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Abstract: Multicopper active sites for small molecule activation in materials and enzymatic systems 8 
rely on controlled but adaptable coordination spheres about copper clusters for enabling 9 
challenging chemical transformations. To translate this constrained flexibility into molecular 10 
multicopper complexes, developments are needed in both ligand design for clusters and synthetic 11 
strategies for modifying the cluster cores. The present study investigates the chemistry of a class of 12 
pyridyldiimine-derived macrocycles with geometrically flexible aliphatic linkers of varying lengths 13 
(nPDI2, n = 2, 3). A series of dicopper complexes bound by the nPDI2 ligands are described and found 14 
to exhibit improved solubility over their parent analogs due to the incorporation of 4-tBu groups on 15 
the pyridyl units and the use of triflate counterions. The ensuing synthetic study investigated 16 
methods for introducing various bridging ligands (µ-X; X = F, Cl, Br, N3, NO2, OSiMe3, OH, OTf)  17 
between the two copper centers within the macrocycle-supported complexes. Traditional anion 18 
metathesis routes were unsuccessful, but the abstraction of bridging halides resulted in “open-core” 19 
complexes suitable for capturing various anions. The geometric flexibility of the nPDI2 macrocycles 20 
was reflected in the various solid-state geometries, Cu–Cu distances, and relative Cu coordination 21 
spheres on variation of the identity of the captured anion. 22 

Keywords: copper complexes; cupric; Cu(II); dinuclear; macrocycles; ligand flexibility; bridging 23 
hydroxide, bridging nitrite; bridging fluoride 24 
 25 

1. Introduction 26 
Controlled internuclear geometries are a defining feature in multicopper active sites 27 

for small molecule functionalization. These sites arise in materials, like various Cu- 28 
impregnated zeolites that perform selective methane oxidation[1-3], and in a host of 29 
enzymes, including those that either selectively oxidize methane (particulate methane 30 
monooxygenase), phenols (tyrosinase), and quinones (tyrosinase and catechol oxidase) or 31 
transport oxygen (hemocyanin)[4]. It is of interest to develop molecular complexes that 32 
mimic the properties of multinuclear active sites, as doing so may yield insight into key 33 
structure-function relationships for strong bond activation schemes. However, enzymatic 34 
copper-copper distances, for example, range from 2.2 – 4.9 Å and are known to change 35 
upon substrate binding[4]. Modulating both the distance and relative coordination 36 
environments between multiple copper centers in molecular systems may influence how 37 
small molecules react at a multicopper active site, but ligand design for multinuclear 38 
transition metal systems is in its infancy, especially for systems that accommodate 39 
structural rearrangements.  40 

Examples of ligands capable of housing multiple copper centers[5] and binding 41 
molecules of various sizes have been realized in the areas of anion-recognition/sensing[6- 42 
8], dioxygen activation[9-10], organic azide reduction[11], aryl group transfer, and alkyne 43 
activation[12-13]. From these studies, an important feature of ligand design is the capacity 44 
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to tune the distance between the copper centers. Drew and Nelson originally targeted this 45 
aspect in the 1980s when designing and synthesizing macrocyclic bis(pyridyldiimine) 46 
ligands[14-17]. The two pyridyldiimine (PDI) units linked by aliphatic spacers were suitable 47 
for binding two copper(II) centers at specific distances (Figure 1), while allowing for 48 
flexibility in the coordination environments of the metal centers with respect to one 49 
another. For example, use of a 3,6-dioxaoctylene spacer allowed for the formation of a 50 
bridging azide complex, [(OctPDI2)Cu2(N3)3][ClO4][15], with a µ-1,3-binding azide that spans 51 
the long Cu–Cu distance of 6.02 Å, but a µ-hydroxide complex with the same ligand, 52 
[(OctPDI2)Cu2OH][ClO4]3·H2O)[14], makes use of the flexibility of the aliphatic linker as the 53 
macrocycle contorts to accommodate a shorter Cu–Cu distance of 3.57 Å.  54 

 55 
Figure 1. Bis(pyridyldiimine) macrocyclic ligands developed by Drew and Nelson.  56 

 The bis(pyridyldiimine) macrocyclic ligands have provided a useful platform to 57 
study multinuclear copper chemistry, but synthetic elaborations and structural 58 
information on these systems are limited. Previous work in our lab has shown that the 59 
syntheses of dinuclear first-row transition metal bis(pyridyldiimine) macrocyclic 60 
complexes were aided by the installation of tert-butyl groups at the 4-position of the PDI 61 
units[18-25]. The tert-butyl groups allow for an enhancement in solubility in less polar 62 
organic solvents (THF, DCM, and MeCN) compared to the original macrocycles reported 63 
by Drew and Nelson. We thus sought to synthesize a new series of Cu2(II,II) 64 
bis(pyridyldiimine) macrocycles for structural characterization. Herein, new synthetic 65 
routes to Cu2(II,II) bis(pyridyldiimine) macrocyclic complexes are explored with versatile 66 
ligand substitution being achieved. 67 

2. Results and Discussion 68 
2.1 Ring-size modulated structures of [Cu2Cl2]2+ cluster cores   69 

The synthesis of a Cu2(II,II) bis(4-tert-butylpyridyldiimine) macrocyclic complex was 70 
carried out using the strontium-templated macrocycle [(3PDI2)Sr][OTf]2 (3[Sr]2+, where 3 71 
refers to the aliphatic chain length connecting the PDI units). Treatment of a yellow 72 
methanolic solution of 3[Sr]2+ with 2.0 equiv of CuCl2·2H2O afforded the paramagnetic, 73 
dark green dinuclear macrocycle-bound complex [(3PDI2)Cu2Cl2][OTf]2 (3[Cu2Cl2]2+) in 74 
good yield (Scheme 1). Crystallographic analysis revealed that the copper(II) centers are 75 
related by an inversion center (Figure 2). The metal sites adopt a distorted octahedral 76 
geometry, with a PDI subunit and a bridging chloride occupying the equatorial positions, 77 
and a triflate anion and a bridging chloride occupying the axial positions (selected bond 78 
metrics are presented in Table 1). No six-coordinate mononuclear copper(II) chloride PDI 79 
complexes have been reported in the literature. However, the Cu–N bond lengths are in 80 
good agreement with the related four-coordinate [(dippPDI)CuCl][PF6] reported by Conan. 81 
The equatorial Cu–Cl bond length of 2.18602(11) Å agrees well with Conan’s observed 82 
Cu–Cl bond length of 2.1450(5) Å. The axial Cu–O (2.710 Å) and Cu–Cl (2.873 Å) distances 83 
are elongated, owing to a strong Jahn-Teller distortion at the d9 Cu(II) ion. Due to this 84 
distortion, the Cu2Cl2 diamond core exhibits a very acute Cu-Cl-Cu angle (75.05°). The 85 
structure reported here for 3[Cu2Cl2]2+ closely resembles that of 86 
[(3PDI2)Cu2Cl2(thf)2][BArF4]2 (ArF = 3,5-(CF3)2-C6H3), which was synthesized using a similar  87 
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 88 
Scheme 1. Synthesis of n[Cu2Cl2]2+ complexes in MeOH. 89 

    90 
Figure 2. Left: Crystal structure of 3[Cu2Cl2]2+ (thermal ellipsoids set at 50% probability; hydrogen 91 
atoms and triflate disorder omitted for clarity). Right: Crystal structure of 2[Cu2Cl2]2+ (thermal 92 
ellipsoids set at 50% probability; hydrogen atoms, solvent molecules and outer-sphere anions 93 
omitted for clarity; one macrocycle of the asymmetric unit shown). 94 

Table 1. Selected bond metrics of copper(II) chloride PDI complexes. 95 

 3[Cu2Cl2]2+ a 2[Cu2Cl2]2+ b [(dippPDI)CuCl][PF6] 
Cu(1) – N(1) / Å 2.056(4) 2.057 2.070(2) 
Cu(1) – N(2) / Å 1.902(3) 1.903 1.922(2) 
Cu(1) – N(3) / Å 2.047(3) 2.044 2.062 (2) 
Cu(1) – Cl(1) / Å 2.1860(11) 2.2056 2.1450(5) 
Cu(1) – Cl(2) / Å 2.873(1) 3.021 - 
Cu(1) – O(1) / Å 2.710(1) 2.4015 - 
Cu(1) – Cu(2) / Å 3.129(1) 2.9922 - 
Cu(2) – N(4) / Å - 2.041 - 
Cu(2) – N(5) / Å - 1.898 - 
Cu(2) – N(6) / Å - 2.042 - 
Cu(2) – Cl(1) / Å - 2.7273 - 
Cu(2) – Cl(2) / Å - 2.2043 - 

∠Cu(1)-Cl(1)-Cu(2) / ° 75.05(4) 73.83 - 
∠Cu(1)-Cl(2)-Cu(2) / °	 - 67.80 - 

∆ / Å	 0.187 0.182 0.178 
a Macrocycle is symmetric; bond metrics are the same for Cu(2)  96 
b Average values; two macrocycles are present in the asymmetric unit 97 
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scheme but with THF as the solvent and with the addition of NaBArF4. The difference in 98 
axial ligation between the two 3PDI2 structures highlights the weak ionic binding of the 99 
axial triflate ions. For this reason and to simplify the descriptions, all triflate ions described 100 
in the text will use an ionic formulation, even when they appear bound to a metal center 101 
in the solid state. 102 

An additional parameter that can be gleaned from the crystal structure of 3[Cu2Cl2]2+ 103 
is the oxidation state of the (redox-active) PDI ligand[26]. Wieghardt and coworkers 104 
previously reported the ∆ parameter as a means of identifying how much electron density 105 
resides in the PDI π* manifold. Our lab recently adapted the ∆ parameter in describing 106 
the bis(4-tert-butylpyridyldiimine) macrocyclic ligand oxidation state, which includes the 107 
average of each ∆ parameter for each PDI subunit[22]. Using this analysis on the crystal 108 
structure of 3[Cu2Cl2]2+, the average ∆ parameter of 0.187 Å supports the assignment of a 109 
neutral physical oxidation state on the 3PDI2 ligand. A neutral ligand for copper PDI 110 
complexes is not uncommon, as both mononuclear CuII(PDI0) and CuI(PDI0) examples are 111 
well-established in the literature[26].   112 

The IR spectrum of 3[Cu2Cl2]2+ contained a characteristic imine stretching frequency 113 
at 1601 cm-1. UV-vis-NIR spectroscopic analysis revealed an absorption profile 114 
representative of bis(pyridyldiimine) macrocyclic complexes in an unfolded ligand 115 
conformation[21]. Distinct absorption bands at 237 nm (7.71 x 104 M-1 cm-1) and 676 nm (242 116 
M-1 cm-1) result from a πàπ* transition and a dàd transition, respectively.  117 

The successful synthesis and characterization of 3[Cu2Cl2]2+ prompted further 118 
investigation into the effect of macrocycle size in the preparation of Cu2(II,II) macrocyclic 119 
complexes. Upon addition of 2.0 equiv CuCl2·2H2O to the smaller macrocycle 2[Sr]2+, an 120 
immediate color change from yellow to dark blue-green was observed. The macrocycle 121 
[(2PDI2)Cu2Cl2][OTf]2 (2[Cu2Cl2]2+) was isolated in good yield (Scheme 1). The solid-state 122 
structure of 2[Cu2Cl2]2+ depicts a similar ligand conformation to 3[Cu2Cl2]2+ (Figure 2). Two 123 
chloride ligands reside between the copper centers; however, variations in the Cu2Cl2 core 124 
are evident when compared to 3[Cu2Cl2]2+. Unlike the larger macrocycle, each copper 125 
center adopts a different coordination geometry. One copper is found in a distorted 126 
octahedral geometry, capped by a triflate anion and a bridging chloride (analogous to 127 
3[Cu2Cl2]2+). The second copper adopts a square pyramidal geometry (avg. τ5 = 0.04)[27], 128 
with the second triflate anion residing in the outer coordination sphere. The difference in 129 
the coordination geometries about the copper centers is reflected in the distortion of the 130 
Cu2Cl2 core, which now appears asymmetric [∠Cu(1)-Cl-Cu(2) = 73.83(4)° and (∠Cu(2)-Cl- 131 
Cu(1) = 67.80(4)°]. This distortion is further reflected in the asymmetry of the axial Cu–Cl 132 
distances, which diverge from the value of 2.873(1) Å for each interaction in 3[Cu2Cl2]2+ to 133 
values of 2.7273 and 3.021 Å in 2[Cu2Cl2]2+. While these distances are long, they are well 134 
within the sum of the van der Waals radii for Cu and Cl (4.20 Å)[28], and previous work 135 
from our group on closely related molecules has identified magnetic communication 136 
through bridging chloride ligands with Cu–Cl distances up to 3.159(1) Å[21]. Aside from 137 
the noted differences in the Cu2Cl2 core, the remaining bond metrics of 2[Cu2Cl2]2+ remain 138 
comparable to those in 3[Cu2Cl2]2+ and [(dippPDI)CuCl][PF6] (Table 1). 139 

 140 
2.2 Chloride Abstraction from 3[Cu2Cl2]2+ 141 

 With 3[Cu2Cl2]2+ isolated, anion metathesis was targeted to introduce new ligands at 142 
the Cu(II) centers, but little to no reactivity was observed, likely owing to strong bridging- 143 
chloride interactions. Chloride abstraction routes were thus employed to enhance the 144 
reactivity of the pocket toward anion metathesis. Attempts at chloride abstraction with 145 
traditional reagents [KOTf, AgnX (n = 1,2; X = BF4, SO4, OTf, BArF4)] were met with either 146 
intractable mixtures or no reactivity. Chloride abstraction was achieved with the addition 147 
of an excess of TMS-OTf (TMS = trimethylsilyl) to 3[Cu2Cl2]2+ in MeCN. The formation of 148 
a new macrocyclic product was apparent by a sharp color change from dark green to dark 149 
blue. Concentration of the reaction mixture afforded the blue acetonitrile-coordinated 150 
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macrocycle complex [(3PDI2)Cu2(NCMe)2][OTf]4 (3[Cu2(NCMe)2]4+) (Scheme 2). Unlike 151 
3[Cu2Cl2]2+, 3[Cu2(NCMe)2]4+ exhibited low solubility in common organic solvents (THF, 152 
DCM, MeCN). 153 

 154 
Scheme 2. Abstraction of bridging chlorides from 3[Cu2Cl2]2+ using TMS-OTf in MeCN. 155 

 Despite its limited solubility in MeCN, single crystals of 3[Cu2(NCMe)2]4+ were able 156 
to be grown from the slow diffusion of Et2O into a concentrated MeCN solution. The solid- 157 
state structure was found to resemble that of 3[Cu2Cl2]2+, with the two chloride ligands 158 
replaced by MeCN ligands (Figure 3). The macrocyclic ligand adopts an unfolded ligand 159 
conformation, and the two Cu(II) centers are related by a center of symmetry with a 160 
spacing of 3.3479(7) Å. Both Cu(II) centers adopt a distorted square pyramidal geometry 161 
(τ5 = 0.36 for each Cu(II) center) with an evident Jahn-Teller distortion causing a long Cu– 162 
O (2.275(2) Å) bond length. The axial Cu-NCMe bond lengths (3.160(3) Å) fall outside the 163 
sum of the van der Waals radii of copper and nitrogen (2.95 Å). Thus, five-coordinate 164 
copper(II) is a better description of the metal centers in this crystal structure. The 165 
equatorial Cu-NCMe distance of 1.973(3) Å is significantly shorter than the reported 166 
distance of 2.271(13) in McKee and coworkers’ related Cu2(II,II) alkoxy PDI macrocycle[29]. 167 
However, the MeCN ligand occupies a distorted axial position of a square pyramidal 168 
Cu(II) center in McKee’s example, rather than the equatorial position as observed in 169 
3[Cu2(NCMe)2]4+. Gilbertson’s distorted square planar copper(I) acetonitrile PDI complex 170 
displays a short Cu-NCMe distance of 1.907(7) Å, which better agrees with 171 
3[Cu2(NCMe)2]4+[30].    172 

 173 
Figure 2. Crystal structure of 3[Cu2(NCMe)2]4+ (thermal ellipsoids set at 50% probability; hydrogen 174 
atoms, solvent molecules and outersphere anions omitted for clarity). 175 

The IR spectrum of a sample of 3[Cu2(NCMe)2]4+ includes three distinct nitrile 176 
stretching frequencies in the expected region for acetonitrile (2307 cm-1, 2279 cm-1, 2257 177 
cm-1). Since 3[Cu2(NCMe)2]4+ would have two stretches at most – a low-intensity 178 
symmetric stretch and a higher intensity asymmetric stretch – the IR data suggest the 179 
presence of impurities in the isolated material. Although satisfactory elemental analysis 180 
data were collected, alternative routes of crystallization were assessed to address the 181 
discrepancy in the IR spectral data. The product was found to be partially soluble in o- 182 
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difluorobenzene. Crystallization from this solvent afforded single crystals that were 183 
identified as the monochloride product [(3PDI2)Cu2Cl][OTf]3 (3[Cu2Cl]3+), indicative of 184 
incomplete chloride abstraction and the presence of impurities. Prolonged reaction times 185 
in the presence of excess TMS-OTf were not able to improve the purity of 3[Cu2(NCMe)2]4+. 186 
Although not the desired product, the crystal structure of 3[Cu2Cl]3+ offered insight into 187 
how the ligand is able to change in conformation to accommodate one bridging ligand 188 
upon loss of a bridging chloride from 3[Cu2Cl2]2+. 189 

 The solid-state structure of 3[Cu2Cl]3+ introduces an arched ligand conformation 190 
around the dinuclear Cu2Cl core (Figure 4). Both Cu(II) centers adopt distorted octahedral 191 
geometries, with three triflate anions (two terminal and one bridging) occupying the 192 
positions perpendicular to the planes of the local PDI units. Jahn-Teller distortions are 193 
evident by the elongated Cu–O axial bond lengths (avg. 2.5042 Å). A single chloride 194 
bridges the two copper(II) centers with a Cu-Cl-Cu angle of 108.50(3)° (an increase of 33° 195 
compared to 3[Cu2Cl2]2+), and the Cu–Cl bond distances elongate to 2.2906(7) and 2.2739(7) 196 
Å. These longer bond distances are still in the expected range for Cu(II) chloride PDI 197 
complexes, agreeing well with related five-coordinate complexes. To accommodate the 198 
increases in the Cu-Cl-Cu angle and the Cu–Cl distances upon loss of a bridging chloride 199 
from 3[Cu2Cl2]2+, the macrocycle conformation changes, and the Cu–Cu distance increases 200 
from 3.129(1) Å to 3.7045(7) Å.  201 

 202 
Figure 3. Crystal structure of 3[Cu2Cl]3+ (thermal ellipsoids set at 50% probability; hydrogen atoms 203 
and triflate disorder omitted for clarity). 204 

2.3 A Synthetic Route to an “Open-Core” Cu2(II,II) Macrocycle 205 
 Due to incomplete chloride abstraction from 3[Cu2Cl2]2+ we sought a new approach 206 

to the synthesis of an “open-core” macrocycle. Attempts to eliminate the halide from the 207 
original synthesis [i.e. 3[Sr]2+ + 2 Cu(OTf)2] failed to produce an observable reaction when 208 
run in DCM, and the products of this reaction were not separable from one another when 209 
the reaction was run in MeCN. We next proposed that the strong bridging interactions in 210 
3[Cu2Cl2]2+ may be limiting the reactivity of this species towards TMS-OTf. To address this 211 
concern, we sought to exchange the bridging chloride ligands for a fluoride ligand. Doing 212 
so could then leverage the stronger thermodynamic driving force for Si–F over Si–Cl bond 213 
formation on treatment with TMS-OTf.  214 

 The synthetic changes were carried out in a one-pot fashion (Scheme 3). A mixture 215 
of 3[Sr]2+ and 2.0 equiv Cu(OTf)2 was stirred in DCM and treated with [NBu4][Ph3SiF2] to 216 
produce a new paramagnetic, blue macrocyclic product. The monofluoride product 217 
[(3PDI2)Cu2F][OTf]3 (3[Cu2F]3+) was identified using single crystal X-ray crystallography as 218 
the first structurally-characterized example of a copper(II)-fluoride PDI complex 219 
(Figure 5). Unlike the monochloride species 3[Cu2Cl]3+, the dinuclear Cu2F core is 220 
accommodated by an unfolded conformation of the macrocyclic ligand. The crystal 221 
structure also displays a linear arrangement of atoms within the macrocyclic pocket 222 
leading to a Cu-F-Cu angle of 180.00°. For the fluoride ligand to fit in this linear 223 
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arrangement, the Cu–Cu distance increases to 3.7240(4) Å, a similar distance to 3[Cu2Cl]3+. 224 
Each Cu(II) center is capped by a triflate anion (Cu–O distance of 2.2707(19) Å) and adopts 225 
a square pyramidal geometry (τ5 = 0.03 for each Cu(II) center). A large thermal ellipsoid is 226 
present on the µ-F, indicating that the bridging fluoride unit is oscillating back and forth 227 
in the macrocyclic pocket. The short Cu–F bond length (1.8620(3) Å) agrees with the 228 
related four-coordinate pyridyldiamide copper(II)-fluoride complex reported by Zhang 229 
and coworkers (1.828(2) Å)[31-32]. 230 

 231 
Scheme 3. Abstraction of bridging fluoride from 3[Cu2F]3+ using TMS-OTf in DCM.  232 

 233 
Figure 4. Crystal structure of 3[Cu2F]3+ (thermal ellipsoids set at 50% probability; hydrogen atoms, 234 
triflate disorder, and outer-sphere anions omitted for clarity). 235 

 Removal of the fluoride ligand using TMS-OTf was carried out in DCM at -78 °C. 236 
The dark blue slurry became light blue upon the slow addition of TMS-OTf. Combustion 237 
analysis supported the formation of the Cu2(II,II) tetratriflate macrocyclic complex 238 
[(3PDI2)Cu2][OTf]4 (3[Cu2]4+). The product, like 3[Cu2(NCMe)2]4+, was insoluble in common 239 
organic solvents, and due to the increased insolubility, single crystals of the product 240 
remained elusive. However, based on the structural data obtained for 3[Cu2Cl2]2+ and 241 
3[Cu2(NCMe)2]4+, an unfolded ligand conformation is a reasonable assignment of the 242 
product’s overall geometry, and considering the similarity in the colors of 243 
3[Cu2(NCMe)2]4+, 3[Cu2F]3+, and 3[Cu2]4+ as well as the low solubility 3[Cu2]4+, an ionic 244 
structure with five-coordinate Cu centers would be reasonable to propose. This 245 
formulation could be achieved through a number of combinations of triflate coordination 246 
mode, denticity, and ionicity. In the absence of further structural data, we have chosen to 247 
represent 3[Cu2]4+ with the generic structure shown in Scheme 3, while acknowledging 248 
that another formulation may well represent the structure of this species. 249 
2.4 Anion Substitution Reactions with 3[Cu2]4+  250 
2.4.1 Anion Substitution with Halides and Pseudohalides 251 

 To confirm the structure and assess anion binding within the macrocyclic pocket of 252 
3[Cu2]4+, the material was first treated with 2.0 equiv of NBu4Cl to generate the previously 253 
isolated 3[Cu2Cl2]2+ (Scheme 4, Top). As the reaction proceeded in MeCN, the insoluble 254 
blue 3[Cu2]4+ material was consumed. A sharp color change to dark green signified the 255 
conversion to the desired product. The solubility profile and color of the resulting product 256 
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matched that of the independently synthesized 3[Cu2Cl2]2+, and both IR and UV-vis-NIR 257 
spectroscopic measurements confirmed the identity of the product as 3[Cu2Cl2]2+. Facile 258 
anion substitution demonstrated the enhanced reactivity of 3[Cu2]4+ compared to the more 259 
inert 3[Cu2Cl2]2+. 260 

 261 
Scheme 4. Top: Anion metathesis with 3[Cu2]4+. Bottom: One-pot anion metathesis with 3[Sr]2+. 262 

 Introducing a new bridging group was achieved by treating 3[Cu2]4+ with 2.0 equiv 263 
NBu4Br (Scheme 4, Top). Upon the addition of NBu4Br to a blue MeCN slurry of 3[Cu2]4+, 264 
a reaction was signified by a color change to green. After two hours of stirring, the solution 265 
appeared homogeneous. The product was obtained as a bright green powder. Attempts 266 
at the crystallization of the macrocyclic complex afforded powders. The identity of the 267 
product was confirmed through combustion analysis as the Cu2-di(µ-Br) complex 268 
[(3PDI2)Cu2Br2][OTf]2 (3[Cu2Br2]2+). The infrared spectrum displayed an imine stretching 269 
frequency at 1600 cm-1. Further support for the dinuclear product was obtained through 270 
UV-vis-NIR spectroscopy. Absorption bands were identified at 236 nm (πàπ* transition) 271 
and 679 nm (dàd transition), which agree well with 3[Cu2Cl2]2+.  272 

 273 
Figure 5. Crystal structure of 3[Cu2(N3)2]2+ (thermal ellipsoids set at 50% probability; hydrogen atoms 274 
omitted for clarity). 275 

The treatment of 3[Cu2]4+ with 2.0 equiv NBu4(N3) cleanly afforded the paramagnetic, 276 
dark green complex [(3PDI2)Cu2(N3)2][OTf]2 (3[Cu2(N3)2]2+). Crystallization of the product 277 
allowed for structural elucidation (Figure 6). Two azide ligands now bridge the two 278 
copper(II) centers, while the macrocyclic ligand remains in the unfolded ligand 279 
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conformation. Each Cu(II) center adopts a distorted octahedral geometry. The elongated 280 
Cu–N (2.5353(1) Å) and Cu–O (2.4361(9) Å) axial bond lengths are consistent with Cu-d9 281 
Jahn-Teller distortions. A symmetric Cu2(µ-N3)2 core is noted in the crystal structure, with 282 
a Cu–Cu distance of 3.1362(6) Å and symmetry-related Cu-N-Cu angles of 88.02(4)°. 283 
Although the Cu–Cu distance is similar to that in the analogous 3[Cu2Cl2]2+ complex, the 284 
bridging angle observed for 3[Cu2(N3)2]2+ is larger, owing to the shorter equatorial Cu–N 285 
bond lengths of 1.936(1) Å. Further support for the di(µ-azide) core was noted in the 286 
compound’s IR spectrum. An asymmetric azide stretching frequency was observed at 287 
2062 cm-1. Similar stretching frequencies have been observed in analogous Schiff base 288 
complexes[33-36]. 289 

 Considering the ease of anion substitution displayed by 3[Cu2]4+, we pursued a 290 
simplified one-pot protocol for the synthesis of 3[Cu2X2]2+ species (Scheme 4, Bottom). As 291 
noted above, treating 3[Sr]2+ and 2.0 equiv Cu(OTf)2 in DCM afforded no reaction. 292 
However, upon addition of 2.0 equiv of NBu4X (X = N3, Br) to the mixture, an anion 293 
metathesis and macrocycle transmetallation reaction was initiated to yield the 3[Cu2(µ- 294 
X)2]2+ products. These results indicate that anion metathesis is facile in this system and 295 
that the formation of 3[Cu2]4+ is not necessary prior to the generation of the 3[Cu2(µ-X)2]2+ 296 
products. While this one-pot route afforded comparable yields to the stepwise procedure, 297 
the extended workup and separation of multiple salt byproducts proved more 298 
challenging. Anion metathesis studies with 3[Cu2]4+ were continued to avoid such 299 
difficulties. 300 
2.4.2 Anion Substitution with Nitrite and Trimethylsilanolate Anions 301 

 We next pursued the inclusion of the nitrite anion, which is known to be capable of 302 
adopting a range of coordination modes at Cu(II) ions. To first probe if 3[Cu2]4+ was 303 
capable of binding nitrite, a similar protocol was followed as that described above, in 304 
which NaNO2 was used in the anion metathesis reaction (Scheme 5). Upon adding 2.0 eq. 305 
of NaNO2 to a slurry of 3[Cu2]4+, the starting material was consumed over the course of 2 h 306 
to afford a dark blue-green solution. Diffusion of Et2O into a concentrated MeCN solution 307 
afforded crystals suitable for X-ray diffraction. The product was identified as the di(µ-κ1- 308 
ONO) macrocycle complex, [(3PDI2)Cu2(ONO)2][OTf]2 (3[Cu2(ONO)2]2+).   309 

 310 
Scheme 5. Synthesis of 3[Cu2(ONO)2]2+ in MeCN. 311 

 The solid-state structure of 3[Cu2(ONO)2]2+ depicts the macrocyclic ligand enforcing 312 
a µ-κ1-binding of each nitrite anion (Figure 7). Limited examples of this geometry are 313 
found for Cu2(II,II) systems in the literature[37-40]. In 3[Cu2(ONO)2]2+, each copper resides in 314 
a distorted octahedral geometry, with the overall structure appearing similar in form to 315 
3[Cu2(N3)2]2+. The two copper(II) centers are related by a center of symmetry in the crystal 316 
lattice and are separated by 3.2553(6) Å. The characteristic Cu(II)-d9 Jahn-Teller distortions 317 
are observed through the elongated Cu–O bond lengths (2.347(1) Å and 2.505(1) Å). Like 318 
3[Cu2(N3)2]2+, the Cu2(ONO)2 core displays a larger bridging angle [∠Cu-O-Cu = 94.18(5)°] 319 
than that observed in 3[Cu2Cl2]2+. The short equatorial Cu–O bond lengths of 1.904(1) Å 320 
account for this difference. 321 

 The IR spectral data for 3[Cu2(ONO)2]2+ are consistent with the nitrite ligation mode 322 
observed crystallographically. IR spectra of Cu2(II,II) complexes with κ1-ONO ligands 323 
show asymmetric and symmetric stretching modes in the 1400-1100 cm-1 region[37-38]. 324 
However, the bending and stretching frequencies associated with the macrocyclic ligand 325 
convolute the IR spectrum of 3[Cu2(ONO)2]2+. To distinguish the nitrite stretching 326 
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frequencies from the macrocyclic ligand, the isotopically labeled complex 327 
[(3PDI2)Cu2(O15NO)2][OTf]2 (3[Cu2(O15NO)2]2+) was prepared. The IR spectrum of 328 
3[Cu2(ONO)2]2+ contains two distinct stretching frequencies at 1473 cm-1 and 991 cm-1 that 329 
shift to lower energies (1447 cm-1 and 971 cm-1) when using 3[Cu2(O15NO)2]2+ (Figure 8). 330 
Thus, the stretching frequencies at 1473 cm-1 and 991 cm-1 are assigned to the asymmetric 331 
and symmetric stretching frequencies of the nitrite ligands. 332 

 333 

 334 
Figure 7. Crystal structure of 3[Cu2(ONO)2]2+ (thermal ellipsoids set at 50% probability; hydrogen 335 
atoms and nitrite disorder omitted for clarity). 336 

 337 
Figure 8. Overlay of infrared spectra of 3[Cu2(O14/15NO)2]2+. 338 

 Βridging alkoxy anions were next targeted as a way of expanding the scope of 339 
substitution reactions available to 3[Cu2]4+, but Cu2(II,II)-µ-(OR) (R = Me, tBu, Ph) 340 
macrocyclic species eluded isolation. Instead, substitution was found to be successful 341 
when using the trimethylsilanolate anion (Scheme 6). Upon addition of 2.0 equiv 342 
NaOTMS to a slurry of 3[Cu2]4+, a rapid color change from blue to dark orange-brown was 343 
observed. Low-temperature crystallization afforded single crystals of the desired 344 
complex, [(3PDI2)Cu2(OTMS)2][OTf]2 (3[Cu2(OTMS)2]2+). The crystal structure confirms the 345 
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presence of two bridging trimethylsilanolate ligands (Figure 9). The ligand adopts an 346 
unfolded ligand conformation to support the two bridging ligands between the two 347 
copper(II) centers. In the case of 3[Cu2(OTMS)2]2+, both Cu(II) centers were found to adopt 348 
a distorted square pyramidal geometry with the triflate anions lying in the outer 349 
coordination sphere (τ5 = 0.14 for each Cu(II)). The steric encumbrance of the TMS groups 350 
may prevent the triflate anions from binding to the metal centers in a manner seen with 351 
structurally related complexes presented above.  352 

The Cu2(µ-OTMS)2 diamond core displays a Cu-O-Cu angle of 86.65(5)°, an 353 
equatorial Cu–O bond length of 1.8969(14) Å, a distorted axial Cu–O bond length of 354 
2.259(1) Å and a short Cu–Cu distance of 2.8639(4) Å. To date, no structurally- 355 
characterized Cu2(II,II)-µ-OTMS complexes have been reported in the CSD. McGeary, 356 
Caulton, and coworkers previously reported a Cu2(I,I)-bis(µ-OSiPh3)- 357 
bis(diphenylmethylphosphine) cluster[41]. The cluster was found to contain an asymmetric 358 
[Cu2(OSiPh3)2] core, with longer Cu–O bond distances of 1.9457(17) and 2.0456(17) Å. The 359 
shorter equatorial bond distances observed in 3[Cu2(OTMS)2]2+ are as expected, 360 
considering the higher oxidation states of the metal centers. A longer Cu–Cu distance of 361 
2.9662(7) Å was also observed for the [Cu2(OSiPh3)2] cluster. Compared with 362 
3[Cu2(OTMS)2]2+, each copper center in McGeary and Caulton’s cluster is more sterically 363 
crowded, owing to the bulky diphenylmethylphopshine ligand. The combined action of 364 
the lower oxidation states and increased steric bulk at the metal centers forces a farther 365 
copper-copper distance. 366 

 367 
Scheme 6. Synthesis of 3[Cu2(OTMS)2]2+ in o-DFB/MeCN. 368 

 369 
Figure 9. Crystal structure of 3[Cu2(OTMS)2]2+ (thermal ellipsoids set at 50% probability; hydrogen 370 
atoms and outer-sphere anions omitted for clarity). 371 

2.4.3 Synthesis of 3[Cu2OH]3+  372 
 The synthetic protocol for anion-exchange with 3[Cu2]4+ was lastly implemented with 373 

the hydroxide anion. Numerous Cu2(II,II)-di(µ-OH)-containing complexes exist that are 374 
supported with mononucleating, multidentate ligands, such as BDI (BDI = β- 375 
diketiminate)[42], TpR (Tp = hydrotris(1-pyrazolyl)borate; R = Me, iPr)[43-44], and TACN 376 
(TACN = 1,4,7-triazacyclononane)[45]. The isolation of a Cu2(II,II)-di(µ-OH) complex with 377 
3PDI2 has remained elusive, but the monohydroxide product [(3PDI2)Cu2OH][OTf]3 378 
(3[Cu2OH]3+) was synthesized through treatment of 3[Cu2]4+ with LiOH (Scheme 7).     379 

 Growth of single crystals allowed for structural elucidation of 3[Cu2OH]3+. The 380 
crystal structure was found to contain a planar macrocyclic ligand (Figure 10). Because of 381 
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this conformation, the Cu–Cu distance lengthens to 3.585(7) Å and 3.618(4) Å (the 382 
asymmetric unit contains disordered macrocyclic complexes with distinct metrical 383 
parameters). These distances lie at the longer end of the range of Cu–Cu distances 384 
observed in the series of propylene-bridged bis(4-tert-butylpyridyldiimine) macrocyclic 385 
complexes. Each copper(II) center adopts a distorted octahedral geometry, with weakly- 386 
coordinating triflate ligands occupying the axial positions of each copper(II) center. The 387 
PDI subunits and a bridging hydroxide ligand occupy the equatorial plane. The Cu–O(H) 388 
distances of 1.872(2) and 1.875(5) Å agree well with previously reported PDI2-supported 389 
Cu2(II,II)-µ-OH complexes (Table 2). However the Cu-O(H)-Cu angle of 149.98(16)° 390 
[140.2(2)°] significantly deviates from that of [(EtPDI2)Cu2OH][ClO4]3·2H2O [110.3(7)°]. The 391 
less-strained 3[Cu2OH]3+ complex allows for the increased Cu–Cu distance and 392 
corresponding increase in the Cu-O(H)-Cu angle. In fact, the observed angle in 3[Cu2OH]3+ 393 
agrees better with the larger complex [(OctPDI2)Cu2OH][ClO4]3·H2O reported by Drew and 394 
Nelson [141.7(7)°]. As expected, the flexible aliphatic linkers modulate the Cu–Cu distance 395 
to allow for variously-sized bridging ligands to be housed between the two metal centers. 396 

 397 
Scheme 7. Synthesis of 3[Cu2OH]3+ in MeCN. 398 

 399 
Figure 10. Crystal structure of 3[Cu2OH]3+ (thermal ellipsoids set at 50% probability; hydrogen 400 
atoms, solvent molecules, triflate disorder and macrocycle disorder omitted for clarity). 401 

Table 2. Selected bond metrics of copper(II) hydroxide PDI complexes. 402 

 3[Cu2OH]3+ [(EtPDI2)Cu2OH]3+ b,c [(OctPDI2)Cu2OH]3+ c 
Cu(1) – N(1) / Å 2.097(2) 2.066(12) 2.039(11) 
Cu(1) – N(2) / Å 1.912(2) 1.916(13) 1.907(16) 
Cu(1) – N(3) / Å 2.040(3) 2.061(13) 2.060(9) 
Cu(2) – N(4) / Å 2.096a - 2.076(4) 
Cu(2) – N(5) / Å 1.926 a - 1.925(12) 
Cu(2) – N(6) / Å 2.038 a - 2.059(14) 
Cu(1) – O(1) / Å 1.872(2) 1.916(9) 1.866(13) 
Cu(2) – O(1) / Å 1.908 a - 1.912(10) 
Cu(1) – Cu(2) / Å 3.603 a 3.145(4) 3.57 

∠Cu(1)-O(1)-Cu(2) / ° 145.09 a 110.3(7) 141.7(7) 
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∆ / Å 0.196 a 0.230 0.147 
a Average values based on disorder of molecule 403 
b Macrocycle is symmetric; bond metrics are the same for Cu(2)  404 
c Crystal structure obtained at room temperature 405 

3. Conclusions 406 
The research described in this manuscript enables a broad range of functionalization 407 

chemistry at a dicopper core supported by a geometrically and electronically flexible 408 
macrocyclic ligand. The isolation and characterization of this new series of Cu2(II,II) bis(4- 409 
tert-butylpyridyldiimine) macrocycle complexes were carried out through three general 410 
procedures: 1) transmetallation of n[Sr]2+ with CuCl2, 2) salt metathesis at a new “open- 411 
core” macrocycle, 3[Cu2]4+, and 3) a one-pot procedure in which 3[Sr]2+ was treated with 412 
2.0 equiv Cu(OTf)2 and a corresponding source of anion. These methods were found to be 413 
suitable for accessing a host of novel Cu2(II,II) macrocycles. Notably, previous work on 414 
the parent form of this macrocycle encountered persistent difficulties with solubility, 415 
hindering structural characterizations and further synthetic investigations. The improved 416 
solubility on the introduction of 4-tert-butylpyridyl groups and triflate counterions 417 
allowed for modest-to-good solubility profiles across a broad range of core substitutions.   418 

The solid-state structures of each new macrocycle-supported complex revealed how 419 
the conformation of the macrocycle was able to change depending on the number and 420 
nature of bridging substituents between the Cu(II) centers (Table 3). If two bridging 421 
ligands are present, the macrocycle can adopt a range of ligand conformations to support 422 
the Cu2X2 cores, and at its extreme, the macrocycle was found to unfurl into a nearly planar 423 
geometry to support a linear Cu2F core. The geometric differences enabled by the 424 
flexibility of the macrocycles’ aliphatic linkers were originally proposed by Drew and 425 
Nelson, but their data were limited by the solubility problems mentioned above. The 426 
present range of structural data highlights the flexibility of this ligand class. This 427 
flexibility, in combination with the robust synthetic protocols, provides an ideal platform 428 
for future investigations into the ability of these complexes to mediate small molecule 429 
activation and strong bond functionalization chemistry.    430 

Table 3. Summary of Cu2(II,II) bis(4-tert-butylpyridyldiimine) macrocycles. 431 

 432 

a Average values.  433 

4. Materials and Methods 434 
4.1 General Considerations  435 

 Unless stated otherwise, all reactions were carried out under an inert atmosphere of 436 
N2 using standard Schlenk techniques or a PureLab HE glovebox, then worked up in air. 437 
Glassware, stir bars, filter aid (Celite), and 4 Å molecular sieves were dried in an oven at 438 
175 °C for at least one hour prior to use when applicable. Degassed anhydrous solvents 439 
(Pentane, Et2O, THF, DCM, and MeCN) were dried by passage through activated alumina 440 
using a Solvent Purification System and stored over 4 Å molecular sieves for at least one 441 

 Conformation Cu-Cu / Å Cu-Xequatorial / Å a Cu-X-Cu / ° a 
3[Cu2Cl]2+ Unfolded 3.129(1) 2.1860 75.05 
2[Cu2Cl]2+ Unfolded 2.9922 a 2.2056 70.82 

3[Cu2(NCMe)2]4+ Unfolded 3.3479(7) 1.973 77.64 
3[Cu2Cl]3+ Arched 3.7045(7) 2.2823 108.50 
3[Cu2F]3+ Unfolded 3.7240(4) 1.8620 180.00 

3[Cu2(N3)2]2+ Unfolded 3.1362(6) 1.936 88.02 
3[Cu2(ONO)2]2+ Unfolded 3.2553(6) 1.904 94.18 
3[Cu2(OTMS)2]2+ Unfolded 2.8639(4) 1.8969 86.65 

3[Cu2OH]3+ Planar 3.603 a 1.890 145.09 
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day before use. Chloroform-d was purchased from Cambridge Isotopes Laboratories, Inc. 442 
and was stored over 4 Å molecular sieves for at least one day before use. The macrocyclic 443 
precursor 2[Sr]2+ was prepared according to a previous reported procedure[46]. 444 
Tetrabutylammonium chloride (NBu4Cl) was purchased from Sigma Aldrich, ground to 445 
a fine powder with a mortar and pestle and dried under vacuum over P2O5 for one week 446 
before use. Tetrabutylammonium bromide (NBu4Br) was purchased from Sigma Aldrich 447 
and dried under vacuum over P2O5 for one week before use. Sodium nitrite (NaNO2) was 448 
purchased from Fisher Chemicals, ground to a fine powder with a mortar and pestle and 449 
flame dried under dynamic vacuum, then stored under N2 in an inert atmosphere 450 
glovebox. 15N-labeled sodium nitrite (Na15NO2) was purchased from Cambridge Isotope 451 
Laboratories, Inc., ground to a fine powder with a mortar and pestle, and flame dried 452 
under dynamic vacuum. The isotopologue was then stored in the dark, in the glovebox. 453 
Sodium trimethylsilanolate was purchased as a 1.0 M solution in THF from Sigma Aldrich 454 
in a Sure/SealTM bottle and was stored under N2 in the glovebox. All other reagents were 455 
purchased from commercial vendors and used as received.  456 

NMR Spectroscopy: NMR spectra were recorded on a Bruker NEO 600 spectrometer. 457 
All chemical shifts are reported in units of ppm and referenced to the residual proteo- 458 
solvent resonance for proton and carbon chemical shifts. Internal PhCF3 was used for 459 
referencing the 19F spectrum[47]. 460 

Elemental Analysis: Analytical data were obtained from the CENTC Elemental 461 
Analysis Facility at the University of Rochester. Microanalysis samples were weighed 462 
with a PerkinElmer Model AD6000 Autobalance and their compositions were determined 463 
with a PerkinElmer 2400 Series II Analyzer. Air-sensitive samples were handled in a VAC 464 
Atmospheres glovebox and combusted in a tin capsule that was crimp-sealed with a die 465 
apparatus. For 3[Cu2(NCMe)2]2+, analytical data was collected using a Costech ECS 4010 466 
analyzer in the Earth & Environmental Science Department at the University of 467 
Pennsylvania.  468 

Infrared Spectroscopy: Infrared spectra were recorded using a PerkinElmer 469 
Spectrum Two FT-IR spectrometer. Samples were placed on an ATR crystal after 470 
collecting a blank spectrum and spectral data were measured over the range of 450-4000 471 
cm-1. Samples requiring a KBr pellet were analyzed using a Bruker Invenio-R FT-IR 472 
spectrometer and spectral data were measured over the range of 450-4000 cm-1. 473 

UV-vis-NIR Spectroscopy: Absorption spectra were collected over the range of 200- 474 
1000 nm using an Agilent Cary 60 UV-vis-NIR spectrophotometer. Stock solutions (3.0- 475 
11.0 mM) were prepared under an N2 atmosphere in the glovebox. Samples were then 476 
diluted to obtain absorption profiles in the linear response range of the 477 
spectrophotometer. Each measurement was obtained using a 10 mm path-length quartz 478 
cuvette with a screw cap. The temperature of each measurement was maintained at 25 °C 479 
using an Unisoku USP-203A cryostat. Five different concentrations were used for Beer’s 480 
Law analysis of each peak maxima. The absorption intensities for peak maxima were 481 
plotted vs. concentration to ensure a linear fit was obtained (R2 > 0.990). 482 

X-ray Crystallography: X-ray intensity data were collected on a Bruker D8Quest 483 
CMOS (3[Cu2Cl2]2+, 2[Cu2Cl2]2+ and 3[Cu2OH]3+) and a Bruker APEXII CCD 484 
(3[Cu2(OTMS)2]2+) area detector diffractomer with graphite-monochromated Mo-Kα 485 
radiation (λ = 0.71073 Å) at a temperature of 100 K. X-ray intensity data for 3[Cu2Cl]3+, 486 
3[Cu2F]3+ and 3[Cu2(ONO)2]2+ were collected on a Rigaku XtaLAB Synergy-S diffractometer 487 
equipped with an HPC area detector (Dectris Pilatus3 R 200K) employing confocal 488 
multilayer optic-monochromated Mo-Kα radiation (λ = 0.71073 Å) at a temperature of 100 489 
K. X-ray intensity data for 3[Cu2(N3)2]2+ and 3[Cu2(NCMe)2]3+ were collected on a Rigaku 490 
XtaLab Synergy-S diffractometer equipped with an HPC area detector (HyPix-6000HE) 491 
employing confocal multilayer optic-monochromated Mo-Kα radiation (λ = 0.71073 Å) 492 
(3[Cu2(N3)2]2+) or Cu-Kα radiation (λ = 1.54184 Å) (3[Cu2(NCMe)2]3+) at a temperature of 493 
100 K. Rotation frames were integrated using SAINT or CrysAlisPro, producing a listing 494 
of unaveraged F2 and σ(F2) values. The intensity data were corrected for Lorentz and 495 
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polarization effects and for absorption using SADABS or SCALE3 ABSPACK. The 496 
structures were solved by direct methods using either SHELXT (3[Cu2Cl2]2+, 2[Cu2Cl2]2+, 497 
3[Cu2(NCMe)2]3+, 3[Cu2F]3+, 3[Cu2(N3)2]2+, 3[Cu2(ONO)2]2+ and 3[Cu2OH]3+) or SHELXS-97 498 
(3[Cu2(OTMS)2]2+) and refined by full-matrix least-squares, based on F2 using SHELXL- 499 
2018. All reflections were used during refinement. Non-hydrogen atoms were refined 500 
anisotropically and hydrogen atoms were refined using a riding model. For 3[Cu2Cl2]2+ 501 
and 3[Cu2(N3)2]2+, the molecule lies on a crystallographic center-of-symmetry (at ½, ½, ½). 502 
For 3[Cu2(ONO)2]2+, the coordinate NO2 is disordered by a slight rotation about the Cu1- 503 
O1 bond with relative occupancies of 0.72/0.28. For 3[Cu2(OTMS)2]2+, the molecule lies on 504 
a crystallographic center-of-symmetry (at 0, 0, 0). CCDC entries 2284784-2284792 contain 505 
the supplementary crystallographic data for this paper. These data can be obtained free of 506 
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 507 
Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033; E- 508 
mail: deposit@ccdc.cam.ac.uk).  509 
4.2 Synthetic Procedures 510 

3[Sr]2+. The following procedure was adapted from the literature report[46]. A 500 mL 511 
round bottom flask was charged with 4-tert-butyl-2,6-diacetylpyridine (5.1349 g, 23.417 512 
mmol, 2.00 equiv), Sr(OTf)2 (4.5353 g, 11.757 mmol, 1.00 equiv), and MeOH (250 mL). The 513 
mixture was stirred until all solids were dissolved. To the pale-yellow solution, 1,3- 514 
diaminopropane (2.00 mL, 23.9 mmol, 2.04 Eq.) was added. The solution became darker 515 
and was heated to reflux (oil bath set to 75 °C) for 16 hours. The volatile materials were 516 
then removed under vacuum. The crude product was extracted into ca. 25 mL DCM and 517 
filtered over a pad of celite to remove insoluble materials. The yellow-orange filtrate was 518 
then treated with ca. 300-400 mL hexanes to precipitate the product as an off-white 519 
powder. The powder was collected via vacuum filtration, washed with an additional ca. 520 
500 mL hexanes and dried under vacuum (9.6398 g, 91%). Analytical characterization data 521 
matched those previously reported. 1H NMR (CDCl3, 600 MHz, 298 K): δ = 7.81 (s, 8H), 522 
3.96 (t, J = 6.5 Hz, 8H), 2.46 (s, 12 H), 1.90 (quint, J = 6.5 Hz, 4H), 1.43 (s, 18H) ppm. 13C{1H} 523 
NMR (CDCl3, 151 MHz, 298 K): δ = 167.1, 164.0, 155.6, 121.4, 120.1 (q, J = 319.4 Hz), 46.7, 524 
35.5, 30.67, 28.9, 15.2 ppm. 19F{1H} NMR (CDCl3, 565 MHz, 298 K): δ = -78.06 ppm.    525 

3[Cu2Cl2]2+. The following procedure was carried out in air. A 100 mL round bottom 526 
flask was charged with 3[Sr]2+ (553.4 mg, 0.6145 mmol, 1.00 equiv) and MeOH (15 mL). 527 
Once all starting material was dissolved, the golden-yellow solution was treated with a 528 
solution of CuCl2·2H2O (209.8 mg, 1.231 mmol, 2.00 equiv) in MeOH (10 mL). The reaction 529 
mixture immediately became dark green and was stirred for 60 min at room temperature. 530 
Solvent was then removed under vacuum. The product was extracted in 20 mL MeCN 531 
and filtered over a pad of Celite to remove insoluble byproducts. The dark blue-green 532 
filtrate was then layered with 80 mL Et2O at room temperature. After one day, a crystalline 533 
solid was collected via vacuum filtration and rinsed with 50 mL Et2O. The product was 534 
collected as a blue powder and dried under vacuum (517.0 mg, 83%). Crystals suitable for 535 
single crystal X-ray crystallography were grown by slow diffusion of Et2O into a 536 
concentrated MeCN solution at room temperature. Anal. % Calcd. for 537 
C34H46Cl2Cu2F6N6O6S2 (1010.88 g/mol): C, 40.40; H, 4.59; N, 8.31. Found: C, 40.06; H, 4.51 538 
N, 8.22. FT-IR (ATR): 1597 (C=N) cm-1. UV-vis-NIR (MeCN, 298 K): 238 nm (7.71 x 104 M- 539 
1 cm-1), 676 nm (242 M-1 cm-1).  540 

2[Cu2Cl2]2+. The following procedure was carried out in air. A 100 mL round bottom 541 
flask was charged with 2[Sr]2+ (520.9 mg, 0.5969 mmol, 1.00 equiv) and MeOH (15 mL). 542 
Once all starting material was dissolved, the golden-yellow solution was treated with a 543 
solution of CuCl2·2H2O (206.9 mg, 1.214 mmol, 2.03 equiv) in MeOH (10 mL). The reaction 544 
mixture immediately became dark green and was stirred for 60 minutes at room 545 
temperature. Solvent was then removed under vacuum. The product was extracted in ca. 546 
20 mL MeCN and filtered over a pad of celite to remove insoluble byproducts. The dark 547 
blue-green filtrate was then layered with ca. 80 mL Et2O at room temperature. After one 548 
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day, a crystalline solid was collected via vacuum filtration and rinsed with 50 mL Et2O. 549 
The product was collected as a blue powder and dried under vacuum (481.1 mg, 82%). 550 
Crystals suitable for single crystal X-ray crystallography were grown by slow diffusion of 551 
Et2O into a concentrated MeCN solution at room temperature. Anal. % Calcd. For 552 
C32H42Cl2Cu2F6N6O6S2 (982.83 g/mol): C, 39.11; H, 4.31; N, 8.55. Found: C, 38.89; H, 4.19; N, 553 
8.44. FT-IR (ATR): 1594 (C=N) cm-1. UV-vis-NIR (MeCN, 298 K): 236 nm (5.31 x 104 M-1 554 
cm-1), 681 nm (228 M-1 cm-1).  555 

3[Cu2(NCMe)2]4+. To a 100 mL Schlenk tube, 3[Cu2Cl2]2+ (1.094 g, 1.082 mmol, 1.00 556 
equiv) and MeCN (24 mL) were added. Once all solids were dissolved, the stirring, dark 557 
green solution was cooled to 0 °C and treated dropwise with TMS-OTf (0.790 mL, 4.37 558 
mmol, 4.04 equiv). The solution immediately turned dark blue and was warmed to room 559 
temperature over 30 minutes. Solvent was then removed under vacuum. The crude 560 
product was triturated with ca. 25 mL Et2O and concentrated under vacuum to afford a 561 
light blue solid. The solid was transferred to the glove box, collected on a fritted glass 562 
filter, and washed with 4 x ca. 10 mL 1:1 MeCN/Et2O followed by ca. 50 mL Et2O. The 563 
product was then dried under vacuum. The resulting fine blue powder (1.232 g, 86%) was 564 
stored at -35 °C in a glovebox. A sample suitable for X-ray crystallography was grown by 565 
slow diffusion of Et2O into a concentrated MeCN solution at room temperature. From the 566 
same batch of isolated material, single crystals of 3[Cu2Cl]3+ were grown by slow diffusion 567 
of n-hexane into a concentrated o-F2-C6H4 solution at room temperature. Anal. % Calcd. 568 
for C40H52N8Cu2F12O12S4 (1320.21 g/mol): C, 36.39; H, 3.97; N, 8.49. Found: C, 36.29; H, 4.05; 569 
N, 8.70. FT-IR (KBr): 1599 (C=N), 2307, 2279, 2259 (C≡N) cm-1,  570 

3[Cu2F]3+. A 500 mL round bottom Schlenk flask was charged with Cu(OTf)2 (3.2736 571 
g, 9.0513 mmol, 2.05 equiv) and DCM (40 mL). The slurry was stirred and treated with a 572 
solution of 3[Sr]2+ (3.9844 g, 4.4246 mmol, 1.00 equiv) in DCM (40 mL) followed by a 573 
solution of [NBu4][Ph3SiF2] (2.6507 g, 4.9099 mmol, 1.11 equiv) in MeCN (80 mL). The 574 
reaction mixture became dark blue and was stirred for 4 hours at room temperature. The 575 
solution was filtered through a pad of Celite to remove insoluble materials. The Celite pad 576 
was rinsed with an additional 40 mL of 1:1 DCM:MeCN. The dark blue filtrate was then 577 
concentrated under vacuum to afford a crude blue oil, which solidified upon standing. 578 
The flask was transferred to the glovebox. The crude blue solid was washed with 3 x 30 579 
mL 2:1 Et2O:THF and collected over a fritted glass filter. The solid was washed with 580 
copious amounts of Et2O followed by 3 x 25 mL THF (a dark impurity was removed). The 581 
remaining crystalline blue solid was rinsed with ca. 50-60 mL pentane and dried under 582 
vacuum to afford the desired product (3.7947 g, 77%). Crystals suitable for single crystal 583 
X-ray crystallography were grown by layering a concentrated MeCN solution with Et2O 584 
at room temperature and letting the two layers diffuse together overnight. Anal. % Calcd. 585 
for C35H46Cu2F10N6O9S3 (1108.04 g/mol): C, 37.94; H, 4.18; N, 7.58. Found: C, 37.88; H, 4.16; 586 
N, 7.58. FT-IR (ATR): 1589 (C=N) cm-1. UV-vis-NIR (MeCN, 298 K): 230 nm, 667 nm (248 587 
M-1 cm-1).  588 

3[Cu2]4+. To a 100 mL Schlenk tube was added 3[Cu2F]3+ (1.1099 g, 1.0017 mmol, 1.00 589 
equiv) and DCM (25 mL). The blue slurry was cooled to -78 °C and treated dropwise with 590 
TMS-OTf (0.200 mL, 1.11 mmol, 1.10 equiv). The mixture was removed from the cold bath 591 
and stirred for one hour. Over time, the dark blue slurry became light blue. Solvent was 592 
then removed under vacuum affording a light blue solid. The solid was transferred to the 593 
glovebox, triturated with ca. 100-200 mL Et2O and collected by vacuum filtration. The 594 
product was then washed with ca. 100-200 mL pentane and dried under vacuum (1.0966 595 
mg, 88%). Anal. % Calcd. for C36H46Cu2F12N6O12S4 (1238.11 g/mol): C, 34.92; H, 3.75; N, 596 
6.79. Found: C, 34.09; H, 3.53; N, 6.58. . FT-IR (KBr): 1602 (C=N) cm-1. 597 

3[Cu2Br2]2+. To a 100 mL Schlenk tube, Cu(OTf)2 (433.2 mg, 1.198 mmol, 2.04 Eq.) and 598 
DCM (5 mL) were added. The slurry was treated with a solution of 3[Sr]2+ (529.2 mg, 0.5877 599 
mmol, 1.00 equiv) in DCM (10 mL). No change occurred upon this addition. A solution of 600 
NBu4Br (379.4 mg, 1.177 mmol, 2.00 equiv) in DCM (10 mL) was then added. The reaction 601 
mixture immediately became dark green. Within minutes, a bright green solid 602 
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precipitated from solution. The reaction was allowed to proceed for 4 h at room 603 
temperature. To the solution, MeCN (35 mL) was added, and the dark green solution was 604 
filtered over a pad of celite. The pad was rinsed with an additional 35 mL 1:1 DCM:MeCN, 605 
and the filtrate was concentrated under vacuum. The resulting crude solid was triturated 606 
with 10 mL THF and collected via vacuum filtration. The product was washed with 3 x 10 607 
mL THF and 50 mL Et2O. The product was re-dissolved in ca. 45 mL MeCN and was 608 
layered with 200 mL Et2O at room temperature. The product powdered out of solution as 609 
a light green solid after three days. The solid was collected and rinsed with 50 mL Et2O 610 
before drying under vacuum (487.2 mg, 75%). Anal. % Calcd. for C34H46Br2Cu2F6N6O6S2 611 
(1099.79 g/mol): C, 37.13; H, 4.22; N, 7.64. Found: C, 37.12; H, 4.04; N, 7.57. FT-IR (ATR): 612 
1600 (C=N) cm-1. UV-vis-NIR (MeCN, 298 K): 236 nm, 679 nm (217 M-1 cm-1).  613 

3[Cu2(N3)2]2+. To a 100 mL Schlenk tube, Cu(OTf)2 (406.2 mg, 1.123 mmol, 2.02 equiv) 614 
and DCM (5 mL) were added. The slurry was treated with a solution of 3[Sr]2+ (501.1 mg, 615 
0.5565 mmol, 1.00 equiv) in DCM (10 mL). No change occurred upon this addition. A 616 
solution of NBu4N3 (320.2 mg, 1.126 mmol, 2.02 equiv) in DCM (10 mL) was then added. 617 
The reaction mixture immediately became dark green. Within minutes, a dark green solid 618 
precipitated from solution. The reaction was allowed to proceed for 4 hours at room 619 
temperature. To the solution, MeCN (25 mL) was added, and the dark green solution was 620 
filtered over a pad of celite. The pad was rinsed with an additional 35 mL 1:1 DCM/MeCN, 621 
and the filtrate was concentrated under vacuum. The resulting crude solid was triturated 622 
with 10 mL THF and collected via vacuum filtration. The product was washed with 3 x 10 623 
mL THF and 50 mL Et2O. The product was re-dissolved in ca. 45 mL MeCN and was 624 
layered with 200 mL Et2O at room temperature. The product crystallized as green needles 625 
after three days. The crystals were collected and rinsed with 50 mL Et2O before drying 626 
under vacuum (424.7 mg, 75%). Crystals suitable for single-crystal X-ray crystallography 627 
were grown by vapor diffusion of Et2O into a concentrated MeCN solution. Anal. % 628 
Calcd. for C34H46Cu2F6N12O6S2 (1024.02 g/mol): C, 39.88; H, 4.53; N, 16.41. Found: C, 39.91; 629 
H, 4.38; N, 16.25. FT-IR (ATR): 2063 (N3), 1602 (C=N) cm-1. UV-vis-NIR (MeCN, 298 K): 630 
229 nm, 661 nm (418 M-1 cm-1).  631 

3[Cu2(ONO)2]2+. In a glovebox, a 20 mL scintillation vial was charged with 3[Cu2]4+ 632 
(203.9 mg, 0.1647 mmol, 1.00 equiv), NaNO2 (24.0 mg, 0.348 mmol, 2.11 equiv) and MeCN 633 
(ca. 8 mL). The blue slurry was stirred for 2 h at room temperature, at which point the dark 634 
blue-green solution appeared homogeneous. The sample was removed from the glovebox 635 
and worked up under air. The crude reaction mixture was diluted with DCM (10 mL) and 636 
filtered through a pad of celite to remove insoluble materials. Solvent was then removed 637 
under vacuum. The crude dark green solid was washed with 3 x 5 mL THF. A blue 638 
crystalline solid was collected via vacuum filtration and dried under vacuum to afford the 639 
desired product (59.5 mg, 35%). Crystals suitable for single-crystal X-ray crystallography 640 
were grown by vapor diffusion of Et2O into a concentrated MeCN solution. Anal. % 641 
Calcd. for C34H46Cu2F6N8O10S2 (1031.99 g/mol): C, 39.57; H, 4.49; N, 10.86. Found: C, 39.61; 642 
H, 4.45; N, 10.72. FT-IR (ATR): 1603 (C=N), 1473, 991 (NO2) cm-1. UV-vis-NIR (MeCN, 298 643 
K): 230 nm, 638 nm (248 M-1 cm-1).  644 

3[Cu2(O15NO)2]2+. In the glovebox, a 20 mL scintillation vial was charged with 3[Cu2]4+ 645 
(207.8 mg, 0.1678 mmol, 1.00 equiv), Na15NO2 (24.6 mg, 0.351 mmol, 2.09 equiv) and 646 
MeCN (ca. 8 mL). The blue slurry was stirred for 2 hours at room temperature, at which 647 
point the dark blue-green solution appeared homogeneous. The sample was removed 648 
from the glovebox and worked up in air. The crude reaction mixture was diluted with 649 
DCM (10 mL) and filtered over a pad of celite to remove insoluble materials. Solvent was 650 
then removed under vacuum. The crude dark green solid was washed with 3 x ca. 2 mL 651 
THF. A blue-green powder was collected via vacuum filtration and dried under vacuum 652 
to afford the desired product (136.5 mg, 79%). FT-IR (ATR): 1604 (C=N), 1447, 971 (NO2) 653 
cm-1.  654 

3[Cu2(OTMS)2]2+. In the glovebox, a 20 mL scintillation vial was charged with 3[Cu2]4+ 655 
(211.4 mg, 0.1707 mmol, 1.00 equiv), o-DFB (ca. 5 mL) and MeCN (ca. 5 mL). The blue 656 
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slurry was stirred at room temperature and treated dropwise with 1.0 M NaOTMS (0.350 657 
mL, 0.350 mmol, 2.05 equiv). The reaction mixture quickly became dark orange-brown 658 
and was stirred for 2 hours. The mixture was then directly filtered over a pad of celite, 659 
and the dark orange filtrate was concentrated under vacuum. The crude product was 660 
triturated with 3 x ca. 2-3 mL THF. The remaining dark blue-green solid was dissolved in 661 
minimal MeCN and filtered over celite. The sample was concentrated under vacuum, 662 
triturated with ca. 15 mL Et2O and dried under vacuum (116.7 mg, 61%). Crystals suitable 663 
for single crystal X-ray crystallography were grown by vapor diffusion of Et2O into a 664 
concentrated MeCN solution at -35 °C. Anal. % Calcd. for C40H64Cu2F6N6O8S2Si2 (1118.36 665 
g/mol): C, 42.96; H, 5.77; N, 7.51. Found: C, 42.89; H, 5.57; N, 7.80. FT-IR (ATR): 1603 (C=N) 666 
cm-1. UV-vis-NIR (MeCN, 298 K): 229 nm, 481 nm (382 M-1 cm-1).  667 

3[Cu2OH]3+. In the glovebox, a 20 mL scintillation vial was charged with 3[Cu2]4+ (208.1 668 
mg, 0.1681 mmol, 1.00 Eq.), LiOH (4.0 mg, 0.17 mmol, 0.99 Eq.) and MeCN (ca. 8 mL). The 669 
blue slurry was stirred at room temperature for 2 hours, at which point the dark blue 670 
solution appeared homogeneous. The sample was removed from the glovebox and 671 
worked up in air. Solvent was removed under vacuum. The product was extracted in ca. 672 
5 mL DCM and filtered over celite to remove insoluble materials. The dark blue filtrate 673 
was layered with ca. 15 mL hexanes. After one day, a blue crystalline solid was isolated 674 
and dried under vacuum (134.8 mg, 73%). Crystals suitable for single-crystal X-ray 675 
crystallography were grown by vapor diffusion of Et2O into a concentrated THF solution. 676 
Anal. % Calcd. for C35H47Cu2F9N6O10S3 • 0.5 CH2Cl2 (1106.05 g/mol): C, 37.13; H, 4.21; N, 677 
7.32. Found: C, 37.39; H, 4.33; N, 7.41. FT-IR (KBr): 1599 (C=N) cm-1. UV-vis-NIR (MeCN, 678 
298 K): 229 nm, 708 nm (246 M-1 cm-1).  679 

Supplementary Materials: The following supporting information can be downloaded at: 680 
www.mdpi.com/xxx/s1, Figures S1-S3: NMR spectra of 3[Sr]2+; Figures S4-S14: IR spectra of 681 
3[Cu2Cl2]2+, 2[Cu2Cl2]2+, 3[Cu2(NCMe)2]4+, 3[Cu2]4+, 3[Cu2F]3+, 3[Cu2Br2]2+, 3[Cu2(N3)2]2+, 3[Cu2(ONO)2]2+, 682 
3[Cu2(O15NO)2]2+, 3[Cu2(OTMS)2]2+, and 3[Cu2OH]3+; Figures S15-S40: UV-vis-NIR data for 683 
3[Cu2Cl2]2+, 2[Cu2Cl2]2+, 3[Cu2F]3+, 3[Cu2(N3)2]2+, 3[Cu2(ONO)2]2+, 3[Cu2(OTMS)2]2+, and 3[Cu2OH]3+; 684 
Tables S1-S9: X-ray crystallography data for 3[Cu2Cl2]2+, 2[Cu2Cl2]2+, 3[Cu2(NCMe)2]4+, 3[Cu2Cl]3+, 685 
3[Cu2F]3+, 3[Cu2(N3)2]2+, 3[Cu2(ONO)2]2+, 3[Cu2(OTMS)2]2+, and 3[Cu2OH]3+. 686 
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