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ABSTRACT: A novel synthetic procedure was set up to gain access to platinum coordination cages PtoLa,
which are less investigated compared to their palladium counterparts. This PtolLy nanocage exhibits an ad-
equate cavity for guest encapsulation. Indeed the Au(IIl) metal complex [Au(bdt)e]- (bdt = benzene-1,2-
dithiolate) was successfully captured inside the cavity, in contrast to the analogous palladium cage which
failed to host the gold complex. This result represents a rare example where a metal complex with thiolig-
ands can be encapsulated in a coordination cage. Moreover it highlights the role of the metal center and
the robustness of the platinum cage for host-guest chemistry. This discovery will inspire researchers in this
area to pay more attention to Pt-cages. The host-guest system was fully characterized by NMR techniques
and X-ray crystallographic analysis. Moreover the nature of the host-guest interaction in this unique ex-
ample was investigated and rationalized by DFT computational studies.




B INTRODUCTION

Host-guest chemistry of self-assembled coordination
cages has attracted much attention in the last two
decades.!-6 These cages can now be obtained with
different shapes and display cavities with controlla-
ble sizes.”"!> As a consequence, a wide range of ap-
plications have been investigated including molecu-
lar sensing, chiral separation, drug delivery and
catalytic properties.'6-20 Among these cages, particu-
lar interest has been devoted to the formation of the
M.Ly cage-type.21-26 These architectures display
high symmetry and are capable of encapsulating
guests such as anions or organic molecules but to a
lesser extent metal compounds.?’-39 They are usually
obtained by mixing metal precursors displaying four
available coordination sites and bidentate ligands.
While Pdolls cages have been intensively described,
surprisingly so far only a few platinum analogues
have been reported.3!. 32

Our group have developed a variety of
metallacages of type Moy(L')s based on Co(Il) and
Cu(Il) using a semi-rigid bidentate ligand where L!
= 1,3-bis(benzimidazol-1-ylmethyl)-2,5-dimethoxy-
4,6-dimethylbenzene.33-36 ' We also demonstrated
that these systems are capable of selectively encapsu-
lating weakly coordinated anions such as BFs and
PFs anions.3> However in the presence of strongly
coordinated anions the related coordination poly-
mers were obtained instead, highlighting the lability
of metal-ligand (L) interaction in these metallacag-
es.3*

Subsequently, we shifted our efforts towards
the design of another kind of MoLy metallacage but
using the more rigid pyridine-based ligands.3” The
latter are more strongly bound to the metal centers.
Indeed we demonstrated that the metallacage Pdol.a
successfully accommodates anionic organometallic
species [Pt(NOg)4]% inside the cavity.?? 'H-NMR
studies and DFT calculations allowed us to rational-
ize the nature of non-covalent interactions occurring
between the guest complex and the PdoLs cage. It is
worth mentioning that encapsulating kinetically la-
bile metal complexes inside self-assembled cages is a
difficult task and only few examples have been re-
ported.18. 27,38

B RESULTS AND DISCUSSION

Pursuing our investigations in this area we
sought again to accommodate metal complexes, but
now displaying thio-ligands such as [n-
BusN][Au(bdt)e] (bdt = benzene- 1,2- dithiolate).
This type of molecule is highly challenging because
it contains strongly coordinating sulfur centres and
displays  interesting  magnetic ~and  redox
properties.3?- 490In this paper we report the synthesis
of nanocages of the type Moly (M = Pd, Pt) (Figure

1) and our investigations towards the encapsulation
of a square planar Au(III) guest molecule.

Our first approach was to examine whether
our Pdsl.s cage available in hand, (L = 1,3-
bis(pyridin-3-ylethynyl)-5-methoxybenzene) is ade-
quate to host the gold(III) complex since we demon-
strated that such a metallacage was able to accom-
modate [PtCl4]2- species inside the cavity.3” We rea-
soned that recognition could be enhanced through
electrostatic interactions between the positively
charged Pd(II) cations and the anionic nature of the
guest but also by hydrogen bonding provided by the
endohedral hydrogens of ligand L pointing towards the
interior of the cavity. The host-guest studies were
carried out in
CD3sCN/DMSO-ds (4:1) mixture due to solubility
limitations. Thus, when one equivalent of [n-
BusN][Au(bdt)s] was added to a solution of cage
[Pdo(L)4] [OT1]4 (1a), the 'H NMR spectrum
showed the formation of multiple peaks relative to
the starting material 1a and the appearance of the
free ligand L and unidentified materials (Figure S1).
Further addition of another equivalent of
[Au(bdt)2]~ to the reaction mixture provided L in
equal amount to the metallacage 1a, while addition
of a third equivalent led to the decomposition of the
metallacage and formation of the free ligand L al-
most quantitatively along with free [Au(bdt)2]~ as
well . We reasoned that the analogous Ptol.s cage
should display stronger Pt-ligand interaction and
hence should be more appropriate to study this type
of host-guest interaction with the challenging Au(III)
guest [n-BusN][Au(bdt)s].

Our first step was to find a rational synthetic
approach to this kind of platinum nanocage PtsLa.
Gratifyingly after several attempts we found that
treatment of ligand L with freshly prepared
[PEtCN)4][OTf], precursor in acetonitrile solution
at 80°C for several days afforded the desired
nanocage complex [PtoL4][OT1]4 [1b] in 80% yield
(figure 1).

Figure 1. Schematic representation of the ligand L
and the metallacages [MoL4][OT{]4. M = Pd (1a); M =
Pt (1b).

L M =Pd (1a); M =Pt (1b)



The infrared spectrum of 1b showed the presence of
triflate anions bands at 1256 ¢cm-! and displayed the
alkyne stretching band at 2219 cm-!. Moreover the
integrity of the nanocage [PtoL4][OT1]s (1b) was
demonstrated by electrospray spectrometry, in
which the [PtoL4]*+ fragment with varying numbers
of triflate counterions was observed. The 'H NMR
spectrum of 1b was recorded in CD3CN due to sol-
ubility limitations. The spectrum shows that the co-
ordinated ligands in 1b display a symmetric pattern
close to the free ligand L. A downfield shift relative
to free ligand was observed, particularly for the Ha
and H. protons (Figure S2). Full characterization of
1b is given in the supporting information.

We then investigated the host-guest properties of the
metallacage 1b towards the metal complex guest [n-
BusN][Au(bdt)2] under similar conditions to those
used for the palladium cage [PdoL4][OTH]4 (1a). It is
worth mentioning that examples where a square
metal complex is encapsulated within a metallacage,
especially in the case of a platinum capsule, are lim-
ited 27: 28 and more scarce when the complex dis-
plays thioligands because they are also able to bind
the metal centre.! When the host molecule
[PtoL4] [OTH1]4 (1b) was treated by one equivalent of
the guest complex [#-BusN][Au(bdt)2] in a mixture
of CD3sCN/DMSO-ds (4:1), pronounced chemical
shift changes were observed for the anionic complex
and the cage as well, suggesting the encapsulation of
the guest. For instance the signals attributed to hy-
drogens He and H, for 1b moved from & 9.34 ppm
and 8 9.06 ppm to 6 9.92 ppm and & 9.39 ppm
while the NMR resonances of the aromatic protons
H> and Hj3 for the guest changed from & 7.09 ppm
and 8 6.78 ppm to & 7.21 ppm and 8 6.31 ppm (Fig-
ure 2c, Figure S3). Addition of another equivalent of
guest molecule led to two novel signals at 0 7.09
ppm and & 6.78 ppm, which correspond to the sig-
nals of free Au(IIl) guest (Figure 2d). No changes in
the 'H NMR spectrum occurred in the presence of
an excess of guest molecules. Moreover upon leaving
the solution to stand over time no evolution oc-
curred, suggesting that this host-guest system 1is ki-
netically and thermodynamically stable. These re-
sults contradict completely those obtained for the
analogous and more labile Pdoly metallacage 1a,
highlighting the robust nature of our platinum cage
1b.

We then attempted to isolate the host-guest assem-
bly. Thus, treatment of 1b with excess of [n-
BusN][Au(bdt)2] in CH3CN, afforded a green pre-
cipitate which was isolated and characterized by
NMR spectroscopy in DMSO ('H-, 13C-, 1D and
2D-NMR experiments) as
[Au(bdt)oCPtol4] [Au(bdt)2]s (2). Moreover, the ex-
istence of assembly 2 in solution was confirmed by

electrospray mass spectrometry. The +3 and +2
charge state of the {[Au(bdt)xCPtol4]} and
{[Au(bdt)oCPtoL.4][Au(bdt)2] } fragments appear re-
spectively at m/z = 701.76338 and at m/z =
1291.10670 and were verified by comparison of the
observed and theoretical isotopic patterns (Figure

Figure 2. 'TH NMR host-guest studies with metal-
lacage 1b in the presence of [#-BusN][Au(bdt)2] in
CD3sCN/DMSO-ds (4:1) a) free [#n-BusNJ[Au(bdt)s]
guest b) the cage complex 1b ¢) 1 eq. of [n-
BuiNJAu(bdt)e] d) excess of [rn-BusN][Au(bdt):].
(Hint = H interior Hext = H exterior).
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The '"H-NMR spectrum displayed two series of res-
onances for the Au(Ill) complex : two doublets of
doublets at 6 7.08 ppm and 8 6.80 ppm correspond-
ing to Ho and Hjs protons of free Au(bdt)e molecules
and two other doublets of doublets at 67.13 ppm
and 0 6.34 ppm corresponding to Hs and Hs pro-
tons of encapsulated Au(IIl) complex, respectively in
3/1 ratio. 2D NOESY experiment showed correla-
tion between H. proton of PtolLy host and Hy proton
from [Au(bdt)s]- guest, proving the encapsulation of
the latter. In addition Hy protons which point to the
interior of the cage moved up-field (from & 7.56 ppm
to 8 6.22 ppm) and are perpendicular to the Au(III)
guest since no NOE correlation was observed be-
tween Hy and Ho or Hj. Finally, NOESY spectra
showed exchange between the encapsulated Au(III)
complex and the free [Au(bdt)2]-molecule is occur-
ring (Figure S5). Interestingly the 95Pt-H couplings
are initially visible for complex 1b but disappear just
after guest addition confirming this dynamic ex-
change. As shown in Figure S4 in the supporting in-
formation, both free cage and complexed-cage pro-
tons were seen in the spectrum, during sequential



guest additions, indicating a slow exchange of the BusN][Au(bdt)2] provided crystals adequate for X-

host-guest complex.42 ray structural determination.The solid state structure
was identified stoichiometrically as
[Au(bdt)eCPtoLy] [(Au(bdt)2)2.5(OTt)os] (3) ie. a 1:1
ratio of  [Au(bdt)eCPtoL4][Au(bdt)2]s  and

[(Au(bdt)2CPtoLs] [(Au(bdt)2)2(OTt)]. In all cages the

X-ray structure showed the presence of one encap-

sulated molecule of the anionic [Au(bdt)2]- complex

inside the cavity of Ptol4 cage and the presence of

free [Au(bdt)e]- in accord with the 'H-NMR solu-

tion studies (Figure 4). The Pt—N bond lengths lie

in the range of 2.01-2.03 A. The Pt---Pt distance is

11.880(2) A and the average distance between two

facing phenyl rings is around 10.7 A so that the cavi-

ty size is comparable to that observed for cage 1a.37

The anionic [Au(bdt)e]- guest is located inside the

cavity and adopts a perpendicular orientation rela-

tive to planes containing the square platinum cen-

Figure 3. Experimental and theoretical isotope distri- ters. The three metal centers Pt---Au---Pt are not

bution of a) {[Au(bdt)oCPtoL4] } and D) perfectly aligned, and the Pt---Au distances are

{[Au(bdt)oCPtoL4] [Au(bdt)2] } 5.962(1) and 5.999(1) A, precluding any direct met-

Intens. S— al-metal interaction. However, the guest interacts

w0 with the frame of the cage via hydrogen bonding in-

15 teractions between each sulfur atom of the

a) S—— Measured [Au(bdt)2]- and two ortho aromatic protons from two

10 - different coordinated pyridines. Indeed, the C---S

S and H---S distances lie respectively in the range of

05 3.65-3.89 A and 2.76-2.99 A, with C-H---S bond

oL 70376608 angles of ca. 139 to 171°. These values are compa-

T s rable to those reported for complexes displaying C-

X H---S bonding interactions.#? On the other hand the

structure reveals the presence of other anionic mole-

cules [Au(bdt)e]- located outside the assembly, but

70209537 705 43028 Calculated stacking perfectly over the platinum centres of the

10% cage (Figure 3). The Au---Pt distances are 4.626 (1)

T and 4.698 (1) A, larger than the sum of van der

70176129 704.09797 Waals radii (373 A) precluding any metal—metal
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To shed light on the nature of the host-guest interac-
tions in the supramolecular assembly, properties of
the host-guest complex were calculated by density
functional theory (DIFT), using both the B3LYP-
D345-47 and MO06%8 methods, and several basis sets
for comparison.*9-53 Additional details are provided
in the Supplemental Information.

The gas-phase host-guest complexation energies
were calculated to be quite similar among the differ-
ent basis sets and DFT methods, suggesting that the-
se methods are adequate for estimating the energet-
ics. The interior gold guest is predicted to be more
strongly bound than the exterior guest, by 12—18
kcal/mol in the absence of dispersion and by 42—
47 kcal/mol when dispersion is included. This
makes sense, given that the interior guest has more
near-atom interactions available and also the possi-
bility of m-stacking interactions between the central
methoxyphenyl ring of each arm and the phenyl
rings of the guest. Furthermore, the overall binding
energy of the two guests with the host is greater than
the sum of the individual binding energies, indicat-
ing that each guest activates the host towards accept-
ing a second guest. The donor-acceptor interaction
energies, including charge-transfer contributions,
were estimated by NBO analysis. For both the inte-
rior and exterior guests, the dominant contribution
arises from the guest acting as a donor to the organic
component of the host cage. The Pt atoms are too
distant from the guest molecules for any metal-metal
host-guest interaction to account for more than
about a quarter of the total binding energy. Looking
specifically for Pt-Au interactions, we find that in the
case of the exterior guest, most of the energy contri-
bution involving the neighbouring Pt atom is as-
cribed to direct Pt-Au interaction, whereas for the

interior guest the Pt atoms interact roughly equally
with the Au atom and with the associated S atoms.
In either case, however, Pt-Au bonding appears to
be a small contribution to the stabilization of these
guests. Instead, most of the donor-acceptor stabili-
zation is provided by the nearest-neighbour interac-
tions, especially the electropositive hydrogen atoms
on the host aryl groups as the acceptors and the
guest sulfur atoms and aryl carbons as donors. This
is consistent in part with the NBO orbital analysis,
which is further discussed in the SI. Unfortunately, a
full-scale energy decomposition analysis is prohibi-
tive for a system of this size. However, the present
DFT calculations strongly indicate that both guest
molecules are stabilized by a combination of disper-
sion, donor-acceptor interaction, and electrostatics.
The interior guest appears to be stabilized largely by
the dispersion interaction, whereas electrostatic in-
teractions may play a larger role in stabilizing the
exterior guest. Overall, the interior guest is predict-
ed to be more strongly bound to the cage by roughly
40—>50 kcal/mol.

B CONCLUDING REMARKS

In this work we have investigated the encapsulation
of square planar gold complex [#-BusN][Au(bdt)s]
containing thioligands using metallacages of type
M.Ls M = Pd (1a), M = Pt (1b). The latter was pre-
pared using a novel synthetic procedure. While the
PdoLy cage decomposed in the presence of the guest
molecule [Au(bdt)z]-, in stark contrast the platinum
cage successfully accommodated an anionic square
planar gold(Ill) complex as demonstrated by NMR
techniques (2D NOESY). This result constitutes a
rare example in the literature. Furthermore, single
crystal X-ray diffraction studies confirm the pres-
ence of the gold guest inside the cavity stabilised
through hydrogen-bonding with the ligands of the
cage Pt;L4. The X-ray structure also revealed the
presence of a weak interaction between the platinum
centre of the assembly and another anionic gold
complex located outside the cavity. DFT calcula-
tions have been advanced to rationalize the nature
of host-guest interactions in this rare and unique as-
sembly

B EXPERIMENTAL SECTION

General synthetic methods

All solvents used were reagent grade or better.
Commercially available reagents were used as re-
ceived. The ligand L, the solvated platinum building
block  [PtEtCN)4][OTf]2, and the  gold—
bis(dithiolene) complex were prepared according to
published methods.*0. 5455 All experimental manipu-
lations were carried out under argon using Schlenk
techniques. IR spectra were recorded on a Bruker



Tensor 27 (Bruker Corp., Rheinstetten, Germany)
equipped with a Harrick ATR. Elemental analyses
were performed at the Microanalytical Laboratory
of the Sorbonne-université. Positive ESI mass spec-
tra were obtained using a triple quadruple mass
spectrometer (Quattro II Micromass, Waters, UK).
Automatic data acquisition was processed using the
software Masslynx V4.0. NMR experiments were
carried out on a Bruker Avance II 300 MHz, or
Bruker Neo 500 MHz spectrometers operating at
300 K with chemical shifts referenced to residual
solvent peaks. Chemical shifts are reported as parts
per million (ppm) and coupling constants (J) in hertz
(Hz). Standard abbreviations indicating multiplicity

were used as follows: m = multiplet; t = triplet; d =
doublet; s = singlet and b = broad.

Synthesis of [PtL4][OTf]4 (1b)

To an oven dried Schlenk flask equipped with a
magnetic stirrer was added [Pt(EtCN)4][OTH]4 (126
mg, 0.176 mmol, 1 equiv.), 5-Methoxy-1,3-
bis(pyridin-3-ylethynyl)benzene (L) (140 mg, 0,451
mmol, 2 equiv.) which were solubilized in argon-
degassed MeCN (30 ml) freshly distilled over CaHoy.
The solution was heated to reflux and maintained
under argon with stirring for four days at 80°C. The
solution was then allowed to cool at room tempera-
ture and concentrated under vacuum to 3 ml. The
mixture was precipitated by slow addition of freshly
distilled and degassed diethylether (20 ml). The
white solid was filtered using a filtrating cannula,
washed three times with diethylether (10 ml) and re-
crystallized from a mixture of CHyCly,
DMSO/EtO. Dried under vacuum to afford the
desired product as air-stable white solid. 170 mg (86
%o).

'H NMR (300 MHz, CD3CN, 298K): 8 9.34 (s, 8H,
H.); 9.06 (dd, 8H, J=6.0, 0.5 Hz, H,); 8.05 (dt, 8H,
J=9.0, 0.5 Hz, H,); 7.61 (ddd, 8H, ]J=9.0, 6.0,
0.5Hz, Hy); 7.56 (t, 4H, J=1.3Hz, Hy); 7.24 (d, 8H,
J=1.3Hz, H;), 3.82(s, 12H, OMe). IR (KBr): (v,
cm™l) v(C=C) = 2219, v(CG-F) =1256, v(S=0)
=1231, v(S-O) =1029.ES-MS (m/z): [PtoL4]**:
407.59; found: 407.84, [PtaL4(CF3S03)]3+: 593.10;
found: 593.84, [PtoL4(CF3S0Os3)]2+: 964.13; found:
964.63; Anal. caled for
[PtoL4] [OTH]+. DMSO.CH2Clo: C 45.72, H 2.70, N
4.69; Found: C 45.90, H 1.93, N 4.71.

Synthesis of [(Au(bdt):CPt:L4] [Au(bdt)2]3 (2)

[7-BusN][Au(bdt)e] (40 mg, 0.056 mmol) was add-
ed to a solution of [PtL4][OTf]s (31 mg, 0.014
mmol) in CH3CN (5 mL). The solution was stirred
at room temperature for 30 min, during which time
a green precipitate formed. The solid was collected
by filtration, washed with diethyl ether (3 X 5 mL),
and dried under vacuum: 42 mg of green solid
(87%); This metallacage was isolated and character-
ized as [Au(bdt)eCPto(L)4][Au(bdt)e]s  :'H NMR
(500 MHz, DMSO-ds): 6 9.88 (s, 8H, H.), 9.45 (d, ¥
= 6.0 Hz, 8H, H.), 8.23 (dt, ¥ = 7.9 Hz, ¥ = 1.4 Hz,
8H, H.), 7.87 (dd, ¥ = 7.9 Hz, ¥ = 6.0 Hz, 8H, Hy,),
7.13 (dd, ¥ = 5.9 Hz, ¥ = 3.1 Hz, 4H, Hoin), 7.08
(dd, #=5.9Hz, ¥ = 3.2 Hz, 12H, Hoex), 7.02 (d, 7 =
1.2 Hz, 8H, H;), 6.80 (dd, 7 = 5.9 Hz, ¥ = 3.2 Hz,
12H, Hsex), 6.34 (dd, 7 = 5.9 Hz, 7 = 3.1 Hz, 4H,
Hsing), 6.22 (t, ¥ = 1.2 Hz, 4H, Hy), 3.72 (s, 12H,
OMe).). BC-NMR (CDCls, 125 MHz): 8 = 158.8
(Gy), 154.4 (Ce), 151.1 (Cy), 143.3 (Co), 141.7 (Ciexy),
128.3 (Cainy), 128.1 (Cp), 128.0 (Caexr), 126.9 (Cy),
123.8 (Csing), 123.3 (Csext and Ca), 122.4 (Ch), 118.3
(Gi), 94.4 (Cy), 83.9 (Cy), 55.7 (Cy). ES-HRMS (m/z):
[LaPto(Au(bdt)e)]3* : 701.76129; found : 701.76338,
[LaPto(Au(bdt)2)2]?* : 1291.10093; found :
1291.10670. All attempts to obtain crystals of this
compound were unsuccessful.

X-ray crystal structure of
[Au(bdt)2CPt:L4] [Au(bdt)2]2.5(0THf)o.5 (3)

Diffusion of diethyl ether into acetonitrile/DMSO
(4:1) solution of 1b in the presence of excess [n-
BusN][Au(bdt)2] provided suitable crystals. A single
crystal was selected, mounted and transferred into a
cold nitrogen gas stream. Intensity data was collect-
ed with a Bruker Kappa-APEX2 system using fine-
focus sealed tube Mo-Ka radiation. Unit-cell pa-
rameters determination, data collection strategy, in-
tegration and absorption correction were carried out
with the Bruker APEX2 suite of programs. The
structure was solved with SHELXT-20145% and re-
fined anisotropically by full-matrix least-squares
methods with SHELXI.-20145% using the WinGX
suite.5”  Significant electron density remains near
gold and platinum atoms despite our repeated at-
tempts at improving absorption correction. The
crystal contains severely disordered and partially
missing molecules of volatile solvent (diethyl ether,
dimethyl sulfoxide and/or acetonitrile). PLATON
SQUEEZES®  was used for the final refinement cy-
cles to account for the resulting voids. The structure
was deposited at the Gambridge Crystallographic
Data Centre with number CCDC 1841449 and can

be obtained free of charge via www.ccdc.cam.ac.uk.
Crystal data for 3

Yellow plate, Cisas Hios Auss Fi5 Ng O75 Pta Sias,
triclinic P -1, a = 12.8265(9) A, b = 21.1589(15) A, c



=27.9767(21) A, a = 107.374(3)°, B = 94.244(3)°, y
=98.877(2)°, V = 7101.2(9) A3, Z = 4, T= 200(1) K,
A =0.71073 A, p = 5.834 mm-!, min / max trans-
mission = 0.24 / 0.90, 6 range = 0.77° to 30.55°,
209447 reflections measured, 43422 independent
(Rinc = 0.0384), 30862 observed [I>20(I)], com-
pleteness = 0.997, 1661 parameters, 334 restraints,
final R indices R1 [I>20(I)] = 0.0643 and wR2 (all
data) = 0.1750, GOF on IF?2 = 1.054, largest differ-
ence peak / hole = 7.82 / -6.15 e.A-3.
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SYNOPSIS TOC. A novel platinum-based metallacage PtzL.s has been designed and self-assembled. This nanocage

displays a cavity for guest encapsulation. Indeed the Au(IIl) metal complex [Au(bdt)2]- (bdt = benzene-1,2-dithiolate)
was successfully captured inside the cavity of the Ptoly and in contrast to that observed for the analogous Pdsly

metallacage.

ENCAPSULATION ENCAPSULATION
S S
ST V4 “Au_
S LT
NO /O YES
M = Pd (1a) \" M = Pt (1b)
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