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ABSTRACT: Molecular switching processes are important in a

range of areas including the development of molecular machines.

While there are numerous organic switching systems available, 4 Coordinate 4_ 5 Coordinate

there are far less examples that exploit inorganic materials. The Cu' Cu"

most common inorganic switching system remains the copper(I)/

copper(1I) switch developed by Sauvage and co-workers over 20

years ago. Herein, we examine if bidentate 2-(1-benzyl-1H-1,2,3-

triazol-4-yl)pyridine (pytri) and tridentate 2,6-bis[(4-phenyl-1H- m N,

1,2,3-triazol-1-yl)methyl]pyridine (tripy) moieties can be used to

replace the more commonly exploited polypyridyl ligands 2,2’- ) 0N *or @_@_(‘n

bypyridine (bpy)/1,10-phenanthroline (phen) and 2,2';6',2"- v .

terpyridine (terpy) in a copper(I)/(II) switching system. Two

new ditopic ligands that feature bidentate (pytri, L1 or bpytri, L2) and tridentate tripy metal binding pockets were synthesized and
used to generate a family of heteroleptic copper(I) and copper(Il) 6,6'-dimesityl-2,2-bipyridine (diMesbpy) complexes.
Additionally, we synthesized a series of model copper(I) and copper(II) diMesbpy complexes. A combination of techniques
including nuclear magnetic resonance (NMR) and UV—vis spectroscopies, high-resolution electrospray ionization mass
spectrometry, and X-ray crystallography was used to examine the behavior of the compounds. It was found that L1 and L2
formed [(diMesbpy)Cu(L1 or L2)]** complexes where the copper(II) diMesbpy unit was coordinated exclusively in the tridenate
tripy binding site. However, when the ligands (L1 and L2) were complexed with copper(I) diMesbpy units, a complex mixture was
obtained. NMR and MS data indicated that a 1:1 stoichiometry of [Cu(diMesbpy)]* and either L1 or L2 generated three complexes
in solution, the dimetallic [(diMesbpy),Cu,(L1 or L2)]*" and the monometallic [(diMesbpy)Cu(L1 or L2)]* isomers where the
[Cu(diMesbpy)]* unit is coordinated to either the bidentate or tridentate tripy binding sites of the ditopic ligands. The dimetallic
[(diMesbpy),Cu, (L1 or L2)](PF,), complexes were structurally characterized using X-ray crystallography. Both complexes feature a
[Cu(diMesbpy)]* coordinated to the bidentate (pytri or bpytri) pocket of the ditopic ligands (L1 or L2), as expected. They also
feature a second [Cu(diMesbpy)]* coordinated to the nominally tridentate tripy binding site in a four-coordinate hypodentate x’-
fashion. Competition experiments with model complexes showed that the binding strength of the bidentate pytri is similar to that of
the K*-tripy ligand, leading to the lack of selectivity. The results suggest that the pytri/tripy and bpytri/tripy ligand pairs cannot be
used as replacements for the more common bpy/phen-terpy partners due to the lack of selectivity in the copper(I) state.

B INTRODUCTION

Well-regulated molecular switches and machines are essential
to life and are used extensively in all biological systems. Over

Nobel prize for his work on switchable systems that exploit
transition metal ions.””
potentially offer useful alternative/additional properties to

These metal ion containing systems

the past 20 years, synthetic chemists have developed a wide
range of nonbiological switches and machines. There have
been some impressive devices that use mechanically inter-
locked architectures (MIAs, catenanes, and rotaxanes)' ™' to
generate large-scale molecular motion and/or the translocation
of molecular cargo(s). Some equally sophisticated non-
interlocked machine-like systems have also been generated.
The vast majority of systems developed have, for the most part,
exp101ted organic materlals *7*> The pioneering work of
Stoddart”® and Feringa’” in the area was recognized by their
award of the 2016 Nobel prize in chemistry.

While organic systems have been used for the mainstay of
molecular switches and machines, Sauvage shared the 2016

© 2021 The Authors. Published by
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those provided by organic switches and machines. Coordina-
tion bonds (metal-ligand interactions) not only can be
kinetically labile but also strong (thermodynamically), which
can be crucial when designing dynamic/switchable systems.
Additionally, metal ions potentially provide different structural
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+ terpy

reduction oxidation

Figure 1. Generic copper(I)/copper(Il) switches as developed by
Sauvage and co-workers in MIAs.***' The system has also been
exploited in noninterlocked switching systems.””*°
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Figure 2. [2]Rotaxane copper(I)/copper(I) switch featuring pytri
and tripy stations synthesized by Lewis and co-workers.®

motifs (geometries) when compared to carbon-based mole-
cules and offer a range of tunable physical characteristics (e.g.,
redox and optical properties). Due to this, the development of
molecular switches and machines that incorgorate metal ions
has grown exponentially in the past 10 years.””*" A wide range
of different metal ions (Zn(II), Ag(I),31_33 Pd(11),>*7% and
Pt(I1)*’7*") have now been examined for their use within
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Figure 3. Targeted copper(I)/copper(Il) redox switches featuring
pytri (or bpytri) and tripy stations.

different machine/switch designs. However, copper ions, as
first exploited by Sauvage,”® remain the most commonly used
transition metal when designing switchable systems. The
enduring interest in copper(I)/copper(I)-based molecular
switches is presumably due to the numerous unique properties
of the copper ions. Both copper(I) and copper(Il) form stable
coordination complexes, and usefully, they display different
coordination preferences (copper(1): four-coordinate; copper-
(1I1): higher, five-, or six-coordinate). Additionally, the different
oxidation states are readily interconverted under relatively mild
conditions (either chemically or electrochemically). Sauvage
and co-workers developed a series of MIA systems that
featured either 2,2'-bypyridine (bpy) or 1,10-phenanthroline
(phen) and 2,2';6',2"-terpyridine (terpy) ligands and then
exploited the different redox and coordination geometry
preferences of the copper(I) and copper(Il) ions to switch
between the states (Figure 1). In an early example, Sauvage
and co-workers synthesized a sophisticated [2]catenane that
featured a 2,9-diphenylphenanthroline (2,9-DPphen) macro-
cycle interlocked to a second macrocycle that contained phen
and terpy ligand sites (stations) (Figure 1).*%*! Initially, due to
the copper(I) template approach used to obtain the [2]-
catenand, the 2,9-DPphen macrocycle is coordinated at the
phen ligand site of the second more complex macrocycle as
this satisfies the coordination geometry preference of the
Cu(I) ions and generates a tetrahedrally coordinated [Cu-
(phen)(2,9-DPphen)]* co-conformer with the terpy site free.
However, when the copper(I) ion is oxidized to copper(Il),
the harder, more highly charged copper(II) ion has different
coordination geometry preferences and forms the higher, five-,
or six-coordinate complex. This redox change therefore results
in the translocation of the copper(II)-DPPhen macrocycle unit
to the terpy site on the larger macrocycle. Cyclic voltammetry
(CV) and UV—vis experiments were used to confirm that,
upon oxidation, the copper containing catenand initially forms
a metastable copper(II) complex in which the phen and
DPphen ligands remain bound to the Cu(Il) ion (ie.,
[Cu(phen)(2,9-DPphen)]**); then, this complex slowly
rearranges to the thermodynamically preferred [Cu(2,9-
DPphen)(terpy)]** complex, translocating the copper(Il)-
macrocycle unit. Reduction of that electrochemically generated
complex results in the formation of a metastable [Cu(2,9-
DPphen)(terpy)]* complex that rearranges back to the initially
synthesized [Cu(phen)(DPphen)]* complex. The switching
between the states is reversible and can be triggered chemically
or electrochemically.*”*' Using the same copper(I) and
copper(Il) switching process and similar ligand designs, a
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Scheme 1. Synthesis of Ditopic Ligands L1 and L2
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“Reagents and conditions: (i) Na,CO;, MeOH, RT, 30 mins; (ii) NaN3, benzyl bromide, CuSO,-SH,0O, sodium L-ascorbate, 4:1 DMF/H,0, RT,
20 h; (iii) for 4a: CBr,, PPh;, DCM, RT, 19 h; for 4b: NaOH pellets, p-toluenesulfonyl chloride, THF, 0 °C then RT, 2 h; (iv) NaN;, DMF, RT,
overnight; and (v) CuSO,-SH,0, sodium L-ascorbate, 4:1 DMF/H,0, RT, overnight.

series of mechanically interlocked copper(I)/copper(Il)
switches were developed by Sauvage and co-workers, including
[2]rotaxane shuttles,*** [2]rotaxanes that undergo macro-
cycle pirouetting,44_46 and a [3]rotaxane that can “flap its
wings”."” In addition to these mechanically interlocked
examples, copper(I)/copper(II) switching has also been used
in noninterlocked systems. Schmittel and co-workers devel-
oped a system that could electrochemically switch the
molecular cargo between two sites,"® while Crowley and co-
workers used chemical and electrochemical switching to extend
and contract ferrocene-based molecular rotors.*”° Others
have also developed copper-based electrochemical
switches,”’ —>® and there are copper systems where the
switching is triggered chemically.”*™>" However, all the
systems described above feature polypyridyl ligands (bpy,
phen, and terpy) and this can complicate the synthesis of the
required ligand architectures.

Recently, pyridyl 1,2,3-triazole ligands such as the bidentate
2-pyridyl-1,2,3-triazole (Rpytri) and tridentate 2,6-bis(1,2,3-
tr1azole)pyr1dy1 (Rtripy) m01et1es have emerged as replace-
ments for bpy, phen, and terpy.**~®* These new ligands can be
readily synthesized and functionalized by exploiting the
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
“click” reaction.”> They have also been used to develop
MIAs including rotaxanes®® and catenanes.””*® Lewis and co-

30117

workers have developed a [2]rotaxane that featured Rpytri and
Rtripy metal binding sites as an analogue of the Sauvage-type
MIA switches (Figure 2). Interestingly, when the authors
added Cu(I) ions to the [2]rotaxane, a mlxture containing two
co-conformational isomers was obtained.”” The major co-
conformation was shown to be the expected four-coordinate
copper(I) complex featuring the metal ion ligated to the bpy
macrocycle and the Rpytri station. In the second co-conformer,
the copper(I)-bpy macrocycle unit is bound to the nominally
tridentate Rtripy station. However, the authors proposed that
the Rtripy unit was hypodentate’””’ and acting as the
bidentate (x*) ligand rather than the expected tridentate (x°)
coordination mode (Figure 2).

Herein, inspired by the work of Lewis and co-workers,”” we
report the synthesis of two new ditopic ligands (L1 and L2):
one features 2-(1-benzyl-1H-1,2,3-triazol-4-yl)pyridine (pytri)
and 2,6-bis[(4-phenyl-1H-1,2,3-triazol-1-yl)methyl]pyridine
(tripy) binding sites and the other features 1-benzyl-4-(2,2'-
bipyridin-S-yl)-1H-1,2,3-triazole (bpytri) and tripy units. In an
effort to develop a new metal-based switching system, the
copper(I) and copper(Il) coordination chemistries of the
ligands were examined (Figure 3). The complexes were
characterized using a range of techniques (‘H and *C nuclear
magnetic resonance (NMR) and electronic (UV—vis) spec-
troscopy, high-resolution electrospray ionization mass spec-
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trometry (HRESI-MS), and X-ray crystallography). Addition-
ally, a series of model complexes were examined to provide
further insight into the switching behavior of the systems.

B RESULTS AND DISCUSSION

Model Copper Complexes. Prior to synthesizing the
ditopic ligands (L1 and L2; Scheme 1), three model copper
complexes were generated (Figure 4 and the Supporting
Information) to confirm that the different binding pockets
would coordinate the relevant copper ions (Cu(I) for the

[Cu(tripy)(diMesbpy)]?*

Figure 4. ORTEP diagrams of the molecular structures of (a)
[Cu(pytri) (diMesbpy) }(PF;), (b) [Cu(bpytri)(diMesbpy)](PFy),
and (c) [Cu(tripy)(diMesbpy)](PFs),. Selected bond lengths (A)
and angles (°): (a) Cul-N1 2.016(2), Cul-N2 2.039(2), Cul-N3
2.036(2), Cul-N4 2.031(2), N1-Cul-N4 127.89(9), and N2-Cul-N3
128.2(2); (b) Cul-N4 2.045(2), Cul-NS 2.009(3), Cul-N6
2.021(3), Cul-N7 2.041(2), N5-Cul-N6 129.2(1), and N5-Cul-N7
131.5(1); (c) Cul-N1 2.068(2), Cul-N2 2.109(2), Cul-N5
2.010(3), Cul-N6 1.979(3), Cul-N7 2.019(3), N1-Cul-Né6
144.4(1), and NS-Cul-N7 158.3(1). Thermal ellipsoids shown at
the 50% probability level. Counteranions, solvent molecules, and
hydrogen atoms are omitted for clarity. Colors: copper(I), orange;
copper(I), green; nitrogen, blue; carbon, gray.

bidentate ligands or Cu(Il) for the tridentate ligand) in the
expected manner. To synthesize the heteroleptic copper(I)
complexes, 6,6'-dimesityl-2,2'-bipyridine (diMesbpy, 1
equiv)”* and [Cu(MeCN),](PE,) (1 equiv) were combined
in acetone to form the [Cu(MeCN),(diMesbpy)](PFy)
intermediate.”®”® Then, either 2-(1-benzyl-1H-1,2,3-triazol-4-
yl)pyridine (pytri)’* or 1-benzyl-4-(2,2'-bipyridin-5-yl)-1H-
1,2,3-triazole (bpytri)”® (1 equiv) was added to generate dark
red solutions from which orange/red crystals could be
obtained (Supporting Information). The heteroleptic Cu(II)
complex was synthesized by stirring CuCl, (1 equiv) and
AgPF, in acetone to extract the chloride ions and generate the
solvated Cu(II) complex in solution. Then, the diMesbpy (1
equiv) and 2,6-bis[(4-phenyl-1H-1,2,3-triazol-1-yl)methyl]-
pyridine (tripy)”* ligands were added sequentially, generating
a blue solution. The copper complexes were characterized
using a combination of 'H and "“C NMR and UV-vis
spectroscopies, HRESI-MS, and elemental analysis. Addition-
ally, the molecular structures of all three complexes were
confirmed using X-ray crystallography (Supporting Informa-
tion, Figures S52 and S53 and Figure 4).

Previously, we have reported the molecular structure of the
heteroleptic Cu(I) complex, [Cu(pytri)(diMesbpy)](PFs).”>
As expected, the complex displayed a four-coordinate distorted
tetrahedral geometry (z,”° = 0.73).”* Similar to [Cu(pytri)-
(diMesbpy)](PF¢), the [Cu(bpytri)(diMesbpy)](PFs;) com-
plex also shows a distorted tetrahedral geometry (z, = 0.70).
The Cu(II) complex [Cu(tripy)(diMesbpy)](PF,), adopts the
expected five-coordinate geometry; however, while the
complex appears to be trigonal bipyramidal, a 75 parameter’’
of 0.23 indicates that it is much closer to the square-based
pyramidal geometry. This is still significantly more trigonal
bipyramidal than the related [Cu(tripy)Cl,] complex (75 =
0.05)’* and is similar to the analogous [Cu(terpy)-
(diMesbpy)](PF¢), complex (75 = 0.29).*7°

Ditopic Ligand Synthesis. Assured that the different
binding pockets (pytri, bpytri, and tripy) could coordinate the
copper(I/II) diMesbpy units in the desired manner, two
ditopic potential switch ligands were synthesized (Scheme 1
and the Supporting Information).

The trimethylsilyl (TMS)-protected pyridine 1 was synthe-
sized using a previously reported method;”® then, the TMS
protecting groups were removed using Na,COj; in methanol to
provide the dialkyne 2. This was then reacted with sodium
azide, benzyl bromide, copper(Il) sulfate, and sodium L-
ascorbate in DMF/water (standard in situ azide-formation
“click” conditions),”* forming the tridentate, tripy, binding
pocket, 3. Initially, 3 was converted into the bromo analogue
(4a, 70%) using the Appel reaction (PPh;, CBr,). However,
the triphenylphosphine oxide byproduct proved difficult to
remove from 4a. Therefore, 3 was converted to 4b (87%)
using 4-toluenesulfonyl chloride. Either 4a or 4b could then be
reacted with sodium azide in DMF solution to give § (82 or
97%). Finally, § was combined with either 2-ethynylpyridine or
S-ethynyl-2,2"-bipyridine using click reaction conditions to
provide the two ditopic ligands L1 and L2, respectively, in
moderate-to-good yields (69 or 95%, respectively). All the new
compounds were characterized using 'H and “C NMR
spectroscopies, HRESI-MS, and elemental analysis (Support-
ing Information).

Cu(ll) Complexes. Having successfully synthesized the two
ditopic ligands, their coordination properties with Cu(II) were
explored. At first, formation of the [Cu(L1)(diMesbpy)]-
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Figure 5. Partial HRESI-MS (acetone/MeOH) of [Cu(L2)(diMesbpy)](PFs), synthesized using CuCl, and AgPFq.

Scheme 2. Synthesis of [Cu(L1)(diMesbpy)](PF;), and [Cu(L2)(diMesbpy)](PF),”
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“Reagents and conditions: (i) Cu(NO;),-3H,0, diMesbpy, 1:1:1 acetone:MeOH:MeCN, RT, 1.5 h; (ii) sat. NH,PF, (aq), 85 °C, 1 h.

(PFg), and [Cu(L2)(diMesbpy)](PFy), complexes was
attempted exploiting the procedure used to generate the
[Cu(tripy)(diMesbpy)](PF¢), model complex (vide supra).
CuCl, was stirred in acetone solution with AgPF to extract the
chloride ligands leaving the solvated Cu(II) ion. Once the
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AgCl had been removed by filtration through Celite, the
solution of solvated Cu(Il) ions was added to diMesbpy,
forming a green solution of the solvated [Cu(diMesbpy)]**
intermediate. To this, solution was added L1 or L2 forming
either a blue or brown/green solution, respectively. Sub-
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Figure 6. UV—vis spectra of the Cu(II) complexes in MeCN at 298
K.

sequent addition of diethyl ether led to the precipitation of
blue/green solids (Supporting Information). '"H NMR spec-
troscopy of the complexes in dg-acetone solution gave broad
featureless spectra consistent with the formation of para-
magnetic Cu(II) species (Supporting Information, Figure
S43). HRESI-MS data were consistent with the formation of
the desired complexes with intense peaks corresponding to the
dicationic [Cu(L1)(diMesbpy)]** (m/z 503.1902) and
[Cu(L2)(diMesbpy)]** (m/z 541.7042) species being

observed. However, the mass spectrum of [Cu(L2)-
(diMesbpy)](PF¢), displayed a second peak at m/z
864.7519, which could be assigned as [[Cu(L2)(diMesbpy)]
+ diMesbpy + AgPF¢]*', suggesting that AgPF, was still
present (Figure S and the Supporting Information). This was
further corroborated by the elemental analysis of the
complexes. A similar behavior was also found to occur with
the Cu(II) complex of L1.

Small X-ray quality crystals were obtained from the vapor
diffusion of diisopropyl ether into an acetonitrile solution of
the isolated [Cu(L1)(diMesbpy)](PFs), complex. While the
diffraction and the resulting data obtained from the crystals
were modest, the structure of the complex and the bond
connectivity could be ascertained (Supporting Information,
Figures S41 and S54). As expected, the [Cu(diMesbpy)]*" unit
was shown to be coordinated in the tripy pocket of L1.
However, the pytri pocket was coordinated to a Ag(I) ion
generating a heterotrimetallic complex [{(diMesbpy)Cu-
(L1)},Ag](PF¢);, consistent with the elemental analysis and
ESI-MS data (Supporting Information). Given that the Ag(I)
ion could be a source of competition for Cu(I) during any
subsequent copper(I)/(II) switching, an alternate route to the
Cu(ll) complexes, a new method that avoided the use of
Ag(I), was targeted. To this end, diMesbpy was added to an
acetone solution of Cu(NO;),-3H,0 followed by either L1 or
L2 (Scheme 2). After stirring for 1 h, the resulting blue
solutions were treated with a saturated aqueous solution of
NH,PF, resulting in blue precipitates that were collected by
vacuum filtration. After washing with copious amounts of
water, the solids were redissolved in acetonitrile and
precipitated with diethyl ether providing the desired complexes
as pale blue powders in good yield (76% for [Cu(L1)-

Scheme 3. Synthesis of [Cu,(L1)(diMesbpy),](PF), and [Cu,(L2)(diMesbpy),](PF),”

NS
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“Reagents and conditions: (i) [Cu(MeCN),](PFs), diMesbpy, acetone, RT, 1.5 h.
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Figure 7. Molecular structures of [Cu,(L1)(diMesbpy),](PFy), and
[Cur(L2) (diMesbpy),}(PE),. (a) [Cuy(L1)(diMesbpy), ] (PF), (P
isomer) present in the asymmetric unit. Selected bond lengths (A)
and angles (°): Cul-N1 2.067(2), Cul-N2 2.004(2), Cul-N3
2.159(2), Cul-N4 1.978(2), Cu2-N12 2.017(3), Cu2-N13
2.032(2), Cu2-N14 2.027(2), Cu2-N1$ 2.016(3), N2-Cul-N4
140.85(9), N2-Cul-N3 125.16(9), N13-Cu2-N14 131.7(1), and
N13-Cu2-N15 130.6(1); (b) [Cu,(L2)(diMesbpy),](PF¢), obtained
from the 1:1 mixture of [Cu(diMesbpy)]*:L2. Selected bond lengths
(A) and angles (°): Cul-N1 2.032(3), Cul-N2 2.048(2), Cul-N13
2.038(2), Cul-N14 2.041(3), Cu2-N6 2.125(2), Cu2-N7 1.965(2),
Cu2-N15 1.999(2), Cu2-N16 2.045(3), N1-Cul-N13 128.91(9), N2-
Cul-N14 128.76(9), N7-Cu2-N15 130.5(1), and N6-Cu2-N1$
129.92(1). Thermal ellipsoids shown at the 50% probability level.
Counteranions, solvent molecules, and hydrogen atoms were omitted
for clarity. Colors: copper(I), orange; nitrogen, blue; carbon, gray/

dark gray.

(diMesbpy)](PFs), and 78% for [Cu(L2)(diMesbpy)]-
(PFs),).

HRESI-MS data was consistent with the formation of the
copper(II) complexes. Peaks were observed at m/z = 503.1884
and 541.7039, respectively, corresponding to the dicationic
species [Cu(L1)(diMesbpy)]** and [Cu(L2)(diMesbpy)]*.

Elemental analysis was also consistent with the formation of

the monometallic copper(II) complexes [Cu(L1)-
(diMesbpy)](PF¢), and [Cu(L2)(diMesbpy)](PF),. Disap-
pointingly, despite extensive efforts, attempts to grow crystals
of the two complexes proved to be unsuccessful. UV—visible
absorption spectrophotometry was used to confirm that the
[Cu(diMesbpy)]** unit was bound within the tridentate tripy
pocket of the L1 or L2 ligands, as opposed to the bidentate
pytri or bpytri. The UV—vis spectra of the model [Cu(tripy)-
(diMesbpy)](PF¢), complex, [Cu(L1)(diMesbpy)](PFy),,
and [Cu(L2)(diMesbpy)](PFs), were collected in acetonitrile.
As shown in Figure 6, all the complexes show a weak
absorption (¢ = 90—100 M~! cm™") around 670 nm, typical of
a d—d transition, suggesting that the Cu(Il) ion is bound in a
similar fashion in each of the complexes (i.e., within a tripy
tridentate pocket).

Cu(l) Complexes. Having confirmed that L1 and L2 could
form monometallic copper(II) complexes with the [Cu-
(diMesbpy)]** unit bound within the tridentate tripy pocket,
we next examined the synthesis of the monometallic Cu(I)
complexes. [Cu(MeCN),](PF,) and diMesbpy were stirred in
acetone to form the [Cu(diMesbpy)(MeCN),](PF;) inter-
mediate, to which after filtering to remove any Cu(Il) species
was added either L1 or L2. After stirring, a petroleum ether/
diethyl ether (3:1) solution was added producing orange/red
precipitates that were isolated by vacuum filtration. HRESI-MS
data of the isolated Cu(I) products displayed large peaks at m/
z = 1006.3812 and 1083.4064, consistent with the presence of
the monocationic species [Cu(L1)(diMesbpy)]* or [Cu(L2)-
(diMesbpy)]*, respectively. These suggested that complexes
with the desired 1:1 stoichiometry of [Cu(diMesbpy)]* to the
ditopic ligand were formed. However, the HRESI-MS data of
the isolated material also showed an almost equal intensity
peak at m/z = 770.2805 (for L2) corresponding to a dicationic
species with a two-to-one stoichiometry of [Cu(diMesbpy)]*
to L2 (ie, [Cu,(L2)(diMesbpy),]**). A similar species,
[Cu,(L1)(diMesbpy),]**, was observed for the product of
complexation with L1 at m/z = 731.7679. This suggested that
the isolated materials may be a mixture of mono- and
dimetallic complexes. The 'H NMR spectra of the isolated
Cu(I) L1 or L2 products also suggested the formation of a
mixture of species rather than just the desired complexes
([Cu(L1)(diMesbpy)](PFs) and [Cu(L2)(diMesbpy)]-
(PFg)). In contrast to the copper(I) model complexes (vide
supra), the '"H NMR spectra of the copper(I) diMesbpy
complexes of L1 and L2 were broad and relatively undefined
(Supporting Information). The broad nature of the NMR
spectrum could potentially be caused by three factors: (i) the
presence of paramagnetic Cu(II) ions, (ii) exchange of the
[Cu(diMesbpy)]" units between the bidentate and tridentate
sites of L1/L2, and (iii) a mixture of species in solution.
Sodium ascorbate (a reducing agent) was added to the
mixtures, and the "H NMR spectra were reobtained; no change
in the spectra was observed ruling out the presence of Cu(Il)
species as the cause of the broadness. To examine if the
exchange of the [Cu(diMesbpy)]* units between the bidentate
and tridentate sites of L1/L2 was the cause of the broadened
spectra, we synthesized coordinatively saturated diCu(I)
complexes of L1 and L2 (Scheme 3). Using the same
conditions (vide supra) but adding two equivalents of
diMesbpy and [Cu(MeCN),](PF) to the ditopic ligands
(either L1 or L2) resulted in the formation of the diCu(I)
complexes (Scheme 3). The complexes were isolated as orange
powders in good yields (94% for [Cu,(L1)(diMesbpy),]-
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Figure 8. Partial '"H NMR (500 MHz, 2:1 CDCl;:dg-acetone, 298 K) spectra of the titration of [Cu(diMesbpy)(MeCN),](PF;) into L1 at (a) 0
equiv of [Cu(diMesbpy)(MeCN),](PFy), (b) 0.2 equiv, (c) 0.4 equiv, (d) 0.5 equiv, (&) 0.6 equiv, (f) 0.8 equiv, (g) 1 equiv, (h) 1.2 equiv, (i) 1.4
equiv, (j) 1.5 equiv, (k) 1.6 equiv, (1) 1.8 equiv, (m) 2 equiv, (n) 2.2 equiv, (0) 2.4 equiv, (p) 2.5 equiv, (q) 3 equiv, and (r) independently isolated

[Cuz(Ll)(diMeSbPY)z] (PFg),.

(PFg), and 81% for [Cu,(L2)(diMesbpy),](PFs),) and were
characterized using 1D and 2D NMR spectroscopies, HRESI-
MS, and elemental analysis (Supporting Information). The 'H
NMR spectra of the diCu(I) complexes of L1 and L2 were
sharper and well defined (Supporting Information, Figure
$46), providing strong support for the postulate where the
broadened spectra observed for the 1:1 metal:ligand ratios are
because of the exchange between the two binding sites of the
ditopic ligands. Comparison of the '"H NMR spectra obtained
for the diCu(I) complexes with the spectra obtained on the 1:1
Cu(I):L1/L2 ratio also indicated that the diCu(I) complexes
were present in solution at the lower metal-to-ligand ratio
(Supporting Information). Overall, the NMR and HRESI-MS
data suggest that, at a 1:1 ratio of Cu(I):L1/L2, both mono-
and dicopper(I) complexes are present.

To gain further insight into the molecular structures of the
copper(I) complexes, mixtures (1:1 and 2:1 ratios) of

[Cu(diMesbpy)]*:L1 or L2 were prepared in acetonitrile and
vapor-diffused with diethyl ether. Red X-ray quality crystals
were obtained for L1 from the solution with a 2:1
copper:ligand ratio. Conversely, the 1:1 [Cu(diMesbpy)]*:L2
reaction mixture provided red crystals of the L2 copper(I)
complex suitable for X-ray diffraction. Interestingly, despite the
different starting ratios, the crystals contained the dicopper(I)
complexes [Cu,(L1)(diMesbpy),](PFs), and [Cu,(L2)-
(diMesbpy),](PF;), (Figure 7 and the Supporting Informa-
tion, Figures SSS and $56).

The molecular structure of [Cu,(L1)(diMesbpy),](PF),
was solved in the triclinic P1 space group and featured two
crystallographically independent [Cu,(L1)(diMesbpy),]*"
units, namely, P and M helices, along with four PF¢~ anions
and an acetonitrile molecule in the unit cell (Supporting
Information, Figure S55). The molecular structure of
[Cu,(L2)(diMesbpy),](PF¢), was also solved in the triclinic
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Figure 9. Cartoon representation of the different species present in
solution when [Cu(diMesbpy)]* is complexed with the ditopic
ligands L1 and L2.

Pl space group; however, the unit cell contained one
[Cu,(L2)(diMesbpy),]* cation, two PF,~ anions, and an
acetonitrile molecule (Supporting Information, Figure S56).
In both structures, as expected, a [Cu(diMesbpy)]* unit was
coordinated to the bidentate pocket of the ditopic ligands
(either pytri for L1 or bpytri for L2; Figure 7). The
[Cu(diMesbpy)(N—N)]* units (where N—N = pytri or
bpytri) both display four-coordinate distorted tetrahedral
geometries (7, = 0.73 or 0.71), and the bond metrics are
very similar to those observed in the analogous model
complexes [Cu(pytri)(diMesbpy)](PFs) and [Cu(bpytri)-
(diMesbpy)](PFy) (vide supra).

In both the dicopper(I) complexes, a second [Cu-
(diMesbpy)]* unit was coordinated to the nominally tridentate
tripy pocket (Figure 7 and the Supporting Information, Figures
§5S and S56). However, the tripy units are not acting as
tridentate donor units. Instead, they are displaying hypo-
dentate’””" behavior. One of the triazole arms is rotated away
from the copper(I) ions (by between 90 and 180°), resulting
in a bidentate pytri-like chelating pocket (i.e., r*tripy
coordination mode; Figure 7 and the Supporting Information,
Figures SS55 and S56). Therefore, both the [Cu(diMesbpy)-
(tripy)]" motifs in the L1 and L2 dicopper(I) complexes
display four-coordinate distorted tetrahedral geometries (7, =
0.67, 0.69, and 0.71 in the crystallographically independent
units) and the tripy units exhibit hypodentate x*-coordination.
The hypodentate x*-coordination mode of the tripy units is
also reminiscent of the behavior observed by Lewis and co-
workers® in their triazole-based rotaxane system (Figure 2).
However, in their unsymmetrical tripy example, the two
triazole arms would have different donor strengths, whereas in
the current symmetrical systems, the donor strengths of the
two triazole arms are identical. More recently, during the
course of our work, Goldup and co-workers have obtained the
molecular structure of a copper(I) [2]rotaxane complex that
teatured bpy and tripy metal binding pockets. They found that
the copper(I) ion adopted a four-coordinate distorted
tetrahedral geometry (7, = 0.66) with a hypodentate K’-
coordination mode of the tripy unit similar to what we have

observed. However, interestingly, in their copper(I) [2]-
rotaxane complex, the triazole that is not coordinated has
not rotated away from the copper(I) ion, the nitrogen atom of
the 1,2,3-triazole arm still points toward the copper(I), but the
Cu—N distance (2.854(2) A) is too long to be a bonding
interaction.’® The results suggest, somewhat surprisingly, that
tripy ligands are able to readily adopt a hypodentate x*-
coordination rather than the expected, and more common, K-
coordination.®?

'H NMR Titration Experiments. To gain more
information about the dynamics and speciation of the Cu(I)
diMesbpy complexes of the ditopic ligands (L1 and L2), 'H
NMR titration experiments were carried out. Increasing
equivalents of [Cu(diMesbpy)(MeCN),](PFs) (0—3 equiv)
were added to either L1 (1.1 mM) or L2 (0.5 mM) in 2:1
CDCl;:dg-acetone, and the species formed were monitored by
'"H NMR spectroscopy (Figure 8 and the Supporting
Information, Figure $48).

The data for L1 are shown in Figure 8 (the analogous data
for L2 are in the Supporting Information, Figure $48). As soon
as [Cu(diMesbpy)(MeCN),](PF;) (0.2 equiv) was added, the
positions of the two unique triazole protons (prrtri for
bidentate triazole and Hy,,, for tridentate triazole) experience
shifts indicative of complexation to a [Cu(diMesbpy)]* unit.
Interestingly, only three methyl resonances are observed for
the [Cu(diMesbpy)]*, suggesting that the [Cu(diMesbpy)]*
unit is coordinated and exchanging between the pytri (or
bpytri) and k*tripy binding sites. There are several other broad
resonances that support that postulate. At 0.8 equiv of
[Cu(diMesbpy)(MeCN),](PF¢), new methyl peaks begin to
appear (blue box) and grow larger in the presence of 1—2
equiv of [Cu(diMesbpy)(MeCN),](PF;). The chemical shifts
of those methyl resonances correspond well with the methyl
signal observed for the isolated dicopper(I) complexes,
suggesting that those mixtures of [Cu(diMesbpy)(MeCN),]-
(PF¢) and the ditopic ligands (L1 or L2) contain both the
mono- and dicopper(I) complexes. Additionally, at 1.2 equiv of
[Cu(diMesbpy)(MeCN),](PF), the Hy,, peak from the
tridentate triazole undergoes another shift, suggesting that the
dicopper(I) complex is now dominating the observed
spectrum. Past 2 equiv of [Cu(diMesbpy)(MeCN),](PFy),
the spectra are dominated by the dicopper(I) complexes and
free [Cu(diMesbpy)(MeCN),](PF¢), suggesting that both
binding pockets of the ligands (L1 and L2) are saturated with
copper(I) diMesbpy units. The data suggest that, below 0.8
equiv of [Cu(diMesbpy)(MeCN),](PF,), the solution con-
tains a mixture of the two monocopper(I) complexes where
the [Cu(diMesbpy)]* unit is coordinated to either the pytri
(bpytri) or the tripy (with a K*-coordination mode). Between
0.8 and 1.8 equiv of [Cu(diMesbpy)(MeCN),](PFy), it is
likely that there are three species, namely, two monometallic
complexes and the dimetallic complex where a [Cu-
(diMesbpy)]* unit is coordinated in both the bidentate and
K*-tripy pockets (i.e., [Cu,(L1/L2)(diMesbpy),](PF),) (Fig-
ure 9). Unfortunately, due to the broadness and complexity of
the spectra produced, the amounts of each of the different
copper(I) complexes in solution could not be readily
determined. However, if all these species are present, then it
indicates that the binding strengths of the bidentate (pytri/
bpytri) and ’-tripy pockets are very similar. This is not
surprising in the case of L1 where the bidentate pytri and x’-
tripy pockets both form pyridyl triazole ligands. However, it is
slightly more surprising for L2 where the bidentate site is a bpy
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Figure 10. (a) Partial '"H NMR (400 MHz, dg-acetone, 298 K) spectra of [ Cu(x*tripy)(diMesbpy)](PF,) and fluxional process that generates the
symmetric '"H NMR spectrum. (b) Molecular structure of [Cu(x*tripy)(diMesbpy)](PF). Selected bond lengths (A) and angles (°): Cul-N1
2.025(1), Cul-N2 2.008(1), Cul-NS 1.993(1), Cul-N6 2.044(1), N1-Cul-N6 126.82(5), and N2-Cul-NS 128.14(S). Thermal ellipsoids shown
at the 50% probability level. Counteranions, solvent molecules, and hydrogen atoms were omitted for clarity. Colors: copper(I), orange; nitrogen,

blue; carbon, gray.

moiety as it has been shown previously that bpy is a much
stronger donor than pytri moieties’” and thus should bind a
metal ion more strongly. However, the observed data suggest
that the tripy metal binding site competes with the bpytri site
for the [Cu(diMesbpy)]* unit.

Competition Studies with Model Complexes. To gain
more useful information about the relative binding strengths of
the different ligands present in the ditopic ligands (L1 and L2),
a series of competition experiments were performed using the
analogous model ligands and complexes (Supporting Informa-
tion, Figures $59—S75).

Given the K’-tripy coordination mode in the diCu(I)
complexes of the ditopic ligands, we attempted the synthesis
of the model [Cu(x*tripy)(diMesbpy)](PFs). Under an inert
atmosphere, [Cu(MeCN),](PF;) and diMesbpy were stirred
in acetone followed by addition of the tripy ligand; addition of
diethyl ether gave the complex as an orange powder. HRESI-
MS data displayed a peak at m/z = 848.3265 that was
consistent with the presence of the cationic species [Cu(x’-
tripy) (diMesbpy)]*. "H NMR spectroscopy provided evidence
for the formation of the desired [Cu(x’-tripy)(diMesbpy)]-
(PFg) complex (Figure 10), with the spectrum showing one set
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Figure 11. (a, b) Cartoon representation of the competition study
along with the ligands used.

of well-defined resonances that are not paramagnetically
shifted characteristic of a Cu(I) species. The spectrum was
symmetrical (only one set of resonances is observed for the
1,2,3-triazole units), suggesting that the complex is fluxional at
room temperature with the [Cu(diMesbpy)]* unit “flipping”
between the two bidentate pytri binding sites (Figure 10).
Variable temperature (VT) 'H NMR experiments were carried
out in an effort to slow the exchange process. However, the 'H
NMR spectra of the complex remain symmetric down to —40
°C, suggesting that the barrier to the exchange process is small
(Supporting Information, Figure S49). The hypodentate x*-
coordination mode of the tripy ligand was ultimately
confirmed by X-ray crystallography (Figure 10 and the
Supporting Information, Figure S57). The molecular structure
of the complex was solved in the monoclinic P2,/n space
group and exhibited the expected four-coordinate arrangement
about the Cu(I) ion (Figure 10). Akin to the [Cu,(L2)-
(diMesbpy),](PF¢), complex, one of the triazole arms of the
tripy ligand is rotated ~180° such that the triazole proton is
pointed toward the Cu(I) ion. Similar to the other pytri and
K*-tripy copper(I) complexes, the structure displays a distorted
tetrahedral geometry (7, = 0.74) about the copper(I) ion
(Figure 10).

With all the required model complexes in hand, we carried
out a series of competition experiments to further examine the
relative ligand binding strengths. Two different approaches
were undertaken: either a preformed [(diMesbpy)copper(I)-
(N—N)]* complex (where N—N = pytri, bpytri or bpy) was
treated with a nominally tridentate ligand (tripy or terpy), or a
preformed [(diMesbpy)copper(I)(k>-N—N-N)]* complex
(where N—N—N = tripy or terpy) was treated with a bidentate
ligand (pytri, bpytri or bpy) (Figure 11). The competition
experiments were carried out (in triplicate) in dg-acetone at
298 K in the presence of a tetrakis(trimethylsilyl)silane internal
standard. After thorough mixing, the solutions were analyzed
by 'H NMR spectroscopy and HRESI-MS under pseudo
cryospray conditions (—10 °C) (Figure 12 and the Supporting
Information, Figures S59—S75).

HRESI-MS data from all the competition mixtures showed
the presence of the two partner copper(I) complexes
(Supporting Information and Figure 12 and Table 1),
indicating that, in each case, some ligand exchange is occurring.
For example, the mixture of [Cu(pytri)(diMesbpy)](PF,) and
tripy displayed two major peaks at m/z = 691.2796 and
848.3384, consistent with the presence of [Cu(pytri)-
(diMesbpy)]* and [Cu(x*tripy)(diMesbpy)]*, respectively.
Smaller peaks due to free tripy and pytri were also detected.
The amount of ligand exchange was quantified using the 'H

NMR spectra of the mixtures (Supporting Information and
Figure 12 and Table 1). The spectra of the model systems were
considerably less complex than those of the ditopic ligands (L1
and L2) and were typically a superimposition of the reactants
and any exchange complex. Thus, a simple analysis of the
complex integrals enabled the ratio of the copper(I) complexes
to be determined (Supporting Information and Table 1). For
example, analysis of the [Cu(pytri)(diMesbpy)](PFs) and
tripy competition experiment indicated that a 74:26 mixture of
[Cu(pytri) (diMesbpy)](PFs):[ Cu(x*-tripy) (diMesbpy) ] (PFs)
was obtained (Supporting Information and Figure 12 and
Table 1). Consistently, a 76:24 ratio was obtained from the
mixture of [Cu(x’-tripy)(diMesbpy)](PFs) and pytri (Sup-
porting Information, Figure SS9 and Table 1). We note that
the observed (essentially) 3:1 ratio of the two copper(I)
complexes is very similar to the 2:1 mixtures of co-

conformational isomers observed by Goldup and co-workers
in their [2]rotaxane (Flgure 2) Similar competition
experiments with the bpytri or bpy ligands (Table 1) showed
that increasing the donor strength of the bidentate ligand led
to better selectivity for the formation of the [(diMesbpy)-
copper(I)(N—N)]* over the [(diMesbpy)copper(I)(x*N—
N—N)]* complex, but with those ligand combinations, a 9:1
mixture was obtained (Table 1). The [Cu(pytri)(diMesbpy)]-
(PFs), [Cu(bpytri)(diMesbpy)](PFs), and [Cu(bpy)-
(diMesbpy)](PF,) were also treated with terpy as terpy is
also known to be able to adopt the x*-bidentate coordination

mode.”"* Interestingly, the [(diMesbpy)copper(I)(N—N)]*:

[(diMesbpy)copper(I) (k> N—N—N)]* ratios observed were
very similar to those obtained with tripy, suggesting that it is
the weaker binding strength of the pytri unit that is the major
contributor to the lack of selectivity observed in these systems.

B CONCLUSIONS

Herein, we have examined if the more readily synthesized
bidentate Rpytri and tridentate Rtripy click ligands can be used
to develop a selective Cu(1/II) switching mechanism enabling
them to replace more common polypyridine bpy/phen and
terpy ligand partners. We generated two new ditopic ligands
that feature bidentate (pytri, L1 or bpytri, L2) and tridentate
tripy metal binding pockets. We examined the coordination
chemistry of those ligands with copper(I) and copper(Il)
diMesbpy units. Additionally, we synthesized a family of model
complexes and used an array of techniques, NMR and UV—vis
spectroscopies, HRESI-MS, and X-ray crystallography, to
examine the behavior of the compounds. We showed that L1
and L2 formed [(diMesbpy)Cu(L1 or L2)]** complexes
where the copper(I) diMesbpy unit was coordinated
exclusively in the tridentate tripy binding site. However, with
copper(I) diMesbpy units, a mixture of complexes was
obtained. NMR and MS data indicated that a 1:1 mixture of
[Cu(diMesbpy)]* and either L1 or L2 generates three
complexes in solution, the dimetallic [(diMesbpy),Cu,(L1 or
L2)]** and the monometallic isomers of [(diMesbpy)Cu(L1
or L2)]* where the [Cu(diMesbpy)]* unit is coordinated to
either the bidentate or tridentate binding sites of the ditopic
ligands. The dimetallic [(diMesbpy),Cu,(L1 or L2)](PFy),
complexes were synthesized independently, and the molecular
structures were obtained using X-ray crystallography. Both
complexes feature a [Cu(diMesbpy)]* coordinated to the
bidentate (pytri or bpytri) pocket of the ditopic ligands (L1 or
L2), as expected. They also feature a second [Cu(diMesbpy)]*
coordinated to the nominally tridentate tripy binding site in a
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Figure 12. Scheme for the competition study carried out using [ Cu(pytri)(diMesbpy)](PF) and tripy. Also shown are the stacked partial '"H NMR
(400 MHz, dg-acetone, 298 K) spectra: (a) [Cu(pytri)(diMesbpy)](PF), (b) the mixture of [Cu(pytri)(diMesbpy)](PF;) and the tripy ligand,
and (c) [Cu(x*tripy)(diMesbpy)](PF). Dotted lines show that the species in the top and bottom spectra are present in the middle spectrum.
Resonances for noncomplexed tripy marked with asterisks (*). (d) Pseudo cryospray HRESI-MS (acetone/MeOH) of the Cu(I) competition

mixture ([Cu(pytri)(diMesbpy)](PF) and tripy).

four-coordinate hypodenate i>-fashion. This behavior was [Cu(x*tripy) (diMesbpy)]* was generated, confirming that the
examined further using competition experiments, which K*-tripy bidentate coordination mode displays a similar binding
showed that a 3:1 mixture of [Cu(pytri)(diMesbpy)]* and strength to the related pytri ligand. Changing the bidentate
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Table 1. Mixtures of Complexes and Competing Ligands
Used in the Cu(I) Competition Studies as well as the
Results from '"H NMR Spectroscopy and Pseudo Cryospray
HRESI-MS

competing  ratio from '"H NMR species detected
initial complex ligand spectroscopy” using HRESI-MS
[Cu(pytri) tripy 74:26 [Cu(pytri)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(x*-tripy)
(diMesbpy)]*
[Cu(x*tripy) pytri 24:76 [Cu(x*tripy)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(pytri)
(diMesbpy)]*
[Cu(bpytri) tripy 90:10 [Cu(bpytri)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(x*-tripy)
(diMesbpy)]*
[Cu(x*tripy) bpytri 8:92 [Cu(x*tripy)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(bpytri)
(diMesbpy)]*
[Cu(bpy) tripy 91:9 [Cu(bpy)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(x’z-tripy)
(diMesbpy)]*
[Cu(x*tripy) bpy 7:93 [Cu(x*tripy)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(bpy)
(diMesbpy)]*
[Cu(pytri) terpy 75:25 [Cu(pytri)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(x-terpy)
(diMesbpy)]*
[Cu(bpytri) terpy 93:7 [Cu(bpytri)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(x*-terpy)
(diMesbpy)]*
[Cu(bpy) terpy 95:5 [Cu(bpy)
(diMesbpy)](PFy) (diMesbpy)]*
[Cu(x*-terpy)
(diMesbpy)]*

“Ratio of the initial complex:exchange complex.

binding site to a stronger donor ligand leads to Dbetter
selectivity in solution with a 9:1 mixture of the [Cu(N—
N)(diMesbpy)]* and [Cu(x>N—N-N)(diMesbpy)]* com-
plexes obtained. Overall, the results suggest that the pytri/tripy
and bpytri/tripy ligand pairs cannot be used as replacements
for the more common bpy/phen-terpy partners due to the lack
of selectivity in the copper(I) state. However, the results
obtained do suggest that the tridentate tripy unit could be
incorporated in a selective Cu(I)/Cu(Il) switch if partnered
with a suitably stronger bidentate ligand. Additionally, we have
shown that tripy ligands can readily adopt a x*-bidentate
coordination mode, while similar behavior has been known for
terpy systems for some time; " this potentially opens up new
avenues for tripy coordination chemistry.”
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