-OEt,) 202.3(4) 207.6(4) 210.9(3) 268.8(3) 77(5) —f 360.02(16)
(CF3);Au(hq-OH,) (3-OH,) 202.3(3) 208.4(3) 210.4(2) 265.8(2) 81.9(5) —f 360.01(13)
[NBu,][(CF;)sPt(mq)] (5) 199.9(8) 205.7(8) 212.7(7) 309(1) 98° 273%¢ 360.3(3)
(CF3);Au(mq) (6) 202.9(3) 208.9(3) 211.2(3) 305.1(3) 98° 267%¢ 360.04(13)

“The closely related compound [NBu,][(C¢Fs);Pt(hq’)] (see Ref. 7) is also included for comparison. ? The M—C distance trans to the neutral
N-donor ligand is indicated here.  Average of the two independent M-C bond lengths in a trans arrangement.  Summation of all adjacent E-M-
E' angles as a measure of planarity. ° No estimated experimental error is indicated here because the H position was refined under constraints.
/The O-H unit interacts with a R,0 molecule (R = Et, H), where the R,0---H-O angles amount to 178(6)° and 176(4)°, respectively, and the O---O’
separation is 263.6(4) and 265.0(3) pm in each case. ¢ The closest M---H distance is indicated here.

5466 | Dalton Trans., 2021, 50, 5465-5472

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1DT00597A

Open Access Article. Published on 17 March 2021. Downloaded on 8/10/2024 9:31:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

Fig. 2 Displacement-ellipsoid diagram (50% probability) of the solvates
3-OEt, (a) and 3-OH; (b). Relevant structural parameters are given in
Table 1.

to obtain single crystals for XRD purposes under various con-
ditions resulted in the formation of the solvates 3-OEt, and
3-OH,. Their molecular structures (Fig. 2) show that both the
Et,O and H,0 molecules act as HBd-acceptors with canonical,
nearly linear R,O---H-O arrangements (>176°; Table 1). As a
result, the O-H vectors point away from the gold centre in an
unusual s-trans conformation. Apart from this crucial differ-
ence, the remaining geometric features around the metal
centre are very similar to those found in the Pt compound 2
described above. Compound 3-OH, lends experimental
support to the monohydrate hq-OH, in the less common s-
trans conformation, which has been recently studied by calcu-
lation."”® The experimental separation between the oxygen
atoms found in 3-OH, (O---O’ 265.0(3) pm) is substantially
shorter than that calculated for hq-OH, in the same confor-
mation (O---O’ 280.5 pm), which implies a stronger HBd inter-
action in the organogold(mr) complex.

In the absence of structural evidence, any spectroscopic
information acquires particular relevance in order to decide
on the existence of a possible Au---HO interaction. The IR
spectra of 3 and 4 show sharp absorptions at 3581 and
3575 ecm™', respectively, with 19 and 14 cm™" half-width
values, which are due to v(O-H) vibrations (Fig. S18 and S197).
These high-frequency, sharp absorptions are characteristic of
OH groups with little (if any) association.'* They appear well
above the y(O-H) absorption observed for the free hq ligand
both in dilute solutions in non-polar solvents
(3423-3400 cm™)" and in the gas phase (3462 cm™"),'® where
intermolecular associations are minimized. It is worth noting
that no absorption above 3000 cm™" was, in turn, observed in
the homologous Pt(u1) complexes 1 and 2 (Fig. S16 and S177).
In the '"H NMR spectra of compounds 3 and 4 (Fig. S6 and
S97), the resonances corresponding to the hydroxyl groups
appear as broad signals at 6y = 7.03 and 6.66 ppm, respect-
ively, giving therefore no indication of the existence of any
Au---HO interaction. However, the addition of Et,O to the
samples under measurement produces dramatic downfield
shifts of these signals to §y > 10 ppm in both cases (Fig. S8
and S117). The marked downfield shifts observed in the OH
signals upon Et,0 addition are in agreement with the
Et,0---HO interaction detected in the solid state (Fig. 2a). It is
clear that the OH groups in compounds 3 and 4 favour unsup-

This journal is © The Royal Society of Chemistry 2021
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ported intermolecular HBd interactions with peripheral R,O
molecules (R = H, Et) over the expected intramolecular M---HO
interactions in analogy to the Pt homologues 1 and 2. This
different behaviour will be studied by theoretical methods
later on. It is worth noting that Au---HE HBd interactions invol-
ving auride Au(-I) centres'® or linear d'® Au(i) complexes have
been recently reported or predicted.’”” The nature of related
Au---HE interactions in gold clusters is still much
debated."*"®

The 8-methylquinoline (mq) ligand has the same skeleton
as hq, but the C(sp®)-H bond of the CH; group is less polar-
ized and therefore less prone to establish HBd interactions.
Thus, a couple of compounds [NBu,][(CF;);Pt(mq)] (5) and
(CF;);Au(mq) (6) was prepared as blank references following
similar procedures to those mentioned above (see the
Experimental sectiont). They were characterised by XRD
methods (Fig. 3).

In the solid state, the axial methyl groups take on a stag-
gered conformation with respect to the metal and thus no H
atom points directly to it. The associated M---HC(sp®) dis-
tances are 272.6/275.1 pm (M = Pt) and 266.5/276.0 pm (M =
Au), respectively. In our opinion, they are too long to evidence
the existence of an intramolecular M---HC(sp®) interaction,
considering that the sum of the corresponding van der Waals
radii (H + M) amounts to 292 (M = Pt) and 286 (M = Au) pm."°
The remaining structural parameters around the metal includ-
ing the non-bonding M---C(sp®) separation are indistinguish-
able within the experimental error (Table 1). In solution, there
is no hint of hindered rotation of the methyl groups about the
C(sp®)-C(sp®) single bond. Thus, the CHj; signals in the 'H
and *C NMR spectra of compounds 5 (84/5¢ = 3.83/22.7 ppm)
and 6 (5u/6c = 3.44/20.5 ppm) appear as singlets and suffer
only slight downfield shifts with respect to the free mq ligand
(81/d¢ = 2.83/18.15 ppm).*>° These moderate shifts may well be
due to just anisotropic deshielding caused by the near metal
centre."’ In fact, the couple 5 and 6 shows neither structural
nor spectroscopic evidence for the existence of any substantial
M---HC(sp®) interaction.

If we compare all the structural information presented in
this work (Table 1), it becomes clear that the geometric
arrangement of the ligands in the coordination plane shows

Fig. 3 Displacement-ellipsoid diagram (50% probability) of the [(CF3)sPt
(mq)]~ (a) and (CF3)sAu(maq) (b) entities as found in the single crystals of
5 and 6, respectively. Only one set of rotationally disordered CFz groups
is shown in the Pt complex. Relevant structural parameters are given in
Table 1.
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little variation within the whole series under study, with the
major differences being observed along the axial direction.
With the aim to decide on the nature of the M---HO interaction
in compounds 1-4 and to estimate the corresponding associ-
ated energy, we have carried out a number of theoretical
studies, which will be presented next. Thus, we can benefit
from the following advantageous features of our system: (1)
the Pt/Au pairs are isoleptic and isoelectronic; (2) the CF;
ligands are fairly small and can be suitably modelled; and (3)
the molecular core of the quinoline ligands is quite rigid,
which greatly reduces the number of variables.

Energetics of the axial M---HO interaction

Geometry optimizations at the DFT/M06 level were performed
under no symmetry constraints. The final atomic coordinates
are given in the ESLY The calculated structure of the anion
[(CF;);Pt(hq’)]” is in excellent agreement with that experi-
mentally found in the crystal of 2 (Table S6t), which indicates
that the observed Pt---HO interaction in 2 is not merely due to
packing effects. The NMR data in solution clearly confirm this
reasoning.

Once the geometries were optimized, we performed calcu-
lations of the overall energy of the [(CF;);Pt(hq)]” and (CF;);Au
(hq) entities as a function of the H-O-C-C torsion angle, 7, in
the coordinated hq ligand. Thus, a stepwise variation of 7 was
introduced as the only geometric constraint. The resulting
energy profiles are represented in Fig. 4. It is clearly observed
that the Pt---HO interaction is attractive and maximized at an
optimal value of = = 0° (Fig. 4a), which is close to the experi-

a) b)

161 E_ /kcal mol” E, I kcal mol '

< (H-0-C—C)

T
50 100 150

e
150 100 50 0
t/°

-150 -100 -50 o 50 100 150

tl°

Fig. 4 Energy profiles obtained for [(CF3)sPt(hq)]™ (a) and (CF3)sAu(hq)
(b) as a function of the H-O-C-C torsion angle 7.
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mental value found in the crystal of 2: ¢ = —7°. The energy
difference between the minimum at z = 0° and the rotamers at
7 = +180° was calculated to be ~15.0 kcal mol™". This value
gives a reasonable estimate of the Pt---HO bond strength: it is
in the turning point from the so-called strong (4-15 kcal
mol ™) to very strong (15-40 kcal mol™") HBd interactions.>*

A similar profile might be expected for the isoelectronic
Au(m) centre, perhaps with a weaker interaction since the oxi-
dation-state increase on going from Pt(u) to Au(m) and the
overall charge variation should result in diminished Lewis
basicity of the HBd-acceptor site.>’ As a matter of fact, in a
recent study on the hydration of various Pt(u) substrates, it was
found that not only the anionic [Pt(CN),]*~ or neutral trans-
CL,Pt(NH;)(glycine) substrates, but also the dipositive cation
[Pt(NH;),]*", all favour Pt---HOH over Pt.--OH, interactions
with the surrounding H,O molecules regardless of the 4-unit
change in the overall charge.”” Similar results were further
obtained in the aquation of neutral and cationic platinum
anticancer drugs.>® In our case, however, a totally unexpected
profile was obtained on going from Pt(u) to Au(i). As shown in
Fig. 4b, the Au---HO interaction is clearly repulsive. In fact, the
rotamer with the OH group pointing directly to the Au centre
(z = 0°) is a transition state and appears located +4.5 kcal
mol ™" above the non-interaction level (7 = + 180°). The waving
shape of the profile at intermediate 7 values is due to some
tilting of the O-H unit towards the nearest F atoms to establish
weak O-H---F contacts. This effect is also present in the Pt
case, but is less noticeable in the corresponding profile
(Fig. 4a).

The optimized compounds were further studied with the
aid of Bader’s quantum theory of atoms in molecules
(QTAIM).>* The topological analysis of the electron density
function p(r) of the platinum compounds 1 and 2 (Fig. 5)
shows bond paths (BPs) and bond critical points (BCPs) along
the Pt---HO line, which are characteristic of a HBd inter-
action.”® The corresponding p(r) values (0.0401 and 0.0448;
Table 2) are higher than those previously found in related
systems.*® It is worth noting that the calculated Pt---H bond
length in the analysed entity 2 (205.5 pm) exactly matches with
that experimentally found in the crystal: 205(9) pm (Table S67).
The penetration of the BCP into the Pt shell is also in accord-
ance with the sizable internuclear J(**Pt,H) coupling experi-

Fig. 5 2D contour-line V2p(r) diagrams obtained from QTAIM analysis of the optimized compounds 1—4. Cross sections contain the Pt/Au, O and N
atoms in each case. Bond critical points (orange spheres) and bond paths (black straight lines) are shown as obtained using weak-CP (0.03) and non-

CP (0.02) thresholds.
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Table 2 Critical-point (CP) topology in the bond path (BP) between the interacting A and B atoms

3-Et,0
Complex 1 2 3 4
CP (A-B) Pt-H Pt-H Au-Opgq Au-Opgq Et,0-H Au-Opg
p(r)/au 0.0401 0.0448 0.0243 0.0296 0.0533 0.0268
Vzp(r) 0.0753 0.0830 0.0975 0.1230 0.1660 0.1107
Ellipticity 0.021 0.022 0.111 0.112 0.029 0.123
A-B/pm 210 205 273 264 163 268
BP length/pm 214 208 273 264 166 268
G(r)/au 0.0251 0.0289 0.0230 0.0294 0.0429 0.0262
V(r)/au —-0.0314 —0.0369 —-0.0216 —-0.0281 —0.0442 —0.0247
H(r)/au —0.0063 —0.0081 0.0014 0.0013 —0.0013 0.0015
G(r)/p(r) 0.63 0.64 0.95 0.99 0.80 0.98

mentally observed in solution (see above). In the optimized
minima of the gold compounds 3 and 4, the OH group points
away from the metal centre, an arrangement which is
obviously not suited for intramolecular Au---HO interactions.
The topological analysis reveals, however, that a BP is located
instead on the Au---O line (Fig. 5). This means that the gold
centre acts rather as a Lewis acid along the axial direction. On
the other hand, the topological analysis of the 3-OEt, adduct
(Fig. S22t) confirmed the presence of a canonical inter-
molecular O---HO interaction, as experimentally observed in
the solid state (Fig. 2a) and in solution (Fig. S8t). The positive
values of V?p(r) in all cases indicate that the HBd interactions
are mainly electrostatic. However, the slightly negative values
of the Pt---H local energy density function H(r) in compounds
1 and 2 denote partial covalence, and the same applies to the
Et,0---HO bond in the 3-OEt, adduct.

Up to this point, we have presented experimental and
theoretical evidence demonstrating that the platinum com-
pounds 1 and 2 exhibit strong M---HO interactions, whereas
no evidence was found in the homologous gold compounds 3
and 4. We have also seen that compounds 1-4 show much
structural resemblance in the coordination plane, but largely
differ in the axial direction depending on the metal. All other
factors being equal, the difference must rely on the metal
itself.

Inverted ligand field

In order to ascertain the underlying reason for the substantial
difference found between the Pt and Au couples under study,
we analysed the electronic structures of the model compounds
[(CF;);Pt(py)]” (7) and (CF;);Au(py) (8), which have the same
in-plane coordination skeleton as compounds 1-4, but no
axial ligands. The molecular geometries of the model com-
pounds 7 and 8 were optimized under imposed C; symmetry
(Fig. 6). Symmetrisation greatly simplifies the analysis of the
electronic structures at a negligible energy cost (AE < 1 kcal
mol ™). The obtained results are shown in Fig. 7.

In the platinum compound 7-Cs (Fig. 7, left), the energy
levels with major metal contribution (purple labelling) roughly
follow the standard splitting of the d metal orbitals under a
square-planar ligand field.>” Even in ideal MX, entities with
Dy, symmetry, the precise d-ordering depends on the metal

This journal is © The Royal Society of Chemistry 2021

Fig. 6 Structures of the model compounds [(CF3)sPt(py)]~ (7-C;) and
(CF3)3Au(py) (8-C,) optimized at the DFT/MO06 level under imposed C;
symmetry.

94 LUMO
> &
[}
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84 v HOMO d, 7 96
86
 ——
85— d
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(=]
N
)
_v_HOMO o,
Pt s —_41:46
—99
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dxz-yz 537
d,
d)(ydyz —_— 97
d,, ¥* :33

Fig. 7 Electronic structures of the model compounds 7-C; (left) and 8-
C; (right) obtained by calculation at the DFT/MO06 level. Contributions to
the most relevant MOs are indicated by the following colour code: Pt
(purple), Au (golden), CF3 (green), and py (blue). See the ESIT for details.

ion and the type of ligand involved.>’”*° In any case, the d,>_
orbital, which is oriented towards the ligands, is always greatly
destabilized and remains empty in most d®* metal complexes.””
This is the case of complex 7-Cg, where the MO with main
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dy>_)» contribution is located well above the LUMO. Here, the
dy, orbital appears twofold stabilized below the d,;, d,,
orbitals.”®**® Most importantly, d,. is always located in
between and generally filled in d® metal complexes. This is
also the case of complex 7-C, where the MO with main d,. con-
tribution is identified as the HOMO (Fig. 8a).

In d® metal complexes with a square-planar geometry, [M],
the d,. orbital has suitable symmetry to interact along the axial
direction with Lewis acids, A, wherever the energy balance is
favourable. This dative [M]—A interaction was theoretically
studied by Aullén and Alvarez, who scrutinized a wide range of
cases and derived important consequences therefrom.’® A
simple example is given with the NO" cation, which affords a
number of [M]-NO metal nitrosyls.>" Cationic metal frag-
ments, QL,?", or simple metal cations (n = 0) with an obvious
Lewis-acidic character are also known to enable manifold
[M]—A interactions.*® Similar [M]—X, interactions with halo-
gens are key intermediates in Sx2 oxidative-addition processes
eventually affording X-[M]-X derivatives.”® The range of Lewis
acids has been recently expanded to incorporate EX; neutral
molecules of Group 13 elements (E = B, Al, Ga; X = H, F, Cl,
Br).** In the same way, the HOMO of 7-C, with main 5d,. con-
tribution is most suited to establish an axial Pt.--HO inter-
action,®® as experimentally observed in compounds 1 and 2.
This Pt---HO interaction can be considered as an incipient
stage in proton transfer from oxygen to the metal.

When we turn to the gold compound 8-Cs, a quite different
electronic structure is found (Fig. 7, right). The observed differ-
ence is not just quantitative but essentially qualitative and evi-
dences ligand-field inversion on going from Pt to Au. The
‘inverted ligand field’ concept (ILF) has been only recently
introduced.®® It is the last stage in the evolution of the ligand
field theory along nearly a century. This theory, which had its
origin in a purely ionic model (crystal field theory),®” later
incorporated the tools of the MO theory, thereby enabling
some degree of covalence in the chemical bonding between
the central metal ion and the surrounding ligands.*® Now, the
term ILF is coined®® to convey that the MOs with major metal
d contribution are not at the frontier, as is usually the case
(e.g. 7-C), but submerged in the low energy levels of bonding
MOs. This phenomenon was first identified in the organocop-
per(m) complex [Cu(CF;),]” and is also found in the heavier-
metal homologues [Ag(CF;),]” and [Au(CF3),]7,*° as well as in
other high-valent late-TM derivatives with a high degree of
covalency.®® The electronic structure variations found in

a) b)

Fig. 8 HOMO of the model compounds 7-Cs (a) and 8-C (b) as
obtained at the DFT/MO06 level of calculation.
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simple halide complexes, such as [PtBr,]*~ vs. [AuBr,] ,*
might also be taken as an indication of the ILF.

We would like to emphasize that covalency is a key factor
determining ligand-field inversion. In the traditional ligand
field theory, covalency has always been treated as a perturba-
tive effect operating upon the main d-orbital splitting caused
by the L ligands considered as ions or dipoles. The ILF
phenomenon appears when the covalency of the M-L bonds
becomes so marked that it can no longer be treated just as a
perturbation. In those cases, the metal d orbitals make a sig-
nificant and even predominant contribution to the low-lying
bonding MOs, which are otherwise contributed mainly by the
ligands. The M-L bond covalency is favoured with increasing
electronegativity of the metal. In this regard, it cannot be over-
looked that gold is the most electronegative metal*' and there-
fore more likely to form M-L bonds with a higher degree of
covalency. Accordingly, the bonding MO with major 5d,. con-
tribution in the gold compound 8-Cs appears buried well
below the HOMO, which is now centred on the mutually ¢trans-
standing CF; groups (Fig. 8b). This considerable energy lower-
ing makes the d,. unsuited for axial interaction with any Lewis
acid in general, and with a polarized OH’" unit in particular.
This electronic arrangement seriously limits the role of Au(m)
as a HBd-acceptor and provides a convincing explanation for
our experimental observations.

Conclusions

In this work, the isoleptic and isoelectronic compounds
[(CF3);Pt(L)]” and (CF;);Au(L) containing L ligands with the
rigid quinoline skeleton have been prepared: 1-4 (Scheme 1).
They are sensitive touchstones to assay the extent to which the
isoelectronic d® centres Pt(n) and Au(ur) may act as HBd-accep-
tors. Using a combined experimental and theoretical
approach, we demonstrate that the Pt---HO interactions
detected in compounds 1 and 2 match every geometry and
energy requirement stipulated for a genuine HBd." Conversely,
none of them is fulfilled in the gold compounds 3 and 4. As a
matter of fact, the corresponding Au---HO interaction is found
to be repulsive in nature (Fig. 4b). The origin of this disparity
was found in the sharply different electronic structures of the
model compounds [(CF;);Pt(py)]” and (CF;);Au(py) (Fig. 7).
The electronic structure of the Pt(i) complex follows the stan-
dard sequence expected for a d® transition metal in a square-
planar environment. In contrast, the Au(u) homologous com-
pound exhibits ligand-field inversion. The energy drop of the
MO with major 5d,. contribution greatly diminishes the axial
basicity of Au(m) and invalidates it as a HBd-acceptor. It
further limits the reactivity of Au(m) towards electrophiles. In
fact, the Au(m) centre should rather behave as a Lewis acid and
react preferentially with nucleophiles along the axial direction.

The drastic alteration in the electronic structure found here
on going from Pt to Au was totally unexpected for contiguous
transition metals and points to a deep break between elements
of Groups 10 and 11. This fundamental disparity had been

This journal is © The Royal Society of Chemistry 2021
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hitherto overlooked, probably because of the apparent struc-
tural similarity generally found between Pt(u) and Au(m) com-
plexes, as in compounds 5 and 6 (Fig. 3). The chemistry of
gold might therefore be determined not only by the well-
known relativistic effect,”® but also by the inverted ligand field
(ILF) phenomenon.*® The consequences of ILF on reactivity
are just starting to emerge.
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