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ABSTRACT The use of a non-rigid, pyridyldialdimine-derived macrocyclic ligand (3PDAI2) 

enabled the synthesis of well-defined mono-, di-, tri-, and tetra-nuclear Cu(I) complexes in 

good yields through rational synthetic means.  Starting from mono- and di-argentous 3PDAI2 

complexes, transmetallation to Cu(I) proceeded smoothly with formation of AgX (X = Cl, I) 

salts to generate mono-, di-, and tri-nuclear copper complexes.  Monodentate supporting 

ligands (MeCN, xylNC, PMe3, PPh3) were found to either transmetallate with or bind various 

di- and tri-nuclear clusters.  The solution-phase dynamic behaviors of these species were 

studied through NMR spectroscopic investigations, and an in-depth study of the trinuclear 

systems revealed a rate dependence on the identity of the supporting ligand, indicating that 

ligand dissociation reactions were involved in the dynamic exchange processes.  Synthetic 
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investigations further found methods for the purposeful interconversion between the di- and 

tri-nuclear systems as well as the synthesis of a pseudo-tetrahedral tetracopper complex with 

two µ-Ph supporting ligands.   

Introduction 

The rational synthesis of well-defined cluster complexes is a subject of intense 

investigation in the field. Atomically precise clusters are being used to understand the 

mechanisms of nanoparticle formation,1 to synthesize large clusters with unique 

properties,2 and to model the active sites of various metalloenzymes and solid-state 

surfaces.3-9 The synthesis of atomically precise Cu(I) cluster complexes is an important 

subset of this field.10-12   These systems can display interesting photophysical13-15 and 

chemical properties,16-26 while their metallophilic Cu(I)-Cu(I) interactions offer 

opportunities to advance bonding theories and computational chemistry.27-30    

A key challenge in the study of Cu(I) clusters is the ability of these systems to 

redistribute their metal ions.31-37 These facile redistribution processes typically lead to 

the isolation of thermodynamically preferred cluster sizes.38-40 Given the importance of 

cluster size and geometry to the properties they manifest,11, 41-48 it would be 

advantageous to develop strategies for mitigating the ability of multicopper assemblies 

to redistribute while enforcing atypical geometries. We envisioned the use of multitopic 

and multinucleating ligands for kinetically stabilizing Cu(I) clusters through control 

over the cluster’s coordination sphere,6, 26, 49, 50 but ligand design for multinuclear systems 
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is in its infancy.51  Recent work with Cu(I) complexes has highlighted the advantages 

offered by dinucleating and trinucleating ligand scaffolds,6, 24, 26, 50, 52-60 suggesting that 

further ligand design may offer a path forward for the modular construction of low-

nuclearity Cu(I) clusters. 

We have shown the ability of a class of pyridyldiimine-derived macrocyclic ligands 

to support [Fe2], [Co2], [Ni2], and [Cu2] cluster cores.8, 61-68 These ligands combine two 

pyridyldiimine moieties through flexible aliphatic linkers at the imine nitrogens to 

create the diketimine-based 3PDI2 ligand framework. We recently reported the ability 

of a related dialdimine-based 3PDAI2 ligand system to support mono- and di-argentous 

complexes.69 Given the smaller atomic radius of Cu (1.173 Å) compared to Ag (1.339 

Å),70 we reasoned that the cavity formed by the 3PDAI2 ligand may accommodate Cu(I) 

clusters with nuclearities larger than two, while offering improved control over the 

coordination environment about the Cu cluster compared to systems with unsupported 

Cu–Cu interactions. As will be shown in this contribution, the 3PDAI2-supported Ag(I) 

complexes can be used as templates for the formation of Cu(I) complexes via the 

precipitation of Ag(I) salts.14 The resulting mono- and di-cuprous complexes can then 

be used for generating well-defined examples of tri- and tetra-cuprous cluster 

complexes.  This system is further shown to allow for facile interconversion between 

di- and tri-nuclear species through rational addition and removal of Cu(I) ions. The 

combination of this synthetic chemistry with the spectroscopic studies of their 
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behaviors in solution reveals the ability of the 3PDAI2 macrocycle to kinetically stabilize 

clusters of various sizes with respect to redistribution processes. 

 

Results and Discussion 

Synthesis of a Mononuclear Copper Complex 

Treatment of a THF solution of [(3PDAI2)Ag][BPh4] ([Ag]+)69 with 1.0 equiv. of CuI 

resulted in an immediate color change from pale gold to dark red-purple with 

concomitant formation of a pale yellow precipitate, presumably AgI. Following 

crystallization, dark red crystals were obtained and identified by single crystal X-ray 

diffractometry to be the monocopper complex [(3PDAI2)Cu][BPh4] ([Cu]+, Scheme 1, 

Figure 1a). 

Scheme 1. Transmetallation to form [Cu]+. 

  

The metal center in [Cu]+ adopts a distorted tetrahedral geometry (Σ∠N–Cu–N = 

382.0°, τ4 = 0.98,71 Table 1) and unlike the starting material,69 the [BPh4]– anion is outer-

sphere, as indicated by the long distance between the copper center and its closest C=C 

bond on [BPh4]– (d(Cu∙∙∙Ctcc) = 4.030 Å). The cuprous ion, however, retains the 

coordination environment of Ag+ within the macrocycle; both are coordinated by two 
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pyridyl nitrogen atoms (avg. d(Cu–Npyr) = 2.047 Å) and two propylene-linked nitrogen 

atoms (avg. d(Cu–Nald) = 2.095 Å), with the Cu–N distances ca. 0.3 Å shorter. The 

difference in the first coordination spheres of the metal centers is likely the result of 

the smaller single-bond covalent radius of Cu (1.173 Å vs. 1.339 Å of Ag).70 The lone 

pairs on the unbound Nald atoms in [Cu]+ point away from the metal center to yield a 

conformation similar to that of [Ag]+. The amount of electron density delocalized into 

the π* manifold of PD(A)I-based ligands has been parameterized through a Δ 

parameter.61, 72 The Δ value for [Cu]+ of 0.168 Å is indicative of a modest increase in 

ligand-based electron density compared with [Ag]+ (Δ = 0.178 Å), though both are in 

the range of Δ values that are best associated with (3PDAI2)0 oxidation states. The 1H 

NMR spectrum of [Cu]+ in THF-d8 indicates that the compound exhibits D2h symmetry 

in solution at room temperature on the NMR timescale, as indicated by the 8:4 pattern 

of the 1H NMR signals from the (CH2)3 linker protons (see Supporting Information, 

Figure S1). These data are consistent with the symmetry observed for other 

mononuclear complexes bound by this ligand and indicate that a dynamic 

rearrangement process is occurring in solution.69, 73 However, given the lability of ligand 

binding to Cu(I) and the propensity of Cu(I) ions to associate into clusters, the 

rearrangement process may involve the dissociation and association of Cu(I) ions.  We 

thus next sought the synthesis of multinuclear Cu(I) systems in an effort to evaluate the 

suitability of the 3PDAI2 macrocycle for kinetically stabilizing multinuclear Cu(I) 

systems against redistribution of their metal ions. 
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Figure 1. Crystal structures of the cationic portion of a) [Cu]+ and b) [Cu2(CNxyl)2]2+ 

with thermal ellipsoids at the 50% probability level. Hydrogen atoms were omitted for 

clarity. 

Table 1. Averaged crystallographic metrics of [Cu]+ and [Cu2(CNxyl)2]2+. 

 [Cu]+ [Cu2(CNxyl)2]2+ 

d(Cu∙∙∙Cu) / Å - 2.9905(5) 

d(Cu–C) / Å - 1.856 

d(Cu–Npy) / Å 2.0473 2.075 

d(Cu–Nald) / Å 2.0946 2.084 

d(Npy-Cipso) / Å 1.354 1.351 

d(Cipso-Cald) / Å 1.479 1.476 

d(Cald-Nald) / Å 1.270 1.274 

Δexpt / Å 0.168 0.164 

FSR - 1.27 

τ4 0.98 0.79 
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Syntheses of Multinuclear Copper Complexes 

The success of using [Ag]+ as the template for the monocopper complex [Cu]+ 

prompted our investigation into the use of the previously reported diargentous 

complexes [(3PDAI2)Ag(CNxyl)2][OTf]2 ([Ag2(CNxyl)2]2+) and 

[(3PDAI2)Ag(PPh3)2][OTf]2  ([Ag2(PPh3)2]2+) to synthesize the corresponding dicuprous 

complexes. The addition of 2.0 equiv of CuI to a stirring solution of [Ag2(CNxyl)2]2+ in 

THF led to an immediate color change from pale yellow to a dark orange-red with the 

formation of a yellow precipitate. Following work-up and purification, red crystals of 

[(3PDAI2)Cu(CNxyl)2][OTf]2 ([Cu2(CNxyl)2]2+, Scheme 2) were isolated with a yield of 

78 %.  

Scheme 2. Syntheses of [Cu2(CNxyl)2]2+. 

 

The molecular structure of [Cu2(CNxyl)2]2+ was determined crystallographically 

(Figure 1b). Two molecules of [Cu2(CNxyl)2]2+ are present in the asymmetric unit. One 

of the molecules, which is well defined, presented a shorter Cu–Cu distance (2.9905(5) 

Å) and a larger Δ value (0.164 Å), while the other molecule, which is disordered (see 

Supplementary Information for more details), exhibits an elongated Cu–Cu distance 

(3.148(4) Å) and a smaller Δ value (0.153 Å). Despite these apparent differences, NMR 
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spectra of [Cu2(CNxyl)2]2+ show the presence of only one species, supporting the notion 

that these variances are a result of crystal packing. The following discussion will thus 

be based on the structure of the more well-defined molecule in the asymmetric unit. 

While [Cu(CNxyl)2]2+ and [Ag2(CNxyl)2]2+ are isoelectronic to one another, the 

coordination environment about the dinuclear core in [Cu2(CNxyl)2]2+ is distinct. Each 

Ag center in [Ag2(CNxyl)2]2+ is held within one PDAI unit,69 but each Cu center in 

[Cu2(CNxyl)2]2+ is coordinated to two Nald atoms connected by the same (CH2)3 linker 

and one Npy atom. As a result, the Cu centers each adopt a distorted tetrahedral 

geometry, evident from both the large avg. τ4 value of 0.79 (Table 1) and the sum of 

bond angles around the Cu atom (avg. Σ∠L–Cu–L = 399.7°, L = N, C). The distance 

between the two Cu centers (2.9905(5) Å) is long and larger than the sum of the van 

der Waals radius of Cu.74 The long intermetallic distance, combined with the large 

formal shortness ratio (FSR)75 of 1.27, is indicative of minimal Cu∙∙∙Cu interactions in 

this complex. The Δ value of the 3PDAI2 ligand of 0.164 Å is indicative of a neutral ligand 

with slight electron density delocalization over the PDAI moieties.61 The room 

temperature 1H NMR spectrum of [Cu2(CNxyl)2]2+ is consistent with a C2v-symmetric 

geometry, as determined by the 4:4:2:2 grouping of the proton signals associated with 

the (CH2)3 linkers (see Supporting Information, Figure S7), suggesting that 

[Cu2(CNxyl)2]2+ retains the folded ligand geometry observed crystallographically when 

placed in solution but that the Cu coordination geometries are dynamic within the 

ligand binding pocket at room temperature on the 1H and 13C NMR timescales. 
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Interestingly, treatment of [Ag2(PPh3)2]2+ with 2.0 equiv. of CuCl did not lead to the 

formation of a dicuprous PPh3 complex; instead, a tricuprous species, 

[(3PDAI2)Cu3Cl(PPh3)2][OTf]2 ([Cu3Cl(PPh3)2]2+) was isolated. [Cu3Cl(PPh3)2]2+ was also 

formed in a yield of 79 % when 3.0 equiv. of CuCl were used. Subsequent investigations 

found that treatment of a slurry of [Ag2(NCMe)2]2+ in THF with 2.0 equiv. of an L-type 

ligand (L = PPh3, PMe3, xylNC), followed by 3.0 equiv. of CuCl afforded a series of 

isomorphic tricopper complexes, [(3PDAI2)Cu3ClL2][OTf]2 (L = PPh3 ([Cu3Cl(PPh3)2]2+), 

PMe3 ([Cu3Cl(PMe3)2]2+), and CNxyl ([Cu3Cl(CNxyl)2]2+)). Additionally, treatment of 

[Ag2(NCMe)]2+ with 3.0 equiv of CuCl in acetonitrile led to the formation of 

[Cu3Cl(NCMe)2][OTf]2 (Scheme 3).  

Scheme 3. Syntheses of [Cu3Cl(L)2]2+. 

 

The [Cu3Cl(L)2]2+ complexes are isostructural, and all include a folded 3PDAI2 ligand 

(Figure 2). The Δ values of ca. 0.165 Å indicate that the 3PDAI2 ligands in these 

complexes are neutral (Table 2). Each copper center is coordinated by two macrocycle-

based nitrogen atoms and a single μ3-Cl atom, with Cu1 and Cu2 each ligating a Lewis 

base. Cu1 and Cu3 are each coordinated by one Npy and an adjacent Nim, while Cu2 is 
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bound by two Nim donors linked by a propylene tether. Cu1 and Cu3 both adopt a 

tetrahedral geometry, but the geometry of Cu2 is close to trigonal planar, as indicated 

by the sum of bond angles around it (Σ∠E–Cu2–E = ca. 355°, E = N, Cl). Within the 

[Cu3Cl]2+ cores, the chlorides lie above the [Cu3] planes and are not equivalently 

coordinated to the three copper centers, as indicated by the shorter Cu2–Cl bond 

lengths (ca. 2.2 Å) compared to the other two within each complex (> 2.36 Å).   
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Figure 2. Crystal structures of a) [Cu3Cl(NCMe)2]2+, b) [Cu3Cl(CNxyl)2]2+, c) 

[Cu3Cl(PMe3)2]2+ and d) [Cu3Cl(PPh3)2]2+ with thermal ellipsoids at the 50% probability 

level. Left: side view; right: top view. Hydrogen atoms and counter ions were omitted 

for clarity. 
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Overall, the symmetry of each complex in this series can be considered pseudo-Cs, 

with a mirror plane containing Cu2 and relating Cu1 to Cu3. Further, the ∠Cu1–Cu2–

Cu3 angles of ca. 90˚ place the three coppers in each complex in an isosceles right 

triangle geometry. This geometry is extremely rare in molecular complexes.76 Ligand-

supported [Cu3Cl] cores are typically (pseudo-)C3v-symmetric, as indicated by their 

nearly identical Cu–Cu–Cu bond angles,6, 77-80 and among molecular complexes that 

consist of a [Cu3Cl] scaffold with a right-angled [Cu3] fragment, the [Cu3Cl] cores are 

either planar81 or part of a larger [CuxCly] cluster.82-86 A [Cu3Cl] scaffold reported in 2004 

by Sutter, Chaudhury, and coworkers is most similar to those reported here but is 

composed of Cu(II) centers and exhibits significantly longer Cu∙∙∙Cu (ca. 3.2 Å to ca. 4.8 

Å) and Cu–Cl distances (> 2.6 Å), making it distinct from the [Cu3Cl]2+ core in 

[Cu3Cl(L)2]2+.87 Notably, the unique triangular shape of the [Cu3Cl]2+ cluster cores in 

[Cu3Cl(L)2]2+ is reminiscent of the alignment of the three Cu centers in the fully reduced 

state of the ascorbate oxidase class of multicopper oxidase metalloenzymes.88 The 

potential for studying of relationship of [Cu3Cl(L)2]2+ to the active sites in multicopper 

oxidases prompted investigations into whether or not the geometries of the [Cu3Cl]2+ 

cores persisted in solution. 

 
Table 2. Averaged crystallographic metrics of [Cu3Cl(L)2]2+ (L = NCMe, CNxyl, PMe3, 

PPh3). 

 [Cu3Cl(NCMe)2]2+ [Cu3Cl(CNxyl)2]2+ [Cu3Cl(PMe3)2]2+ [Cu3Cl(PPh3)2]2+ 
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d(Cu1∙∙∙Cu2) / Å 2.8330(6) 3.0316(2) 2.8288(3) 2.7099(3) 

d(Cu2∙∙∙Cu3) / Å 2.6980(5) 2.7185(3) 2.7230(3) 2.8313(3) 

d(Cu1∙∙∙Cu3) / Å 3.8340(9) 4.0668(5) 4.0242(4) 3.9383(6) 

d(Cu–L) / Å 1.912 1.856 2.1865 2.1977 

d(Cu–Npy) / Å 2.192 2.1795 2.1472 2.1767 

d(Cu–Nald) / Å 1.995 2.0070 2.0126 2.0116 

d(Npy-Cipso) / Å 1.348 1.349 1.348 1.348 

d(Cipso-Cald) / Å 1.473 1.477 1.475 1.474 

d(Cald-Nald) / Å 1.273 1.274 1.272 1.274 

Δexpt / Å 0.163 0.165 0.165 0.163 

FSR(Cu1∙∙∙Cu2) 1.15 1.29 1.21 1.16 

FSR(Cu2∙∙∙Cu3) 1.21 1.16 1.16 1.21 

FSR(Cu1∙∙∙Cu3) 1.63 1.73 1.72 1.68 

∠Cu1–Cu2–
Cu3 / ˚ 

87.730(15) 89.859(9) 92.892(9) 90.561(1) 

Σ∠E–Cu2–Ea / 
˚ 

352.04 356.48 354.04 354.49 

τ4a 0.75 0.78 0.74 0.80 

a E = N, Cl 

b value of Cu1 and Cu3 

 

Dynamic Exchange within the Tricopper Clusters 

The [Cu3Cl(L)2]2+ complexes display pseudo-Cs symmetry in the solid state, but their 

NMR spectra in CD3CN are of higher symmetry at room temperature. Interestingly, the 

symmetries of these complexes in solution depend on the identity of the L-type ligand 

bound to the Cu1 and Cu3 atoms (Figure 3). The room temperature 1H NMR spectrum 
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of [Cu3Cl(NCMe)2]2+ revealed a D2h-symmetric complex, as indicated by the 8:4 pattern 

of well-defined signals from the (CH2)3 protons.  The 1H NMR spectrum of 

[Cu3Cl(CNxyl)2]2+, however, reveals a modestly broadened signal integrating to 8H for 

the hydrogens α to the aldimino nitrogens (α-CH2) and broad, low-intensity signals for 

the linker hydrogens β to the aldimino nitrogens (β-CH2).  These features indicate that 

the coalescence temperatures of the propylene linker protons are close to room 

temperature and that the exchange process responsible for the equilibration of the 

linker protons has a larger activation energy for L = CNxyl. The activation energy 

appears to increase again for L = PMe3; the 1H NMR resonances for the β-CH2 protons 

of [Cu3Cl(PMe3)2]2+ appear as two well-defined, albeit broad, signals. Finally, the PPh3-

bound complex [Cu3Cl(PPh3)2]2+ displays the lowest symmetry in CD3CN at room 

temperature, as indicated by the 4:4:2:2 pattern of 1H NMR resonances from the (CH2)3 

linker hydrogens. The solution-phase symmetry is still higher than that observed in the 

crystal structure of this complex – the aldimino hydrogen and pyridyl hydrogen signals 

for all complexes each appear as singlets that integrate to 4H at ca. 8.5 and 7.5 ppm, 

respectively (Figure 3) – but the activation energy associated with the overall exchange 

process in solution for [Cu3Cl(PPh3)2]2+ appears to be the highest of the series. 
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Figure 3. 1H NMR spectra of [Cu3Cl(L)2]2+ in CD3CN at room temperature. Signals from 

α-CH2 are labelled with “a”, signals from β-CH2 groups of the linker are labelled with 

“b”, aldimino hydrogen signals are labelled with “c”, and pyr-H signals are labelled with 

“d”. 

For the 1H NMR spectroscopic resonances associated with the propylene linker 

protons of the [Cu3Cl(L)2]2+ complexes to exhibit the averaging observed 

experimentally, several dynamic exchange processes need to occur in solution (Scheme 

4). Coalescence/broadening of the α-CH2 signals must result from an inversion of the 

folded geometry of the macrocycle ligand. This process necessitates a net inversion of 

the orientation of the cone formed by the Cu3Cl core for the chemical environments of 

the diastereotopic hydrogens on the (CH2)3 linker to equilibrate. However, these two 
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processes by themselves cannot account for the coalescence of the signals from the 

pyridyl or aldimino hydrogens. Thus, a process that involves the dynamic exchange of 

the PDAI coordination mode to the [Cu3Cl(L)2]2+ core is also necessary. 

The steric profile of the [Cu3Cl(L)2]2+ cores are larger than the cavity of the 3PDAI2 

ligand, so the partial dissociation of the [Cu3Cl(L)2]2+ cluster is essential for the ligand 

conformational exchange to happen (Scheme 4). The observed solution phase symmetry 

of each [Cu3Cl(L)2]2+ complex is dependent on the identity of L (Figure 3), indicating 

that the dynamic processes discussed above likely involve the dissociation of the L 

fragments. We further reasoned that the dissociation/re-association of a Cu+ ion or a 

CuCl fragment might also be involved in changing both the orientation of the [Cu3Cl]2+ 

core and the PDAI coordination mode. This latter proposal is supported by the observed 

C2v solution-phase symmetry of the dicuprous isocyanide species [Cu2(CNxyl)2]2+. 

However, attempts to bias this proposed equilibrium toward the tricuprous species 

through addition of [Cu(MeCN)4][OTf] or CuCl to a CD3CN solution of [Cu3Cl(PPh3)2]2+ 

resulted in a higher solution-phase symmetry at room temperature (see Supporting 

Information, Figures S40 and S41). This observation suggests that even higher 

nuclearity clusters supported by the 3PDAI2 macrocycle may be accessible (see below). 

Scheme 4. Proposed dynamic exchange processes that result in higher in-solution 

symmetry of [Cu3Cl(L)2]2+ complexes at room temperature. 
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To further probe the dynamic processes in solution, variable-temperature NMR 

spectroscopic studies on [Cu3Cl(PPh3)2]2+ were carried out. The variable-temperature 

NMR spectra of [Cu3Cl(PPh3)2]2+ in CD3CN are shown in Figure 4 and additional data 

are provided in the Supplementary Information (Figure S42). At temperatures higher 

than room temperature, the pyr-H signals and aldimino proton signals remain as 

singlets, and the coalescence of the (CH2)3 linker proton signals is apparent as the 

temperature is increased from 298 K. The two α-CH2 signals merge into one broad 

singlet between 308 K and 318 K. The signal sharpens as the temperature is increased 

further. The coalescence of the β-CH2 signals occurs between 318 K and 328 K. As 

expected, the behavior of the α/β-CH2 1H NMR signals at elevated temperatures repeats 

in the other [Cu3Cl(L)2]2+ complexes (L = MeCN, xylNC and PMe3, Figure 5), albeit with 

different coalescence temperatures. The data for [Cu3Cl(PPh3)2]2+ at 318 K, 328 K and 

338 K are qualitatively identical to those observed in the room temperature spectra of, 

respectively, [Cu3Cl(PMe3)2]2+, [Cu3Cl(CNxyl)2]2+, and [Cu3Cl(NCMe)2]2+. It can thus 

be concluded that the rates of the overall dynamic exchange process (kex) of the 

[Cu3Cl(L)2]2+ complexes follow the trend kex(L = PPh3) < kex(L = PMe3) < kex(L = xylNC) 

< kex(L = MeCN) in CD3CN. The dependence of kex on the identity of L, coupled with 
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the convergence of the high T spectral pattern for L = PPh3 (lowest kex) on the spectral 

trace observed at room temperature for L = MeCN (fastest kex), suggests that the slowest 

dynamic process in solution represents the dissociation of L to transiently form 

[Cu3Cl]2+. This Lewis base-free complex would then undergo additional rapid dynamic 

exchange processes to generate the observed D2h symmetry. 

 

Figure 4. Variable-temperature 1H NMR spectra of [Cu3Cl(PPh3)2]2+ in CD3CN in the 

range of 238 to 338 K. The results of two separate experiments (238 K to 298 K and 308 

K to 338K, respectively) were combined. 
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Figure 5. Comparison of the 1H NMR resonances of the protons on the propylene 

linkers of [Cu3Cl(L)2]2+ (L = MeCN, xylNC, PMe3) in CD3CN at 298 K (left) with the 

corresponding resonances of [Cu3Cl(PPh3)2]2+ in CD3CN at different temperatures 

(right). The α-CH2 signals are labelled with “a” and the β-CH2 resonances are labelled 

with “b”.  

The 1H NMR spectra of [Cu3Cl(PPh3)2]2+ in CD3CN at temperatures lower than 298 K 

(Figure 4) revealed the de-coalescence of signals at ca. 8.5 ppm (aldimine), ca. 3.8 ppm 

(α-CH2) and ca. 2.8 ppm (β-CH2) as the temperature was decreased to 238 K.  

Unfortunately, these features were not fully resolved before the melting point of 

CD3CN was reached, making it difficult to extract quantitative information on 

activation energies. We thus turned to the use of CD2Cl2 as a solvent and were interested 

to find some disparity in the apparent rates of dynamic exchange in CD2Cl2 compared 

to those in CD3CN at 298 K, likely due to the involvement of acetonitrile exchange in 

the dynamic process. The pyr-H and aldimine signals were significantly more 
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broadened in CD2Cl2, but the linker protons exhibited a comparable amount of 

broadening between the two solvents (see Supporting Information, Figure S43). The 

pattern and integrations of the signals observed for the α/β-CH2 linker protons indicate 

that [Cu3Cl(PPh3)2]2+ exhibits a lower-than-D2h symmetry at 298 K in CD2Cl2, but the 

broadened, weak signals prevent further detailed analysis.  

More defined 1H NMR signals were found to evolve as the temperature of the CD2Cl2 

system was decreased.  The 1H NMR spectrum at 213 K contains well-defined signals 

(Figure 6; see Supporting Information, Figure S44) that are consistent with molecular 

Cs symmetry, in line with the crystal structure of this complex. The pyr-H and aldimino 

proton signals each evolved into two 2H singlets at 213 K, and the α- and β-CH2 signals 

similarly resolved into 2H and 1H multiplets.  

The accumulated 1H NMR data for [Cu3Cl(PPh3)2]2+ support both a ground state 

solution-phase geometry no higher than Cs symmetry and the presence of at least three 

thermally accessible dynamic exchange processes in solution.  One involves Lewis base 

dissociation and is susceptible to the binding strength of the donor.  Another involves 

folding and unfolding of the macrocyclic ligand and appears to be gated by Lewis base 

dissociation.  The latter of these necessitates significant restructuring of the [Cu3Cl]2+ 

core through a process that is not discernable at present.  A third process involves the 

net “rotation” of the intact [Cu3ClL2]2+ core within the folded macrocycle, as needed to 

equilibrate the pyr-H and aldimine protons.  This third process may also involve 

dissociation and reassociation of Cu+ or CuCl fragments. 
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Figure 6. Variable-temperature 1H NMR spectra of [Cu3Cl(PPh3)2]2+ in CD2Cl2 in the 

range of 213 to 298 K. Trimethoxybenzene was added as an internal standard. The α-

CH2 signals are labelled with “a”, the β-CH2 signals are labelled with “b”, the aldimino 

hydrogen signals are labelled with “c”, and the pyr-H signals are labelled with “d”,  The 

trimethoxybenzene peaks are labelled with “TMB”. 

 

Interconversion between Dicopper and Tricopper Complexes 

While attempts to perturb a hypothetical equilibrium involving the dissociation of 

Cu+ from the tricopper complexes were not fruitful, we did find that a single Cu+ ion 

could be removed to generate a new dicuprous cluster. Treatment of a THF solution of 

[Cu3Cl(PPh3)2]2+ with 1.0 equiv of NaOtBu resulted in the formation of a red-orange 

solution after stirring at room temperature for one day. Layering of this solution with 

n-hexane at -35˚C afforded red crystals of [Cu2Cl(PPh3)2]+, as determined from single 



 22 

crystal XRD analysis (Figure 7). The crystallographic metrics of this complex are 

tabulated in Table 3. 

 

Figure 7. The crystal structure of [Cu2Cl(PPh3)2]+ with thermal ellipsoids at the 

probability level of 50%. Hydrogen atoms were omitted for clarity. a) top view; b) side 

view. 

Each Cu center in [Cu2Cl(PPh3)2]+ is four-coordinate and adopts a distorted 

tetrahedral geometry (τ4 = 0.81), involving one PPh3 ligand, the bridging Cl atom, one 

Npy atom, and one Nald atom.  The two Nald atoms serving as ligands are connected by a 

(CH2)3 linker. The long Cu–Cu distance in [Cu2Cl(PPh3)2]+ (3.6641(7) Å) and large FSR 

value (1.56) are indicative of the absence of an attractive interaction between the copper 

centers.  

 

Table 3. Averaged crystallographic metrics of [Cu2Cl(PPh3)2]+. 
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 [Cu2Cl(PPh3)2]+ 

d(Cu1∙∙∙Cu1’) / Å 3.6641(7) 

d(Cu–P) / Å 2.2000(5) 

d(Cu–Npy) / Å 2.1043(15) 

d(Cu–Nald) / Å 2.0578(15) 

d(Npy-Cipso) / Å 1.349 

d(Cipso-Cald) / Å 1.477 

d(Cald-Nald) / Å 1.274 

Δexpt / Å 0.165 

FSR 1.56 

τ4 0.81 

The conformation of the neutral 3PDAI2 ligand (Δ = 0.165 Å) in this complex is 

unusual. The 3PDAI2 ligand adopts a folded conformation similar to those observed in 

other dicopper and tricopper macrocyclic complexes presented herein. However, the 

lone pairs on the unbound nitrogen atoms point away from the metal centers in a 

manner reminiscent of the monocopper and monosilver complexes discussed above. 

[Cu2Cl(PPh3)2]+ is best described as Cs-symmetric, but NMR spectroscopic studies 

revealed that this complex exhibits C2v-symmetry in CD3CN at room temperature, as 

evidenced by the two low-field 4H singlets, assigned to pyr-H and aldimino H atoms, 

and the 4:4:2:2 grouping of the multiplets from the (CH2)3 linkers in its 1H NMR 

spectrum (see Supporting Information, Figure S12). A likely explanation for this higher 

solution-phase symmetry on the NMR timescale is a dynamic exchange process that 
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involves the [Cu2Cl(PPh3)2] core changing position between [N(CH2)3N] arms. This 

would be accompanied by a change in the conformation of the two [N(CH2)3N] arms 

with respect to the orientation of the Nald lone pairs (Scheme 5).    

Scheme 5. Proposed dynamic exchange process of [Cu2Cl(PPh3)2]+ in solution. 

 

Consistent with this exchange process, the inverted, non-coordinating arm on the 

3PDAI2 ligand of [Cu2Cl(PPh3)2]+ was found to be kinetically competent for rebinding 

an additional equivalent of Cu+. The reaction between [Cu2Cl(PPh3)2]+ and 1.0 equiv. 

of [Cu(MeCN)4][OTf] in CD3CN successfully reformed the tricopper species 

[Cu3Cl(PPh3)2]2+ (Scheme 6; see Supporting Information, Figure S18). Gratifyingly, this 

strategy extends to the dicopper complex [Cu2(CNxyl)2]2+. Treatment of a CD3CN 

solution of [Cu2(CNxyl)2]2+ with 1.0 equiv. of CuCl successfully formed 

[Cu3Cl(CNxyl)2]2+ (see Supporting Information, Figure S11). These results demonstrate 

the successful control over the interconversion between dicopper and tricopper species 

by way of Cu atom addition and Cu atom removal (Scheme 6). 

 

Scheme 6. Interconversion between dicopper complexes and tricopper complexes. 
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Formation of a Tetracopper Complex 

Finally, we discovered that the nuclearity of the copper complexes could be increased 

further from the trinuclear species described above. Treatment of [Cu3Cl(NCMe)2]2+ in MeCN 

with 1.0 equiv of CuCl and 4.0 equiv of NaBPh4 resulted in the formation of a dark red solution. 

Upon work-up and purification, dark red crystals of the tetracopper species 

[(3PDAI2)Cu4Ph2][BPh4]2  ([Cu4Ph2]2+) were isolated in a yield of 52 % (Scheme 7). The 

mechanism of this reaction is unclear, but the stoichiometry of the reaction is consistent with 

two BPh4– ions serving as Ph– donors to yield [Cu4Ph2]2+, 2 NaCl, and 2 BPh3. This reactivity is 

reminiscent of the aryl group transfer reaction from tetraarylborato anions mediated by the 

[(DPFN)Cu2(NCMe)]2+ complex reported by the Tilley group.60 

Scheme 7. Synthesis of [Cu4Ph2]2+. 
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The crystal structure of [Cu4Ph2]2+ is depicted in Figure 8. The neutral 3PDAI2 ligand (Δ = 

0.160 Å) adopts an unfolded conformation to accommodate the tetracopper core. The four 

copper atoms form a distorted tetrahedron (Figure 8b). Cu1 and Cu4 are each coordinated to 

one Npy and one Nald connected by a (CH2)3 linker, while Cu2 and Cu4 are each coordinated to 

one of the other two Nald atoms. The two μ-Ph groups bridge Cu1-Cu2 and Cu3-C4, 

respectively, but neither is coordinated symmetrically between the Cu centers, as evidenced 

by the different Cu–C bond lengths (Table 4). This is different from the binding mode of the 

μ-Ph and μ-Mes groups to the di-cuprous center in closely related [(DPFN)Cu2(μ-Ph)]+ 60 and 

[(t-BuPNNP)Cu2(μ-Mes)]+ complexes,54 in which the two Cu–C bond lengths are nearly 

identical. The Cu2-C29 and Cu3-C35 distances of 1.957(3) and 1.954(4) Å, respectively, in the 

[Cu4Ph2]2+ core, are ca. 0.05 Å shorter than the Cu1-C29 and Cu4-C35 distances of 2.012(3) and 

1.996(4) Å. The symmetry of [Cu4Ph2]2+ in the solid state is pseudo-C2 due to the asymmetric 

coordination mode of the [Cu4Ph2]2+ core. However, the 1H NMR spectrum of this complex in 

CD3CN shows signals that are consistent with a D2h-symmetric geometry, indicating the 

presence, again, of multiple dynamic exchange processes in the solution phase.  In this case, 

the absence of neutral Lewis base donors and the unfolded geometry of the ligand in the solid 

state suggest that dynamic exchange of the 3PDAI2 donors about the [Cu4Ph2]2+ core likely 

accounts for the observed solution-phase symmetry. 
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Figure 8. a) Crystal structure of [Cu4Ph2]2+ and b) depiction of the [Cu4Ph2]2+ core within the 

tetracopper complex with thermal ellipsoids at the probability level of 50%. Hydrogen atoms 

were omitted for clarity. 

Table 4. Averaged crystallographic metrics of [Cu4Ph2]2+. 

 [Cu4Ph2]2+ 

d(Cu1–Cu2) / Å 2.4985(6) 

d(Cu1–Cu3) / Å 2.6789(7) 

d(Cu1–Cu4) / Å 2.6106(6) 

d(Cu2–Cu3) / Å 2.5621(6) 

d(Cu2–Cu4) / Å 2.5661(7) 

d(Cu3–Cu4) / Å 2.4567(6) 

d(Cu1–C29) / Å 2.012(3) 

d(Cu2–C29) / Å 1.957(3) 

d(Cu3–C35) / Å 1.954(4) 

d(Cu4–C35) / Å 1.996(4) 

FSR(Cu1–Cu2) 1.07 
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FSR(Cu1–Cu3) 1.14 

FSR(Cu1–Cu4) 1.11 

FSR(Cu2–Cu3) 1.09 

FSR(Cu2–Cu4) 1.09 

FSR(Cu2–Cu5) 1.05 

 

Summary and Conclusions 

This work demonstrated the ability to kinetically stabilize the size of Cu(I) clusters 

contained within a flexible macrocycle through the rational synthesis of mono-, di-, 

tri-, and tetra-copper systems. The mononuclear and dinuclear Cu(I) complexes [Cu]+ 

and [Cu2(CNxyl)2]2+ were synthesized from the corresponding Ag(I) complexes via AgI 

elimination. Attempts to synthesize a PPh3-coordinated dicuprous complex using this 

same method serendipitously resulted in the formation of a trinuclear complex, 

[Cu3Cl(PPh3)2]2+. A series of isostructural tricopper complexes [Cu3Cl(L)2]2+ (L = MeCN, 

xylNC, PMe3 and PPh3) were then synthesized via treatment of [Ag2(NCMe)2]2+ with 

3.0 equiv of CuCl in the presence of various Lewis bases (L). The interconversion 

between trinuclear and dinuclear copper complexes was successfully achieved by way 

of Cu atom removal (via treatment with NaOtBu), which could then be reversed 

through Cu atom addition (via addition of CuCl or [Cu(MeCN)4]+). While all complexes 

reported in this study exhibit apparent dynamic exchange processes on the NMR 

timescale in solution at room temperature, the tricopper series was studied in detail due 
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to the complexity of the dynamic exchange and the ability to perturb the exchange rate 

through the identity of L. This study revealed the facile exchange of bonds between the 

ligands and the Cu(I) centers, allowing for loss of ligands L and rapid interconversion 

of the 3PDAI2-based N‒Cu bonding interactions to yield high-symmetries in solution 

while retaining the number of Cu centers within the cluster.  Finally, it was shown that 

the nuclearity of the system could be further increased by treatment of [Cu3Cl(L)2]2+ 

with CuCl in the presence of a Ph– donor, thereby generating the tetracopper species 

[Cu4Ph2]2+. This latter system contains a tetrahedral array of Cu(I) ions supported by 

the 3PDAI2 ligand and two µ2-Ph ligands.  Together, this synthetic study highlights the 

ability of geometrically flexible, multinucleating ligands to support atomically precise 

Cu(I) clusters of various sizes to the exclusion of cluster redistribution processes.  Efforts 

to examine the physical properties of these clusters and expand the size of the 

atomically precise clusters that may be formed through this bottom-up approach are of 

interest for further study. 

 

Experimental Section 

General Considerations 

All reactions involving transition metals were performed under an inert atmosphere of dry 

N2 in a PureLab HE glovebox or using standard Schlenk techniques unless otherwise noted. 
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Glassware, stir bars, filter aid (Celite) and 4Å molecular sieves were dried in an oven at 150 °C 

for at least 12 h prior to use. All solvents (n-hexane, diethyl ether, THF, dichloromethane, 

acetonitrile) were dried by passage through a column of activated alumina, deoxygenated by 

sparging with N2 for 15 min, and stored over 4Å molecular sieves unless otherwise noted. 

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc., and 

dried over either Na/benzophenone (THF-d8) or CaH2 (CD2Cl2, acetonitrile-d3) and 

stored under N2 over activated 4Å molecular sieves. [(3PDAI2)Ag][BPh4] ([Ag]+), 

[(3PDAI2)Ag(NCMe)][OTf]2 ([Ag2(NCMe)]2+), [(3PDAI2)Ag(PPh3)2][OTf]2 

([Ag(PPh3)2]2+) and [(3PDAI2)Ag(CNxyl)2][OTf]2 ([Ag(CNxyl)2]2+) were synthesized 

following previously reported procedures.69 [Ag2(NCMe)]2+ was dried under vacuum 

(30 mbar) at 40 °C for 6h and stored in a glovebox under dry nitrogen prior to use. 

AgNO3 (99.9%-Ag), CuCl (anhydrous, 98%), CuI (99.999%-Cu) and NaBPh4 (99.5%+) 

were purchased from Strem Chemicals and used without further purification. 2,6-

dimethylphenyl isocyanide (xylNC) was purchased from Alfa Aesar and used without 

further purification. NaOtBu and [Cu(MeCN)4][OTf] were purchased from 

MilliporeSigma and used without further purification. PMe3 (98%) was purchased from 

Strem Chemicals or synthesized according to literature procedures,89 and was stored as 

a 1 M solution in THF at -35 °C under dry nitrogen in a glovebox. PPh3 was purchased 

from MilliporeSigma, recrystallized from hot ethanol, dried under vacuum (30 mbar) at 

40 °C for 6h, and stored in a glovebox under dry nitrogen prior to use.90 Elemental 

analyses were performed under an inert atmosphere by Midwest Microlab LLC or at 
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the University of Rochester (PerkinElmer 2400 Series II). 1H, 13C{1H}, 11B{1H}, 31P{1H}, 

19F{1H}, 13C-1H HSQC, 13C-1H HMBC and 1H-1H COSY NMR spectra were recorded on 

Bruker UNI 400, UNI 500 or NEO 600 spectrometers. All chemical shifts (δ) are 

reported in units of ppm, with references to the residual protio-solvent resonance for 

proton and carbon chemical shifts.  External BF3•Et2O, H3PO4 and CFCl3 were used for 

referencing 31P and 19F NMR chemical shifts, respectively.  No uncommon hazards are 

noted.  

 

X-ray Crystallography 

X-ray intensity data were collected on a Rigaku XtaLAB Synergy-S diffractometer 

equipped with an HPC area detector (Dectris Pilatus3 R 200K for [Cu2(CNxyl)2]2+, 

[Cu2Cl(PPh3)2]+, [Cu3Cl(CNxyl)2]2+ and [Cu3Cl(PPh3)2]2+ or HyPix-6000HE for [Cu]+, 

[Cu3Cl(PMe3)2]2+ and [Cu3Cl(NCMe)2]2+) or a Bruker APEX II CCD area detector 

([Cu4Ph2]2+) with confocal multilayer optic-monochromated Mo Kα radiation (λ = 

0.71073 Å: [Cu2(CNxyl)2]2+, [Cu3Cl(CNxyl)2]2+, [Cu3Cl(PPh3)2]2+, [Cu3Cl(PMe3)2]+ and 

[Cu3Cl(NCMe)2]2+), graphite-monochromated Mo Kα radiation (λ = 0.71073 Å: 

[Cu4Ph2]2+), or Cu Kα radiation (λ = 1.54184 Å: [Cu]+) at 100 K. Rotation frames were 

integrated using CrysAlisPro91 ([Cu2(CNxyl)2]2+, [Cu2Cl(PPh3)2]+, [Cu3Cl(CNxyl)2]2+, 

[Cu3Cl(PPh3)2]2+, [Cu]+, [Cu3Cl(PMe3)2]2+ and [Cu3Cl(NCMe)2]2+) or SAINT92 

([Cu4Ph2]2+), producing a listing of unaveraged F2 and σ(F2) values. The intensity data 
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were corrected for Lorentz and polarization effects and for absorption using SCALE3 

ABSPACK93 ([Cu2(CNxyl)2]2+, [Cu2Cl(PPh3)2]+, [Cu3Cl(CNxyl)2]2+, [Cu3Cl(PPh3)2]2+, 

[Cu]+, [Cu3Cl(PMe3)2]2+ and [Cu3Cl(NCMe)2]2+) or SADABS94 ([Cu4Ph2]2+). The 

structures were solved by direct methods by using SHELXT95 and refined by full-matrix 

least squares, based on F2 using SHELXL-2018.95 For [Cu2(CNxyl)2]2+, the asymmetric 

unit consists of two macrocycles, two triflate ions and three molecules of THF. In 

addition, the second molecule displays a large amount of disorder. For 

[Cu3Cl(NCMe)2]2+, there was a region of disordered solvent for which a reliable disorder 

model could not be devised; the X-ray data were corrected for the presence of 

disordered solvent using SQUEEZE.96 Crystal parameters and refinement results are 

given in the Supporting Information, Tables S1-S4. 

 

Syntheses 

Synthesis of [(3PDAI2)Cu][BPh4] ([Cu]+). CuI (6.8 mg, 0.0357 mmol) was added to a 

solution of [Ag]+ (32.0 mg, 0.0361 mmol) in THF (6 mL). The resulting purple-red slurry 

was stirred at room temperature for 2 h then filtered through Celite. The filtrate was 

layered with 12 mL of n-hexane. Storage of the system at room temperature for 2 d 

yielded [Cu]+ as dark red crystals. Yield: 21.0 mg (64 %). 1H NMR (600 MHz, THF-d8, 

25 °C):δ = 8.30 (s, 4H, CH=N), 8.08 (s, 4H, py m-H), 7.31 (m, 8H, Ph o-H), 6.83 (t, 8H, 

3JHH = 7.4 Hz, Ph m-H), 6.67 (t, 4H, 3JHH = 7.1 Hz, Ph p-H), 3.71 (br s, 8H, CH2CH2CH2), 
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2.14 (br s, 4H, CH2CH2CH2), 1.41 (s, 18H, C(CH3)3) ppm. 13C{1H} NMR (151 MHz, THF-

d8, 25 °C): δ = 165.42 (q, 1JBC = 49.3 Hz, BPh4 C), 164.61 (s, py C),  162.85 (s, CH=N), 

153.64 (s, py C), 137.38 (br s, BPh4 o-C), 126.00 (q, 3JBC = 2.2 Hz, BPh4 m-C), 125.10 (s, 

py m-C), 122.04 (s, BPh4 p-C), 57.45 (s, CH2CH2CH2), 36.42 (s, C(CH3)3), 30.72 (t,  J = 

14.2 Hz, CH2CH2CH2) , 30.60 (s, C(CH3)3) ppm. 11B{1H} NMR (128 MHz, THF-d8, 25 °C): 

δ = -7.01 (s, BPh4) ppm. Anal. Calcd. for C56H68BCuN6O (915.51 g/mol): C, 73.47; H, 

7.49; N, 9.18. Found: C, 72.61; H, 6.96; N, 9.13.  

Synthesis of [(3PDAI2)Cu2(CNxyl)2][OTf]2 ([Cu2(CNxyl)2]2+). CuI (15.9 mg, 0.083 

mmol) was added to a solution of [Ag2(CNxyl)2]2+ (50.9 mg, 0.038 mmol) in THF (6 mL). 

The resulting orange slurry was stirred at room temperature for 1.5 h then filtered 

through Celite. The filtrate was layered with 12 mL of n-hexane. Storage of the system 

at room temperature for 2 d afforded [Cu2(CNxyl)2]2+ as dark red rods. Yield: 37.4mg 

(78%). 1H NMR (500 MHz, CD2Cl2, 25 °C): δ = 8.61 (s, 4H, CH=N), 7.78 (s, 4H, py m-

H), 7.25 (t, 3JHH = 7.6 Hz, 2H, Ar p-H), 7.08 (d, 3JHH = 7.6 Hz, 4H, Ar m-H), 4.45 (br t, 

2JHH = 8.0 Hz, 4H, CH2CH2CH2), 4.25 (br s, 4H, CH2CH2CH2), 2.85 (br s, 2H, 

CH2CH2CH2), 2.42 (br s, 2H, CH2CH2CH2), 2.26 (s, 12H, ArCH3), 1.27 (s, 18H, C(CH3)3) 

ppm. 13C{1H} NMR (126 MHz, CD2Cl2, 25 °C): δ = 165.71 (s, py C), 162.98 (s, CH=N), 

151.22 (s, py C), 148.67 (br s, N≡C), 135.29 (s, Ph o-C), 130.19 (s, Ph p-C), 128.64 (s, Ph 

m-C), 127.73 (s, py m-C), 126.37 (br s, CN–C), 59.90 (s, CH2CH2CH2), 35.88 (s, C(CH3)3), 

34.32 (s, CH2CH2CH2), 30.16 (s, C(CH3)3), 18.81 (s, ArCH3) ppm. Anal. Calcd. for 
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C54H67.5Cu2F6N8O7.5S2 (1253.89 g/mol): C, 51.73; H, 5.43; N, 8.94. Found: C, 51.46; H, 

5.27; N, 9.25. 

Synthesis of [(3PDAI2)Cu3(μ3-Cl)(NCMe)2][OTf]2 ([(Cu3Cl(NCMe)2]2+). 

[Ag2(NCMe)]2+ (50.6 mg, 0.0499 mmol) was dissolved in 6 mL of acetonitrile. The 

reaction mixture was stirred at room temperature for 5 min, then CuCl (15.1 mg, 0.153 

mmol) was added. The slurry immediately turned brown and was stirred at room 

temperature for 1.5 h. Volatile materials were removed under reduced pressure. Soluble 

materials were extracted from the solid residue with 6 mL of a 1:1 mixture of THF and 

MeCN. The resulting mixture was filtered through Celite, and the filtrate was layered 

with 12 mL of diethyl ether. Storage of the system at room temperature for 7 d afforded 

[Cu3Cl(NCMe)2]2+ as black blocks. Yield: 16.0 mg (30 %).  1H NMR (600 MHz, CD3CN, 

25 °C): δ = 8.53 (s, 4H, CH=N), 7.66 (s, 4H, py m-H), 3.95 (t, 2JHH = 4.7 Hz, 8H, 

CH2CH2CH2), 2.55 (br s, 4H, CH2CH2CH2), 1.21 (s, 18H, C(CH3)3) ppm. Coordinated 

MeCN was not observed, presumably due to exchange with the solvent. 13C{1H} NMR 

(151 MHz, CD3CN, 25 °C): δ = 164.06 (s, py C), 162.14 (s, CH=N), 152.09 (s, py C), 123.56 

(s, py m-C), 122.25 (q, 1JFC = 321.0 Hz, CF3SO3), 62.76 (s, CH2CH2CH2), 35.99 (s, C(CH3)3), 

30.45 (s, C(CH3)3) , 29.36 (s, CH2CH2CH2) ppm.31P{1H} NMR (162 MHz, CD3CN, 25 °C): 

δ = -3.25 (br s, PPh3) ppm. 19F{1H} NMR (376 MHz, CD2Cl2, 30 °C): δ = -79.34 (s, CF3SO3) 

ppm. Anal. Calcd. for C34H44ClCu3F6N8O6S2 (1064.97 g/mol): C, 38.35; H, 4.16; N, 10.52. 

Found: C, 38.84; H, 4.15; N, 10.24. 
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Synthesis of [(3PDAI2)Cu3(μ3-Cl)(CNxyl)2][OTf]2 ([Cu3Cl(CNxyl)2]2+). 

[Ag2(NCMe)]2+ (46.2 mg, 0.046 mmol) was dispersed in 6 mL of THF, and 2,6-

dimethylphenyl isocyanide (12.9 mg, 0.98 mmol) was added as a solid. The reaction 

mixture turned to a pale golden yellow color in 5 min. CuCl (16.4 mg, 0.166 mmol) was 

then added as a solid. The resulted dark orange slurry was stirred at room temperature 

for 45 min and filtered through Celite. The filtrate was layered with 12 mL of n-hexane. 

Storage of the system at room temperature for 3 d yielded [Cu3Cl(CNxyl)2]2+ as red rods. 

Yield: 38.9 mg (61 %). 1H NMR (600 MHz, CD3CN, 25 °C): δ = 8.60 (s, 4H, CH=N), 7.67 

(s, 4H, py m-H), 7.27 (t, 3JHH = 7.6 Hz, 2H, Ph p-H), 7.15 (d, 3JHH = 7.6 Hz, 4H, Ph m-H), 

4.10 (br t, J = 11.0 Hz, 8H, CH2CH2CH2), 2.61 (br s, 4H, CH2CH2CH2), 2.29 (s, 6H, 

PhCH3) 1.22 (s, 18H, C(CH3)3) ppm. 13C{1H} NMR (151 MHz, CD3CN, 25 °C): δ = 164.22 

(s, py C), 162.24 (s, CH=N), 152.24 (s, py C), 149.77 (br s, C≡N), 136.11(s, Ph o-C), 

130.53 (s, Ph p-C), 129.03 (s, Ph m-C) , 127.22 (m, CN–C), 123.29 (br s, py m-C), 122.20 

(q, 1JFC = 321.0 Hz, CF3SO3), 63.34 (s, CH2CH2CH2), 36.03 (s, C(CH3)3), 30.52 (s, C(CH3)3) 

, 28.88 (s, CH2CH2CH2), 18.79 (s, Ph(CH3)2) ppm. 19F{1H} NMR (376 MHz, CD3CN, 30 

°C): δ = -79.33 (s, CF3SO3) ppm. Anal. Calcd. for C48H56ClCu3F6N8O6S2 (1245.22 g/mol): 

C, 46.30; H, 4.53; N, 9.00. Found: C, 48.42; H, 4.67; N, 9.12. 

Synthesis of [(3PDAI2)Cu3(μ3-Cl)(PMe3)2][OTf]2 ([Cu3Cl(PMe3)2]2+). [Ag2(NCMe)]2+ 

(51.8 mg, 0.041 mmol) was dispersed in 6 mL of THF, and a solution of PMe3 in THF (1 

M, 0.12 mL, 0.12 mmol) was added to the slurry. The reaction mixture immediately 

turned to a pale golden yellow color. The solution was stirred at room temperature for 
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10 min, then CuCl (15.7 mg, 0.159 mmol) was added as a solid. The resulting red slurry 

was stirred at room temperature for 1 h. Volatile materials were removed under 

vacuum, and soluble materials were extracted from the solid residue with 6 mL of THF. 

The mixture was filtered through Celite and the filtrate was layered with 12 mL of n-

hexane. Storage of the system at room temperature for 6 d afforded [Cu3Cl(PMe3)2]2+ as 

black blocks. Yield: 24.5 mg (40 %). 1H NMR (400 MHz, CD3CN, 25 °C): δ = 8.53 (s, 4H, 

CH=N), 7.63 (s, 4H, py m-H), 4.04 (s, 8H, CH2CH2CH2), 2.69 (br s, 2H, CH2CH2CH2), 

2.34 (br s, 2H, CH2CH2CH2), 1.21 (s, 18H, C(CH3)3), 1.09 (br s, 18H, P(CH3)3) ppm. 

13C{1H} NMR (151 MHz, CD3CN, 25 °C): δ = 163.67 (s, py C), 161.99 (s, CH=N), 152.19 

(s, py C), 123.06 (s, py m-C), 122.24 (q, 1JFC = 321.2 Hz, CF3SO3), 63.24 (s, CH2CH2CH2), 

35.94 (s, C(CH3)3), 30.51 (s, C(CH3)3) , 29.06 (br s, CH2CH2CH2), 14.93 (d, 1JPC = 20.0 Hz, 

P(CH3)3) ppm. 31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ = -48.78 (br s, PMe3) ppm. 

Anal. Calcd. for C40H64ClCu3F6N6O7P2S2 (1207.13 g/mol): C, 39.80; H, 5.34; N, 6.96. 

Found: C, 38.88; H, 5.28; N, 6.86. 

Synthesis of [(3PDAI2)Cu3(μ3-Cl)(PPh3)2][OTf]2 ([Cu3Cl(PPh3)2]2+). [Ag2(NCMe)]2+ 

(100 mg, 0.0986 mmol) was dispersed in 6 mL of THF, and PPh3 (51.9 mg, 0.198 mmol) 

was added as a solid. The resulting pale golden yellow solution was stirred at room 

temperature for 5 min before CuCl (31.5 mg, 0.318 mmol) was added as a solid. The 

resulting dark orange slurry was stirred at room temperature for 3 h, then filtered 

through Celite. The filtrate was layered with 12 mL of n-hexane. Storage of the system 

at room temperature for 2 d afforded [Cu3Cl(PPh3)2]2+ as orange needles and black 
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blocks. The orange needles and black blocks were found to be different polymorphs of 

the product. Yield: 118.8 mg (79 %). 1H NMR (600 MHz, CD3CN, 25 °C): δ = 8.46 (s, 4H, 

CH=N), 7.51 (s, 4H, py m-H), 7.41 (s, 6H, PPh3 p-H), 7.34 (s, 12H, PPh3 m-H), 7.26 (s, 

12H, PPh3 o-H), 3.94 (s, 4H, CH2CH2CH2), 3.83 (s, 4H, CH2CH2CH2), 2.84 (s, 2H, 

CH2CH2CH2), 2.31 (s, 2H, CH2CH2CH2), 1.16 (s, 18H, C(CH3)3) ppm. 13C{1H} NMR (151 

MHz, CD3CN, 25 °C): δ = 163.76 (s, py C), 162.20 (s, CH=N), 152.03 (br s, py C), 134.25 

(br s, P–C), 134.00 (d, 2JPC = 15.1 Hz, Ph o-C), 133.92 (d, 2JPC = 15.1 Hz, Ph o-C), 131.10 

(s, Ph p-C), 129.80 (d, 3JPC = 9.3 Hz, Ph m-C), 122.90 (s, py m-C), 122.21 (q, 1JFC = 321.1 

Hz, CF3SO3), 63.31 (s, CH2CH2CH2), 35.92 (s, C(CH3)3), 30.55 (s, C(CH3)3) , 28.41 (s, 

CH2CH2CH2) ppm.31P{1H} NMR (162 MHz, CD3CN, 25 °C): δ = -3.86 (br s, PPh3) ppm. 

19F{1H} NMR (376 MHz, CD3CN, 25 °C): δ = -79.32 (s, CF3SO3) ppm. Anal. Calcd. for 

C66H68ClCu3F6N6O6P2S2 (1507.45 g/mol): C, 52.59; H, 4.55; N, 5.58. Found: C, 52.35; H, 

4.39; N, 5.47. 

Synthesis of [(3PDAI2)Cu2(μ-Cl)(PPh3)2][OTf] ([Cu2Cl(PPh3)2]+). [Cu3Cl(PPh3)2]2+ 

(27.1 mg, 0.0179 mmol) was dissolved in THF, followed by the addition of NaOtBu (1.9 

mg, 0.020 mmol) as a solid. The mixture was stirred at room temperature for 30 h, then 

filtered through Celite. The orange filtrate was layered with 12 mL of n-hexane. Storage 

of the system at -35 °C for 5 d yielded [Cu2Cl(PPh3)2]+ as red rods. Yield: 16.5 mg (64 

%). 1H NMR (600 MHz, CD3CN, 25 °C): δ = 8.46 (s, 4H, CH=N), 7.48 (s, 4H, py m-H), 

7.39 (m, 6H, PPh3 p-H), 7.32 (m, 12H, PPh3 m-H), 7.23 (m, 12H, PPh3 o-H), 3.95 (t, 2JHH 

= 10.4 Hz, 4H, CH2CH2CH2), 3.79 (t, 2JHH = 8.8 Hz, 4H, CH2CH2CH2), 2.85 (br s, 2H, 
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CH2CH2CH2), 2.31 (m, 2H, CH2CH2CH2), 1.16 (s, 18H, C(CH3)3) ppm. 13C{1H} NMR (151 

MHz, CD3CN, 25 °C): δ = 163.68 (s, py C), 162.19 (s, CH=N), 152.04 (br s, py C), 134.31 

(d, 1JPC = 30.0 Hz, P–C), 133.92 (d, 2JPC = 15.1 Hz, Ph o-C), 131.00 (d, 4JPC = 1.0 Hz, Ph p-

C), 129.75 (d, 3JPC = 9.3 Hz, Ph m-C), 122.82 (s, py m-C), 63.75 (s, CH2CH2CH2), 35.91 

(s, C(CH3)3), 30.57 (s, C(CH3)3) , 28.20 (s, CH2CH2CH2) ppm.31P{1H} NMR (162 MHz, 

CD3CN, 25 °C): δ = -3.25 (br s, PPh3) ppm. 19F{1H} NMR (376 MHz, CD2Cl2, 30 °C): δ = -

79.35 (s, CF3SO3) ppm. Anal. Calcd. for C65H68ClCu2F3N6O3P2S (1294.84 g/mol): C, 60.29; 

H, 5.29; N, 6.49. Found: C, 56.28; H, 4.85; N, 6.04. 

Synthesis of [(3PDAI2)Cu4(μ-Ph)2][BPh4]2 ([Cu4Ph2]2+). [Ag2(NCMe)]2+ (49.6 mg, 

0.049 mmol) was dissolved in acetonitrile and stirred at room temperature for 5 min. 

CuCl (21.0 mg, 0.212 mmol) was added as a solid. The reaction mixture immediately 

turned brown. After 5 min, NaBPh4 (69.4 mg, 0.203 mmol) was added to the slurry as a 

solid. The reaction mixture was stirred at room temperature for 2 d, then filtered 

through Celite. All volatile materials were removed under reduced pressure, and soluble 

materials were extracted from the solid residue with 6 mL of THF. The resulting 

mixture was filtered through Celite, and the filtrate was layered with 12 mL of n-

hexane. Storage of the system at room temperature for 9 d afforded [Cu4Ph2]2+ as dark 

red needles. Yield: 46.9 mg (52%). There are two disordered molecules of [Cu4Ph2]2+ in 

one asymmetric unit of the crystal. Alternatively [Cu4Ph2]2+ was crystallized by storing 

a solution of the complex in MeCN layered under Et2O at room temperature. The 

crystals obtained from this latter method contain one molecule of [Cu4Ph2]2+ that is free 
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from disorder in one asymmetric unit. The two crystals were found to contain identical 

complexes by 1H NMR spectroscopic studies. The parameters and metrics of [Cu4Ph2]2+ 

are thus reported using the non-disordered crystal structure. 1H NMR (500 MHz, 

CD3CN, 25 °C): δ = 8.62 (s, 4H, CH=N), 7.76 (br s, 4H, py m-H and br s, 2H μ-Ph o-H), 

7.27 (m, 16H, BPh4 m-H), 7.20 (t, 3JHH = 7.7 Hz, 2H, μ-Ph p-H), 7.10 (t, 4H, 3JHH = 8.5 

Hz, μ-Ph m-H), 6.99 (t, 3JHH =7.1 Hz, 16H, BPh4 o-H), 6.83 (t, 3JHH =6.7 Hz, 8H, BPh4 p-

H), 4.09 (s, 8H, CH2CH2CH2), 2.56 (br s, 4H, CH2CH2CH2), 1.26 (s, 18H, C(CH3)3) ppm. 

Signals for the o-H of the µ-Ph groups could not be located.  13C{1H} NMR (CD3CN, 126 

MHz, 25 °C) δ = 164.78 (q, 1JBC = 49.3 Hz, B–C), 163.21 (br s), 151.94 (s), 145.28 (s), 

136.70 (q, 3JBC = 1.2 Hz, BPh4 m-C), 129.30 (s), 127.89 (s, μ-Ph m-C), 126.59 (q, 2JBC = 2.8 

Hz, BPh4 o-C), 122.75 (s, BPh4 p-C), 62.50 (s, CH2CH2CH2), 36.14 (s, C(CH3)3), 30.36 (s, 

C(CH3)3), 30.18 (m, CH2CH2CH2) ppm. Signals for three of the carbons are missing; these 

may correspond to the ipso carbons on the pyridyl and µ-Ph rings.  11B{1H} NMR 

(CD3CN, 80.6 MHz, 25 °C):  δ = -7.12 (s, BPh4) ppm. Anal. Calcd. for 

C106.25H124.75B2Cu4N6O4.375 (1831.64 g/mol): C, 69.67; H, 6.86; N, 4.59. Found: C, 67.71; H, 

6.19; N, 5.59. 
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TOC Graphic 

 

The use of a geometrically flexible multinucleating ligand is used to support the rational 

syntheses of mono-, di-, tri-, and tetra-cuprous complexes. NMR spectroscopic studies revealed 

that dynamic solution-phase behavior resulted from ligand exchange and intramolecular 

rearrangement processes. The interconversion of certain di- and tri-nuclear complexes, as well 

as the isolation of species with nuclearities ranging from 1-4, supported the notion that the 

systems are stabilized against redistribution of Cu(I) ions by the macrocyclic framework.  


