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ABSTRACT

A tetrameric metallocycle [Pd(dppp)(DPNDI)]4-8TfO consisting of four dppp-capped Pd(II) corners (dppp
= 1,3-bis(diphenylphosphonium)ethane) and four linear n-acidic N,N'-di(4-pyridyl)-1,4,5,8-naphthalene
diimine (DPNDI) ligands has been synthesized and its single crystal structure has been elucidated for the
first time. The crystal structure of the metallocycle revealed anion—n, lone-pair—m, and CH:---anion
interactions between electron deficient DPNDI ligands and TfO™ counterions and provided valuable insights
into its anion recognition and metathesis capabilities. The 'H, '°F, *'P and NMR studies demonstrated that
in noncoordinating solvents, such as nitromethane and dichloromethane, [Pd(dppp)(DPNDI)]**
metallocycle underwent anion exchange in a single-crystal to single-crystal fashion without any structural
changes. However, the metallocycle experienced slow dissociation in a polar solvent DMSO, which could

be reversed easily by thermal treatment.



Owing to well-defined coordination geometries of transition metal ions and organic ligands and self-

? metallocages,*® and

rectifying dynamic nature of metal-ligand coordination bonds, metallocycles,'
metal—organic frameworks*® have emerged as attractive platforms for myriad guest recognition, separation,
and delivery-related applications. Unlike covalent organic macrocycles, which face significant enthalpic
and entropic costs stemming from conformational changes of acyclic precursors and diminished degrees of
freedom during synthesis and rely heavily on the templating effect to overcome these barriers,”"!
metallocycles and cages benefit from the delicate balance between the enthalpic gain stemming from metal—
ligand coordination, the reversibility of coordination bonds that makes such macrocyclization a self-
rectifying process controllable under kinetic or thermodynamic conditions, and the precise geometries and
topologies of metal ions and organic ligands that provide in-situ preorganization even in the absence of
third-party templating agents. Pioneering work by Stang,'? Fujita,"* and number of other researchers'*"’
have shown that reactions between cis-capped square-planar Pd(I) and Pt(II) complexes and linear 4,4'-
bipyridine (BPY) and extended bipyridyl ligands not only lead to macrocyclization over polymerization,
but more importantly, the shapes of the resulting metallocycles (triangles vs. squares) can be controlled by
regulating precursor concentrations, solvent polarity, and reaction temperatures.'®'* Although the relatively
short, rigid BPY ligand often yielded crystalline metallocycles suitable for single crystal structure

1820 the m-extended and functionally more active ligands containing pyrene,”' perylene'® and

elucidation,
perylenediimide'* cores afforded metallocycles and cages that were only characterized thus far by
circumstantial evidences obtained from NMR and mass spectrometric analyses. The lack of direct
crystallographic evidence, however, made it difficult to identify weak host-guest interactions, such as

3 and CH---anion®* interactions, which do not necessarily engender meaningful

anion—m,> lone—pair—n,2
spectroscopic or electrochemical changes in the receptors. For example, while the crystal structures of
dipyridyl-tetrazine based metallo-squares and pentagons revealed the existence of anion—r interactions and
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the templating effects of tetrahedral and octahedral charge diffuse anions,” the lack of crystal structures

of dipyridyl-perylenediimide-based metallocycles' left us in the dark about their anion recognition
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capabilities. Extensive studies in our laboratory and elsewhere’ - over the past decade have revealed
that in aprotic mediums, m-acidic 1,4,5,8-naphthalenediimide (NDI) compounds can discriminate anions on
the basis of their electron donating capability, which is accurately reflected from their Lewis basicity:
Depending on their w-acidity, NDI compounds undergo (i) ground-state or thermal electron transfer from
highly Lewis basic anions, such as OH", F~, and CN™ and photoinduced electron transfer from less Lewis
basic anions such as CI” and AcO", generating paramagnetic NDI"~ radical anions,” (ii) form diamagnetic
charge-transfer complexes with non-basic anions such as Br~ and I",” and (iii) form anion—t complexes
with multinuclear charge-diffuse anions, such as TfO™ and C10,~.**° Although n-donor/acceptor host-guest

interaction has been characterized by X-ray crystallography in a DPNDI-based metallocycle,*® to our



knowledge, there is no crystallographic evidence of anion/NDI interaction in NDI-based metallocycles. The
crystal structure of a [Pd(dppe)(DPNDI)].>*" (dppe = 1,3-bis(diphenylphosphonium)ethane, DPNDI = N,N'-
di(4-pyridyl)NDI) coordination polymer*® synthesized earlier in our laboratory presented the first concrete
evidence of anion—n interaction between TfO™ anions and DPNDI ligands, however, the dppe-capped Pd(II)
corners failed to yield a metallocyclic receptor possibly because of large bite-angle of the capping ligands.
By introducing a dppp-capped (dppp = 1,2-bis(diphenylphosphonium)propane) square-planar Pd(II) corner,
herein, we synthesized a DPNDI-based tetrameric metallosupramolecular rhombus (Scheme 1), elucidated
its crystal structure for the first time, and demonstrated its anion recognition and anion exchange capabilities

based on X-ray crystallography, 'H, '°F, and *'P NMR spectroscopies, and electrochemistry.

Scheme 1. The self-assembly of a novel [Pd(dppp)(DPNDI)]4+-8TfO metallacycle.
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A room temperature reaction between Pd(dppp)-2TfO complex and DPNDI ligand (60 pmol each)
in MeNO; (10 mL) for 48 h, followed by slow Et,O vapor diffusion into the reaction mixture yielded pale
yellow crystals of tetrametic [Pd(dppp)(DPNDI)]4+-8TfO metallocycle (Figure 1) suitable for single-crystal
X-ray diffraction (SXRD) analysis. The SXRD data revealed the structure of a rhombus-shaped
metallocycle consisting of four dppp-capped Pd(II) corners linked by four linear DPNDI ligands. The £Pd-
Pd-Pd angles in this thombohedral metallocycle were ca. 80° and 100° and the Pd—Pd distances along the
sides were 19.5 A. The NDI-cores of two opposite arms were almost coplanar with the mean metallocycle
plane defined by four coplanar Pd(II) corners, while the other two NDI cores deviated slightly from the
mean plane. The octacationic metallacycle was accompanied by eight TfO™ anions involved in anion—n,
lone-pair—m, and CH: - -anion interactions with the DPNDI ligands. The short contacts between the O-atoms
of TfO™ anions and the carbonyl-C as well as the center of the electron deficient imide rings of DPNDI
ligands (do..c = 2.93-3.11 A < the sum of corresponding van der Waals radii of ~3.22 A) provided clear
indications of anion—7 interactions. Furthermore, one of the F-atoms of certain TfO™ anions also remained
in close contact (centroid distance ~2.57 A, which is ca. 0.6 A shorter than the sum of van der Waals radii)

with the electron deficient aromatic core of DPNDI, while another F-atom formed a H-bond (dp.-.u = 2.46



A) with the H-atom ortho- to the pyridyl-N. These distinct but relatively weak supramolecular interactions
rendered [Pd(dppp)(DPNDI)],*" metallocycle an attractive anion recognition and exchange platform, which

we investigated through NMR experiments.

Figure 1. The single crystal structure of [Pd(dppp)(DPNDI)]4-8TfO metallacycle showing various modes
of anion/DPNDI interactions (left) and how the metallocycles are packed (right).

Furthermore, the progress of [Pd(dppp)(DPNDI)]4-8TfO metallocycle formation was also
monitored by 'H and *'P NMR spectroscopies. Soon after mixing stoichiometric amounts of
Pd(dppp)(OTf), corner and DPNDI ligand in CDs;NO,, the characteristic 'H NMR signals of the
metallosupramolecular rthombus appeared as dominant peaks along with few very low intensity peaks
corresponding to other unidentified species (Figure 2a). These peaks and their relative intensities remained
practically unchanged over time, suggesting that in CD3NO», the metallocycle formation was favored, and
once formed, it did not equilibrate or dissociate into other species. Consistent with these observations, 3p
NMR studies (Figure 2b) also showed one dominant peak at ~8 ppm corresponding to the metallocycle and
a very faint signal (~8.8 ppm) indicative of another minor species. Both new peaks were distinct from the
characteristic signal of Pd(dppp)(OTf) corner (~20 ppm), confirming that the Pd(dppp)(OTf), precursor
was fully consumed. Like '"H NMR, *'P NMR signals also did not change over time, verifying slow (or the
lack of) equilibrium between the preferred macrocycle and other minor species. Nevertheless, only
tetrameric [Pd(dppp)(DPNDI)]4-8TfO metallocycle precipitated out during crystallization and the isolated

pure material was used for further studies.
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Figure 2. The 'H (a) and *'P (b) NMR spectra of 1:1 mixture of Pd(dppp)(OTf), and DPNDI in CDsNO,
recorded over time (t = 5 min to 24 h) demonstrating a fairly rapid formation of tetrameric
[Pd(dppp)(DPNDI)]4-8TfO metallacycle as the predominant product and a very small amount of an
unidentified species indicated by the *-labeled peaks.

Having determined the formation and structure of [Pd(dppp)(DPNDI)]4s-8TfO metallacycle and
how the TfO™ counterions and DPNDI ligands were involved in multimodal supramolecular interactions,
we turned our attention to investigate its anion exchange behavior through 'H and '°F NMR spectroscopies.
Anion metathesis was performed on pre-synthesized and isolated solid [Pd(dppp)(DPNDI)]4+-8TfO by
suspending it in 1 M BusNX/CH,Cl; solutions, as well as in-situ by adding 1 M BusNX/MeNO; solutions
into the reaction mixture after allowing the formation of metallocycle. Upon addition of BusN"X /MeNO:
solutions to in-situ prepared metallocycle solutions, the octacationic metallocycle containing mostly the
exchanged counterion precipitated out, which was washed thoroughly and dried before the NMR studies.
Irrespective of the counterions (X = TfO™, ReO4, PFs, and BFy4"), the freshly prepared solutions of pristine
and anion-exchanged (solid-state and in-situ) [Pd(dppp)(DPNDI)]s** metallocycle displayed characteristic
"H NMR signals (Figure 2) of the NDI-core (singlet, ca. 8.7 ppm) and pyridyl rings (2 doublets, ca. 8.8 and
7.7 ppm) of DPNDI linkers and the phenyl rings (multiplet, ~7.5 ppm) and propylene chain (2.9 (m) and



1.9 (m) ppm) of dppp ligands. Interestingly, the core NDI proton signal appeared at slightly more upfield
positions (~8.72 ppm) in the presence of TfO™ and PF¢ anions than with ReO4 and BF4 anions (~8.74
ppm), suggesting that the former enjoyed marginally stronger anion/NDI interactions and exerted
commensurately greater shielding effect on the m-acidic DPNDI ligands. The more downfield location of
H, signal (ortho to the pyridyl-N) in the presence of CF3;SOs™ counterion could be attributed to H---F H-
bonding interaction between the anion and that proton, which was evident from the crystal structure. Such
interaction was likely absent in the presence of other counterions, causing the H, signal to appear at more
upfield positions. Like 'H NMR signals, the characteristic >'P NMR spectra of [Pd(dppp)(DPNDI)]s*
metallocycle also remained unchanged and showed only one peak for the dppp ligand after solid-state
exchange of the original TfO™ counterions with ReOs4 and PFs (Figure 3b), confirming that the
metallocycle remained intact upon anion metathesis. The presence of PFs anion after the exchange was
observed.

As-synthesized

I
2) | [Pd(dppp)(DPNDI)];-8TfO M
. I\_JﬂL B ) Jﬂ/\,f/\/ AN

\‘ " Solid-state
PF¢~ exchanged
I 6 g A
R\ B ANV N
| In-situ PFg~
i exchanged

\ AV \
NS S

S —
I In-situ ReQ 4~
i exchanged.

—— — —| N—— EE——— - ———
| In-situ BF ;-

I exchanged

9.0 8.8 8.6 7.8 76 7.4
8(ppm)

b
) As-synthesized

dppp [Pd(dppp)(DPNDI)]4-8TfO
DA -z i
PF{

[Pd(dppp)(DPNDI)]4+-8PFg
dppp ‘ after anion exchange [
L

[Pd(dppp(DPNDI)]4-8ReO,
dppp after anion exchange

80 50 20 -10 40 -70 -100 -130 -160 -190
8(ppm)

Figure 3. (a) The 'H and (b) *'P NMR spectra of [Pd(dppp)(DPNDI)]+** metallocycle before and after anion
exchange demonstrating that the metallocycle remained intact after replacing original TfO™ anion with other

charge diffuse anions.



The anion exchange phenomenon was further verified by '°F NMR spectroscopy (Figure 3), which
revealed a characteristic CF3SO3™ peak (—=77.74 ppm) in freshly prepared [Pd(dppp)(DPNDI)]4-8TfO
solution. After exposing the original metallocycle to other anions (ReO4, BF4~, and PF¢"), the TfO™ signal
diminished significantly and the characteristic signals of PFs~ (—68.85 and —71.37 ppm) and BFs™ (—148.23
ppm) emerged, verifying the anion exchange processes. Based on the integration of the "’F NMR signals,
the PFs /TfO™ and BF4/TfO™ ratios in the anion-exchanged metallocycle were ca. 5:1 and 15:1 respectively,
i.e., the majority of the TfO™ anions were replaced by another counterion. While anion exchange took place
rapidly in solution leading to an immediate precipitation of the metallocycle containing mostly the
exchanged anions, the process was slow in the solid-state, as the ratio of two anions changed gradually with
time before reaching the same ratio found during in-situ exchange after 3—4 days (Figure S2). These results
suggested that the anion exchange took place in a single-crystal to single-crystal fashion as well as in
solutions.
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Figure 3. The "“F NMR (DMSO-ds, 282 mHz) spectra of [Pd(dppp)(DPNDI)]4-8X (X~ =TfO", ReO4", PFs

, and BF4") metallocycles reveal anion exchange processes.

While the freshly prepared solutions of [Pd(dppp)(DPNDI)]+** metallocycle in DMSO-ds displayed
the characteristic "H NMR signals of a single species, i.e., the tetrameric macrocycle, upon standing these
NMR samples, colorless precipitates emerged over time, and the corresponding NMR spectra revealed the
appearance of new species (Figure S1). Based on the integrals of '"H NMR signals observed after several
hours, the new species could be either a dumbbell-shaped 2:1 [Pd(dppp)—DPNDI—Pd(dppp)]*" complex
or a [Pd(dppp)(DPNDI)].>** coordination polymer. This observation was consistent with literature reports'®
of scrambling of pure Pd(II)-based metallosupramolecular squares into triangles and polymers in highly
polar DMSO and DMF. Interestingly, upon gentle heating of these NMR samples, the precipitates
redissolved and the characteristic spectra of original [Pd(dppp)(DPNDI)]4-8X metallocycles reappeared.



Finally, irrespective of counterions, the cyclic voltammograms (Figure 4) of
[Pd(dppp)(DPNDI)]4-8X (vs. Ag/AgCl in respective 0.1 M BusNX/DMF electrolyte solutions containing
the same X anion) displayed two reversible one-electron reduction steps at ca. —0.33 and —0.81 V
corresponding to DPNDI"™ radical anion and DPNDI*" dianion formation and a third reduction peak at —
1.33 V associated with the Pd(II) reduction, indicating that the weak supramolecular interactions between
the m-acidic DPNDI ligands and charge diffuse anions had little effect on the electronic properties of the
metallocycle. The first electrochemical reduction of DPNDI, however, became slightly easier (~40 mV)
upon the tetrameric macrocycle formation, as the coordination of two terminal pyridyl groups with Pd(II)

corners made the NDI core even more electron deficient.
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Figure 4. The cyclic voltammograms of free DPNDI ligand and [Pd(dppp)(DPNDI)]4-8X (X~ = TfO",
ReOys, PFs, and BF4") metallocycles show little impact of weakly bound charge diffuse anions on the
electronic property of DPNDI ligands.

In summary, we demonstrated the formation of a novel [Pd(dppp)(DPNDI)]s*" metallacycle and
determined its crystal structure, which revealed various modes of anion/DPNDI interactions, providing
valuable insights into its anion recognition and metathesis properties. The 'H, '°F, and *'P NMR studies
demonstrated that in noncoordinating solvents, the metallocycle underwent anion exchange in solutions as
well as in a single-crystal to single-crystal fashion without experiencing structural changes, while polar
coordinating solvents like DMSO led to gradual dissociation and scrambling, which could be reversed

easily by a thermal treatment. Since the weak supramolecular interactions between charge diffuse anions



and m-acidic DPNDI ligands did not induce any significant spectroscopic and redox changes in the
metallocyclic receptor, the crystal structure proved to be an extremely valuable tool to determine its anion
recognition and exchange capabilities.
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