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ABSTRACT: Binding an electron deficient pincer ligand which
strongly dictates planar, mer stereochemistry, to a metal which prefers
tetrahedral structure, e.g., d10 CuCl, is explored for possible
intramolecular redox chemistry. Experiment shows that the pincer
ligand 2,2′-bis-tetrazinyl pyridine, btzp, forms a complex (btzp)CuCl
which is a chloride-bridged polymer in the solid state, hence with 20
valence electrons around copper. DFT calculations show that even the monomer has nonplanar copper with the tetrazinyl
nitrogen lone pairs somewhat misdirected away from copper, with long Cu/N bonds, in a singlet ground state; 13.9 kcal/mol less
stable is a triplet, whose electronic structure shows one electron from the ground state Cu(I) has been transferred to a pincer π*
orbital. Outer sphere electron transfer to (btzp)CuCl yields (btzp)Cu where the added electron has gone into the pincer, to leave
a ligand-centered radical, characterized by EPR, chemical reactivity, and X-ray photoelectron spectroscopy.

■ INTRODUCTION

Pincer ligands, which come in charge states 0, −1, and −2, are
increasingly studied for their beneficial steric and electronic
characteristics, involving donor atoms C, P, N, O, B, and Si.1−4

These generally have a strong preference for meridional
stereochemistry in binding a metal, but there is not much
study of binding such pincers to a metal which is unsuitable for
such mer stereochemistry. One principle holds that constraining
a metal away from its electronically favored geometry results in
energetic destabilization of the resulting structure, which can
then be “harvested” as increased exothermic character in any
reaction proceeding away from the “tense” or unstable
geometry (vide inf ra). Reactant destabilization is a broadly
useful principle for enhanced chemical reactivity: cis cyclo-
octyne, Dewar benzene, cubane, cis-azobenzene, norborna-
diene/quadricyclane, constrained geometry olefin polymer-
ization catalysts, etc. The challenge is thus to synthesize
molecules incorporating this intrinsic instability. As an example,
d8 four coordinate complexes prefer a planar structure, fully
compatible with a pincer mer constraint, while d10 complexes
prefer a tetrahedral structure. Pincers are thus very common on
d8 complexes but rare on d10 metals.
We also wanted to marry this geometric destabilization to a

second factor, redox noninnocence, via incorporation of a
potentially redox-active donor functionality into the pincer.
Nitrogen heterocycles (CH)6‑nNn built from sp2 nitrogens (i.e.,
imines) are electrophiles,5 in spite of the fact that coordination
chemists think of them first as nucleophiles. This electro-
philicity increases with increasing “n”, because these nitrogens
lower the energy of the π* LUMO. Simple addition of electrons
supports this idea, since Lewis structures immediately show
(Scheme 1) the “storage” of 2 electrons at electronegative

nitrogens, forming two amide functionalities (Lewis structures
for a monoanion show one amide and a delocalized radical).

This reducibility is already evident in the surge of reports that
bipyridyl and terpyridyl ligands are redox active, accepting
electrons in preference to reduction at the metal.6,7 When the
heterocycle is attached to a cationic metal, this further facilitates
reduction of the heterocycle, just as does quaternization of a
heterocycle nitrogen with alkyl cations. Kaim8−10 has been very
active in showing that tetrazines can show redox activity when
complexed to a variety of transition metals. We were interested
in whether the heavy nitrogen content of 1,2,4,5-tetrazines11

could lead these moieties to accept electrons from a reducing
transition metal, and were attracted to a new pincer ligand
(btzp, Scheme 2) incorporating two tetrazine arms.12 We hoped
to direct the coordinating power of a tetrazine toward a single
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metal, to avoid clusters or polymers, by employing pincer
architecture. Will (btzp)CuCl exist as a structurally compro-
mised Cu(I) complex, or will that destabilization built into this
molecule lead btzp to oxidize Cu(I), and the resulting Cu(II)
will then accept the mer ligand stereochemistry of the pincer
radical anion? Alternatively, does the presence of two tetrazines
in btzp enable outer sphere electron transfer to (btzp)CuCl, to
form (btzp)Cu? Will this yield a complex of Cu(0) with a
neutral btzp, or will it form a T-shaped 3-coordinate complex of
copper(I), an energetically unfavorable structure for Cu(I),
coordinated to radical anion btzp−1? The outcome of
combining these unusual geometric and electronic structural
features is reported here.

■ RESULTS

Synthesis and Characterization of (btzp)CuCl. Reaction
of equimolar CuCl with btzp in acetonitrile occurs in time of
mixing to yield a deep red solution. If reacted in CD3CN, the
1H NMR spectrum of the solution shows new chemical shifts
distinct from those of free btzp, but consistent with equivalent
arms of the pincer ligand in a diamagnetic species. Curiously,
the ESI(+) mass spectrum of a MeCN solution of this product
shows the ion Cu(btzp)2

+. However, at lower cone voltage,
Cu(btzp)(MeCN)+ is seen with strong intensity. This indicates
chloride loss as a favored process for ion formation in MeCN
and that 18 valence electron Cu(btzp)(MeCN)+ cations are

formed in the ionization chamber; however, no conclusion is
warranted about solution phase speciation. Slow evaporation of
the MeCN solvent yields red crystals which were shown by
single crystal X-ray diffraction to be (btzp)CuCl (Figure 1), but
with a structure which is a zigzag polymer of this repeat unit
(Figure 2), bent at both copper and chloride. The species has a
crystallographic mirror plane containing the Cu and Cl atoms
of the zigzag chain. While this does not constrain the Cu/Cl
distances to be equal, in fact the distances are not significantly
different (2.2851(16) and 2.2887(15) Å). If the structure
contained four coordinate 18 valence electron monomers, then
this would compromise the coordination geometry at copper,
since the planar pincer structure is incompatible with the
tetrahedral preference of Cu(I). Surprisingly, the results show it
is better for copper to adopt this 20 valence electron count
environment, and avoid the unfavorable structure of a
monomer. Copper in (btzp)CuCl is thus 5 coordinate, with
an Addison parameter13 of 0.45, hence half way between square
pyramidal and trigonal bipyramidal. The misalignment of the
pincer tetrazine rings is noteworthy, meaning that the nitrogen
lone pairs are not well directed toward the metal, evident by the
angles Cu/N/(para atom) being 171.7° for the pyridyl ring but
158.3° for the tetrazine ring (Figure 2). Tetrazine nitrogen to
copper distances are long (2.314(4) Å), 0.2 Å longer than that
to pyridine; the lengthening is a symptom of occupation of Cu/
ligand σ* orbitals for this 20 valence electron species. For

Figure 1. ORTEP drawing (50% probabilities) of the nonhydrogen atoms of the (btzp)CuCl repeat unit of the polymer chain. Cu, N5, and Cl1 lie
on a crystallographic mirror plane. Selected structural parameters: Cu1−N5, 2.108(5) Å; Cu1−Cl1, 2.2851(16); Cu1−Cl1#1, 2.2887(15); Cu1−N1,
2.314(4); N1−N2, 1.333(6); N3−N4, 1.326(6); N5−Cu1−Cl1, 100.33(13)°; N5−Cu1−Cl1#1, 143.36(13); Cl1−Cu1−Cl1#1, 116.32(8); N5−
Cu1−N1, 73.31(10); Cl1−Cu1−N1, 100.33(10); Cl1#1−Cu1-N1, 98.79(9); N1−Cu1−N1#2, 143.3(2); Cu1−Cl1−Cu1#3, 116.32(8).
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comparison, the Pt−N(arm) distances are only 0.1 Å longer
than the Pt−N(center) distances in PtII(terpyridyl)X species.14

Angles NCuCl involving pyridyl and the two chlorines are
100.33(13)° and 143.36(13)°, showing that the pincer is not
accurately perpendicular to the polymer chain axis. It is also
noteworthy that this molecule crystallizes from MeCN; hence,
the nitrile is not competitive with bridging chloride for sites on
copper in the solid state environment.
Btzp as Oxidant or Simply Lewis Base? What is the

distribution of oxidation levels in (btzp)CuCl? Is it simply
monovalent copper and neutral pincer, or does the pincer
oxidize copper to Cu(II), forming radical anion btzp−1; in the
latter case, there are two possible spin states, singlet and triplet,
but the observed NMR chemical shifts indicate the singlet state
to be favored. Examination of the distances within the pincer
ligand shows no significant (>3 esd’s) differences from those in
the free ligand;12 hence, most consistent with this compound
containing monovalent copper, the ligand does not oxidize
Cu(I) here. Note also that coordination of copper to one
tetrazine nitrogen does not significantly differentiate the
tetrazine N/N distances (N1−N2, 1.333(6) Å; N3−N4,
1.326(6) Å in Figure 1), even though these are chemically
inequivalent in the complex. The long Cu/N(tetrazine) bonds

and N(tetrazine) lone pair misalignment may be symptomatic
of Cu(I) being inherently too large to fit in the plane of the
pincer; copper lies 0.3 Å above the plane of the pyridyl ring.
Why does this compound adopt a 20 valence electron

structure; why does it polymerize, in the solid state, via chloride
bridging? The 18 electron rule is based on the energy criterion
of maximizing HOMO/LUMO gap (and to minimize the
energy of the HOMO, using Walsh’s rules15 reasoning), but if
structure is dictated by ligand constraints, that rule becomes
secondary. This raises the question: how does “bad” monomer
structure increase or create Lewis acidity at this metal? For
example, does “bad” monomer structure lead to smaller
HOMO/LUMO gap, and hence Lewis acidity? We turned to
DFT calculations to test this hypothesis by evaluating the
geometric and electronic structures of the unobserved
monomeric (btzp)CuCl.

DFT Analysis of (btzp)CuCl Monomer. Singlet. We
explored singlet and triplet species for the monomer. The DFT
optimized structure for the singlet state fully (Figure 3, top
right) confirms that the pincer constraints impose an unusual
structure, and one which reflects some features also found in
the repeat unit of the polymer. Cu/N distances to tetrazines are
long at 2.30 Å, and both tetrazines have misaligned nitrogen

Figure 2. ORTEP drawing (50% probabilities) of the nonhydrogen atoms of the (btzp)CuCl polymer chain, showing three repeat units and one
extra Cl. Shaded unlabeled atoms are nitrogen. Note the orientation of the tetrazine nitrogen lone pairs away from copper.
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lone pairs as evidenced by a dihedral angle of 14.2° between the
pyridyl and tetrazine rings. The chloride ligand then lies out of
the NNN plane, with a N(pyridyl)−Cu−Cl angle of 147.2° and
an N(tetrazine)2Cu angle of 139.8°; these are both very similar
to the angles in Figure 1. Multiple starting geometries for
optimization all converged to this same structure, showing that
this is not simply a local minimum. Minimization of a singlet
beginning with either one or both tetrazine arms rotated away
from bonding distance to copper again optimized to this same
κ3 geometry with two coordinated arms; this shows that these
(long) bonds form spontaneously (i.e., with a favorable energy
yield). For (btzp)CuCl, the HOMO/LUMO gap increases

from 1.06 to 2.22 eV as the chloride bends out of plane (Figure
3). In this distortion, the LUMO energy changes little,
consistent with its description as the in-phase combination of
the tetrazine π* orbitals (Figure 3); weak conjugation between
the tetrazines via pyridine means this LUMO remains relatively
unchanged when the bztp ligand becomes nonplanar in the
freely optimized geometry of (btzp)CuCl. In contrast, the
HOMO experiences significant stabilization (i.e., is less
antibonding) due to the fact that the chloride lone pair
overlaps less with the occupied dx2‑y2 in the nonplanar structure,
in accord with Walsh’s rule.15 In summary, nonplanarity
increases the HOMO/LUMO gap, a condition conventionally
thought to enhance overall molecular stability.

Triplet. Especially informative is a study of the triplet state of
monomeric (btzp)CuCl, for its dramatic differences from the
singlet. The triplet is best described as a CuII complex of a
monoreduced ligand radical anion; hence, this triplet is the
result of intramolecular charge transfer with respect to the
singlet ground state. The spin density map (Figure 4) clearly
shows much spin on the ligand, with some also on copper and
Cl. The minimum energy structure is fully planar, and the
tetrazine nitrogens show a large (0.22 Å) shortening of Cu/N
distances compared to the singlet structure, apparently
consistent with this copper being content with planar geometry
and having an x2 − y2 orbital (now singly occupied) more
accepting of nitrogen lone pairs. Structure and oxidation state
both indicate a conventional d9 planar structure for copper. The
CuCl distance is almost unchanged from that in the singlet
state, which is unusual since electrostatics predicts shortening,
but a trans influence causes it to elongate when Cl is trans to
N(pyridyl); these two effects apparently cancel one another. As
shown in Figure 4, the SOMOs of the triplet are very similar to
the HOMO and LUMO, respectively, of the planar singlet
(Figure 3), which is also consistent with calling this excited
state the result of MLCT. One SOMO is σ*Cu/NandCl, and the
other one is π* on nitrogens. The triplet lies 13.9 kcal/mol
above the singlet, in agreement with experiment that the ligand

Figure 3. Plot showing HOMO/LUMO gap and orbital surfaces (iso
= 0.05) from planar (left) to geometry-optimized singlet structures of
(btzp)CuCl. Planar geometry is idealized to that of (btzp)CuCl+, but
orbitals are from full calculation of singlet (btzp)CuCl at that
geometry.

Figure 4. Isosurface plots of the spin density (iso = 0.002, top) and SOMOs (iso = 0.05, bottom) for the triplet (MLCT) state of (btzp)CuCl.
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is unable to fully oxidize monovalent copper in the reaction of
btzp with CuCl; (btzp)CuCl is therefore a ground state singlet,
and the triplet is an excited state with metal-to-ligand charge
transfer character. This charge transfer character of the excited
state has been deduced, on the basis of optical studies, even for
2,2′-bipyridyl complexes of Cu(I).14,16,17 All computational
attempts to locate an antiferromagnetically coupled singlet
metal-to-ligand charge transfer analogue (“open shell singlet”)
of this triplet reverted to the closed shell singlet electronic
structure during the geometry optimization.
Nonpincer Analogue. We evaluated the impact of steric

constraints of the pincer connectivity by DFT geometry
optimization of the structure of Cu(pyridine)(3-methyl
tetrazine)2Cl. This minimized (Figure 5) to a distorted

tetrahedral geometry, with all six angles 111 ± 9°. The N/
Cu/N angles are large (112−120°), while the Cl/Cu/N angles
are smaller (102−106°); this 3-fold distortion toward trigonal
pyramidal Cu is apparently associated with a very long Cu/Cl
bond length of 2.40 Å. The Cu−N tetrazine distance is 0.03 Å
shorter than that to pyridine, at 2.07 Å, hence 0.24 Å shorter
than calculated in the pincer singlet species; the tetrazine
nitrogen lone pairs point accurately at copper, in contrast to the

pincer case. Both of these criteria indicate that pincer
constraints and coordination number 5 are the cause of long
Cu/tetrazine distances in solid (btzp)CuCl. It is noteworthy
that the HOMO/LUMO gap is not altered much (changed by
0.12 eV) from pincer to monodentate complex, but the change
does stabilize the LUMO by 0.15 eV. Thus, it appears
unproductive to try to attribute Lewis acidity to the HOMO/
LUMO gap, particularly since the LUMO here is not metal-
centered, but at the tetrazines; however, this does suggest that
outer sphere reduction (i.e., electron transfer) would occur to
the ligand.

Redox Activity of (btzp)CuCl. Cyclic voltammetry of
(btzp)CuCl in MeCN shows a reversible process with E1/2 of
0.55 V (vs Ag/AgCl, Figure 6 a,b). Since the open circuit
potential is measured as 0.04 V, this process is assigned to be an
oxidation of the dissolved complex, and produces (btzp)CuCl+.
Using DFT, we also optimized the oxidized version of this
species, whose orbitals are best described as [CuII(bztp)0Cl]+,
and found it to be perfectly planar (Cu−Cl = 2.167 Å, Cu−
N(pyr) = 2.019 Å, Cu−N(tet) = 2.136 Å) as expected for a
complex containing a d9 ion. This one electron oxidation of
(btzp)CuCl decreases repulsions of the occupied d orbital with
ligand nitrogen lone pairs, leading to shorter Cu/N distances.
In addition to this reversible oxidation, a reductive process is

observed on scanning out to −0.6 V, an irrreversible one with
Epa ∼ − 0.1 V and Epc ∼ − − 0.4 V (Figure 6a); this is a much
less negative potential for reduction than that of free btzp,12

and we assign it to reduction of the ligand, facilitated by its
attachment to cationic copper. There is no known zerovalent
copper species, so reduction at metal is an unlikely assignment
for this process. The smaller current flow on reduction is
attributed to possible consumption of (btzp)CuCl arriving at
the electrode, by free chloride liberated by previously reduced
species; in addition, the insolubility of the reduction product
(see below) removes it from reoxidation, as well as risking
deposition on the electrode.

Chemical Reduction of (btzp)CuCl. a. Synthesis and
Reactivity. Zerovalent copper is unknown in molecular species,
and even in metal clusters. Reacting an acetonitrile solution of
(btzp)CuCl with equimolar Cp2Co immediately deposits a
black solid for which we have found no satisfactory solvent.
This black solid can be separated from any residual Cp2Co and
[Cp2Co]Cl by washing with acetonitrile. The black solid,

Figure 5. DFT minimum energy structure for Cu(pyridine)(3-methyl
tetrazine)2Cl, illustrating flattening of the CuN3 unit from an ideal
tetrahedron. Copper is pink, nitrogen is blue, and chlorine is green.

Figure 6. (a) Wide potential range (vs Ag/AgCl) cyclic voltammogram of (btzp)CuCl. (b) CV of the oxidative wave of (btzp)CuCl. Analyte
concentration: 1.0 × 10−3 M in MeCN; 0.1 M in [Bu4N][PF6] and 250 mV/s.
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designated (btzp)Cu, when treated with CCl4 (1:4 mol ratio) in
acetonitrile dissolves immediately with reaction to form red
(btzp)CuCl, identified by its 1H NMR spectrum. This shows
that the black solid reduction product does not contain
degraded btzp, and that halogenation does not attack btzp in
(btzp)Cu.
b. EPR Characterization. A solid state EPR spectrum

(Figure 7) of a slurry of this (btzp)Cu shows a strong signal

with g = 2.0042 which shows poorly resolved hyperfine
structure. The spectrum in Figure 7 also indicates the small
range of the three g values, which is characteristic of an organic
radical and uncharacteristic of the spin−orbit coupling of
copper, which makes Δg easily resolved. The spectrum can be
simulated satisfactorily (see Supporting Information) with
coupling to four ring nitrogens with a value of AN = 4.6 G,
which is typical of that in simple tetrazinyl radical anions.12

This A value is too small, and the lines too numerous, to be due
to copper hyperfine coupling, and so it is most consistent with a
btzp−1 radical attached to Cu(I).
c. X-ray Photoelectron Spectroscopic Characterization. X-

ray photoelectron spectroscopy (XPS) determines the ioniza-
tion energy of core electrons of atoms in a molecule; core
electrons report on their immediate environment, and are thus
atom-specific.18−20 Since that binding energy is sensitive to
chemical environment, and especially atom oxidation state, XPS
has substantial potential for the field of redox noninnocence,
where location of valence electrons on constituent atoms
differentiates alternative electronic structures. Because XPS
signals are available for essentially all elements in the periodic
table, the technique offers multiple perspectives on a single
sample, which allows tests of internal consistency of oxidation
state assignments. In the case at hand, XPS is useful in
comparing (btzp)CuCl to its reduction product (btzp)Cu.
In contrast to the strong chloride XPS signal in (btzp)CuCl,

the product of Cp2Co reduction shows negligible chloride
signal, confirming that reduction occurs with dehalogenation of
the reagent copper complex. Both samples show (Figure 8)
copper signals (Cu 2p) without the shakeup satellites
characteristic of Cu(II), and the binding energy of the reduced

species (931.9 ± 0.15 eV) is clearly within experimental error
identical to that (931.6 ± 0.15 eV) in unreduced (btzp)CuICl;
this agreement is true of both the j = 3/2 and j = 1/2 copper
peaks in Figure 8. The XPS in the nitrogen 1s region shows
(Figure 8) only a single peak with no evidence of shoulders
(i.e., no incipient resolution of inequivalent nitrogens), but the
N 1s binding energy in (btzp)Cu is lower by 0.8 (±0.15) eV
than that of (btzp)CuCl, consistent with charge buildup in the
btzp ligand, with development of amide character at nitrogens.
The SOMO of btzp−1 has spin density at all four nitrogens in a
given tetrazine ring,12 so this is why no single (anionic)
nitrogen is resolved in the XPS spectrum. The overall
conclusion is that reduction has occurred primarily in the
btzp moiety in (btzp)Cu, since copper remains monovalent as
judged by its 2p binding energy.

DFT Calculation on Cu(btzp). DFT geometry optimiza-
tion of Cu(bztp) converges to the κ3-bound planar structure
with a T-shaped geometry at copper (Figure 9). Copper thus

does fit in the btzp plane. The Cu−Npyr and Cu−Ntet
separations are short at 2.086 and 2.036 Å, respectively.
Copper is essentially equidistant from both tetrazine nitrogens.
This κ3-bound Cu(bztp) adduct with a delocalized bztp−1 lies
more than 40 kcal mol−1 below the other, charge-localized
structures we found, clearly ruling out those others. The
SOMO is π in character, being antisymmetric with respect to
the molecular plane, and composed of π orbitals on the eight
tetrazine nitrogens, with a small contribution from the pyridyl
nitrogen and still smaller contribution from the copper dπ
orbital. This is thus certainly not zerovalent copper, dominated
by spin density in some sp hybrid orbital of the metal. Because
of the C2v symmetry, the spin density is located equally on both
tetrazine rings. Apparently the reduction is thermodynamically
easier when delocalized than if it were on only one tetrazine.

Figure 7. X-band EPR spectrum of solid (btzp)Cu suspended in
MeCN. Experimental parameters: microwave frequency, 9.215 GHz;
100 kHz field modulation amplitude, 5 G; time constant, 300 ms, scan
time, 2 min.

Figure 8. XPS spectra of (btzp)Cu (above) and (btzp)CuCl (below)
recorded in the Cu 2p region and the N 1s region.

Figure 9. Spin density isosurface plot (0.002 au) of doublet Cu(bztp).
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The spin density of Cu(btzp) (Figure 9) does show major
population at the four nitrogens nearest the copper, so perhaps
these are the four nitrogens whose hyperfine coupling we detect
in our EPR spectrum. Alternatively, the broadening in our solid
state EPR spectrum may conceal hyperfine coupling to the
remaining nitrogens carrying spin density in Figure 9. Final
resolution of this question requires a crystal structure
determination, but we have not yet found a way to grow
crystals.

■ DISCUSSION
Precedents to Planar Cu(I)? Most often, a planar

tridentate ligand and Cu(I) in 1:1 mol ratio yield double
helicates, Cu2L2

2+.21−25 In these, each pincer arm binds κ2 to
one metal, and then donates the third arm to a second metal, in
a complementary manner, in a clear effort to avoid a planar
coordination geometry; as a result, the nitrogen donors are
generally quasitetrahedral (or trigonal planar) around Cu(I).
Another relevant comparison compound is the d10

compound Zn(2,2′-terpyridyl)22+ where the central pyridyl
(2.068 Å) and the outer arm pyridyls (2.186 Å) have Zn/N
bond lengths which differ by only 0.12 Å; the two pincer
ligands are rigorously symmetry-related.26

Cu(I) with Coordination Number Greater than Four. A
survey of the Cambridge Crystallographic Database for Cu(I)
complexes with coordination number higher than four finds a
limited number of examples, primarily with terpy and
oligopyridines, as well as ortho-phenanthrolines, and all of
these21−25 show great (>0.5 Å) lengthening of Cu/N distances
beyond the first four “normal” ones at ∼2.0 Å. None of these
involve more than one electronegative nitrogen in the six-
membered ring, so charge transfer (i.e., redox noninnocence)
was not considered in those studies, and proximity at less than
the sum of van der Waals radii was attributed to constraints of
connectivity in the chelate backbone.
The chloride-bridged structure of (btzp)CuCl is thus

unanticipated, although the long bonds to the two tetrazine
arms are a symptom of the unusual, electron excessive character
of the species. It is perhaps also a symptom of the fact that κ2-
btzp with one tetrazine rotated 90° from the pyridine plane
may be energetically costly. That species might have been
stabilized by intramolecular charge transfer from CuI to that
rotated tetrazine (i.e., might have been a zwitterion), but our
DFT work showed no support for that structure.
The present report shows an unusual structural compensa-

tion for CuI to an obligatory planar pincer ligand. Indeed, other
reports, using more flexible and redox innocent pincer ligands
attached to CuI and AgI, reveal that one arm either dangles free,
leaving the pincer bidentate, or that arm binds to a second
metal center, to give aggregated cluster species.27−37

Terpyridyl is another useful comparison standard to btzp in
its interactions with Cu(I). It also shows symptoms of bad
ligand adaptation to the preferred tetrahedral structure for d10:
a (terpy)CuI species38 also has a five coordinate structure, also
via bridging halide. Significantly, CuN distances there are all
long, and the two CuN distances involving wingtip arm
nitrogens are highly variable (by 0.15 Å), which is symptomatic
of weak bonds; their average value is identical to the
corresponding long distance in (btzp)CuCl, consistent with
weak bonds of a 20 valence electron species. Many of these
terpy structures reveal21−25 the unsuitability of mer tridentate
structure on Cu(I) by out-of-plane rotation of the arm pyridyls
so that one pincer serves two copper centers. This appears to be

a general principle. It is also true that the misdirection of
tetrazine nitrogen lone pairs is diagnostic of weak bonds:
considering only the monomer repeat unit (Figure 1), judging
by bond angles ClCuN(py) and Cu(Ntetrazine)2 at N5−Cu1−
Cl1#1, 143.36(13)°, and N1−Cu1−N1#2, 143.3(2)°, that unit
structure appears to be “reaching” for a nonplanar structure
(i.e., location of copper orbitals) linked to tetrahedral
parentage. Indeed, one referee commented that “the distortion
might just as easily be described as copper(I) induced.”

■ CONCLUSIONS
Although btzp is unable to oxidize CuCl here, the present work
shows ready reduction by an external reductant into the btzp
ligand in (btzp)CuCl, to give not bulk copper metal, but a
ligated species (btzp)Cu, from which (btzp)CuCl can be
recovered by halogen atom transfer. While (btzp)CuCl itself
only has the redox product (btzp−1)CuIICl as an excited state, it
is clear that a more reducing metal might have a redox product
as the ground state electronic structure. Product (btzp)Cu has a
g value and nitrogen hyperfine coupling similar to those of
[Cp2Co](btzp),

12 all indicating that the added electron does
not produce a zerovalent copper complex, but instead CuI

complexed by btzp−1 radical anion; thus, its reaction with CCl4
occurs by electron transfer from the ligand, without oxidation
of copper. Finally, X-ray photoelectron spectroscopy appears to
be a useful technique, especially for dealing with an insoluble
compound like (btzp)Cu, and assay of the electronic
environment of both copper and nitrogen in this solid
strengthens the oxidation state conclusions from EPR spec-
troscopy and DFT orbital analysis.

■ EXPERIMENTAL SECTION
General. All manipulations were carried out under an atmosphere

of ultrahigh purity nitrogen using standard Schlenk techniques or in a
glovebox. Solvents were purchased from commercial sources, purified
using Innovative Technology SPS-400 PureSolv solvent system or by
distilling from conventional drying agents and degassed by the freeze−
pump−thaw method twice prior to use. Glassware was oven-dried at
150 °C overnight and flame-dried prior to use. NMR spectra were
recorded in various deuterated solvents at 25 °C on a Varian Inova-
400 spectrometer (1H: 400.11 MHz). Proton chemical shifts are
reported in ppm versus solvent protic impurity, but referenced finally
to SiMe4. Mass spectrometry analyses were performed in an Agilent
6130 MSD (Agilent Technologies, Santa Clara, CA) quadrupole mass
spectrometer equipped with a Multimode (ESI and APCI) source. All
starting materials have been obtained from commercial sources and
used as received without further purification. Cyclic voltammetry (CV)
was carried out in a 3 mL conical electrochemical cell using a
Princeton Applied Electronics potentiostat, model 263A. Electrolyte
solution was prepared with 0.1 M tetrabutylammonium hexafluor-
ophosphate (TBAPF6) dissolved in high-performance liquid chroma-
tography grade MeCN with 1 mM analyte concentrations. Argon, first
passed through a vial of MeCN, was bubbled through the
electrochemical cell to facilitate mixing, and the working electrode
was cleaned after each scan. The electrodes used were composed of
glassy carbon (working electrode), silver wire (reference electrode),
and platinum wire (counter electrode).

The PHI Versa Probe II instrument equipped with monochromatic
Al Kα source was used for XPS at base pressure ca. (4−8) × 10−10

Torr. The X-ray power of 65 W at 15 kV was used for all experiments
with 260 μm beam size at take off angles of 45°. The instrument was
calibrated to give a binding energy (BE) of 84.0 eV for Au 4f7/2 line as
well as BEs of 284.8, 932.7, and 368.3 eV for the C 1s line of
adventitious (aliphatic) carbon present on the nonsputtered samples,
for Cu 2p3/2 and for Ag 3d5/2 photoemission lines, respectively. The
ultimate Versa ProbeII instrumental resolution was determined to be
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0.3 and 0.15 eV using the Fermi edge of the valence band for metallic
silver for XPS and UPS (HeII line), respectively. The PHI dual charge
compensation system was used on all samples. The electron charge
neutralizer settings were adjusted for each sample to give a BE of 284.8
eV for the C 1s line. The high resolution spectra were taken with a
minimum of 10−60 scans using a 0.05−0.1 eV step and 23 eV pass
energy. All XPS spectra were recorded using PHI software SmartSof t
−XPS v2.0 and processed using PHI MultiPack v9.0 and/or CasaXPS
v.2.3.14. Peaks were fitted using a combination of Gaussian and
Lorentzian line shapes with 30−50% of Lorentzian contents. Shirley
background was used for curve-fitting. In general multiple spectra were
recorded on different sample areas, to quantitatively evaluate
reproducibility and avoid artifacts or detect radiation damage. The
reduced species (btzp)Cu was handled and transferred under
completely anaerobic conditions. The reduced sample shows trace
impurity signal in the Co 2p region from the Cp2Co reductant, and
only small residual chloride impurity. The C 1s XPS signal does not
show significant differences between (btzp)CuCl and (btzp)Cu,
apparently because the charge buildup in btzp upon reduction occurs
more at nitrogen; the LUMO of btzp, which is what becomes occupied
upon reduction, has zero tetrazine carbon character, consistent with
the insensitivity of the carbon XPS to reduction.
(btzp)CuCl. Ligand btzp (6 mg, 22.45 μmol) was dissolved in 5 mL

of MeCN, and added to a stirred slurry of CuCl (2.44 mg, 24.70 μmol)
and 5 mL of MeCN. The mixture was stirred for 10 min, and then
filtered with a medium glass frit. The solvent was removed in vacuum
to reveal a dark red solid; amorphous films of this solid appear black.
Red needles were grown from slow evaporation in MeCN. The
compound is insoluble in alkanes, benzene, fluorobenzene, toluene,
and barely colors CH2Cl2 and THF, but is soluble in acetonitrile. 1H
NMR (400 MHz, MeCN): 3.10 (s, 6H), 8.48 (t, 1H, C−H Ar), 8.98
(d, 2H, C−H Ar). ESI(+) mass spectrum (MeCN solution): obsd
371.0532, calcd 371.0542 for (btzp)Cu(MeCN)+ (C13H12N10

63Cu);
obsd 597.1276, calcd 597.1258 for (btzp)2Cu

+ (C22H18N18
63Cu).

Scanning the cyclic voltammogram to more negative potentials, out to
−1.2 V, there is an irreversible process (not shown in Figure 6a)
beginning at about −0.6 V. Once this irreversible process has been
scanned, a new additional peak is observed at −0.05 V, which we assign
to oxidation of a product of the irreversible second reductive process,
hence an artifact and not a property of (btzp)CuCl itself. It is therefore
not shown in Figure 6.
Synthesis of (btzp)Cu and Its Oxidation by CCl4. Equimolar

Cp2Co (2.57 mg, 13.65 μmol) was added to a stirring solution of
(btzp)CuCl (5.00 mg, 13.65 μmol) in 10 mL of MeCN. Brown, near
black precipitate of (btzp)Cu formed immediately upon addition, and
the mother liquor was a pale yellow color. The mother liquor was
removed with a disposable pipet (1H NMR analysis showed this to
contain Cp2Co

+), and the precipitate was washed with copious
amounts of MeCN until the solution layer was colorless. A slurry of
the black precipitate and residual wash solvent was transferred to a
Schlenk flask. This solid was used for EPR characterization. For
reactivity testing, the dried solid was slurried in CD3CN, and 5.29 μL
(54.61 μmol) of CCl4 was added. Upon stirring, the precipitate
dissolved within minutes, and the solution became a dark red color.
After 5 min, the product was shown to be identical with (btzp)CuCl
by comparison of 1H NMR data with an authentic sample.
Lewis Acidity of (btzp)CuCl. Reaction of a slurry of (btzp)CuCl

in CD2Cl2 with [N(n-Bu)4]Cl (1:1 mol ratio) causes immediate
dissolution of all solid, but gives a pink solution (color of free btzp),
and 1H NMR establishes that this is indeed free ligand, so apparently
chloride displaces pincer, to also generate [N(n-Bu)4]CuCl2. These
thermodynamic preferences are apparently ruled by the “compromis-
ing” geometry of the pincer being inferior to a simple chlorocuprate
salt, so chloride is not a suitable Lewis base probe. Similar treatment
with CO (1 atm) causes prompt dissolution of solid (btzp)CuCl
slurried in CD2Cl2 to produce a dark red solution whose 1H NMR
spectrum shows three signals for btzp with chemical shifts indicating
that the ligand is still attached to copper. This is noteworthy regarding
Lewis acidity of (btzp)CuCl since the poor π basicity of Cu(I) causes
CO to be only weakly bound to most copper complexes. This solution

actively effervesces from loss of coordinated CO when head space
pressure is decreased, showing poor binding of CO to copper. We
were unable to obtain the infrared spectrum of this solution due to
rapid CO loss during sampling.

■ COMPUTATIONAL DETAILS
Electronic structure calculations were carried out using DFT39 as
implemented in Gaussian09.40 Geometry optimizations were per-
formed at the B3LYP/LANL2DZ/6-31G(d,p)41−47 level of theory
with no symmetry constraints. All optimized structures were
confirmed to have stable wave functions,48,49 and then local minima
by analyzing the harmonic frequencies.50,51 Cartesian coordinates,
frequencies, and energies for all optimized species may be found in
Supporting Information.
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