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ABSTRACT: We studied a series of dynamic weak-link approach
(WLA) complexes that can be shuttled between two immiscible
solvents and switched between two structural states via ion
exchange. Here, we established that hydrophobic anions transfer
cationic, amphiphilic complexes from the aqueous phase to the
organic phase, while a chloride source reverses the process. As a
result of the dynamic metal coordination properties of WLA
complexes, the denticity of these complexes (mono- to bi-) can be
modulated as they partition into different phases. In addition, we
discovered that heteroligated complexes bearing ligands of
different donor strengths preferentially rearrange into two
homoligated complexes that are phase-partitioned to maximize
the number of stronger coordination bonds. This behavior is not
observed in systems with one solvent, highlighting the dynamic and stimuli-responsive nature of hemilabile ligands in a multiphasic
solvent environment. Taken together, this work shows that the highly reconfigurable WLA modality can enable the design of
biphasic reaction networks or chemical separations driven by straightforward salt metathesis reactions.

■ INTRODUCTION
Phase separated liquid−liquid systems are used in numerous
applications due to the tailorability of solvent physical
properties and solvent−substrate interactions.1−3 Taking
advantage of the heterogeneous chemical environment of
liquid−liquid biphasic media, scientists have designed systems
for chemical separations,4−9 catalyst recycling,1,10−12 and phase
transfer catalysis.13−19 For example, a selective chemical
separation in a biphasic solvent medium could serve as a low
energy alternative to traditional separation methods like
fractional distillation. Recently, there have been demonstra-
tions that this type of separation can be carried out by cationic
coordination cages that can selectively uptake high value guest
molecules.5,9,20,21 The phase partitioning of the host−guest
complex can be switched as a function of its counteranions,
thus enabling extraction of a high value target molecule from
its original solution. However, these coordination-based cages
are static, and some must be broken down to release the
encapsulated guest molecule. Taking these concepts one step
further, it would be ideal if one could design complexes that
could be triggered chemically to transfer phases with
concomitant structural changes that either release cargo or
activate the complex with respect to a desired secondary
reaction.22

To design supramolecular architectures that exhibit dynamic
conformations and stimuli-responsive reactivity as they trans-
verse the liquid−liquid phase boundary, we first need to
understand how biphasic solvent media can be used to control

or even reconfigure the structure of supramolecular assemblies.
We adopted the weak-link approach (WLA)23−25 strategy to
synthesize model complexes due to the dynamic nature of
WLA complexes, which are typically comprised of d8 metal
centers (e.g., PtII, PdII, RhI) and multidentate, hemilabile
ligands. Their overall charge, structure, and conformation can
be regulated by coordination events at the metal node via
elemental anions or small molecule effectors such as halides,
cyanides, amines, carbon monoxide, and nitriles.24,25 Impor-
tantly, the metal-binding affinities of halides, an important class
of WLA effectors, are known to be solvent-dependent.26 Thus,
the WLA is well-suited for designing coordination complexes
whose conformation changes as they undergo phase transfer.

■ RESULTS AND DISCUSSION

Designing Amphiphilic WLA Complexes. The dichloro-
methane (DCM)/water biphasic system is an attractive solvent
system for several reasons: first, the polarities of water and
DCM are different enough for the solvents to be immiscible
but similar enough that it is feasible for a complex to be soluble
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in both solvents. Second, both solvents are readily available in
deuterated forms, allowing for the characterization of the WLA
complexes via nuclear magnetic resonance (NMR) spectros-
copy. Finally, water is a green solvent, and introducing water
solubility to WLA complexes opens the door to designing
systems that incorporate complex and functional biomolecules.
WLA complexes are known to be soluble in various organic
solvents, but there is only one reported example of a water-
soluble WLA complex,27 which had polyethylene glycol units
appended onto its highly hydrophobic diphenylphosphino
moieties. As such, we set out to design and synthesize a family
of amphiphilic WLA complexes that are soluble in both organic
solvents and water, ideally without any extensive modification
of pendant functional groups. Inspired by our initial
observation that WLA complexes with mostly hydrophobic
ligands can be solubilized in partially aqueous solvents, we
reasoned that a simple installation of a polar functional group
could be a sufficient nudge to fully solubilize the complexes in
water.
To test this hypothesis, we synthesized a PtII complex with

two hemilabile phosphino thioether (P,S) ligands, each with an
ethylene dimethyl amide (−CH2CH2−CONMe2) attached to
the weak-link thioether substituent (Figure 1a). Indeed, the
homoligated complex PtCl2(P,S-ethyl-CONMe2)2 [1]

2+(Cl−)2
is soluble in both DCM and water but adopts different
structural states in each solvent (vide inf ra). Single crystal X-
ray diffraction (SCXRD) studies of the anion-exchanged
complex [1]2+(SCN−)2 confirmed the incorporation of
−CONMe2 as part of the ligand architecture, as well as its
fully closed, bidentate structural state (Figure 1c). Water
solubility is attributed to the polar and hydrogen bond
participating amide groups as well as the high solvation energy
of the chloride counterions in water.
Encouraged by this observation, we synthesized a series of

homoligated WLA complexes with P,S ligands installed with
different polar functional groups such as phenyl dimethylamide
(PtCl2(P,S-phenyl-CONMe2)2), amines (PtCl2(P,S-phenyl-
NH2)2), carboxylic acids (PtCl2(P,S-phenyl-CO2H)2), and
sulfonates (Pt(P,S-ethyl-SO3)2) [2] (see SI Section 1), all of
which were found to be soluble in water to varying degrees. Of
note is the neutral homoligated complex [2] (Figure 1a),
consisting of two anionic P,S-ethyl-SO3

− ligands. This

structure is important for investigating the effect of charge
on mediating phase transfer. SCXRD studies confirmed the
incorporation of sulfonate functional groups, the lack of any
outersphere counterions, and the fully closed structural state
(Figure 1d). As such, the highly hydrophilic sulfonate moieties
render the complex soluble in water but insoluble in non-
hydrogen-bonding organic solvents such as DCM.
We then proceeded to investigate the water solubility of a

series of heteroligated complexes (Figure 1b). To study the
impact of ligand electronics on the conformation and reactivity
of heteroligated complexes in a biphasic solvent medium, we
intentionally functionalized them with a dimethyl amide
moiety at different locations: at an electron-donating alkyl
thioether, at an electron-withdrawing phenyl thioether, or at
both thioether substituents, all of which resulted in water-
soluble complexes. The heteroligated structure of the semi-
open complex [5-Cl]+Cl− was confirmed by SCXRD (Figure
1e). All of the homoligated and heteroligated WLA complexes
studied adopt the fully closed state in water, as it is
energetically more favorable for both chlorides to be solvated
than to form the Pt−Cl bond required to form any of the open
states.26 On the other hand, in a less polar solvent such as
DCM, chloride is less well solvated and has a higher propensity
to bind to the PtII node, yielding semi-open WLA complexes in
general.
An important feature of many WLA complexes is that they

are charge-balanced by counteranions. When sodium iodide or
sodium thiocyanate was added to an aqueous solution of
complex [1]2+(Cl−)2, a precipitate immediately formed,
indicating that hydrophilic counteranions are crucial for
solubilizing these cationic complexes in water. This observa-
tion led us to hypothesize that, by using ions of different sizes
and hydrophobicity, one would be able to shuttle an
amphiphilic WLA complex between two immiscible solvents
of different polarities in a biphasic system. Furthermore, if the
effectors employed are well solvated in the aqueous phase but
poorly solvated in the organic phase, the complex could exhibit
a solvent-modulated conformational change due to the solvent
dependent binding affinities of the effectors.26

Phase Transfer of a Dicationic Complex via Anion
Exchange. Throughout the phase transfer experiments,
31P{1H} NMR spectroscopy was employed as the major

Figure 1. (a) Aqueous phase, fully closed structures of a dicationic [1]2+(Cl−)2 and a neutral [2] homoligated WLA complex. (b) Aqueous phase,
fully closed structures of the heteroligated WLA complexes investigated in this work. Each complex represents a unique placement of the water-
solubilizing dimethyl amide moiety. Crystal structures (50% probability ellipsoids) of (c) Pt(SCN)2(P,S-ethyl-CONMe2)2 [1]2+(SCN−)2, (d)
Pt(P,S-ethyl-SO3)2 [2], and (e) PtCl2(P,S-Me)(P,S-Ph−CONMe2) [5-Cl]

+Cl−. Hydrogen atoms and solvent molecules are omitted for clarity.
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characterization tool for WLA complexes owing to its high
sensitivity to the ligand chemical environment and its ability to
probe in situ, solution-state structures.28,29

When placed in a CD2Cl2/D2O biphasic system, PtCl2(P,S-
ethyl-CONMe2)2 [1]

2+(Cl−)2 fully partitioned into water as a
fully closed, dicationic complex with two outer sphere
chlorides (Figure 2a). The 31P{1H} NMR spectrum of the
CD2Cl2 layer showed no signal (Figure 2b), while that of the
D2O layer revealed a downfield singlet (δp 46.49,

1JP−Pt = 3056
Hz), characteristic of a 31P nuclei in a fully chelated (κ2) state.
We hypothesized that the salt metathesis between [1]2+(Cl−)2
and sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
(NaBArF) would transfer the complex to DCM, leaving
sodium chloride in the aqueous phase. When one equivalent of
NaBArF was added, the 31P{1H} signal in the D2O layer
disappeared (Figure 2b), while a broad upfield signal (δp 29.30,
1JP−Pt = 3330 Hz) emerged in the CD2Cl2 layer. The
appearance of a broad signal is characteristic of a conforma-
tionally dynamic complex undergoing rapid ligand exchange at
its inner coordination sphere. Specifically, a fast “windshield
wiper” exchange occurs between the two equivalent semi-open
structures of [1-Cl]+ BArF− in DCM,30,31 where the halide
alternately cleaves each ligands’ PtII−S bond.
After a second equivalent of NaBArF was added, complex

[1]2+ was charge-balanced by two non-coordinating BArF−

anions and switched back to the fully closed state in the
CD2Cl2 layer as evidenced by 31P{1H} NMR spectroscopy (δp
44.28, 1JP−Pt = 3104 Hz; Figure 2b) and MALDI-TOF MS
(matrix-assisted laser desorption ionization time-of-flight mass
spectra) (Figure S40). Importantly, when sodium salts with
smaller and less hydrophobic non-coordinating counteranions
were added, such as tetrafluoroborate (BF4

−) and hexafluor-
oantimonate (SbF6

−), no phase transfer was observed, and the
fully closed complex [1]2+ was completely retained in the
aqueous phase (Figure S30). Alternatively, when one
equivalent of sodium tetraphenylborate (NaBPh4) was added,
the metal complex only partly partitioned into DCM as [1-Cl]+

BPh4
− (Figure S32) due to the smaller size and higher charge

density of BPh4
− compared to that of BArF−. Complete

transfer into DCM as [1]2+ (BPh4
−)2 was achieved using two

equivalents of NaBPh4. These results demonstrate that

counterion size and hydrophobicity control the phase
partitioning of charged amphiphilic WLA complexes.
Because DCM is a less polar solvent that favors the semi-

open state, we hypothesized that a large coordinating anion
such as iodide could readily mediate phase transfer, even
though I− is smaller than SbF6

− and similar in size to BF4
−.32

When one equivalent of sodium iodide (NaI) was added, the
31P{1H} signal in the D2O layer disappeared (Figure S31),
while a broad upfield signal (δp 33.36,

1JP−Pt = 3220 Hz; Figure
2c) emerged in the CD2Cl2 layer. The slightly upfield

31P{1H}
signal and smaller coupling constant, compared to that of [1-
Cl]+ BArF− (δp 29.30, 1JP−Pt = 3330 Hz), indicates that
chloride is not coordinating to the Pt2+ node of this complex.
Moreover, the 31P{1H} NMR spectra of the CD2Cl2 layer are
identical after the first and second anion exchange. This,
together with MALDI-TOF MS (Figure S39), suggests that
iodide preferentially functions as an inner sphere ligand at the
Pt2+ node, resulting in a charge-diffuse, semi-open complex [1-
I]+ that is partitioned into the organic phase.
To reverse these transformations, we hypothesized that a

chloride salt with a large cation would enable a salt metathesis
reaction that pairs the more hydrophobic counterions and
reassociates [1]2+ with chlorides. Thus, [1]2+(X−)2 (X

− = I−,
BArF−) was treated with two equivalents of bis-
(triphenylphosphoranylidene) ammonium chloride
(PPN+Cl−). 31P{1H} NMR spectra of the two phases
confirmed our hypothesisthe hydrophobic, charge-diffuse
counterions (PPN+ and BArF−/I−) partitioned into DCM, and
[1]2+ was sent back to the aqueous phase in the fully closed
state (δp 46.56, 1JP−Pt = 3060 Hz; Figure 2b and 2c).
Importantly, this is achieved by designing for the mismatched
solvation preference between the ions: PPN+ prefers the
organic phase, while Cl− prefers the aqueous phase. To balance
the charge, the least hydrophobic cation, [1]2+, would be
forced to partition into the aqueous phase along with Cl−.
Overall, this sequence of transformations shows that WLA

complexes can be reversibly transferred between two
immiscible phases via anion exchange (Figure 2). By leveraging
the hemilabile nature of a multidentate ligand, phase transfer
can be coupled to a metal complex’s ligand conformation and
dynamics, depending on the choice of counteranions. In a

Figure 2. (a) The influence of counteranions on the partitioning and structure of the fully closed complex [1]2+ via the action of BArF− (forward
direction) and PPN+ (reverse direction). The 31P{1H} NMR spectra of complex [1]2+ upon anion exchange with (b) NaBArF and (c) NaI (see
Figure S31 for the D2O spectra) and later after the addition of PPN+CI−. Blue dots track the metal complex across both phases.
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biphasic medium, chloride serves to “close” these metal
complexes, which represents a paradigm shift from the
previous notion that chloride functions as an effector that
“opens” WLA complexes.
Phase Transfer of a Neutral Complex. If ion exchange

indeed drives phase transfer, a charge-neutral complex should
not partition into a different phase upon the addition of salts
with large counterions. To test this hypothesis, we synthesized
and studied the homoligated complex Pt(P,S-ethyl-SO3)2 [2],
as it is highly polar, soluble in water, and charge neutraltwo
sulfonate groups balance the dicationic charge of Pt2+. Like
complex [1]2+(Cl−)2, Pt(P,S-ethyl-SO3)2 [2] partitions into
water in the biphasic system as a fully closed structure (Figure
3a). The 31P{1H} NMR spectrum of the CD2Cl2 layer showed
no signal (Figure 3b), while that of the D2O layer revealed a
downfield singlet (δp 46.80, 1JP−Pt = 3059 Hz). When one
equivalent of PPN+Cl− was added, the 31P{1H} NMR
spectrum revealed qualitatively that only a small fraction of
complex [2] partitioned into DCM as a semi-open complex (δp
49.14, 3JP−P = 17.4 Hz and δp 9.03,

3JP−P = 17.4 Hz; Figure 3b).
The phase transfer of the chloride adduct [2-Cl]− is
presumably aided by ion-pairing with the charge-diffuse
countercation PPN+ (δp 20.99), as no phase transfer can be
detected if sodium chloride was added instead of PPN+Cl−. On
a similar note, no phase transfer was observed upon the
addition of excess NaI (five equivalents) to complex 2 (Figure
S33). These observations suggest that, compared to neutral
complexes, charged metal complexes are more suited for
enabling switchable phase transfer capabilities.
We then questioned whether we could trigger the trans-

formation of complex [2] to a positively charged state by
protonating a sulfonate moiety, such that complex [2] could be
transferred to DCM by association with an anion. When the
experiment was performed with 1 M hydrochloric acid and
DCM, a small fraction of the fully closed complex [2]
partitioned into DCM by forming semi-open [2-HCl]. The
31P{1H} NMR spectrum of the CD2Cl2 layer (Figure 3b)
showed two doublets (δp 44.32,

1JP−Pt = 3503 Hz, 3JP−P = 15.3
Hz; and δp 6.93,

1JP−Pt = 3128 Hz, 3JP−P = 15.6 Hz), indicative
of a semi-open complex with two nonequivalent 31P nuclei.
The downfield doublet was assigned to the chelating (κ2) P,S
ligand, while the upfield doublet was assigned to the
nonchelating (κ1) phosphine-bound ligand.29,30,33 We hy-

pothesized that some of the anionic sulfonate moieties became
protonated and, as a result, a small fraction of monocationic
complex [2-H]+ was formed. Upon chloride coordination, the
charge neutral [2-HCl] partitioned into DCM, adopting the
semi-open state.
Experiments with complex [2] highlight the importance of

considering the overall charge when designing WLA complexes
for multiphasic systems. In the future, WLA complexes whose
overall charge is switchable by external stimuli (e.g., pH) could
be used to regulate WLA complex conformation and phase
partitioning.

Selective Phase Transfer of Homoligated Complexes
via Cation Exchange. So far, we have shown that anion
exchange can mediate the phase transfer of a WLA complex in
a biphasic medium. To investigate if cation exchange can be
utilized to mediate phase transfer of an anionic metal complex,
we studied the reaction between WLA complexes and cyanide
anions (CN−).34

Specifically, we added one equivalent of potassium cyanide
(KCN) to complexes [1]2+(Cl−)2 (Figure 4) and [2] (Figure
5), respectively. The addition of KCN to an aqueous solution

Figure 3. (a) Only a small fraction of the fully closed neutral complex [2] with no counteranions undergoes phase transfer in the presence of
PPN+Cl− (right vial) or at low pH (left vial). (b) 31P{1H} NMR spectra of complex [2] and after the addition of one equivalent of PPN+Cl− and
HCl. Purple dots track the metal complex across both phases. Inserts magnify the doublet features.

Figure 4. (a) Reaction of the fully closed complex [1]2+(Cl−)2 with
KCN in biphasic condition. (b) 31P{1H} NMR spectra after the
reaction with KCN. (c) Crystal structure (drawn with 50% probability
ellipsoids) of the fully open [1-2CN].

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c03708
Inorg. Chem. 2021, 60, 4755−4763

4758

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03708/suppl_file/ic0c03708_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c03708/suppl_file/ic0c03708_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c03708?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c03708?ref=pdf


of the fully closed [1]2+(Cl−)2 gave a suspension that cleared
after the addition of CD2Cl2. The

31P{1H} NMR spectrum of
the CD2Cl2 layer revealed an upfield signal (δp 7.54,

1JP−Pt =
2298 Hz) indicative of the fully open complex [1-2CN], while
that of the D2O layer showed a downfield signal (δp 46.58,
1JP−Pt = 3059 Hz), corresponding to the fully closed complex
[1]2+ (Figure 4b). The NMR assignments are consistent with
MALDI-TOF MS characterization (Figures S41 and S42). In
particular, the small coupling constant (1JP−Pt = 2298 Hz)
indicates that the 31P nuclei are trans to a strongly coordinating
ligand. To study the structure of [1-2CN], diethyl ether was
slowly diffused into the DCM layer, resulting in the formation
of colorless crystals. SCXRD revealed that [1-2CN] adopts a
trans configuration (Figure 4c) due to cyanides’ large trans
effect.34−37 The differential partitioning observed here can be
understood on the basis of charge and polarity.
On the contrary, when one equivalent of KCN was added to

the charge-neutral, fully closed complex [2] in water, no
precipitate formed. The 31P{1H} NMR spectrum (Figure 5b)
revealed a downfield (δp 46.85,

1JP−Pt = 3057 Hz) and upfield
singlet (δp 7.13,

1JP−Pt = 2250 Hz), corresponding to the fully
closed complex [2] and the fully open complex (K+)2[2-
2CN]2−, respectively. The small coupling constant (1JP−Pt =
2250 Hz) indicates that the latter adopts a trans configuration.
In a biphasic medium, both partition into the aqueous phase
(Figure 5b). We hypothesized that the addition of PPN+Cl−

would lead to the selective phase transfer of the charged, fully
open complex to DCM via cation exchange. Satisfyingly, the
31P{1H} NMR spectrum (Figure 5b) revealed that the fully
open (PPN+)2[2-2CN]

2− (δp 7.74, 1JP−Pt = 2294 Hz)
partitioned into DCM, while the fully closed, charge-neutral
complex [2] (δp 46.86,

1JP−Pt = 3060 Hz) remained in water.
This confirms that the ion exchange mechanism is general
(both cation and anion exchange can mediate phase transfer)
and can operate selectively on metal complexes with an overall
charge.
Heteroligated Complexes in a Biphasic Medium. A

wide variety of functional metallo-supramolecular constructs
have been built upon heteroligated WLA scaffolds.38−40 Thus,

it is important to study the stability and reactivity of
heteroligated structures in a biphasic system. To this end, a
series of heteroligated WLA complexes with varying weak-link
donor strengths and ligand polarities was prepared (Figure 1b).
We systematically varied the placement of the polar dimethyl
amide moiety, installing it at the more donating thioether
ligand ([3]2+(Cl−)2), at the less donating thioether ligand
([5]2+(Cl−)2), or at both ligands ([4]2+(Cl−)2).
When PtCl2(P,S-ethyl-CONMe2)(P,S-phenyl) [3]2+(Cl−)2

was dissolved in CD2Cl2/D2O, the
31P{1H} NMR spectrum

(Figure 6a) revealed, to our surprise, a singlet (δp 46.50,
1JP−Pt

= 3059 Hz) in the D2O layer that grew in intensity over time,
indicating the gradual formation of the homoligated, fully
closed complex PtCl2(P,S-ethyl-CONMe2)2 [1]2+. At equili-
brium, reached after 3 days, only a small fraction of the starting
fully closed complex [3]2+ was present in the D2O layer.
MADLI-TOF MS confirmed that the homoligated complex
PtCl2(P,S-phenyl)2 was present in DCM, while complex
[1]2+(Cl−)2 was only detected in water (Figures S32 and
S33). Crucially, no rearrangement was observed over one week
when the heteroligated complexes are simply dissolved in water
(Figure S34).

Figure 5. (a) The fully closed complex [2] reacted with KCN in
biphasic condition (top), and selective partitioning of the charged
species occurred via cation exchange (bottom). (b) 31P{1H} NMR
spectra before and after the addition of PPN+CI−. Purple dots track
the metal complex across both phases. Inserts show singlet instead of
doublet features upon addition of KCN.

Figure 6. Major species formed after ligand rearrangement of
heteroligated complexes (a) [3]2+(Cl−)2 and (b) [5]

2+(Cl−)2 in D2O/
CD2Cl2 (left) and the 31P{1H} NMR spectra of the D2O layers as a
function of time (right). Homoligated complexes with polar (blue
dots) or nonpolar (red dots) ligands. Inserts magnify the doublet
features.
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The rearrangement of a heteroligated complex into two
homoligated species is opposite of what has been previously
observed in WLA systems.30,41−43 In DCM, two different
homoligated species with chloride counterions will typically
reconfigure into one heteroligated complex if the two ligands
involved possess weak links with sufficiently different donating
strength.31 Key to this halide-induced ligand rearrangement
(HILR) mechanism is that, in DCM, halides are able to
reversibly displace the weak link from the d8 metal center.44

The rearrangement is enthalpically driven by a desire to
maximize the number of strong platinum-thioether bonds such
that the more donating ligand becomes bidentate and the less
donating ligand becomes monodentate.31 Our initial hypoth-
esis was that the formation of two homoligated complexes is
driven by the maximization of solvation energy of each
complex. This would result in PtCl2(P,S-phenyl)2 segregating
to the less polar organic phase, while PtCl2(P,S-ethyl-
CONMe2)2 [1]

2+(Cl−)2 partitions into the aqueous phase.
To test this hypothesis, the heteroligated complex PtCl2(P,S-

Me)(P,S-phenyl-CONMe2) [5]2+(Cl−)2 was placed in a
biphasic system. If the ligand rearrangement is driven by the
solvation of polar moieties, the homoligated, fully closed
complex PtCl2(P,S-phenyl-CONMe2)2 should emerge over
time in the D2O layer. To our surprise, both 31P{1H} NMR
spectroscopy (Figure 6b) and MALDI-TOF MS (Figure S45)
revealed that the fully closed PtCl2(P,S-Me)2 (red dot) was the
major species (δp 47.14,

1JP−Pt = 3024 Hz) in the D2O layer,
while the fully closed PtCl2(P,S-phenyl-CONMe2)2 was a
minor species (δp 46.05; blue dot). The identity of the minor
species was confirmed by its matching chemical shift with the
independently synthesized and purified PtCl2(P,S-phenyl-
CONMe2)2 (δp 46.07; Figure S13). When given the choice,
the less polar PtCl2(P,S-Me)2 selectively partitions into water
and adopts the fully closed structural state, while the more
water-soluble PtCl2(P,S-phenyl-CONMe2)2 partitions into
DCM. These results suggest that the ligand rearrangement
observed in a biphasic medium stems from the driving force to
maximize the number of stronger platinum-thioether bonds
(i.e., in the case of complex [5]2+, those of P,S-Me). The

relative polarity of the P,S-ligands plays only a minor role in
determining the extent of rearrangement. Compared to
[5]2+(Cl−)2, a faster and more complete rearrangement is
observed for [3]2+(Cl−)2, as only the later possesses ligands
whose polarity and donor strength differences work in tandem.
Similar ligand sorting also occurs for PtCl2(P,S-ethyl-
CONMe2)(P,S-phenyl-CONMe2) [4]2+(Cl−)2 in the D2O/
CD2Cl2 biphasic medium (Figure S35). Crucially, ligand
sorting did not occur when chlorides were abstracted from the
complexes using two equivalents of silver nitrate prior to phase
transfer (Figure S36), confirming that the rearrangement
proceeds via a HILR-type mechanism.

Biphasic Rearrangement of Heteroligated Complexes
in the Presence of Large Counteranions. Inspired by the
selective phase transfer from a mixture of homoligated
complexes, we hypothesized that iodide would facilitate the
rearrangement of heteroligated complexes by partitioning and
stabilizing one of the two homoligated complexes into the less
polar organic phase. To test this hypothesis, we added sodium
iodide to the heteroligated, fully closed complex [3]2+(Cl−)2
(Figure 7a) in a CD2Cl2/D2O biphasic medium. The aqueous
phase was acidified to prevent undesirable degradation in
prolonged experiments (Figure S37). Upon the addition of one
equivalent of NaI to complex [3]2+(Cl−)2, the

31P{1H} NMR
spectrum (Figure 7b) revealed the emergence of the fully
closed homoligated complex Pt(P,S-ethyl-CONMe2)2

2+ [1]2+

(δp 46.56,
1JP−Pt = 3062 Hz) in the D2O layer within one day,

along with the complete disappearance of the two downfield
doublets (insert, Figure 6b) that correspond to the
heteroligated, fully closed complex [3]2+. The broad 31P{1H}
signals (δp 46.73,

1JP−Pt = 3424 Hz; δp 3.72,
1JP−Pt = 3099 Hz)

in the CD2Cl2 layer suggests that both hemilabile ligands (P,S-
ethyl-CONMe2 and P,S-phenyl) were present, undergoing
“windshield wiper” motion as well as rapid ligand exchange
with one another.30,33 The presence of [PtI(P,S-phenyl)2]

+

(major species) and [PtI(P,S-ethyl-CONMe2)(P,S-phenyl)]
+

(minor species) were confirmed by MALDI-TOF MS (Figure
S48). We speculated that, if a second equivalent of NaI was
added, both homoligated complexes would fully partition into

Figure 7. (a) Counteranion-mediated hemilabile ligand rearrangement of the heteroligated, fully closed complex [3]2+(Cl−)2 from a metastable
state (left vial) to a phase-separated mixture (middle vial) and a stable heteroligated, semi-open complex (right vial). (b) 31P{1H} NMR spectra
upon sequential addition of NaI and PPN+CI−. Blue dots track polar ligand while red dots track nonpolar ligand across both phases. Inserts show
the doublet features or broad peaks.
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DCM and rearrange to reform the heteroligated, semi-open
complex [3-I]+ with an iodide counteranion. After adding a
second equivalent of NaI and stirring the mixture for 1 day, the
31P{1H} NMR spectrum (Figure 7b) revealed that the 31P{1H}
signal in the D2O layer disappeared while a sharp downfield (δp
48.06, 1JP−Pt = 3361 Hz, 3JP−P = 12.1 Hz) and upfield doublet
(δp 2.09,

1JP−Pt = 3078 Hz, 3JP−P = 12.7 Hz) emerged in DCM,
indicating the formation of a heteroligated, semi-open
complex. The distinct chemical shifts are characteristic of an
inner sphere iodide,41 and MALDI-TOF MS characterization
confirmed its identity as [3-I]+ (Figure S49).
Finally, the sequential addition of PPN+Cl− and NaI enables

a reversible sorting of the hemilabile ligands, switching
between two supramolecular ensembles: the phase-separated
complexes and the DCM-bound heteroligated complex (Figure
7a). After the addition of one equivalent of PPN+Cl−, the
31P{1H} signal (δp 46.56,

1JP−Pt = 3062 Hz) that corresponds
to the fully closed [1]2+ re-emerged in the D2O layer (Figure
7b). This signifies that PPN+Cl− substitutes one equivalent of
I− with one equivalent of Cl− in the equilibrating mixture of
metal complexes and hemilabile ligands, changing the system’s
thermodynamic landscape to favor the formation of phase-
separated homoligated complexes. Heteroligated complex
[5]2+(Cl−)2 was also subjected to the sequential addition of
NaI and PPN+Cl− in a biphasic medium, yielding identical
sorting behavior (Figure S38). Under a biphasic medium, the
addition of suitable counteranions can not only modulate the
partitioning and structural state of WLA complexes but also
restructure these dynamic architectures.

■ CONCLUSIONS
This work showcases the interdependent roles of charge,
solubility, and coordination strength on determining WLA
metal complex structure, especially in biphasic media. Taken
together, the design considerations garnered from these studies
enable one to deliberately and reversibly alter the ligand
composition and conformation of WLA complexes via a
combination of salt metathesis reactions and solvent media
exchange. Looking forward, we envision that the dynamic
character of WLA complexes being harnessed for effecting
novel structural regulation processes, such as modulating the
conformations of biopolymers in water and counterion-
mediated uptake, transport, and release of guest molecules in
biphasic media.

■ EXPERIMENTAL SECTION
Synthesis of Homoligated WLA Complexes. Tweezer

complexes were assembled in high yields (see SI Section 1) by
combining two equivalents of phosphino-thioether (P,S) ligands with
one equivalent of dichloro(1,5-cyclooctadiene)platinum(II)
(PtCl2(cod)) in DCM under an inert atmosphere. All homoligated
complexes were characterized in the solution state by multinuclear
NMR spectroscopy (SI Section 2) and mass spectroscopy (SI Section
4).
Synthesis of Heteroligated WLA Complexes. In a typical

heteroligated complex, the two ligands should possess thioethers with
sufficiently different donor strengths (e.g., alkyl vs aryl thioethers) to
prevent scrambling.30,31,41 Heteroligated complexes were assembled
in a stepwise fashion. One equivalent of the first P,S ligand was mixed
with one equivalent of PtCl2(cod) in DCM in an inert atmosphere to
give a monoligated complex, which was then combined with one
equivalent of the second P,S ligand to give a heteroligated complex.
All complexes were characterized by multinuclear NMR spectroscopy
(SI Section 2) and mass spectroscopy (SI Section 4).

Phase Transfer Experiments. A 10 mL vial was loaded with the
complex of interest, CD2Cl2 (0.7 mL), and D2O (0.7 mL). The
mixture was allowed to stir and equilibrate at room temperature for
the specified period of time. The salt of interest (e.g., PPN+Cl−) was
dissolved in CD2Cl2 or D2O, added to the vial, and stirred. Each phase
was carefully pipetted and transferred to separate NMR tubes for
characterization. Specific reaction conditions can be found in the SI
Table S2.

Multinuclear NMR Spectroscopy. Deuterated solvents (CD2Cl2
and D2O) were purchased from Cambridge Isotope Laboratories and
used as received. Multinuclear (31P{1H}, 13C{1H}, and 1H) NMR
spectra were obtained when applicable. 1H, 13C{1H}, 31P{1H}, and
31P NMR spectra were recorded on a Bruker Avance 400 MHz NMR
spectrometer at 298 K, and chemical shifts (δ) are given in parts per
million. 1H NMR spectra were referenced to residual proton
resonances in the deuterated solvents (dichloromethane-d2 = δ
5.32; deuterium oxide = δ 4.90), while absolute referencing was
applied for heteronuclear NMR spectra (ΞC = 25.145020; ΞP =
40.480742).

The 31P{1H} NMR spectra of homoligated complexes in the fully
closed state show a downfield singlet (∼45 ppm in D2O), with
flanking satellites due to 31P−195Pt coupling, while that of a closed,
heteroligated complex shows two downfield doublets due to coupling
between two inequivalent 31P nuclei. The 31P{1H} NMR spectra of
heteroligated complexes in the semi-open state typically show a
downfield doublet at ∼45 ppm, corresponding to the “closed”
phosphino-thioether ligand and an upfield doublet at ∼8 ppm,
originating from the “open” phosphino-thioether ligand.

High-Resolution Mass Spectroscopy. High resolution mass
spectra (HRMS) were recorded on an Agilent 6120 LC-TOF
instrument in positive ion mode. Matrix-assisted ionization desorption
ionization-time-of-flight mass spectra (MALDI-TOF MS) were
recorded on an AutoFlex-III (Bruker) in positive ion or negative
ion mode, and the samples were prepared with the matrix 2,5-
dihydroxybenzoic acid.

SCXRD Studies. Crystals of suitable size and quality were chosen
and mounted on a MITIGEN holder or a mylar loop with Paratone
oil on a Bruker APEX-II CCD diffractometer with Mo Kα radiation
([1]2+(SCN−)2), a Rigaku XtaLAB Synergy R, DW system, HyPix
diffractometer with Cu Kα radiation ([2] and [5-Cl]+Cl−), or a
Rigaku XtaLAB Synergy, single source at offset/far, HyPix
diffractometer with Mo Kα radiation ([1-2CN] and PtCl2(P,S-
phenyl-NH2)2). The crystals were kept at 100 to 120 K during data
collection. With the exception of [5-Cl]+Cl−, the structures were
solved using Olex245 with the ShelXT structure solution program46

using Intrinsic Phasing and refined with the ShelXL refinement
package using Least Squares minimization.47 The structure of [5-
Cl]+Cl− was solved instead with the XS structure solution program48

using the Patterson Method. Solvent masking was implemented in
Olex2 for the structure Pt(P,S-ethyl-SO3)2 [2]·H2O to remove the
solvent molecules’ electronic contribution from the refinement. As the
exact solvent composition in the crystal is not known, only the atoms
used in the refinement model are reported in the formula here.
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