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Multinuclear Ag Clusters Sandwiched by Pt Complex Units: Fluxional

Behavior and Chiral-at-Cluster Photoluminescence
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Guido H. Clever, and Keisuke Umakoshi*

Abstract: Multinuclear Ag clusters sandwiched by Pt
complex units were synthesized and characterized by single
crystal X-ray diffraction and NMR studies. The sandwich-
shaped multinuclear Ag complexes showed two different
types of fluxional behavior in solution: rapid slippage of Pt
complex units on the Ags core and a reversible
demetalation—metalation reaction by the treatment with CI
anion and Ag ion, respectively. The Ag, complex obtained
by demetalation reaction from the Ags complex displayed U
to Z isomerization. These multinuclear Ag complexes
showed strong photoluminescence whose properties
depended on the existence of Pt—Ag dative bonds. The Ag;s
complex, identified to be “chiral-at-cluster”, was optically
resolved by the formation of a diastereomeric salt with a
chiral anion. The enantiomers show circular dichroism
(CD) and circularly polarized Iluminescence (CPL)
properties which is unprecedented for compounds based on
a chiral sandwich structure. Theoretical calculations allow
to understand their structural features and photophysical
properties.

Introduction

Multinuclear sandwich complexes, originating from
extending the structural basis of the organometallic classic
ferrocene (CsHs):Fe, have been intensively studied because
of their fascinating structures and properties (Figure 1a).["?]
Such sandwich structures, which are generally symmetrical
to the mirror plane defined by the sandwiched metal atoms,
are stabilized by multiple metal-metal bonds and concerted
coordination from their face-capping ligands. They often
show fluxional behavior, such as dynamic rotation of the
ligands,['& b 14 1 reversible metalation—demetalation
sequences,!'> 14 and translocation of metal clusters,!!® & 1]
which represents a new horizon in cluster and materials
chemistry. However, to the best of our knowledge, chiral
multinuclear sandwich structures have not been reported.

Coinage d'° metal ions (Cul, Ag!, Au') show strong
metallophilic interactions to form metal clusters in the
presence of suitable organic and inorganic ligands.” 31 In
particular, pyrazolate ligands (pz) can bind three metal ions
as side-capping ligands to give triangular M3 complexes
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which show interesting luminescence properties.[*l These
triangular M3 complexes also provide a suitable platform to
construct supramolecular 1D stacked structures in the solid
state,’¥ owing to the strong n—acidic/basic nature of the M;
cores.[®

These structural motifs motivated us to construct new
types of sandwich-shaped multinuclear chiral complexes
consisting of a coinage metal M3 core and achiral face-
capping ligands. We have reported a rare example of a
square-planar Pt"" complex characterized as "chiral-at-metal"
by using an achiral C"N chelating ligand.[! We now extend
this to "chiral-at-cluster" compounds, a concept that is
arising from dissymmetry at a cluster core. When we
employed phenyl-N-heterocyclic carbene (Ph-NHC) as a
chelating ligand, followed by our synthetic procedure for
heteropolynuclear metal complexes,®! we have succeeded in
the synthesis of sandwich-shaped multinuclear Ag
complexes showing remarkable fluxional behavior and
photoluminescence (Figure 1b). Very interestingly, these
complexes have neither an inversion center nor a mirror
plane in their complex cations, implying chirality. Herein
we report the synthesis, characterization, and
photoluminescence properties of multinuclear Ag clusters
sandwiched by two Pt complex units. Multipoint
coordination between Ag; cluster and Pt complex units
endows them with a remarkable stability, enabling us to
separate their enantiomers by formation of diastereomeric
salts with a chiral anion. The chiral sandwich complexes
allow us to observe chiroptical properties based on the
sandwich structure for the first time.

a)

Murahashi et al., 2006 Sun et al., 2015 This work

"
3-
_‘_ @ _\ N/er /N/N\'j\
S Pt — )
Sb'—sb o 7 /N
| Ag-
Pd” | aul \,9 Ag
N AU = Ay A -l
Cl— Pd ==pg _ T g N
cl I o 1 @P‘\N
Sb'—1Sb N SN
<\—N~,P AN
T

The Pdj cluster between
two organic ligands

The Augj cluster between
two inorganic ligands

The Agg cluster between
two Pt complex ligands

b) Ligand slippage

+Q

Optical resolution and circularly polarized luminescence
JJ) o (@’




Figure 1. a) Sandwich-shaped metal clusters. b) Fluxional behavior and chiral-
at-cluster photoluminescence of the sandwich-shaped Ags cluster.

Results and Discussion

Sandwich-shaped multinuclear Ags complex [2a]BF4
was prepared in a one step reaction from mononuclear Pt
complex [1a]Cl with AgBF4 (2.5 eq.) in the presence of base
(Figure 2). The formation of [2a]BFs was confirmed by
elemental analysis and electro-spray ionization (ESI) mass
spectrometry, whose signal was observed at m/z 1465.6,
corresponding to [2a]*. The molecular structure of [2a]BF4
was undoubtedly revealed by single crystal X-ray analysis.
A yellow crystal of [2a]BF4 was obtained from CH,Cly/n-
pentane solution. The structure of [2a]BFs shows that the
Ags core is sandwiched between two Pt complex units. All
Ag ions form a linear coordination geometry (Figure 2b).
The intramolecular Ag--Ag distances in [2a]" (Agl--Ag3:
3.0099(9), Ag2---Ag3: 3.0144(10) and Agl--Ag2: 3.2906(9)
A) are considerably shorter than those of trinuclear Ag(I)
pyrazolato complexes (3.296-3.702 A),# suggesting that
the Ag ions in [2a]BF4 strongly adhere to each other via
argentophilic interactions.’®! One Ag(I) ion (Ag3) was
found to be coordinated by two pyrazolato ligands, whereas
the other two Ag(I) ions (Agl and Ag2) are supported by the
coordination of two Pt complex units, that is, pyrazolato
ligands, dative bonds from Pt atoms (Ptl---Agl: 2.8400(7),
Ptl---Ag2: 3.0774(8), Pt2---Agl: 3.1372(8), and Pt2--Ag2:
2.8187(8) A) and m-coordination of a phenyl moiety (Ag—n
interaction). These interactions seem to concertedly stabilize
the multinuclear sandwich framework. The flexibility
arising from the multiple-point coordination modes of Agl
and Ag2 probably contribute to the observed shrinking of
the Ags core sandwiched by the two Pt complex units. It is
noted that the structure of the Pt,Ags framework in [2a]* is
considerably differing from a similar PtAgs systems
containing phenylpyridinato (ppy) and rollover bipyridinato
(bpy*) chelating ligands as reported in our previous
paper.[8®34 There, those structures contained one Ag(I) ion
trapped by two dative bonds from Pt metal centers and two
Ag(I) ions coordinated by two pyrazolato ligands (Figure
S19).
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Figure 2. a) Synthesis of multinuclear Ags sandwich complex [2a]BFs and b)
X-ray structure of [2a]" with the atom numbering scheme (50% probability
ellipsoids): (left) side view, (right) viewed along the PtesPt axis. Hydrogen
atoms and the BF4 anion are omitted for clarity.

Interestingly, the Ags sandwich complex showed
remarkable fluxional behavior in solution, though multiple-
point coordination of the two Pt complex units toward the
Ags core were observed in the crystalline state. The 'H
NMR spectrum of [2a]BF4 recorded in CDCl3 (30 mM)
showed one set of signals (coalescence) at 30 °C, which
clearly split into two sets of signals at =50 °C (Figure 3). A
variable temperature (VT) Pt NMR spectrum also showed
one doublet at —3247 ppm ({J('Pt-1071Ag) = 480 Hz) at
30 °C and two doublets at —3275 ppm (LJ(1*°Pt-1910Ag) =
528 Hz) and 3279 ppm (‘J('*°Pt-'9719Ag) = 682 Hz) at —
50 °C (Figure S20). These results indicate that
intramolecular isomerization of [2a]" took place in solution,
as also supported by the 2D 'H-'H EXchange SpectroscopY
(EXSY) experiments recorded at —50 °C (Figure S22).

Since several attempts to obtain single crystals of the
stereoisomer, [2a’]" (Figure 3a), were not successful, the
structure of [2a’]" was characterized by NMR spectroscopy
at low temperature. As compared with the signal at 6.23
ppm, assigned to the phenyl moieties’ ortho-proton (relative
to the Pt(Il) ion; marked with “a”) of the Ph-NHC ligand in
[1a]", the corresponding signals of the PtAgs complex at —
50 °C significantly shifted, as they were observed at 5.67
(A8 = -0.6 ppm) and 6.87 ppm (Ad = +0.6 ppm),
respectively (Figure 3c, d). According to our previous
studies concerning the formation of Pt;Ag; complexes, the
signal of the ortho-proton “a” showed a large up-field shift
after formation of a PtyAgs framework in which one of the
three Ag(I) ions was trapped by two Pt—Ag dative bonds
and the remaining two Ag(I) ions were coordinated by two
pyrazolato ligands, respectively (Figure S19).8>% These
results suggest that the signal observed at 5.67 ppm can be
assigned to the ortho-proton of [2a’]", and thus the low
magnetic field side signal at 6.87 ppm can be assigned to
[2a]*, whose structure was clearly determined by X-ray
crystallographic analysis in this study (Figure 2). Thus, [2a]"



showed a rapid twisting motion of the coordination plane on
the Ags core to form the structural isomer [2a’]" in solution.
Similar down-field shift in a '"H NMR spectrum was also
observed for the m-coordination of a carbon-carbon double
bond to an acidic Ag(I) ion."!
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Figure 3. a) Schematic representation of the isomerization between [2a]* and
[2a’]*. b-d) "H NMR spectra (400 M Hz, CDCls) of the Ags sandwich complex
recorded at b) 303 K and c¢) 223 K, and d) mononuclear Pt complex [1a]Cl at
303 K.

Notably, according to the integral ratio determined from
the 'H NMR spectrum, the ratio of structural isomers in the
Ags sandwich complex is [2a]":[2a’]" = 2:1 at —50 °C,
indicating that [2a]" is 1.3 kJ/mol more stable
thermodynamically than [2a’]" at —50 °C (Figure 3c). The
different coordination modes of the Pt complex units toward
the Ags core affect the thermodynamic stability of each
isomer of the sandwich complex in solution. The kinetic and
activation parameters for the isomerization between [2a]*
and [2a’]" were estimated by line-shape and Eyring analyses
(AH* = 53.5 £ 1.0 kJ mol!, AS* = 3.8 £ 3.7 ] mol! K},
Figures S39-40, Table S1). These parameters clearly
explain that the isomerization is an enthalpy-controlled
process in a unimolecular fashion. The high activation
enthalpy (AHY) stems from the multiple bond
recombinations between the Ags core and Pt complex units
during the isomerization.

The flexibility of [2a]BFs4 in the solid state was
examined by !*C cross-polarization/magic angle spinning
(CP/MAS) NMR measurements. The *C CP/MAS NMR
spectrum of single crystals of [2a]BF4 showed two sets of
signals corresponding to the Pt complexes units (Figure
S23). Considering the structure of [2a]" with C; symmetry
due to the nonequivalence of the Pt complex units in the
crystalline state, the observation of two sets of signals in the
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BC CP/MAS NMR spectrum indicates that the
isomerization between [2a]" and [2a’]" is suppressed in the
crystalline state. The close packing of the complex salt in
the solid thus seems to suppress the fluxional nature of [2a]".

The fluxionality of the Ags cluster in solution strongly
depends on the steric bulkiness of the bridging pyrazolato
ligands and electronic nature of the chelating ligand on the
Pt complex units. When sterically demanding 3,5-diphenyl-
prazolato (Phypz) ligands were introduced to the sandwich-
shaped Ags cluster instead of 3,5-dimethylprazolato (Mexpz)
ligands, a corresponding Pt,Ags; complex [2b]BF4 was
formed in a similar synthetic manner, whose structure was
mostly identical to that of [2a]BFs, as confirmed by X-ray
crystallographic analysis (Figure S54). However, the 'H
NMR spectrum of [2b]" did not change significantly at
elevated temperatures, indicating that the PtoAgs complex
having Phypz bridging ligands did not show the
isomerization as observed for [2a]" (Figure S30). The bulky
phenyl groups on the pyrazolato ligands may sterically
control the rigidity of the Pt;Ag; framework and prevent
bond recombinations between the Ags core and the Pt
complex units, resulting in the effective inhibition of the
thermal slippage of Pt complex units on the Ags core. The
Pt;Ags complex having ppy chelating ligands and Me;pz
bridging ligands, which was reported in our previous
paper,'® also did not show similar structural isomerization
as confirmed by the VT NMR study (Figure S19).

Computational studies revealed the origin of the
fluxional nature of [2a’]", leading to the formation of
structural isomer [2a]". The Mayer bond indices of the
Meypz bridged Pt,Ags complexes, whose structures were
optimized by DFT calculations, showed that both the
Pt—Ag dative and Ag—C(ipso) bonds in the Ph-NHC
complex [2a’]" are weaker than those of ppy analogue
(Table S24).[' These results suggest that the weak m-acidic
nature of the NHC moiety in [2a’]" effectively weakens the
Pt—Ag dative bond and m-coordination ability of the ipso-
carbon atom, endowing the flexibility in the Ag; core.['!]
The comparable Ag-Ag bonding nature in [2a’]" also
contributed to bring out the stability and the fluxional nature
of the Ags core, as compared with the ppy system.

The Ags core showed a reversible demetalation—
metalation reactivity. Multinuclear Ags sandwich complex
[2a]BF4 reacted with Cl anion to afford the corresponding
Ag, sandwich complex 3a in 50% isolated yield, whose
structure was clearly revealed by X-ray crystallographic
analysis (Figure 4). The Ag, cluster was supported by only
pyrazolato ligands and argentophilic interaction between the
Ag ions (Agl--Ag2: 2.9384(6) A), forming U-shaped
Pt,Ag; structure 3au.['> 131 The Pt NMR spectrum showed
a sharp singlet signal at —3727 ppm, indicating that the Pt—
Ag interactions were negligible in the Ag structure (Figure
S37). The Pt,Ag, framework can subsequently incorporate a
Ag(I) ion within the U-shaped cavity to regenerate [2a]
quantitatively (Figure S41).



[2a]BF,

Figure 4. Reversible metalation—demetalation reactivities of the multinuclear
sandwich complexes and X-ray structure of 3au with the atom numbering
scheme (50% probability ellipsoids). Hydrogen atoms are omitted for clarity.

Considering the metalation process of 3a, the U-shaped
Pt:Ag, complex 3au seems to be a reaction intermediate in
the formation of the sandwich-type Ag;s cluster from [1a]Cl
(Figure 2). Thus, we carefully monitored the reaction of
[1a]Cl with Ag(I) ions (AgBF4, 2 eq.) in the presence of
NEts. Although the PtAg, complex 3a exists as a mixture of
U- and Z-shaped isomers in solution (vide infia), the 'H
NMR spectrum of the reaction mixture interestingly showed
that it contained [1a]" and [2a]" in a 1:1 ratio rather than the
PtbAgy complex (Figure S42). Additionally, when a Ag(I)
ion was added to the mixture of Pt complex [1a]BF; and
Pt,Ags complex 3a in a 1:1 ratio in the presence of NEts, the
Ag(l) ion smoothly reacted with 3a to afford the PtyAgs
complex [2a]" without consuming [1a]* (Figure S43). These
observations revealed that the reactivity of the PthAg:
complex toward Ag(I) ion is much higher than that of the
mononuclear Pt complex, and this is the reason why the
reaction of 1a with Ag(I) ion gave 3a directly. This is one of
the rare examples of a host-guest complex which
encapsulates an additional Ag(I) ion in its cavity.['

The sandwich Ag, complex 3au also showed a fluxional
behavior whose type is different from that of [2a]" in
solution. When single crystals of the U-shaped Pt:Ag»
complex 3au were dissolved in CDCI3, new sets of signals
appeared and their intensities gradually increased in the 'H
NMR spectrum, suggesting the occurrence of U to Z
isomerization of the PtyAg, complex (Figure S44).18 341 The
isomerization reached U : Z = 1:1 ratio in a thermodynamic
equilibrium state within 1 h even in highly diluted solution
(60 pM), showing that the reaction rate of the U to Z
isomerization of the neutral PtAg, complex 3avu is faster
than that of the cationic Pt;Ag, complex having pyridyl-
NHC chelating ligands."®! Although the reaction mechanism
of the U to Z isomerization is still unclear, this isomerization
might proceed in an intermolecular fashion and the rate
acceleration might originate from the fluxionality of the
sandwich framework featuring Ph-NHC chelating ligands
and no charge of the complex: hence, the neutral Pt,Ag,
complexes having Ph-NHC chelating ligands can easily
access each other to undergo rapid intermolecular
pyrazolate—Ag—pyrazolate bond recombination, while the
dicationic Pt2Ag> complexes having pyridyl-NHC chelating
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ligands are electrostatically more repulsive as shown in our
previous study.[!
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Figure 5. a) Absorption spectra (in CHzClz, r.t.) and b) emission spectra in the
crystalline states (Zex = 355 nm).

We next investigated the photophysical properties of the
sandwich complexes as metal-metal interactions were
expected to contribute significantly (Figure 5).['51 The Pt
complex unit [1a]" in CH,Cl; solution (10 uM) showed the
lowest energy absorption band at 315 nm ascribed to the
ligand-to-metal charge-transfer (LMCT) [n(Ph-NHC) — Pt]
transitions mixed with the intraligand charge transfer (ILCT)
[t(Ph-NHC) — ©#(Ph-NHC)] transitions and d-d transitions,
as revealed by TD-DFT calculations (Tables S8—S10, Figure
S56). After formation of the Ags sandwich structure, the
absorption band red-shifted to 400 nm,['*! owing to the
formation of Pt—Ag dative bonds (metal-metal interactions).
The TD-DFT calculations for [2a]* clearly showed that the
molecular orbitals around the Ags cluster contributed to the
electronic transitions in addition to the original transitions of
the Pt complex units. The lowest energy absorption bands
of [2a]" can be mainly assigned to the charge transfer
transition from the Meypz bridging ligand to the PtoAgs(Ph-
NHC), moiety, a LMM'L'CT [Meypz — Pt/Ag/n*(Ph-
NHC)] transition, which is similar to the assignment for
Pt,Ags complex having ppy chelating ligands (Tables S11—
S13, Figure S57).%1 After formation of the Ag, sandwich
structure by demetalation of the Ag; complex, the lowest
energy absorption bands were blue-shifted owing to the
disappearance of Pt—Ag dative bonds. The TD-DFT
calculations for 3au also supported that the atomic orbitals
around Ag ions participated little in the electronic transitions
regarding the lowest energy absorption band, which can be
mainly assigned to the combination of the ligand-to-ligand
charge-transfer (LL'CT) [Me;pz — n*(Ph-NHC)], metal-to-
ligand charge-transfer (MLCT) [Pt — n*(Ph-NHC)] and
ILCT [n(Ph-NHC) — m*(Ph-NHC)] transitions (Table S20—
S22, Figure S60). Thus, the photophysical properties of the
sandwich-type multinuclear Ag complexes depend on the
presence of Pt—Ag dative bonds, which is also obvious in
their emission properties (Figure 6).
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Figure 6. Energy diagram showing the energy values of the frontier Kohn—Sham molecular orbitals of [1a]*, [2a]*, [2b]*, and 3au in gas phase. HOMOs and

LUMOs of the complexes are also displayed (isovalue = 0.04).

The sandwich complexes showed intense photo-
luminescence in the crystalline state (Figure 5b, Table S3).
Single crystals of Ags sandwich complex [2a]BF4 showed a
broad emission spectrum (Amex = 517 nm, @ = 46%),
whereas the Ag, sandwich complex 3au displayed a
structured one (Amax = 457 nm, @ = 22%) similarly to that
of Pt complex unit [1a]Cl (Amax = 450 nm, @= 72%). Time-
resolved lifetime measurements revealed that the emission
lifetimes of sandwich complexes [2a]" and 3au were
comparable to each other in the microsecond regime,
indicating that the emissions originated from their triplet
states  (phosphorescence). It is noted that the
photoluminescence  properties of the mixture of
stereoisomers of Pt,Ags complex, [2a]BF, and [2a’]BF4, in
the solid state were almost identical to that of the crystalline
sample of pure [2a]BF; (Figure S49). It suggests that the
coordination mode between the Ags core and the Pt complex
units does not affect their photophysical properties,
significantly. The emission intensities of Pt,Ag; and Pt,Ag,
complexes drastically decrease in solution owing to the
fluxional behavior of the sandwich-shaped multinuclear Ag
clusters (Table S2). In particular, the more sterically
hindered sandwich complex [2b]BF4 showed a brighter
luminescence (Amax = 529 nm, @ = 12%) than the flexible
sandwich complex [2a]BF4 (Anax = 529 nm, @ = 3%) in
solution (Table S2, Figure S47b).
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Figure 7. a) Schematic representation of the enantiomeric salts [2bg][4s] and
[2bs][4r]. b) Circular dichroism (CD) spectra (10 uM, CH2Clz, r.t.) of
enantiomerically pure Ags sandwich complexes [2b][4] ([2br][4s] and [2bs][4r],
solid line) and the chiral BINOL salt ["BusN][4] (broken line). c) Circularly
polarized luminescence (CPL) spectra (75 uM, CH2Clz, Aex = 350 nm) of [2b][4]
after optical resolution.

The Pt complex units exhibit planar chirality after
construction of the sandwich structure,l'’”! resulting in the
generation of dissymmetry at the Pt,Ags cluster. In
particular, as the slippage of Pt complex unit in [2a]BF4
proceeded via an intramolecular fashion even at elevated
temperature, owing to the multipoint coordination between
the Ags core and the Pt complex units, the absolute
configurations of the sandwich structures would maintain
and not show racemization in solution. Thus 'H NMR
signals of the metal cluster split into two sets of signals by
addition of chiral anions, owing to the formation of
diastereomeric salts (Figure S46). Because solubility of the
diastereomeric salts differs, the diastereomerically pure



Pt,Ags complexes (based on the 'H NMR spectrum) were
slowly precipitated as a powder by a diffusion of hexane
vapor into the acetone solution of [2b]BF, in the presence of
5 equivalents of sodium bis-(S)- and (R)-BINOL borate
(Na[4s] and Na[4r]) as chiral anion, respectively (Figure
S45).[1811 The circular dichroism (CD) spectra recorded for
solutions of both enantiomeric salts in CHxCl, clearly
showed Cotton effects originated from the chiral Ag;
complex at 387 and 430 nm (Figure 7a,b). The absolute
configurations of the PtoAgs complex cations in the isolated
diastereomers could be proposed on the basis of TD-DFT
calculations of electronic circular dichroism (ECD) spectra,
suggesting that the isolated diastereomers were [2br][4s]
and [2bs][4r], respectively (Figure S61).

The optical resolution of the sandwich-shaped Ag;
cluster enabled us to conduct a circularly polarized
luminescence (CPL) study.?") The CPL spectra of the
enantiomers in degassed CH,Cl, upon excitation at 350 nm
clearly showed relatively intense opposite polarization of
emitted light for both optically resolved complexes (Figure
7¢). The luminescence of [2br][4s] and [2bs][4&] at 529 nm
show right- and left-handed CPL, respectively, whose
luminescence dissymmetry factor gum was 1.8 x 1073,
Although the gium value is comparable to that of a reported
chiral Ag nano cluster,?!! it should be noted that, to our best
knowledge, this is the first example for observing the CPL
property from multinuclear sandwich-shaped metal
complexes. The multipoint coordination between the Ags
cluster and the Pt complex units provides the required
stability to the Pt;Ags; sandwich structure for allowing
optical resolution.

Conclusion

Herein, we have revealed that multinuclear Ag complexes
sandwiched by two Pt complex units show two different
types of dynamic behavior in solution and remarkable
photoluminescence properties. The Ags complexes feature
rapid thermal slippage of Pt complex units on the Ags core
and reversible metalation—demetalation reactivity. The
photophysical properties were altered by the presence of
Pt—Ag dative bonds. Furthermore, the formation of a
sandwich-shape structure provided planar chirality at the Pt
complex units, allowing the separation of their enantiomeric
salts using a chiral counter anion, which showed circular
dichroism and circularly polarized luminescence. The
origins of these structural and photophysical properties in
the sandwich-shaped multinuclear Ag clusters were revealed
by DFT calculations. These results extend structural
concepts of multinuclear sandwich complexes and give
impulses for the development of novel chiral luminescent

materials based on sandwich-shaped multinuclear
complexes.
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properties from a multinuclear
sandwich complex was achieved after
optical resolution using a chiral anion.
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