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An anionic cyclotricatechylene cage (H) is shown (NMR, mass
spectrometry and X-ray diffraction) to encapsulate cationic Au(l)
complexes. As a result, an unprecedented bimetallic Au(l) complex
(GG@H) has been characterized, in which confinement supports
aurophilic interaction, even without bridging ligands.

Aurophilic interactions occupy a forefront position in gold
chemistry and attract considerable interest.! Such unusual
attractive interactions between closed-shell gold(l) centres are
of fundamental interest. They also noticeably influence the
physicochemical properties of gold complexes and have thus
important consequences on their applications in catalysis,
sensing and nanoelectronics.?

Intramolecular (‘supported’ or ‘semi-supported’) aurophilic
interactions occur in complexes where the Au---Au contact is
sustained by bridging bi- or multidentate ligands (Fig. 1A, 1B).
Here, the aurophilic interaction is present both in the solid state
and in solution. Many examples of such intramolecular Au---Au
interactions have been described in the literature.3 In contrast,
the formation of unsupported complexes (Fig. 1C) lacks this
entropic driving force and is mainly governed by secondary
intermolecular interactions (H-bonding, m-stacking). Of note,
the relatively weak aurophilic interaction (~20—40 kJ/mol) alone
is usually not sufficient to stabilize these species. As a result,
intermolecular Au---Au interactions are much scarcer than their
intramolecular counterparts,® and only a few unsupported
aurophilic interactions have been substantiated through short
Au---Au distances (2.9-3.4 A) in the solid state.* Cationic gold(l)
bisphosphine complexes represent an even more challenging
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case where the aurophilic interaction is largely outrun by the
lack of favorable secondary interactions as well as the presence
of unfavorable Coulombic and steric repulsions. Consequently,
no aurophilic interaction has been observed in such complexes
so far, neither in the solid state, nor in solution.

STATE OF THE ART

THIS WORK

A B C
R;Fl’ TR; R;Fl’ TR7 R;T Fl’Ra R:JT ||3R3
@ AuiniAu@® @AuiiAu @ @ AunAu @ @ AuinnAu ®
| l | | |
R:P PR; L L RyP PR;

fully-supported semi-supported unsupported confinement-supported

known unknown (N

known 8, XRD)

Fig. 1 Aurophilic interactions in gold(l) phosphine complexes.

In this context, we envisioned that confinement within the
cavity of an anionic supramolecular cage could be a powerful
strategy to bring together two cationic complexes, by
counterbalancing the previously mentioned unfavorable
interactions (Fig. 1D). The anionic tetrahedral cage developed
by Raymond et al has shown great potential in confining small
cationic monometallic gold(l)/gold(lll) complexes and modifying
their reactivity.> However, according to our calculations, the
cavity of this cage (Vi ~ 340 A3) is too small to encapsulate larger
monometallic or bimetallic complexes.5? To this end, the
construction of larger anionic cages is highly sought after, not
only for the mere synthetic challenge but also to enable the
encapsulation of larger guest molecules. However, not many
anionic cages have been documented in the literature, much
less than cationic and neutral cages. Anionic cyclotricatechylene
(C) clusters of [C4aMe]™ general formula (M = Mn, VO, Cu) have
attracted our attention. They are known since the 2010s, but
their instability prevented their application in supramolecular
chemistry.® In 2018, improved stability was reported for an
analogous cage with M = SiR.? One year later, Kabe and co-
workers developed a robust methodology, based on dynamic
covalent chemistry, to synthesize a family of such [C4(SiR)e]®"
cages.10 Except proof-of-concept studies with pyridiniums, the


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc01540e

Open Access Article. Published on 28 April 2025. Downloaded on 5/2/2025 11:56:38 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(ec)

ChemGomm

host-guest chemistry of these cages has not been investigated
further, neither with organic cations, nor with transition metal
complexes. This anionic cage thus offered an ideal starting point
for our study and we report here an unprecedented
supramolecular approach to support aurophilic interaction
between two linear gold(l) bis-phosphine complexes. According
to our strategy, the cationic complexes are encapsulated within
an anionic supramolecular cage, driven by favorable CH-t and
electrostatic interactions. For the first time, these species are
characterized both in solution and in the solid state, without the
need of a supporting ligand.

To start with, the cavity size of the cage [C4(SiR)s]~ (R = Ph)
was calculated. Taking into account our recent evaluation of
cavity characterization softwares,® we used the rolling probe
method and the pyKVFinder software.ll Accordingly, the
[C4a(SiPh)g]e~ cage was found to possess a significantly larger
cavity (Vi = 558 A3) than Raymond’s cage.” Next, suitable guests
were identified, referring to the packing coefficient (PC = Vg/Vy
x 100 (%), with Vg = guest volume). Based on Rebek’s guideline,
the optimal PC is about 55 * 9 %.12 Therefore, strong
encapsulation is expected for guests in the size-range of 307 +
50 A3. The volume of a series of cationic gold(l) bisphosphine
complexes were calculated using Vega ZZ (Fig. 2).13 Based on the
corresponding PC values, encapsulation of complexes 1 (PC =
49%) and 2 (PC = 52%) is expected, while larger complexes 3 (PC
= 85%) and 4 (PC = 90%) should not enter the cavity. More
importantly, Au(PMes),* (G) was identified as a guest with an
optimal size (Vg = 176 A3) to achieve double encapsulation.
Indeed, the PC value of the corresponding bimetallic complex
(GG) falls well within the “Rebek’s range” (2 x Vg = 352 A3, PC =
63%).
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Fig. 2 Gold(l) bis-phosphine complexes considered in this study.
The “Rebek’s range” is depicted in green on the bottom scale.

After considering these metric parameters, the [C4(SiPh)e]®
cage and gold complexes (G and 1-4) were synthesized
following known or slightly modified literature protocols.137 At
this stage, we noticed that the reported [C4(SiPh)s]®~ cage and
the complexes G, 1-4 were only sparingly soluble in solvents
other than DMSO or DMF. Therefore, we envisioned to
synthesize a new [C4(SiR)¢]®~ cage that would be soluble in less
polar solvents such as MeOH, MeCN, acetone or THF. Thus, we
expected that encapsulation would be promoted in these
solvents due to the insolubility of the gold complexes (G, 1-4).
Accordingly, a new n-octyl Si-substituted cage H (R = "CgH;7) was
prepared (Scheme 1). Thanks to a simplified workup, it was
obtained in 87% vyield on multigram scale. Satisfactorily, it

2| J. Name., 2012, 00, 1-3

turned out to be significantly more soluble in less pglak solvents
such as MeOH (Fig. $26-27).14 DOI: 10.1039/D5CC01540E

HO OH
() (R)Si(OMe);
. NaOH
—_—
DMF/MeCN
HOQ )AL Qo 105°C, 16h
HO OH 87%
c
(R ="CgH17)

Scheme 1 Synthesis of H.

First, H was characterized by multinuclear NMR. 1H-DOSY
NMR showed the presence of a single species in solution (Fig.
$19). Its diffusion coefficient (D = of 3.2 x 1010 m2/s)
corresponds to a structure with a Stokes radius of 12.6 A
(calculated by the Stokes-Einstein equation). Further, ESI-FTICR
analysis revealed the presence of multi-anionic species of
general formula [Ca(SinCgH17)6NaaDMSOp] <~ (a=b=c=3,
m/z=863.97547; a=c=3, b=4, m/z=889.98052; a=b=4, c=2,
m/z=1346.46276) (Fig. S55-58). Finally, single crystals of H were
obtained by slow evaporation of a DMSO solution and XRD
analysis unambiguously confirmed the structure (Fig. 3). It
resembles those of the [C4Mg]"~ cages previously characterized
crystallographically.819 Here, a Na* ion sits within the cavity,
while the five remaining Na* counter ions are located at the
openings. Three of these ions are coordinated to a single
catecholate moiety, while the other two are bound to two
catecholate moieties of different cages, resulting in a Na-
bridged dimeric structure in the solid state (Fig. S71). According
to these crystallographic data, the size of the cage is estimated
to d ~ 25 A, in good agreement with that determined by
diffusion experiments in solution.

Fig. 3 X-ray structure of H. For the sake of clarity, hydrogen
atoms, the n-octyl chains at Si, some of the coordinating DMSO
molecules and the second cage are omitted.

Next, we interrogated the ability of H to encapsulate the
dinuclear complex (2) in which the Me;PCH,PMe; (dmpm)
ligand fully supports aurophilic interaction. TH NMR analysis of
a 1/1 mixture of H and 2 revealed a significant upfield shift of
the methylene and methyl protons (Aé = —-1.59 and —1.64 ppm,
respectively). This shielding effect is characteristic of inclusion

complexes involving supramolecular cages (Fig. S28).14
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Moreover, encapsulation was also supported by 'H DOSY
analysis, where H and 2 showed an identical diffusion
coefficient (D = 2.9 x 101 m?/s, Fig. S31). Moreover, HRMS
analysis revealed different multianionic species, corresponding
to the 2/H adduct (Fig. S59-62). Finally, the structure of the 2@H
inclusion complex was unambiguously confirmed by XRD
analysis (Fig. $72).7 In addition to the endohedral guest (2@H),
two exohedral guests (2ex/H) were found outside the cage,
ensuring overall charge neutrality. Of note, confinement
induces small deformations of the endohedral guest, as
apparent from the difference in PAUAuP dihedral angles (2@H:
165.41(9)° vs 2ex/H: 180.00(12)°/179.98(10)°) and Au---Au
distances (2@H: 2.9823(8) A vs 2x/H: 3.0247(12)/3.0305(10) A).

Next, the host-guest chemistry of H and G was thoroughly
studied. H NMR titration experiments revealed 3 distinct
regimes depending on the amount of G used (Fig. 4a and S32).
Between 0 to 1 equiv., a significant upfield shift of the methyl
protons (Ad = —1.85 ppm) suggested an important shielding and
therefore a close contact between the PMes; moieties and the
aromatic groups of the cyclotricatechylene. H DOSY
experiment carried out on a 1/1 mixture of H and G revealed
the same diffusion coefficient (D = 3.2 x 101° m2/s) for both
components (Fig. S35). In addition, 'H NOESY experiment
showed through space correlations between the methyl
protons of G and the aromatic protons of H (Fig. S40). These
data strongly support the formation of a G@H inclusion
complex. Between 1 and 2 equiv. of G per H, the gradual
formation of a new species was observed, which also showed
an important shift of the Me 'H NMR signal (A6 = -1.61 ppm).
According to H DOSY NMR analysis, the diffusion coefficient of
this species (D = 3.2 x 10"1° m2/s) is identical to those of H and
G@H (Fig. S37). Similarly to G@H, correlations between the H
and G protons were observed by 'H NOESY NMR (Fig. S41) and
this species was assigned to the GG@H inclusion complex.
Finally, addition of more than 2 equiv. of G per H resulted in the
appearance of an additional broad 1H NMR signal at around 6 =
1.58 ppm. Based on the minimal upfield shift of this signal (A6 =
—0.03 ppm) and literature precedents,> it is attributed to the
exohedrally coordinated guest (Gex/H). It is important to note
that in each case, the integral ratios of the H and G 'H NMR
signals were in good agreement with the amounts of G
introduced per H (Fig. S34, 36 and 38). The successive formation
of G@H, GG@H and Gex/H was further corroborated by 3P NMR
analysis that also showed 3 regimes (Fig. 4b and S33).
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Fig. 4 'H and 3P NMR spectra of G, H and G / Hpixtures,of
different ratios. DOI: 10.1039/D5CC01540E

Besides NMR spectroscopy, different multianionic species
with G/H = 1 and G/H = 2 stoichiometries were unambiguously
identified by ESI-FTICR mass spectrometry, where species of
[Ca(Si"nCgH17)6Na,DMSO,Gq]< general formula (a=b=2, c=3, d=1,
m/z=946.66092; a=b=1, c=3, d=2, m/z=1029.34517; a=b=3, c=2,
d=1, m/z=1470.48920; a=b=c=d=2, m/z=1594.52971) were
observed (Fig. S63-67).

In addition, single crystals could be obtained from a MeOH
solution of a 10/1 G/H mixture. The resulting XRD data are of
very good quality (R12 = 0.0423), higher than all the previously
reported XRD structures for [C4Mg]"~ cages. Two G complexes
sit within the cavity, confirming the formation of GG@H (Fig. 5).
Four Na* ions are located at the openings, coordinated to the
catecholate moieties, achieving charge neutrality. Remarkably,
the intermolecular Au---Au distance is short (3.0532(2) A) and
falls in the midpoint of the aurophilic range (2.5-3.5 A).! For
comparison, the Au---Au distance in the previously mentioned,
fully supported, non-confined ((dmpm)Au), complex (2ex/H) is
3.0247(12)/3.0305(10) A. Such an interaction has not been
observed in unsupported gold(l) bis-phosphine complexes. Even
in the smallest member of this family, ie (PMes),Au* (G), the
PMejs ligands prevent the approach of the two gold(l) centres.16
In order to minimize steric repulsions, the two linear complexes
are oriented perpendicularly in GG@H (PAuAuP dihedral angle
88.09°, Fig. S73). Importantly, all PMes ligands have one methyl
group pointing towards a catecholate moiety with short CH-rt
distances (between 2.6 and 2.9 A). These numerous CH-rt
interactions parallel the important upfield shift observed by 1H
NMR spectroscopy for the encapsulated complex GG@H (A =
—1.61 ppm). Note that the XRD refinement showed 3 different
orientations of the bimetallic complex (with 96, 3 and 1%
occupancies). They all display ca perpendicular arrangement of
the two G motifs and similar CH-rt interactions. Interestingly,
the volume of the staggered GG guest is slightly smaller than
two times the volume of G (Vs = 333 A3 vs 2 x Vg = 352 A3). As
a result, the packing coefficient calculated from the XRD
structure is 59% (vs 63% predicted for the encapsulation of 2 x
G), very close to the ideal value proposed by Rebek (55 + 9 %).12
The slightly tighter conformation of GG may play a role in the
stabilization of the inclusion complex GG@H.

EO =

|

Fig. 5 X-ray crystal structure of GG@H. For the sake of clarity,
hydrogen atoms of H, the n-octyl chains at Si and three
Na(MeOH)s* are omitted.

J. Name., 2013, 00, 1-3 | 3
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Finally, the encapsulation of 1, 3 and 4 was also investigated
by 1H, 31P and 'H-DOSY NMR spectroscopy (Fig. S42-54). As
expected, the smaller guest 1 (PC = 49%) was readily and
quantitatively encapsulated in the cage to give the inclusion
complex 1@H, while the larger complexes 3 (PC = 85%) and 4
(PC =90%) did not enter the cavity.”

In conclusion, encapsulation and
supramolecular cage has been shown to enable and support
intermolecular aurophilic interactions even without bridging
ligand. A new anionic cyclotricatechylene cage [C4(Si"Oct)e]®
with improved solubility has been synthesized and exploited. An
inclusion adduct with two Au(PMes),;* complexes within the
cavity has been authenticated by NMR spectroscopy, mass
spectrometry and X-ray crystallography. It displays short
Au---Au contact and comparison with the inclusion adduct of
the supported complex [Au(Me,PCH;PMe;)*]> 2 provides first
hints on the distortions confinement may induce on aurophilic
complexes. Combining cavity and guest size assessment and
referring to Rebek’s guideline is found to be a relevant and
useful predictive tool for encapsulation studies. Diphosphine-
bridged dinuclear gold(l) complexes such as 2 possess rich
optical and redox properties which make them powerful
photocatalysts.’® It is intriguing and worth to explore how
confinement in supramolecular cages affects the behaviour of
such systems and if confinement enables to extend the field to
unsupported dinuclear gold(l) complexes.

confinement in a
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The data supporting this article have been included as part of the Supplementary Information.
Supplementary crystallographic data for H (2427801), GG@H (2427802) and 2@H (2427803)
can be obtained from the Cambridge Crystallographic Data Centre (CCDC) and can be accessed
via the following URL: [https://www.ccdc.cam.ac.uk/structures]. The processed structural
data files for the cages ([C4(SiPh)s]®-, Raymond’s cage and H) and gold complexes (G, GG and
1-4) along with the calculated cavity sizes are available on Zenodo via the following URL:
[https://zenodo.org/uploads/14795286?token=eylhbGciOiJlUzUxMi)9.ey)pZCl6ImQwNzEzY
MMzLTYYZGYtNGES5ZS1iNmESLWFjMTAONjBkZDhjYylsImRhdGEiOnt9LClyYW5kb20iOilzZNDM
zZMDk3YzBjM2M1ZjRIYmNIMzYONTg5ZDIhN2VIYiJ9.LaRglgwTTYkhreY2TYmoUKECTCgAMT9s9
ovgELOOPhfWh9SUUca3ioRtMjKYoIDMLR8TtMi6az4hQhSXa5Rg7w].
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