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ABSTRACT: Metal−ligand cooperative systems have a long
precedent in catalysis, with the classification depending on the
site of substrate bond cleavage and formation and on redox state
changes. Recently, our group reported the participation of a β-
diketiminate ligand in chemical bonding to heterocumulenes such
as CO2 and CS2 by tricopper complexes, leading to cooperative
catalysis. Herein, we report the reactivity of these copper clusters,
[Cu3EL]− (E = S, Se; L = tris(β-diketiminate) cyclophane ligand),
toward other electrophiles, viz. alkyl halides and Brønsted acids.
We identified a family of ligand-functionalized complexes, Cu3EL
(R) (R = primary alkyls), and a series of disubstituted products,
Cu3EL (R)2, through single-crystal X-ray diffraction, mass
spectrometry, and infrared and UV−visible spectroscopy. As part
of mechanistic studies on these alkylation reactions, we evaluated the acid−base reactivity of these complexes and the influence of
the backbone substitution on the reduction potential. Implications of these findings for ligand noninnocence and the relevance of the
metal core as a cofactor for the ligand’s reactivity are discussed.

■ INTRODUCTION
Chemical catalysis by metal complexes often relies on the
cooperation of the ligand, either to aid in substrate bond
activation or provide redox equivalents necessary for the
process (chemical vs redox noninnocence). In contrast to the
widespread applications of redox-active ligands,1 reports of
productive catalysis by chemically noninnocent ligands are
mostly limited to the support of protons or hydrogen
atoms.2−5 In particular, examples in which non-H groups are
involved are rare for any ligand.6−9

In this context, our group showed that tricopper
chalcogenide clusters supported by a tris β- diketiminate
(BDI) ligand (Cu3EL, E = S, Se, 1 and 2, respectively, Figure
1) perform catalytic C−C bond formation from CO2 to afford
oxalate in the presence of a chemical reductant.10 Notably, we
recently demonstrated that this reaction likely proceeds by
nucleophilic attack of the ligand on the electrophilic C atom of
CO2, by analogy to the reaction with CS2.

11 The resultant C−
C bond between the substrate and the γ-C of the BDI ligand
backbone is labile, based on reaction with CS2 and DFT
studies (Figure 1). Although labile C−C bonds are known in
the context of ligand noninnocence (Figure 2), prior examples
arise from radicaloid character on the ligand C atom rather
than nucleophilic behavior.12−15

Despite precedent for the nucleophilicity of BDI ligands,16,17

and particularly regarding the activation of small molecules
(Figure 3),18−25 this nucleophilic behavior is generally
regarded an undesired and irreversible modification and has

led to ligand designs that sterically protect the γ-position.26
Our recent work, however, evidence that this nucleophilic
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Figure 1. Structures of 1 and 2 and proposed intermediates, 3− and
4−, in the reductive homocoupling of CS2 and CO2 by 1−.
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Figure 2. Reversible C−C bonds formed by metal radicaloids.

Figure 3. Selected examples of small molecule activation on BDI metal complexes exhibiting ligand noninnocence, with the corresponding small
molecules highlighted in red.
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behavior can be productive (Figure 1).11 To further explore
this reactivity, we therefore sought to study the behavior of the
β-diketimines that result from nucleophilic attack at the γ-C
and the new possible avenues for reactivity emerging from the
noninnocence of this tris BDI cyclophane ligand.
Herein, we investigate the reaction of [Cu3SL]−, 1− and

[Cu3SeL]−, 2− with electrophiles other than heterocumulenes
and report on both the role of the ligand and the metal core in
reactivity.

■ RESULTS AND DISCUSSION
Reactions between 1− and 2− with several substrates were
assayed to evaluate whether the reactivity is radical or
nucleophilic nature. Treatment of a turquoise solution of 1−

(λmax = 696 nm) with 1 equiv of BnX (X = Cl, Br) afforded a
blue mixture with two absorption maxima, 608 and 735 nm.
For both 1− and 2−, two species are observed by ESI-MS with
molecular weights implying incorporation of one and two
benzyl fragments (5-Bn and 6-Bn starting from 1− and 7-Bn
and 8-Bn from 2−, Figures S1 and S2). Single crystals grown
from the crude reaction from 1− were analyzed by single-
crystal X-ray diffraction (XRD) and can be modeled as
cocrystals of two species: the mono- and dibenzylated
complexes. The major product, Cu3SL (Bn) (5-Bn),
corresponds to 85% of the electron density in the diffraction
pattern and consists of a complex with an intact [Cu3S]2+ core,
a single neutral diketimine arm in which a benzyl group is
bound to the γ-C of the diketimine, and two unmodified BDI
arms (Figure 4a). The remaining 15% of the electron density

in the diffraction pattern is modeled as Cu3SL (Bn)2 (6-Bn),
an analogue of Cu3SL (Bn) where the γ-H in a β-diketiminate
arm has been substituted by a benzyl group (Figure 4b). An
alternative model in which the excess electron density is
attributed to positional disorder instead of a second benzyl
fragment affords a slightly smaller goodness-of-fit (1.070 vs
1.071 for the cocrystal model); the cocrystallized 5-Bn/6-Bn
model, however, is consistent with ESI-MS(+) data collected
on a solution of a crystalline sample. We also note that the
parent ion observed for 6-Bn is the K+ adduct rather than the
cation [6-Bn+H]+, implying that 6-Bn is a neutral species as
noted in the crystallographic model. The benzylated ligand arm
in 5-Bn features significantly shorter C−N and longer C−C
bond lengths when compared to the unsubstituted arms as well
as longer Cu−N bond lengths for the substituted arm as
compared to the unaffected BDI arms. The Cu−N distances in
the benzylated arm are intermediate of those reported for
Cu(I) and Cu(II) diimines (2.0331−2.1235 Å and 1.9387−
2.006 Å for Cu(I) and Cu(II), respectively, Table 1).27−30 The

angles about the γ-carbon also decrease from the unmodified
to benzylated arms (viz. 120.0° to 109.6°), along with the γ-C
now significantly out-of-plane with respect to the remaining
chelate atoms (0.395 Å from said C to the NC-NC plane).
Taken together then, XRD data support a neutral diketimine
ligand upon benzylation.
The crystal structure of 6-Bn will be treated as showing

connectivity-only, given the 15% occupancy obtained from the
model. Comparable thermal ellipsoids at a given probability
level in the structures of 5-Bn and 6-Bn, however, suggest
similar bond metrics with analogous [Cu3S]2+ clusters.
5-Bn can be synthesized using BnCl or BnBr as the benzyl

source, with the reaction proceeding qualitatively faster in the
bromide case, consistent with a nucleophilic attack by 1− on
the alkyl halide and precedent from others.31 Most reports of
γ-C functionalization in BDI ligands in transition metal or
main group complexes result from unsaturated substrates
adding across the metal center and ligand backbone.18,20−25,32

Treatment of 1− and 2− with other alkyl halides, RX, also
afforded blue reaction products with UV−visible spectra
comparable to those of 5-Bn (Figure S9) and our previously
reported CS2 adduct, 3−, which implies comparable electronic
structures for the alkylated species and heterocumulene
adduct. For example, derivative 5-CF3Bn exhibits two
absorption maxima in the visible range, at 580 and 756 nm
(Figure S10), which is similar to the maxima at 608 and 735
nm for 3−.11 Molecular weights of these products were
confirmed by ESI-MS and agree with formation of the
expected analogues, 5-R, arising from nucleophilic attack by
the γ-C onto the electrophilic alkyl carbon (Figures 5, S1−S7).
Notably, formation of 5-Me from the MeI or MeOTf and 5-
CH2

CyPr from CyPrCH2Cl or CyPrCH2OTf, support a
concerted nucleophilic mechanism (SN2). The intact cyclo-

Figure 4. Single-crystal structure of Cu3SL (Bn), 5-Bn (a) and Cu3SL
(Bn)2, 6-Bn (b) at 50% thermal ellipsoid. Solvent molecules and
hydrogen atoms omitted for Clarity. Cu, S, N, and C atoms depicted
as bronze, yellow, blue, and gray ellipsoids, respectively.

Table 1. Crystallographic parameters of 5-Bn for the two
fully occupied ligand arms and for 9-CF3Bn−

β−C-N
(Å)

β-C-γ-C
(Å) Cu−N (Å)

∠γ-C
(deg)

5-Bn: Bn arm 1.277 (3) 1.522 (3) 2.016(2) 109.6
5-Bn: H arm 1.326 (3) 1.412 (4) 1.954(2) 120.0
9-CF3Bn−: CF3Bn arm 1.330 (3) 1.430 (3) 1.948 (2) 119.9
9-CF3Bn−: H arm 1.328 (3) 1.408 (3) 1.958 (2) 120.0
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propyl group was confirmed by 1H NMR spectroscopy after
deprotonation and oxidation of 5-CH2

CyPr to a diamagnetic
species (vide inf ra). We conclude then that the observed
reactivity here and previously with CS2 lack radical character
and arise from two-electron processes.
Crude reaction mixtures from the syntheses of 5-R and 7-R

were analyzed by ESI-MS, and the corresponding disubstituted
products, 6-R and 8-R (i.e., Cu3SeL (R)2), were observed in all
cases, with the exception of 6-Me and 6-CH2

CyPr (Figures
S1−S7). Absence of electron density for a counteranion in the

XRD of the 5-Bn and 6-Bn cocrystal implies that 6-R is a
neutral species, conceding that corresponding partial occu-
pancy of that counteranion may be limiting. To support that
hypothesis, we envisioned several routes from 5-R to 6-R
(Figure 6), with a similar analysis is expected for 7-R and 8-R.
Nucleophilic attack by 5-R on RX can generate a cationic
species, and subsequent deprotonation or reduction by 1−

,
afford the disubstituted neutral species (pathways A and B,
Figure 6). Conversely, deprotonation or reduction of 5-R
followed by nucleophilic attack (pathways C and D, Figure 6)

Figure 5. Reaction scheme for synthesis of compounds 5-R and 6-R, and 7-R and 8-R (top). Chemical structures of the 5-R complexes reported
with the alkyl fragments highlighted in red (bottom).

Figure 6. Proposed pathways to proceed from 5-R to 6-R and (6-R)′.

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c01613
Inorg. Chem. 2024, 63, 15705−15715

15708

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c01613/suppl_file/ic4c01613_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c01613/suppl_file/ic4c01613_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01613?fig=fig6&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


or reduction of the alkyl halide followed by radical coupling to
5-R (pathway E, Figure 6) are also plausible. Since the rate of
nucleophilic attack by an anionic species should exceed that of
a neutral one for comparable species, pathways A and B are
unlikely, as reaction of 1− with an alkyl halide should proceed
faster than that of 5-R. All pathways involving reductions (B, D
and E) would afford a bis(β-diketimine) and a formal [Cu3S]+
core, (6-R)′. Since the extent of protonation of the γ-C in the
second alkylated arm cannot be unambiguously determined by
XRD or ESI-MS, we cannot directly disregard pathways B, D
and E. However, we do not observe larger thermal ellipsoids
for the benzylated BDI arms or the cluster�bond lengths in
the cluster and the second benzylated arm for (6-R)′ are
expected to differ from those in 5-R�hinting that (6-R)′ is
not the minor species observed by XRD. Attempts to reduce 5-
Bn and 5-CF3Bn, both chemically and electrochemically, have
been unsuccessful; thus, reduction of 5-R by 1− is unlikely
(pathway D). Finally, the E1/2 of BnCl is substantially more
negative that of 1 (−2.18 V and −1.48 V vs Fc/Fc+,
respectively),33−35 providing further evidence against pathway
E. Protonation at the BDI γ-C has been widely reported for
other transition metal complexes in support of 1− acting as a
base.36−40 Collectively, the data support pathway C in which
deprotonation of the γ-CH in the diketimine arm of 5-R by
unreacted 1− yields a monoanionic complex ([9-R]−, vide
inf ra) and 5-H. The resultant [9-R]− is then competent to
attack another equivalent of RX, yielding 6-R (pathway C,
Figure 6).
In contrast with the lability of the C−CS2 bond observed in

3− (Figure S18),11 formation of 5-R from 1− is irreversible as
one might expect. In the latter case, precipitation of
corresponding alkali metal halide salt, MX, favors product

formation. Additionally, the leaving group generated from C−
C bond homolysis from 3−, CS2, is more stable and volatile as
compared to that generated from 5-R.
Resonances and molecular ion peaks consistent with 1 are

observed by 1H NMR spectroscopy and ESI-MS(+) data
collected on crude reaction mixtures of 1− and BnCl. Column
chromatographic purification of the crude reaction mixture
allows separation of three species; unit cell analysis by XRD of
single crystals grown from the first fraction agree with those
reported for 1. We infer that formation of 1 arises from
decomposition of 5-H, which we then evaluated by monitoring
the reaction of 1− with various proton sources. Treatment of
1− with excess of Brønsted acids, such as Et3NHCl, regenerates
1 based on 1H NMR spectra (Figure S12). The basicity of 1−

was estimated by reacting with excess of various weak acids,
viz. 2,6-lutidinium triflate, triethylammonium hydrochloride,
the conjugate acid of Proton Sponge, phenol, and water.
Immediate reaction was observed in all cases except water,
which was unreactive even in >10-fold excess for prolonged
periods of time (>24 h). Reaction with a stoichiometric
amount of the weaker acids noted above afforded a blue
species with a UV−vis spectrum reminiscent to those of 5-R
(Figures S9−S11) and a paramagnetically broadened 1H NMR
spectrum, rather than regeneration of 1. By analogy then, and
consistent with literature precedent,36−40 protonation occurs at
a similar site as alkylation, generating 5-H (Figure 7a).
Relatedly, Phillips and co-workers reported an Os BDI
complex that bifunctionally and irreversibly activates H2 across
the metal and γ-C of BDI under mild conditions (Figure 3).19

Further downstream reactivity of 5-H to release H2 through
oxidation of the [Cu3S]2+ core provides a possible route to
regenerate 1; however, efforts to identify the predicted H2

Figure 7. Synthesis of (a) 5-H from 1−, (b) (1-D3)− from 1−, and (c) 9-R from 5-R.
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product in the reaction mixture have thus far been
unsuccessful.
To confirm that the BDI γ-C acts as a basic site, an isotope

labeling experiment was performed using Et3NDCl. Serial
treatment of 1− with 1 equiv of Et3NDCl, followed by 1 equiv
of alkali metal bis(trimethylsilylamide) (13 iterations) was
performed (Figure 7b). After this process, addition of 1 equiv
of AgBr yields a diamagnetic product readily identifiable by 1H
NMR spectroscopy. Resonances for this product were
consistent with 1, except for a decrease of 50% in the 1H
NMR signal corresponding to the γ-proton, as expected for
deuteration of the γ-position (Figures S13 and S14). The
signal observed in the 2H NMR spectrum at 4.69 ppm agrees
with protonation occurring at the γ-position (Figure S15).
Thus, NMR data point to the formation of (1−0.5D3), with
50% D enrichment.
Armed with both redox and pKb data for 1−, the bond

dissociation free energy (BDFE) of the γ-C−H bond in 5-H
can be estimated using a square scheme (Figures 8 and

S19).35,41−43 In this manner, the BDFE in MeCN was
estimated to be between 78 and 130 kJ/mol. For reference,
the BDFE of TEMPO−H is 278 kJ/mol,44 consistent with
TEMPOH being incompetent for conversion of 1 to 5-H.
Peters and co-workers reported a BDFE of 163 kJ/mol for the
N−H in their cobaltocene dimethylaniline complex,45 whereas
the O−H BDFE of SmI2(H2O) in THF is calculated to be 157
kJ/mol.46 Recently, Boyd et al. reported two Sm(II) complexes
with BDFE values of 114 and <101 kJ/mol and Sinhababu et
al. reported a BDFE value for an O−H bond as low as 4.18 kJ/
mol, generated by coordination-induced bond weakening.47,48

Expectedly given the weak X−H bond as compared to the
bond in H2, 5-H decomposes over ∼24 h to regenerate 1,
which is analogous to the solution instability reported for the
SmI2 complexes from Boyd et al.
We then exploited the acid−base chemistry of the γ-C of the

diimine arm to examine the reactivity of 5-R. Treatment of
5-CF3Bn with an alkali metal bis(trimethylsilylamide) affords
the anionic species, [9-CF3Bn]−, in which one alkylated and
two unsubstituted β-diketiminate ligands are present, as seen
from the X-ray structure (Figures 7c and 9). The identity of
the anion was further confirmed by ESI-MS(−) (Figure S8).
Previously, the groups of Busch and later Goedken had
reported a similar deprotonation of the γ-C of an Fe β-
diketimine, leading to the intramolecular nucleophilic attack of
an acetonitrile ligand bound to the Fe center.49−51

Selected bond lengths and angles for 9-CF3Bn− are reported
in Table 1. The alkylated γ-carbon is trigonal planar based on
the sum of the angles about this atom (359.6°). Further
comparison of this structure with that of 5-Bn reveals that the
average Cu−N bond lengths shorten in the alkylated arm after
deprotonation. In contrast, the Cu−N distances for the
unmodified BDI arms are indistinguishable throughout the
series 1− (1.957(6) Å), 5-Bn and [9-CF3Bn]−. Oxidation of
[9-CF3Bn]− with 1 equiv of AgBr afforded a green diamagnetic
product with solution C2v symmetry based on the number of
1H and 19F-NMR resonances, consistent with the expected
product, 9-CF3Bn (Figure 7c). A similar procedure was
repeated on 5-CH2

CyPr and the 1H NMR spectrum of the
crude product mixture lacks vinylic protons expected for ring-
opened products, featuring instead upfield resonances for the
intact cyclopropyl ring (Figure S16). These findings exclude
radical steps in the formation of 5-R.
The redox behavior of [9-CF3Bn]− was studied by cyclic

voltammetry (Figure 10). The voltammogram exhibits a single
quasi-reversible redox wave for the couple 9-CF3Bn/
[9-CF3Bn]−, with a cathodic peak potential at −1.43 V vs
Fc/Fc+ (E1/2 = −1.35 V). This reduction event, albeit shifted
by +50 mV (+90 mV for the E1/2), is reminiscent of that of 1,
assigned as the [Cu3S]3+/2+ couple.52 Thus, the electron
withdrawing group in the ligand backbone exhibits a small but
quantifiable influence on the reduction potential of the cluster.
Intrigued by the nucleophilic reactivity of 1−, we envisioned

scenarios in which complexes could be covalently linked,
providing a route to favor downstream reactions (e.g., CO2
conversion to oxalate). Reaction between 1− and 1,2-
dibromoethane (DBE) produces a blue species within 1 h,
ultimately evolving to green after ∼24 h. In situ 1H NMR
spectra for this reaction show a progression from a para-
magnetic species to a diamagnetic mixture. Dihydrogen,
bromoethylene and ethylene were identified in the reaction
mixture in a 2:4:1 molar ratio, as calculated by 1H NMR
integration values (Figure S17).53 The first two products can
be attributed to an analogous pathway as for mono- and
dialkylation noted above (Figure 11a). Namely, nucleophilic
attack from one γ-C in 1− onto DBE likely affords the
corresponding 5-CH2CH2Br, responsible for the blue color.
Then, an equivalent of 1− deprotonates 5-CH2CH2Br at the C
α to bromide, releasing bromoethylene and 5-H, which

Figure 8. Square scheme for the reduction- H atom transfer-
protonation processes from 1 and 1−. Only the relevant half of the
square scheme is shown. E1/2 = −1.44 V vs Fc/Fc+ = −0.82 V vs
SHE;35 −209 kJ/mol < ΔGH+ < −156 kJ/mol in MeCN, thus 78 kJ/
mol < BDFE < 130 kJ/mol.

Figure 9. Single crystal XRD structure of [K(18-crown-6)THF]·
[9-CF3Bn] at 50% thermal ellipsoid. Guest solvent molecules and
hydrogen atoms have been omitted for clarity. Cu, S, N and C, F, O
and K atoms are depicted as bronze, yellow, blue, gray, green, red, and
pink ellipsoids, respectively.
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proceeds to release H2 as suggested previously. A similar
ethylene release has been reported through metal−ligand
synergy of Ru, Os, Pt and Al BDI complexes.20,21,24,25 In
conjunction with the reversible addition of carbon disulfide by
1−,11 these reports set a precedent for the C−C bond rupture
from the γ-C in a BDI ligand (Figure S18). In contrast to the
reversible addition of ethylene, however, we predict no direct
copper-substrate interactions in the release of bromoethylene
from 5-CH2CH2Br, based on our prior report from reaction of
1− and CS2.

11

Given the lack of reactivity between 1− and vinyl halides,
formation of ethylene cannot arise from reaction with
bromoethylene. A competing pathway must account for
ethylene formation. In a plausible route, 1− (E1/2 = −1.44 V
vs Fc/Fc+)52 acts as an electron donor to reduce DBE. This
leads to the formation of neutral 1, bromide and the radical

decomposition of bromoethylene, which has been shown to
produce ethylene at potentials as high as −1.42 V vs Fc/
Fc+.35,54,55 Notably, bromoethylene was not reported as a
reaction product from electrochemical decomposition of DBE,
pointing to 1− as responsible for its formation, consistent with
our proposed pathway (Figure 11).
The formal charge of the metal core in 5-R and [9-R]− is +2.

However, a combination of computational and spectroscopic
studies on 1 pointed to significant copper-chalcogen
covalency.55 To better understand the electronic structure of
these molecules, 5-CF3Bn and [9-CF3Bn]− were characterized
through solution electron paramagnetic resonance (EPR) in
the X-band at room temperature and compared to that of 1−.
The data could be successfully modeled to obtain the g-factors
(gavg) and hyperfine splitting constants (Aavg) for these
complexes (Table 2). All three EPR spectra display a ten-line

pattern, as expected for delocalization of the unpaired spin over
all the [Cu3S]2+ core (Figure S20). Additionally, the similar
hyperfine splitting constants across the series indicate that at
room temperature the loss of symmetry in the ligand does not
affect the delocalization of the unpaired spin in the core.
Absence of 19F hyperfine interactions also imply minimal
delocalization of charge on to the benzyl group. We infer then
that the electronic structure of the [Cu3S]2+ core is insensitive
to the modification of the BDI arm across the series 1−,
5-CF3Bn, and [9-CF3Bn]−. We note, however, that spectra
reflect the contribution of any thermally populated low-lying
excited states at 298 K, rather than the electronic ground state
exclusively.

Figure 10. Cyclic voltammogram of [K(18-crown-6)]·[9-CF3Bn].
Complex concentration: 2.2 mM in THF, with 0.2 M n-Bu4NPF6 as
supporting electrolyte and a scan rate of 100 mV/s. Arrow represents
the direction of the scan. Working electrode: 3 mm glassy C button;
auxiliary electrode: Pt coil; reference electrode: Ag/AgNO3 10 mM in
MeCN.

Figure 11. Proposed pathway responsible for the release of bromoethylene and dihydrogen in the reaction of 1− with 1,2-dibromoethane (DBE).

Table 2. g-factors and hyperfine splitting constants obtained
from simulation of X-band EPR data of 1−, 5-CF3Bn and
[9-CF3Bn]−

1− 5-CF3Bn [9-CF3Bn]−

gavg 2.095 2.069 2.069
A/G 35.0 34.3 35.3
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■ CONCLUSIONS
Reaction of the tricopper cyclophanates 1− and 2− with alkyl
halides affords the corresponding complexes with one, and in a
smaller yield, two, alkylated ligand arms. With this approach
we have synthesized a family of alkyl modified copper
chalcogenides, 5-R and 7-R, and supported the nucleophilic
nature of this substitution reaction. Unexpectedly, when the
ligand substitution contains unhindered β-hydrogens, such as
the case of 1,2-dibromoethane, the product decomposes
readily to release a small unsaturated hydrocarbon.
We have demonstrated that 5-R can be deprotonated at the

γ-position to afford the anionic family, [9-R]−, which exhibits
similar reactivity to the parent 1−. We posit that this
deprotonation of 5-R by another equivalent of 1− is
responsible for enabling the second nucleophilic attack to
alkyl halides, yielding the disubstituted family, 6-R. Finally, X-
band EPR measurements at ambient temperature suggest a
similar spin delocalization for the series 1−, 5-CF3Bn, and
[9-CF3Bn]−.

■ EXPERIMENTAL DETAILS
General Considerations. All reactions were performed in an N2-

or Ar-filled Vacuum Atmospheres Company glovebox (dioxygen level
evaluated using a titanocene atmosphere test),57 or using air-free
Schlenk techniques unless otherwise specified. Tetrahydrofuran
(THF), benzene, toluene, diethyl ether (Et2O), acetonitrile
(MeCN), and n-hexane were purchased from Sigma-Aldrich, then
dried through an Innovative Technologies Solvent Purification
System, and stored over activated 3 Å molecular sieves at least 24 h
prior to use. Deuterated solvents were purchased from Cambridge
Isotope Laboratories, dried with CaH2 under reflux, then distilled,
degassed, and stored over 3 Å molecular sieves (activated at 180 °C at
10 mTorr) in the glovebox. Neutral alumina was dried at 270 °C at 10
mTorr in a Schlenk flask for 2 d, and stored in the glovebox prior to
use. 1H NMR spectra were recorded on a 500 MHz Varian Inova
spectrometer or a 400 MHz Bruker spectrometer. Chemical shifts
were reported in δ (ppm) and referenced to residual solvent
resonances. Chemical shifts for 19F-NMR spectra were referenced to
1,2 difluorobenzene (−140 ppm). Fourier Transform Infrared (FT-
IR) spectra were recorded as solids or on drop-casted solution
samples using the OMNIC software package (32 scans per sample at
1.0 cm−1 resolution) on a Thermo Fisher iS6 spectrophotometer
equipped with an ATR diamond crystal stage. Mass spectra (MS)
were collected using an Agilent 6220 ESI-TOF instrument (175.0 V
head voltage), housed in the Mass Spectrometry Research and
Education Center at UF. Samples were loaded by direct injection
using airtight Hamilton syringes and an external syringe pump. The
ligand H3L and corresponding Cu complexes were synthesized as
reported previously, unless otherwise stated.52,56,58 UV−visible
measurements were performed using an Ocean Optics Spectropho-
tometer and OceanView 1.6.5 software, and UV−visible kinetic and
variable temperature (VT) experiments were performed using a Cary
50 spectrophotometer, equipped with a temperature-controlled
Unisoku single-cell accessory and Scanning Kinetics and Scan
software (Agilent Technologies, USA). All measurements were
performed in screw capped or Schlenk-adapted quartz cuvettes with
a 1 cm optical path length. Electron paramagnetic resonance data
were recorded on a Bruker Elexsys E580 with a Bruker 4116DM
resonator. Data were collected in the field from 2900 to 3900 G with
the following parameters at 298 K: power = 2.000 mW; frequency =
9.789357 GHz; modulation frequency = 100.00 kHz; modulation
amplitude = 5 G; gain = 60 dB; and scans = 4. Cyclic voltammetry
data was recorded on a Princeton Applied Research Versastat II
potentiostat, using a conventional three-electrode setup in a N2- filled
glovebox.
Synthesis of [K(THF)3]·1. This compound was synthesized as

described previously,10 except that Celite used to filter the complex

after reduction was neutralized with KN[Si(CH3)3]2 in THF and
extensively rinsed with THF prior to use.
Reaction of 1− with Brønsted Acids. [K(18-crown-6)]·1 (10

mg, 8.2 μmol, 1 equiv) was dissolved in acetonitrile (2 mL) and
treated with 1.0 equiv of a proton source. 2,6-lutidinium triflate,
Et3NHCl (or Et3NDCl), and the hydrochloride adduct of Proton
Sponge afforded an color change from teal to blue upon mixing.
Addition of excess acid resulted in conversion of blue species to the
green Cu3SL within seconds, based on 1H NMR data.
Reaction of 1− with 1,2-Dibromoethane. [K(18-crown-6)]·1

(10 mg, 8.2 μmol, 1 equiv) was dissolved in MeCN-d3 (450 μL) and
transferred to a J-Young NMR tube, and 1,2-dibromoethane (1.6 mg,
8.5 μmol, 1.0 equiv) dissolved in MeCN-d3 (50 μL) added. The tube
was then sealed and shaken vigorously. The mixture evolved to a deep
blue solution within 10 min, and forest green over the next 24 h. The
1H NMR spectrum at 72 h support generation of 1, ethylene,
dihydrogen and bromoethylene.
Alkylation of 1− to 5-R and 6-R. In a typical reaction, a solution

of alkyl halide (0.8 equiv) in MeCN or THF added dropwise to either
[K(18-crown-6)]·1 or [K(THF)3]·1 (1 equiv) dissolved in MeCN or
THF, respectively. For either complex, the color changes from teal to
deep blue for alkyl chlorides (<5 h) and bromides, iodides, or triflates
(<1 min). After stirring at ambient temperature for 24 h for chlorides
and 2 min for all others, the mixture is filtered through Celite, and the
solvent removed under reduced pressure. Composition of reaction
mixtures, where noted, were evaluated by ESI-MS(+). The crude
mixture corresponds to an inseparable mixture of 1, 5-R, and 6-R
except for the R groups noted below. Efforts to optimize the
conditions to improve the yield on 5-R by varying reaction time,
temperature, and equivalents were unsuccessful and recrystallization
of the mixture was ineffective to separate the products. Single crystals
of 5-Bn suitable for XRD were obtained by slow evaporation of a
saturated diethyl ether solution into toluene at −35 °C. ESI-MS(+) of
the crude mixture where R= Bn showed ions at m/z values of
1040.2849 ([5-Bn+K]+, expected 1040.2890) and 1130.3335 ([6-Bn
+K]+, expected 1130.3359), where R= Me showed ions at m/z values
of 949.2248 ([5-Me+Na]+, expected 949.2916), and where R=
CH2

CyPr showed ions at m/z values of 988.1835 ([5-CH2
CyPr]+,

expected 988.3150).
5-CF3Bn and 6-CF3Bn. As described above using the typical

reaction conditions and [K(18-crown-6)]·1 (32.0 mg, 26.3 μmol, 1
equiv) in MeCN (8 mL), a solution of p-trifluoromethyl benzyl
chloride (4.1 mg, 21.1 μmol, 0.8 equiv) in MeCN (0.5 mL). To
isolate the product, the blue residue was redissolved in Et2O and
loaded on a neutral alumina column. The column was eluted with
Et2O, then THF, then MeCN to obtain three fractions. The Et2O
fraction was confirmed to be 1 (5.2 mg, 5.7 μmol, 22% based on 1−)
through single crystal XRD and 1H NMR spectroscopy. The THF
fraction corresponds to 5-CF3Bn (12.6 mg, 11.8 μmol, 45% based on
1−), and the MeCN fraction to 6-CF3Bn. Characterization of 5-CF3Bn:
19F{1H}- NMR (377 MHz, Toluene-d8) δ (ppm) −62.21. ATR-IR (ν,
cm−1): 1633 (m, diketimine C = N). UV−visible (λmax, nm): 580, 756
nm. ESI-MS(+): 1069.2773 ([5-CF3Bn]+, expected 1069.3126).
Characterization of 6-CF3Bn: ESI-MS(+): 1228.3404 ([6-CF3Bn
+H]+, expected 1228.3548).
7-Bn and 8-Bn. Reaction was performed as described for

alkylation of 1−, except [K(18-crown-6)]·2 (15.0 mg, 11.9 μmol, 1
equiv) in MeCN (3 mL) and a solution of benzyl bromide (1.5 mg,
8.8 μmol, 0.75 equiv) in MeCN (20 μL) were used. The resultant
blue residue (7.2 mg) was extracted into minimal Et2O and filtered
through Celite. This product mixture contains 1, 7-Bn, and 8-Bn
based on a combination of 1H NMR and ESI-MS(+) data. Efforts to
optimize the conditions to improve the yield on 7-Bn were
unsuccessful. Recrystallization of the mixture was ineffective to
separate the products. ESI-MS(+) of rod-shaped crystals of this
sample grown by slow evaporation of Et2O at −35 °C showed ions at
m/z values of 1049.2571 ([7-Bn]+, expected 1049.2697) and
1139.3149 ([8-Bn]+, expected 1139.3167).
7-Me and 8-Me. Reaction was performed as described for

alkylation of 1−, except [K(18-crown-6)]·2 (10.0 mg, 7.9 μmol, 1
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equiv) in MeCN (2 mL) and MeI (1.2 mg, 8.5 μmol, 1.05 equiv) in
MeCN (30 μL) were used. After 2 min, the solvent was removed
under reduced pressure, and the remaining blue residue (5.9 mg) was
extracted into minimal Et2O and filtered through Celite. As for 7-Bn
and 8-Bn, this crude mixture could not be further purified and
contained 1, 7-Me, and 8-Me. Efforts to optimize the conditions to
improve the yield on 7-Me through reaction time, temperature, and
equivalents were unsuccessful. ESI-MS(+) of this crude mixture
showed ions at m/z values of 973.2356 ([7-Me]+, expected 973.2384)
and 988.2630 ([8-Me+H]+, expected 988.2619).
Deprotonation of 5-R to [9-R]−. In a typical reaction, 5-R (1

equiv., specifically for R = CF3Bn: 16.7 mg, 15.6 μmol) was dissolved
in THF (2 mL) and solid 18-crown-6 (1.05 equiv., specifically for R =
CF3Bn: 4.3 mg, 16.4 μmol) and either solid LiN[Si(CH3)3]2, or
KN[Si(CH3)3]2 were added in one portion (1.05 equiv. in all cases,
specifically for R = CF3Bn: 3.2 mg, 16.4 μmol of KN[Si(CH3)3]2),
resulting in a seafoam green solution upon mixing. The reaction was
stirred at ambient temperature for 5 min, the solvent then removed
under reduced pressure, and the seafoam green residue washed with
hexanes to obtain the product, M·[9-R] (M = [Li(THF)4]+, [K(18-
crown-6)]+, specifically for R = CF3Bn, 20.0 mg, 14.6 μmol, 93%).
Single crystals of [K(18-crown-6)]·[9-CF3Bn] suitable for XRD were
obtained by pentane diffusion into a saturated THF solution at
ambient temperature. 19F{1H}-NMR (377 MHz, THF-h8), δ (ppm)
−62.53 and −62.54 (M = [K(18-crown-6)]+ and [Li(THF)4]+
respectively). ESI-MS(−) of this product showed ions at m/z
1068.2950 ([9-CF3Bn]− expected 1068.3048).
Oxidation of [9-R]− to 9-R. In a typical reaction, [9-R]− (1

equiv., specifically for R = CH2
CyPr and cation = [Li(THF)4]+: 10.0

mg, 7.4 μmol) in THF (1.5 mL) and precooled to −35 °C was
reacted with AgBr (1.09 equiv., specifically for R = CH2

CyPr and
cation = [Li(THF)4]+: 1.5 mg, 8.0 μmol), resulting in a color change
from teal to dark brown-green upon mixing. After stirring for 1 min,
the reaction was filtered through a Hirsch funnel fitted with a 0.2 μm
Nylon filter, and the solvent removed from the filtrate under reduced
pressure to afford the crude product as a green residue (specifically for
R = CH2

CyPr and cation = [Li(THF)4]+: 7.4 mg, 6.9 μmol, 95%).
Characterization for 9-CF3Bn: 1H NMR (500 MHz, Benzene-d6) δ
(ppm): 7.34 (d, J = 7.8 Hz, 2H, CF3PhCH2−), 4.90 (s, 2H,
NCCHCN), 4.43 (s, 5H, BnCCNCH2Ph), 4.38 (m, 9H,
CHCNCH2Ph), 3.72 (s, 2H, CF3PhCH2−), 2.74 (d, J = 18.6 Hz,
10H, -CH2CH3), 2.68 (q, J = 7.7 Hz, 5H, -CH2CH3), 2.02 (s, 12H,
N(CH)CCH3), 1.98 (s, 6H, NC(CBn)CH3), 1.15 (dt, J = 15.2, 7.3
Hz, 18H, −CH2CH3). 19F{1H}-NMR (377 MHz, THF-h8), δ (ppm)
−62.73.
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(42) Tshepelevitsh, S.; Kütt, A.; Lõkov, M.; Kaljurand, I.; Saame, J.;
Heering, A.; Plieger, P. G.; Vianello, R.; Leito, I. On the Basicity of
Organic Bases in Different Media. Eur. J. Org. Chem. 2019, 2019 (40),
6735−6748.
(43) Rossini, E.; Bochevarov, A. D.; Knapp, E. W. Empirical
Conversion of pKa Values between Different Solvents and
Interpretation of the Parameters: Application to Water, Acetonitrile,
Dimethyl Sulfoxide, and Methanol. ACS Omega 2018, 3 (2), 1653−
1662.
(44) Mondal, P.; Ishigami, I.; Gérard, E. F.; Lim, C.; Yeh, S.-R.; de
Visser, S. P.; Wijeratne, G. B. Proton-Coupled Electron Transfer
Reactivities of Electronically Divergent Heme Superoxide Intermedi-
ates: A Kinetic, Thermodynamic, and Theoretical Study. Chem. Sci.
2021, 12 (25), 8872−8883.
(45) Derosa, J.; Garrido-Barros, P.; Peters, J. C. Electrocatalytic
Reduction of C-C π-Bonds via a Cobaltocene-Derived Concerted
Proton-Electron Transfer Mediator: Fumarate Hydrogenation as a
Model Study. J. Am. Chem. Soc. 2021, 143 (25), 9303−9307.
(46) Himmelstrup, J.; Jensen, V. R. Enabling Molecular-Level
Computational Description of Redox and Proton-Coupled Electron
Transfer Reactions of Samarium Diiodide. J. Phys. Chem. A 2023, 127
(17), 3796−3803.
(47) Boyd, E. A.; Peters, J. C. Sm(II)-Mediated Proton-Coupled
Electron Transfer: Quantifying Very Weak N-H and O-H Homolytic

Inorganic Chemistry pubs.acs.org/IC Article

https://doi.org/10.1021/acs.inorgchem.4c01613
Inorg. Chem. 2024, 63, 15705−15715

15714

https://doi.org/10.1002/anie.202115437
https://doi.org/10.1002/anie.202115437
https://doi.org/10.1021/ja502271q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502271q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502271q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201607237
https://doi.org/10.1002/anie.201607237
https://doi.org/10.1039/C7DT00319F
https://doi.org/10.1039/C7DT00319F
https://doi.org/10.1021/ja001592o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001592o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001592o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja001592o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om2012002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om2012002?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400875r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400875r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400875r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9818405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9818405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9818405?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800968v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800968v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om800968v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4SC00885E
https://doi.org/10.1039/C4SC00885E
https://doi.org/10.1039/C4SC00885E
https://doi.org/10.1002/chem.201904013
https://doi.org/10.1002/chem.201904013
https://doi.org/10.1021/om1003946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om1003946?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om070017r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om070017r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om070017r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1211906
https://doi.org/10.1126/science.1211906
https://doi.org/10.1126/science.1211906
https://doi.org/10.1007/BF01197798
https://doi.org/10.1007/BF01197798
https://doi.org/10.1007/BF01197798
https://doi.org/10.1039/DT9810000942
https://doi.org/10.1039/DT9810000942
https://doi.org/10.1039/DT9810000942
https://doi.org/10.1039/DT9810000942
https://doi.org/10.1021/ic1024185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic1024185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic1024185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic1024185?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b04612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b04612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b04612?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6DT02013E
https://doi.org/10.1039/C6DT02013E
https://doi.org/10.1039/C6DT02013E
https://doi.org/10.1039/C6DT00885B
https://doi.org/10.1039/C6DT00885B
https://doi.org/10.1021/ja106049c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja106049c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja106049c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1024639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1024639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja1024639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0020-1693(99)00407-7
https://doi.org/10.1016/S0020-1693(99)00407-7
https://doi.org/10.1016/S0020-1693(99)00407-7
https://doi.org/10.1021/ja311966h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja311966h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja311966h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300733j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic300733j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060757k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060757k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100038f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om100038f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b804792h
https://doi.org/10.1039/b804792h
https://doi.org/10.1039/b804792h
https://doi.org/10.1002/ejoc.202001649
https://doi.org/10.1002/ejoc.201900956
https://doi.org/10.1002/ejoc.201900956
https://doi.org/10.1021/acsomega.7b01895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.7b01895?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1SC01952J
https://doi.org/10.1039/D1SC01952J
https://doi.org/10.1039/D1SC01952J
https://doi.org/10.1021/jacs.1c03335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c00418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c00418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.3c00418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c09580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c09580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Bond Strengths and Factors Controlling Them. J. Am. Chem. Soc.
2022, 144 (46), 21337−21346.
(48) Sinhababu, S.; Singh, R. P.; Radzhabov, M. R.; Kumawat, J.;
Ess, D. H.; Mankad, N. P. Coordination-Induced O-H/N-H Bond
Weakening by a Redox Non-Innocent, Aluminum-Containing
Radical. Nat. Commun. 2024, 15 (1), 1315.
(49) Bowman, K.; Riley, D. P.; Busch, D. H.; Corfield, P. W. R.
Synthesis and Structures of New Sexadentate Complexes Produced by
Electrophilic Reactions of Macrocyclic Ligands in Their Transition
Metal Complexes. J. Am. Chem. Soc. 1975, 97 (17), 5036−5038.
(50) Riley, D. P.; Stone, J. A.; Busch, D. H. The Synthesis,
Structures, and Properties of New Macrocyclic Ligands and Novel
Sexadentate Iron Complexes Produced by Electrophilic Reactions of
the Iron Derivatives. J. Am. Chem. Soc. 1976, 98 (7), 1752−1762.
(51) Goto, M.; Ishikawa, Y.; Ishihara, T.; Nakatake, C.; Higuchi, T.;
Kurosaki, H.; Goedken, V. L. Iron(II) Complexes with Novel
Pentadentate Ligands via C-C Bond Formation between Various
Nitriles and [2,4-Bis(2-Pyridylmethylimino)Pentane]Iron(II) Per-
chlorate: Synthesis and Structures. J. Chem. Soc., Dalton Trans.
1998, No. 7, 1213−1222.
(52) Di Francesco, G. N.; Gaillard, A.; Ghiviriga, I.; Abboud, K. A.;
Murray, L. J. Modeling Biological Copper Clusters: Synthesis of a
Tricopper Complex, and Its Chloride- and Sulfide-Bridged Con-
geners. Inorg. Chem. 2014, 53 (9), 4647−4654.
(53) Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.;
Nudelman, A.; Stoltz, B. M.; Bercaw, J. E.; Goldberg, K. I. NMR
Chemical Shifts of Trace Impurities: Common Laboratory Solvents,
Organics, and Gases in Deuterated Solvents Relevant to the
Organometallic Chemist. Organometallics 2010, 29 (9), 2176−2179.
(54) Fernández-Verdejo, D.; Sulonen, M. L.; Pérez-Trujillo, M.;
Marco-Urrea, E.; Guisasola, A.; Blánquez, P. Electrochemical
Dehalogenation of Dibromomethane and 1,2-Dibromoethane to
Non-Toxic Products Using a Carbon Fiber Brush Electrode. J.
Chem. Technol. Biotechnol. 2021, 96 (2), 335−340.
(55) Tokoro, R.; Bilewicz, R.; Osteryoung, J. Polarographic
Reduction and Determination of 1,2-Dibromoethane in Aqueous
Solutions. Anal. Chem. 1986, 58 (9), 1964−1969.
(56) Cook, B. J.; Di Francesco, G. N.; Ferreira, R. B.; Lukens, J. T.;
Silberstein, K. E.; Keegan, B. C.; Catalano, V. J.; Lancaster, K. M.;
Shearer, J.; Murray, L. J. Chalcogen Impact on Covalency within
Molecular [Cu3(μ3-E)]3+ Clusters (E = O, S, Se): A Synthetic,
Spectroscopic, and Computational Study. Inorg. Chem. 2018, 57 (18),
11382−11392.
(57) Burgmayer, S. J. N. Use of a Titanium Metallocene as a
Colorimetric Indicator for Learning Inert Atmosphere Techniques. J.
Chem. Educ. 1998, 75 (4), 460.
(58) Guillet, G. L.; Sloane, F. T.; Ermert, D. M.; Calkins, M. W.;
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