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ABSTRACT: Despite the widespread use of copper catalysis for
the formation of C—C bonds, debate about the mechanism
persists. Reductive elimination from Cu(III) is often invoked as a
key step, yet examples of its direct observation from isolable
complexes remain limited to only a few examples. Here, we
demonstrate that incorporation of bulky mesityl (Mes) groups into
the a-positions of a phenanthrene-appended zirconacyclopenta-
diene, Cp,Zr(2,5-Mes,-phenanthro[9,10]C,), enables efficient
oxidative transmetalation to the corresponding, formal Cu(III)
metallacyclopentadiene dimer. The dimer was quantitatively
converted to a structurally analogous anionic monomer ["Bu,N]-
{Cl,Cu(2,5-Mes,-phenanthro[9,10]C,)} upon treatment with
["Bu,N][Cl]. Both metallacycles undergo quantitative reductive
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elimination upon heating to generate phenanthrocyclobutadiene and a Cu(I) species. Due to the steric protection provided by the
mesityl groups, this cyclobutadiene was isolated and thoroughly characterized to reveal antiaromaticity comparable to that of free
cyclobutadiene, which imbues it with a small highest occupied molecular orbital—lowest unoccupied molecular orbital energy gap of

1.85 eV and accessible reduced and oxidized electronic states.

B INTRODUCTION

Copper catalysis is ubiquitous in organic synthesis, where it has
become one of the most powerful strategies for the formation
of C—C and C-heteroatom bonds.'™® Reductive elimination
from a formal Cu(III) species is often invoked as a key step in
these transformations,” ° yet its direct observation from well-
defined complexes is rare due in large part to the difficulty of
isolating these highly reactive species.”'* Notable examples
include Xi and co-workers’ observation of Cg—Cg> bond
formation in reactions of an anionic Cu(III) spirocycle with
electrophiles,"" Shen’s synthesis of a neutral Cu(III) complex
that undergoes C,—C,’ bond formation upon gentle
heating,12 and Liu’s trifluoromethylation via isolated, anionic
Cu(III) complexes (Figure 1a)."” While these examples affirm
the competency of formal Cu(IIl) for high yielding reductive
eliminations to form C—C bonds, the scope of transformations
is still extremely limited.

Zirconacyclopentadienes provide a platform for exploring
diverse reactivity from high valent copper species due to their
tunable structures and rich, well-developed copper trans-
metalation chemistry.'* Zirconacycles mediate a wide range of
C—C bond forming reactions including homocouplings, cross-
couplings, and formal cycloadditions, many of which occur
through transmetalation to ill-defined copper intermediates.'
Although there is speculation that these transmetalations
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involve generation of a cupracyclopentadiene,'® such inter-
mediates have not been directly observed. Several trans-
metalations with Cu(II) or Cu(I) and an oxidant are of
particular interest as they generate transient cyclobutadienes
(CBDs), likely via reductive elimination from a high valent
copper species. An early example is Xi's discovery of
cyclooctatetraene formation upon treatment of the zircona-
cycle with CuCl and benzoquinone, proposed to occur through
a transient CBD (Figure 1b)."” This pathway is supported by
Hong’s observation of benzocyclobutadiene dimers under
similar conditions'® and by Xie’s synthesis of a persistent
carboranyl-cyclobutene via treatment of a zirconacycle
precursor with CuCl,.'”*°

CBDs are themselves fundamentally interesting synthetic
targets as prototypical examples of antiaromaticity, with unique
structural,”’ chemical,”* and electronic properties.”> Fusion to
larger ring systems stabilizes the CBD and can result in low-
bandgap polycyclic aromatic hydrocarbons;** however, fusion
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Figure 1. (a) Examples of C—C bond formation via reductive
elimination from isolable Cu(IlI) complexes; (b) examples of
purported and observed cyclobutadienoid formation from zirconacy-
clopentadienes; (c) depiction of relative antiaromaticity of CBDs
appended to different common polycyclic aromatic hydrocarbons;

and (d) this work.

to an aromatic system also decreases the antiaromaticity of the
CBD by delocalizing the 4z electrons across a larger
conjugated system (Figure 1lc). In these fused ring systems,
the double-bond characteristic of the shared edge determines
the degree of antiaromaticity (and consequently the instability)
of the PAH—CBD con]ugate 5 Thus, whereas CBDs appended
to highly delocalized ring systems (e.g, benzene and
naphthalene) have been isolated,”* >’ phenanthrene-fused
CBDs have proven elusive due to the hl%hl?’ localized double
bond on the central phenanthrene ring.”"~"> Access to fused
ring PAH—CBD:s has also been severely limited by the lack of
appropriate synthetic methodologies.

Here, we describe the isolation of two formal Cu(III)
metallacyclopentadienes from zirconacycles and their quanti-
tative reductive elimination to the persistent phenanthrocyclo-
butadiene (pCBD) shown in Figure 1d. Steric stabilization of
the high-valent copper intermediates provides mechanistic
insights into both the unusual oxidative transmetalation of a
zirconacycle to a high-valent cupracycle and the Cu(III)—
Cu(I) reductive elimination that generates the pCBD. This
pCBD displays high antiaromatic characteristic and a low
optical highest occupied molecular orbital (HOMO)—lowest
unoccupied molecular orbital (LUMO) energy gap of 1.85 eV.

B RESULTS AND DISCUSSION

The initial interest in this system came from the observation
that zirconacycle 1a generated COT 2 in a good yield upon
treatment with CuCl,, suggesting the formation of a transient
CBD similar to those observed by Xi (Scheme 1). It therefore
seemed that bulky aryl substituents at the two and five
positions of the zirconacycle might facilitate isolation of one or
more of these transient species. To this end, mesityl groups
were introduced to zirconacycle 1b, generated from the
appropriate diyne in the presence of Cp,Zr(Me;SiC=
CSiMe;) (pyr) at 60 °C in 89% yield (Scheme S1). Subsequent
treatment of the in situ generated 1b with CuCl, gave a new
deep-red species, isolated and characterized by X-ray
crystallography as the formal Cu(IIl) metallacyclopentadiene
3-dim. Further investigation showed that the isolated zircona-
cycle 1b did not undergo this clean transformation, but
addition of pyridine to the reaction mixture provided 3-dim in
87% yield (Page SS). The notably lower isolated yield (40%) is
due to the difficulty in separating 3-dim from the Cp,ZrCl,
side product, which was accomplished by trituration with

Scheme 1. Synthesis of Cu(III) Metallacyclopentadienes and pCBD
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Figure 2. Structural analysis of key compounds. Crystallographic solid-state molecular structures (a) 3-dim; (b) 3-mon; and (c) 4, with key bond
lengths and angles indicated. All hydrogen atoms have been omitted for clarity, and thermal ellipsoids are drawn at 50% probability. (d) MCSCF
analysis of 3-mon frontier orbitals with NOONS indicated; the orbital percentages are determined from a Mulliken population of the active space

natural orbitals.

acetonitrile. The surprising formation of the formal Cu(III)
metallacycle is proposed to occur via oxidation of a Cu(II)
species by CuCl,, and this is supported by the marked increase
in yield from 42% with stoichiometric CuCl, to 87% upon
addition of 3 equiv (Page S5), as well as by the formation of
copper mirror during the reaction.

To better understand the role of pyridine in facilitating this
unusual transformation, the interaction of the more strongly
donating 4-dimethylaminopyridine (DMAP) with the isolated
dimer 3-dim in benzene-d4 solution was examined by 'H NMR
spectroscopy (Figure S1). The addition of 2.0 equiv of DMAP
resulted in marked shifts of all resonances associated with the
dimer and extremely broadened DMAP resonances. Additional
DMAP (3.2 and 4.4 equiv) caused further shifting of the
resonances but did not result in the emergence of two sets of
DMAP peaks at 23 °C, suggesting dynamic exchange in
solution. Despite the apparently dynamic nature of the DMAP
coordination, the crystals of the resulting complex 3-DMAP
were grown by vapor diffusion of pentane into an Et,0O
solution containing excess DMAP. An X-ray diffraction analysis
revealed a monomeric molecular structure, indicating cleavage
of the dimer by DMAP. This suggests that the initial product
of transmetalation is the monomeric pyridine adduct, which
then converts to 3-dim upon removal of pyridine under
vacuum.

A related monomer that does not appear to undergo a
dynamic process in solution, 3-mon, was prepared by the
quantitative reaction of 3-dim with ["Bu,N]Cl in tetrahy-
drofuran (THF). In contrast to the DMAP adduct, 3-mon
displays sharp resonances in its "H NMR spectrum that do not
shift or broaden upon addition of excess chloride.

The crystallographically determined molecular structures of
3-dim and 3-mon reveal similar pseudo-tetrahedral coordina-
tion environments at copper, with average Cu—C,? bond
distances of 1.933(7) and 1.940(3) A and 7,” values of 0.74
and 0.72, respectively (Figure 2ab). These Cu—C distances
are slightly shorter than the Cu—C,,,; bond lengths of Xi’s spiro
Cu(1II) complexes [1.952(3)—1 968(3) A]"" and the Cu—C,y
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bond length of Shi’s neutral five-coordinate Cu(III) complex
[1.956(8) A]."* Particularly notable is the pseudo-tetrahedral
coordination environment, which is distinctly different from
the distorted square-planar geometries of both Xi’s spirocycle
and Liu’s anionic Cu(III) complexes.13

Both 3-dim and 3-mon undergo rapid, quantitative
reductive elimination to CBD 4 at 60 °C. Compound 4 is
diamagnetic and displays the same symmetry as the metalla-
cycles by 'H NMR spectroscopy. Single crystals were grown by
slow evaporation of a 50:50 pentane/hexamethyldisiloxane
solution, and X-ray structure determination confirmed 4 to be
a pCBD (Figure 2c).

Multiconfiguration SCF calculations were performed on the
DFT-optimized coordinates for 3-mon. The natural orbitals
exhibiting a dominant o¢,¢ characteristic are plotted in Figure
2d. Several points are of interest with respect to the observed
reactivity of this key intermediate. First, the orbitals for the
Cu—C bonds of 3-mon are surprisingly covalent in nature with
little (ca. 7%) characteristics from orbitals on other atoms. The
in-phase combination of the oc,c natural orbitals is ~2:1
copper to carbon in nature, while the polarity of the out-of-
phase combination is reversed. Second, the in-phase pair of
Ocuc/0¢,c orbitals is well described at the single determinant
level [natural orbital occupation numbers (NOONs) = 1.96
and 0.01 e”, respectively]; the out-of-phase pair shows a more
multireference characteristicc NOONs = 1.87 and 0.17 e~ for
Ocuc and o, respectively, albeit still with a dominant single-
determinant characteristic. Taken together, the MCSCEF-
derived frontier orbitals are consistent with a Cu(III)-based
cyclopentadiene ideally set up for reductive elimination to
form 4 and a Cu(I) complex. As noted below, butylated
hydroxytoluene (BHT) did not inhibit the reductive
elimination, which is consistent with the limited diradical
characteristic of 3-mon.

The molecular structure of 4 is consistent with a high degree
of antiaromatic character, with significant bond length
alternation and C—C bond lengths that closely match the
common values for single [1.546(2) and 1.554(2) A] and
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double [1.361(2) and 1.369(2) A] bonds. This suggests a
closed-shell singlet ground state as observed in the parent
CBD.”” The observed bond shift isomer places the double
bonds on the edge fused to phenanthrene and the opposite
edge.

NICS-XY calculations on truncated 4 (pCBD) corroborate
its large antiaromatic characteristic in reference to the PAH—
CBDs illustrated in Figure 1. Each compound was scanned
linearly through its CBD ring and all adjacent rings at a height
of 1.7 A (see Page S21), and values at the center of each CBD
ring are summarized in Table 1. These results show that the

Table 1. Summary of Maximum NICS;, Values for
Common PAH—-CBD Motifs

BPE
7.45

nCBD
9.90

bCBD
13.21

CBD
16.77

cmpd
NICS; (ppm)

pCBD
19.51

CBD ring of 4 displays a significantly larger paratropic ring
current than other benzo-fused CBDs and even the parent
CBD itself. As paratropicity is not a direct measure of
antiaromaticity, this does not suggest that 4 is more
antiaromatic than CBD, but in concert with the crystallo-
graphic data supports the claim that the fusion of CBD to
phenanthrene does not greatly attenuate its antiaromaticity.
As expected for a highly antiaromatic species, CBD 4
displays a low optical and electrochemical HOMO—-LUMO
energy gap. The UV—vis spectrum of a 4.15 X 107> M solution
in benzene illustrates broad absorption across the visible
region, with two major absorption features at 434 and 451 nm,
a shoulder at 528 nm, and a broad tail that extends past 730
nm (Figure 3a). This indicates an optical HOMO—-LUMO
energy gap of 1.85 eV. Cyclic voltammetry of 4 in THF reveals
a chemically reversible oxidation event at 0.24 V, and two
chemically reversible reduction events at —2.19 and —2.67 V,

a) 1200
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Figure 3. Electronic characterization of 4. (a) UV—vis spectroscopy at
3.25 X 107 M in benzene. Inset displayed at 10X magnification for
visualization of the absorption edge; (b) cyclic voltammogram of a 0.2
mM solution of 4 in THF with 0.1 M ["Bu,N][PF] as the supporting
electrolyte. Scan rate: 100 mV/s.
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corresponding to an electrochemical HOMO—LUMO energy
gap of 2.35 eV (Figure 3b).

Due to the efficiency of the rare reductive elimination
reaction described above, further mechanistic understanding
was sought. First, the reductive elimination of 3-dim was
allowed to proceed in the presence of 1,3-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene (IPr) as a trap for
CuCl (Scheme S3). This reaction quantitatively gave 4 and
(IPr)CuCl, confirming that a Cu(I) species is formed upon
reductive elimination. The elimination reaction is not affected
by addition of 2.0 equiv of BHT as a potential radical trap,
which is consistent with the absence of radical intermediates
(Scheme S4). These results provide strong support for a two-
electron, formally Cu(IIl) to Cu(I) reductive elimination
rather than a more complex sequence of one-electron redox
events.

The kinetics of this process were studied by monitoring the
"H NMR spectra of a solution of 3-dim in benzene-dy as the
temperature was raised from 48 to 60 °C (Figure 4a). The
reductive elimination was found to be first order in
consumption of the dimer, and an Eyring analysis provided
the activation parameters AH* = 23(1) kcal/mol and AS* =
20(1) cal/(mol K) (Figure 4b).

Due to the potential mechanistic complexity of reductive
elimination from the dimer, a similar analysis was applied to 3-
mon in benzene-ds between 55 and 65 °C. In this case, the
kinetic data also indicate first-order dependence on starting
material consumption (Figure 4c), with AH¥ = 24(2) kcal/
mol and AS* = 22(2) cal/(mol K). The large entropy of
activation suggests a dissociative mechanism, whereby the
chloride anion dissociates prior to reductive elimination. To
further explore this possibility, the kinetics were evaluated for
the reaction in the polar solvent THF-dj at 55 °C (Figure S2).
Though chloride dissociation might be expected to be more
favorable under these conditions, the observed rate constant
(kobs = 4.5(2) X 107 s7") is nearly identical to that found for
benzene-dg solvent, k., = 4.9(4) X 10™* s7. In addition, the
reductive elimination from 3-mon proceeds at the same rate
(kops = 5.1(3) x 107*s7') in THF solvent in the presence of a
10-fold excess of tetrabutylammonium chloride. These experi-
ments indicate that dissociation of chloride does not precede
reductive elimination despite the high entropy of activation.
Thus, the most likely mechanism involves direct elimination
from complex 3-mon to generate 4 and ["Bu,N][CuCl,] as a
byproduct. Given the similar activation parameters for 3-mon
and 3-dim, it is possible that the rate-determining step for
reductive elimination from 3-dim occurs directly from the
dimer, rather than being preceded by dissociation into two
monomeric complexes. Notably, both complexes efficiently
undergo reductive elimination in the solid state at 60 °C,
further supporting the idea that no prior dissociation occurs.

B CONCLUSIONS

In conclusion, the results described above highlight several
unusual patterns of reactivity that have implications across
diverse areas of synthetic chemistry. The unusual oxidative
transmetalation of zirconacyclopentadienes observed in the
formation of Cu(IlI) metallacyclopentadienes represents a
conceptually new strategy for accessing isolable, highly
oxidized metallacycles. The facile Cu(III)—Cu(I) reductive
elimination to generate CBDs illustrates a particularly
challenging C—C bond formation, and its demonstration
with an isolated Cu(III) species underscores the synthetic
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Figure 4. Kinetics of reductive elimination of 3-dim and 3-mon. (a)
Representative kinetic profile of 3-dim reductive elimination at 60 °C
in C¢Dg; (b) Eyring analysis of the temperature dependence of rate of
reductive elimination for 3-dim (in red) and 3-mon (in blue); and
(c) representative kinetic profile of 3-mon reductive elimination at 60
°C in C¢Dy.

utility of Cu(III). This transmetalation—reductive elimination
sequence also presents a new strategy for the efficient synthesis
of PAH-CBD conjugates, as exemplified by the isolation and
structural characterization of the previously unobserved pCBD,
whose broad absorption, small HOMO—LUMO energy gap,
and well-defined electrochemistry suggest intriguing applica-
tions in organic electronic materials. Expansion of this strategy
to other PAH—CBD:s is ongoing in this laboratory.
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