Communication
Chemistry—A European Journal

doi.org/10.1002/chem.202004566

Chemistry
Europe

European Chemical
Societies Publishing

! Gold

Structural Snapshots of n-Arene Bonding in a Gold Germylene

Cation

Sonia Bajo, Maria M. Alcaide, Joaquin Lépez-Serrano, and Jesis Campos*®

Abstract: Heavier group 14 element cations exhibit a re-
markable reactivity that has typically hampered their isola-
tion. For the few available examples, the role of m-arene
interactions is crucial to provide kinetic stabilization, but
dynamic and structural information on those contacts is
yet limited. In this study we have accessed the metaloger-
mylenium  cation [(PMe,Ar"PPA)AuGe(ArPPP)CI1 T (41)
(ArPPP2 — C(H,-2,6-(C4H;-2,6-iPr,),) that has been structurally
characterized with three different non-coordinating coun-
ter anions. These studies provide for the first time dynam-
ic information about the conformational rearrangement
that characterizes m-arene bonding thorough a series of
X-ray diffraction structural snapshots. Computational stud-
ies reveal the weak character of the m-arene bonding (ca.
2 kcalmol™") that can be described as the donation from a
nic—c bond toward the empty p valence orbital of germani-
um.

- /

Heavier group 14 element cations have attracted great atten-
tion due to their remarkable reactivity and catalytic potential.!"
The quest for base-free heavier analogs of carbenium cations,
R;E* (E=Si, Ge, Sn, Pb), has revealed that m-type interactions
are crucial for their stabilization (A-C in Figure 1).”) The same
applies to the more exotic low-coordinate tetrylium-ylidene
cations (RE:*; D-F in Figure 1).243 As such, terphenyl (2,6-di-
arylphenyl) substituents have become one of the preferred
choices to access such highly electrophilic species. The lateral
rings of terphenyl moieties can pacify the electron deficiency
of the tetrel center while providing steric shielding and pre-
venting the approach of external nucleophiles. In some cases,
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these interactions may even evolve into highly unusual trans-
formations that involve one of the flanking aryl rings.*~”
Weaker intramolecular m-arene interactions characterized by
longer E-C,, contacts may also be identified in neutral tetry-
lenes®™ or base-stabilized tetrylenium cations.”

Obtaining a better understanding of the factors governing
these interactions is key for further advances in the area and
for the discovery of novel transformations, particularly consid-
ering that related interactions are crucial to the high activities
of transition metal catalysts bearing Buchwald-type phos-
phines."” With this aim in mind we have targeted systems
whose electrophilicities lie between those of R;E" cations
(strong or moderate m-interactions) and those of R,E: species
(weak or negligible m-contacts). To do so, we decided to en-
hance the electrophilicity of neutral germylene [Ar®PP2GeCl],
(1) (ArPPP2=CH,-2,6-(C4H;-2,6-iPr,),)"" by coordination to cat-
ionic gold fragments of the type [(PR,Ar)Au]l™"? (Ar'=ter-
phenyl) and investigate the role and nature of lateral m-con-
tacts. In addition, this strategy facilitates stereoelectronic tuna-
bility at germanium by modifying the ligand bound to gold. In
this work, not only have we demonstrated the existence of in-
tramolecular m-arene bonding to germanium, but we provide
the trajectory for its reversible formation by a series of solid-
state structures that represent frozen snapshots of dynamic
behavior for the same metallogermylene cation.

The insertion of germylenes into Au-halide bonds is well-
known,"® and we recently reported a representative example
by reacting GeCl, and [(PMe,Ar®PP2)AuCl] (2-CI)."" The same re-
activity readily takes place with half of dimer [Ar"PP2GeCl], (1)
to yield gold germyl [(PMe,Ar"PP)AuGe(Ar"PP?)Cl] (3)
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Figure 1. Representative examples of structurally characterized m-interac-
tions in group 14 cations (Mes = C¢H,-2,4,6-Me;; Tripp = C;H2-2,4,6-iPr5).
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(PMe,ArPPP2)AUCI (2-Cl)
1/2 [(ArPPP2GeCl], (1)

(PMe2ArPPP2)AU(NTS,) (2-NTf,)

GaCl; or

4-NT, X = NTfy
a C|3|j 4-GaClj, X = GaCly” s NTf,
4-BAr;, X = BArE
4-NTf,GaCl; X = NTf, GaCly

Scheme 1. Synthesis of cationic gold germylene compounds of type 4 and
trimetallic species 5. All reactions proceed instantly at room temperature in
benzene solution.

(Scheme 1), characterized by a *'P{'H} NMR resonance at
11.7 ppm, shifted to higher frequency relative to 2-Cl (0
—2.5 ppm). We next targeted chloride abstraction in order to
generate an electrophilic germanium center that might be
primed to interact with one of the pendant aryl rings of its ter-
phenyl ligand. At the same time, we aimed to examine the ef-
fects of stereoelectronic modulation at germanium by using a
set of weakly to non-coordinating anions. First, we attempted
to convert gold germyl 3 into 4-NTf, by salt metathesis with
AgNTf, (NTf,” =triflimidate =[N(SO,CF;),]"). This reaction, how-
ever, led us to isolate the unexpected trimetallic compound 5
(Scheme 1). Its molecular formulation was elucidated by X-ray
diffraction studies (Figure 2), revealing silver 5*-coordination to
one of the pendant rings of Ar®** (d,,=2.728(7) and
2.570(7) A)."™ This type of uncommon structure is proposed to
form during halide abstraction processes."® However, precipi-
tation of AgCl from 5 was not observed even after prolonged

Figure 2. ORTEP diagram of compound 5; for the sake of clarity hydrogen
atoms are excluded and some substituents have been represented in wire-
frame format, while thermal ellipsoids are set at 50 % probability.
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periods of time. Instead, compound 4-NTf, was successfully
prepared by the instantaneous reaction between [Ar®PP2GeCl],
(1) with [(PMe,Ar°PP)AuU(NTS,)] (2-NTf,) (Scheme 1).

Subsequently, we assessed NaBAr: (BAr.=B[CH;-3,5-
(CF3),],7) and GaCl; as alternative chloride scavengers
(Scheme 1). Their addition to 3 resulted in rapid consumption
of gold germyl precursor 3 leading to compounds 4-BAr; and
4-GaCl,. Surprisingly, the multinuclear NMR spectra of these
compounds not only diverged from those of 4-NTf, but dif-
fered notably from each other. These findings suggest dissimi-
lar molecular formulations in solution for the three related
compounds of type 4, which we attribute to the dissimilar co-
ordinating capacity of the accompanying anions. Diffusion-Or-
dered NMR experiments (DOSY) carried out on compounds of
type 4 further support the latter assumption (see Supporting
Information),""” evincing that only in 4-NTf, there is considera-
ble anion binding. In fact, the nature of the counter anion not
only affects the NMR spectra. Thus, 4-NTf, and 4-GaCl, exhibit
moderate stability in solution (t;,=14 h at 25°C), while the
fleeting nature of 4-BArg (t,,=30 min at 25°C), likely caused
by the absence of stabilizing interactions with the BAr:~
anions, prevented its isolation in analytically pure form. Intrigu-
ingly, a fourth related species 4-NTf,-GaCl;, characterized by its
own set of distinctive multinuclear NMR resonances (Table S1),
results from the addition of gallium trichloride to 4-NTf,
(Scheme 1). This novel counter anion is formed due to coordi-
nation of the acidic Ga" center to one of the oxygen centers of
the triflimidate moiety (see Figure S2).

We were able to grow single crystals of 4-NTf,, 4-GaCl, and
4-NTf,-GaCl; by either slow solvent evaporation or pentane
diffusion into their benzene solutions. To our surprise, these
three solid-state structures revealed a rather peculiar structural
variation at cation 4" (Figures 3 and 4). It is important to note
that, in contrast with our spectroscopic observations, these
solid-state structures did not contain interactions between the
counter anions and gold or germanium (shortest distances
>6.5 R). Even so, the conformation of 4* is markedly altered
in the three cases. It is well-recognized that X-ray crystallogra-
phy may provide valuable dynamic information about a pre-
cise structural deformation or chemical transformation by
means of structure-correlation approaches."® Thus, the struc-
tures represented in Figure 3 can be considered as snapshots
of the dynamic structural rearrangement that accounts for the
reversible formation of m-arene interactions in group 14 cat-
ions (see Figure 4),%* which in this case would also involve dy-
namic exchange of the two lateral aryl rings in solution. The
shortest Ge-C,,, distances range from 2.492(6) in 4-NTf, to
2.959(8) A in 4-GaCl,, going through an intermediate stage de-
fined by a weak contact of 2.769(7) A in 4-NTf,-GaCl,. Hence,
we provide three extreme scenarios for an identical metaloger-
mylene cation 4%, namely those based on a significantly cova-
lent Ge-C,, bond (4-NTf,), a weak m-arene interaction (4-
NTf,-GaCl;) and a non-interacting ‘naked’ germanium atom (4-
GacCl,). Our computational studies (see below) support the ex-
istence of the proposed bonding schemes, which result from
the combination of minor structural energy differences com-

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. ORTEP diagrams of compounds 4-NTf,, 4-NTf,-GaCl; and 4-GaCl,; for the sake of clarity hydrogen atoms, solvent molecules and counter anions are

excluded and some substituents have been represented in wireframe format,

e-.cay 4-NTF, < 4-NTF,-GaCl, < 4-GaCl,

Figure 4. Superimposed representation of X-ray diffraction structures of cat-
jonic parts of 4-NTf, (green), 4-NTf,-GaCl; (blue) and 4-GaCl, (red) highlight-
ing the structural dynamic rearrangement of the Ge-bound terphenyl
moiety.

pensated for by solid-state effects (counter anion crystal pack-
ing; see Figure S5).

In the structure of 4-NTf, the germanium atom deviates
from a symmetrical position relative to its terphenyl substitu-
ent (C34-C33-Gel, 111.9(2)°; C38-C33-Gel, 125.5(2)°). This dis-
tortion is required to accommodate bonding with the carbon
atom at the ortho position of a pendant aryl ring, and sheds
light on the electrophilic character of the germanium atom. As
a consequence of this bonding interaction, the corresponding
isopropyl group is bent out from the aryl plane (dcssc ayl plane =
0.583 A) due to pyramidalization at the quaternary carbon. The
germanium center is also pyramidal, as reflected by the sum of
covalent bond angles around Ge (352.4(1)°). As expected, the
C—C bonds involving the interacting aryl carbon are elongated
(C39-C43 1.433(4); C43—-C44 1.413(4) A). The dihedral angle
between the coordinating and central aryl rings accounts for
55.02°, a considerable deviation from the almost ideal 90° that
is observed for the non-interacting pendant ring (84.0°). These
structural features are comparable to previously reported
group 14 cations stabilized by strong m-type interactions
(Figure 1).%% As mentioned previously, this situation markedly
contrasts with that of the same cation crystallized as 4-GaCl,,
where there is no apparent Ge--C,, interaction. Finally, the
structural parameters of 4-NTf,-GaCl, lie between the two ex-
treme scenarios found in 4-NTf, and 4-GaCl, (see Table 1).

We have examined the differences in energy of the DFT-cal-
culated geometries of cation 4% as a function of the shortest

while thermal ellipsoids are set at 50 % probability.

Table 1. Selected structural parameters of cations 4.

Structure 4-NTf, 4-NTf,-GaCl, 4-GaCl,
Ge1-C33 [A] 1.952(3) 1.948(9) 1.921(6)
Gel-Au1 [A] 2.3941(3) 2.4104(12) 2.3612(7)
Gel-Cl1 [A] 2.188(1) 2.166(3) 2.138(2)
(C34-C33-Ge [] 111.9(2) 115.3(6) 114.6(4)
(C38-C33-Ge [] 125.5(2) 123.3(7) 122.3(4)
GeCppy [A] 2.492(6) 2.769(7) 2.959(8)
Pr bent [A]® 0.583 0.426 0.309
Zse angles [T 3524(1) 356.8(1) 359.8(1)
deso cao [A] 1.433(4) 1.426(13) 1.425(10)
desocar [A 1.413(4) 1.413(4) 1.381(10)
Ar-Ar [ 55.02 63.34 7443

[a] Distance from C,; (tertiary ‘Pr-carbon at the interacting aryl) out of the
aryl plane. [b] Sum of the three covalent angles involving germanium.
[c] Dihedral angle between central and interacting aryl rings.

Ge--C,,, distance in benzene.' As anticipated, this difference

is small, spanning 2.2 kcalmol™ in the range of 2.4-3.3 A (Fig-
ure S6). Free optimization of the structure derived from 4-NTf,
(the counter anion was omitted) afforded a local minimum,
4s™*, with a shortest Ge--C,,, distance of 2.40 A. On the other
hand, the calculations failed to reproduce the X-ray structures
with longer Ge-C,,, distances, collapsing to geometries with
shorter distances, which suggests a role for intermolecular in-
teractions in the stabilization of these species. When the short-
est Ge--C,,,, distances were fixed to the experimental values of
2769 (4i*) and 2959A (417), the calculated energies
(AZPEponsene) Were 0.99 and 2.27 kcal mol™ respectively, relative
to 4s™.

Electron density (AIM) analysis® of the calculated species re-
vealed bond critical points, bcps, and bond paths connecting
the expected Ge and C,, atoms of 4s* (0,=0.049 a.u,;
Figure 5) and 4i* only, although in the latter case low electron
density (0,=0.026 a.u.) and high ellipticity (e,=1.279) at the
bcp indicate an unstable critical point. Also, localized orbital
(NBO)?" analysis supports significant m-arene interaction with
the electrophilic germanium in 4s*. Thus, one m. orbital of
the aryl ring featuring the shortest Ge--C,,, distance is delocal-
ized over one vacant, mostly p, orbital on the Ge, with the cor-
responding natural localized molecular orbital (NLMO) having
8.3% Ge character. The analogous NLMOs for 4i* and 417
have 4.2% and 2.06% Ge character, respectively (Figure 57).%2

For the sake of completeness, we decided to explore the re-
action of cations 4* with a common Lewis base (4-dimethyl-
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Figure 5. DFT-optimized geometry of 4s™ with the NLMO for the mtc_c—pg.
interaction (left) and representative bcps and bond paths of its electron den-
sity, p(r), overlaying the Laplacian V2p(r) (right).

<5min

(4-BAry, 4-NTf,, 4-NTf,-GaCl; or 4-GaCly)

Scheme 2. Reaction of cations 4* with Lewis bases towards adducts 6.

amino pyridine, DMAP) to quench the electrophilicity of the
germanium site. As expected, all compounds of type 4 rapidly
evolve to the same gold germylene adduct 6 upon DMAP ad-
dition (Scheme 2), which reflected in rapid discoloration from
intense orange to colorless solutions. The structure of 6 was
corroborated by X-ray diffraction studies (see Figure S4), re-
vealing that the Au—Ge bond remains intact. Conceptually, this
structure can be viewed as one step further in the dynamic
motion represented by the discussed conformational rear-
rangement of the interacting terphenyl moiety. Specifically, the
germanium site in 6 does not exhibit any hint of weak con-
tacts with the flanking aryl rings of the terphenyl substituents
(i.e., shortest Ge-C,, distance of 3.75A and no isopropyl
bending from the aryl plane).

In summary, our studies provide a series of structural snap-
shots for the dynamic stabilization of a germylenium cation by
intramolecular m-arene interactions. Dynamic information of
this kind has so far been elusive due to the weakness of the in-
vestigated interaction (ca. 2 kcalmol™), the high reactivity of
group 14 cations and their limited solubility. In fact, our results
suggest that these contacts may have often been overseen
even in neutral tetrylene compounds, despite having an impor-
tant role to stabilize reactive intermediates as occurs in promi-
nent transition metal catalysts. In addition to London disper-
sion forces,””” these interactions likely contribute to the long-
standing success of terphenyl groups and related motifs to sta-
bilize low-valent main group compounds. Besides, it is impor-
tant to remark that dynamic information from structure-corre-
lation methods is typically acquired by ligand or metal modifi-
cation, while herein this input is gathered from a single com-
pound of interest with no chemical alteration, and only results

Chem. Eur. J. 2020, 26, 15519 - 15523 www.chemeurj.org
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from crystal packing forces involving non-coordinating anions.
Finally, we evidence that incorporating an electrophilic gold
fragment (as a Z-type ligand) to neutral tetrylenes gives access
to electrophilic group 14 species of enhanced reactivity. The
potential of those for bond activation and catalysis is currently
under exploration.

Experimental

Full details of synthesis, characterisation, and computational stud-
ies can be found in the Supporting Information.

Deposition Numbers 2013214 (4-NTf,), 2013219 (4-NTf,-GaCl,),
2013217 (4-GaCl,). 2013216 (3), 2013215 (5) and 2013218 (6) con-
tain the supplementary crystallographic data for this paper. These
data are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service www.ccdc.cam.ac.uk/structures.
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